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Foreword

IN 1867 George H. Babcock and Stephen Wilcox formed
a partnership. The present company succeeded it in 1881.
This 37th edition of Steam—the first appeared in 1879-

marks tremendous advances in the production of steam and
in the burning of fuels.

Countless improvements have been devised by the in­
genuity of man to give him mastery of his environment.
Surely some of the greatest are the steam engine and the
developments which followed its introduction.

This intensive age depends upon power for convenience
and release from physical drudgery and, indeed, for its
adequate continuation. Industrial power is still, and will
long be, dependent upon the use of fuel for the generation
of steam.

The Company gratefully acknowledges the support, coop­
eration, and loyalty of its patrons and employees, which
have made possible its contributions in the field of steam
generation. It expresses the hope that this volume may help
to stimulate further advances in the art.

Chairman of the Board

1

INTRODUCTION TO STEAM

R
ecords indicate that certain properties of steam
were recognized and utilized prior to the year
150 B.C. At about that time, Hero of Alexan­

dria described in his treatise Pneumatica devices of
his predecessors and contemporaries, as well as an
invention of his own, which used the expansive force
of steam to raise water above its natural level. He
mentioned that this expansive power could be used
to elevate a weight and that rotary motion could be
produced by the reactive force of steam on the atmos­
phere. In the latter application, known as “Hero’s
Engine,” a hollow sphere was supported over a boiler
by two trunnions, one of which was hollow and con­
nected the interior of the sphere with the steam space
of the boiler. Two open pipes bent at right angles
were inserted at opposite poles of the sphere, the
terminal legs pointing in opposite directions. Steam
generated in the boiler passed through the hollow
trunnion to the sphere, from which it was exhausted
to the atmosphere through the two bent pipes. The
reaction of the steam on the atmosphere caused the
sphere to rotate as a primitive reaction turbine.

Hero did not suggest any commercial application
of the devices he described. Although they were used
for trivial purposes, there is no record of related de­
velopment until the late sixteenth and early seven­
teenth centuries.

Early Studies and Applications
Treatises bearing on the generation of steam were

published by Matthesius, a German author, in 1571;
Besson, a philosopher and mathematician at Orleans,
in 1578; Ramelli, in 1588; Battista Della Porta, a
Neapolitan mathematician and philosopher, in 1601;
De Cans, a French engineer and architect, in 1615;
and Branca, an Italian architect, in 1629.

Credit for proposing, if not making, the first useful
steam engine is apparently due Edward Somerset,
second Marquis of Worcester. In 1663 he published
a treatise describing devices for raising water, not
only by forcing it from two receivers by direct steam
pressure, but also by a reciprocating piston actuating
one end of a lever, the other operating a pump. His
descriptions are rather obscure and without illustra­

tions. There is no authentic record that any of these
devices was actually constructed, but it is claimed by
many that he did build and operate a steam-driven
piston engine.

In 1680 Dr. Denis Papin, a Frenchman, invented a
steam digester for culinary purposes, using “a boiler
under heavy pressure.” To avoid an explosion, he
added a contrivance which is the first safety’ valve
of record.

First Successful Steam Engine
The first commercially successful steam engine was

developed by Thomas Savery. In 1699 he exhibited
a model steam engine before the Royal Society of
England, of which Sir Isaac Newton was at that time
president. The engine consisted of two copper re­
ceivers alternately connected, by a three-way hand-
operated valve, with a boiler and a source of water
supply. When the water in one receiver had been
driven out by the steam, cold water was poured over
its outside surface, creating a partial vacuum through
condensation and causing it to fill again, while the
water in the other receiver was being forced out.
Many such machines were placed in actual use as
mine pumps.

A serious drawback in the use of Savery’s engine
was that the height to which it could lift water was
limited by the pressure the boiler and vessels could
bear. Before its eventual displacement by Newcomen’s
engine, Desaguliers improved the Savery engine by
applying the Papin safety valve to the boiler and
using an internal jet for condensation.

The earliest cylinder-and-piston steam engine was
based on Papin’s suggestion of 1690 that the conden­
sation of steam should be used to make a vacuum
beneath the piston after it had been raised by the
expansion of steam. Newcomen’s atmospheric engine
was a practical application of this principle. Papin’s
first engine was unworkable because the same vessel
served as both boiler and cylinder. Heat was applied
to a small quantity of water in the bottom of the
vessel. After the piston had been raised by the ex­
pansion of the steam generated, the heat source was
withdrawn, and work was done by the piston on its
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down stroke under atmospheric pressure. An im­
proved form of tlris engine was developed by Papin
after hearing of Savery’s engine. In Papin’s engine of
1705, a floating diaphragm, or piston, on top of the
water in a displacement chamber, kept the steam and
water from direct contact. The water, delivered to a
closed tank by tire downward movement of the piston
under pressure, flowed in a continuous stream against
the vanes of a water wheel. After the steam in the dis­
placement chamber had expanded, it was exhausted
to the atmosphere tlirough a valve instead of being
condensed. The engine was, in fact, a noncondensing
single-action steam pump with tire steam and pump
cylinders in one. A curious feature of this engine was
a mass of heated metal placed within tire diaphragm
to keep the steam dry and thus prevent condensation
during expansion. Tlris device might be called tire first
superheater.

Among tire several inventions attributed to Papin
was a boiler with an internal firebox, the earliest
record of such construction.

Newcomen’s Engine for Pumping Water

While Papin neglected his own earlier suggestion
of a steam-and-piston engine to develop Savery’s
ideas, Thomas Newcomen, with his assistant, John
Cawley, adapted Papin’s suggestion of 1690 in a prac­
tical engine. Steam admitted from the boiler to a
cylinder raised a piston by its expansion, assisted by
a counterweight on the other end of a beam actuated
by the piston. The steam valve was then closed and
the steam condensed by a jet of cold water. The piston
was forced downward by atmospheric pressure and
did work on a pump. The condensed water in the
cylinder was expelled through an escapement valve
by the next entry of steam, which was at a pressure
only slightly above atmospheric.

In 1711 tlris engine was introduced into mines for
pumping. Whether its action was originally automatic
or dependent upon the hand operation of the valves
is unknown. The story commonly believed is that a
boy, Humphrey Potter, in 1713, whose duty it was to
open and shut such valves of an engine he attended,
caused the engine to manipulate these valves auto­
matically by suitable cords and catches attached to
tire beam. This device was simplified in 1718 by Henry
Beighton, who suspended from the beam a rod called
the plug tree, which actuated the valves by tappets.
By 1725 this engine was in common use in collieries
and was changed but little in the next seventy years.
Since the pressure in the pumps did not depend upon
the steam pressure, Newcomen’s engine was a distinct
advance compared with Savery’s engine. In common
with the latter, the losses from the alternate heating
and cooling of the steam cylinder were enormous.
Though this engine might have been modified to 

serve many purposes, its use seems to have been lim­
ited almost entirely to the pumping of water.

The rivalry between Savery and Papin stimulated
attention to the saving of fuel. In 1730 Dr. John Allen
noted that nearly half of the heat of the fire was lost
because of the short duration of contact between the
gases and tire boiler heating surfaces. To diminish this
loss he used an internal furnace with a smoke flue
winding through the water in tire form of a worm in
a still. To prevent the length of gas passage from
throttling the fire, he recommended the use of bellows
to force the gases tlirough the flue. This is probably
the first suggested use of forced draft. In estimating
the quantity of fuel lost up the stack, Allen probably
made the first boiler test.

Toward the end of the period of use of Newcomen’s
atmospheric engine, John Smeaton, who, about 1770,
built and installed a number of large engines of this
type, greatly improved the design in its mechanical
details.

Earliest Water-Tube Boiler
A patent taken out by William Blakey in 1766,

covering an improvement in Savery’s engine, included
a novel form of steam generator (see Fig. 1). This is
probably the first step in the development of the
water-tube boiler. Several tubes alternately inclined at
opposite angles were arranged in tire furnace, the ad­
jacent tube ends being connected by small pipes. The
first successful user of water-tube boilers, however,
was James Rumsey, an American inventor celebrated
for his early experiments in steam navigation, and it
is he who was truly the originator of the water-tube
boiler. In 1788 he patented, in England, several forms
of boilers, some of which were of the water-tube type.
One had a firebox with flat top and sides, with hori­
zontal tubes across the firebox connecting the water
spaces. Another had a cylindrical firebox surrounded
by an annular water space, and a coiled tube con­
nected at its two ends with tire water space was
within the box. This was the first of the “coil boilers.”
Another form in the same patent was the vertical
tubular boiler, practically as made at the present time.

Fig. 1. First water-tube
boiler. Built and patented
by William Blakey in

1766

1-2

Great Contributions of James Watt

The improvements in boiler and engine design by
Smeaton, Newcomen, and their contemporaries were
followed by those of the great engineer, James Watt,
an instrument maker of Glasgow. In 1763, while re­
pairing a model of Newcomen’s engine, he was im­
pressed by the great waste of steam in the alternate
cooling and heating of the engine. His remedy was to
maintain the cylinder at the temperature of the enter­
ing steam. With this in view he added a vessel, sepa­
rate from the cylinder, into which the steam should
pass from the cylinder and be condensed either by
the application of cold water outside or by a jet from
within. To preserve a vacuum in his condenser, he
added an air pump to remove the water of condensa­
tion and the air that leaked in or was brought in with
the injection water. Since the cylinder no longer acted
as a condenser, it could be maintained at a high
temperature by steam-jacketing or by covering it with
insulating material. Further, and with the same object
in view, he covered the top of the cylinder and intro­
duced steam above the piston to do the work previ­
ously accomplished by atmospheric pressure. After
several trials with an experimental apparatus based on
these ideas, Watt patented his improvements in 1769.

Though Watt’s patent describes a noncondensing
engine using high steam pressure, his aversion to such
practice was strong. Notwithstanding his knowledge
of the advantage of greater expansion from higher
pressures, he continued to use pressures not more than
7 psi. To overcome such pressures, the boilers were
fed through standpipes of sufficient height for the
column of water to offset the pressure within the
boiler.

In 1782 Watt patented two other features that he
had invented as early as 1769. These were the double­
acting engine, using steam on both sides of the piston,
and tire use of steam expansively by shutting off steam
from the cylinder when the piston had made but a
portion of its stroke, the power for the completion
being supplied by the expansive force of the steam
already admitted.

He further added a throttle valve for the regulation
of steam admission and invented the automatic gov­
ernor, the steam indicator, a mercury steam gage, and
a glass water column.

While little is said in the biographies of Watt about
the improvement of steam boilers, all the evidence
indicates that Boulton and Watt introduced the first
“wagon boiler,” so called because of its shape. In 1785
Watt took out a number of patents for variations in
furnace construction. Because of the low steam pres­
sures used until the early part of the nineteenth cen­
tury, little attention was given to the form of the boiler
for supplying steam to the engine described above.

About 1800 Richard Trevithick, in England, and
Oliver Evans, in America, introduced noncondensing 

and, for that time, high-pressure steam engines. To
the initiative of Evans may be attributed the general
use of high-pressure steam in the United States, a
feature which for many years distinguished American
from European practice. The demands for light
weight and for economy of space, which followed the
beginning of steam navigation and the invention of
the locomotive, required boilers designed and con­
structed to withstand heavier pressures and forced
the adoption of the cylindrical form of boiler, which,
as might be expected, varied greatly in detail and
principles of operation.

The plain shell-type vessel or one of its many modi­
fications was increasingly used. It incorporated a
greater or lesser number oi flues, conducted across the
water space through which the hot gases passed. How­
ever, as the number of steam engines and boilers in
use continued to multiply because of the intense in­
dustrial activity of the middle nineteenth century, the
increase in the number and severity of shell-boiler
explosions served to emphasize the inherent safety
advantages of the water-tube boiler.

Early American Steam Boilers

The first water-tube boiler, made of a combination
of small tubes connected at one end to a reservoir
(see Fig. 2), was the invention of an American, John
Stevens, who secured a U.S. patent on the design in
1803. This boiler was actually used to generate steam
for the engine of a steamboat operating on the Hudson
River, but like all the “porcupine” boilers, of which
type it was the first, it did not have the elements re­
quired for continued success.

Fig. 2. Water-tube boiler of small tubes connected
at one end to a reservoir. John Stevens, 1803

Another form of water-tube boiler was patented in
1805 by John Cox Stevens, a son of John Stevens. This
boiler consisted of twenty vertical tubes, Ul-in. inter­
nal diameter and 40Ji in. long, arranged in a circle,
the outside diameter of which was approximately 12
in., connecting a water chamber at the bottom with a
steam chamber at the top. Both steam and water
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chambers were annular spaces of small cross sections
and contained approximately 33 cu in. The illustra­
tion, Fig. 3, shows the cap of the steam chamber se­
cured by bolts. One of these boilers was for a long
time at the Stevens Institute of Technology at Hobo­
ken, N. J., and is now in the Smithsonian Institution
in Washington, D. C.

Fig. 3. Wafer-tube boiler
with tubes connecting
water chamber below
and steam chamber
above. John Cox Stevens,

1805

At about the same time, Arthur Woolf built a boiler
of large horizontal tubes extending across the furnace
and connected at the ends to a longitudinal drum
above. The first purely sectional water-tube boiler
was built by Julius Griffith in 1821. In this boiler,
horizontal water tubes were connected to vertical side
pipes, which were joined to horizontal gathering
pipes, and the latter were connected, in turn, to a
steam drum.

In 1822 Jacob Perkins constructed a flash boiler
for what was then considered high pressure. Cast-iron
bars, with 1/2-in. annular holes, were arranged in three
tiers over the fire, and their outer ends were connected
by a series of bent pipes outside the furnace walls.
Water was fed slowly to the top tier by a force pump,
and steam in the superheated state was discharged
from the lower tiers into a chamber, from which it
was taken to the engine.

The first sectional water-tube boiler with well-de­
fined circulation was built by Joseph Eve in 1825
(see Fig. 4). The sections, composed of small tubes,
practically vertical but with a slight double curve,
were fixed in horizontal headers, which were in turn
connected to a steam space above and a water space
below formed of larger pipes. The steam and the
water spaces were connected by outside pipes to
secure a circulation of the water up through the sec­
tions and down through the external pipes. In the
same year, John M’Curdy of New York built a “Duplex
Steam Generator” of “tubes of wrought or cast iron or
other material” arranged in several horizontal rows,
connected together alternately at the front and the
rear by return bends. Cylindrical vessels closed at

their ends were placed within the tubes below the
water line, so that a thin sheet of water would be
exposed to the action of the fire.

Fig. 4. First sectional wafer-tube boiler with
well-defined circulation. Joseph Eve, 1825

In 1826 Goldsworthy Gurney built a number of
boilers for use on his steam carriages. Small U-shaped
tubes were laid sideways, and their ends were con­
nected with larger horizontal pipes (see Fig. 5).
These were interconnected by vertical pipes to per­
mit circulation, and they were also connected to a
vertical cylinder which served as a steam-and-water
reservoir.

Fig. 5. Wafer-tube boiler with small U-shaped tubes
connected at ends with larger pipes.

Goldsworthy Gurney, 1826

In 1828 Paul Steenstrup made the first shell boiler
with vertical water tubes in the large flues, similar to
the boiler known as the “Martin” and suggesting the
“Galloway.”

The first water-tube boiler with fire tubes within
1-4

the water tubes was built in 1830 by Summers and
Ogle. Horizontal sections at the top and bottom were
connected by a series of vertical water tubes, with
fire tubes extending through the water tubes and the
horizontal sections. The fire tubes were held in place
by nuts, which also served to make the joints.

Early Development of the B&W Boiler

Stephen Wilcox, in 1856, was the first to use in­
clined water tubes to connect water spaces at the
front and rear with a steam space above (see Fig. 6).

Fig. 6. Inclined water tubes connecting front
and rear wafer spaces complete circuit with
steam space above. Stephen Wilcox, 1856

The first to make such inclined tubes into a sectional
form was Twibill, in 1865 (see Fig. 7). He used
wrought-iron tubes connected at the front and rear
with standpipes through intermediate connections.
These standpipes carried the steam to a horizontal
cross drum Beneath a dry drum at the top, the en­
trained water being carried to the rear.

Fig. 7. First water-tube boiler with inclined
tubes in sectional form. Twibill, 1865

In 1866 George Herman Babcock became associ­
ated with Stephen Wilcox, and the first Babcock &
Wilcox boiler (see Fig. 8) was patented in 1867. The
nest of horizontal cast-iron tubes at the top served
in place of a steam-and-water drum. The inclined
steam-gathering tubes below, also of cast iron, were

placed one above the other in vertical rows, each row
and its ends forming a single casting. During the next
ten years, development of the boiler continued with
great vigor. Drums were soon substituted for the nest
of cast-iron tubes originally used for steam-and-water
storage, and, as might be expected, steel replaced cast
iron for the generating tubes. By 1877 the B&W boiler
had been modified as shown in Fig. 9. A little later,
the headers were made of wrought steel to meet the
demand for boilers of higher pressure. Still later de­
velopments are illustrated in Figs. 10 and 11. In these
boilers the cast-iron drumheads of Fig. 9 had been
changed to dished heads of pressed steel.

Fig. 8. First Babcock & Wilcox boiler, patented in 1867

Requirements of a Perfect Steam Boiler
The following rules, formulated bv Stephen Wilcox

and originally published in 1875, are of interest since
they are reasonably sound today.

1. Proper workmanship and simple construction,
using materials which experience has shown to be
the best, thus avoiding the necessity of early repairs.

2. A mud drum to receive all impurities deposited
from the water and so placed as to be removed from
the action of the fire.

3. A steam-and-water capacity sufficient to prevent
any fluctuation in steam pressure or water level.

4. A water surface for the disengagement of the steam
from the water, of sufficient extent to prevent
foaming.

5. A constant and thorough circulation of water
throughout the boiler, so as to maintain all parts at
the same temperature.

6. The water space divided into sections so arranged
that, should any section fail, no general explosion
can occur and the destructive effects will be con­
fined to the escape of the contents; large and free
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Fig. 9. Babcock & Wilcox boiler, developed in 1877

Fig. 10. Early B &W boiler with vertical headers

Fig. 11. Early B&W boiler of cross-drum type

passages between tbe different sections to equalize
the waterline and pressure in all.

7. A great excess of strength over any legitimate strain,
the boiler being so constructed as to be free from
strains resulting from unequal expansion and, if
possible, to avoid joints exposed to the direct action
of the fire.

8. A combustion chamber so arranged that the com?
bustion of the gases started in the furnace may
be completed before the gases escape to the chim­
ney. (Editor’s note: Today it is essential that com­
bustion be virtually completed in the furnace.)

9. The heating surface as nearly as possible at right
angles to currents of heated gases, so as to break
up the currents and extract the entire available
heat from the gases.

10. All parts readily accessible for cleaning and re­
pairs, a point of the greatest importance as regards
safety and economy.

11. Proportioned for the work to be done and capable
of working to its full rated capacity with the high­
est economy.

12. Equipped with the very best gages, safety valves,
and other fixtures.

Early Central Stations

The plant of the Brush Electric Light Co. in Phila­
delphia was the first central station in America. Four
Babcock & Wilcox boilers of 73 hp each were installed
in this plant in 1881. In September of the next year,
boilers of similar make were placed in operation at
the Pearl Street Station of the Edison Electric Illu­
minating Co., New York. The Fisk Street Station of
the Commonwealth Edison Co., Chicago, commenced
in 1902 and placed in service in October of 1903, was
the first public utility plant exclusively using steam
turbines for electrical generation. Ninety-six Babcock
& Wilcox boilers of 508 hp each were installed in this
plant. The turbines operated at 170 psi with steam at
70 F superheat.

From about 1900 to the period of World War I,
steam pressures in the larger central stations were
gradually increased. By 1914, 250 to 275 psi and a
temperature of 560 F were not uncommon steam con­
ditions at the turbine. In 1921 the North Tees Station
of the Newcastle Electric Supply Co. (northern Eng­
land) went into operation at 450 psi and 650 F, with
reheat at 500 F and feedwater extraction heating to
300 F. In 1924 the Crawford Avenue Station of the
Commonwealth Edison Co., Chicago, and the Philo
and Twin Branch stations of the American Gas and
Electric Co. all went into operation with 550 psi and
725 F at the turbine throttle, with reheat at 105 psi
and 700 F. Miami Fort Station of the Columbia Power
Co., Cincinnati, with similar steam conditions, went
into operation in 1925. Two turbines each of 50,000
kw and one turbine of 60,000 kw were installed in the
Crawford Avenue Station, the largest of these power
plants. Steam was supplied to each turbine from four
standard boilers and one reheat boiler—a total of 15
boilers built for a working pressure of 650 psi. Side
views of the standard and reheat boilers are shown
by 1< igs. 12 and 13, respectively.

Fig. 12. B&W boiler for 650 psi working
pressure and 750 F steam temperature, 1924

Fig. 13. B&W boiler with superheat and
reheat, for 650 psi working pressure, 750 F
initial and 725 F reheat temperatures, 1924

Bent-Tube Boilers

The leadership of B&W in the production of
straight-tube boilers did not preclude recognition of
the merits and potentialities of the drum-and-tube
type of boiler. Its participation in the perfection of
this type dates from 1880, when Allan Stirling initiated
his designs. In 1906 the Stirling Consolidated Boiler
Company was amalgamated with the other activities
of the B&W organization. Since that date there has
been a cross-fertilization of accumulated experience
which has led to the development of the best ideas in
the boiler art. Fig. 14 illustrates one of the early de­
signs of bent-tube boilers which contributed so much
to make the name of Stirling world famous.

Fig. 14. Early Stirling boiler arranged for hand firing

Later Development of B&W Boilers

The really big jump in steam pressure for central
stations came in 1924 and 1925 with the design and
placing in service of the 1200 psi unit at the Wey­
mouth (later renamed Edgar) Station of the Boston
Edison Co. The boiler, built to supply steam for the
high-pressure 3150-kw 3600-rpm turbine, is illus­
trated by Fig. 15. This boiler was designed to supply
143,000 lb steam per hr at 1200 psi and a temperature
of 700 F. After passing through the high-pressure tur­
bine, the steam was exhausted at 360 psi to the re­
heater. Here it was reheated to 700 F and was mixed
with the steam from other boilers going to the main
turbines, where it developed an additional 12,000 kw.
This boiler was known as a topping unit and its tur­
bine as a topping turbine.
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Fig. 15. B&W boiler, 1200 psi working pressure, 700 F
initial and reheat temperatures, and reheat pressure of

360 psi, 1924

Major changes in the production and utilization of
steam occurred between 1925 and the early thirties.
The design of larger boilers, operating at higher rates
of output and particularly with the use of pulverized
coal as fuel (then increasing at an exceedingly rapid
pace), necessitated the development of the water-
cooled furnace. The proportion of boiler surface
hitherto arranged in banks could therefore be re­
duced, since new steam-generating surface was pro­
vided in cooling the furnace. Feedwater heating by
steam bled from early stages of the turbine had a
similar effect. Above all, the increase in steam tem­
perature required for greater turbine efficiency served
still further to reduce boiler-bank surface as such, to
be replaced by additional superheater surface since,
with higher steam pressures and temperatures, it is
necessary that a greater proportion of the total heat 

input be absorbed in the steam after it is produced.
Following 1930 and continuing to the present time,
the same factors have had an increasing influence on
boiler design, particularly in large installations. Thus,
for a steam pressure of 2500 psi, steam temperatures
of the order of 1050 F, and reheated steam tempera­
tures of 1050 F, the boiler unit consists essentially of
drums, furnace water-wall tubes, superheaters, and
reheaters, plus such heat-recovery adjuncts as econ­
omizers and air- heaters (see Fig. 16). Smaller units,
built to operate at lower steam pressures and tem-
peratures—in the general pressure region of 1000 psi
with moderate superheat—retain a considerable pro­
portion of their total generating surface in tube banks
in addition to the water-cooled surface in the furnace
(see Fig. 17).

Fig. 1 6. B &W Radiant boiler, 2500 psi design, 1050 F
initial and 1000 F reheat temperatures, generating

2,400,000 lb steam per hr

During the past 30 years boilers and their com­
ponent equipment have undergone many radical
changes. These developments are described in sub­
sequent chapters. The need for larger units, higher
pressures and temperatures, and the demand for long
periods of uninterrupted service have stimulated de­
sign of the drum-and-tube type of boiler (see Chapter 

1-8

23). Much work of sound and lasting effect was done
during this period in the following categories: the
coordination of fuel burning and combustion control
with boiler performance to attain greater efficiency;
the development of pulverized-coal firing; the meas­
urement of steam and other fluids; and the develop­
ment of integral-furnace and high-pressure designs.

Steam Production above Critical Pressure

For many years the Company considered the “once-
through” principle of steam generation. These studies
culminated in the development of the Universal-
Pressure boiler for operation at pressures above or
below the critical. A contract for the first commercial
installation of this type was concluded in 1953. The
unit supplies steam at 4500 psi and 1150 F with two
stages of reheat, 1050 F and 1000 F, respectively, for
a 120,000-kw electric-generating machine. Operation
started in 1957, and a new peak in plant thermal effi­
ciency was attained.

The general arrangement of various components is
shown diagrammatically by Fig. 18. The working fluid
makes one fast uninterrupted trip from the feedwater
inlet at 5500 psi, 525 F, to the turbine inlet at 4500 psi,
1150 F. There is no drum. The unit is fired by three
9-ft-diam Cyclone Furnaces, all at the same elevation.
There is a relatively small amount of furnace volume
and surface and a large convection pass. A wide
variety' of Eastern Ohio and West Virginia coals is
burned. Ash disposal from the Cyclone Furnaces and
from the boiler furnace is by the conventional slag­
tap method. Gas recirculation, as indicated in the illus­
tration, is used to control ash conditions in the con­
vection tube bank.

Fig. 18. Elevation view of a 120,000-kw generating unit served by a B&W Universal-Pressure (UP) boiler
operating at 5500-4500 psi, 1150 F, with reheats to 1050 F and 1000 F
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In 1956 two additional Universal-Pressure (UP)
boilers were ordered, each for a capacity of 2,923,000
lb steam per hr, design pressure 4635 psi, initial steam
temperature 1050 F, with two stages of reheating to
1050 F at 1265 and 306 psi, respectively. One of these
units is Cyclone Furnace fired with slag-tapping, the
other pulverized-coal fired with dry-ash removal. Each
unit serves a 500,000-kw turbine.

Three more UP boilers were ordered, two in 1957
for oil and gas firing and one in 1958 for Cyclone Fur­
nace firing, all three to operate subcritically. This
demonstrates the versatility of tire Universal-Pressure
boiler with regard to both pressure and type of firing.

The popularity of the Universal-Pressure boiler was
again manifest when, in 1959, four boilers of this type 

were sold, one for supercritical and three for sub-
critical pressure operation, one of the latter (Fig. 19)
to supply 4,900,000 lb of steam per hr to a 700,000-
kw turbine. A duplicate of the last mentioned boiler,
which is among the largest in the world, was one of
four ordered in 1960, when the popularity of this
design spread abroad with the sale of UP boilers to
two electric power stations in Japan.

In 1961 four UP boilers were added to the growing
list, two for supercritical and two for subcritical pres­
sure operation. Of the five sold in 1962, four were for
supercritical pressure operation; one of these, to be
erected in Italy, will be the largest unit in Europe
and will serve a 600,000-kw turbine.

rig. 19. A 700,000-kw-capacity B&W Universal-Pressure boiler,
one of the largest in the world

1-10
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SOURCES OF HEAT ENERGY—COAL

E
ssentially all energy that can be converted to use­
ful purposes is of “atomic origin” by way of the
sun, where the transmutation of hydrogen to

helium is believed to produce energy in the form of
light, with minor supplements of thermal and ultra­
violet radiation. The only exception to this is the en­
ergy released by nuclear reactions. Most of the earth’s
heat results from the atomic degradation of a few of
its elements in situ. Aside from this natural process
in the earth’s geological development, practically all
future supplies of energy, as far as is now known, will
be of atomic origin from the sun.

Estimates indicate that only one two-billionths of
the sun’s energy reaches the earth’s atmosphere and
that this is 100,000 times the present annual energy
requirement of the world. About half of this energy
is reflected back into interstellar space by the atmos­
phere, and some of the energy absorbed by the earth
by day is lost by radiation at night. The net energy,
therefore, theoretically recoverable from this source
in all forms is estimated to be about 50 times the
world requirement.

An estimate of the theoretical heat value at a given
time of all vegetation if used directly as fuel, as alco­
hol, or as synthetic gasoline made from vegetation,
appears in Table 1. Production of vegetation requires
CO;, sunlight, and plant nutrients including moisture.
There is an abundance of sunlight and moisture and
there seems to be an ample supply of CO2. Estimates
indicate that CO2 constitutes 0.03" of the atmosphere
and 0.0012% of the hydrosphere (the aqueous enve­
lope of the earth), or a carbon total of several thousand
times as much as the carbon in the coal of the world.
However, it would be impossible to use more than a
small part of all the vegetation as fuel, since for con­
tinued plant growth a large portion of the vegetal
matter must be returned to the soil as nutrients.
Hence, vegetation cannot be considered as a con­
tinuing source of energy in the magnitude indicated
in Table 1.

The energy available per year, by the better known
means of using the continuous energy of the sun, is 

given in Table 2. At present, only 19% of the energy
requirement of the world is obtained from these
sources. Should the world energy requirement double
in the next 100 years, it is conceivable that it could
be satisfied by improved methods of utilization of
these renewable sources, which are about 830 times
the present annual requirement, equivalent to 2100
million tons of 13,000 Btu/lb coal.

Table 1

Coal Equivalent of World Vegetation*
(Coal at 13,000 Btu/lb)

A B
Fuel (direct) 5800 2.76
Alcohol 2940 1.40
Gasoline 2450 1.17
A = Equivalent million tons coal
B = Times yearly world requirement

“Source, Energy Sources—The Wealth of the World, Ayres
and Scarlott, 1952

The recoverable reserves in the U.S. of coal, oil,
natural gas, and shale as of January 1, 1960, reported

Solar Energy Annually Available to the World
from Renewable Sources*

(Equivalent million tons coal @ 13,000 Btu/lb)

Table 2

A B
Solar collectors for power 1,700,000 trace
Waterfalls 35,300 98
Vegetation 5,900 294
Solar collectors for space heatingf 882 trace
Wind 196 trace

Totals 1,742,278 392
A = Maximum available
B = Approximate current use

Source of data, Energy Sources—The Wealth of the World,
Ayres and Scarlott, 1952

“ Fissionable elements and fossil fuels are not considered re­
newable.

t Present energy requirements for space heating.
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Table 3

United States Reserves and Production of All Fossil Fuels
(Coal, billion tons; petroleum and shale oil, billion barrels; natural gas, trillion cu ft)

Bituminous Coal Equivalent*
All Mineral Fuels (13,000 Btu per lb)

Reserves!
Annual

Production,
Reserves

Billion Tons, Per Cent
Annual

Production,
Jan.1,1960 1960 1960 of Total 1960

Coal:
Anthracite 7.7 0.018 7.5 0.99 0.018
Bituminous coal and lignite 822.4 0.416 664.2 87.26 0.418

Total, all ranks 830.1 0.434 671.7 88.25 0.436
Crude petroleum 31.7 2.6 7.1 0.93 0.575
Oil from oil shale 324.0 negligible 72.2 9.49 negligible
Natural gas 262.6 13.1 10.1 1.33 0.504

761.1 100.00 1.515

’Heating values for conversions are: anthracite, 12,700 Btu/lb; bituminous coal and lignite equivalent,
10,500 Btu/lb; petroleum and shale oil, 5,800,000 Btu/bbl; natural gas, 1,000 Btu/cu ft.

fThe quantities noted under reserves are: coal, recoverable reserves assumed as % of the total reserves as
reported by the Bureau of Mines; petroleum, proved reserves as of Dec. 31, 1959; oil from oil shale assumed
to be 60% of total estimated reserves in place from deposits averaging not less than 25 gallons of oil a ton;
natural gas, proved reserves as of Dec. 31, 1959.

by the U.S. Bureau of Mines, are given in Table 3. In
equivalent tons of 13,000 Btu coal, the total is 761.1
billion tons, of which coal represents 88.25%, petro­
leum 0.93%, oil shale 9.49%, and natural gas 1.33%. On
the basis of the 1960 production of 1.5 billion tons of
equivalent 13,000 Btu/lb coal, these reserves would
last about 700 years.

Information from the United States Atomic Energy
Commission indicates that the heat energy available
from uranium reserves in the U.S. is equivalent, with
breeder reactors, to 35 quintillion (35 X 10,s) Btu

exclusive of heat energy from thorium and thermo­
nuclear reactions. In accordance with Table 3, the
heat energy from U.S. coal reserves is equivalent to
17.5 quintillion Btu and that from all fossil reserves 20
quintillion Btu. However, were the uranium used in
converter instead of breeder reactors, the energy avail­
able would be less than that from the coal reserves.

World coal production and consumption figures for
1960, arranged in the order of tire ten leading countries
in each category, are given in Table 4 as are the world
coal reserves, arranged quantitatively. According to

Table 4

World Coal Reserves, Production, and Consumption by Countries in 1960*
(Million Tons)

Total Reserves % Production, 1960 Consumption, 1960

’ Source— United Nations Statistical Paper, Series J, No. 5, 1962.
t Communist China, including China mainland, North Korea, North Vietnam, and Mongolia.
| Includes Alaska.

U.S.S.R. 1,763,200 35.5 China! 476.9 China! 475.9
United States^ 1,720,000 34.6 U.S.S.R. 440.7 U.S.S.R. 430.4
China 495,900 10.0 United States 432.4 United States 392.4
Germany 315,200 6.4 Germany 268.4 Germany 262.4
United Kingdom 187,300 3.8 United Kingdom 216.9 United Kingdom 216.8
Canada 98,400 2.0 Poland 118.2 Poland 96.5
Poland 88,000 1.8 Czechoslovakia 67.5 France 75.9
India 66,100 1.3 France 63.2 Japan 68.6
Australia 64,500 1.3 India 58.1 Czechoslovakia 65.4
Union of S. Africa 61,000 1.2 Japan 56.8 India 55.7
Others 104,400 2.1 Others 229.8 Others 299.3

4,964,000 100.0 2428.9 2439.3
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these figures the U.S. has 34.6% of the world’s coal
supply- It is of interest to note that 80% of the world’s
coal lies within three geographical areas-the United
States, Russia, and China—and that China has taken
the lead in both the production and the consumption
of coal, followed closely by the U.S.S.R.

United States Reserves and Production

Coal reserves in the U.S. have been estimated from
drillings, outcroppings, gorges cut by rivers, and ex­
plorations for minerals and oil. The distribution of the
coal reserves by states, the rank, the amount produced

in 1960, and the value per ton, fob mine, are given.
in Table 5.

The ten states with the highest recoverable coal
reserves as of Jan. 1, 1960, and the ten states with
the highest coal production in 1960 are listed in
Table 6.

In the U.S. the two great coal-producing regions
are the Appalachian, including the states of Pennsyl­
vania, West Virginia, Ohio, western Maryland, eastern
Kentucky, Virginia, Tennessee, and Alabama, and the
Central States region including Illinois, Indiana,
western Kentucky, Iowa, Missouri, western Kansas,
Oklahoma, and Arkansas.

Table 5

United States Coal Reserves by States, 1960 Production, and Value per Ton
(Million Tons)

State
Alabama

Estimated Original Reserves (1)
Recoverable
Reserves (2)
Jan. 1, 1960

6,864

Production,
1960
13.0

Avg $/
Ton fob
Mine,
1960
7.10

Bituminous
13,754

Sub-
bituminous

0
Lignite

20

Anthracite
(3)

0
Total
13,774

Alaska 21,401 71,136 (4) 2,101 94,638 47,306 0.7 8.75
Arkansas 1,816 0 350 456 2,622 1,212 0.4 7.61
Colorado 63,203 18,492 0 90 81,785 40,387 3.6 5.85
Georgia 100 0 0 0 100 38 0.04 5.00
Illinois 137,329 0 0 0 137,329 68,190 46.0 4.00
Indiana 37,293 0 0 0 37,293 17,499 15.5 3.96
Iowa 29,160 0 0 0 29,160 14,223 1.0 3.60
Kansas 20,774 0 (3) 0 20,774 10,374 0.9 4.73
Kentucky 72,318 0 0 0 72,318 33,513 66.8 4.22
Maryland 1,200 0 0 0 1,200 594 0.7 3.74
Michigan 297 0 0 0 297 102 — —
Missouri 79,362 0 0 0 79,362 39,394 2.9 4.31
Montana 2,363 132,151 87,553 0 222,047 110,853 0.3 3.79
New Mexico 10,948 50,801 0 6 61,755 30,753 0.3 5.93
North Carolina 112 0 0 0 112 55 —
North Dakota 0 0 350,910 0 350,910 175,359 2.5 2.29
Ohio 46,488 0 0 0 46,488 21,192 34.0 3.85
Oklahoma 3,673 0 (3) 0 3,673 1,656 1.3 6.79
Oregon 20 180 0 0 200 97 — —
Pennsylvania

Anthracite — 0 0 22,805 22,805 6,189 18.8 7.82
Bituminous 75,093 0 0 — 75,093 29,252 65.4 5.29

South Dakota 0 0 2,033 0 2,033 1,015 0.02 4.08
Tennessee 1,912 0 0 0 1,912 950 5.9 3.57
Texas 8,000 0 7,070 0 15,070 7,440 — —
Utah 28,222 156 0 0 28,378 13,929 4.9 6.35
Virginia 11,696 0 0 355 12,051 5,244 27.8 4.41
Washington 11,413 52,442 (4) 23 63,878 31,790 0.2 7.54
West Virginia 116,618 0 0 0 116,618 51,940 118.9 5.02
Wyoming 13,235 108,319 (4) 0 121,554 60,375 2.0 3.45
Other States 620 4,065 50 0 4,735 2,360 0.47 —

Total 808,420 437,742 447,966 25,836 1,719,964 830,145 434.33 5.12
(1)—Source, Bureau of Mines.
(2) — Assuming 50% recovery.
(3) — Some thin seam deposits.
(4) —Small reserves of lignite included with subbituminous
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Table 6

Recoverable Coal Reserves, Jan. 1, 1960
(Million Tons)

In the Ten Leading States of the U.S.
North Dakota 175,359
Montana 110,853
Illinois 68,190
Wyoming 60,375
West Virginia 51,940
Alaska 47,306
Colorado 40,387
Missouri 39,394
Pennsylvania 35,441
Kentucky 33,513

Total 662,758
Total in U.S. 830,145

Source—Bureau of Mines

However, two thirds of the coal reserves lie in the
Great Plains, the Rocky Mountains, and the West.
These coals are subbituminous and lignite and, at
some future time, among other uses will probably
serve as a source of synthetic oil. Although they are
not now widely used because of the distance of the
fields from industrial areas, their development, never­
theless, for use as electric utility fuels and as a source
of synthetic liquid fuels, is being actively prosecuted.

Coal Production, 1960
(Million Tons)

In the Ten Leading States of the U.S.
West Virginia 118.9
Pennsylvania 84.2
Kentucky ®6.8
Illinois 46.0
Ohio 34.0
Virginia 27.8
Indiana 15.o
Alabama 13.0
Tennessee 5.9
Utah 4.9

Total 417.0
Total in U.S. 434.3

It is estimated that 32 states have 340,000 square
miles underlaid with coal. This represents 11% of the
total area of the U.S.

Consumption of Coal by Industries

In 1960, as shown in Table 7, the largest consump­
tion of coal, 45.7%, was by electric utilities. This is a
tremendous increase since 1936-40, when electric 

United States Coal Consumption by Industries
(Bituminous and Lignite, Thousand Tons)

Table 7

Year, Electric Coke, Gas, Other Retail Railroads, Foreign Total
Avg. for Range Utilities and Steel Industries Dealers All Uses Trade Consumption

1936-1940 41,304 81,805 112,569 75,266 82,519 2901 396,373
1941-1945 69,131 114,492 136,573 111,615 120,049 3167 555,027
1946-1950 83,849 110,484 116,711 90,989 88,678 2474 493,185
1951-1955 114,655 112,139 99,948 61,207 30,509 1728 420,186
1956-1960 160,995 97,231 90,880 35,908 5,827 1141 391,986

1960 173,882 88,393 84,703 30,405 2,101 945 380,429

Percentage Change from (1936-40) to (1956-60)
1936-1940 +320.9 + 8.0 -24.8 -59.6 -97.4 -67.5 - 4.0
1941-1945 +151.5 -22.8 -38.0 -72.8 -98.2 -70.2 -31.5
1946-1950 +107.4 -20.0 -27.4 -66.6 -97.6 -61.8 -22.9
1951-1955 + 51.7 -21.1 -13.1 -50.3 -93.1 -45.3 - 9.5
1956-1960 + 8.0 - 9.1 - 6.8 -15.3 -63.9 -17.2 — 2.9

Percentage Coal Consumption by Industries
Industry 1960 1936-1940

Electric utilities 45.7 10.4
Coke, gas & steel 23.2 20.6
Other industries 22.3 28.5
Retail sales 8.0 19.0
Railroads 0.6 20.8
Foreign trade 0.2 0.7

Total, % 100.0 100.0
Source—Bureau of Mines
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utilities used only 10.4% of the total coal consumed.
In the five-year period 1956-60, electric utility con­
sumption of coal grew from 114 million to 174 million
tons. It has been estimated that by 1965 consumption
will approach 225 million tons.

Second to electric utilities in 1960 was the produc­
tion of coke, gas, and steel which consumed 23.2%,
followed closely by “other industries” using 22.3%.

The greatest drop in coal consumption occurred in
tire railroad industry, which used 20.8% of the coal
consumed in the period 1936-40 and only 0.6% of the
total consumed in 1960. This reflects the effect of the
widespread conversion to diesel motive power. Prac­
tically all transportation in the U.S. today receives
its energy from oil.

The amount of all fuels used in recent years in
electric utilities, the per cent of total, and the per
cent of steam and hydroelectric power are given in
Table 8.

How Coal was Formed

Some of the luxurious vegetation produced by the
sun’s heat in early geological times has become the
coal of today. Great trees and ferns grew in the hot
humid climate, and successive layers of fallen vegeta­
tion, partly decomposed, piled one upon another and
prevented free access of air. At intervals, wind and
water covered this mass with sediment, sand, and
dirt to form the overburden now found above coal
seams. During millions of years, these layers of vege­
tation were aged by heat and pressured into coal by
converting carbohydrates, Cx (PLO)r, to hydrocar­
bons, CxHy.

The progressive changes were from wood and vege­
tation to peat, which in turn was changed by heat
and pressure to brown coals and lignite, subbitumi­
nous coals, and finally to anthracite and grapliite.

The intrinsic ash of the coal was largely in the
vegetation from the beginning. The extraneous ash
came from mud deposits of shale and pyrites that
filled the cracks and crevices caused by the move­
ment of the earth’s crust.

It has been estimated that about 20 ft of plant
matter were required to form a 1-ft layer of bitumi­
nous coal. Most of the coal mined in the U.S. comes
from seams 3 to 6 ft thick, with the average about
5.4 ft. One seam in Lincoln County, Wyoming, is 118
ft thick. The thickest known seam in the world, 425
ft, is in Manchuria.

Sampling of Coal

The first scientific work in coal sampling was pub­
lished by E. G. Bailey in the Journal of Industrial
and Engineering Chemistry, March 1909. The size of
the sample that must be taken was based on the ratio
of the size to weight of the maximum size lump
present in the coal being sampled. The rules for re­
ducing the sample to laboratory size were established
in the same manner. The first ASTM Standard for
Sampling Coal (D 21), now obsolete, was based
largely upon Bailey’s work. The method was calcu­
lated to give an accuracy within 1% of the ash in the
coal in 10,000 samples.

The early standard, requiring a fixed-size sample,
came to be regarded as too laborious, and the ASTM
Standard D 492 now in use was developed and 

Fuels Consumed, Kind of Fuel, Steam & Hydro,
Bituminous Coal Equivalent0 (1000 Ton) Per Cent of Total Per Cent of Each

Source of data, Federal Power Commission
° 3.9 bbl of fuel oil and 23,900 cu ft of gas, each taken as equivalent to 1 ton of bituminous coal.
t Average.

Table 8

Electric Energy Production in the United States by Source

Year Coal Oil Gas Total Coal Oil Gas All Fuels Hydro
’40-’49f 81,158 9,782 15,969 106,909 75.9 9.1 15.0 67.3 32.7

1950 91,871 19,338 26,314 137,523 66.8 14.1 19.1 70.9 29.1
1951 105,768 16,395 31,961 154,124 68.6 10.6 20.8 73.1 26.9
1952 107,071 17,235 38,079 162,385 65.9 10.6 23.5 73.7 26.3
1953 115,897 21,086 43,274 180,257 64.3 11.7 24.0 76.2 23.8
1954 118,385 17,113 48,764 184,262 64.3 9.3 26.4 77.3 22.7
1955 143,759 19,300 48,253 211,312 68.0 9.1 22.9 79.3 20.7
1956 158,279 18,643 51,853 228,775 69.2 8.2 22.6 79.7 20.3
1957 160,769 20,433 55,904 237,106 67.8 8.6 23.6 79.4 20.6
1958 155,724 19,914 57,440 233,078 66.8 8.5 24.7 78.3 21.7
1959 168,427 22,654 68,077 259,158 65.0 8.7 26.3 80.6 19.4
1960 176,634 21,882 72,165 270,681 65.2 8.1 26.7 80.7 19.3
1961 182,140 21,962 76,374 280,476 65.0 7.8 27.2 80.8 19.2
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made fn +1 ^948. In this standard, allowances are
Pe'-mitt-;1 Pr°bable ash content of the coal, thus
ash eoal^ USe sma^er samples for the lower-

The present
cedures:
!• ^ommercial-Sampling Procedure

• °pecial-Purpose-Sampling Procedure
lhe Commercial-Sampling Procedure applies to

the average commercial sampling of coal and is in­
tended for an accuracy such that, if a large number
or samples were taken from a single lot of coal, the
test results in 95 out of 100 cases would fall within
± 10% of the average ash content of the samples.

The “Special-Purpose-Sampling Procedure” applies
to the sampling of coal when special accuracy is re­
quired. This procedure should be used to supply sam­
ples for the classification of coals and the establish­
ment of design or performance parameters. The spe­
cial-purpose sample can be one of two sizes: 1) 4
times that of the commercial sample, giving an ac­
curacy of ± 5% of the ash content of the coal sampled,
and 2)9 times that of the commercial sample, giving
an accuracy of ± 3.33% of the ash content of the coal
sampled.

Standard D 492 also sets procedures for reducing
gross samples and for obtaining samples for standard
and special moisture determinations. Of particular
interest to those concerned with the sampling of coal
are two additional publications by the ASTM: Sym­
posium on Bulk Sampling (STP 242, 1958) and Sym­
posium on Coal Sampling (STP 162, 1955).

It is of prime importance that coal samples be care­
fully obtained, since any data resulting from subse­
quent analyses are only as representative as the sam­
ple provided.

Coal Analysis

In reporting the components of a coal it is custom­
ary to use two different analyses, known as “proxi­
mate” and “ultimate.” The proximate analysis is de­
fined as the determination of moisture, volatile matter,
and ash, and the calculation of fixed carbon by dif­
ference. The ultimate analysis from a dried sample
is defined as the determination of carbon, hydrogen,
sulfur, nitrogen, and ash, and the estimation of oxygen
by difference. The scope of each is indicated in the
analyses of a West Virginia coal, as noted below,
where the ultimate analysis has been converted to
the as-received basis. The analysis on the as-received
basis includes the total moisture content of the coal
that is received at the plant; similarly, the as-fired basis
includes the total moisture content of the coal as it
enters the boiler furnace or pulverizers. The various
values from such analyses are needed to implement 

standard recognizes two sampling pro-

the formulas in this chapter and in Chapter 4. Stand­
ard laboratory procedures for making these analyses
appear in ASTM D 271.

Coal Analyses
On As-Received Basis

(Pittsburgh Seam Coal, West Virginia)
Proximate Analysis Ultimate Analysis

Component
Moisture

Weight, %
2.5

Component
Moisture

Weight, %
2.5

Volatile matter 37.6 Carbon 75.0
Fixed carbon 52.9 Hydrogen 5.0
Ash 7.0 Sulfur 2.3

Total 100.0 Nitrogen 1.5
Oxygen 6.7

Heating value, Ash 7,0
Btu/lb 13,000 Total 100.0

Classification by Rank

Coals are classified in an effort to provide the data
for predicting their probable performance under
given operating conditions. Coal performance, par­
ticularly methods and principles of burning, is closely
associated with specific types of equipment, and ref­
erence should be made to Chapters 4, 16,17, 18, and
28. The nature of impurities in coal is discussed in
Chapter 15, and reference to it should also be made.

One classification of coal is by rank or age. Volatile
matter, fixed carbon, bed moisture, and oxygen are
all indicative of rank, but no one item completely
defines it. In the ASTM classification, the basic cri­
teria are the fixed carbon and the calorific values
calculated on a mineral-matter-free basis.

In establishing the rank of coals it is necessary to
use criteria which show an appreciable and systematic
variation with age. For the older coals, a good cri­
terion is the dry, mineral-matter-free fixed carbon or
volatile. But tiffs criterion is not suitable for designat­
ing the rank of the younger coals. A dependable means
of classifying the latter is the moist, mineral-matter-
free Btu, which varies little for the older coals but
appreciably and systematically for the younger coals.

By the ASTM standard (see Table 9) for classifica­
tion according to age, older coals are classified by
“dry, mineral-matter-free fixed carbon,” and younger
coals are classified by “moist, mineral-matter-free
Btu.” The term “moist” refers to bed moisture only,
and analyses of constituents must be of bed samples
collected as prescribed by the ASTM Standard D 388.
Agglomerating and weathering (or slacking) indices
are used to differentiate between certain adjacent
groups and are defined in this standard. The Parr
formulas, given below, are used for calculating these
values from the proximate analysis and calorific value
(high heating value).
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Table 9
Classification of Coals by Rank/ ASTM D 388

FC — Fixed Carbon; VM = Volatile Matter; Btu = British Thermal Units

Class

I Anthracitic

II Bituminous'

III Subbituminous

IV Lignitic

Group

1. Meta-anthracite

2. Anthracite

3. Semianthracite

z

1. Low-volatile bituminous

2. Medium-volatile bituminous

3. High-volatile A bituminous

4. High-volatile B bituminous

5. High-volatile C bituminous

1. Subbituminous A

- 2. Subbituminous B

_3. Subbituminous C

( 1. Lignite
I 2. Brown coal

Limits of Fixed Carbon or Btu
Mineral-Matter-Free Basis

Dry FC, 98% or more. (Dry VM
2% or less)

Requisite Physical
Properties

Dry FC, 92% or more and less than
98%. (Dry VM, 8% or less and more
than 2%)

Dry FC, 86% or more and less than
92%. (Dry VM, 14% or less and
more than 8%)

Nonagglomerating”

Dry FC, 78% or more and less than
86%. (Dry VM, 22% or less and
more than 14%)

Dry FC, 69% or more and less than
78%. (Dry VM, 31% or less and
more than 22%)

Dry FC, less than 69%. (Dry VM,
more than 31%); and moist" Btu,
14,000 or more

Moist" Btu, 13,000 or more and less
than 14,000“

Moist Btu, 11,000 or more and less Either agglomerating
than 13,000° or nonweathering'

Moist Btu, 11,000 or more and less Both weathering and
than 13,000“ nonagglomerating

Moist Btu, 9,500 or more and less
than 11,000“

Moist Btu, 8,300 or more and less
than 9,500“

Moist Btu, less than 8,300
Moist Btu, less than 8,300

Consolidated
Unconsolidated

“Does not include a few coals of unusual physical and
chemical properties which come within the limits of fixed
carbon or Btu of the high-volatile bituminous and sub­
bituminous ranks. “If agglomerating, classify in low-
volatile group of the bituminous class. “There may be
noncaking varieties in each group of the bituminous class.
"Moist Btu refers to coal containing only its natural bed

moisture. “Coals having 69 per cent or more fixed carbon
on the dry, mineral-matter-free basis shall be classified
according to fixed carbon regardless of Btu. 'There are
three varieties in the high-volatile C bituminous coal
group, 1) agglomerating and nonweathering, 2) agglomer­
ating and weathering, and 3) nonagglomerating and
nonweathering.

Dry, Mm-free FC =
_________ FC-0.15S x 1Oo, per cent (1)

100-(M + 1.08A + 0.55S) H

Dry, Mm-free VM =
100 — Dry, Mm-free FC, per cent

Moist, Mm-free Btu =
__ Btu - 50S______X 100, per lb
100-(1.08A + 0.55S)

(2)

(3)

The approximate formulas used to calculate the
values given in Table 10 are:

Dry, Mm-free FC =
FC

100—(M + 1.1A4-0.1S) X 100, per cent (4)

Dry, Mm-free VM =
100 — Dry, Mm-free FC, per cent
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Moist, Mm-free Btu =

100- (1.1A4-0.1S) X 10°’ per lb 6

where:
Mm — mineral matter
Btu = heating value per lb
FC = fixed carbon, %
VM = volatile matter, %

M = bed moisture, %
A — ash, %
S = sulfur, %

All for coal as received (moist basis).

In Table 10, seventeen selected U.S. coals are
arranged in the order of the ASTM classification, with
the values for the two criteria for the older and
younger coals in italics. The bases for the two ASTM
classification criteria are shown in Fig. 1 (from U.S.
Bureau of Mines, R.I. 3296) for over 300 typical coals
of the United States. The groups of Table 9 are in­
dicated in this figure.

Validity of Other Criteria

It may be of interest to consider the validity of other
criteria in the classification of coal by rank. Referring
to the ultimate analysis, dry, ash-free basis, Table 11:

For the younger coals, the volatile (VM) either
“as received” (Table 10) or “dry, ash-free” (Table 11)
does not line up the coals in anything like the same
order as the ASTM method.

Carbon (C), however, does line up the 17 coals in
the same order as the ASTM method except for a
slight discontinuity between coals 8 and 9, both in
the high-volatile A group. As a criterion, the carbon
content would be quite simple and could undoubtedly
be used as a suitable basis for classification.

Hydrogen (H=) is of no use in classification.
Oxygen (O2) generally decreases with the age of

coals but is not consistent, and higher values are in­
dicated for oxidized coal.

Nitrogen (N=) varies little for all ranks.

Table 10

Seventeen Selected U.S. Coals Arranged in Order of ASTM Classification

Rank Classification Proximate Analysis, % Dry Moist
_--------- ----------Coal As Received--------------------- Mm Free

No. Class Group State County M VM FC A S Btu FC Btu

1
2

I
I

1
2

Pa.
Pa.

Schuylkill
Lackawanna

2.0
2.0

1.8
6.3

86.2
79.7

10.0
12.0

0.79
0.60

13,070
13,000

99.2
94.0

14,720
15,000

3 I 3 Va. Montgomery 3.0 10.5 66.5 20.0 0.61 11,800 88.7 15,140

4 II 1 W.Va. McDowell 3.0 16.3 75.7 5.0 0.73 14,420 82.8 15,250
5 II 1 Pa. Cambria 4.0 17.0 69.0 10.0 1.63 13,430 81.1 15,130

6 II 2 Pa. Somerset 3.0 20.4 66.6 10.0 1.65 13,520 77.4 15,230
7 II 2 Pa. Indiana 3.0 23.1 63.9 10.0 2.17 13,600 74.5 15,340

8 II 3 Pa. Westmoreland 3.0 30.3 55.7 11.0 1.80 13,130 65.4 15,000
9 II 3 Ky.

Ohio
Letcher; Pike 3.0 34.4 56.6 6.0 0.72 13,800 62.5 14,800

10 II 3 Jefferson 6.0 34.8 49.2 10.0 2.44 12,450 59.2 14,030
11 11 4 Ill. Saline; Perry 10.0 31.7 48.3 10.0 1.60 11,610 61.1 13,100

12 II 4 Utah Carbon; Emery 8.0 36.6 43.4 12.0 0.56 11,480 54.9 13,230

13 II 5 Ill. Sangamon 14.0 34.3 39.7 12.0 4.07 10,470 54.6 12,100

14 III 1 Iowa Polk 13.9 36.9 35.2 14.0 6.15 10,244 50.0 12,200

15 III 2 Col. Weld; Boulder;
Sheridan

24.0 30.2 40.8 5.0 0.36 9,200 57.7 9,750

9,50016 III 3 Wyo. Campbell 24.0 30.0 36.0 10.0 0.33 8,450 55.1

17 IV 1 N.D. McLean; Morton 40.0 27.6 23.4 9.0 1.42 6,330 46.8 7,040

Notes: For definition of Rank Classification according to
ASTM requirements, see Table 9.

Data on Coal As Received
M = bed moisture, %; VM = volatile matter, %
FC — fixed carbon, %; A = ash, %; S = sulfur, %
Btu = Btu per lb

Mm-free, dry FC = Dry, mineral-matter-free fixed carbon
in %, calculated by formula:

_______FC X 100
100—(M + 1.1A-J-0.1S)

Mm-free, moist Btu — Moist, mineral-matter-free Btu per
lb, calculated by formula:

Btu X 100
100—(1.1A + 0.1S)

Values in italics for Mm-free, dry FC and Mm-free, moist
Btu are used in ASTM classification by rank.
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Fig. 1. Distribution plot for over 300 coals of the United
States, illustrating ASTM classification by rank as defined

in Table 9

International Classification of Coal by Rank

There are classifications of coal by rank (or type)
which are currently in limited use on the European
continent. These are the International Classification
of Hard Coals by Type and the International Classifi­
cation of Brown Coals. The systems were developed
by a Classification Working Party that was established
in 1949 by the Coal Committee of the Economic Com­
mission for Europe.

The classification system of hard coals, which also
includes a simplified statistical grouping combining
coals having the same general characteristics, appears
in Table 12 (see Appendix, page 2-A2 ff). The term
“hard coal” is based on European terminology and is
defined as coal with a calorific value of more than
10,260 Btu/lb (5700 Kg-cal/Kg) on the moist, ash­
free basis. The term “type” is equivalent to rank in
American coal-classification terminology and the
term “class” approximates the ASTM rank.

The nine classes of coal, based on dry ash-free
volatile-matter content and moist ash-free calorific
value, are divided into groups according to their
caking properties. Either the free-swelling test or the 

Roga test may be used to determine caking properties,
which are a measure of the behavior of coal when
heated rapidly.

The coal groups are further subdivided into sub­
groups according to their coking properties. Either
the Audibert-Arnu test or the Gray-King coking test
may be used to determine coking properties, which
are a measure of the behavior of coal when heated
slowly.

A three-figure code number is used to express the
classification of a coal. The first figure indicates the
class of the coal, the second figure the group, and
the third figure the subgroup. For example, a 635 coal
would be a class six coal with a free-swelling index
greater than 4 and expansion greater than 140.

This rank classification is about the same as ASTM
classification except for determination of calorific-
value correction. The International system uses the
ash-free basis, whereas the ASTM system uses the
mineral-matter-free basis. American coals fit in the
International classification as shown bv the open-
faced blocks in Table 12 (see Appendix 2-A2 ff),
based on available data from U.S. Bureau of Mines
R.I. 5435. A general comparison of the systems with
several American coals is shown in Table 13.

The International Classification of Brown Coals is
shown in Table 14. The term “brown coal” refers to
coal containing less than 10,260 Btu/lb on the moist,
ash-free basis.

The six classes of coal, based on the ash-free equi-
librium-moisture content, are divided into groups
according to their tar yield on a dry, ash-free basis.
This grouping indicates the value of these low-rank
coals as a fuel and as a raw material for chemical
purposes. In general, brown coals with a high tar
content are too valuable to the chemical industry as
a raw material for them to be used as fuel.

Other Criteria

Other criteria for the classification of coal by rank
have been proposed by various authorities.

A method of classifying coal, by computing the
heating value of the residual coal with moisture, ash,
and sulfur removed, has been used by Lord. This is
called the “H” value.

FT” - Btu ~ 4050S vino (7}H ~ 100—(M-4-A + S) X 100

While the “PI” values as listed in Table 11 are of
interest, they do not arrange the 17 coals in the same
order as the ASTM.

Another method of classification has been reported
by Perch and Russell based on the following ratio:

Ratio = Moist, Mm-free Btu
Dry, Mm-free VM (8)

2-9

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 18 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/18

https://asbestosclaims.law/library/25273/18


Table 11
Study of the Suitability of Other Criteria in the Classification of Coals

12,4101.518.64.772.417

X100
10 for the basis.

14
15
16

75.8
75.0
74.1

4.8
4.8
4.8
5.2
5.4
5.4
5.5
5.4
5.7
5.4

7.7
5.1
5.1

26.0
17.9
18.7

15,670
15,600
15,540
15,630
15,260
15,160
14,820
14,510
14,350
14,160

O3
2.3
2.3
3.3

1.3
1.5
1.6
1.4
1.7
1.6
1.7
1.7
1.6
1.4

1.2
1.5
1.3

Btu
14,850
15,100
15,320

14,210
12,960
12,800

100
112
105
95
88
56
61
66
45
60

c
93.9
93.5
90.7

15,150
13,000
12,890

15,800
15,870
15,750
15,950
15,580
15,290
15,180
14,750
14,470
14,850

“H” Value
15,000
15,170
15,450

4
5
6
7
8
9

10
11
12
13

2.7
2.4
3.1
3.3
5.8
7.0
7.7

10.3
11.7
10.2

90.4
89.4
88.6
87.6
85.0
85.2
82.2
80.6
80.3
77.5

Grind­
ability

37
26
83

62
58
55

Btupc

Coals Btu
Table 10 Lord’s

No.
1
2
3

n3
0.3
0-.9 :
1.0

Notes:

Btu “H” value = 100_(M + A + S)
where Btu, M, A, and S are as given in Table
coal as received.

Moist, Mm-free Btu
Perch & Russell Ratio = Dry> Mm.free VM
where Moist, Mm-free Btu is as given in Table 10. In this
formula also, VM on a dry, ash-free basis may be used

Ultimate Analysis
Dry, Ash Free

H=
2.1
2.6
4.2

Btu/lb VMpc =-------------

where the subscript pc means on a “pure coal’
(See text for conversion of Btu, FC, and VM of coal as
received to “pure coal” basis.)
Grindability is determined by the ASTM method (see
Page 17-13).

Btu —4050S x 1OQ

12,740

Perch & Btu Proximate
Russell per Analysis
Ratio lb VMpc VM FC

7250 — 2.0 98.0
2020 28,400 7.3 92.7
1110 24,700 13.6 86.4

855 22,000 17.7 82.3
757 21,750 19.8 80.2
643 20,000 23.5 76.5
572 19,850 26.5 73.5
423 17,350 35.4 64.6
389 16,650 37.8 62.2
335 15,800 41.5 58.5
328 15,140 39.6 60.4
287 14,550 45.8 54.2
257 14,550 46.3 53.7

232 14,640 51.2 48.7
228 11,000 42.5 57.5
206 11,100 45.3 54.7

128 10,900 54.0 46.0

without appreciable error.

The values of this ratio for the 17 coals listed in Table
11 arrange these coals in exactly the same order as
the ASTM method. It is said that this “ratio” is closely
related to the coking properties of coals used in coke-
oven practice.

Heating Value of the Volatile

Since the quality of the volatile matter in coal is
an index of the extent of the conversion of the original
carbohydrates to hydrocarbons, studies have been
made suggesting that the heating value of the volatile
matter will serve as an accurate criterion for classifi­
cation by rank. This criterion, developed on a “pure
coal” basis, is listed in Table 11 under Btu/lb volatile
matter (VM), and its derivation is explained below.

Composition of the fixed carbon in all types of coal
is substantially all carbon. The variable constituents
of coals can, therefore, be considered as concentrated
in the volatile matter. One index of the quality of
the volatile matter, its heating value, is perhaps the
most important property as far as combustion is con­

cerned, and it bears a direct relation to the properties
of the pure coals (dry, mineral-matter-free). The
volatile matter in the coals of lower rank, where the
conversion of carbohydrates to hydrocarbons has not
progressed far, is relatively high in water and CO2
and, consequently, low in heating value. In coals of
higher rank, the volatile matter is relatively high in
hydrocarbons, such as methane (CHi), and, conse­
quently, relatively high in heating value.

Table 13
System Comparison of Selected American Coals

Classification
Slate County Seam ASTM International
W.Va. McDowell Pocahontas #3 Lvb 333
Pa. Clearfield Lower Kittaning Mvb 435
W.Va. Monongalia Pittsburgh Hvab 635
Ill. Williamson No. 6 Hvbb 734
Ill. Knox No. 6 Hvcb 821

Lvb = low-volatile bituminous
Mvb = medium-volatile bituminous

Hvab = high-volatile A bituminous
Hvbb = high-volatile B bituminous
Hvcb = high-volatile C bituminous
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International Classification of Brown Coals
(Gross Calorific Value Below 10,260 Btu/lb)*

Table 14

Group
No.

Group Parameter
Tar Yield (dry,

ash-free), % Code Number
40 >25 1040 1140 1240 1340 1440 154030 >20-25 1030 1130 1230 1330 1430 153020 >15-20 1020 1120 1220 1320 1420 1520
10 >10-15 1010 1110 1210 1310 1410 1510
00 10 & less 1000 1100 1200 1300 1400 1500

Class Number 10 11 12 13 14 15
Class
Para­

Total
Moisture, %

20
and

>20 >30 >40 >50 >60

meter (Ash Free) less -30 -40 -50 -60 -70

for calculating the heating value of the volatile matter
are given below:

VM - VM — (0-08A0.2S) 10Q ( }
VMpc_ ioo _ (1.08A 4-0.2625S4-M) X ’

_ ________ FC ■ 0.0625S_______ -I qq /10)C"c- 100- (1.08A + 0.2625S 4-M)X '

Btu — 26.2S n
BtUp' ~ 100 - (1.08A 4- 0.2625S 4- xM) X 10 ’

Bt;U _  114,460 I
pc 1 100 X

Btu/lb VMpc =------------X 100 (12)
V IVlpc

where:
Notes: The total-moisture content refers to freshly mined coal.

For internal purposes, coals with a gross calorific value
over 10,260 Btu/lb (moist, ash-free basis), considered
in the country of origin as brown coals but classified as
hard coals for international purposes, may be classified
under this system, to ascertain, in particular, their
suitability for processing.
When the total-moisture content is over 30%, the gross
calorific value is always below 10,260 Btu/lb.

“Moist, ash-free basis (86 F/96% relative humidity).

To establish reasonably accurate heating values for
the volatile matter, the analyses and heating value of
the coal must be converted to the mineral-matter-free
basis. The only difference in the conversion used for
this method and the conversion used in the ASTxM
Standard D 388 is that half the sulfur is assumed to
be pyritic. The assumption that only half the sulfur
is pyritic and the remainder is organic is in closer
agreement with the average for a large number of
U.S. coals. The formulas for converting the analyses
and coal heating values to the “pure coal” basis and

VM, FC, A, S, M, and Btu are the same as noted
above for the Parr formulas. Subscript pc denotes
“pure coal” basis.

The Btu per lb volatile matter, as calculated from
the above formulas, is given in Table 11 for 16 of the
17 coals listed covering the entire range of rank. It
is not given for the first coal listed, since this formula­
tion may not be entirely suitable for extremely low-
volatile fuels. For only two coals, Nos. 14 and 15,
Class III, Subbituminous A and B, Groups 1 and 2,
is the order substantially different from the ASTM
arrangement, Table 10. The range of values of Btu
per lb volatile matter, from 10,900 to 28,400, is large
and should serve as a useful classification.

The relation of the heating value of the volatile
matter and the heating value of the pure coal is
shown in Fig. 2 for a large number of coals. It is evi­
dent that a fair line could be drawn, without serious
error, to indicate the path of this relationship.

A listing of ASTM standards for testing coal will
be found in the Appendix, page 2-Al.

HEATING VALUE OF VOLATILE MATTER, 1000 BTU/LB
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Fig. 2. To illustrate a sug­
gested coal classification
using the relationship of
the respective heating
values of “pure coal" and

the volatile matter
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Classification by Grade
In the ASTM Standard D 389 for the classification

of coal by grade, the ash, softening temperature, sul­
fur, and Btu are represented by symbols. This means
of classification is not generally used in industry, but
it is still retained as a standard method.

Commercial Sizes of Coal

Bituminous
Sizes of bituminous coal are not well standardized,

but the following sizings are common:
Run of Mine. Run of mine is shipped without screen­

ing. It is used for both domestic heating and steam
production.

Run of Mine (8 in.). This is run of mine with over­
size lumps broken up.

Lump (5 in.). This size will not go through a 5-in.
round hole. It is used for hand firing and domestic
purposes.

Egg (5 in. X 2 in.). This size goes through 5-in. and
is retained on 2-in. round-hole screens. It is used for
hand firing, gas producers, and domestic firing.

Nut (2 in. X Ifi in.). This size is used for small in­
dustrial stokers, gas producers, and hand firing.

Stoker Coal (HA in. X % in.). This size is used largely
for small industrial stokers and domestic firing.

Slack (% in. and under). Used for pulverizers, Cy­
clone Furnaces, and industrial stokers.

Several other sizes of bituminous coal are prepared
by different producers, especially for domestic-stoker
requirements.

Anthracite

Definite sizes of anthracite are standardized as
given in Table 15.

Table 15

Commercial Sizes of Anthracite
(Graded on Round-Hole Screens)

Trade Name
Broken
Egg
Stove
Nut
Pea
Buckwheat

No. 1
No. 2 (Rice)
No. 3 (Barley)
No. 4

Diameter of Holes, Inches
Through Retained On

451 331 to 3
331 to 3 9 7
9 7—t <r 151
1% 13.

16
10' A
'IS AA iV
A A

A
The broken, egg, stove, nut, and pea sizes are

largely used for hand-fired domestic units and gas
producers.

Buckwheat Nos. 1 and 2 are used in domestic

stokers and hand-fired steam boilers.
Buckwheat Nos. 3 and. 4 are used foi traveling-gi ate

stokers, and No. 4 is also burned in pulverized form.

Moisture Determination

Moisture in coal is essentially water, quantitatively
determined by definite preset ibed methods which
nmy vary according to the nature of the material. It
is preferable to determine the moisture in coal in two
steps: 1) prescribed air drying to equilibrium at 10-15
C above room temperature, and 2) prescribed oven
drying for one hr at 104-110 C, after pulverizing (see
also ASTM Standard D 271).

The air-dried component of the total-moisture value
should be reported separately, because this useful
information is required in the design and selection of
equipment. For efficient pulverizing of anthracite
and bituminous coal, it is the surface moisture that
must be evaporated.

In 1956 a tentative method of test for equilibrium
moisture of coal, at 96 to 97% relative humidity and
30 C, was accepted by the ASTM (see ASTM Stand­
ard D 14I2-56T) for use pending adoption as stand­
ard.

This method affords a means of estimating the bed
moisture of either coal that is wet and shows visible
surface moisture or coal that may have lost some mois­
ture. It may be used for estimating the surface, or
extraneous, moisture of wet coal, such moisture be­
ing the difference between total moisture, as deter­
mined by ASTM Standard D 271, and equilibrium
moisture. Also, the equilibrium moisture of a sample
of coal is considered to be equal to the bed moisture
for classification of coal by rank (see ASTM Standard
D388).

Calorific Value of Coal

The heating value of coal is determined accurately
in an oxygen bomb submerged in cooling water.
Several acceptable makes or types of bomb calori­
meters are listed in ASTM Standard D 271. See also
ASME Power Test Codes, part 9, Heat of Combus­
tion. The coal sample is compressed into a hard pellet
and ignited by a hot wire. The heating value is de­
termined from the rise in the water temperature.

The gross (higher) calorific value is defined as the
heat produced by a unit quantity of the fuel, with
the products in the form of ash, liquid water, and
gaseous CO2, SO-, and N». The net (lower) calorific
value is calculated from the gross calorific value as
the heat produced by a unit quantity of fuel when
all water in the products remains as vapor.

The calculation (given in ASTM Standard D407)
is made by deducting 1030 Btu per pound of water
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derived from a unit quantity of fuel, including both
the water originally present as moisture and that
formed by combustion.

In America the gross calorific value is commonly
used in heat-balance calculations, while in Europe
the net value is generally used.

Grindability of a Coal

Grindability is a term used to measure the ease of
pulverizing a coal in comparison with a standard
coal chosen as 100 (unity) grindability. A descrip­
tion of the method of testing to determine grind­
ability of a coal in accordance with ASTM Standard
D 409 and an illustration of the machine used in
making the test (Fig. 12) appear in Chapter 17. The

grindability of 16 of the 17 representative coals in
Table 10 is given in the last column of Table 11.

Free-Swelling Index

The ASTM Standard Method D 720 is used for
obtaining information regarding the free-swelling
property of a coal. Since it is a measure of the be­
havior of coal when heated rapidly, it may be used
as an indication of the coking characteristic of the
coal when burned as a fuel.

Coal Ash

The nature, composition, and properties of coal
ash are discussed in Chapter 18.
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Tins CENTRAL STATION IN CALIFORNIA USES OIL AND GAS AS FUELS TO GENERATE
6,400,000 POUNDS OF STEAM PER HOUR

3

SOURCES OF HEAT ENERGY—OTHER THAN COAL*

A
side from coal, the principal sources of heat en­

ergy are petroleum, natural gas, and oil shale,
1 which, like coal, come from fossil formations

and are nonreplenishable. Vegetation, primarily wood,
which is replenishable, is also a minor source (approx­
imately 5%) of heat energy. The use of petroleum and
natural gas as sources of heat energy is a compara­
tively recent development. Of the cumulative amount
of petroleum used in the world, 40% has been pro­
duced during the past ten years.

While coal in large quantities is widely distributed
throughout the world, the reserves of petroleum and
natural gas are much more limited, and extensive in­
vestigations are already underway to improve prac­
tical methods of producing oil from coal and oil shale.
The commercial production of liquid fuels from coal

•TOTAL PRODUCTION X 1075 BTU MINUS REPRESSURING VENT

AND WASTE GAS X 1035.

Fig. 1. Per cent of total Btu produced each year (1900-
1960) from various sources of heat energy in the United

States (Water power converted to Btu equivalent)

0 For analyses and properties, see Appendix 3; for nuclear fuel,
see Chapter 27.

has been in successful operation in some parts of the
world for several years.

During the period 1899 through 1959, petroleum
and natural gas have been used in the U. S. to supply
a constantly increasing part of the heat-energy re­
quirements, with a corresponding reduction in the
use of coal, as indicated in Fig. 1. The annual world
production of petroleum increased approximately
100% during the period 1949 to 1959, while consump­
tion in the U.S. during the same period increased 58%.

Availability of Fuels — Other than Coal

Petroleum. Availability of petroleum is based on the
estimated proven reserves in areas where it has actu­
ally been found by exploration and drilling. In 1959
the proven reserves of the world were estimated to
be about 293 billion barrels. At the rate of consump­
tion in 1959, this quantity would be sufficient for 15
yr. The petroleum fields containing these reserves are
located in four great basins: the Eastern Mediter­
ranean; the Caribbean, United States, and Canada;
the Far Eastern; and the North Polar.

The location of oil reserves, refining areas, and
pipelines in the U.S. is shown in Fig. 2. The proven
petroleum reserves in the U.S. are presently about
38 billion bbl. The estimate of unproven petroleum
reserves in the U.S. is 50 billion bbl, excluding off­
shore reserves that may considerably increase this
amount. During recent years the proven reserves have
ranged from about 6 to 13 times the annual require­
ments, and up to the present the rate of development
of new reserves has kept pace with the rapidly in­
creasing demand. World production of petroleum in
1959 was of the order of 7.1 billion bbl/vr, of which
the U.S. produced 2.6 billion bbl, or about 37%. Since
the proven reserves of the U.S. are about 13% of the
world total, it appears possible that imports will be
needed in the future to supply a substantial portion of
the U. S. requirements. Throughout the years to the end
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Fig. 2. Oil fields, refining areas, and pipelines in the United States

of 1959, the total production of petroleum in the U.S.
was approximately 62.9 billion bbl. Assuming that
the current total petroleum resources in proven and
unproven reserves is of the order of 88 billion bbl,
approximately % of the total original oil resources of
the U.S. has been used.

The proportion of petroleum resources actually re­
covered depends upon the rate of withdrawal from
existing wells, the economics of continued explora­
tion and drilling, and the development or improve­
ment of techniques that will permit economic re­
covery of more of the oil from the reservoirs. The
rate of discovery of new large fields is liable to di­
minish, and it will be necessary to drill deeper in
less favorable areas in the U.S. The number of dry
holes drilled is increasing as are the average drilled
depths and the costs. The recovery of petroleum from
the wells is another economic factor. In 1961 the
591,116 oil wells in the U.S. produced an average of
12.2 bbl/well, day, and about 89% of the wells re­
quired pumping to bring the oil to the surface. About
% of the oil wells in the U. S. are marginal or stripper
wells that average only about 3.5 bbl/well, day.

In the past few decades considerable progress has
been made in the extraction and recovery of oil from
known fields. Research is responsible for the develop­
ment of new recovery techniques. Moreover, during
this period improved engineering and production
practices were adopted by the oil industry. Formerly,
as little as 25% of the oil in a field was recoverable.

This percentage has been greatly increased and,
equally important, many supposedly depleted fields
have been restored to commercial production through
improved recovery practices, such as gas repressur­
ing of underground reservoirs. Dry gas is pumped
into the reservoir to maintain a reservoir pressure, or
“drive,” at a level which assures an optimum rate of
recovery. This gas-cycling method also produces
condensate liquids, such as gasoline, butane, and
propane, which are stripped from the gas before it
is returned to the reservoir.

After the wells in a reservoir cease to produce oil
at an economical rate, it is considered to be in the
secondary recovery period, and artificial methods are
used to force the remaining oil to the wells for re­
moval. These secondary recovery methods consist of
repressuring the reservoirs with water (water flood­
ing), gas, or air. More recently “fire flooding,” or in
situ combustion, has been used. Briefly, oil is burned
underground to heat up the remaining oil so that it
may flow more easily and improve recovery. It has
been estimated that this process may require 10 to
15% of the oil as fuel, with essentially complete
recovery of the remainder.

Natural Gas. Areas containing petroleum can also
be expected to yield natural gas, but there are many
natural gas wells that yield no petroleum. The loca­
tions of natural gas fields and pipelines are shown in
Fig. 3. The quantity of natural gas reserves of the 
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world is not known. In the U. S. the proven reserves
of natural gas at the end of 1958 were 254 trillion cu
ft, the equivalent in heating value of approximately
44 billion bbl of petroleum—somewhat more than
the proven petroleum reserves.

Throughout the years to the end of 1958, the mar­
keted production of natural gas in the U.S. was of
the order of 115 trillion cu ft. A large quantity has
also been flared or used in the production of carbon
black. It is estimated that in 1944, 30% of the net pro­
duction of natural gas was so used. The marketed
production of natural gas in the U.S. during 1958
was of the order of 11.5 trillion cu ft. By the end of
1958, assuming reserves of 254 trillion cu ft, which
do not include undiscovered resources, about % of
the total marketed and proven reserves of natural
gas in the U. S. had been consumed. At the 1958 rate
of consumption, the present proven reserves will last
approximately 23 years (this is referred to as the
“life index”). The life index may be misleading, in­
asmuch as it does not include future discoveries that
have kept the life index relatively constant, nor does
it include possible greatly increased rates of imports
from Canada. The life index should be considered as
a measure of our working inventory of natural gas.

Oil Shale. Oil shale deposits are widely distributed
throughout the world, the largest reserves being in
the U.S., where they are exceeded only by coal as
the most abundant fossil fuel. This potential resource 

is greater than the known petroleum reserves and as­
sures adequate liquid fuels, gases, and petrochemi­
cals for many years. The principal oil shale reserves
of tire world are given by country in Table 1.

Table 1

Oil Shale Reserves of the World

Country
Potential Oil in Shale,

million barrels

Australia 399
Brazil 102,350
Estonia 6,500
France 410
Germany 1,919
Israel 25
Manchuria 1,863
New Zealand 213
Scotland 222
Sicily 23,500
Spain 80
Sweden 4,290
Union of South Africa 6
U.S.S.R. 7,000
United States:

Green River Formation 1,132,000
Other 18,660

In the 17th century, medicinal oils were obtained
from oil shale in England. Commercial production
of shale oil was started in France in 1838, Scotland 
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in 1850, the United States and Australia in 1860, and
in Estonia, Spain, and Manchuria in the 1920’s. The
largest installation in the world in Southern Man­
churia produces 9 to 12 million barrels of shale oil
per year. Spain, Brazil, Manchuria, West Germany,
Estonia, and the U.S.S.R. are the countries where
commercial activity for production of shale oil and
its products is of significance.

Wood. In 1923, forest lands of the world were esti­
mated at 7.5 billion acres. This is 23.6% of the land
area of the world exclusive of the polar regions. Of
the forest area, 5.5 billion acres were considered pro­
ductive. Forest areas of the world by continent are
given in Table 2.

Table 2

Forest Areas of the World

Continent
Forest Area,
million acres

Forest to Total
Area, %

Asia 2096 21.6
South America 2093 44.0
North America 1444 26.8
Africa 797 10.7
Europe 774 31.1
Australia & Oceania 283 15.1

Total 7487 23.6

Until the latter part of the nineteenth century, when
it was replaced by coal, wood supplied the major part
of the heat-energy requirement. Wood is no longer
a major factor as a source of heat energy, partly be­
cause of the depletion of the forests and the increas­
ing demands for its use as lumber and in the produc­
tion of paper, plywood, rayon, and other products.
Today the burning of wood and bark for steam gen­
eration is largely confined to locations where it is
available as a by-product or waste, as in the lumber,
furniture, plywood, and pulp industries. For instance,
in producing lumber from logs, half the wood may
be discarded as sawdust, bark, shavings, slabs, and
ends, all of which can be used as fuel. Also waste­
wood liquors from the pulp industry are burned for
the recovery of heat and process chemicals. Various
wood wastes are used extensively in other parts of
the world, and to a lesser extent in the U.S., to pro­
duce alcohol as fuel. New methods of barking logs
and producing pulp, however, are continually re­
ducing the quantity of wood available as fuel. More
profitable end uses, such as bark for the production
of roofing materials, are also reducing the availability
of wood for fuel.

Other Vegetation. Numerous other types of vegeta­
tion, generally in the form of waste or by-products,

are used for heat energy. In the U.S., however, they
are an almost negligible factor in the total heat-energy
requirements. The availability of these wastes or by­
products as a source of heat energy is diminishing
because, as in the case of wood, more profitable uses
are being found for many of them. One of the more
common of such wastes is “bagasse,” the fibrous por­
tion of sugar cane after the juice has been exh-acted.

Preparation for Use as Fuel

Petroleum. At the present time petroleum is the most
important source of hydrocarbons. In crude oil, hy­
drogen and carbon are combined in various ways and
proportions to form an almost limitless number of
compounds, from methane, CHi, which is a gas at
room temperature, through a wide range of liquids
to heavy waxes and asphalts that are solids at room
temperature. As recovered, crude oil may contain
sufficient water to form an emulsion. Most of this
water is removed at the well by electrical or chemical
means before delivery to the refinery.

Although small amounts of crude oil are burned
without processing, most of the petroleum used has
been refined to some extent. Originally, refining crude
oil or petroleum was simply the process of separating
the lighter compounds (higher in hydrogen) from
the heavier compounds by fractional distillation.
Through the development of refining techniques,
such as thermal and catalytic cracking (Fig. 4) and
hydrogenation of the heavier hydrocarbons to produce
lighter ones, petroleum has now come to be considered
as a raw-material source of hydrogen and carbon that
can be combined as required to meet a variety of
specific end uses. Consequently, the characteristics of
the portion available as fuel oil depend more and more
upon economic and national-security requirements
rather than upon the nature of the crude oil from
which it comes.

The principal volume products obtained from re­
fining petroleum are: 1) gasoline, 2) Diesel oil, 3)
fuel oil in various grades including kerosene, 4) lu­
bricating oil, 5) asphalt, wax, and grease, and 6)
synthetic rubber. In addition to the items listed as
sources of heat energy, relatively small quantities of
refinery gas, acid sludge, and petroleum coke are
obtained as by-products and are often consumed as
fuels at the refineries or used to enrich gases manu­
factured from coal.

Natural Gas. Since natural gas almost always ac­
companies petroleum, it may well be considered as
part of the petroleum. To reduce the viscosity of tire
crude oil and facilitate raising it to the surface and
handling, it is desirable to keep the lighter hydro­
carbon compounds in solution by subjecting the oil
to pressure. When the pressure is released, the light 
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Fig. 4. Catalytic cracking
of petroleum at a Southern

refinery

hydrocarbons, such as methane, CIL, ethane, C-H.>,
propane, CHs, butane, C.Hw, and others, volatilize
as gases or vapors. Propane and butane are often
separated from the lighter gases and are widely used
as bottle gas. They are distributed and stored under
pressure as liquefied gas. When the pressure is re­
leased the liquid boils, producing gaseous fuel. The
portion heavier than butane may be separated and
distributed as natural gasoline.

Much of the natural gas produced is suitable for
use without further preparation. However, some natu­
ral gas may contain enough sand or gaseous sulfur-
compounds to be obnoxious or troublesome in use.
The sand is usually removed at the source. Natural
gases containing excessive amounts of sulfur com­
pounds are known as “sour.” One authority defines
“sour natural gas” as gas containing more than 1.5
grains of hydrogen sulfide or more than 30 grains total
sulfur per 100 cu ft of gas. The sulfur compounds are
removed before distribution. Where natural gas is
used to replace or supplement manufactured gas, it is
sometimes reformed to bring its heating value in line
with the manufactured gas. Natural gas may also be
mixed directly with manufactured gas to increase the
heating value of the distributed product.

Oil Shale. Oil shale, a sedimentary rock containing
organic matter, will yield oil on heating. Subsequent
refining of the oil is a necessary step in its recovery.
Although the recovery of oil from shale has not been
done on a commercial basis in the U.S., it has been

demonstrated in pilot-plant operations by the Bureau
of Mines that a range of acceptable fuel oils may be
produced from shale oil by relatively simple refining
techniques and that motor and Diesel fuels can be
produced by special refining methods. Since the yield
of oil may be only 25-30 gal ' ton of shale, and even
less with some lean shales (Swedish shale has about
5% oil), recovery of oil from this source involves a
tremendous problem in the disposal of the waste.

Wood. Reduction to convenient size for handling
and burning is the primary preparation required
when wood is to be used for the generation of steam.
The moisture content may also be reduced to improve
combustion and efficiency. Bark and slabs from the
lumber and pulp industries are often reduced in size
by a machine cutter known as a hog. Bark from water­
borne logs, bark removed bv hydraulic barking meth­
ods, and bark from wood stored in the open may
contain as much as 60 to 70% moisture by weight.
Where such bark is to be used as a fuel, its moisture
content is often reduced.

Transportation and Storage

Petroleum. Because of its many nonfuel applications,
its high heating value as a fuel, and its ease in han­
dling and transportation as a liquid, petroleum and
its products are widely distributed throughout the
world.
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Currently the over-all rate of production in the
U.S. is approximately equal to the demand. However,
in recent years the production of heavy fuel oils has
been between 85 and 88% of the demand, and the
balance has been supplied by imports of heavy oils
from Venezuela and the Middle East. Lesser quan­
tities have also been received from Mexico, Trinidad,
and Canada.

Oil from the Gulf is transported to East Coast re­
fineries by tanker and pipeline. A considerable part
of the demand in areas bordering on the Mississippi
and its tributaries is supplied from the Gulf by barge
shipments. Only a small quantity is shipped from the
West to the East Coast. Because of the relatively
higher cost of haulage as compared with water or
pipeline transportation, comparatively small quanti­
ties are shipped overland by rail and truck. The ap­
proximate relative costs of shipping petroleum by
various means of transportation, although subject to
wide variations, are noted in the following tabulation:

Various Relative
Transportation Methods Cost per Ton-Mile

Water 1
Pipeline 9
Railroad 27
Truck 81

To prevent contamination between certain types of
crude oils, careful precautions must be taken, such
as cleaning the tanks before loading a new shipment.
In pipeline transportation this may necessitate tire
running of parallel fines.

The serious hazard of oil-storage-tank failure is
overcome by storage in underground tanks or by
building cofferdams around surface tanks with suffi­
cient capacity to hold the entire contents of the tank.
On the West Coast, crude oil is commonly stored in
huge concrete reservoirs holding several million bar­
rels. In the East, oil is usually stored in steel tanks to
eliminate evaporation loss and to immunize against
fire hazard from lightning. A standard set of rules
for the storage and handling of oils, which serves as
the basis for many local ordinances and as an excel­
lent guide to safe practices, has been prepared by the
National Fire Protection Association. Loss in storage
of heavy fuel oils is negligible. Lighter products, such
as gasoline, may volatilize sufficiently in warm
weather to cause appreciable loss, unless special
storage tanks are provided.

It may be necessary to reduce the viscosity of heavy
fuel oil by heating before it can be pumped. Conse­
quently transportation and storage facilities are gen­
erally provided with heating equipment. Storage
tanks, piping, and heaters used for heavy oils require
cleaning at intervals because of fouling or sludge
formation. Various commercial compounds may be 

helpful in reducing sludge.

Natural Gas. Lacking suitable means of transporta­
tion, the use of natural gas would necessarily be
limited to areas close to the source. The rapid in­
crease in consumption of natural gas throughout the
country and in areas remote from the source resulted
from the continued extension of a vast system of long­
distance pipelines. The distribution of natural gas is
subject to some practical limitations because of the
energy required for transportation. It is estimated
that the energy required to transmit 1 cu ft of gas
1000 miles is about 150 Btu.

In general it is not practical to vary the supply of
natural gas to accommodate hourly or daily fluctua­
tions in consumer demand. For economic reasons,
long-distance pipelines should operate with a high
load factor. The rate of withdrawal from the wells
may often be limited for conservation reasons, and
the cost of the pipeline to provide the peak rate would
be prohibitive. Therefore, to meet fluctuations in
demand it is usually necessary to provide storage near
at hand or briefly to supplement the supply with
manufactured gas.

Storage facilities, either above ground or under­
ground, are being rapidly increased. Above ground
the usual methods of storage are: a) in the familiar
large water-seal tanks; b) in liquid form in insulated
steel tanks; c) in liquid form absorbed in a granular
substance, released by passing warm gas over the
grains; d) in pipe holders (at or near tire surface) of
commercial gas-line pipe laid parallel and intercon­
nected; and e) using the trunk transmission line as a
reservoir by building up the pressure. Because of low
cost, underground storage of gas pumped back into
depleted or partially depleted gas and oil wells, is the
best method for the large storage required to meet
seasonal variations in demand. This method is coming
more and more into use, and the closer the storage
is to the consumer the better, especially for accom­
modating hourly fluctuations.

Oil Shale. Because of the low combustible content
of oil shale it appears certain that the oil will be ex­
tracted from the shale close to the source. Commer­
cial use of shale oil will require establishment of
distribution storage systems similar to those for
petroleum.

Wood. As logged, wood is transported by rail,
truck, or water. It has not been general practice to
transport logs far from the source except by water.
The means of water transportation are:
1. Driving: Floating down stream with the current.
2. Towing in Booms: An assembly of floating logs,

enclosed within a loop of boom timbers fastened
r tug-to end, towed b\
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3. Towing in Rafts: A number of large logs, arranged
several logs deep, chained together, and towed
by tug; usually in the open waters along the Pacific

The logs may or may not be barked at the source,
depending upon the season, the distance of trans­
portation, and the destination. To reduce deteriora­
tion, it is general practice to remove the bark before
storing in piles. If floated to destination, holding areas
are generally provided where a large supply of rough
logs may be floated until required for use.

In many areas where the weather affects trans­
portation, the movement of logs is seasonal. The
supply of bark as fuel is therefore seasonal where a
year s supply of logs may be received in a few months
and barked for storage.

Properties and Utilization

Gasoline and Diesel oils produced from petroleum,
although very important sources of heat energy, are
not normally used for steam generation.

Fuel Oils. In refining petroleum it is common prac­
tice to produce fuel oils complying with the several
specifications prepared by the ASTM and adopted
as a commercial standard by the U.S. Bureau of
Standards. To meet changes in supply and demand,
these standards have been revised several times in
past years, and further changes may be expected. The
current standards are tabulated in the Appendix,
page 3-Al. Fuel oils are graded according to gravity
and viscosity, the lightest being No. 1 and the heav­
iest No. 6. For satisfactory pumping and burning,
grades 5 and 6 generally require heating. Typical
analyses, relative cost, and range of analyses and
heating values of the several grades of fuel oils are
given in the Appendix, page 3-A2.

The gross heating values of various fuel oils of dif­
ferent gravity are noted in Fig. 5. The gross heating
values, after correction for the nonhydrocarbon con­
stituents, are closely related to the gravity of the oil.
The corrected gross heating value in Btu/lb is equal
to:

Btu X [100- (Afl-B + C)] ,
100 +

where:

40.5C

Btu is taken from Fig. 4
A = % by wt of water
B = 7o by wt of ash
C — % by wt of sulfur

Where the percentages by weight of water and ash
are not known, the percentages by volume of water
and sediment can be used without appreciable error.

141 5
DES API= SP GR @ 60/60 F-131-5

Fig. 5. Heating value, weight (lb per gal), and specific
gravity of fuel oil for a range of API gravities

Fuel oils are generally sold on a volume basis with
60 F as the base temperature. To determine what
the volume of oil will be at 60 F, a correction factor
must be applied to the volume at any other tempera­
ture. Correction factors corresponding to temperature
and API gravity are given in Fig. 6 (see Fig. 5 for 

Fig. 6. Temperature-volume correction factor for fuel oil
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definition of deg API). Since the means of handling
and particularly the burning equipment are usually
designed for oil of a certain maximum viscosity7, it is
important to know the viscosity characteristics of the
fuel oil. In addition, in some instances there are mini­
mum viscosity limitations. To obtain the desired vis­
cosity it may be necessary, because of variations in oil
supply, to vary the temperature to which the oil is
heated. The viscosity of oil decreases with increase in
temperature. With more viscous oils, higher tempera­
tures are generally required. Also with some oils and
certain types of burning equipment it may be neces­
sary to heat the oil to a higher temperature than that
required to obtain the desired viscosity for satisfactory
combustion. It is important to hold the upper limit
of the oil temperature below the flash point to pre­
vent carbonization of the oil and to avoid possible
loss of burner ignition from interruption of flow by
vapor binding of the pumps.

If the viscosity of heavy oils is known at two tem­
peratures, the viscosities at other temperatures can be
closely predicted. From a chart standardized by the
ASTM, viscosities at various temperatures can be
determined with negligible error by drawing a straight
line through the plots of the viscosities at two known
temperatures. For light oils it is necessary to know
the viscosity at only one temperature to determine
the viscosities at other temperatures. Using the ASTM
standardized chart, Fig. 7, the viscosities of light oils
at various temperatures, which fall in the region of
the No. 2 fuel oil, can be determined by drawing a
fine parallel to the viscosity lines for this grade through
the plot of the viscosity of the light oil at the known
temperature. Copies of this chart may be obtained
from the ASTM.

Since the true difference in viscosities is not readily
apparent from the Second Saybolt Universal values,
a more direct comparison of relative viscosities of
different oils can be made by converting to kinematic
viscosity (centistokes), which very closely represents
the true viscosity. A kinematic viscosity of 4 centi­
stokes, for instance, is equivalent to a value of 39.1
SSU, while a kinematic viscosity of 2 centistokes is
equivalent to a value of 32.6 SSU.

Compared with coal, fuel oils are relatively easy
to handle and to burn. Heating is not required for the
lighter oils, and even the heavier oils are relatively
simple to handle. There is no ash-in-bulk disposal
problem as there is with coal, and there is no objec­
tionable ash discharge from the stack. In most oil
burners the oil is atomized to a mist of small particles
that mix with combustion air. In the atomized state,
oil approaches the characteristics of a gas, and the
explosion hazards are of the same order as for gas­
eous fuels referred to below.

Because of its relatively low cost compared with
that of other weight oils, No. 6 fuel oil is the most

TEMPERATURE, F

Fig. 7. Viscosity-temperature curves for Nos. 2, 5, & 6
fuel oils from Chart A, ASTM Standard Charts D341

widely used for steam generation. It can be considered
a by-product of the refining process. Its ash content
ranges from about 0.01 to 0.50%, which is exceedingly
low compared with that of coal. Despite this low
content, however, the ash containing compounds of
vanadium and sodium may be responsible for a num­
ber of serious operating problems to which sulfur also
contributes (see Chapter 18).

Fuel oils generally available on the Eastern sea­
board contain varying amounts of Venezuelan and
Middle East crudes, depending upon the relative
quantities of shipments and on the blending at the
refineries to meet No. 6 fuel oil viscosity specifications.
Fuel oils used on the Gulf Coast are produced largely
from domestic crudes, although they may contain
some Venezuelan crude. Because of this it is difficult,
if not impossible, to identify the source of fuel oils
as fired.

Natural Gas. Of all fuels, natural gas is considered
the most desirable for steam generation. It is piped
directly to the consumer, eliminating the need for
storage at the consumer’s plant. It is substantially free
of ash, combustion is smokeless, and, because it is a
gas, it mixes easily and intimately with air to give
complete combustion with low excess combustion
air. Although the total hydrogen content of natural
gas is high, tire amount of free hydrogen is low. Be­
cause of this, natural gas is not as easy to burn as
some of the manufactured gases of high free-hydrogen
contents. As with other gaseous fuels, its ease of
mixing with air increases the liability of explosion.
Great care in the design and operation of gas-burning
equipment is essential to minimize explosion hazards.

Because of the high hydrogen content of natural
gas compared with that of oil or coal, the water vapor
formed in combustion is correspondingly greater and 
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is reflected in a lower efficiency of the steam-gener­
ating equipment. This can readily be taken into
account in the design of the equipment and evaluated
in comparing its cost with that of other fuels.

Typical analyses of natural gas from several of the
U.S. fields are given in the Appendix, page 3-A3.

Oil Shale. Properties of typical oil shale from Col­
orado are given in the Appendix, page 3-A3. Heavy
fuel oil produced from a refining process using oil
from shale as feedstock might have properties very
similar to residual fuel oil from petroleum.

Wood. Typical analyses and heating values of sev­
eral types of wood (also analyses of wood ash) are
given in the Appendix, page 3-A4. Wood, in common
with all types of vegetation, is composed primarily
of carbohydrates and consequently has a relatively
low heating value compared with that of bituminous
coal and oil.

Wood bark may pick up impurities during trans­
portation. It is common practice to drag the rough
logs to central loading points in the logging area,
during which the bark will pick up considerable sand.
Where the logs are salt-water-borne, the bark will
absorb a considerable amount of sea water with its
included salt. In burning dry bark, combustion tem­
peratures may be high enough for these impurities
to cause fluxing of refractory furnace walls and slag­
ging of boiler heating surfaces, unless sufficient
furnace cooling surface is provided. Sand passing
through the boiler banks may cause erosion of boiler
tubes, particularly if the sand loading of the flue gases
is increased by the use of cinder catchers for returning
collected material to the furnace. To reduce to accept­
able limits the discharge of incompletely burned bark
from the stack, such collectors may be required with
some types of bark-burning equipment.

As mentioned above under preparation, the mois­
ture content of wood and bark may be quite high.
Wood or bark with moisture content of 50% or less
burns quite well; however, as the moisture content
increases above this amount, combustion becomes
more difficult. With moisture content above 65%, a
large part of the heat in the wood is required to evap­
orate the moisture, and little is left over for steam
generation. Burning of this wet bark becomes a means
of disposal rather than a source of heat energy.

Hogged wood and bark are very bulky and require
relatively large handling and storage equipment.
Uninterrupted flow from bunkers or bins through
chutes is difficult to maintain, and available equip­
ment for this purpose is not always satisfactory.

Bagasse. Mills grinding sugar cane commonly use
bagasse for steam production. The mills normally op­
erate 24 hr/day during the grinding season. In mills
where refining of the sugar is not done, the supply of 

bagasse will easily equal that required to meet the
plant steam demands. Consequently, where there is
no other market for the bagasse, no particular effort is
made to burn it efficiently, and burning equipment is
provided which will burn the bagasse as received
from the grinders. In plants where refining is done,
supplemental fuels are required to provide the in­
creased steam demands. In these plants greater
efforts to obtain higher efficiency are justified. A typi­
cal analysis of bagasse as fired is given in the Appen­
dix, page 3-A4.

Relative Costs of Fuels

Fuel Oils. As noted above, fuel oils are divided into
five general classes according to properties, and the
relative costs are given in the Appendix, page 3-A2.
These costs are based on December 1960 prices in the
New York area. Because of the proportionately great
variations over periods of time and in different local­
ities, these relative costs can only serve as rough
approximations. In some parts of the country7, steam­
generating equipment is arranged to burn either coal,
oil, or gas, the fuel selected depending upon the rela­
tive costs. Table 3 shows the “as-consumed” fuel costs
for the year 1959 of steam-electric plants located in
the Mideast Coast area. The “as-consumed” cost of
natural gas is assumed to be the same as the delivered
cost. The per cent of the total energy, on a Btu basis,
supplied by each fuel is also indicated.

As-Consumed Fuel Costs of Steam-Electric

Table 3

Plants, 1959*

Ccnts/Million Btu
Per Cent of
Total Btu

State or City Coal Oil Gas Coal Oil Gas
Massachusetts 37.1 35.1 34.5 45 47 8
Connecticut 38.0 37.1 33.7 81 17 2
Rhode Island 37.0 37.7 37.2 74 25 1
New York City 37.7 34.9 34.3 56 23 21
New Jersey 35.8 35.2 31.2 45 37 18
Philadelphia 36.1 37.3 31.1 76 16 8
Delaware 34.4 38.7 34.2 77 3 20
’Source: National Coal Association.

Natural Gas. The cost of natural gas in the U. S.
close to the source is about 12d/million Btu and in­
creases up to 70 cents farther from the source. Since
a large percentage of natural gas is used for space
heating, the demand for natural gas is considerably
higher during the winter months. During summer
months natural gas may be available at relatively low
cost for steam generation, even in areas a considerable
distance from the source. An ever increasing number
of steam plants is being adapted to burn natural gas 
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seasonally. Because the supply is much greater than
the present pipeline capacity, plants for conversion
of natural gas to gasoline are being built. As addi­
tional gas is so used and pipeline capacity is increased,
the cost of natural gas may approach that of oil and
coal, even in areas near its source. A wide range in
comparative costs for three different fuels is shown
by Fig. 8.

Fig. 8. Comparative fuel costs in cents per million Btu

Oil Shale. At the prevailing U.S. cost of producing
oil from petroleum, it has not been commercially
attractive to produce oil from oil shale. It is estimated
that the cost of producing crude shale oil would be
about $2/bbl, including operating costs, depreciation,
taxes, and a 6% return on the investment. Continued
increase in the cost of oil from petroleum may bring
about the commercial production of oil from oil shale.

Other Fuels Sometimes Burned

Among other fuels used, those derived from coal
are of the most importance. Combustible by-products
from petroleum and by-products or wastes in indus­
tries processing woods or vegetation are also used
as fuels.

Coke. When coal is heated in the absence of air or
with a great deficiency of air, the lighter constituents
are volatilized and the heavier hydrocarbons crack,
liberating hydrogen and leaving a residue of carbon.
Some of the volatilized portions crack on contact with
the hot carbon, leaving an additional quantity of
carbon. The carbonaceous residue containing the ash
and a part of the sulfur of the original coal is called
“coke.” The amount of sulfur and the amount and
nature of the ash in the coke obviously depend in
large measure upon the coal from which it is produced
and the coking process used. The principal uses for
coke are in the production of pig iron in blast fur­
naces and the charging of iron-foundry cupolas.

Because it is smokeless in combustion, considerable
quantities are used for space heating.

At the steel mills, undersized coke called “coke
breeze,” usually passing a %-in. screen, is unsuited
for charging blast furnaces and is available for steam
generation. Practically all of the coke breeze is con­
sumed at the mills. A typical analysis of coke breeze
appears in the Appendix, page 3-A4.

Coke production and consumption in millions of
tons for the year 1958 are tabulated as follows:

Total coal used for coke production 76.8
Total annual coke production 53.6
Coke breeze produced 3.7
Coke breeze used for steam-raising 1.5
Coke breeze used for sintering iron ore 0.8

Approximately 5% by wt of the coal charged into
slot-type coke ovens is recovered as breeze. Until the
late 1940’s, roughly % of the breeze produced at oven­
coke plants was used by the producing companies
for steam-raising. In 1958 the use of breeze for steam­
raising amounted to only 41% of the output. This re­
duction was, in large part, the result of increased
requirements for coke breeze for smelting phosphate
rock and for sintering iron ore in the many new bee­
hive ovens that have recently been installed.

A portion of the coal tars produced may be burned
in equipment similar to that used for heavy petroleum
oil.

Char. Low-temperature (900 to 1100 F) carbon­
ization processes have been developed to extract
from coal valuable tars, bitumens, and gases for use
as raw materials in the chemical industry. The by­
product solid fuel from these processes is called char.
Disco char, produced by low-temperature carboniza­
tion, has been sold for use in the domestic and small
commercial market. The char which appears to have
the greatest commercial significance is that produced
by the fluidized-bed method. However, economics
has curtailed the widespread use of these processes.
A typical analysis of fluidized-bed char is given in
the Appendix, page 3-A4.

Gaseous Fuels. A number of gaseous fuels are de­
rived from coal. Typical analyses are given in the
Appendix, page 3-A5. Their importance is diminish­
ing because they have been displaced by natural gas
and oil. A description of the tabulated gaseous fuels
from coal follows:

Coke-Oven Gas. In the production of coke from
coal, a considerable portion of the coal is released as
gases or vapors. A number of valuable products are
recovered from these gaseous portions, including
ammonium sulfate, oils, and tars. The noncondens­
able portion is called “coke-oven gas.” Its constituents 
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depend upon the nature of the coal from which the
gas is produced and the coke procedure used. A part
of tire sulfur from the coal may be present as hydro­
gen sulfide and carbon disulfide gases. These may
be removed by scrubbing. Coke-oven gas often con­
tains other impurities that deposit in lines and burn­
ers. To reduce the possibility of trouble from plugging
by these deposits, relatively large burner gas-port
openings are used, and burners are arranged for easy
access for cleaning. Coke-oven gas burns readily be­
cause of its high free-hydrogen content and, except
for the build-up of deposits, presents no problems
when used as fuel for steam generation.

Approximately 17% by wt of the coal charged into
slot-type coke ovens is recovered in the form of a
fuel gas. In 1958 a total of 790 billion cu ft of coke-
oven gas was formed from 75.8 million tons of coal,
averaging 10,420 cu ft per ton of coal carbonized.
Of the gas produced in 1958, 35% was used to heat
coke ovens; 55% was used in steel and allied plants
and under boilers by the producing companies; 8%
was sold for residential, commercial, and industrial
heating; and 2% was wasted or unaccounted for.

Blast-Furnace Gas. The gas discharged from steel­
mill blast furnaces is used at the mills in heating­
furnaces, gas engines, and for steam generation. As
shown by the analyses in the Appendix, page 3-A5,
the gas is quite variable in quality but generally of
low heating value and high carbon monoxide content.

The temperature of the gas as discharged from the
furnace is around 500 F, and it contains 5 to 7 grains
of entrained dust per cu ft. The gas as it comes from
the furnace may be burned for steam generation,
but at many mills the entrained dust is first removed
by washing or by electrostatic precipitation. With
many types of washers the wet washed gas will have
a dust loading of 0.1 to 0.2 grains per cu ft, and, with
high gas-pressure-drop water-scrubbing or cleaning
by electrostatic precipitation, the gas may have a dust
loading of the order of 0.02 grains per cu ft.

Both the dirty and the wet washed gas can cause
trouble, when burned for steam generation, by plug­
ging the gas lines and burner port openings and
fouling the boiler heating surfaces. Because of the
nature of the deposits, wet washed gas is often more
troublesome than hot, dry, dirty gas. Electrostatically
cleaned gas may or may not cause trouble, depending
upon the collector efficiency maintained. Blast­
furnace-gas deposits adhere very firmly, and special
provisions are required for cleaning the boiler heat­
ing surfaces. For blast-furnace-gas firing, means must
be provided for access to and cleaning of burners.

When blast-furnace gas is used in steam genera­
tion, special safety precautions are required because
of fluctuations in the gas supply from variations or
interruptions in blast-furnace operation. Also, where 

the steam production rate must be maintained, an
alternate fuel must be immediately available.

Wafer Gas. The gas produced by passing steam
through a bed of hot coke is known as water gas.
The carbon in the coke combines with the steam to
form hydrogen and carbon monoxide. This is an
endothermic reaction which cools the coke bed. To
maintain the latter at high temperature, the steam is
periodically replaced by air for combustion of coke
and elevation of bed temperature. While the air is
passing through the bed, the discharged products of
combustion are diverted to the atmosphere to avoid
diluting the water gas.

Water gas is often enriched with oil by passing
the gas through a checkerwork of hot bricks sprayed
with oil which is cracked to a gas by the heat. Re­
finery gas is also used for enrichment. It may either
be mixed with the steam and passed through the
coke bed or mixed directly with the water gas. Such
enriched water gas is called “carbureted water gas.”
It is piped for relatively short distances through city
mains for industrial and domestic consumption. Where
it is so used, it is cleaned at the source to remove
sulfur gases and other impurities. In many areas,
however, it has been replaced by natural gas.

Producer Gas. When coal or coke is burned with a
deficiency of air and a controlled amount of moisture
(steam), a gas known as producer gas is obtained.
Because of its low heating value it is used close to
the source, after removal of entrained ash and sulfur
compounds.

In order to obtain energy in gaseous form for power
production at the mine from coal occurring in seams
too thin for mining, underground gasification by in
situ combustion of the coal was accomplished on an
experimental basis at Gorgas, Alabama, by the Bureau
of Mines. Although underground gasification of coal
is not economically feasible in the U.S., the U.S.S.R.
has been obtaining producer gas by this means for
power production.

Coke from Petroleum. The heavy residuals from the
various petroleum-cracking processes are presently
utilized in a number of ways to produce a higher
yield of lighter hydrocarbons and a solid residue suit­
able for fuel. The characteristics of these solid residues
vary widely, depending upon the process used. Typi­
cal analyses of some of these are given in the
Appendix, page 3-A5. A description of the solid fuels
from oil follows:

Delayed Coke. In the delayed-coking process, the
residual is heated and pumped to a reactor to coke.
3 he coke is deposited as a solid mass and is sub-
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sequently stripped, either mechanically or hydrau­
lically, in the form of lumps of granular material. Some
of these cokes are easy to burn and pulverize, while
others are quite difficult.

Fluid Coke. In the fluid-coke process, the hot residual
feed is sprayed onto externally heated seed coke in
a fluid bed. The fluid coke is removed as small par­
ticles, which are built up in layers similar to an onion.
This coke can be pulverized and burned, or it can
be burned in the as-received size in the Cyclone Fur­
nace. Both types of firing require some supplemental
fuel to aid ignition.

Petroleum Pitch. This process is an alternate to the
coking process and produces fuels of various char­
acteristics. The melting points may vary considerably,
and the physical properties may vary from soft and
gummy to hard and friable. The low-melting-point
pitches may be heated and burned like heavy oil,
while those with higher melting points may be pul­
verized and burned or crushed and burned in the
Cvclone Furnace.J

Wood Wastes. There are several industries using
wood as a raw material where combustible by-prod­
ucts or wastes are available as fuels. The most
important of these are the pulp and turpentine indus­
tries. The nature and methods of utilization of the
combustible by-products from the pulp industry are
discussed in Chapter 20.

The residue remaining after the steam distillation
of coniferous woods for the production of turpentine
is usable as a fuel. In tire distillation process, some
of the more easily burned constituents are removed,
with the result that the residue is somewhat more
difficult to burn. Other than this, its properties are
much the same as those of the raw wood, and the
problems involved in its utilization are similar.

Vegetation Wastes. In the food and related indus­
tries there are numerous vegetable wastes that are
usable as fuels. They include such materials as grain
hulls, the residue from the production of furfural
from corn cobs and grain hulls, coffee grounds from
the production of instant coffee, tobacco stems, etc.
The quantity of such fuels is a relatively insignificant
part of tire total heat-energy requirements.
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4

PRINCIPLES OF COMBUSTION

I
n the field of power generation useful heat is
produced by combustion, which may be defined
as the rapid chemical combination of oxygen with

the combustible elements of a fuel. The common
fuels—coal, oil, gas, wood and their various deriva­
tives—have only three elemental constituents, carbon,
hydrogen, and sulfur, which unite with oxygen of the
air to produce heat. For most fuels the elemental
constituents are carbon and hydrogen, since the per
cent of sulfur is so low as to be negligible in produc­
ing heat, although some of its compounds can have
profound chemical effects (corrosion), which are
considered elsewhere (see Chapter 11).

To achieve complete combustion, that is, tire com­
bination of the combustible elements and compounds
of a fuel with all the oxygen which they can utilize,
sufficient space, time, mixing or turbulence, and a
temperature high enough to ignite the constituents
must be provided.

The combustible elements and their compounds
found in fuels used in the commercial generation of
heat, as well as their molecular weights and com­
bustion constants, including heat values, are listed in
Table 1. The noncombustible elements and com­
pounds involved in combustion are also listed in
this table.

Oxygen combines with combustible elements and
compounds in accordance with the laws of chemistry,
and the various substances involved always combine
in fixed proportions by weight. Typical chemical re­
actions frequently encountered in the commercial
production of heat are given in Table 2. These chem­
ical equations are based on the assumption that the
reaction is complete and that the exact amount of
oxygen required is utilized.

Principles Involved in Combustion
The principles involved in the development of

heat by combustion, generally accepted as authori­
al

tative, were propounded by Berthelot. His “second
law,” as applied to combustion in furnace practice, is
of particular interest and may be stated as follows:

In a boiler furnace (where no mechanical work is
done) the heat energy’ evolved from the union of
combustible elements with oxygen depends upon the
ultimate products of combustion and not upon any
intermediate combinations that may occur in reach­
ing the final result.

A simple demonstration of this law is the union
of 1 lb of carbon with oxygen to produce a specific
amount of heat (about 14,100 Btu, Table 1). The
union may be in one step to form the gaseous prod­
uct of combustion, CCU Under certain suitable con­
ditions the union may be in two steps, first, to form
CO, producing a much smaller amount of heat
(about 4000 Btu) and, second, the union of the CO
so obtained to form CO;, releasing 10,100° Btu. How­
ever, the sum of the heats released in these two steps
equals the 14,100 Btu evolved when carbon is burned
in one step to form CO- as the final product.

That carbon may enter into these two combinations
with oxygen is of utmost importance in the design of
combustion equipment. Firing methods must assure
proper and complete mixture of the fuel and the
oxygen. Failure to meet this requirement will result
in appreciable losses in combustion efficiency and
heat potentials because of unburned combustibles.

Measurement of the Heat of Combustion
In boiler- practice the heat of combustion of a fuel,

or the calorific value frequently referred to as the
“fuel Btu value,” is the amount of heat, expressed in
Btu, generated by the complete combustion, or oxida­
tion, of a unit weight (1 lb in the United States) of
the fuel. The amount of heat so generated is a

° The National Bureau of Standards, Bulletin No. 500, gives
10,096 Btu per lb for graphitic C at 78 F burned from CO
to CO2.
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constant for any given combination of combustible
elements and compounds and, in accordance with
Berthelot’s second law, is not affected by the manner
in which combustion takes place, providing it is
complete. °

Table 2
Common Chemical Reactions of Combustion
Combustible Reaction

Carbon (to CO) 2C + O2 = 2CO + Q
Carbon (to CO2) C + O3 = CO- + Q
Carbon monoxide 2CO + O_- ~ 2CO- + Q
Hydrogen 2H3 + O3 = 2H3O + Q
Sulfur (to SO2) S + O2 = SO2 + Q
Sulfur (to SO3) 2S + 3O2 = 2SO3 + Q
Methane CH, + 20- = CO2 + 2H;O + Q
Acetylene 2C-H- + 50- = 4CO2 + 2H-O + Q
Ethylene C-H, + 30- = 2CO- + 2H-0 + Q
Ethane 2C-H0 + 70- = 4CO2 + 6H-0 + Q
Hydrogen sulfide 2H.S + 3O2 = 2SO2 + 2H2O + O
where Q = the heat of reaction

To determine the calorific value of any fuel, the
most satisfactory and universally adopted method is
by direct measurement, in a calorimeter, of the heat
evolved during combustion. Fuel calorimeters and
the methods of operation are described in detail by
numerous authorities.

For solid fuels and most liquid fuels, calorimeters
of the “bomb” type, in which combustible substances
are burned in a constant volume of oxygen, give the
most satisfactory results. With bomb calorimeters
properly operated, combustion is complete, all of
the heat generated is absorbed and measured, and
heat from external sources can be excluded or proper
corrections applied.

For gaseous fuels, calorimeters of the continuous,
or constant-flow, type are ordinarily accepted as
standard.

The accuracy of the determination of the heat
value of a fuel by calorimeter, largely a question of
the personal equation, depends upon careful ma­
nipulation of the instrument. With proper care the
results should be accurate to within a fraction of
1%. In addition to the calorific value, it is customary
(necessary for heat-balance calculations) to report
the ultimate or the proximate analysis of the fuel.

For solid and liquid fuels, separate determinations
of the calorific value of each specific fuel are neces­
sary. For the calorific values of some solid and liquid

° Actually, when substances react to form other substances, a
definite amount of heat is either evolved or absorbed. The
reaction of C with H,O to form CO and H2, in which about
5900 Btu per lb C is absorbed, is an example of heat absorp­
tion. Boiler practice in general, however, is concerned with
combinations involving the evolution of heat. 

fuels, refer to Chapters 2 and 3. For elements and
combustible compounds comprising gaseous fuels,
the heats of reaction have been determined by so
many authorities that established values may be ac­
cepted as correct without determination. For gaseous
fuels and various substances frequently encountered
in combustion work, see Table 1.

While it is preferable, for accuracy, to determine
the heat value of a fuel by actual test in a calorime­
ter, approximate heat values may be determined by
computation from the ultimate chemical analysis of
certain fuels. Dulong’s formula, below, in general
use as a routine check of values determined by
calorimeter, gives reasonably accurate results (with­
in 2 or 3S) for most coals:

Btu/lb = 14,544 C + 62,028 (IL- 2i) + 4050 S (1)
o

In this formula, the symbols represent the pro­
portionate parts by weight of the constituents of the
fuel—carbon, hydrogen, oxygen, and sulfur—as es­
tablished by an ultimate analysis (as-fired or other
basis); the coefficients represent the approximate
heating values of the constituents in Btu per lb. The

term is a correction applied to the hydrogen in

the fuel to account for the hydrogen already com­
bined with oxygen in the form of moisture. The
formula is not generally suitable for calculating the
Btu values of gaseous fuels.

In the case of gaseous mixtures where the pro­
portionate parts by volume or weight are readily
available, the heating value may be accurately com­
puted from a table of the heat values of individual
constituents, which values have been definitely fixed
by numerous calorimetric experiments, as noted
above.

High and Low Heat Values

Most commercial fuels contain hydrogen as one
of the constituents, and water, H-O, is formed as a
product of combustion when the hydrogen is burned
in air. This water may remain in the vapor state, or
it may be condensed to the liquid state, giving a sub­
stantial difference in the heat value. In determining
the heat given up by a unit of such fuel, two values
may be reported—the high, or gross, heat value and
the low, or net, heat value. For the high, or gross,
heat value, it is assumed that any water vapor
formed by the burning of the hydrogen constituent
is all condensed and cooled to the initial temperature
in the calorimeter at the start of the test. The heat of
vaporization is therefore present in the reported
value. For the low, or net, heat value, it is assumed
that none of the water vapor condenses and that all
of the products of combustion remain in a gaseous
state.
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The high, or gross, heat value is given directly and
accurately by proper and well-defined (ASTM)
laboratory' procedure, using prescribed equipment.
Direct determination of the low heat value is difficult,
and the low heat value, where this value is to be
used, is usually calculated from the high heat value,
thus:

Q£ = Qh- 1040 w (2)

where:
Q,. — low heat value of the fuel, Btu per lb
Q„ — high heat value of the fuel, Btu per lb
w — lb water formed per lb of fuel
1040 — a factor commonly used to reduce high

heat value at 80 F and constant volume
to low heat value at constant pressure

In the United States the practice in boiler combus­
tion calculations is to use the high heat values, since
these values are available directly from calorimeter
determinations and also because of the established
custom of buying fuel on a high-heat-value Btu basis.
In Europe generally, low heat values are used.

Oxygen and Nitrogen in Air

Theoretically, it is easy to assume that sufficient
oxygen is present for combination with the combusti­
bles and that the temperature required to bring about
the chemical reactions of combustion can be at­
tained. However, even with proper temperature con­
ditions, the most important and difficult problem in
the burning of all fuels is the manner of the physical
introduction of oxygen to the combustible substances
to effect complete oxidation and at the same time
to assure the utilization of all or a maximum propor­
tion of the oxygen supplied.

Usually, in the generation of heat, the oxygen re­
quired for combustion is supplied by using air, and
the other constituents of the air act as diluents. How­
ever, in certain instances, particularly when the prod­
ucts of combustion must be minimized because of
disposal problems, pure or slightly diluted oxygen is
used. In these designs the heat potentials are excep­
tionally high, since all of the heat of combustion is
transferred to a greatly reduced quantity of com­
bustion products.

Atmospheric air is a mixture—as distinguished from
a chemical compound—of oxygen, nitrogen, and small
amounts of carbon dioxide, water vapor, argon, and
other inert gases. If N'2 is taken to represent the
aggregate of nitrogen (N.) and the small amounts
of CO., argon, and other inert gases, then air may be
considered to be 23.15% O2 and 76.85% N'2 by weight.
Since in most combustion work the rare inert gases
are negligible in effect, it is sufficient to consider N's
as consisting wholly of nitrogen, N2. Usually accepted
values of O2 and Ns in air are given in Table 3.

Table 3

Per Cent Oxygen and Nitrogen in Air
(Rare inert gases included as N2)

Per Cent Per Cent
by Weight by Volume

Oxygen, O2 23.15 21.0
Nitrogen, N2 76.85 79.0

Because of the proportionate parts by weight of
oxygen and nitrogen, 0.2315 and 0.7685, respectively,
to supply 1 lb of oxygen for combustion it is necessary
to supply 1/0.2315 = 4.32 lb of air, and in this amount
of air there are 4.32 X 0.7685 = 3.32 lb of nitrogen,
winch do not enter directly into the combustion
process but remain present nevertheless.

Oxygen, with its strong affinity for the combustible
constituents of tire fuel under proper conditions of
temperature, is separated from the oxygen-nitrogen
mixture (air) and joins the combustible in chemical
combination to form, with the nitrogen, the products
of combustion. The heat fiberated by combustion is
transferred by radiation, convection, and conduction
to the heat-exchange apparatus, and ultimately on
leaving, the combustion products carry heat to waste
(the stack). The quantity of heat so wasted is directly
proportional to the temperature and the amount, at
exit, of the products of combustion (commonly called
flue gas at this point). Hence, the air used in modem
combustion practice is generally as carefully measured
as the fuel, and great care is taken to effect a tight
setting to prevent the admission of air except in the
zone where it unites with the fuel.

Ignition Temperatures

Every combustible substance has a minimum
ignition temperature, which must be attained or
exceeded, in the presence of oxygen, if combustion is
to ensue under given conditions. This ignition tem­
perature may be defined as the temperature at which
more heat is generated by the reaction than is lost
to the surroundings, and combustion thus becomes
self-sustaining. Ignition temperatures depend to a
considerable extent upon the surrounding conditions,
such as pressure (generally lower as pressure in­
creases). The term usually applies to rapid combus­
tion in air at atmospheric pressure.

The ignition temperatures of combustible sub­
stances vary greatly, as indicated in Table 4, in which
minimum temperatures and temperature ranges in
air are given for fuels and for the combustible con­
stituents of fuels commonly used in the commercial
generation of heat.

The ignition temperatures of the gases of a coal
vary considerably and are appreciably higher than 
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the ignition temperatures of the fixed carbon of the
coal. However, the ignition temperature of coal may
be considered as the ignition temperature of its fixed
carbon content, since the gaseous constituents are
usually distilled off, but not ignited, before this
temperature is attained.

0 Rounded-out values and ranges from various sources; a
guide only.

Table 4
Ignition Temperature in Air’

(At Pressure of One Atmosphere)
Combustible Formula Temperature, F

Sulfur S 470
Charcoal C 650
Fixed carbon C 765

(bituminous coal)
Fixed carbon C 870

(semibituminous coal)
Fixed carbon C 840-1115

(anthracite)
Acetylene CJEL 580-825
Ethane C.H0 880-1165
Ethylene CH, 900-1020
Hydrogen H. 1065-1095
Methane CH. 1170-1380
Carbon monoxide CO 1130-1215
Kerosene — 490-560
Gasoline — 500-800

The chemical combinations resulting from the
union of oxygen with the combustible elements and
compounds of some fuels commonly used in the
generation of heat are given in Table 2. From the
chemical combinations for these and many other fuels
used in the generation of heat (not listed in Table
2) and the use of the molecular weights and volumes
of the elements and compounds involved, their pro­
portionate parts by weight and volume in the reac­
tions as well as the weight and volume of the prod­
ucts of combustion (flue products or “flue gases”)
have been computed as listed in Table 1. The amount
of air required to supply the oxygen is also included
in this table. Since the oxygen comes from the air,
the amount of air and accordingly the amount of
nitrogen are fixed when the amount of oxygen has
been established. Computations may be demon­
strated by the following examples with atmospheric
air as the oxidant.

Oxygen Required for Combustion
From the second reaction in Table 2, it is evident

that one molecule of carbon combines with one
molecule of oxygen to form one molecule of carbon
dioxide:

C + O2 = CO2

Using molecular weights, this reaction is represented
by:

12 + 32-44

That is, when burning carbon to carbon dioxide, 12
parts by weight of carbon (the approximate mole­
cular weight of C) combine with 32 parts by weight
of oxygen (the molecular weight of O2) to form
44 parts by weight of carbon dioxide (the approxi­
mate molecular weight of CO2). By simple division,
1 lb of carbon plus 2.66 lb of oxygen yield 3.66 lb of
carbon dioxide.

The equation, C + O2 = CO.., also fixes the pro­
portions by volume of the elements and compound in
this reaction, represented by the coefficients (1 in
this case) of each chemical symbol. However, all the
constituents must be considered as gaseous; hence,
in the case of carbon (a solid) the fact is of academic
interest only at this point. More suitable illustrations
may be given:

2H. + O2 - 2H.O

where 2 volumes of hydrogen plus 1 volume of oxygen
combine to form 2 volumes of water vapor. Also,

CH. + 20. = CO. + 2H.0

where 1 volume of methane plus 2 volumes of oxygen
combine to form 1 volume of carbon dioxide and 2
volumes of water vapor.

Another example may be given:
2C.H. + 50. = 4CO. + 2H.0

where 2 volumes of acetylene plus 5 volumes of
oxygen combine to yield 4 volumes of carbon dioxide
and 2 volumes of water vapor.

For the volume relationship to hold, all the gases
involved must be at the same conditions of tempera­
ture and pressure.

It may be noted in the three illustrations above
that in the first and third the volumes of the final
products of combustion are less than the volumes of
the original constituents and that in the second the
volume of the final products of combustion is the
same as the volume of the original constituents.

The Mole in Combustion Calculations

The volume relationship of gaseous combustion
constituents is particularly important in calculations
on the “mole” basis (see below) since, for the same
conditions of temperature and pressure, the volume
of the mole is constant for all so-called perfect gases.
Hence, as noted in Table 1, the ratios of the elements
and compounds to the combustibles in the reactions 
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arc numerically equal, whether expressed as cu ft per
cu ft of combustible or as moles per mole of com­
bustible.

Combustion calculations involving gaseous mix­
tures can be simplified by the use of the pound-mole
unit of weight, generally known as the mole." Since,
from the fundamental gas laws, equal volumes of
gases at any given pressure, and temperature contain
(lie same number of molecules, the weights of equal
volumes of gases are proportional to (heir molecular
weights. If M is the molecular weight of the gas, 1
mole equals AZ lb (or AZ grams, depending upon the
system of units). Eor instance:

1 mole O* = 32 1bOa
I mole IL = 2 lb IL
I mole GIL — 10 lb (JIL

'f lint (lie volume ol I mole at a given pressure and
temperature is approximately fixed and independent
of the kind of gas may be demonstrated as follows
(sec Table I):

Al 00 I'1 and atmospheric pressure (14.7 psia)
the specific volume of oxygen is 11,810 cu ft per lb.
Therefore, I mole of oxygen has a volume of 32 X
11.811) 370 cu II. Similarly, at 00 F and atmos­
pheric pressure, the specific volume of hydrogen
is 187.723 cu II per lb, and I mole has a volume of
2.010 187.72,3 370 eu ft. This volume, 370 cu ft,
therefore npproximates the volume of I mole of any
gas at the assumed standard pressure and tempera­
ture, The volume of the mole al atmospheric pressure
is in direct proportion Io the absolute temperature.

As noted above, molid ratios and volume ratios
(gaseous) are numerically equal, By volume (see
Tallin 3), air consists of 21 parts ()u and 70 parts N».
't his relationship cun be expressed as 21 volumes
Ou mid 70 volumes N» per 100 volumes air or as 2.1.
moles Ou and 70 moles N„ per 100 moles air.

As indicated by the following example for a fuel
gas, molid calculations have a simple and direct ap­
plication Io gaseous fuels, where the analyses are
usually reported in per emit on a volume basis.

Fuel Gas
Analysis by Volume

in Per Cent
GIL 85,3
CJL. 12.6
GOa 0.1

Na 1.7
Ou 0.3

Total 100.0
’This analysis may also be expressed as 85.3 moles

of Cl I, per 100 moles of fuel; 12.6 moles of CJL per
100 moles of fuel; etc.

"The validity of this method depends upon the fact that most
gases follow rather closely the fundamental laws for so-called
perfect gases.

Keeping in mind that the molecular form is taken
as unity, the elemental breakdown of each constit­
uent may also be designated in moles per 100 moles
of fuel, as indicated in the following tabulation for
the above analysis:

C in CH. = 85.3 X 1 = 85.3 moles
C in CJL = 12.6 X 2 = 25.2 moles
C in CO, — 0.1 X 1 — 0-1 moles

Total C per 100 moles fuel = 110.6 moles

IL in CH. = 85.3 X 2 = 170.6 moles
IL in CJL. = 12.6 X 3 = 37.8 moles

Total IL per 100 moles fuel = 208.4 moles
Na per 100 moles fuel = 1.7 X 1 — moles
Ou per 100 moles fuel = 0.3 X 1 — 0.3 moles

In general, for each mole of C, IL, and S burned,
one mole of CO8, ILO, and SOa, respectively, will be
formed.

An analysis of the Hue gas (always made on a
volume basis, dry, by Orsat or other gas analyzers)
produced by burning a gas fuel of the composition
given above will be, say, in per cent, 10.4 CO., 2.8
()a, and 86,8 Na. These percentages may also be ex­
pressed as 10.4 moles COa, 2.8 moles Ou, and 86.8 moles
N«, each per 100 moles of flue gas. Since, from the
fuel analysis (above), there are 110.6 moles C per 100
moles fuel, the same number of moles COa will be
formed by the combustion of the 100 moles of fuel.
lienee, the moles of (hie gas per mole of COa will be
100 10.4 = 9.62. Therefore, the 100 moles of fuel
will yield .110.6 X 9-62 = 1064 moles of dry Hue gas.
Tims by the application of the mole method, an im­
portant value has been quickly determined through
knowing only the Hue gas analysis and fuel analysis.
Assuming the molecular weight of flue gas to be ap­
proximately 30 (air is 29), the weight of 1064 moles
of flue gas is approximately 1064 X 30 = 31,920
lb per 100 moles of fuel. The weight of 100 moles of
the gas fuel is the sum of the products of the moles of
each constituent in the fuel and its molecular weight.
The weight of dry flue gas produced per lb of fuel
can be determined by dividing the weight of 100
moles of flue gas by the weight of 100 moles of fuel.

For complete applications of the mole method in
combustion calculations, including an exact evalua­
tion of the molecular weight of flue gas and other
quantity determinations, reference should be made
to the examples in the Appendix.

Combustion Calculations—General
The purpose of combustion calculations is to

determine a) the quantities of the constituents in­
volved in the chemistry of combustion, b) the heat
thus released, and c) the efficiency of the combus- 
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Hon process under ideal and under practical condi
Hons. The results of these calculations are necessa™
for the determination of heat transfer and perfonn-
ance of heat transfer equipment, such as boilers and
their related component parts (see Chapters 7 and

The determination of the quanHHes of the con­
stituents involved in combustion is necessary’ to es­
tablish the size and performance characteristics of
equipment, such as fuel pumps or feeders, and fans
and ducts for both air and combusHon gases. The
necessity of knowing the amount of heat released per
unit of fuel or per unit of time is apparent.

The heat input and the losses in burning fuel in
air must be determined and segregated by combus­
tion calculations in order to establish the efficiency
of heat transfer to the heat exchanger. Knowing the
amounts of each of the various losses is particularly
helpful in deciding how efficiency may be improved
through the possible reduction of certain of the
losses. For instance, only enough excess air should be
supplied completely to bum the fuel, since more than
this amount increases the heat rejected to the stack.
A portion of the stack loss is, therefore, a controllable
loss and should be held to a minimum by close con­
trol of excess air.

Another prime factor affecting efficiency and losses
is, of course, temperature, particularly the tempera­
ture of combustion gases finally rejected to the stack.
The temperatures throughout tire boiler or heat ex­
change unit depend closely upon the manner of heat
transfer, discussed in the above references (Chapters
7 and 11), and, therefore, combustion calculations
are not generally concerned with these temperatures.

Hoxvever, tire adiabatic, or “theoretical," tempera­
ture (without gain or loss of heat), that might con­
ceivably be attained in burning a fuel under certain
conditions, is sometimes calculated. Even though this
temperature never exists in actual practice, it is of
value in estimating furnace temperatures and furnace
heat absorption.

The theoretical, or adiabatic, temperature is the
maximum gas temperature that can be obtained un­
der certain conditions. With less excess air or higher
air preheat temperature, the gas temperature will
be higher. If the gas temperature exceeds about
3200 F, a phenomenon occurs in which the COu and
ILO constituents of the combustion gases tend to
split into their component parts. This process is
called gas dissociation. The effect of this reversal in
the combustion process is to reduce the availability of
the heat of combustion and thereby reduce the heat
producing high temperatures. However, since the
furnace exit temperatures are usually not high
enough to be affected by this phenomenon, gas dis­
sociation is seldom considered in boiler combustion
calculations.

Calculations by Weight and Mole Methods
The detailed steps in the solution of combustion

problems are best illustrated by working examples.
Four simple examples involving both solid and gas­
eous fuels are presented (see below) to show how
calculations are made using the weight and the mole
methods, respectively. It should be noted that in
these examples the amount of moisture in the com­
bustion air is taken as 0.0132 lb per lb of dry air,
corresponding to conditions of 607 relative humidity
and 80 F dry-bulb temperature. This value is often
used as standard in combustion calculations.

The values in examples 1 to 4 were generally de­
veloped from the data in Table 1, and the procedure
followed is apparent from the execution. The results
are limited to the determination of the quantities of
fuel and air constituents involved, and heat balances
are not included in these examples. See Combustion
Air, Btu Method below and the examples of combus­
tion calculations appearing in the Appendix for suit­
able methods in heat balance determinations.

Example 1
Weight Method — Solid Fuel — Standard Air0

(Complete Combustion Assumed)
See Table 1 for Multipliers

Ultimate
Analysis, Required for Combustion,
Ib/lb Fuel Ib/lb Fuel @ 100% Total Air
As Fired

Ou Dry Air
C 0.728 X 2.66; 11.53 1.936 8.394
H, 0.048 x 7.94; 34.34 0.381 1.648
O2 0.062 ■ ■ n —■ — —.___
NL. 0.015 — ---- —
S 0.022 X 1.00; 4.29 0.022 0.094
H.,0 0.035 — ---- —
Ash 0.090 — -... . -
Sum 1.000 2.339 10.136
Less Ou in fuel (deduct) -0.062 —0.268f
Required (at 100% Total Air) 2.277 9.868

f Air equivalent of O. in fuel.
Required for Combustion,

Ib/lb Fuel @ 125% Total Air
Ou Drv Air

Ou and Air X 125/100, total 2.846 12.335
Excess air = 12.335 — 9.868 — 2.467
Excess Ou = 2.846 — 2.277 0.569 —

Products of Combustion
Ib/lb Fuel @
125% Total Air

CO. 0.728 X3.66 2.664
H O 0.048 X 8.94 + 0.035 + 0.0132 X 12.335 0.624
SOu 0.022 X 2.00 0.044
O. (excess) 0.569
Nu 12.335 X 0.7685 + 0.015 9.494
Weight, wet 13.395
Weight, dry = 13.395 — 0.624 12.771

’Air at 60% relative humidity and 80 F dry bulb, or 0.0132
lb of moisture per lb dry air.
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Example 2
Weight Method — Gaseous Fuel — Standard Air

(Complete Combustion Assumed)
See Table 1 for Ib/cu ft and Multipliers

Fuel
Analysis,
% by Vol
As Fired

Ib/lb
Fuel

CH. 90.0 0.832 X 3.99; 17.27
C,H., 5.0 0.087 X 3.73; 16.12
Na. 5.0 0.081
Sum 100.0 1.000
Required (at 100% Total Air)

Required
Ib/lb Fuel

O2 and Air X 115/100, total
Excess air = 18.138 - 15.772
Excess O, = 4.191 - 3.644

Required for
Combustion,
Ib/lb Fuel @
100% Total Air

O, Dry Air
3.320 14.370
0.324 1.402

3.644 15.772
3.644 15.772

for Combustion,
@ 115% Total Air

O2 Dry Air
4.191 18.138
------- 2.366
0.547 -------

Products of Combustion

CO.. 0.832 X 2.74 + 0.087 X 2.93
11.0 0.832 X 2.25 -|- 0.087 X 1.80

+ 0.0132 X 18.138
O, (excess)
N, 18.138 X 0.7685 + 0.081
Weight, wet
Weight, dry = 19.367 - 2.265

Ib/lb Fuel @
115% Total Air

2.535

2.265
0.547

14.020
19.367
17.102

Example 3
Mole Method — Solid Fuel — Standard Air

(Complete Combustion Assumed)
See Table I for Mol. Wl and Multipliers

Vltimnle Required for
Aualvsis, Moles per Combustion,
lb/100 lb lOOlb Moles/100 lb Fuel @
Fuel Ah' Fuel 100% Total Air

o. Dry Air
(1 72.8 6.07 X 1.00; 4.76 6.07 28.89
11, 4.8 2.38 X 0.5; 2.38 1.19 5.66
(), 6.2 0.19 ——” —
N- 1.5 0.05 — — —
S 2.2 0.07 X LOO; 4.76 0.07 0.33
11,0 3.5 0.19 — —
Ash 9.0 ■*T~“ —> — —

Sum 100.0 8.95 7.33 34.88
Less O, in fuel (deduct) -0.19 -0.90°
Required (t it 100% Total Air) 7.14 33.98
"Air eqnivalent of O, in fuel.

Required for
Combustion,

Moles/100 lb Fuel @
125% Total Air

0, Drv Air
O. and Air X 125/100. total 8.93 42.48
Excess air .■ 42. IS - 33.98 — 8.50
Excess O,:- 8.93 - 7.14 1.79 —

Products of Combustion

CO2 6.07 X 1
H2O 2.38 X 1 + 42.48 X 0.0211

+ 0.19
SO2 0.07 X 1
N2 42.48 X 0.79
O2 (excess)
Wet
Dry = 44.95 - 3.46

f0.021 = (29 4- 18) X 0.0132

Moles/100
lb Fuel

6.07

3.46
0.07

33.56
1.79

4495
41.49

% by Vol,
Dry Basis

14.60

0.17
80.91

4.32
100.00

Example 4
Mole Method — Gaseous Fuel — Standard Air

(Complete Combustion Assumed)
See Table 1 for Multipliers

Fuel
Analysis, Moles per
% by Vol, 100 Moles
As Fired Fuel

CH, 90.0 90.0 X 2.0; 9.53
C-FL 5.0 5.0 x 3.5; 16.68
N2 5.0 5.0
Sum 100.0 100.0
Required (at 100% Total Air)

O2 and Air X 115/100, total
Excess air = 1082.3 — 941.1
Excess O2 = 227.1 — 197.5

Required for
Combustion,

Moles/100 Moles Fuel
@ 100% Total Air

O- Dry Air
180.0 857.7

17.5 83.4

197.5 941.1
197.5 941.1

Required for Combustion,
Moles/100 Moles Fuel

@115% Total Air
O2 Dry Air

227.1 1082.3
------- 141.2

29.6 ------

Products of Combustion

|0.021 = (29 4- 18) X 0.0132

Moles/100 Moles
Fuel @115% % by Vol,

Total Air Dry Basis
co2 90 X 1 + 5 X 2.0 100.0 10.11
FI-O 90 x 2 + 5 X 3

4- 1082.3 X 0.0211 217.7 —
N- 1082.3 X 0.79 + 5.0 860.0 86.90
O2 (excess) 29.6 2.99

Wet 1207.3 100.00
Drv = 1207.3 - 217.7 989.6

For more complete combustion calculations in­
volving heat balances, reference should be made to
calculations on the mole basis (5 cases) and on the
Btu basis (2 cases) in the Appendix. Reference
curves of molal specific heats (Fig. 1) and enthalpies
of flue gas and air (Figs. 2 and 3) for use with the
calculations on the mole and Btu bases, respectively,
will also be found in the Appendix.

General Formulas — Combustion Air
Since carbon, hydrogen, and sulfur are the only

combustible elements found in the fossil fuels used for 
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commercial steam generation, the lb of air (for zero
excess air, 100% total air) theoretically required for
the complete combustion of 1 lb of fuel is:

11.53 C + 34.34 (H- — O-/8) -j- 4.29 S (3)
where C, FL, O2, and S represent the proportionate
parts by weight of carbon, hydrogen, oxygen, and sul­
fur, and the constants are those given in Table 1.
The factor O2/8 in the term (H- — O-/8) is a correc­
tion for the hydrogen already combined with the O,
in the fuel to form water vapor.

With gaseous fuels, instead of breaking down the
hydrocarbons into their constituent elements, it is
simpler to use the amount of air for the various com­
pounds directly as given in Table 1. For instance, for
a gaseous fuel containing the combustible gases in­
dicated in the expression below, the lb of air required
per lb of fuel for complete combustion with theoreti­
cal air will be:
2.47 CO + 34.34 H= + 17.27 CH, + 13.30 CH- +
14.81 C.-H. +16.12 CJL + 6.10 H,S-4.32 0.- (4)
Again, the molecular symbols represent the propor­
tionate parts by weight of the gaseous compounds
and elements.

If, as is the usual custom, the analyses of gaseous
fuels are given on a volumetric basis, the cu ft of
combustion air required as given in Table 1 should
be used. Thus, for a gaseous fuel containing the com­
bustible gases indicated in the following expression,
the cu ft of theoretical air required per cu ft of fuel
for complete combustion will be:
2.38 (CO + H=) + 9.53 CH, + 11.91 CH, +
14.29 CH« + 16.68 CH„ - 4.76 O2 (5)
where the molecular symbols represent the propor­
tionate parts by volume of the gaseous compounds
and elements.

It should be noted that the total air requirement
will be reduced if oxygen is one of the constituents
of the fuel.

The products of combustion can also be deter­
mined from the data given in Table 1. Assuming
complete combustion with theoretical air of the fuels
ordinarily used for commercial steam generation, the
products of combustion in lb (including the nitrogen
carried with the combustion air) per lb of fuel are:

CO2 = 3.66 C
FLO — 8.94 (H, - O,/8) + H,O°
SO- = 2.00 S
N2 = 8.86 C + 26.41 FL + 3.29 S + N,t
" Proportional weight of H2O in the fuel as moisture.
1 Proportional weight of N2 in the fuel as nitrogen.

To this must be added the moisture carried in with
the combustion air, to obtain the total "cig it o
combustion products. The molecular sym o s icpre
sent the proportionate parts by weight o t le con
stituents in the fuel.

Combustion Air, Btu Method

In many combustion calculations the air required
per lb of fuel can be established by using a con­
venient working tool, the theoretical air required
per 10,000 Btu heat value of the fuel. The established
values for the air requirements on this basis vary
slightly for each particular fuel. Accurate values may
be obtained from the formula:

Lb theoretical air/lb fuel = Btu/lb fuel, as fired
10,000

X (values from Fig. 4 or Table 5 or 6) (6)
Approbate formulas sometimes used:

Lb theoretical air/lb fuel = Btll/n> fuel, as fired
1300

Fig. 4. Theoretical air in lb per 10,000 Btu heat value of
coal with a range of volatile

For a typical heavy fuel oilf and a Texas natural
gas|, the theoretical air required and the moisture
in the products of combustion in lb per 10,000 Btu
(as-fired basis) are given in Table 5.

f Per Cent
by Wt

S 1.16
H.. 10.33
C 87.87
N- 0.14
O. 0.50

Btu/lb
as fired, 18,400

t Per Cent
by Vol

ClL 84.10
C.IIG 6.70
CO. 0.80
N.. 8.40
Spgr 0.63
Btu/cu ft

as fired, 974

Theoretical Air, Fuel, and Resulting Moisture
per 10,000 Btu As Fired

Table 5

Theoretical Air§, Fuel, Moisture,
Fuel Ib/lOkB Ib/lOkB Ib/lOkB
Fuel oil 7.46 0.544 0.51
Natural gas 7.19 0.496 0.93
Coal (prox anal.) See Fig. 4 — —
Coal (ult anal.) See Table 6 — —

§Dry air. To obtain wt of wet air recpiired, moisture in air
at standard conditions (0.0132 lb per lb dry air («! 60% rela­
tive humidity and 80 F dry bulb) must be added.
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Proximate Analy;
Moisture
Volatile matter
Fixed carbon
Ash
Btu/lb

From this analysis, the volatile matter on a dry
ash-free basis is 25.8 X 100 -4- (25.8 4- 46.2) = 35.8%.
Entering Fig. 4 with 35.8, the theoretical air in lb

The theoretical air requirements by the Btu meth­
od can be determined from Fig. 4 for coal if the
proximate analysis is known and from Table 6 for
any fuel if the ultimate analysis is available.

Table 6
Formula for Calculating Theoretical Air*

In lb per 10,000 Btu of Fuel As Fired
Ultimate Analysis of Fuel on As-Fired Basis,

Per Cent by Weight
C = Carbon

H2 = Hydrogen
O2 = Oxygen

S = Sulfur
Btu/lb = Heat value of fuel

f OJ8C + 24] H2 — —3S
I O2)

8C-p24 H2 —+ 3S

Theoretical Airt, lb = 144 X ------------- p~ ni------------(per lOkB) Btu/lb

• This formula should be used only when tire exact ultimate
analysis and tire correct heating value are given for the fuel.

t Dry air. To obtain wt of wet air required, moisture in air
at standard conditions (0.0132 lb per lb dry air @ 60% relative
humidity and 80 F dry bulb) must be added.

The following two simple examples illustrate the
use of the Btu method to determine the amount of
air required:

Bituminous Coal
sis As Fired, % by Wt

12.0
25.8
46.2
16.0

10,900

per 10,000 Btu as fired is 7.57, and the required
total dry air (for 20% excess air) = 7.57 X 120/100
X 10,900/10,000 = 9.90 lb per lb of fuel.

From Table 5, for a heavy fuel oil of 18,400 Btu/lb,
the theoretical air in lb/10,000 Btu as fired is 7.46>
and the required total dry air (for 18% excess air)
= 7.46 X 118/100 X 18,400/10,000 = 16.19 lb per lb
of fuel.

The Btu method is entirely suitable for the rapid
determination of complete heat balances and other
data in combustion calculations, as will be noted by
reference to the outline and examples in the
Appendix.

Excess Air Held at a Minimum
As noted before and indicated in the preceding

examples, it is necessary to use more than the theo­
retical air requirements to assure sufficient oxygen
for complete combustion. Excess air would not be
required if it were possible to have an ideally perfect
union of the air and the fuel, and it must be held at
a practical minimum to reduce the stack heat losses.
Realistic values of excess air to the fuel-burning
equipment (based on experience) required for burn­
ing various fuels are given in Table 7.

In most furnaces operating under suction there is
also some leakage of air into the setting, and conse­
quently the excess air leaving the furnace is greater
than that entering the furnace as intended. This is
not so in a pressure-fired unit.

Inherent and Avoidable Heat Losses

In the combustion of fuel for the commercial gen­
eration of heat, there are certain inherent heat losses
over which no control is possible, as well as other
heat losses which are subject to some control.

The inherent, or unavoidable, heat losses are the

Table 7

Usual Amount Excess Air Supplied to Fuel-burning Equipment

Fuel

Pulverized coal

Crushed coal

Coal

Fuel oil
Acid sludge
Natural, Coke-oven, &

Refinery gas
Blast-furnace gas
Wood
Bagasse
Black liquor

Type of Furnace or Burners Excess Air, % by Wt

\ Completely water-cooled furnace for slag-tap or dry-ash-removal 15-20
L Partially water-cooled furnace for dry-ash-removal 15-40

Cyclone Furnace—pressure or suction 10-15
Stoker-fired, forced-draft, B&W chain-grate 15-50
Stoker-fired, forced-draft, underfeed 20-50
Stoker-fired, natural-draft 50-65

( Oil burners, register-type 8-10
( Multifuel burners and flat-flame 10-20

Cone- and flat-flame-type burners, steam-atomized 10-15
( Register-type burners 8-10
( Multifuel burners 7-12

Intertube nozzle-type burners 15-18
Dutch-oven (10-23% through grates) and Hofft-type 20-25
All furnaces 25-35
Recovery furnaces for kraft and soda-pulping processes 8-7
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result of 1) the discharge of the products of com­
bustion at a temperature higher than the temperature
of the fuel, and 2) the moisture content of the fuel
plus the combination of some of the hydrogen with
the oxygen in the fuel.

The avoidable heat losses, or those which can be
controlled to some extent by good design and careful
operation, can be minimized by:
1. Careful control of excess air.
2. Tolerating virtually no unburned solid combust­

ible matter in ash and refuse.
3. Permitting no unburned gaseous combustibles in

the exit gases.
4. A well-insulated setting for the boiler and heat­

exchanger components to reduce radiation.
The efficiency of combustion in a heat exchanger

(boiler) is 100 minus the sum of the heat losses in
per cent. This calculation is known as a heat balance
and is illustrated in the combustion calculation ex­
amples in the Appendix.

Measurement of Total or Excess Air
To accomplish effective control over avoidable

heat losses, the continuous measurement of the air
used is a necessity in modern practice. The amount
of air used can be determined by a) continuously
indicated or recorded flue gas analysis and b) meter­
ing the combustion air or the flue gas.

Flue Gas Analysis

In the continuously recording or indicating flue gas
analyzer, gas is continuously drawn from a selected
location, and samples are analyzed at intervals of 1
minute or longer. Both the performance of the anal­
ysis and the indication or record of the results are
automatic. Depending upon tire type of instrument,
the analysis may or may not include all tire constitu­
ents of the products of combustion. Many of the con­
tinuously recording instruments give the per cent of
CO- only; others only the per cent of O2; and still
others the per cent of unburned gases. Unburned
gases, however, should not be present with proper
combustion in the field of heat production.

The amount of O- in the flue gases is significant in
defining the status of the combustion process. Its
presence always means that more oxygen (excess
air) is being introduced than is being used. Assum­
ing complete combustion, low values of O2 in the flue
gases reflect moderate (nearly correct) excess air and
reduced heat losses to the stack, while higher values
of O- mean needlessly higher stack losses. The quan­
titative determination of total air (total air = 100
+ % excess air) admitted to an actual combustion
process requires a complete flue gas analysis for
CO-, O2, CO, and N- (by difference) or the direct
measurement of the air supplied by a suitable fluid
meter (see below).

•TOTAL AIR = 100 + % EXCESS AIR BY WT

The approximate per cent total air from flue gas
analyses may be determined from the curves of

Fig. 5. Chart for approximating total air from flue
gas analysis

A formula that has long been used for approxi­
mating the per cent excess air from an Orsat analysis
is:

O- — CO/2
% Excess Air = 100 XQ264N-_ (o,_CO/2j

The results are reasonably close for flue gases from
hydrocarbon fuels of low nitrogen content; the error
increases with increase in the per cent nitrogen in
the fuel.

A convenient graph for the rapid conversion from
CO- to excess air, and vice versa, is given in Fig. 6,
using the appropriate factor from Table 8 according
to the fuel burned.

Table 8

Fuel
Coal, average

W.Va. (13,500 Btu/lb)
Kincaid
New River
Anthracite
Colorado lignite

Oil, range:
For 18,000 Btu/lb

Acid sludge
Coke-oven gas
Natural gas
Blast-furnace gas
Petroleum coke
Coke, range:
Wood
Bagasse

Values of K
0.056
0.055
0.051
0.047
0.019
0.033

0.102-0.149
0.123
0.156
0.487
0.331

-0.207
0.051

0.004-0.008
0.016
0.008
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Fig. 6. Excess air-COz conversion curves

Flue Gas Sampling. Great care should be taken to
secure truly representative samples o£ tire gas for
analysis. The usual practice for a manually operated
gas analyzer is to take successive samples from a
number of points, laid out in “checkerboard” fashion
over a cross section of tire flue or area traversed by
the gas. The number of sampling points and their
position are best determined by preliminary trial
analyses of gas samples from tentative locations. If
the values from point to point vary widely, more
sampling locations across the plane should be used.

Gas samples should be drawn at regular intervals
over a relatively long period (during tire entire
period of a formal test). Unless operating conditions
are exceptionally uniform, which is unlikely, a few
samples drawn at irregular intervals are of little
use in obtaining a true analysis.

Fixed-position samplers of the branched-pipe type,
extending into the flue area, are liable to give mis­
leading results, since the proportion of gas drawn
into each branch may or may not correspond to the
flows over the flue cross section. A better arrange­
ment is to insert a single sampling element in the
flue, at a location established by thorough preliminary
analyses, from which samples can be drawn repre­
senting a fair average. Samples for the automatic
mechanical gas analyzers are frequently drawn
through a single sampling pipe carefully located in
this manner.

When the temperatures exceed about 900 F, gas
samples should be drawn through a water-cooled
pipe to avoid the loss of O2 from oxidation of pipe
material at about this temperature. Noncooled pipes
of special steels have been used with fair success,
but there is still the uncertainty of the loss of some
O- to the metal. A properly designed water-cooled
sampler can be safely used to obtain gas samples
from the hottest regions of a furnace (3000 F and
above). The completeness of combustion progres­

sively though the furnace is sometimes determjn
by the analysis of samples taken in this mann
Construction of a water-cooled sampler suitable f
this duty is similar to that of the water-cooled Do°r
tions of the HVT probe illustrated in Chapter 6 r'

Metering Combustion Air

Another method of establishing the amount of total
ah- used in a boiler or other similar combustion heat
exchanger is to meter the flow of air or the flow of
combustion gases through the unit. Furthermore, fOr
a given total ah, the flow so measured has a nearly
straight-line relationship to the Btu input. In a steam
boiler, the steam output (and consequently the Btu
output) bears a nearly constant relation to the Btu
input. Metered steam is, therefore, a suitable index
of Btu input, and the operator may thus proportion
the combustion ah to the fuel at any rate of steam
output.

As a necessary adjunct to obtaining good boiler effi­
ciency, instruments recording the air-flow steam-flow
relationship are included in most modern boiler in­
stallations. The instrument in general use for this
function is illustrated by Fig. 7 and is known as the
Boiler Meter. Since the ah quantity can be adjusted
to the fuel quantity in the proper proportion at all
times, manually by the operator or by automatic
combustion-control equipment, it is not necessary to
take and analyze flue gas samples in regular opera­
tion. In the initial setting of the Boiler Meter, how­
ever, it is necessary to take and to analyze such
samples, and most boiler rooms are equipped to
make periodical checks with an Orsat analyzer.

Fig. 7. Boiler Meter for indicating and recording ratio
of air used to Btu input
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5

STACKS, FANS, AND DRAFT

A tmospheric Am is a mechanical mixture of gases.
/\ Its constituents are oxygen, nitrogen, and small

amounts of carbon dioxide, water vapor, argon,
and other inert gases. In steam boiler work, the
“trace” gases in ah are included in the nitrogen con­
tent, giving the generally accepted values (a) by
volume: oxygen 21.0%, nitrogen 79.0% and (b) by
weight: oxygen 23.15%, nitrogen 76.85%. On this basis,
the molecular weight for ah is commonly accepted as
28.9, or simply as 29.

From the established gas laws, the relationship be­
tween pressure, volume, and temperature of any
weight of a “perfect” gas is expressed by:

hence
and
where:

pV£ = WJ?,T (1)
po = RaT (2)

pMv = MR,T = RT (3)

p — absolute pressure, lb/sq ft
Vz, — total volume of the gas, cu ft, at p and T

conditions
Wi = total weight of gas, lb

T = absolute temperature, R = F + 460
R„ = specific gas constant, peculiar to each gas
v = specific volume of the gas, cu ft/lb, at p

and T conditions
M = molecular weight of the gas

In (3), Mv = a constant, approx 379 cu ft at 60 F
and 14.7 psia (the volume of 1 mole
of any gas at these p and T conditions,
see Chapter 4)

and MRa = R, the “universal gas constant”
From (3): MR„=R=pMv/T=1544 (approx) (4)

The value of the specific gas constant, R„, may be
computed from equation (4) for gases which can be
considered as obeying the gas laws:

R, = 1544/M (5)
For practical purposes, within the range of ordinary
pressures and temperatures used, air may be con­
sidered as complying with these requirements.

Since the volume of a gas is a function of both
temperature and pressure, it is necessary, as a suit­
able basis for comparison, to refer volumes to a
standard set of conditions, now ordinarily accepted
as pressure of 14.7 psia and variously at temperatures
such as 32 F, 60 F, 70 F, and 80 F, depending upon
the field of application. The specific volume and the
specific weight of air at atmospheric pressure and
various temperatures are given in Table 1. The spe­
cific gravities of the gases in boiler flue products are
given in Table 1, Chapter 4.

The Flow of Air and Gases

In nature, a force varying in intensity from a light
breeze to a gale or hurricane moves very large
quantities of air with velocities up to 150 mph. This
force is caused by the earth’s rotation and by dif­
ferences in atmospheric pressures in different loca­
tions on the earth’s surface and in the stratosphere.
Differences in pressures are caused primarily by tem­
perature and moisture in the atmosphere. These un­
restricted movements of the earth’s atmosphere rep­
resent the expenditure of tremendous amounts of
energy.

On the other hand, in steam power boilers the
flow of air and combustion gases is confined to ducts,
boiler settings, flues, and stacks. To supply the cor­
rect amount of air for combustion and to remove the
gases from the boiler setting, this flow must be estab­
lished and controlled. This can be done by using a
stack or mechanical devices, such as fans which act
as pumps. Either the stack or fans or a combination
of stack and fans produces a difference in pressure,
causing gas flow through the boiler unit.

Draft. Draft is a term commonly used to designate
a static pressure in a furnace, gas passage, flue, or
stack. If the gas within a stack is hot, its specific
weight will be less than that of the cool air outside
the stack. Therefore, the unit pressure at the base of
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the stack resulting from the weight of the column
of hot gas within the stack will be less than that of
the column of external cool air. This difference in
pressure will cause a flow of gas through an opening
in the base of the stack. In the customary boiler ap­
plication, the cool ah’ on its way to the stack must
pass through the furnaces of the operating boilers
connected to the stack. In the process of combustion,
the air is converted to heated flue gas. This heated
gas will be displaced by more incoming cool air. The
action becomes continuous, and flow is established.

Gases always press or push but never pull. To avoid
confusion of terms, the value of drafts or draft pres­
sures is referred to atmospheric pressure at the same
elevation, and the plus or minus sign is used to
designate whether the value is above or below the
atmospheric pressure. A draft differential is the dif­
ference between draft pressures measured at two
points. Draft readings in absolute pressure do not
throw any more light upon the flow of gases than do
readings taken with an atmospheric pressure datum
of reference.

Forced Draft. When air or the products of combus­
tion are caused to flow to or through a unit by
maintaining them at a pressure above atmospheric,
the system is said to be under forced draft. The fans

that effect this condition are called forced-draft fans.
Induced Draft. When air or the products of com-

bustion are caused to flow to or through a unit by
maintaining them at a progressively increasing sub-
atmospheric pressure, the system is said to be under
induced draft. This condition is effected by stacks
alone which furnish so-called natural draft for low
differential pressures, or by stacks supplemented by
fans, known as induced-draft fans, where higher
suctions are required.

Balanced Draft. Balanced draft is a term used in
referring to a particular point in a furnace where
the draft is zero. Usually in boiler operation the
furnace is operated at slightly less (—0.1 in. of water)
than atmospheric pressure. In present practice, how­
ever, many furnaces operate under positive pressure
(see Pressure Furnaces, page 5-16).

Velocity Pressure. The pressure corresponding to the
velocity of flow is known as the velocity pressure and
is a measure of the kinetic energy of the fluid. It is
equivalent to the dynamic head, or the pressure
producing the flow, and can be measured by a pitot­
static tube placed in the path of the gas. The rela­
tion between flow velocity and dynamic head is ex­
pressed, as in Chapter 8, by the fundamental formu­
las of fluid flow:

Table 1

Specific Volume and Specific Weight of Air

At Atmospheric Pressure

Temp,
F

Sp Vol,
cu ft/lb

SpWt,
Ib/cu ft

32 12.36 0.0809
35 12.44 0.0804
40 12.56 0.0796
45 12.69 0.0788
50 12.81 0.0781
55 12.94 0.0773
60 13.06 0.0766
65 13.19 0.0758
70 13.32 0.0751
75 13.44 0.0744
80 13.57 0.0737
85 13.69 0.0730
90 13.82 0.0724
95 13.94 0.0717

100 14.07 0.0711
no 14.32 0.0699
120 14.57 0.0686
130 14.82 0.0675
140 15.08 0.0664
150 15.32 0.0653

Temp,
F

160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
320
340
360
380
400

Sp Vol,
cu ft/lb

15.58
15.83
16.08
16.33
16.58
16.84
17.09
17.34
17.59
17.84
18.09
18.34
18.60
18.85
19.10
19.60
20.10
20.61
21.11
21.61

SpWt,
Ib/cu ft
0.0642
0.0642
0.0622
0.0612
0.0603
0.0594
0.0585
0.0577
0.0568
0.0561
0.0553
0.0545
0.0538
0.0531
0.0524
0.0510
0.0498
0.0485
0.0474
0.0463

Temp,
F

Sp Vol,
cu ft/lb

SpWt,
Ib/cu ft

425 22.24 0.0450
450 22.87 0.0437
475 23.50 0.0425
500 24.10 0.0415
525 24.75 0.0404
550 25.38 0.0394
575 26.01 0.0385
600 26.64 0.0376
625 27.27 0.0367
650 27.90 0.0359
675 28.53 0.0351
700 29.15 0.0343
725 29.78 0.0336
750 30.40 0.0329
775 31.04 0.0322
800 31.67 0.0316
825 32.30 0.0310
850 32.93 0.0304
875 33.55 0.0298
900 34.18 0.0293
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V = V2gH (6)

and H = V-/2g (7)
where:

V = velocity of the fluid, ft/sec
H = total head causing flow, ft of fluid flowing

(at the same specific weight as the fluid)
g = gravitational constant, 32.2 ft/sec2

It is necessary clearly to understand the meaning
of H in equations (6) and (7). It is helpful to visu­
alize this H, or head in feet of fluid causing flow, by
recalling that the pressure exerted by a stream of
water, moving at a velocity V, on the open end of
a pitot-static tube will support a column of water of
a height in feet equal to the H in equations (6) and
(7). Similarly, the pressure exerted by a stream of
mercury, for instance, moving at a velocity of V, on
die open end of a pitot-static tube will support a
column of mercury of a height in feet equal to H
in equation (6) or (7). If die velocity of the stream
is the same, then the height, H, of the supported
column will be the same whether the fluid is water
or mercury.

While it is not so easy to visualize, the pressure
exerted on the open end of a pitot-static tube in­
serted in a moving stream of air will also support a
similar column of air of die same height, H, as the
supported columns of water or mercury, if the ve­
locity of the stream is the same in each case. For a ve­
locity of 10 fps, for instance, it is evident from equa­
tion (7) that H = 100/64.4 = 1.55 ft of the fluid
flowing, whether that fluid is water, mercury, or air.
Thus, if H in equation (6) or (7) is always con­
sidered as being of the same physical composition
as that of the corresponding moving fluid, it will not
be difficult correctly to apply these fundamental
formulas.

In the case of air, or gases generally, it is imprac­
tical to observe or read H in feet of gas. The head,
however, may be conveniently observed as the equiv­
alent height, in inches, of a column of visible liquid
in the common U tube or draft gage. If water is
used as the visible liquid, the following relation0
applies:

= 12H y,/y„ (8)
where:

IE = head in in. of water
H = as in equations (6) and (7)
y, = sp wt of the gas flowing, Ib/cu ft
y„ = sp wt of water, Ib/cu ft, at the temper­

ature of the U tube (usually taken as 62.4
Ib/cu ft)

Air flow or gas flow as used in boiler practice is the
actual quantity of material flowing through an en­
closure per unit time. The term is usually expressed
° See also Chapter 8.

either as pounds per hour or cubic feet per minute.
Flow is produced by a differential draft or differen­
tial pressure, but a differential draft does not neces­
sarily produce a flow (as in a boiler setting closed
against entrance of air but connected to an operating
stack).

Air flow is related to velocitv by the expression:
Q = AV ' (9)

where:
Q = quantity flow rate, cfm
A = cross-sectional area of flow channel, sq ft
V = velocity, fpm

Draft Loss. The term “draft loss” is commonly ap­
plied to energy and friction losses caused by gas flow
between any two points in a boiler setting. Gas flow
in closed conduits always involves or is accompanied
by draft loss.

Draft Differential. Draft differential on the other
hand is a more inclusive term. It is simply a differ­
ence in pressure between two points. It may be used
to denote a draft loss caused by flow or to indicate
the difference in pressure between two points be­
cause of their relative position above a certain datum
(see Stack Effect below). It may also be used to
signify the difference in pressure between two points
resulting from a combination of draft loss and stack
effect.

Stack Effect. Stack effect, or chimney action, is the
difference in pressure caused solely by the difference
in elevation between two stations in vertical ducts
or passages conveying heated gases. It is independent
of gas flow losses. The intensity and distribution of
this draft or pressure depend upon the vertical height
and arrangement of the various ducts or passages
and upon the gas temperature in each. Stack effect
is of particular significance in a series of boiler passes
and flues with the direction of gas flow variously up
and down. Stack effect cannot be determined from
simple draft gage readings. Such readings combine
the stack effect and flow losses. Stack effect must be
separately calculated. Fig. 1 illustrates the general
method of its determination.

Three passages of heights AB, BC, and CD are
shown. The passages contain heat-absorbing surface.
Gases at different average temperatures, as indicated,
are assumed to be momentarily brought to rest, as
by a closure at A. The top of passage CD, at D, is
in a region of atmospheric pressure.

In analyzing the stack effect for the arrangement
shown in Fig. 1, it is best to establish the effect in
each passage separately and in succession, assigning
minus values when proceeding downward and plus
values when proceeding upward. Thus, for the con­
ditions indicated in the sketch and using the values
in Table 2 for an ambient temperature of 80 F, the
stack effect in in. of water, referred to atmosphere, in
each component is as follows:
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Table 2

Fig. 1. Diagram illustrating stack effect, or chimney action,
in three vertical gas passes arranged in series

Stack effect D to C = 110 X 0.0034 = -0.37 in.
Stack effect C to B = 100 X 0.0089 = +0.89 in.
Stack effect B to A = 50 X 0.0102 = —0.51 in.

If draft gages, one end open to atmosphere, were
placed as indicated at A, B, and C, tire theoretical
zero-flow draft readings in in. of water would be:

Draft at A = —0.37 + 0.89 — 0.51 = +0.01 in.
Draft at B = draft at A + stack effect A to B

= -pO.Ol + 0.51 = +0.52 in.
Draft at C = draft at B + stack effect B to C

— +0.52 — 0.89 = —0.37 in.

For the conditions in the above example there is
no net head available to produce flow up the com­
ponent CD, even though the outlet lies above all
parts of the arrangement. The net stack effect of the
svstein in this case is detrimental rather than helpful
in causing a flow of gas tlrrough the unit. Fans or
stack height must, therefore, be selected not only to
provide the necessary draft to overcome friction
losses through the unit but also to allow for the stack
effect of the system.

In some boiler settings, gases leak from the upper
portions into the boiler room when the unit is oper­
ating at very low rates of output or when taken out
of service, even though the outlet flue may show a
substantial negative draft. The reason is evident
from the above example, where diere is a positive
pressure of 0.52 in. of water at B and a negative
pressure of 0.37 in. of water at C.

Barometric Pressure. Barometric pressure is the total
deadweight of a unit column of air of the earth’s

Stack Effect or Pressure Difference, In. of Water
For Each Foot of Vertical Height

(Barometer = 29.92 in. Hg)

barometric pressure is 29.92 in. of mercury, or 33,9
ft of water, or 14.7 psia. Values for barometric pres­
sure at various elevations above sea level are given

Avg Temp
in Flue, Temperature of Air Outside Flue, p

F 40 60 80 100
250 0.0045 0.0039 0.0034 O.OO29
500 0.0073 0.0067 0.0061 0.0056

1,000 0.0101 0.0095 0.0089 O.OO84
1,500 0.0114 0.0108 0.0102 0.0097
2,000 0.0122 0.0116 0.0110 0.0105
2,500 0.0127 0.0121 0.0115 0.0110

atmosphere from the point of measurement to the
limit of the: atmosphere. At sea level, the normal

in Table 3.
Table 3

Barometric Pressure
(Effect of Altitude)

Ft Above Pressure,
Sea Level In.Hg

0 29.92
1,000 28.86
2,000 27.82
3,000 26.81
4,000 25.84
5,000 24.89
6,000 23.98
7,000 23.09
8,000 22.22
9,000 21.38

10,000 20.58
’Values from Bulletin No. 110, 1952, Air Moving and Condi­
tioning Association, Inc.

Pressure. Pressure is the term normally used to in­
dicate the condition existing within those parts of the
air and gas system of a boiler unit that operate above
atmospheric pressure. This term would apply through­
out a pressure-fired unit and to that part of a forced-
and induced-draft unit from tire forced-draft fan to
the point of balanced draft.

The Chimney or Stack
All the early boilers operated with natural draft.

The draft necessary to produce the required air fl°'v
was provided by stacks. Smaller modern boilers ma)
also use natural draft. However, for larger boilers
equipped with superheaters, economizers, and air
heaters, where the total draft loss is necessarily large,
it is not practical or economical to obtain sufficien
induced draft by use of a stack alone. In these uni s
the stack serves as an aid to a mechanically drhen
draft fan.
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The required height and diameter of a chimney
or stack, for natural-draft boilers depend upon:
1. Draft loss through the boiler from the point of

balanced draft to the gas entrance to the stack For
natural-draft units (without forced-draft fan) the
entire unit will be under suction, or induced draft

2. The average temperature of the gases passing up
the stack and the temperature of the surrounding
atmosphere. °

3. The quantity of gases carried by the stack.
4. The baiometric pressure — which is substantially

influenced by altitude (see Table 3).
There is no satisfactory formula covering all of the

many factors involved in the determination of the
height and diameter of the stack. For practical
purposes, however, a sufficiently comprehensive and
accurate method has been developed which covers
the most important factors affecting stack draft: (a)
tire temperature of the surrounding atmosphere and
the temperature of gases entering the stack; (b)
the drop in temperature of gases within the stack
because of heat loss to atmosphere and air infiltra­
tion; and (c) the stack flow loss from friction and
exit losses.

(a) Theoretical Stack Draft. The suction that would
be produced at the base of a stack with no flow
losses is the theoretical stack draft. It results from
the difference between the specific weights of the
surrounding atmospheric air and the stack gases. As
an example, if the atmospheric temperature is 60 F
and the average temperature of the gases in the
chimney is 500 F, the difference between the weights
of the external air and the internal flue gases per cu
ft is:

Weight of air at 60 F — 0.0766 Ib/cu ft
Weight of gases at 500 F = 0.0415 lb/cu ft

Difference = 0.0351 lb/cu ft
If the stack is 100 ft high, the pressure exerted at the
base is 0.0351 X 100 = 3.51 Ib/sq ft. One Ib/sq ft is
equivalent to 0.192 in. of water. Under the above
temperature conditions, the 100-ft stack would, there­
fore, show a theoretical draft of:

3.51 X 0.192 = 0.674 in. of water
From the principles outlined above, the following

formula may be derived:
Stack draft = 0.192L ()
Since the weight per cu ft of air (gas) varies in­

versely as the absolute temperature, the equation
may also be written:

Stack draft = 0.52Lp - -yj <11 >

where:
Stack draft = induced draft, in. of water

L = stack height above gas entrance, it
yo = sp wt of outside air, Ib/cu ft

= sp wt of stack gases, Ib/cu ft
p = atmospheric pressure, psia

Ta = temperature (absolute) of outside
air, R = F + 460

T, = average temperature (absolute) of
stack gases, R = F + 460

Because the atmospheric, or barometric, pressure is
usually listed in in. of mercury, the stack draft
formulas may be written:

Stack draft, in. of water — 0.256Lp' J—---------—
r\Ta T,

where:
p' = atmospheric pressure in in. of mercury
In developing formulas (11) and (12), as a sim­

plification the sp wt of the flue gases is taken as
equal to that of air at the same temperature, without
appreciable error.

Under the temperature conditions of the preceding
example, the 100-ft stack at an atmospheric pressure
of 22.22 in. of mercury, corresponding to 8000 ft
above sea level, would produce a theoretical draft of:

Stack draft = 0.256 X 100 X 22.22 /—--------- —
(520 960

Stack draft — 0.50 in. of water

J(12)

(b) Average Stack Temperature. The stack temper­
ature used in the above example is an arithmetic
average of the temperatures entering and leaving
the stack. Gases passing through a stack lose some
heat through the shell of the stack to the outside
atmosphere. By the infiltration of cold air, stack
temperatures may be lowered an appreciable amount.
The loss in temperature depends upon the type of
stack, stack diameter and its height, and a number
of variables influencing the outside atmosphere. The
approximate temperature change for stacks is in­
dicated by the curves in Fig. 2.

(cl Stack Flow Loss. In the flow of gases through the
stack there are friction and stack exit losses. Obvi­
ously, the available induced draft is the difference
between the theoretical draft as determined by the
draft formula and the flow loss in the stack proper.
The friction flow loss may be determined by the
first term of equation (13), which is based on the
Fanning formulation (see Chapter 8, page 8-9). The
second term of the formula represents the exit loss.

Stack flow loss — 0.0942/Ta——/---- —---- I +
■' D/1 100.000 J

0,0942T,(_w y
D<‘ (100,000/

Stack flow loss =

0.0942—/———V (^-+11 (14)
D<‘ (100,000/ ( D, / K ’

where:
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Fig. 2. Approximate relationship between stack exit gas
temperature and stack dimensions

Slack (low loss is measured in in. of water
w = weight How of gases, Ib/hr

D< = internal diameter of stack, ft
L = height of stack above gas entrance, ft
/'■=. friction factor from Fig. 3

Tn — avg gas absolute temp, R = F fl- 460
'1'hc available draft is the theoretical draft, equation
(12), minus the stack How loss, equation (14). The
total slack How loss is usually less than 5% of the
calculated draft. Of the total stack flow loss, the
stack exit loss is much greater than the loss from
friction—in the order of 3 to 7 times, depending
upon the height and diameter of the stack.

Selection of Stack Size
In selecting a stack suitable for the requirements

of a particular installation, it should be kept in mind
that the construction cost for some one combination
of diameter and height will be less than that for any

Fig. 3. Friction factor, f, as related to Reynolds number
and stack diameter, for use in equations (13) and (14)

other combination. The builder of stacks should be
consulted before these dimensions are fixed. For
convenience in making a tentative selection of op­
timum stack dimensions, the necessary data are
given graphically in Figs. 2, 4, and 5 for sea level and
80 F atmosphere. The use of these graphs to estab­
lish stack dimensions is illustrated by the following
example:

General Data

Type of Firing
Approx Gas Weight,

Ib/lb of Steam
Oil or gas 1.15
Pulverized coal 1.25
Stoker 1.50

Specific Data
Fuel Pulverized coal
Steam generated, Ib/hr 360,000
Stack gas flow, Ib/hr 450,000
Stack inlet gas temp, F 550
Stack exit gas temp (assumed), F 450
Stack draft required (from point

of balance to stack gas entrance),
in. of water 1.0

Altitude of plant Sea level

Find Economical Dimensions of Stack
1. Diameter of stack to nearest 6-in. increment, ft
2. Active height of stack, ft
3. Stack exit gas temperature, F
4. Total height of stack (add to item 2 as required), ft

Diameter. Enter graph, Fig. 5, with a stack gas flow
of 450,000 Ib/hr. This will give a stack diameter (to
nearest 6-in. increment) of 14 ft 6 in.

Height (approx). Enter graph, Fig. 4, with the re­
quired stack draft of 1 in. of water and an average
gas temperature of (550 -]- 450 )/2 = 500 F. This will
give an approximate stack height of 160 ft.
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Exit Gas Temperature. Enter graph, Fig. 2 with the
approximate stack height of 160 ft and the diameter
°F F m’d^h1S W1U glVe a Stack exit temPerature
(yo36/«6)/2 = :93erFage StaCk ten~ -

He.ght (actual). Enter graph, Fig. 4, with the stack
draft required increased by 10% as a factor of safety
and, using the average stack temperature of 493 F
determine a new stack height based on zero stack
flow loss = 177 ft. For a stack flow loss taken at the
usual arbitrary value of 5%, the final actual stack
height — 177/0.9o — 186 ft. This is the active height
above flue entrance, to which must be added any
inactive section required from foundation to flue
entrance.

The stack flow loss may be checked by using the
above values for diameter, height, average gas tem­
perature, and gas flow in equation (14). A check
of the net draft available, by using equations (12)
and (14), indicates that the 1-in. draft requirement
is amply met. For economic reasons, the stack flow
loss should be about 5% of the available draft, and the
diameter, as tire dominating factor in this loss, may
be modified as necessary to suit this condition.

If the plant is not located at sea level, the stack
draft required should be increased by tire altitude
factor, approx 30/B, where B equals the normal
barometer reading, in in. of mercury, at tire boiler
site (see Table 3).

‘STACK HEIGHT IS DEFINED AS THE HEIGHT ABOVE THE FLUE ENTRANCE.

Fig. 4. Stack height required for a range of stack dra
and average stack gas temperatures

Fig. 5. Economical stack diameter for a range of gas flows

Stack Types
Normally a stack is thought of merely as a long

cylinder extending high into the air, although there
are other forms with which improved performance is
sometimes possible in specific applications. In the
evase stack, a venturi design, a part of the velocity
or kinetic energy of the gases is recovered before dis­
charge into the atmosphere. In another type of stack,
a fan is used as an integral part of the evase feature
to discharge air or gases at high velocity into the
throat of the venturi section. In this way the gases
are withdrawn from the setting by aspiration. De­
pending upon the application, the fan handles only
a portion of the gases.

As one of the essential elements of any steam
power plant, the stack is a symbol of industry. As
noted, it may be used for moving the products of
combustion through the boiler. In every instance it
is used to convey the flue gases to the atmosphere.
In many locations one of its purposes is to discharge
otherwise noxious gases at a height sufficient for
dispersion and dilution.

The wind pressure on a stack is a major consider­
ation in its design. For stability, the diameter re­
quired for a tall stack is so great that the large volume
in its base, up to the elevation of gas entry, has been
economically used for material storage, condensate
storage, air-raid shelters, and control rooms.

Air Pollution
While the stack is used successfully for dispersing

the suspended dust particles over a large area, never­
theless, in locations where there is a concentration 
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cf industry, the atmosphere will often be overloaded
with the discharge from many stacks. The effect is
particularly objectionable on damp foggy days when
the combination of smoke and fog blankets the area.
Such a mixture of smoke and fog is termed smog,
which is a suspension of minute particles of con­
densed vapor and carbon (the latter produced by the
incomplete combustion of organic matter) in a gas,
a vapor, or a gas-vapor mixture. In the interest of
comfort and health, many communities and several
states have established ordinances to restrict pollu­
tion of the atmosphere by requiring industrial fur­
naces and power plants to meet rigid specifications
controlling the quantity and size of dust particles
emitted from the stack. To comply with such regu­
lations, dust collectors or precipitators are usually
installed for coal-fired units. Some rather wide dif­
ferences still exist in the requirements of the ordi­
nances in different locations. An interim guide is the
Example Sections for a Smoke Regulating Ordinance
appearing in the ASME Information Bulletin, May
1949. A continuing committee of the ASME is work­
ing on a final code similar in purpose, in its field, to
tire ASME Boiler and Pressure Vessel Code.

Some power plants, located near airports, are pro­
hibited from using stacks sufficiently high to dis­
charge tire gases for proper dispersion to eliminate
excessive pollution. To approximate the dispersive
effect of a higher stack, tire stack may be necked
down at tire top to increase the discharge velocity.
When this is done, tire discharge velocity in fps
from tire stack is numerically tire same as the number 
of ft that would have to be added to tire stack to
obtain tire same dispersive effect. This rule of
thumb applies with a 10-mph wind at tire top of the
stack. If the wind velocity increases, the effect of the
high stack-discharge velocity will decrease. Naturally,
necking down the stack adds an appreciable amount
of stack resistance and can only be used in connection
with a mechanical-draft system.

The Fan

A fan is a “punrp” or volumetric machine (see Figs.
6 and 7) which can move a quantity of air or gas
by imparting to it enough energy to set it into
motion and to overcome all resistance to flow in its
path. The fan usually consists of a bladed rotor, or
impeller, which does the actual work, and a housing
which collects and directs the gas discharged by the
impeller. The power required depends upon the vol­
ume of gas moved, the head against which the gas
is delivered, and the efficiency of the fan and its
drives. The power may be expressed on several bases,
e.g., shaft horsepower, input horsepower to motor
terminals if motor driven, or theoretic horsepower
computed by thermodynamic methods. Each basis
has its own merits. As far as the fan itself is con­

cerned, the vital figures are the power input to the
shaft and the theoretic power dictated by thermo­
dynamic calculations.

Air Horsepower and Fan Efficiency. The theoretic work
can be evaluated from the pressure-volume diagram
of the fan cycle, Fig. 6, where the suction phase is
1-2, compression phase is 2-3, and delivery phase is
3-4. The change in sp wt of gas between fan inlet
and discharge is usually so small (less than 7% for a
pressure difference of 1 psi) as to be negligible. As
a consequence the gas can be considered incom­
pressible, and the phase 2-3 is shifted to the vertical
line 2-3' (cf Fig. 8, Chapter 10). The theoretic work
is then effectively represented by the rectangular
area l-2-3'-4, and its evaluation is by the equation:

Work = (p>i — p«) Vu = Ap X (15)
where:

p3- = delivery pressure, psfa
pi = inlet pressure, psfa

Vli = volume, cu ft
/\p = (p3'—pi), the pressure difference across

the fan, psf

Fig. 6. Pressure-volume diagram of the fan cycle

The pressure difference is generally measured on
a manometer in in. of water and identified as head,
Hw. If the volume is given as the rate of flow, or
capacity, in cfm, then substitution in equation (15)
gives the theoretic or air horsepower:
ahp =H1" X^AX £fm_ 0.0001573 cfm X Hw (16)

where 5.2 (=62.4/12) is the pressure in psf for a
column of water 1 in. high and 33,000 ft-lb/min de­
fines a horsepower.

In the application of equation (16), two interpre­
tations are permissable for the value of the head. The
static head, H.SI>, or the larger value, total head, Htp,
which includes the velocity head, may be used. The
results are:

ahp (static) = 0.0001573 cfm X H,p (17)
ahp (total) = 0.0001573 cfm X IIrp (18)

5-8

If these values of air horsepower are referred to the
shaft-horsepower input to the fan, the result is fan
efficiency or mechanical efficiency (static or total):

Mechanical (static) eff = -a^P (static)
shp t )

Mechanical (total) eff — a^P (tQtal)
shp '

These several equations can be applied to give the
complete fan characteristics as plotted in Fig. 7.

Fig. 7. Typical fan performance curves

In the application of fans to boiler draft service,
it is customary to use static pressure and static
efficiency rather than total pressure and total effi­
ciency because the velocity is of negligible use in
overcoming flow resistances. Figs. 13 and 14 show a
variety of fan characteristics as encountered in boiler
service.

Fig. 8. Fan with backward-curved blades and vane­
control inlet, suitable for forced draft handling room air

Fan Performance. Stacks seldom provide the draft
required by modem boilers. A 100-ft-high stack, with
gas at 400 F, will develop a draft of approximately
0.5 in. of water, whereas gas flow resistances as
high as 50 in. of water may be encountered. Fans are
generally used to supply the required mechanical
draft. They are built in a variety of designs and
types so that the user has adequate selection op­
portunity.

Fig. 9. Fan with radial-tip blades and double inlet,
arranged for induced-draft service

All fans are basically fluid-acceleration devices.
Their performance can be altered by changing one
or many of a multitude of design variables. The de­
tails of such variations and the underlying theory
are not properly subjects for treatment in this book.

Fig. 10. Multibladed fan with double inlet and louver­
damper control, arranged for handling hot air or gases
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The reader can find detailed information in standard
references. Here the objective is better to acquaint
the boiler user with those features of the fan art
which arc particularly pertinent to the generation
of steam. Some of the types of fans in use are illus­
trated by Figs. 8, 9. and 10.

Two essentially different kinds of fans are dis­
tinguishable:

1. The centrifugal fan, in which the gas is accel­
erated radially outward in a rotor from the heel to
the tip of the blades and delivered to a surrounding
scroll casing (Fig. 11).

The performance of a fan is a complicated func­
tional relationship which is best expressed in graphi­
cal form, as in Fig. 13. These graphs are called the
characteristic curves. In the figure, the capacity in
cfm is plotted horizontally as the independent vari­
able, and the head (static pressure), the shaft horse­
power, and the static efficiency are plotted vertically
as the dependent variables. The rotative speed (rpm)
is constant. The basic significance of the characteris­
tic curves must be appreciated. They rigorously de­
fine the performance of the fan. If the head required
for a given capacity is less than that indicated on the
fan characteristic curve, additional system resistance,
such as a damper to serve as a throttle, must be in-

FORWARD -
CURVED
BLADES

BACKWARD -
CURVED
BLADES

FLAT
BLADES

V = ABSOLUTE VELOCITY OF AIR LEAVING BLADE
(SHOWN EQUAL FOR ALL THREE TYPES OF BLADES)

Kr = VELOCITY OF AIR LEAVING BLADE RELATIVE TO BLADE
Kb = VELOCITY OF BLADE TIP

Fig. 11. Three general types of centrifugal fans showing
relative order of tip speed required to obtain same fluid

velocity leaving blades

2. The axial-flow fan, in which the fluid is accel­
erated parallel to the fan axis, as in the customary
desk fan, but with a casing added for development
of static pressure (Fig. 12).

Fig. '12. Simple type of axial-flow fan
Fig. 13. Characteristic curves for two types of centrifugal

fans operating at 5500-ft elevation and 965 rpm
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terposed. If this increase in resistance to flow is not
interposed, the fan will supply additional air until
the flow rate establishes a system resistance which
complies with some point on the characteristic curve.
There is no alternative; the fan must operate at a
point on the characteristic where a balance is estab­
lished. Tliis concept is fundamental to an appreciation
of the performance of fans and, in fact, all other
fluid-acceleration machines.

For a given fan, the numerical performance values
of the characteristics can be changed by varying the
operating speed, rpm, to yield a family of curves, as
shown in Fig. 14. The nature of the curves remains,
however, substantially unaltered. The performance at
the different speeds can be related, for the same point
on the efficiency curve, by the rules:
1. Capacity is directly proportional to speed (rpm).
2. Head is directly proportional to speed squared

(rpm)2.
3. Power input is directly proportional to speed cubed

(rpm)3.
Fan performance is based on standard air at 70 F
with a sp wt of 0.075 Ib/cu ft, which corresponds to
dry air at 29.92 in. Hg absolute pressure’. If a gas
of some other sp wt is to be handled, the performance
can be estimated by using the characteristic curves
as plotted. For any given volume, the head, measured
in in. of water, and the horsepower will each change
directly with the sp wt.

System resistance may be plotted on the same
chart as the characteristic curves of the fan, as shown
in Fig. 14. If the fan runs at constant speed, then,
for any output less than that shown at the intersec­
tion of the system resistance and rpm curves, the
excess head must be throttled. If variable speed can
be used, then the waste of energy by throttling is
avoided.

Variations in the designs of fans are indicated by
the diversity of characteristics in those which are
available in the market. By plotting characteristics on
a percentage basis, some of these variations are
shown in Fig. 24, Chapter 10. The rating point is
taken for the conditions prevailing at the point of
maximum efficiency. Some fans give steep head
characteristics, others give flat head characteristics.
Some horsepower characteristics are concave up­
ward; others are concave downward. The latter have
the advantage of being self-limiting, so that there is
little danger of burning out the driver or little need
for the alternative of ovennotoring. The power re­
quirement at lighter loads, however, is greater than
that for the horsepower characteristic with concavity
upward.

The steep head characteristic has merit in that

’Bulletin No. 110, 1952, Air Moving & Conditioning Associa­
tion, Inc.

Fig. 14. Graph to show how desired output and static
pressure can be obtained economically by varying fan

speed to avoid large throttling losses

there is less possibility of error in the selection and
a better opportunity to assure equalization of load in
parallel operation. Those fans, on the other hand,
which offer the flat head characteristic have the
merit of handling larger volumes for a given wheel
diameter and head and are usually identified as
volume fans. The fans with steep head characteristics
are the high-speed designs calling for the maximum
speeds in the generation of a specified head. In the
selection of centrifugal fans for draft service, it is
customary to find the backward-curved-blade designs
used for forced draft and the radial-tip or forward-
curved-blade designs preferred for induced draft.
The steel-plate types are sometimes used for induced
draft when there are heavy dust loadings in the gas.
Likewise, exhausters for pulverizing mills are gener­
ally of the steel-plate type. Axial-flow and vane-axial
designs are found in forced-draft service where maxi­
mum speed and minimum bulk are prime objectives,
as is the case with marine applications.

Fan Testing. It is difficult to obtain consistent results
from field tests of fans installed in duct systems. For 
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air measurement in the field, there is seldom avail­
able in the system a straight section of duct long
enough to eliminate the effect of bends or dampers
before entering or after leaving the section. Struc­
tural arrangements at the fan entrance and discharge
will also materially affect the results of field tests
of fans. Fans are, therefore, guaranteed by the manu­
facturer only on the basis of factory test on a “test
block.”

In the factory test setup, there is a long straight
section of duct at the fan discharge, with a throttling
device at the end of the duct to vary tine output. The
long duct permits stabilization of velocity and static
pressure profiles, whereas in most commercial in­
stallations a bend or a change in duct cross section
is; usually too close to the fan to allow the uneven
velocity distribution at its discharge to stabilize be­
fore the air enters the modified section. The charac­
teristics of fan performance established by tests under
ideal conditions are known as “test block perform­
ance.” When ordering a fan on the basis of its test
block performance, adequate allowance must be made
for the effect of field conditions on fan performance,
and the guidance of the manufacturer should be
followed because deviations can be severe.

Control of Fan Output
Very few applications permit the fan to operate

continuously at the same pressure and volume. There­
fore, to meet the requirements of the system, some
convenient means of varying the fan output is neces­
sary. The common methods of controlling fan out­
put are:

Damper Control. A damper is a simple control. It
acts as a throttle valve, introducing enough resistance
into the system to restrict the fan output to any
desired quantity. Damper control, however, is waste­
ful because the fan develops excess pressure energy
which must be dissipated by throttling.

The advantages of damper- control are:
1. Lowest first cost of all types of control.
2. Ease with which it can be operated or adapted to

automatic control.
3. The least expensive type of fan drive, a constant­

speed induction-type a-c motor, may be used.
4. It is a continuous rather than a step type of control

and is therefore effective throughout the entire
range of fan operation.

Variable-Speed Control. The most efficient method
of controlling output, as far as power consumption
of the fan is concerned, is by varying the speed.
From the relationship of speed to capacity, pressure,
and power (see page 5-11), it follows that if the
speed is cut to J2, the output of the fan will be cut
to z2, the pressure to 11, and the horsepower to %. In 

using speed control there is some loss in efficiency,
since no variable-speed driver is as efficient through­
out the entire fan-load range as a direct-connected
constant-speed a-c motor. The amount of the loss in
effectiveness depends upon the type of speed varia­
tion selected.

A number of commonly used variable-speed ar­
rangements are: (a) magnetic coupling; (b) hy­
draulic coupling; (c) special mechanical drives; (d)
variable-speed d-c motor; (e) variable-speed a-c
motor; and (f) variable-speed steam turbine. The
magnetic coupling consists of two windings in a
housing with a variable field. A change in field
strength varies the slip and consequently the speed
of the fan. An hydraulic coupling is illustrated in
Fig. 15. Among the special mechanical drives are
the variable-pitch V-belt and the variable-speed
planetary transmissions. In general, all of these
methods of speed variation call for a higher invest­
ment than the less efficient damper control. An
economic balance of first cost and power consump­
tion must, therefore, be effected in selecting the type
of drive.

Fig. 15. Hydraulic coupling (schematic) enables wide
variation in fan speed with constant-speed driver

Two-Speed A-C Motors. Two-speed a-c motors are
often used to supplement damper control. A two-
speed motor is less expensive than the variable-speed
arrangements with a-c drives and will give an im­
provement in the fan efficiency with simple damper
control. The spread between upper and lower speeds
should not be too great. Thus, if the top speed is
1200 rpm, the second speed should not be less than
900; if the top speed is 900, the lower speed may be
720 rpm.
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Inlet-Vane Control. The inhr
in regulating the air flow through meth°d
horsepower at fractional outpXh/nless
control. The inlet vanes (2 Fi *T6 °Udet-dan*er
a varying degree of spin in the dFrecbon^f f
tion. This enables the required head tn h f fan,rota'
at a proportionately lower power input
control is more expensive than damper eonlffi but
ess expensive than speed variation. It is most effec

tive for a moderate degree of change at vJc
output but offers considerable saving in effidency
over damper control throughout most of its range

Fig. 16. Inlet vanes control the output of this forced-draft
fan handling room air

Vane leakage often makes it difficult to reduce the
air flow below JI of full fan output when a single­
speed motor is used for the fan drive. Therefore,
when vane control is used for mechanical-draft fans
and where a wide load range is required, it is advisa­
ble to use a two-speed-drive motor or a supple­
mentary damper to increase the control range of
the vanes.

The effect upon the power input required by the
fan drives for various types of fan control is indicated
by the curves in Fig. 17.

Fan Drives
Electric motors are normally used for fan drives

because, when properly selected, they are less ex­
pensive and more efficient than any other type of
drive. For fans of more than a few horsepower,
squirrel-cage induction motors are the usual choice.
This type of motor is relatively inexpensive, reliable,
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FAN-VOLUME OUTPUT, % OF FULL LOAD

Fig. 17. Fan-drive power required for several types of
volume control

and high in efficiency over a wide load range. In
large sizes, it is frequently used in conjunction with
a magnetic or hydraulic coupling where variable
speed is required. For some variable-speed installa­
tions, particularly in the smaller sizes, wound-rotor
(slip-ring) induction motors are used. If a d-c motor
is required, the compound type is usually selected.
For fan drives, the steam turbine is more expensive
than a squirrel-cage motor, but it is generally less
expensive than any of the variable-speed electric­
motor arrangements in sizes over 50 hp. The steam
turbine is used where an uninterrupted supply of
electricity is not assured. This type of drive may
prove more economical than the electric drive in
plants where the exhaust may be used for process
work or feed heating.

Fan Safety Factors
To insure that a boiler unit will not be limited in

performance by the fans, it is necessary to add safety
factors to the calculated or net fan requirements to
arrive at satisfactory test block or fan design specifica­
tions. These factors are intended to cover conditions
encountered in operation that cannot be evaluated.
The usual factors are in the order of 15 to 20% in­
crease in net weight of air or gas, 15 to 25% increase
in net head, and 25 F increase in temperature of air
or gas to the fans. These values have been developed
from experience. Because of the space required, it
is not economically justifiable to arrange duct work
so that a fan will operate under ideal conditions. For
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boilers that use a fuel containing ash, there is the
possibility of a variation in ash characteristics or
unusual operating conditions that might cause foul­
ing of the heating surfaces and require additional
draft. Stoker-fired boilers may have to burn coal im­
properly sized, thus requiring more pressure than
normally to force the air tlirough the fuel bed. In
order to increase rapidly from partial to maximum
load, it is necessary to overfire, which requires over­
capacity of the fans. When an emergency arises, as
may occur when a boiler is suddenly lost, it may be
desirable to operate other boilers at overload for a
short period of time; this requires more volume from
the fans and higher pressure than for the calculated
net conditions. These as well as other minor varia­
tions make tire addition of safety factors to net fan
requirements imperative for the satisfactory opera­
tion of a boiler. Unnecessary pyramiding of safety
factors must be avoided to prevent costly initial and
operating charges and less desirable control charac­
teristics.

The Forced-Draft Fan
Fan Capacity. In a boiler installation with both

forced and induced draft, the forced-draft fan
pushes the air through the combustion-air-supply
system to tire furnace. It must have a discharge
pressure high enough to equal the total resistance
of the air ducts, air heater, burners or fuel bed, and
any other resistance between the fan discharge and
the furnace. This makes the furnace the point of
balanced draft, since, when tire air reaches it, the
pressure has dropped to zero. The volume output of
the fan must equal the total quantity of air required
for combustion. In many boiler installations, greater
reliability is obtained by division of fan capacity
between two fans operating in parallel. If one fan
is out of service, the remaining fan will generally be
able inherently to carry approximately two-thirds
load on the boiler.

To establish the characteristics of the forced-draft
fan, the system resistance from fan to furnace is
calculated for the actual weight of air required by
the combustion equipment plus the expected leak­
age from the air to the gas side of the air heater. For
calculation purposes in boiler work, the air temper­
ature entering the fan is usually taken as 80 F. Having
thus established the net requirements, the test block
specifications are arrived at by adding factors of
safety to the weight, total head, and temperature.

Fan Requirements. A forced-draft fan for boiler
service must operate under far more stringent con­
ditions than an ordinary ventilating fan. The im­
portant requirements for a forced-draft fan are:
1. Reliability. Modern boilers must operate contin­

uously for long periods (up to 18 months in some
instances) without shutdown for repairs or main­

tenance. To satisfy this condition, the fan must
have a rugged rotor and housing and conserva­
tively loaded bearings. The fan must also be well
balanced, and the blades should be so shaped that
they will not collect dirt to disturb this balance.

2. Efficiency. Since many boilers are operated under
varying load conditions, it is desirable for the fan
to have a high efficiency over a wide range of
output.

3. Pressure. Fan pressure should vary uniformly with
output, giving a smooth curve over the range of
capacity. This permits easy application of damper
control and assures minimum disturbance of air
flow when the system resistance changes because
of minor adjustments to the fuel-burning equip­
ment.

4. Capacity. When two or more fans operate in par­
allel, the pressure-output curves should drop off
at a constant rate from near the shutoff condition,
so that each fan shares the load equally.

5. Horsepower. If the fan is motor driven, it is desir­
able to have a self-limiting horsepower character­
istic, so that the driving motor cannot be over­
loaded. This means that the horsepower should
reach a peak and then drop off near the full-load
fan output (see Fig. 14).

6. Space. To reduce space requirements, since rel­
atively clean air is handled, a high-speed type of
forced-draft fan may be used.
In general, the requirements for a forced-draft

fan are best satisfied by the backward-curved cen­
trifugal designs. For highest-pressure service, the
centrifugal compressor (Fig. 18) is favored. For
small boiler units, however, a single propeller-type
fan, mounted directly upon the burner windbox, is

DISCHARGE

Fig. 18. Cross-sectional view of centrifugal compressor
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frequently used because of its low cost and economy
of space. Vane-axial fans are used for some specM
high-pressure forced-draft applications. P

The Induced-Draft Fan
Fan Capacity. The induced-draft fan must create a

sufficient pressure differential to cause the required
quantity of gas at full load to pass tlirough the boiler
against the draft loss resulting from flow over all the
heating surface and through the gas passages be­
tween the furnace and the fan. Normally the gases
pass into a stack or discharge from the fan at sub­
stantially atmospheric pressure.

The weight of gas used to calculate the draft loss
is equal to the weight of the combustion gases plus
the weight of air infiltration to die boiler setting
from the room and from the air side to the gas side
of the air heater. The gas temperature used in arriv­
ing at the fan size is the temperature calculated for
estimating boiler performance. To establish die test
block specifications for die fan required, safety
factors are added to the calculated quantities.

Fan Requirements. An induced-draft fan has die same
requirements as a forced-draft fan except that it
must handle higher temperature gas which may con­
tain erosive ash. Flat, forward-curved, and occasion­
ally backward-curved blades are variously used. The
curvature of backward-curved blades is usually less
than that in forced-draft fans. The lesser curvature
blade, by the reduction in rotative speed, tends to
diminish the erosive effect of the ash particles, and,
because of the shape, the deposit of dirt upon the
back of the blades is reduced. In handling particu­
larly dirty or erosive gases, a flat-bladed centrifugal
fan of lower speed may be used. To avoid excessive
maintenance from erosion, the casing and blades
may be protected by replaceable wear strips. Bear­
ings are usually water cooled and have radiation
shields on the shaft between die fan and bearing to
avoid overheating.

Fan Selection
The following example shows the method of es­

tablishing the characteristics of fans suitable for a
boiler, based on data obtained from the calculated
performance of the oil-fired unit of Fig. 19.

Data, Assigned or from Calculated Performance

(Boiler Unit illustrated in Fig. 19)

Steam flow, Ib/lir
Output at station bus, kw
Input to furnace, Btu/hr
Air flow through unit, Ib/hr

Theoretical air for combustion

40’000
416,000,000

310,340

Excess air required at burner, 5%
Leakage, furnace and boiler, 10S

15,520
31,030

Leakage, air to gas in air heater, 2% 6,200
Fuel consumption, Ib/hr
Temperatures, F

22,500

Air entering air heater 80
Gas leaving air heater 335

Atmospheric pressure, in. of mercury
Air resistance, in. of water

29.9

(includes stack effect)
Air heater 2.84
Ducts 0.86
Burners and windbox 3.15

Total air resistance
Draft loss, in. of water

6B5

(includes stack effect)
Furnace 0.10
Boiler and superheater 5.10
Air heater 2.08
Flues 0.40

Total draft loss L68

Fig. 19. Diagrammatic arrangement of forced- and
induced-draft fans and stack for 325,000 lb steam

per hr boiler unit
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Selection of Forced-Draft Fan

a) Weight of air to be handled by fan, Ib/hr
Theoretical air for combustion 310,340
Excess air required at burner 15,520
Leakage, ah' to gas in air heater 6,200

Total net wt requirement 332,060
Add 20% safety factor 66,410
Test block wt requirement 398,470

b) Static pressure at fan discharge, in. of water
Total air resistance, fan to furnace

Air resistance in air heater 2.84
Air resistance in ducts 0.86
Air resistance in burners and windbox 3.15

Total net pressure requirement 6.85
Add 25% safety factor 1-71
Test block pressure requirement 8.56

c) Temperature of an to be handled by far., F
Net temp requirement, air at fan 80
Add 25 F safety factor 25
Test block temp requirement 105

Selection of Induced-Draft Fan

a) Weight of gas to be handled by fan, Ib/hr
Theoretical air for combustion 310,340
Excess air required at burner 15,520
Leakage, furnace and boiler 31,030
Leakage, air to gas in air heater 6,200
Fuel (assume no ash) all in flue

gases 22,500
Total net wt requirement 385,590
Add 18% safety factor 69,410
Test block wt requirement 455,000

b) Draft to be provided by fan, in. of water
Total draft loss, furnace to fan

Draft loss in furnace 0.10
Draft loss in boiler and superheater 5.10
Draft loss in air heater 2.08
Draft loss in flues 0.40

Total net draft requirement 7.68
Add 25% safety factor 1.92
Test block draft requirement 9.60

c) Temperature of gas to be handled by fan, F
Net temp requirement, gas Iv air heater 335
Add 25 F safety factor 25
Test block temp requirement 360

Pressure Furnaces

In a number of large steam-generating units and
in almost all marine boilers, the induced-draft fan is
omitted and the entire boiler setting is under positive
pressure. To prevent the escape of noxious gases into
the boiler room, it is essential that the leakage, nor­
mally expected in a conventional setting, be elimi­

nated. In a pressure setting, all the work of creating
gas flow through the unit is done by the forced-
draft fan, and operating cost is reduced in two ways-

1. Since there is no air infiltration into the setting
to increase the stack loss, the boiler efficiency may
be improved by 0.25 to 0.75%. A mean value of 0.50%
may be used in most calculations.

2. Since there is no air leakage into the boiler
setting, the forced-draft fan handles a lesser weight
of cool air at smaller volume and higher efficiency
than would a fan handling hot gases.

The following example illustrates the total saving
that can be effected when operating the boiler unit,
shown by Fig. 19, with forced draft only (pressure
furnace) instead of with a combination of forced
and induced draft (suction furnace). An over-all
efficiency of 70% is used for fan and motor.

1) Suction-Furnace Operation
a) Forced-draft fan

Air weight, Ib/hr 332,060
Air temperature, F 80
Static pressure, Hsp, in. of water
Air sp wt at 80 F, Ib/cu ft

6.85
0.0737

.. , r 332,060
Air volume, cfm _ 0 0737 x 6Q 75,093
Air hp, Eq (17)

= 0.0001573 X 75,093 X 6.85 80.91
Motor input (combined efficiency

F. of 70%), hp = 80.91/0.70 115.6
Motor input, kw — 115.6 X 0.746 86

b) Induced-draft fan
Gas weight, Ib/hr 385,590
Gas temperature, F 335
Static pressure, Hsp, in. of water 7.68
Gas sp wt at 335 F, Ib/cu ft 0.0490
„ . £ 385,590Gas volume, cfm = n _ 131,143

’ 0.0490 X 60
Air hp, Eq (17)

= 0.0001573 X 131,143 X 7.68 154.8
Motor input (combined efficiency

of 70%), hp = 154.8/0.70 221.1
Motor input, kw = 221.1 X 0.746 165

c) Total fan power required, forced -j- induced
Total motor input, hp

= 115.6 + 221.1 336.7
Total motor input, kw = 86 —j- 165 251

2) Pressure-Furnace Operation
a) Forced-draft fan only

Air weight, Ib/hr
Air temperature, F
Static pressure, HSP, in. of water

(see below)
Air sp wt at 80 F, Ib/cu ft
a . ! c 332,060Au: volume, cfm=;-a07^ x60

332,060
80

13.37
0.0737

75,093
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Air hp, Eq (17)
— 0.0001573 X 75,093 X 13 37

(combined efficiency
of 70%), hp = 157.2/0.70

Motor input, kw ~ 225 x 0.746

3) Saving of Pressure-Furnace over Suction
Furnace Operation

157.2

225
168

Fan-power saving, kw = 251 - 168 83
Fan-power saving, % of output (more

salable power) = 83 X 100/40,000 0.21
Improved boiler efficiency, % (05% less

fuel burned, see 1. under Pressure
Furnaces above) q5q

Approximate total saving, % qjJ

wastes into the boiler stack for dispersion high into
the atmosphere. Careful consideration should be
given to such use of the stack since it may increase
maintenance cost.

The stack is subject to the erosive action of ash in
the flue gases, to acid corrosion by sulfur products,
and to deterioration incident to continuous exposure
to the weather. The erosion or wastage of the stack
material normally occurs at stack entrance or at
throats and necked-down sections, where there is a
change in the direction or tire velocity of the gas.
These sections may require replacements at long-
period intervals. The use of premium-priced abrasive­
resistant materials is justified by the reduction in
stack maintenance.

In the pressure-furnace arrangement with no leak­
age from the room into the setting, the calculations
(see Chapter 8) to determine the gas pressure drop
through the unit are based on the following gas
weights (Ib/hr), differing somewhat from those*used
in determining the draft loss for the conventional
arrangement:

Theoretical air for combustion 310,340
Fuel (100% into flue gases) 22,500
Excess air at burners 15,520

Gas through boiler and superheater, Ib/hr 348,360
Gas through boiler and superheater 348,360
Leakage, air to gas in air heater 6,200

Gas through air heater, Ib/hr 354,560 

The calculated pressure drop (in. of water)
through the unit with a pressure setting, used above
as the required static pressure at the fan discharge,
may be recapitulated as follows:

Air resistance, fan to furnace 6.85
Furnace (assumed) 0.10
Boiler and superheater 4.32
Air heater 1-76
Flues 0-31

Total net head on fan, in. of water 13.37

It will be noted that the decrease in operating cost
of the unit with a pressure setting is substantial.
There is an added saving from the elimination of the
maintenance of the induced-draft fan, which must
handle hot and frequently erosive and corrosive
gases. The increased cost of a completely airtig t
boiler setting must be weighed against these savings. 

Operation and Maintenance
Stacks. All idle entrances leading to the stack

should be tightly sealed to prevent cold-air leakage
to its base. Cold-air leakage not only lowers the
stack temperature and available draft but it a so in
creases the quantity of gas that the stack must lan e.
Some plants find it expedient to dispose o ac ory
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Low exit gas temperature from a boiler unit is
desirable from an efficiency standpoint. Too low a
temperature, however, may result in the condensa­
tion of sulfuric acid, which will cause corrosion of
steel or steel-lined stacks. The limit to which flue
gases can be cooled before condensation occurs de­
pends upon the sulfur trioxide and moisture content
of the flue gas.

Acid corrosion has destroyed steel stacks in as
short a period as a few months. Corrosion-resistant
metals, refractory coatings, and high-temperature
acid-resistant paints are used to prolong the life of
steel stacks. Refractory stacks are subject to de­
terioration from the chemicals and water vapor in
the gases. Long exposure in wet weather (during
out-of-service periods) and insufficient drying on
starting-up contribute to increased maintenance cost.

Fans. The service of fans as components of a boiler
unit is a fairly simple and light duty, but their oper­
ation, like that of all running equipment, requires
frequent inspection to detect and correct irregulari­
ties that might cause trouble. The period of continu­
ous operation of fans should be long compared with
that of other power plant equipment. To assure this
continuity of operation, proper lubrication and cool­
ing of fan shafts, couplings, and bearings are essential.

Fan bearings and couplings must be carefully
aligned with the driving equipment. Proper allow­
ance should be made for the small vertical move­
ment of the fan rotor caused by temperature rise
of the bearing supports from cold to running condi­
tions. Additional end clearances must be provided
for oilslingers at the floating bearing and at the
coupling to compensate for the increase in length of
the shaft from heat conduction. The bumping action
of a poorly aligned bearing becomes progressively
worse with each revolution and rapidly destroys the
bearing.

To assure smooth and lasting service, a fan should
be properly balanced both statically and dynamically.
The weight of the rotor should be equally distributed
about the center of rotation, and the load should be
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equally distributed around the fan rotor and uni­
formly outward from the shaft. The balance should
be checked, alter each shutdown for maintenance, by
running the fan at full speed 1) with no air flow and
2) with full air flow. A skillful mechanic can usually
balance the fan rotor by trial-and-crror methods.
Special instruments may be used, especially with
larger fans, to establish the amount and location of
weight to be added for static balance. Fans can be
thrown out of balance by the uneven shedding of
deposits from the blades. This condition is usually 

self-correcting, but, to guard against serious me­
chanical damage to the equipment, operation while
out of balance should be under careful observation.

In fans handling gases with entrained abrasive
dust particles, the blades and the housing near the
discharge are subject to erosion. Abrasive-resistant
materials and liners arc used to reduce such wear.
Some operators apply beads of welding to repair
and to lengthen the life of fan blades of induced-
draft fans subject to erosion.

5-’ S

6
TEMPERATURE MEASUREMENT

Importance of Temperature Determination
Heat exchange, heat balances, and a multitude of

other problems involving temperature are important
in all phases of power generation. Means of indicat­
ing, recording, and controlling temperatures are im­
portant in design, fabrication, operation, and testing

— 297.35 F
+ 32.00 F°
+ 212.00 F°
+ 832.28 F
+ 1761.4 F
+ 1945 F

— 182.97 C
0.00 c°

+ 100.00 c°
+ 444.60 C
+ 960.8 C
+ 1063 C

Exact, by definition.

I
n the measurement of temperatures in the boiler

art, good instruments will give good readings only
when properly applied. This chapter recites fea­

tures of good instruments, but, more importantly, it
stresses the techniques for the correct application of
these instruments.

Early in life everyone learns to distinguish between
hot and cold. This sensory experience, supplemented
by familiarity with such phenomena as the freezing
and boiling of water, the cooking of food, and the
flow of hot metals, gives rise to a general concept of
temperature but does not provide any quantitative
measure of degree of hotness—in other words, a scale
of temperature. One of the great contributions of
thermodynamics was the establishment of a usable
temperature scale (thermodynamic scale), completely
independent of any actual substance, which forms
the basis of scales of temperature used in the
quantitative measurement of degree of hotness.

ature of zero exists on the thermodvnamie scale: this
point is called absolute zero and corresponds to
—273.2 C or —459.7 F.

Following the principle of the thermodwiamic
scale, which is based on the Carnot cycle and is in­
dependent of the substance used, equal temperature
intervals would also correspond to equal changes in
internal energy for the perfect gas. Actual gases are
assumed to follow the behavior of a theoretically
perfect gas, subject to specific adjustments.

Two additional scales useful in scientific work are
the absolute temperature scales starting at absolute
zero. The absolute scale using centigrade degrees as
the temperature interval is called the Kelvin scale
(K); the absolute scale using Fahrenheit degrees is
called the Rankine scale (R). For engineering work
using round figures for absolute zero, the values of
K and R and the conversion from one to the other
are: K=C+273=R/1.8, and R=F+460=l.S K.

For the purpose of calibrating thermometers, the
fusion or vaporization temperatures of various pure
substances have been carefully determined and are
known as “fixed points.” Six fixed points form tire
basis of the International Temperature Scale. These,
all at atmospheric pressure of 29.92 in. Hg, are:

Oxygen boiling
Water freezing
Water boiling
Sulfur boiling
Silver melting
Gold melting

Temperature Scales

Before the theory of temperature had been fully
developed, various arbitrary temperature scales were
devised. Two of these, Fahrenheit and Celsius (cen­
tigrade), are firmly established. The Fahrenheit
scale is fixed by the freezing point (32 F) and tie
boiling point (212 F) of water at standard atmos­
pheric pressure, with 180 equal degrees between t le
freezing and boiling points. The centigrade scale is
based on the same freezing point (zero C) and boi -
ing point (100 C) of water at standard atmospheric
pressure, with 100 equal degrees between, n tie
conversion from one to the other, F = (C X 9/5} +
32, and C = (F - 32) X 5/9. . .

Whenever energy is added to a substance, ie .
ternal energy is increased, causing temperature rise,
melting, or vaporization. Similarly, when energj i
removed, the decrease in internal energy causes o
ering of temperature, freezing, or condensation, a
sical thermodynamics demonstrates that a emp
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power-generating; and1 ^“asming temper-
sociated apparatus, i , • interest toatureS accurately “ rfpnme.

E&»g
ing instruments are constantly being ™Pr° f d
simplified. In recent years thermocouples have tou
widespread acceptance and are extensively used in
the power-generating field.

Methods of Measuring Temperature
Many properties of substances affected by heat,

such as change of state, thermal expansion, radiation,
and electrical effects, have been applied to temper­
ature indicators suitable for commercial use. Instru­
ments of this kind, usually of a high order of ac­
curacy, are available for a great variety of applica­
tions. Accuracy in temperature measurement will de­
pend upon care in application and an appreciation
of tlie limitations of the instrument used. Before
readings are taken, it is the engineer’s responsibility
to make certain that every application is correct and
that tlie results are not affected by any extraneous
factors.

Changes of State

Fusion. For a pure chemical element or compound,
such as mercury or water, fusion, or change of state
from solid to liquid, occurs at a fixed temperature.
The melting points of such materials are therefore
suitable fixed points for temperature scales.

Tlie fusion of pyrometric cones is widely used in
the ceramic industry as a method of measuring high
temperatures in refractory heating furnaces. These
cones, small pyramids about 2 in. high, are made of
selected mixtures of oxides and glass which soften
and melt at established temperatures. In the power
industry, use of the pyrometric cone is generally
limited to the laboratory and is suitable for a tem­
perature range from 1100 to 3600 F.

Fusion pyrometers are also made in the form of
crayon, paint, and pellets, which indicate a range of
established temperatures up to 2000 F. When the
crayon or paint is applied to a cold surface, a dull-
limsh mark is made, which melts and changes to a
glossy finish as the surface is heated to the specified
temperature. These marks, therefore, indicate wheth­
er or not the surface temperature has reached or
exceeded a selected value. The pellets begin to melt
at specified temperatures when in contact with a
surface. ct

Vaporization. The vapor pressure of a liquid depends
upon its temperature. When the liquid is heated to

b°fi>ng temperature, the vapor pressure is equal
the total pressure above the liquid surface. Thle- 

fore, the boiling points of various pure ehemiCal
elements or compounds at standard atmospheric
pressure (29.92 in. Hg) can be used as thermometric
fixed points.

The change of vapor pressure with temperature is
utilized in tlie vapor-pressure thermometer, illustrated
schematically in Fig. 1, which consists of a bulb
partially filled with liquid and a capillary tube lead­
ing from the bulb to a pressure gage calibrated to
read temperature directly. If tlie space between the
liquid and tlie pressure gage is filled only with vapor
from tlie liquid, the pressure will vary directly with
tlie temperature of tlie liquid in the bulb. The capillary
tube may be of considerable length, and its temper­
ature does not affect tlie reading, but the accuracy
of the instrument is affected by variations in atmos­
pheric pressure and by elevation of the bulb above
or below tlie gage. The temperature scale is non-
uniform. To prevent partial and indeterminate con­
densation of the vapor in tlie capillary, the bulb tem­
perature must be somewhat above or below that of
the capillary. The working range of a given instru­
ment is limited to several hundred degrees and
usually lies between minus 20 and plus 700 F.

Fig. 1. Schematic assembly of vapor-pressure pyrometer

Expansion Properties

Most substances expand when heated, and in many
cases the amount of expansion is almost directly
proportional to the change in temperature. This effect
is utilized in various types of thermometers using
gases, solids, or liquids.

Gases. The expansion of gases follows tlie relation­
ship:

pv = RT/M
where:

p = absolute pressure, Ib/sq ft
v~ specific volume, cu ft/lb

1R = universal gas constant, 1544
= absolute temperature, R — F ff- 460

Lz _ molecular weight of tlie gas
6-2

At high pressures or near the condensation point
gases deviate considerab y from this relationshte
Under other conditions, however, the deviation is
small.

Two types of gas thermometers are based on this
relationship. In one a constant gas volume is main
tained, and changes in pressure are used to measure
changes in temperature. In the other a constant pres
sure is maintained, and changes in volume are used
to measure changes in temperature. Instruments of
this type, of highest accuracy, have been developed
for laboratory work. The constant-volume type is
widely used commercially. 1

Nitrogen is commonly used for tlie gas-filled
thermometer in industrial application. It is suitable
for a temperature range of minus 200 to plus 1000 F.
The construction is similar to the vapor-pressure
pyrometer shown by Fig. 1, with nitrogen gas re­
placing the liquid and vapor. Expansion of the heated
nitrogen in die bulb increases die pressure in the
system and actuates the temperature indicator or
recorder. The temperature scale is uniform, and die
capillary tube may be of any length. Changes in
temperature of the capillary tubing will introduce
small errors.

Liquids. The expansion of liquids is used in a ther­
mometer similar in design to the vapor-pressure in­
strument, shown by Fig. 1, except that the bulb and
capillary tube are completely filled widi liquid. Mer­
cury is suitable for a temperature range of minus 38
to plus 1000 F, and alcohol may be used for a
range of minus 50 to plus 300 F. The readings of
instruments of this type are subject to error if the
capillary tubing is affected by temperature changes.

Liquid-in-glass thermometers, also based on the
expansion of liquids, are so widely used diat they are
discussed in a separate section (see page 6-5).

Solids. The actuating medium in thermometers
based on the expansion of solids when heated is the
bimetallic strip. Flat ribbons of two different metals
with unlike coefficients of thermal expansion are
joined face to face by riveting or welding to form a
bimetallic strip. When the strip is heated, the expan­
sion is greater for one side of the double layer than
for the other, and tire strip bends, if originally flat,
or changes its curvature if initially in the spiral foim
frequently used. Bimetallic strips are seldom used
in power plant thermometers but are widely used in
inexpensive household thermometers, many designs
of thermostats, and a variety of temperature-control
and -regulating equipment. They are particular y
useful for automatic temperature compensation in
die mechanisms of other instruments.

Radiation Properties
All solid bodies emit radiation. The amount is

very small at low temperatures and large at nig

temperatures. The values for radiation may be cal-
cu ated by the following formula, developed by
btefan-Boltzmann:

. W = a e T*
where:

W = radiant energy per unit area per unit time,
Btu/sq ft, hr

= Stefan-Boltzmann constant,
1.71 X 10-” Btu/sq ft, hr, T‘

e = Emissivity of the surface, a dimensionless
number between 0 and 1 (usually about
0.90 for steel)

T = absolute temperature, R — F -|- 460
At low temperatures tlie radiation is chiefly in the
infrared range, invisible to the human eye. As the
temperature rises, an increasing proportion of the
radiation is in shorter wavelengths, becoming visible
as the dull-red glow of bodies at about 1000 F and
passing through yellow toward white at higher tem­
peratures. The temperature of hot metals (above
1000 F) can be estimated by their color. For iron
or steel, the color scale is roughly as follows:

Dark red 1000 F
Medium cherry red 1250 F
Orange 1650 F
Yellow 1850 F
White 2200 F

Two types of temperature-measuring instruments,
tlie optical pyrometer and the radiation pyrometer,
are based upon the radiating properties of materials.

Optical Pyrometers. By sighting an optical pyrom­
eter on a hot object, brightness of the latter can be
compared visually with the brightness of a calibrated
source of radiation within the instrument, usually an
electrically heated tungsten filament. A red filter may
be used to restrict the comparison to a particular
wavelength. This instrument is designed for measur­
ing the temperature of surfaces with an emissivity of
1.0, known in heat transfer parlance as “black­
bodies.”’ When accurately calibrated, it will give
excellent results above 1500 F, provided its use is
restricted to the application for which it is designed.
Measurement of the temperature of the interior of
a uniformly heated enclosure, such as a muffle fur­
nace, is such an application. When used to measure
the temperature of a hot object in the open, the
optical pyrometer will always read low, the error
being small (20 F) for high-emissivity bodies such as
steel ingots and considerable (200 to 300 F) for un­
oxidized liquid steel or iron surfaces.

The optical pyrometer has a wide field of applica­
tion for temperature measurements in heating fur-

° By definition, a “blackbody” absorbs all radiation incident
upon it, reflecting and transmitting none (see Chapter 7,
page 7-6).
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naces and around steel mills and iron foundries. It
. ‘ nf no value for the commercial measurement o
gXpoXre. since clean gases do not radtate m

the visible range. _ „
Radiation Pyrometers. In the radiation pyrom ,

radiation from the hot body, regard!
length, is absorbed by the instrument. T1
sorption is measured by the temperature rise of a
delicate thermocouple within the instrument, c
bratcd to indicate the temperature of the hot surface
at which the pyrometer is sighted, assuming that the
surface emissivity equals 1.0. The hot surface mus
fill the entire field of view of the instrument.

The radiation pyrometer has been developed into
a laboratory research instrument of extreme sensitivi­
ty and high precision over a wide range of temper­
ature. The usual industrial-type instrument gives
good results above 1000 F when used to measure
temperatures of high-emissivity bodies, such as the
interiors of uniformly heated enclosures. Since oper­
ation is independent of human judgment, radiation
pyrometers may be used as remotely operated in­
dicators or recorders, or in automatic-control systems.
Errors in measuring the temperatures of hot bodies
with emissivities of less than 1.0, especially if they
are in the open, are extremely large. The radiation
pyrometer is not suitable for the commercial measure­
ment of gas temperatures.

Electrical Properties

Two classes of widely used temperature-measure­
ment instruments, the thermocouple and the elec­
trical-resistance thermometer, are based in principle
on the relation of temperature to the electrical
properties of metals.

Because of its versatility, convenience, and rug­
gedness, the thermocouple is of particular importance
in power plant temperature measurements. A discus­
sion of the thermocouple and its application will be
found in separate sections (see page 6-6 ff).

Electrical Resistance. The electrical-resistance ther­
mometer, used over a range of temperature from
minus 400 to plus 1800 F, depends upon the in­
crease in electrical resistance of metals with increase
in temperature, which is almost in direct proportion.
Therefore, if the electrical resistance of a wire of
known and calibrated material is measured (by a
Wheatstone bridge or other device), tile temperature
of the wire can be determined.

In the simplest form of this instrument, shown bv
sketch (a) Fig. 2 the readings would be the sum
of the resistances of the calibrated wire and the leach
connecting this wire to the Wheatstone bridge
These readings would be subject to error E
temperature changes of the leads. By using a sliglX
more complicated circuit, shown bv sketch (Hr?
2, the resistance of the leads can 1^ XtSed’E 

the instrument reading. In order to localize the point
of temperature measurement, the resistance wire may
be made in the form of a small coil. From room tem­
perature to 250 F, commercial instruments usually
have resistance coils of nickel or copper. Platinum is
used for higher temperatures and in many high.
precision laboratory instruments over a wide range
of temperatures.

resistance thermom-

The electrical-resistance thermometer does not re­
quire human judgment and can therefore be used
for the remote operation of indicating, recording, or
automatic-control instruments. If proper precautions
are taken in its use, it is stable and accurate. How­
ever, it is less rugged and less versatile than a thermo­
couple.

Other Properties

There are other properties of materials which vary
with temperature and which could be used as the
bases for temperature-measuring instruments. For
example, the velocity of sound in a gas varies directly
as the square root of the absolute temperature. While
t lis phenomenon has been used in research, it has
not been commercially applied because of difficulties
in instrumentation. By using the flow of gas through
cwo or’ ces in series, a method has been developed
rcr measuring gas temperatures up to 2000 F com-
-ne.ciai y and up to 4500 F in the laboratory. Tem­
peratures in the range from absolute zero to 5000 F
nave been determined with considerable accuracy 
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by the use of an electronic; laboratory instrument that
measures the motion of electrons. High-temnpr h
research has been stimulated by gas-turbine andTe?
propulsion problems, and the development of new
and improved temperature-measuring instruments is
to be expected.

Liquid-in-Glass Thermometers

The liquid-in-glass thermometer is a simple direct
reading, and conveniently portable instrument, wide­
ly used in many activities requiring the determina­
tion of temperature. Low-precision thermometers are
inexpensive, and instruments of moderate nrecision
are available for laboratory use.

This type of thermometer is usually made with a
reservoir of liquid in a glass bulb connected directly
to a glass capillary tube with graduated markings
or with a scale attached. Mercury, tire most com­
monly used liquid, is satisfactory from minus 38 F,
its freezing point, up to about 600 F if the capillary
space above the mercury is evacuated, or up to 900 F
or higher if this space is filled with nitrogen or carbon
dioxide under pressure. In the range from minus 95
to plus 150 F, alcohol may be used, and in the range
from minus 300 to plus 70 F, pentane has been
found suitable.

Use of unprotected glass thermometers is restricted
to laboratory or field research applications. For more
rugged service there are various designs of “indus­
trial” thermometers, with the bulb and stem pro­
tected by a metal casing and usually arranged for
screwing into a thermometer well. Obviously, the
accuracy of this type is not as high as that of the
unprotected laboratory-type instruments, and there
is a greater time lag if temperatures are changing.

Correction of Errors
When high precision is desired, correction must be

made for several possible sources of instrument error,
which may be outlined as follows:

If the capillary bore is not uniform, equal incre­
ments of temperature will produce unequal changes
in the length of the liquid column, hence the readings
will not represent the true temperature.

The markings of the fixed and intermediate points
on tlie scale may be in error.

The temperature readings will be slightly i ei<(n
when taken in the vertical and in the horizon a
position of the thermometer because of the change in
volume of the bulb with the hydrostatic pressure o
the liquid column. Any change in the yo time
the bulb as a result of external pressure w as,
course, affect the readings. .

When the temperature of a thermometer is
over a wide range, the glass will slow y ^reeP\ .
is known as thermal hysteresis. It may a 'e
attain equilibrium.

correction is required for the portion of the
s em of the thermometer not exposed to the tem­
perature being measured. This is known as the
emergent-stein correction. Many laboratory thermom­
eters are calibrated with the entire thermometer at
uniform temperature (total immersion). If a total­
immersion thermometer is only partially immersed
in a hot fluid, with a portion of the stem exposed to
the atmosphere, some of the liquid in the capillary
will be at a reduced temperature and will expand
less than with total immersion. A correction for
partial immerson may be made by using an auxiliary
thermometer affixed to the first so that the bulb of
the auxiliary thermometer is next to the emergent
stem of the first thermometer and one fourth of the
way up between the liquid surface and the top of
the liquid column in the first thermometer. The cor­
rection factor for mercury-in-glass thermometers will
then be:

K = 0.00009 xV(f-f)
where:

K = correction to be added when the
stem is cooler than the bulb, F

N = number of degrees on scale of
first thermometer not immersed

t — temperature indicated by the
partially immersed thermometer, F

f = temperature indicated by the
auxiliary thermometer, F

Some thermometers are calibrated for partial immer­
sion to a specified point marked on the stem.

If a separation appears in the liquid column in the
capillary, the column should be reunited before the
thermometer is used. This is usually done by cooling
the bulb to a very low temperature and shaking or
rapping the thermometer so that the separated sec­
tions of the column rejoin the main body of the
liquid.

When the temperature of the thermometer sur­
roundings is changed, readings should not be taken
until thermal equilibrium has been re-established.

Thermometers used at high temperature (above
300 F) may undergo permanent change of bulb
volume and, therefore, require recalibration.

In reading the instrument, care must be taken to
avoid an error from parallax (viewing the scale at an
angle).

In industrial measurements, the largest source of
error usually results from the difficulty of keeping
the immersed portion of the thermometer at the same
temperature as the fluid in which it is immersed.
Cooling or heating effects of conduction or radiation
from nearby materials must be eliminated or mini­
mized, if accurate results are to be achieved. It is
also well to bear in mind that a strong source of
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illumination near
temperature as a

the thermometer may change its
result of radiation effects.

The Thermocouple
A thermocouple consists of two elLeetrical conduc­

tors of dissimilar materials joined at their e. d
to form a circuit. If one of the junctionsjnamtamed
at a temperature higher than that o >
electromotive force is set up which will produce
flow of current through the circuit (see Fig.

GALVANOMETER

TWO ELECTRICAL CONDUCTORS
OF DISSIMILAR MATERIALS JOINED
AT BOTH ENDS TO FORM A CIRCUIT.
ELECTROMOTIVE FORCE IS SET UP IF
TEMPERATURE OF ONE END IS HIGHER
THAN TEMPERATURE OF OTHER END.

Fig. 3. Principle of the thermocouple illustrated

COMPENSATING
EXTENSION
LEAD WIRES

IW1THERMOCOUPLE
COLD JUNCTION

(REFERENCE JUNCTION)
MAINTAINED AT TEMP
OF MELTING ICE (32 F)

\+ thermocouple
XHOT JUNCTION (AT POINT

OF TEMPERATURE MEASUREMENT)

‘I COPPER

EXTENSION
LEAD WIRES

measuring
INSTRUMENT

Fig. 4. Simple thermocouple circuit and extension leads

temperature at any accessible point. The net or un­
balanced emf developed in two dissimilar electrical
conductors joined at both ends is proportional to the
difference in temperature between the point of ap­
plication (“hot junction”) and the “cold junction,”
or “reference junction,” of the circuit. The latter is
at a point of known temperature, as the room or
area where the reading is taken, or it may be an ice
bath. A commonly used and generally accurate
method is illustrated diagrammatically by Fig. 5.

The magnitude of the net electromotive force de­
pends upon the magnitude of the difference between
the temperatures of the two junctions and the mate­
rials used for the conductors. No unbalanced or
net electromotive force will be set up if the two
junctions of dissimilar materials are at the same tem­
perature, or if the conductors are of the same material
even though the two junctions are at different tem­
peratures. If one junction of dissimilar materials,
which have been calibrated, is maintained at a known
temperature, the temperature of the other junction
can be determined by measuring the net electro­
motive force produced, since this force is propor­
tional (almost directly) to the difference in tempera­
ture of the two junctions (see Fig. 4).

The principal advantages of the thermocouple in
measuring temperatures are: versatility of applica­
tion, rapidity of response through wide ranges of
temperature, high degree of accuracy, durability
accurate reproducibility at relatively low cost con
vemenee of centralized reading or recording’ from
one or many remote points, and simplicity of appli­
cation to equipment for control and regulation of
temperature. ° 1 01

Temperature Measurement
As a temperature-measuring device within in-limits, a thermocouple will accurately indicate ?he
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GALVANOMETER

READS ZERO
WHEN SLIDE-WIRE

IS ADJUSTED
TO EQUAL

THERMOCOUPLE
ELECTROMOTIVE

FORCE

REFERENCE­
JUNCTION

COMPENSATING
SLIDE-WIRE

-AW-----

THERMOCOUPLE °
HOT JUNCTION

REFERENCE +
JUNCTION

i ' '‘"occL'ple circuit with manually
■Ctorence-junction compensation

The relationship between the electrical unit (mvl
for einf and the equivalent corresponding temner
ature difference between the two junctions has been
carefully established by laboratory tests throughout
the temperature-range limits for various thermo
couple conductors in common use (see Tables page
6-Al ff, Appendix, for detailed data). The electric’ll
readings are therefore readily converted to the
equivalent tempeiatuie. For example, assume that
A represents the unknown temperature at the point
of application (hot junction), that B is the known
temperature at the cold junction from which the leads
are taken to the point of reading, and that the thermo­
couple conductors are copper to constantan. By ref­
erence to the table for these conductors: if the elec­
trical reading is 14.71 mv and the temperature at B
is 80 F corresponding to 1.73 mv, the mv correspond­
ing to the difference in temperature from zero to A
will be 14.71 + 1.73 or 16.44 mv, equivalent to a
temperature of 600 F for A. To make direct readings
possible, the electrical instruments now usually have
scales in degrees of temperature calibrated for the
various thermocouple conductors commonly used.

In considering the temperature-emf characteristics
of different pairs of materials, one conductor is said
to be positive to the other when the emf at its cold­
junction terminal is electrically positive to that of
the companion material at its cold-junction terminal.
In referring to thermocouple pairs, it is customary to
mention the positive conductor first. The relation of
electromotive force (in millivolts) to temperature,
for the various thermocouple conductors normally 

used and for their normal temperature-use limit, is
shown by Fig. 6.

Reference Junction. For precise laboratory work or
'' lere exacting accuracy is required, it is customary
o maintain the cold junction (or reference junction)

at a controlled temperature, such as the fixed point
o melting ice (0 C or 32 F). For less exacting work,
t ie temperature of the reference junction may be
measured by an auxiliary thermocouple or thermom­
eter and the potentiometer readings corrected ac­
cordingly, or the instrument may be adjusted to give
the true readings directly. Many popular types of
indicating or recording potentiometers are equipped
with compensating coils which, by a change of re­
sistance with temperature, automatically adjust the
readings to suit any variation from the cold-junction
temperature at which the materials of the thermo­
couple are calibrated.

Measuring Circuits. In the simple thermocouple cir­
cuits illustrated by Figs. 4 and 5, the thermocouple
wires of dissimilar materials extend from the hot-
junction to the cold-junction (or reference-junction)
terminals. In the potentiometer circuit, copper leads
may be run from the reference-junction terminals to
the measuring instrument without affecting the net
emf of the thermocouple. The pair of similar copper
leads acts merely as electrical connectors to transfer
the emf from the reference junction to the copper
terminals of the potentiometer. If the instrument is
at a uniform temperature throughout, no emf is set
up between tire copper conductors and slide-wire
materials of different composition within the poten­
tiometer itself. However, if temperature differences
do exist within the instrument, there will be disturb­
ing emfs in the circuit, and the readings will be
affected.

Multiple Circuits. If two or more thermocouples are
connected in series, the total net emf at the outside
terminals is equal to the sum of the emf developed
by the individual couples. Where all of the individual
hot junctions and all of the individual cold junctions
are maintained at the same respective temperatures,
as in the device known as the “thermopile,” this
multiplied value of emf makes it possible to detect
and measure extremely small variations in temper­
ature of the hot junctions.

In a similar scries connection, if the individual hot
junctions are at different temperatures (as when
located at several points of a gas stream or of an
object that is not uniform in temperature) while the
cold junctions are maintained at a constant temper­
ature, the total net emf will likewise be the sum of
the individual emfs. The total net emf divided by the
number of thermocouples in the series connection
will give an arithmetical mean of the temperature of
the gas stream or object. Use of the series circuit for 
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General Principles of Application

For successful use of thermocouples in practical
application, certain general principles and their corol­
laries, as outlined below, must be kept in mind.

There may be a difference between the tem­
perature of the hot junction and that of the object
or substance under investigation. This may be caused
by inadequate thermal contact between thermo­
couple and object, by localized conduction of heat to
or from the hot junction resulting from exposure of
the thermocouple wires to media of higher or lower
temperature, or by radiation effects of surrounding
objects. The application of the thermocouple itself
may in some cases distort the normal conditions of
heat flow or temperature pattern within the object
being studied. These factors should be minimized
as far as possible by means that become apparent on
consideration of the problem. Beyond that, the read­
ings may sometimes be corrected by evaluating the
possible errors by calculation or by reasonable es­
timate and comparison with correlated data

If the composition of the thermocouple conductors
is not homogeneous or a third material is present in
t ie circuit, then, if there is also a temperature differ­

measurement oi average temperate

data from single thermocouples. d in
Two or more thermocouples may be connected.

parallel for the purpose of obtaining .smgl= ;
in* of average temperature. In this ease, the res st
ances of leads of all individual thermocouples must
be equal. The emf across the terminals of sucl a
circuit is the average of all the individual emf, and
may be read on a potentiometer normally used tor
single thermocouples. .

Two thermocouples may be connected m series
with opposed or “bucking” polarity to measure the
difference in temperature between their hot-junction
contacts. It is advisable in this case to provide leads
for the measurement of both individual temperatures
as well as for the differential, in order to establish
the proper range of emf-per-degree characteristics
of the conductors employed.

To prevent short circuit or current flow between
points of differing potential when two or more
thermocouples are connected in series or parallel, it
is important that both the hot-junction and cold­
junction terminals of the individual couples be elec­
trically insulated from one another. Also, for multiple­
type circuits the simple conversion of average emf
to temperature equivalent is strictly true only if the
emf-per-degree for the thermocouple materials is
constant through the range of temperature of all
thermocouple positions.

ence in the region of these conditions, the emf at
the terminals will he affected. Intermediate or para­
sitic couples will he set up within the circuit, which
may raise or lower the net emf developed by the
primary couple. It is therefore clear that the use of
brazing or soldering material as a bond between
two thermocouple wires at the hot junction would
affect the readings unless all these materials were at
the same temperature. The same is true if thermo­
couple wires, in close proximity to one another, are
separately attached to an object for the purpose of
determining its temperature. The object then becomes
the hot junction, and any temperature gradient in it
between the thermocouple wires affects the accuracy
of the measurement. If the third material at each
point of contact with the conductors is at the same
temperature as the conductors, the net thermal emf
at the cold-junction terminals will not be altered. By
similar reasoning, it is wrong to assume that the
structural parts of a boiler and its supports may be
utilized without error as a common iron conductor,
as is sometimes done for connecting a group of iron-
constantan couples to a multipoint recorder or se­
lector switch.

Faulty readings may be obtained from a portable
potentiometer when it is taken from cold surround­
ings into a warm room, or vice versa, and used for
temperature measurements before all parts of its
circuit have reached a uniform temperature.

Spurious emfs may be developed in the thermo­
couple circuit by inductive effects of unshielded a-c
power leads or by electrolytic activity in damp in­
sulation or in damp deposits in contact with the con­
ductors. Similarly, the terminal emf may be affected
by short circuit of the conductors caused by de­
terioration of insulation and physical contact of lead
wires or deposited material.

The service life of a thermocouple can be no
greater than the endurance of any of its several
components—the hot-junction contact, the lead wires,
and the splices to contacts of the measuring instru­
ment. Many useful data are lost through careless or
unimaginative installations of lead wire, which fail
to provide adequate support and protection against
chafing, expansion strains, or local exposure to ex­
treme temperature.

The emf developed by a thermocouple is inde­
pendent of wire size and of change in size of con­
ductors between the measuring junction and recorder
terminals. Use of smaller wires at the hot junction
will give a more rapid response to change of tem-
pei ature because of the lesser mass of the hot junc­
tion. Their use also minimizes the disturbing effects
o ieat conduction in the wires adjacent to the hot
junction. Offsetting these advantages, however, are

gieaier vulnerability of the smaller wires to
p ysica damage and the shorter service life if sub­
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1 o the useful range in temperature for all
termocouple materials listed is far below the maxi-

temperature at which rapid deterioration sets in.
or high-temperature duty in a permanent installa­

tion or where destructive contact is extreme, service
ife may be extended, at a sacrifice in rapidity of

response to temperature changes, by using closed-
end protection tubes of alloy or ceramic material.
The arrangement should permit removal of the
thermocouple from the protection tube for calibra­
tion and renewal when necessary. For duty during
short periods of time, as in some test work, protec­
tion tubes may be omitted if calibration is frequent,
permitting correction of the data as required. For
normal duty within the useful range of the thermo­
couple selected, the correction for change of calibra­
tion is usually negligible.

Thermocouple and Lead Wire. There are two classes
of wire for thermocouples, the closely standardized
and matched “thermocouple wire” and the less ac­
curate “compensating lead wire.” For thermocouples
of noble metal, extension leads of copper and copper­
nickel alloy, which have an emf characteristic near
that of the noble-metal pair, are used to save cost.
For thermocouples of base metal, the extension leads
in general use, while of the same nominal composi­
tion as the thermocouple wires, are less expensive
since the control in manufacture and in subsequent
calibration and matching of pairs need not be as
rigorous. Wires of these two classes are made by
several manufacturers in a variety of sizes and with
insulating coverings of various materials in both the
single-conductor and “duplex” arrangements of paired
wires.

For accuracy, the matched “thermocouple wire”
should be used at the hot junction and continued
through the zone of greatest temperature gradient to
a point substantially at room temperature, where
“compensating lead wire” may be spliced on for ex­
tension to the reference junction. The reference junc-

jected to oxidation at high temperature or tn
sIve atmospheres. Also in ustag smaller wir”™!
long leads are employed it is more difficult L,
ance the potentiometer because of the redno^
sitivity of the thermocouple-potentiometer assembly
since the current flow for a given emf is less because
of the increased electrical resistance.

Practical Use of Thermocouples

Selection of Materials. While many combinations of
dissimilar metals might be employed to form thermo
couple pairs, it is important for satisfactory use in
temperature measurement that they have the follow
fng characteristics: a thermal emf which increases
continuously and uniformly with increase in tem­
perature and is of sufficient magnitude to be meas­
ured with accuracy; physical strength; resistance to
oxidation or corrosive attack; availability in wire
form; and composition or emf characteristics un­
affected by fabrication or by reaction with atmos­
pheres and contact with other materials.

Combinations of metals and alloys most frequently
used for thermocouples are listed in Table 1 with
their general characteristics and useful temperature
range. Selection depends largely upon ability to
withstand oxidation attack at the maximum service
temperatures expected. Durability will depend upon
size of wire, use or omission of protection tubes, and
nature of the atmosphere. For heavy-duty service
B&S 8-gage (0.128-in. diam) wire is generally used.
Smaller diameters, also available, are more conven­
ient for test work and cost less.

All thermocouple materials will deteriorate when
exposed at the higher temperatures of their useful
range to air or other atmospheres and to contact
with other materials. Platinum in particular is af­
fected by metallic oxides and by carbon and hydro­
carbon gases when used at temperatures above 1000
F and, in the course of time, is subject to calibration
drift. From Table 1 it will be noted that the upper

Type of
Thermocouple’

(4-) Copper to Constantan (—)
( + ) Iron to Constantan ( —)
(-j-) Chromel to Alumel (—)
( + ) 90% Pt—10% Rh to Platinum ( —) 

’ Nominal composition: constantan, 55.oCu, 45^ A
chromel, 90% Ni, 10% Cr; alumel, 95% Ni, * Al, Si, &

t Reference junction, zero F.
t Melting point.

Types of Thermocouples in
Useful Temp

Range, F

— 300 to 650
0 to 1400
0 to 2300

900 to 2600

General Use
Maximum Millivolts Magnetic
Temp, F at 500 Ff Wire

1100 13.24 —
1800 15.01 Iron (q-)
2500 11.24 Alumel (— )
3190| 2.048 ■------
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"nn box' (see Fig. 7), from which copper conduc­
tors of lower cost are extended to tire recorder panel.

MEASURING
INSTRUMENT

____ I DOUBLE-POLE
| SELECTOR SWITCH

COPPER
LEAD WIRES

MEASURING
JUNCTIONS LEAD WIRES

REFERENCE
JUNCTION

Fig. 7. Thermocouple and lead-wire arrangement
to measuring instrument through selector switch

Splicing of extension lead wires may be done by
twisting the ends of the wires together, by the use of
screw-clamp connectors, or by fusion welding, sol­
dering, orbrazing. The wire ends should be thoroughly
cleaned to provide good electrical contact.

Care should be taken to maintain correct polarity
by joining together wires of the same composition.
Polarity is usually identified by color code or tracers
in the wire covering. Where one wire of a thermo­
couple is magnetic, the correct polarity may be con­
firmed by using a magnet to detect the magnetic wire
of the pair. As a check, the completed thermocouple
should be connected to a potentiometer circuit, and
each of the intermediate junctions should be heated.

If the wires are correctly paired, the galvanometer
will not indicate any deflection unless the thermo­
couple hot junction is heated

Upon completing an installation of thermocouples
and extension leads, each circuit may be checked
for poor contact in splices and broken or grounded
conductors by measuring its over-all electrical re­
sistance, using a portable ohmmeter. This record will
also serve as a reference in subsequent checking,
when deterioration of junctions may be suspected.
Normal resistances of various thermocouple wires are
shown in Table 2.

Application of Hot Junction

A number of practical applications of the hot
junction of a thermocouple are illustiated in Figs. 8
through 13.

Welded Junction. Wire and pipe-type elements may
be purchased commercially or may be made from
stock thermocouple wire, as shown by Fig. 8. These
types are useful for direct immersion in a gas stream,
for insertion into thermometer wells, or for thermal
contact with solid surfaces. The junction contact be­
tween wires is preferably made by fusion welding
in a carbon arc or, for base-metal couples, in a neutral
to oxidizing flame, with sparing use of borax or
other flux suited to the material. If the ends of very
fine wires (28 gage) are joined by a short twist, a
welded bead may be formed by making arc contact
with mercury as an electrode, submerged in silicone
or mineral oil to prevent oxidation. Where temper­
ature and other limitations permit, the junction may
be soldered or brazed.

The effective hot junction occurs where the con­
ductors make electrical contact (nearest to the po­
tentiometer), which may be in advance of the ter­
minal weld. If the entire twist and bead are at uni­
form temperature, no error is introduced. Precautions
should be taken to prevent a temperature gradient in
the vicinity of the measuring junction.

Table 2

Thermocouple Wire Resistance

Ohms/ft at 68 F

B&S
Cage Ir°n Constantan Copper Chromel

® O'00364 0.0178 0.000628 0 0957
14 0.01465 0.0716 0 nnra 0.0257« 0.02328 S
20 0.06890 0.2880 00109 °'1645
22 0.00359 04575 ™ 2? °-4163
24 0.1489 0.7277 00237 0.6614
28 0.3763 1.84O 1-052

Zi.UQ

Alumel Platinum
0.0107 0.0041
0.0431 0.0165
0.0685 0.0262
0.1730 0.066
0.2754 0.105
0.4381 0.167
1.108 0.422

90% Pt-
10% Rh
0.0081
0.0328
0.0519
0.131
0.208
0.332
0.840
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+

WELDED HOT JUNCTIONS

Fig. 8. Thermocouple elements and hot junctions

Insulators

PIPE-TYPE THERMOCOUPLE

Peened Junction. Where the temperature of a me­
tallic surface is to be measured, one of the most
useful and versatile types of hot junction is formed
by peening the wires separately into holes drilled
into the surface of the metal. Steps in the procedure
for making this type of junction are illustrated in
Kg- 9.

NOTE:
USE DRILL ONE SIZE LARGER
THAN WIRE DIAMETER. DRILL
TO DEPTH OF 1.5 WIRE DIAMETERS.
SPACE HOLES AT MINIMUM
PRACTICAL DISTANCE.

PEENING TOOL

STEPS IN MAKING SEPARATELY PEENED HOT JUNCTIONS

UNDERPEENED fi*

Fig. 9. Procedure for installing a Peened'‘u(n^‘°nl
thermocouple to measure surface temperature o

The peened junction has the advantage of
completely mechanical in application, wit ig1

ar a ly strong attachment and minimum inter-
rence with the normal temperature of the object.

m t 1,emPerature indicated is essentially that of the
e.a c surface, which is the first point of contact

wi the conductors. The depth of the drilled hole
as no effect other than for mechanical strength. The

points of junction contact are subject to the effects
o thermal conduction in tire wires. Where this type
of error is significant, precautions should be taken
to prevent temperature gradients in the wires. Drilled
holes for reception of the wire ends should allow for
a snug fit before peening. The wire ends should be
thoroughly cleaned and dressed to a flat end by filing.

The mechanics of forming tire peened hot junction
lend themselves to making a conv'enient type of an­
chorage, referred to as the “peened staple,” for giving
physical support to thermocouple and lead wires
along a metal surface. The peened staple is illustrated
in Fig. 9.

Millivolt Potentiometer

The temperature-emf relationships of standardized
thermocouple wires, as established by the Leeds &
Northrup Co. for the four thermocouple pairs in
Table 1, are given in tables in the Appendix, page
6-Al ff. By the use of these tables, readings taken on
a millivolt potentiometer may be converted to values
of equivalent temperature. Tabulated values rep­
resent the net emf impressed on the potentiometer
terminals when the reference junction is at zero F
and the measuring junction is at the temperature
shown. The millivolt potentiometer may be employed
with any type of thermocouple and is frequently
used in practice when several different types of cou­
ples are installed in the test setup.

It is, of course, impractical to maintain the refer­
ence junction at zero F xvhile taking readings. Correc­
tion for any reference-junction temperature can be
made by adding to each observed reading of emf
the value of the emf corresponding to the temper­
ature of tire reference junction and then entering the
table with this sum to find tire equivalent temper­
ature of the measuring junction. Most millivolt po­
tentiometers are equipped with a compensator, which
may be adjusted to correct for the actual reference­
junction temperature by setting the compensator at
the value of emf from the table corresponding to the
actual temperature of the reference junction. Direct
readings will then conform to the values in the table.
Even when this is so, the previous method is recom­
mended and may be followed by setting the com­
pensator at zero. This method is preferable, since it
is simpler and eliminates the possibility of incorrect
compensator setting. Also, in using this method, com­
pensation may be made at a later time under good
working conditions and can be independently checked
by others at any time.
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Direct-Reading Potentiometer
When calibrated for use will, specific types ot

thermocouples, a potentiometer may be gr“d“te<J
read directly in terms of temperature of t
unction instead of millivolts. In this case, tire refer­

ence-junction temperature is usually compensated
automatically by resistor coils, built mto the instru­
ment circuit, which respond to deviations fiom a
standard room-temperature basis. It is, of course,
necessary' that compensating lead wires, or their
equivalent, be extended to the instrument terminals,
so that the reference junction is located at, or is at
the same temperature as, the instrument. Character­
istics of the compensating coils are specifically
adapted to the type of thermocouple material for
which the potentiometer is calibrated.

While not recommended as good practice, circum­
stances sometimes make it expedient to use a direct­
reading potentiometer, calibrated for one type of
couple, in combination with thermocouples of dif­
ferent emf characteristics. Equivalent corrected tem­
peratures may be determined by conversion of scale
readings, through use of the tables previously men­
tioned, with proper recognition of the effect of auto­
matic reference-junction compensation. The follow­
ing example of such conversion may serve as a pat­
tern for the procedure for other combinations of
types.

Assuming an I-C (iron to constantan) thermocou­
ple connected to a potentiometer calibrated for a
C-A (chromel to alumel) thermocouple:
(a) Read the potentiometer scale in F.
(b) Measure reference-junction temperature in F.
(c) From tire table for C-A, take the mv corre­

sponding to the temperature in (a).
(d) From the table for C-A, take the mv corre­

sponding to reference-junction temperature in
(b).

(e) Subtract (d) from (c).
(f) From the table for I-C, take tire mv correspond­

ing to reference-junction temperature in (b).
(g) Add (e) and (f).
(h) In the table for I-C, the temperature correspond­

ing to (g) will be the measuring-junction tem­
perature.

Temperature Recorders
In temperature recorders, a power-operated mech­

anism adjusts the slide-wire of a potentiometer circuit
to balance the impulse received from the thermo­
couple. The action of the slide-wire is coordinated
with the movement of a recording pen or print wheel
that is drawn over, or impressed on, a temperature-
graduated chart that moves at a given speed.

In the earlier types of recorders (many are still
in use), the deflection of a moving galvanometer coil
(and its stylus), which receives the primary impulse 

of a change in thermocouple emf, monitors the in­
dependently driven power mechanism that adjusts
the slide-wire until the emf is balanced and the
galvanometer is restored to neutral or null position.
In this type of recorder, the only load imposed upon
the feeble impulse of the thermocouple is that of
deflecting the galvanometer, and at the null or bal­
anced position this load is essentially zero. To insure
sensitivity the galvanometer coil and its suspensions
are necess’arily light and require accurate mechanical
balancing. Some provision is usually made for cushion
mounting of the recorder to minimize disturbances
from mechanical shock or vibration, which might
cause deflection of the coil.

The more recent type of recorder has a completely
electrically balanced circuit and is therefore not
subject to the limitations imposed by the moving
galvanometer. In this circuit, a change of thermo­
couple emf sets up an electrical imbalance which,
upon being amplified, is used to drive a reversing
motor that adjusts the slide-wire in tire proper direc­
tion to restore the circuit to balance. Response to
electrical imbalance is immediate, and extremely fast
action of the driving mechanism is possible, so that
an essentially continuous record may be traced for
one thermocouple or a rapid scanning of many ther­
mocouples may be recorded.

Checking Recorder Calibration. Compared with the
manually operated potentiometer, all recorders are
inherently less accurate because of wear and lost
motion in driving gears, shrinkage or printing inac­
curacies of paper and chart scales, and, in the case
of the moving-galvanometer type, some lag in reach­
ing exact balance because of diminishing impulse as
this point is approached. Use of extremely long or
unduly small-gage lead wires aggravates the lag. This
is particularly true for the galvanometer type of in­
strument because of the very small current flow as
the unbalanced emf is reduced to zero. The resistance
of long leads is of much less consequence where tire
energy of imbalance is amplified, as in the electronic
type of recorder. However, the accuracy of recorders
is sufficient for most commercial purposes and may
be enhanced by the use of double or multiple-range
circuits, which in effect increase the chart scale
dimensions to any desired extent.

Calibration and adjustment of recorders may be
checked by means of a portable potentiometer of
known accuracy. In this operation, the thermocouple
teiminals of the potentiometer should be connected,
ry compensating lead wires, to tire same-polarity
thermocouple terminals of the recorder from which
the thermocouple was disconnected. After checking
both instruments for standard-cell adjustment, the
recorder should be started, the slide-wire of the
portable instrument set on some desired reading, and
the thermocouple switch engaged. The recorder will 
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then operate to balance the emf imposed on it k
the service cel of the portable potentiometer
it is in correct adjustment, the printed record . m
correspond to the reading set manually on the^s ale
of the portable instrument. scale

Temperature of Fluids Inside Pipes

The temperature of a fluid (liquid, gas, or vanor)
flowing under pressure through a pipe is us^
measured by a glass thermometer, an electrical7
resistance thermometer, a thermocouple inserted in
a thermometer well projecting into the fluid or a
thermocouple attached to the outside of the nine
wall. While the latter will give accurate results if
all the necessary precautions are observed, the ther
mometer well is generally preferred, since the proba­
bility of error is less. r

A metal tube closed at one end, screwed or welded
into a pipe wall, and projecting into the fluid serves
as a thermometer well (see Fig. 10). It must have tire
mechanical strength and rigidity to withstand hydro­
static pressure, bending caused by its resistance to
fluid flow, and vibration. To minimize conduction of
heat to the surroundings and to give rapid response
to temperature changes, the dimensions of the well

NOTE: WELL BORE APPROX 17/32" FOR ALL CASES.
ALL WELLS SHOWN ARE PLAIN AND CIRCULAR.

WELL DEPTH SHOULD MEET IMMERSION REQUIREMENT
FOR SPECIFIC TYPE OF INTERNAL ELEMENT USED.

^*9. 10. Thermocouple wells and methods of installation
6-13

requirement Tb11 SS comPatible witb tbe strength
as sirnll n T-le part outside the pipe should be
resist H S Possib^e- The material of the well must
Since f-li6 ,erosbe or corrosive action of the fluid.
accelor v en?Perature may be locally depressed by
a com 3 10nJ lroygh a constriction in a pipe carrying
nPqr Pressi le fluid, the well should not be placed
m ? constlactaon- Projecting parts of the ther-
frn u6r and *be pipe wall for some distance
lie T 1 16 "-re sbould be thoroughly insulated against

n °Sj i?e sPace between the outer end of tire
well and the thermal element should be tightly
pac 'e with insulating material to prevent circulation
o air into the well; omission of this packing could
introduce a substantial error.
i be ^efaib of thermometer-well designs vary. If
tie fluid is a liquid or a saturated vapor, good heat
transfer is assured, and a plain well is satisfactory. If
the fluid is a gas or superheated vapor, a finned well
is sometimes used. The method of attachment to the
pipe wall, either by screwing into the wall or boss or
by welding or brazing, is optional with the designer
provided safety-code requirements are met.

The thermometer well will tend to give an average
temperature even if there is temperature stratification
in the fluid, since thermal conduction along the well
will serve to equalize the temperature.

Thermocouples may be attached to the outside of
pipes by brazing, welding, or peening. Peening the
thermocouple wires into holes drilled in the surface
of the pipe is preferred as an easy and reliable
method of installation. The thermocouple readings
will give the temperature of the pipe wall at the
exact point of contact with the wires, and any factor
which causes the pipe-wall temperature at that point
to differ from the temperature of the fluid inside the
pipe will introduce an error.

Heat flow from the fluid to the surroundings will
cause a temperature drop through the fluid film in­
side the pipe and through the pipe wall. Conversely,
a temperature rise will occur if heat flows from tire
surroundings through the pipe wall to the fluid. If
the pipe is not insulated, these temperature differ­
ences will usually be great enough to give incorrect
readings for the fluid temperature. However, if tire
pipe is properly insulated, such changes in tempera­
ture will be negligible, and the readings will accu­
rately indicate the temperature of the fluid if that
temperature has been constant or if, after change,
time has been allowed for the pipe wall to reach
thermal equilibrium. Insulation restricted to the im­
mediate vicinity of the thermocouple, with the re­
mainder of the pipe bare, is not sufficient, since
thermal conduction along the pipe wall will affect
the readings.

Conduction of heat along the thermocouple wires
is an important source of possible error. This can be
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prev<
once or
place I
way

ented if the thermocouple wires are wrappe
ar twice tightly around the pipe and held m

_j before the pipe insulation is applied. In this
„~y the wires are brought to pipe-wall tempeiatuie
in tlie region of the thermocouple junction, and ther­
mal equilibrium is established. Extending tlie wires
back and forth against the pipe wall will accomplish
tlie same result. Both methods are illustrated in Fig.
11. In either case, fine wire will permit less heat con­

duction than heavy wire.

H'nn or superheater and reheater tubes ,
saturation, saturation temperature. Such °
W Ste!Ts may be for the purpose of determ^nT?
“two pressure prtS’ de'™i"ing
^balanced condition among ubes in
or unbaia measurement of temperature •
flow cuCt , ; fiuid between inlet and outlet COnJ
“ease“ for similar functional problems. I„ J'
tiOnS\ the temperature of the tube metal
minintment by thermocouple is a very practical aJ
^fble method and is now used almost exclusively
^The peened type of hot junction, as illustrated by

0 is satisfactory in many cases and is probably
Flg' ’ tlpst form of thermocouple application. Thi
the ^measures essentially the temperature of the
CV™pTal‘surface, subject to errors caused by fher-

i auction in the thermocouple wires to or frOm
mal con“ rnntact. Conduction errors may be mini-
the ’Tas previously described and by shielding the
mizcd as 1 Or loss by wrapping with as-
Xflor ote insulating material.

Furnace Wall Tubes

V„r satisfactory results and durability of the then
1 Ip snecial protection is obviously necessary

mOthePdetermination of the temperature of water-

led furnace wall tubes that are exposed to ex-cooled fu n temperatures, the deposit and sheddmg
“ a* o^ag" and the eSect of destructrve atmo,

A- GOOD PRACTICE—THERMOCOUPLE WIRE WRAPPED AROUND PIPE

UNDERNEATH PIPE INSULATION.
B- GOOD PRACTICE—THERMOCOUPLE WIRE LAID ALONG PIPE WALL

BEFORE REINSULATION.
C- BAD PRACTICE-THERMOCOUPLE WIRE LED DIRECTLY TO OUTSIDE.

NOTE: ANY OPENING MADE IN PIPE INSULATION FOR ACCESS TO PIPE WALL
FOR INSTALLATION OF THERMOCOUPLE MUST BE CAREFULLY
REINSULATED WITH DRY INSULATION FIRMLY HELD IN PLACE.

Fig. 11. Thermocouple wires extending from hot junc­
tion disposed on pipe wall before leading outside

An additional source of error is the influence of
“through steel”—uninsulated connections or valves
which extend through the insulation and cause local
cooling of the pipe wall. Locations remote from
“through steel” should therefore be selected for the
installation of thermocouples to determine the temp­
erature of fluids inside pipes.

Tube-Temperature Measurement

In steam boiler practice, it is frequently desirable
to know accurately the metal temperature of tubes
in different classes of service, such as furnace wall
or boiler generating tubes that are cooled by water
and steam at saturation temperature, economizer
tubes cooled by water below the temperature of
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pheres. If a simple peened couple is used, the re­
sults may be of doubtful accuracy because of error
from conduction, and in most cases the service life
would be short because of physical damage or dete­
rioration of the wires from overheating. Cover plates
welded to the tubes have been used to protect the
wires, but these plates interfere with the normal heat
flow and may be the cause of local ash deposits that
create abnormal conditions at the point of tempera­
ture measurement.

The use of chord-drilled holes through which the
thermocouple wires are laced, as shown in Fig. 12,
was developed by B&W and has been found to be
a very satisfactory method of application for furnace
wall tubes. The tube surface is free from projections,
the wires are protected, and the effect of thermal
conduction at the hot junction is minimized because
the wires pass through an essentially isothermal zone
before emerging into cooler surroundings at the rear
of the tube. To minimize the effect on the heat-flow
pattern within the tube metal, the chord-drilled holes
should be as small as possible. The effect of these
holes upon the strength of the tube is small. It is least
in the critical direction of hoop stress and is readily
tolerated in the direction of longitudinal stress. Use
of chord-drilled holes in the thicker-wall tubes for
high steam pressure is therefore justified and prac­
ticable.

Gradient Thermocouples. For measuring the temper­
ature gradient in the tube metal and for determining
the heat flow rate or the thermal resistance of internal
scale deposit, two thermocouples may be applied
within the thickness of the tube wall, spaced at dif­
ferent depths below the tube surface. The chord
holes for the thermocouples are spaced at a nominal
distance from one another along the length of the
tube to avoid physical or thermal interferences. As
a check and to detect the possible presence of local­
ized or nonuniform external ash deposits that might
cause individual gradient couples to vary, it is ad­
visable to provide two sets of each type of couple.
In practice, couples of this type may be applied to a
separate short section of tube, which may then be
welded into a furnace tube at the desired location.
Gradient couples are shown in Fig. 13, and char­
acteristic data obtained from their use are shown in
Fig. 14.

When heat is conducted radially through a cylin­
drical wall, the heat flow area decreases as the inner
wall surface is approached. Consequently, the tem­
perature does not vary in proportion to the actual
wall thickness, since there is a change in area. A plot
of temperature versus wall thickness will not be a
straight line. In analyzing test data from tube-wall
thermocouples, it is convenient to make use of an

INNER JUNCTION

SECTION Y-Y

SECTION B-B

SURFACE JUNCTIONSURFACE JUNCTION

determining temperature gradient through tube wall

PORCELAIN­
BEAD INSULATED

SURFACE JUNCTION
(SEE ALSO FIG. 12)

SIDE OF TUBE
AWAY FROM FURNACESIDEOFTUBE

facing FURNACE

INNER JUNCTION
IN CLOSE-FITTING

HOLE

SIDE OF TUBE
AWAY FROM FURNACE

REAR AWAY
FROM HEAT

SOURCE^

SECTION X-X

Fig 1 3. Thermocouples in chord-drilled holes for
y 6-15

SECTION A-A

CHORD HOLES
IPS COUPLING
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Fig. 14. Typical observed
temperature gradients in
tube wall for analysis and
determination of rate of

heat flow

“equivalent thickness,” as shown in the illustration.
An equivalent thickness for any depth can be deter­
mined by use of the following equation:

le “ O.or/elogo (d0/di)

where:
le =z equivalent thickness, in.

d„ — outside diam of tube, in.
d< = diam of inner-junction circle at center line

of thermocouple wire, in.
When temperature is plotted versus equivalent thick­
ness, the points lie on a straight line, which may be
extended to the tube-wall surfaces.

Lead-Wire Protection. If proper care is taken, ther­
mocouples may be placed on steam-generating tubes
completely exposed to high-temperature gas flow, as
in a furnace screen or boiler tube bank. Lead wires
of suitably small dimension, having high-temperature
Fiberglas covering or porcelain insulators, may be
protected by extending them through a steel chan­
nel conduit attached by continuous welding along
the length of the water-cooled tube to a suitable
point of exit from the furnace. Lead wires and chan­
nel are maintained within safe temperature limits by
good thermal contact with the water-cooled tube and,
in most cases, obtain further shielding or protection
by the accumulation of external slag or ash coating.

Superheater Tubes

Application of thermocouples to superheater tubes
in active heat transfer zones is one of the most diffi­
cult problems of tube-temperature measurement.
This is true primarily because of the difficulty in
protecting lead wires from excessive temperature in
passing from the hot junction to a convenient exit
from the boiler setting. Since the superheater tubes
are essentially at higher temperatures than the water-
cooled generating tubes, less cooling is available for
the protecting channels. Continuous welding of these

channels is usually not permissible because of ther­
mal expansion stresses set up in tire tubes. Short
channel sections with intermittent welds have some­
times been used with success. Such an arrangement
for tire protection of thermocouple and lead wires is
illustrated by Fig. 15.

In several instances, where the effort has been
justified by the importance of tube-temperature meas­
urement, the method illustrated by Fig. 16 has been
used with good results. A tube of small dimensions,
extending through the interior of the superheater
tube and attached at each end to tire wall of the
tube with pressure-tight welds, serves as a conduit

SECTION A-A

Fig. 15. thermocouple lead wires in high-temperature
service protected by external channels
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for the thermocouple wires. Chord-drilled holes at
the hot-junction end provide thermal and nhysica
protection of the wires, and the wires emerge out­
side of the gas flow zone where the extension lead
wires may be spliced on without difficulty In pass
ing through the coolest medium (steam) the ther
mocouple wires are given the maximum possible
protection. The conduit is made sufficiently flexible
so that its terminal welds are not unduly stressed by
differential expansion between the materials of con
duit and superheater tube. Careful attention is given
to the metallurgical and welding problems involved
in making these attachments.

2-HOLE
PORCELAIN

INSULATORS
3 MMX 1.55 MM
0.85-MM HOLES

l-HOLE
PORCELAIN
INSULATORS

SIDE SECTION
DETAIL

INTERNAL CONDUIT TUBE
22-GAGE B&S CHROMEL-ALUMEL
WIRE IN PORCELAIN INSULATORS

A" OD TUBE
0.180" THICK

#54 DRILL

SECTION A-A

1/4" OD, 0.049" THK
ALLOY TUBINS

i I CHISEL
I ! CUT0.7-MM HOLE

Fig. 1 6. Thermocouple wires in high-temper-
ature service protected by internal conduit

For the purpose of determining when nondrainable
superheater tubes are clear of condensate during
pressure-raising procedures, many operators of high-
pressure high-temperature units equip superheater
tubes with permanent thermocouples installed out
of the gas stream (see Fig. 17). These couples are
connected to temperature recorders in the control
room, which provide an operating guide and a per­
manent record. A second and equally important func­
tion of such installations is a monitoring of tube­
metal temperatures during normal operation to per­
mit rapid adjustment should an upset distribution
cause overheating.

Gas-Temperature Measurement
Gas temperature is one of the most important items

of the data required in testing or recording the per­
formance of steam-generating units. It is also of equal
importance in safe and efficient operation. In the
measurement of gas temperature, therefore, care
must be taken, first, to make certain that the instru­
ment used indicates the temperature correctly, and
second, to interpret the temperature readings to give
a true average temperature of the gas stream, which
is usually not uniform.

WIRES

Fig. 17. Permanent sheathed thermocouple for measur­
ing metal temperatures out of the gas stream

In all cases of gas-temperature measurement, the
temperature-sensitive element approaches a temper­
ature in equilibrium with the conditions of its en­
vironment. While it receives heat primarily by con­
vection transfer from the hot gases in which it is
immersed, it is also subject to heat exchange by
radiation to and from surrounding surfaces and by
conduction through the instrument itself, which
should be reduced to negligible values. If the tem­
perature of the surrounding surfaces does not differ
from that of the gas (air flowing through an insulated
duct), the temperature indicated by the instrument
should represent quite accurately the temperature
of the gas. If the temperature of the surrounding
surfaces is higher or lower than that of the gas, the
temperature indicated by the instrument will be
higher or lower, respectively, than the temperature
of the gas.

The amount of variation from the true temper­
ature of the gas depends upon the temperature and
velocity of the gas, the temperature of the surround­
ings, the size of the temperature-measurement ele­
ment, and the physical construction of the element
and its supports. To correct for the errors in tem­
perature caused by the surroundings in any particular
installation, it is best to calibrate the instrument
against a known and reliable determination of the
gas temperature.

When gas temperatures below 1000 F are to be
measured, a bare thermocouple, resistance pyrometer,
mercury-in-glass thermometer, or one of the various
bulb-type pyrometers may be used.

When a 22-gage bare thermocouple is used to
measure the gas temperature in boiler, economizer,
and air heater cavities with surrounding walls colder
than the gas, the magnitude of the error in the ob­
served readings is indicated in Fig. 18.
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Fig. 1 8. Genera/ magnitude of error in observed read­
ings when measuring gas temperature in boiler cavities

with thermocouples

If gas temperatures exceed 1000 F, the errors
mentioned above become more pronounced. The
high-velocity and multiple-shield high-velocity ther­
mocouples (see below), developed to correct these
errors, are the best instruments available for the
measurement of high gas temperature in colder sur­
roundings or low gas temperature in hotter surround­
ings. A comparison between the readings for the
high-velocity and for the multiple-shield high-velocity
thermocouples in typical boiler furnaces and cavities
is shown in Fig. 18. The optical pyrometer and the

radiation pyrometer are not designed to measure gas
temperatures and should not be used for this purpose,
since the result may be extremely misleading.

High-Velocity Thermocouple

Since the transfer of heat by radiation is propor­
tional to surface area, emissivity, and the difference
of the fourth powers of the absolute temperatures
of source and receiver, it follows (the gases being
considered as nominally transparent to the passage
of radiant energy) that the effects of radiation in­
crease as the temperature difference between the
thermocouple hot junction and the surrounding sur­
faces increases. Also, since transfer of heat to the
thermocouple by convection is proportional to a
power of gas mass flow and to the first power of
the temperature difference between gas and thermo­
couple, it follows that the temperature of the junc­
tion may be brought more nearly to the true tem­
perature of the gas by increasing the rate of mass
flow and convection transfer while shielding the
junction from the influence of radiation transfer.

A high-velocity thermocouple (HVT) for measur­
ing high gas temperatures in boiler units is illustrated
in the sketch, Fig. 19. This portable assembly is
used primarily for making test traverses in high-duty
zones by insertion through inspection doors or other
test openings in the setting.

The thermocouple is supported by a water-cooled
holder consisting of concentric tubes of suitable
length to span the traverse distance. The measuring
junction is surrounded by a tubular porcelain radia­
tion shield through which gas flow is induced at high
velocity by an aspirator attached to the external
connections. The gas aspiration rate over the ther­
mocouple can be checked by an orifice incorporated
with the aspirator and connected to the probe by a

TUBES SPACED BY NIBS OF
BRAZED METAL (FILED TO SHAPE)

THERMOCOUPLE
ASSEMBLY

METAL PROTECTING TUBE
1/4" OD, 0.035" THK

PORCELAIN PROTECTION TUBE
0.200" OD, 0.150" ID, 12" LG2-HOLE INSULATOR

0.125" OD, 12" LG, 0.035" HOLES

RENEWABLE PORCELAIN
RADIATION SHIELD

RADIATION-SHIELD
HOLDER

TERMINAL
MICARTA BLOCKS /-"BOARD

CEMENT

THERMOCOUPLE
HOT JUNCTION

EXCESS/ 4 /
LEAD WIRE JACKS SPACED TO

TAKE DOUBLE PLUG

REMOVABLE HANDLE

WATER
INLET

GAS TO
ASPIRATOR

SUCTION

WATER
OUTLET

FURNACE

WALL

DETAIL OF THERMOCOUPLE ASSEMBLY

Fig. 19. Rugged ^er-ccoled <mTI f„ d„ermi„ofo„ of goJ femp,ro)vres
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length of hose. The gas mass flow over the thermo­
couple junction should be not less than 15 000 ffX
ty hr (see Fig. 20). Heat transfer to junction aS
shield by convection is simultaneous, so that bmh
approach the temperature of the gas stream Radia
tion transfer at the junction is diminished by the
shield. However, since the shield is exposed exter
nally to the radiation effect of the surroundings it
may gain or lose heat, and its temperature may’be
somewhat different from that of the junction.

Fig. 20. Gas mass flow over high-velocity-thermocouple
junction greatly affects indicated temperature

(See Fig. 19)

Table 3

Recommended Sizes for Water-Cooled HVT

Probe Sizes,
Nominal

Tubing Sizes,
Stainless Steel

or Brass

Water Flow
Annulus Area, So In

Outside Inside

1 in.0
1-in. od, 18 bwg
21-in, od, 20 bwg
Ja-in. od, 20 bwg

0.20 0.17

Ill in. f
111-in. od, 18 bwg

1-in. od, 20 bwg
%-in. od, 20 bwg

0.26 0.37

Hi-in. od, 18 bwg
1/Iin.f 111-in. od, 20 bwg 0.91

zs-in. od, 20 bwg
“Seldom used over 12 ft long, and at this length
overheating above 2200 F.
f Best for all-round use for lengths to 15 ft except
furnaces.

0.79

subject to

in primary

t Used for primary furnaces or lengths to 20 ft.

HIGH-VELOCITY-THERMOCOUPLE SHIELD ASSEMBLY

Recommended sizes for water-cooled high-velocity
thermocouples are noted in Table 3. The fittings
(preferably of brass, though malleable iron can be
used) indicated in Fig. 19 for water outlet and inlet,
aspirator suction, bushings, and terminal packed
gland are of standard commercial size suitable for
machining to telescope and seal the tubing.

By using multiple shields around the junction, all
of which receive heat by convection induced by the
high rate of gas flow, successive effects of the trans­
fer of heat by radiation are so reduced that there is
virtually no exchange of heat between junction and
innermost shield. Measurements with die multiple­
shield high-velocity thermocouple (MHVT) will
closely approach die true temperature of the gas.
Cross sections through single and multiple-shield
high-velocity thermocouples developed for use in
boiler testing are shown in Fig. 21. Because of die
small flow areas which rapidly become clogged by
ash, practical use of die MHVT is limited to clean­
gas conditions.

The surfaces (water-cooled walls, superheater or
boiler tube banks, etc.) surrounding the usual loca­
tion of a gas traverse are cooler than the gases. Con­
sequently, the readings from a bare unshielded
thermocouple will indicate lower temperatures than
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TYPE E BUREAU OF MINES
HIGH-VELOCITY-THERMOCOUPLE SHIELD ASSEMBLY

MULTIPLE-SHIELD HIGH-VELOCITY-
THERMOCOUPLE SHIELD ASSEMBLY

Fig. 21. Shield assemblies for high-velocity thermocouple
(HVT) and mulitple-shield high-velocity thermocouple

(MHVT)

those obtained with a single-shield HVT. For the
same reason, a single-shield HVT will generally in­
dicate lower values than an MHVT. Where traverses
are taken in dust- or slag-laden gases, it is usually
necessary to use the single-shield HVT? and correct
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Evaluation of Gas Temperatures

If the entire gas stream is at a uniform temperature,
a single temperature reading at any point in the
stream will be representative. However, such a con­
dition is unusual, and it is generally necessary to
make a traverse, taking readings at a number of
points distributed across tire gas stream. In order
properly to evaluate tire temperature readings, it is
necessary to know, or to estimate, the direction and
velocity of the gas flow at the various points in the
gas stream where the temperatures are measured.
Sometimes the gas velocity will be constant at all
points, but there will be temperature stratification
in the gas stream. More frequently, both gas tem­
perature and gas velocity will be stratified. Occa­
sionally there is recirculation, with some of the gas
flowing through the traverse plane in one direction
and some in the opposite direction.

The degree of accuracy required in the determina­
tion of the temperature of the gas at any location
in the unit will depend upon the use to which the
data are to be applied. For instance, an arithmetical
average of the gas temperatures in the region of the
soot blower may be entirely satisfactory as the basis
for a study of the service life of a soot blower. On
the other hand, if a heat balance is to be determined
tor a section of the unit, such as the furnace the
average temperature required must be the one which, 

tl.e readings by -
MHVT obtained under clean g js.
magnitude of these corrects mi noble.«etal

For temperatures exceeding J > ant to
thermocouples are d’ta‘mination by tire gases
protect the °porcelain tube covering, shown

P— lersllg"
especially when foul“S ^platinum couples
temperatures above 2400 F- ™ P' 3000 / or
hiXer^apprectabl^cahbration drift may

couple elements should be checked periodically^and
corrections applied to the obser;ned
the magnitude of error reaches 40 to 60 F, the> con
taminated end of the couple should be removed an
a new junction of the sound portion of die wire made.
Calibration of the service couple may be checked by
comparing its readings with tiiose of a standard
couple of Hie same material when both couples,
bound together, are inserted in a specially arranged
tubular resistance-wound electric furnace, taking care
that die temperature gradient from the hot junction
to the sound section of die service couple is the same
as during its use.

in combination with the total gas weight will giVe a
£ue measure of die quantity of heat leaving the
section In this case a higher degree of accuracy is
necessary and the correct procedure (though often
in practice it can be only approximated) for the de­
termination of an average temperature is as follows;

Select an arbitrary imaginary surface (a surface
in one plane is often, but not always, the most con­
venient) in which die temperature and gas-velocity
traverses are to be made. Measure gas temperature,
gas-flow direction, and gas velocity at a sufficient
number of points of this surface for a comprehensive
coverage. Divide die surface into a convenient num­
ber of small areas (which may be unequal). From
the measurements taken, establish the gas tempera­
ture, gas-flow direction, and gas-flow velocity repre­
sentative of each of die small areas. Next, calculate
the vector component of gas velocity normal to the
surface of each small area. If there is recirculation,
some of these vector components will be negative.
For each small area set down separately the product
of temperature, area, and component of velocity, and
die product of area and component of velocity. To ob­
tain the true average temperature, divide the sum of
the first set of products by the sum of the second set
of products. Should die gas temperature vary over
so wide a range that the assumption of a constant
average value of specific heat for all parts of the gas
stream is not warranted, gas enthalpy must be sub­
stituted for gas temperature. This procedure is based
on a general mathematical theorem (Gauss’s theorem)
which finds wide application in various branches of
physics.

When bulb-type or resistance pyrometers are in­
stalled permanently to measure gas temperature in a
flue or duct, it is common practice to extend the bulb
or resistance element from one side of the gas pass
to the other in order to obtain a representative aver­
age temperature.

To insure against overheating of superheater or
reheater tubes during a pressure-raising operation
before steam is flowing through the tubes, it is satis­
factory to use bare thermocouples temporarily in­
stalled in the gas stream immediately before the tubes
involved and in sufficient number or proper location
to insure indicating the highest gas temperature. The
normal procedure is to remove these thermocouples
after steam flow through the tubes is adequate to
cool them. Gas temperature may then be increased.
Future pressure-raising procedures can be based on
this established rate or, if close control over the pro-
cec ure is desired, gas temperatures can be monitored
and recorded for each procedure. On units designed
or remote operation, it is possible to retract and

msCx c c rese thermocouples remotely, using a retract-
a^ic ..oct blower carriage, as illustrated in Fig. 22.
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COLDJUNCTION IK BL°WER NOZZLE

thermocouple in
STAINLESS STEEL SHEATH

Fig. 22. Retractable thermocouple for measuring furnace
exit gas temperatures as used for regulating firing rates

during boiler pressure-raising

Insulation and Casing Temperature
Inner Surfaces. The thermocouple is particularly well

suited for the measurement of temperatures at inter­
faces between successive layers of insulation, or at
other points inside insulation. The temperature­
sensitive hot junction may be buried out of sight, and
the temperature may be read remotely. Furthermore,
the hot junction and lead wires of the thermocouple
are of small dimensions, which is important since it
is imperative that the temperature-sensitive elements
should be accurately located because of the steep
temperature gradient through insulation.

Because of its low thermal conductivity, the rate
of heat transfer through insulating material is low.
This accentuates the effect of any heat conduction
along the thermocouple lead wires, which is therefore
a potential source of large error. To minimize or to
eliminate this conduction error, the leads must extend
for some distance in a constant temperature zone,
and small-diameter wire should be used. If, for
instance, in a composite wall the temperature of the
interface between high-temperature block and 85%
magnesia block is to be determined, the hot junction
should be located between the layers of block, and
the lead wires should be extended at least one foot
between the layers before being brought to the out­
side (see Fig. 23). Since mechanical support is
assured, fine wire (B&S 22 or 28 gage) may be used.
The block surfaces should be grooved sufficiently to
accommodate the wire without being separated by it.

Outer Surfaces. To avoid errors of considerable
magnitude in the measurement of the temperature of
the outer surface of insulation, thoughtful attention
and careful workmanship are essential. Portable con­
tact thermocouple instruments, designed to be
pressed against a surface to measure its temperature,
are unsatisfactory for this case and will not read cor­
rectly when applied to hot uncased insulation. Such
instruments cool the surface at the point of contact,
and the low rate of heat transfer through the insu­
lating material prevents the restoration of normal
surface temperature by heat flow from the surround­
ing areas.

INTERFACE TEMPERATURE

SURFACE TEMPERATURE

Fig. 23. Thermocouples for measuring surface or inter­
face temperature of insulation

For satisfactory results, the means of attachment
of the termocouple at the surface of the insulation
must not appreciably alter the normal rate of heat
transmission through the insulation and from the
surface of the insulation to the surroundings. If seri-o
ous errors from conduction are to be avoided, it is
essential that the lead wires be maintained at the
temperature of the surface. Fine wires can be at­
tached more easily than heavy wires. If the insulation
is plastic at the time of application, it may be pos­
sible to press the thermocouple junction and several
feet of lead wires into the very surface of the insu­
lation, with assurance that the thermocouple will
adhere when the insulation hardens. If the insulation
is already hard and dry, it may be possible to cement
the junction and lead wires to the surface, using a
minimum amount of cement (see Fig. 23). Fastening
the wires to the surface with staples introduces con­
duction errors; covering the wires with scotch tape
or friction tape changes the heat transfer character­
istics of the surface and imposes an undesirable in­
sulation layer between the wires and the ambient air.
Each specific installation will tax the ingenuity and
heat transfer knowledge of the test engineer.

Steel Casings. The temperatures of steel casings of
boilers may be measured with greater ease and ac­
curacy. Portable contact thermocouple instruments
give good results, since lateral heat flow from adjoin­
ing metal areas quickly compensates for the small
quantity of heat drawn by the instrument from the
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point of contact. Thermocouple wire may be peened
into or fused onto the metal surface to form tire hot
junction, and leads may be cemented to the surface
for several feet. It is most desirable to have the best
possible thermal contact between the lead wires and
the surface and the least possible covering of the wire
or disturbance of heat transfer from the surface to
the ambient air.

Approximate surface temperatures may be conven-
iently measured with the fusion paints or crayons
mentioned on pages 6-2 and 25-17.

In power plants, thermometers are sometimes
fastened to metal surfaces by wads of putty. This
method of measuring temperatures gives a reliable
approximate surface-temperature indication if the
metal is massive and not far- from room temperature.
It is not recommended for boiler-casing temperature
measurement and is completely unsatisfactory for
insulation surface-temperature measurement.

“Tlirough steel,” such as metal ribs imbedded in
insulation, studs or door frames extending tlirough
insulation, etc., causes considerable local upsets in
surface temperatures, and its influence may spread
laterally for some distance along a metal casing.
These effects must be given careful consideration in
the planning and interpretation of surface-tempera­
ture measurement.

Miscellaneous Applications

It is apparent that the several features of the
thermocouple may be combined to advantage in
numerous unique applications in the measurement of
temperature. A few of these are mentioned below to
illustrate the peculiar appropriateness of the thermo­
couple for special applications.

Coal-Pile Temperatures. Raw coal in storage under­
goes slow oxidation, which may develop zones of
elevated temperature and spontaneous combustion.
As the coal storage pile is being laid, thermocouples
may be placed at strategic points with lead wires
extended to the border of the pile. Thus a check may
be maintained of the trend of temperature to give a

timely warning of dangerous conditions. Exploratory
readings of temperature in a coal pile or bunker may
be taken by probing with a thermocouple lance. For
this service, the pipe-type thermocouple is sufficiently
sensitive and may be made very rugged for driving
into the pile or for other rough handling.

Stoker-Link Temperatures. The extreme temperature
conditions to which the moving links of a chain-grate
stoker are sometimes subjected cause decrease of
stoker service life and increase in the cost of mainte­
nance. By charting the temperature history of chain­
grate links during their travel tlirough the furnace,
much useful information can be obtained about fuel­
bed conditions and the proper adjustment of zoning
dampers for different types of coal. A thermocouple
may be peened to the end of a stoker link as it passes
around the feed-end sprocket, and, by marking off
the lead wire to correspond to linear distances of
travel, temperature readings may be made at suc­
cessive positions of the junction. As the chain moves
around the sprocket, the lead wire is guided into the
clearance spaces between adjacent links. When the
cycle of chain travel is completed, the leads may be
detached and the procedure may be repeated for
check readings in several successive cycles until the
couple is damaged.

Drum Temperatures. In determining thermal stresses
in thick-shelled drums, it is possible to obtain actual
inside surface temperatures by using permanent
thermocouples welded to the inside shell and brought
to the outside through a Conax fitting. Another meth­
od of obtaining similar information is to install
“depth” thermocouples by drilling externally to within
a fraction of an inch of the inside surface, the depth
of this hole being determined by the amount of pres­
sure stress on the remaining metal. Installations of
such thermocouples are illustrated by Fig. 24. With
permanent thermocouples either welded or peened
to the outside surface of the drum in the area of the
inside surface thermocouples, an accurate tempera-
tuie gradient through the shell can be obtained by
comparing inside and outside temperatures.
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VIEW B VIEW C

drum for measuring inside shell temperatures

■existing
VALVE

SST-JACKETED
C-A TC WIRE
1/14" DIAM

-2"-DIAM
VENT LINE

LOCATED OPPOSITE
TOP TC

LOCATED OUTSIDE SCRUBBER
BAFFLE APPROX ON TOP C

/—SEE VIEW C

SST-JACKETED
■THERMOCOUPLE

2" VENT CONNECTION
SEE VIEW B

SST-JACKETED C-A TC
PEENED AS CLOSE TO
OUTSIDE TC AS POSSIBLE
(HOT END PROTECTED
FROM WATER)

gj //.■■■ . located AT least
t," FROM ANY

Fig. 24. Typical sheathed-thermocouple installation on boiler steam

SUPPORT STRAP
FOR TC LEAD

VIEW A

1/8" (APPROX)

SEE VIEW A

NOZZLE

SST-JACKETED C-A TC

LOCATED OPPOSITE
TOPTC

The examples and instructions on temperature
measurement, as given in this chapter, depict the
severity of the problems of instrument application.

Progress and development can be expected with the
exercise of skill, the display of ingenuity, and the
accumulation of experience.
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Calculations of heat transfer in steam-generating units

CALL FOR THE SKILLFUL USE OF THE TOOLS OF SCIENCE AND TECHNOLOGY

7

HEAT TRANSFER

H
eat transfer is a subject which deals with the
transmission of thermal energy, the source of
which may be the combustion of fuels, the

fissioning of material, or the inevitable losses, ’such
as pressure drop and friction, encountered in the
transmission or the transformation of other types of
energy. Heat transfer is demonstrated in countless
aspects of everyday life, as in cooking, heating, re­
frigeration, and clothing.

While the fundamentals of heat transfer are simple,
practical applications may become extremely compli­
cated because of irregular configurations of equip­
ment, simultaneous operation of several different
modes of heat transfer, and changes in conditions
from moment to moment. In the applications of heat
transfer it is, therefore, necessary to combine basic
scientific principles with empirical information de­
rived from experience.

Application of heat transfer data to the design of
boiler surface, economizers, superheaters, and air
heaters is covered by specific examples in Chapter
11. Making due allowance for the great value of the
theoretical and practical concepts of heat transfer,
it is clear from these examples that the exercise of
judgment based on experience is paramount for suc­
cessful results.

Three Usual Modes of Heat Transfer
There are three usual modes of heat transfer—con­

duction, radiation, and convection. One or another
or a combination of these modes enters into all the
many varied phases of heat transfer. The three
modes of heat transfer may be defined as follows:

Conduction. The transfer of heat from one part of
a body to another part of the same body, or from one
body to another in physical contact, without appre­
ciable displacement of the particles of the bo y or
bodies.

Radiation. The transfer of energy between bodies
by electromagnetic vibrations without depenc ence

7-1 

upon the presence of matter in the intervening space.
Thermal radiation is the transfer of heat by radiation.
All matter radiates, and the transfer of heat is one
important manifestation of this phenomenon. The
intensity of the emission and the distribution among
various wavelengths depend upon the temperature
and the nature of the matter. When radiation im­
pinges on a body, some of it may be reflected, some
of it may be transmitted through the body, and the
remainder will be absorbed. The portion absorbed is
commonly converted into heat.

Convection. The transfer of heat within a fluid
(gas or liquid) from one point to another by the mix­
ing of one part with another through the movement
of the fluid, or between one fluid and another by the
mixing of the fluids, or between a fluid and a solid
through relative motion between them.

(a) It is called natural or free convection where
the movement of the fluid or fluids is caused solely by
differences in density resulting from differences in
temperature within the fluid or fluids.

(b) It is called forced convection where mechani­
cal force, density difference from change of state
of the fluid, or stack induction is used to give motion
to the fluid.

Over-all or Combined Conductance
Actual transfer of heat energy usually involves

more than one of these modes. When two modes of
heat transfer occur simultaneously and independ­
ently, such as radiation and convection, the combined
conductance, U, is the sum of the individual con­
ductances Ur and U„ which in effect are in paral­
lel. When the heat flow paths are in series, the re­
sistances, not the conductances, are additive. In all
cases the potential force causing the transfer is a
temperature difference.

The general equation for heat flow rate by these
modes, singly or in combination, may be written in
the form:
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q = US ZM = S At/R [

where:
o = rate of heat flow, Btu/hr
U = over-all or combined conductance,

Btu/sq ft, hr, F
S = surface involved in heat transfer, sq ft

At = temp difference causing heat flow, F
R = l/U = combined resistance of the heat flow

path, sq ft, hr, F/Btu
In die following, each mode of heat transfer is

treated separately.

Heat Transfer by Conduction
If a flat plate is heated on one side and cooled on

die odier, heat will flow through die plate from the hot
side to the cold side. To determine the rate of heat
flow per unit of surface area of the plate it is neces­
sary to know: 1) the temperature difference, At,
between the two sides of the plate, F; 2) the ther­
mal conductivity, k, of the plate material, Btu per sq
ft, hr, F per in. thickness; and 3) the thickness, I,
of die plate in inches. The rate of heat flow is di­
rectly proportional to 1) and 2) and inversely
proportional to 3).

Metals are good conductors and have high conduc­
tivities; materials such as asbestos are poor conduc­
tors with low conductivities and are suitable for
insulation. Typical approximate values of thermal
conductivities of various materials at room tempera­
ture are given in Table 1.

Table 1
Thermal Conductivity, k

(Btu/sq ft, hr, F/in. thickness)
Material
Sflver 2880
Copper 2640
Carbon steel 322
Alloy steel, 18% Cr-8% Ni 208
First-quality firebrick 45
Insulating firebrick 0 8
85% Magnesia block 0 5
"At room temperature.

Thermal conductivities of most pure metals de­
crease with increase in temperature, while conduc­
tivities of alloys may either increase or decrease
i ieF™a\ c°nductlYties °f various steels are shown
n Fig. 1. Thermal conductivities of insulating ma­
terials generally increase with increasing temperature
as shown in Fig. 19, Chapter 14. P ’

In the case of a simple plate heated on one side
tureSbea" sh^Rg °f

Ingher temperature to the lower. If tllc

Fig. 1. Thermal conductivity, k,
of some commonly used steels

ductivity of the material does not change with change
in temperature, the temperature gradient will be a
straight line; if the conductivity increases with in­
crease in temperature, the temperature gradient will
be convex; if the conductivity decreases with increase
in temperature, the gradient will be concave. In most
cases it is satisfactory to assume a constant conduc­
tivity at the average temperature of the material.

A - k IS CONSTANT
B - k INCREASES WITH INCREASE

IN TEMPERATURE
C - k DECREASES WITH INCREASE

IN TEMPERATURE

• Diagrammatic temperature-thickness relationship
,or different thermal conductivities, k
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In the case of heat transfer
general equation (1) is expressed as: °nly’ *e

<7 = Ua S At = - kS At
' R ~ ~l~ (2)

where:
Ua = combined conduction conductance

Btu/sq ft, hr, F
k = thermal conductivity of the material

Btu/sq ft, hr, F/in.
I = length of heat flow path (thickness of

material), in.
R = combined resistance of heat flow path as

in equation (1) = 1/Ua = R, + Rt q_ etc>>
— k/ki -j- h/ki l3/k3, etc.,

for a series of resistances
v In simPle example, Fig. 2, for a flat steel plate
/•i in. thick, 1 sq ft in area, and ti — t*~ = 25 F
the combined conductance, Ua, is tire single conduc­
tance through the steel plate and is equal to the con­
ductivity, k, of steel (312, from Table 1) divided by
the thickness of the plate. Therefore in equation (2):

312 x 1 X 25
7 =------ -------------= 31,200 Btu/hr

Equation (1) is used for the composite example,
Fig. 3, which may be the wall of a flue conveying hot
gases. In this case U, the combined conductance, is
not a single conductance but is the combination of
incremental conductances in series through the fluid
films and the various layers of materials, and R, the
combined resistance, is equal to the sum of the incre­
mental resistances, thus:

R — Rm Ris -j- Rt3 -f- Rii -j- Bis

= R„ + L + k + k+R4i
K12 1^33 1x3}

For this example the assigned numerical values are:
S = 600 sq ft, wall surface
t„ = 1080 F, temp of hot gases
ri = 80 F, temp of room air

At = to — ri = 1000 F, temp difference
ku = 1.08, for insulating firebrick
k!3 = 300, for steel (trial value)
k3l = 0.5, for insulation

I.,, l„, l3l = 4 in., M in., and 3 in., respective thick­
nesses

U„, Ul3 = 5.0, 2.0, respective film conductances
R01, R>3 = 1/5, 1/2, respective film resistances
The film conductances, U3t and Un, depend upon

a variety of factors, chiefly velocity or mass flow o
the fluids giving up and receiving heat and t ic tern
peratures of the fluids (see below, also Chapter 11).

7-
_L+ln+/?i+fii+_L

Uoi kl2 k22 k2, U3S

Fig. 3. Temperature distribution in composite wall
(fluid films included)

Using the above assigned values in equation (1)
for the composite wall illustrated in Fig. 3:

600 X 1000
+9,25 _3 1

5 1.08 300 0.5 ' 2
= 57,600 Btu/hr

^’^-96 Btu/sq ft, lir
o 600

Since the heat flow rate through each resistance iso
the same and in series, the face and interface tern-
peratures may be determined:

In equation (1), q = and At =-g-X B

to — t, = 4 X 1080 — t, — 96 X 4“
D O
1061 F

tI-t. = -^-xiL-, 1061-t. = 96xT-^
O /vis JL.Ud

t. = 705 F

t3 - 13 = X p; 705 - t3 = 96 x
O 1X33 OUv

t3 = 705 F
t, -1. = 4 X r* ; 705 -1, = 96 X

b /Ml 0.0
t, = 129 F

Equation (2) can be developed mathematically
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tons it the resistances of the layers are small

to take account of heat Sow in all directions instead
of onlv one and can be further developed to take ac-
count'of heat flow where the temperatures not only
vary from point to point but also vary with time.
However, the fundamental principles outlined above
form the basis of the whole theory of heat conduc­
tion, either in the steady state (temperatures do not
vary’ with time, and heat flow is constant) or in the
unsteady state (temperatures vary with time, and
heat flow is variable). Heat conduction and elec­
trical conduction are analogous and follow the same
laws, temperature difference corresponding to volt­
age difference and heat flow rate to electrical current.
This important analog)' permits the use of electrical
models and combinations of electrical circuits for the
solution of heat conduction problems that are too
complex for mathematical analysis.

The expression k/l in the equations above is char­
acteristic of any area of the plate, and it is found
useful to give this characteristic a special name,
conductance, which has the dimensions Btu/sq ft, lir,
F. The reciprocal of conductance is resistance,
R = sq ft, hr, F/Btu = l/k. For any case in which
heat flows through successive flat layers of material,
tire reciprocal of tire over-all conductance equals the
sum of tire reciprocals of the individual conductances,
and the total resistance equals the sum of the in­
dividual resistances. If the successive layers of ma­
terial do not make good thermal contact with each
other, there will be interface resistances from air
or oxide films, etc. These resistances may be neg­
lected in composite walls of insulating materials but
become important and must be included in calcula-

l in

2*„s
< l°9. (djdt)

Fig. 4. Heat flow through cylindrical wall (see equation)

(3)

...i riip interface resistances.
“Xn heaHs conducted radially through a cylin-
Jcal wall, as in heat flow through the wall of a

stem line from the inside to the outside of the pipe
/X 4) tire flat-plate equation must be modified,
since the heat-flow surface area, S, is no longer a
constant but increases as the distance from the center
of the pipe increases. If the outside surface area of
the pipe is used for the value of S, then it can be
shown that the thickness of the pipe wall, correspond­
ing to length I in the flat-plate equation, must be re­
placed by the equivalent (thickness) length, I,, given
by the equation:

L = 0.5 do logo (d,/dt)
where:

I, = equivalent length, in.
d, = outside pipe diameter, in.
dt = inside pipe diameter, in.

The equation for heat flow through a cylindrical
wall thus becomes:

kS (t, - to) _ 2kS (t, - to)
q ~ I, do \ogo(do/dt)

If the heat flows through two successive cylindrical
walls, as in an insulated steam pipe, and if the film
conductances (see below under convection) UOi of
the steam and of the air outside the insulation
(Fig. 5) are included, the equation becomes:

S (til tj) ! ~ \
q ~ dt 1 " ch-j i i o- d, . 1

~dru^+2k!L°Se do + 2k„ 10g° do U,t
where:

d, = outside diameter of insulation, in.
S = outside surface area of insulation, sq ft

Many problems of heat transfer in the power field
involve conduction through plane or cylindrical walls
and can be treated by the methods outlined. For
other geometrical shapes, such as thick-wall rec­
tangles, ribbed construction, etc., special treatment is
required.

Conduction in Fluids

Conduction in fluids (liquids and gases) follows
the same laws as conduction through solids. In engi­
neering practice, heat transfer by conduction through
fluids is small in comparison with convection. How­
ever, the thermal conductivities of fluids and solids
enter into convection heat transfer. The thermal
conductivity of water ranges from about 3.8 Btu/sq
ft, hr, F/in. at 32 F to about 4.8 at 260 F. Most of
the other nonmetallic liquids have conductivities
between 0.60 and 1.80 Btu/sq ft, hr, F/in. The ther­
mal conductivities of gases are independent of pres­
sure0 but increase with increasing temperature, the
higher values being associated with the lighter and
smaller molecules (see Table 2). The relatively high
“At low pressures.
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STEAM FILM
CONDUCTANCE

Temp,
F

35
100
200
300
400
500
600
650
700
705.4

Unsteady-State Conduction
Thus far the discussion has been limited to steady­

state conduction, where temperatures vary from
point to point but do not change with time. Unsteady­
state conduction is involved in heating or cooling
processes where temperatures change with time, as in
heating of billets, regenerative heaters, raising of
pressure in a boiler, quenching of steel, and warming
up and cooling down of steam lines and turbines.
With the introduction of time as an additional vari­
able, the problems of conduction become much more
complicated. In this difficult field, electrical analogy
models are particularly applicable.

All unsteady-state conduction involves heat storage.
For instance, in heating up a furnace enough heat
must be supplied to bring the walls to the operating

Sat. Vapor,
k

0.108
0.132
0.156
0.204
0.300
0.420
0.576
0.744
1.2
1.5

,=________________ _________________________
*±+Aio9.i+2Lio9.i+-L

UOI 2kt2 dj 2k2J d2 U2o

Fig. 5. Heat flow through composite cylindrical wall (pipe
and insulation) with fluid films included (see equation)

temperature and also to make up for the steady-state
losses of normal operation. In large power boilers
that run for long periods of time, heat storage in
the walls and boiler metal is an insignificant fraction
of the total heat input. In small boilers with refrac­
tory settings that are operated only a part of each
day or in heating furnaces that are frequently heated
and cooled in batch-process work, heat storage in
the walls during start-up may be a considerable
proportion of the total heat input. Often in equip­
ment of this type, the use of insulating firebrick of
low heat-storage capacity instead of standard fire­
brick, even though the initial expense may be some­
what greater, is warranted by substantial savings in
fuel cost and in the time required for start-up.

Unsteady-state conduction is important in the
equalization of temperatures in boiler drums during
pressure-raising and -reducing periods. When pres­
sure is raised in a boiler, the water temperature in­
creases. The inner surface of the steam drum is
heated by contact with the water below the water-
fine and by the condensation of steam above the
waterline. The temperatures of the inside and out­
side of the drum are raised by unsteady-state con­
duction. Heat flow takes time, however, and it is
necessary to restrict the rate of pressure rise in thick

conductivity of hydrogen is utilized in hydrogen-
cooled generators.

Table 2
Thermal Conductivity, k

(Btu/sq ft, hr, F/in. thickness)

Water and Steam Vapor
Sat. Liqu’ ’

k
3.840
4.368
4.728
4.740
4.584
4.176
3.504
2.940
1.8
1.5
Gases

AIR FILM
CONDUCTANCE

°For 115% total air.
f For 120% total air.

Temp,
F

Air, CO.,
k k

O2,
k

Ns,
k

H,
k

0 0.168 0.096 0.156 0.168 1.080500 0.300 0.252 0.312 0.264 2.0041000 0.408 0.384 0.444 0.336 2.7241500 0.480 0.516 0.564 0.408 3.3602000 0.564 0.624 0.672 0.468 3.9242500 0.636 0.720 0.792 0.528 4.4643000 0.696 0.804 0.912
Flue Gases

— 5.004

Temp, °Nat Gas, “Fuel Oil, tCoal,
F

0
k k k

500 0.264 0.264 0.264
1000 0.360 0.348 0.348
1500 0.444 0.432 0.432
2000 0.528 0.516 0.516
2500 0.612 0.588 0.600
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Heat Transfer by Radiation
The fractions of radiation reflected, transmitted,

and absorbed by a surface are known respectively as
the reflectivity, p, transmissivity, r, and absorptivity, a,
of the body. The sum of these fractions equals one:

P -f- t -f- a - - 1
Bodies that are good absorbers are equally good
emitters of radiation, and it can be shown that at
thermal equilibrium their emissivities are equal to
their absorptivities. A blackbody is defined as one
which absorbs all the radiant energy incident upon
it, reflecting and transmitting none; the absorptivity
and emissivity of a blackbody are each equal to one.
In radiant heat transfer parlance, “black” signifies a
body which neither reflects nor transmits radiant
energy and has unit absorptivity and emissivity. It
does not necessarily mean that the body appears
black to the eye. Snow, for instance, absorbs only a
few per cent of visible light falling upon it, but to
the longer wavelengths (the bulk of thermal radia­
tion) snow is almost a blackbody. A blackbody at a
temperature of 2000 F will glow brightly, since part

,. 4.-^ in the visible range. No actual
completely black, but a hole ‘Brough the

wall of a large enclosure approximates blackbody
Editions, since radiation entermg the hole will un­
dergo multiple reflections and absorptions mside the
enclosure and will, so to speak, be unable to find

’“rhe7radiation emitted by a blackbody depends
unon its surface area and temperature and follows
a relationship known as the Stefan-Boltzmann law:

q = aSr (6)

where: n .
q = rate of heat flow, Btu/hr
a = Stefan-Boltzmann constant, 1.71 X IO-0

Btu/sq ft, hr, Tl
S = surface area of body, sq ft
T = absolute temperature, R — F + 460

The above equation is based on the emissivity
(equal to 1) of a blackbody and must be modified
to account for the emissivity of an actual body, as
follows:

q = <reSr (7)
where e, emissivity, is the ratio of the energies radi­
ated, respectively, by an actual body and a black­
body at the same absolute temperature.

The radiation from a blackbody extends over the
whole range of wavelengths, although the bulk of it
is concentrated in a moderately narrow band. The
wavelength at which the maximum radiation inten­
sity occurs is inversely proportional to the absolute
temperature of the body. Fortunately many commer­
cial surfaces, particularly at high temperatures, have
emissivities of 0.80 to 0.95 and behave very much

boiler drums to keep from exceeding allowable
stresses in the drum metal, caused by differential
expansion resulting from excessive temperature dif­
ferences. During pressure-reducing periods the inside
of the drum below the waterline is cooled by water.
The top of the drum is cooled only by radiation to
the water and by unsteady-state conduction through
the metal walls of the drum. The rate of pressure
reduction must therefore also be limited (see Chapter

Table 3
6 Normal Emissivities, e, for Various Surfaces

Material
Aluminum
Aluminum oxide
Aluminum paint
Brass
Copper
Copper
Cuprous oxide
Iron
Iron
Iron
Iron oxide
Steel
Steel
Steel
Steel (Cr-Ni)
Steel (Cr-Ni)
Brick, red
Brick, fireclay
Carbon, lampblack
Water
’From Hottel.

Emissivity,<•
0.09
0.63-0.42
0.27-0.67
0.22
0.16-0.13
0.023
0.66-0.54
0.21
0.55-0.60
0.24
0.85-0.89
0.79
0.66
0.28
0.44-0.36
0.90-0.97
0.93
0.75
0.945
0.95-0.963

Temp, F
212

530-930
212

120-660
1970-2330

242
1470-2010

392
1650-1900

68
930-2190
390-1110

70
2910-3270

420-914
420-980

70
1832

100-700
32-212

Description
Commercial sheet

Varying age and Al content
Dull plate
Molten
Polished

Polished, cast
Smooth sheet
Fresh emeried

Oxidized at 1100 F
Rolled sheet
Molten
“18-8” Rough, after heating
“25-20” Oxidized in service
Rough

0.003" or thicker
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toTaWe 3b°dieS'
are noted

The emission of radiant energy described above
depends solely upon the temperature and emissivity of
die surface of the body and is independent of any
other heat exchange, whether by conduction radia
tion, or convection, which may be occurring at the
same time.

When two blackbody surfaces are arranged so that
all the radiant energy emitted by one falls upon the
other (as, for example, two infinite parallel planes)
the net rate of heat exchange between the hot sur­
face 1 and the cold surface 2 is:

= a S (Ti* — Tt*)
where: (S)

q» = Btu/hr
a = 1.71 X 10‘° Btu/sq ft, hr, T*
S = surface area of one plane, sq ft

Th Ti = absolute temperatures of surfaces 1 and
2, R = F + 460

If the two blackbodies are arranged so that all the
radiation emitted by one does not fall on the other,
it is necessary to introduce an angle factor, F„ (less
than one), into the equation, which then becomes:

qn = Fn a Si (Ti —Ti) (8a)
The angle factor depends upon the geometry of the
situation and the body used to define St.

If the emissivity of a surface is less than one but is
independent of wavelength, the surface is termed a
nonselective radiator, or “gray” surface; if the emis­
sivity depends upon wavelength, the surface is termed
a selective radiator. Exact allowance for the depar­
ture of surfaces from black or ideal radiating charac­
teristics is, in general, too complicated for engineering
use. However, if the assumption that all surfaces are
gray is permitted, a simpler treatment is possible.
This involves introducing an emissivity factor, F£J
which depends upon the geometry, tire emissivities
involved, and the surface area selected for use as S
in the equations. Two special cases are of interest:

1) Where one body is completely surrounded by
a much larger body (e.g., a steam pipe in a large
room), the general equation for the net rate of heat
exchange between one surface and another becomes:

q.t = a £, S, (T‘ - T,1) (9)
where:

qt: = Btu/hr
a = 1.71 X 10’’ Btu/sq ft, hr, T‘
ei = emissivity of smaller surface 1 = F£
Si = area of smaller surface 1, sq ft
T, = absolute temperature of smaller surface 1,

R = F + 460
Ts = absolute temperature of larger surface

R = F + 460
2) For the heat exchange between two small gray

bodies at considerable distance from one another, t ic
general equation for the net rate of heat exchange

between one surface and another becomes:

= a e, (u/Zir)SI(T1t— T') (10 )
where:

qn = Btu/hr
a = 1.71X10-’ Btu/sq ft, hr, V

ci, £. = emissivities of surfaces 1 and 2
£* «-■ = emissivity factor, F£

Sj = area of surface 1, sq ft
= solid angle intercepted by body 2 as seen

from body 1, steradians'*
,7 = 3.1416

6>/2tt = angle factor, F„
Ti, Ti = absolute temperatures of surfaces 1 and

2, R = F + 460
o2tt steradians comprise a hemispherical solid angle about
a point.

Since the solid angle intercepted bv body 2, at a
distance from body 1, is something less than 2?r
steradians, the factor w/2- is less than unity, and the
effective surface area of body 1 becomes (<o/2tt)Si.

A complicated case of intersolid radiation is en­
countered in flames made luminous by particles,
such as pulverized coal, averaging about 0.001 in. in
diameter, or by soot formed by the thermal decom­
position of hydrocarbons, having particle diameters
of about 0.00001 inch. The treatment of radiation
from luminous flames is beyond the scope of tins
chapter.

Radiation From and To Gases

Although many gases, such as oxygen and nitrogen,
do not appreciably absorb or emit radiation, some
others, such as water vapor, carbon dioxide, sulfur
dioxide, and carbon monoxide, both absorb and emit.
Water vapor and carbon dioxide are important be­
cause they are found in considerable quantities in the
products of combustion of hydrocarbon fuels. These
gases are selective radiators, which emit and absorb
radiation only in certain wavelength bands that lie
outside of the visible range. Their radiation, there­
fore, cannot be seen and is termed nonluminous gas
radiation. Whereas solid radiation is a surface phe­
nomenon, a gas both radiates and absorbs (within
its absorption bands) at every point throughout the
gas body. Furthermore, the emissivity of a gas
changes with temperature, and the presence of one
radiating gas has an effect on the radiating charac­
teristics of another radiating gas with which it is
mixed. The amount of radiant energy emitted by a
radiating gaseous mixture depends upon the tem­
perature of the mixture, the partial pressures of the
gaseous radiating constituents, and the shape and
dimensions of the gas body. The fraction of radiant
energy emitted by the surroundings, which is ab­
sorbed by the gas, depends upon the temperature
and surface of the surroundings as well as upon the
foregoing.
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p Quantity of heat transfer by convection is
• n nffpeted by the type of motion within a fluid.

L\t rest exposed to a heated surface, wfll be
at “her temp^ture adjacent to the surface than
elsewhere. The difference in specific weights of the
ntrHcles of the fluid because of this difference m tem-
ne ature will cause the fluid to circulate, thus carry-
Fna heat from one place to another. Heat transfer in
this manner is known as free or natural convection, as
differentiated from forced convection where outside
mechanical force, change of state of the fluid, or
stack induction is used to circulate the fluid. The
relationships of the numerous variables affecting the
free-convection heat transfer conductance for dif­
ferent media are fully discussed in texts on the
subject. In the power field, however, air and flue gases
at atmospheric pressure are the most important
natural-convection heat transfer media, and in this
case the following equation is applicable:

Ulc = C(/\tr (12)

where:
Ufa — free-convection film conductance,

Btu/sqft, hr, F
C — coefficient, characteristic of shape and posi­

tion of heat transfer surface
At = difference in temperature between the sur­

face and the air or gas, F

Heat Transfer by ConvectionHeat transfer by convection between a fluid (gas
or liquid) and a solid, such as a boiler tube, is ex­

pressed in the basic equation:qt=U.SM (H)

where:q, = rate of heat flow by convection, Btu/Iir

U„ =. convection film conductance,
Btu/sq ft, hr, FS = heat transfer surface normal to heat flow,

sqftAt = (t — t.)or(t, — t), depending upon direction

of transfer
t — fluid temperature, F
t, = surface temperature, F

From this equation it is evident that heat flux
density, the quantity of heat (Btu) transferred per
sq ft, hr, depends upon the film conductance and the
difference between the surface temperature and the
fluid temperature. For the same difference in tem­
peratures, heat flux densities are, therefore, propor­
tional to the film conductances. In general, film
conductance must be determined experimentally by
painstaking test procedures involving precise meas­
urements of surface temperatures and fluid tem­
peratures. For the effect of film conductance, see
example above of composite heat flow path (Fig. 3)
and also Chapter 11.

t-----------no----------
1 GAGE PRESSURE, PSI
!_j____ i____i___

STEAM TEMPERATURE, F

Fig. 6. Instantaneous specific heat of steam at constant pressure
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Values of C for various surfaces at different attitudes
are listed below: uues

Horizontal plates facing upward 0 99
Vertical plates more than 1 ft high 0 19
Vertical pipes more than 1 ft high 019
Horizontal pipes Q'

The flow resulting from the boiling of a liquid at a
heating surface should be differentiated from free
convection. Whereas the free-convection film con­
ductance for water is in the order of 25-50 Btu/sq ft
hr, F, the heat transfer conductance for boiling water
may vary between very wide limits (see below and
Chapters 21 and 29), depending upon the rate of heat
input and other factors.

Forced Convection

Forced-convection heat transfer depends upon me­
chanically imposed fluid flow or equivalent. The
mechanisms and types of fluid flow are described in
Chapter 8. In subsections a) through e) which
follow, radiation which may be occurring simulta­
neously is intentionally omitted.

a) Streamline Flow Inside Pipes or Tubes
In streamline or laminar flow, the elements or lay­

ers of the fluid flow parallel to the axis of the chan­
nel, with no appreciable lateral disturbance. For
heating or cooling viscous liquids in the streamline­
flow region inside horizontal or vertical tubes, the
film conductance between fluid and surface, based on
the arithmetic mean temperature difference, can be
determined by the following empirical equation
from McAdams:

TT -1 SR * U V’JGD. c„p D( )1/3 (13)

where:
Uci = convection film conductance in long flow,

Btu/sq ft, hr, F
Di = inside tube diameter, ft

k = conductivity of fluid within tube,
Btu/sq ft, hr, F/ft

G = mass velocity, or mass flow, of fluid within
tube, Ib/hr, sq ft of cross-sectional area

cp = specific heat at constant pressure, Btu/Ib, F
(see Fig. 6 for steam)

L = heated length of straight tube, ft
/x = absolute fluid viscosity at bulk temperature,

Ib/ft, hr
p., = absolute fluid viscosity at surface tempera­

ture, Ib/ft, hr
In the case of low-viscosity fluids, such as water

and gases, a more complex equation is required to
allow for the effects of natural convection at the heat
transfer surface. This refinement is of little interest 
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m industrial practice, since it is generally impractical
to use water and gases in streamline flow.

b) Turbulent Flow

In turbulent flow, the fluid elements move radially
as well as axially. The combination of radial and
axial components of flow sets up an eddy motion,
which increases the activity within the body of the
fluid. Consequently, there is a considerable increase
in the convection heat transfer as compared with
streamline flow.

Studies of the velocity gradient across a fluid in­
dicate that in turbulent flow the velocity at the heat
transfer surface is zero. In the zone immediately
adjacent to the surface, known as the sublaminar
layer, the flow is streamline, and tire heat leaving or
approaching the surface travels by conduction. In
the next zone, known as the buffer layer, where the
motion is a mixture of streamline and turbulent flow,
the heat is transferred partly by convection and
partly by conduction. Heat is transferred mainly
by convection in the bulk of the stream cross section,
known as the turbulent zone, or turbulent core in
the case of flow inside pipes or tubes.

The streamline flow in the sublaminar layer and
the streamline component in the buffer layer act as
a barrier to the convection transfer of heat to or from
the surface. This barrier may be likened to a film,
the thickness of which depends, to a certain extent,
upon the velocity of the fluid. By increasing the veloc­
ity, a part of this film can be swept away, thus de­
creasing its thickness and reducing the resistance to
heat transfer by conduction.

c) Reynolds Number and Others

It was only after the important variables were ar­
ranged in a number of so-called dimensionless groups
that the data from the earlier research of various in­
vestigators in convection heat transfer could be
plotted and compared in an orderly manner. In cor­
relating and using forced-convection heat transfer
information, the best method is to compare fluid flow,
temperature, and heat transfer characteristics for
geometrically similar systems. Geometrical similarity
is a familiar concept, frequently encountered in the
scale model, where size is changed but relative physi­
cal proportions remain constant.

A familiar example of dimensionless groups of
factors is the Reynolds number, pVD/p, which is used
as a criterion of fluid-flow similarity in pipes flowing
full. This number represents the ratio of the inertial
forces, Fi, to the viscous forces, F M, as shown below:

F, = ma = PUV7L = PL*Va
Fm = pAV/L = pUV/L = pLV
F,/F. = pL=V7pLV = pLV/p

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 58 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/58

https://asbestosclaims.law/library/25273/58


where:p = density of fluid, lb (mass)/cu ft
V = mean velocity of fluid, ft/hr
p = viscosity of fluid, lb (mass)/ft, hr
L — characteristic lineal dimension, ft

For fluid flowing full in closed conduits, the char­
acteristic lineal dimension is the internal diameter
for pipe flow or the equivalent diameter for conduits
of noncircular cross section. It can be demonstrated
mathematically that, for dynamically similar fluid
motion in geometrically similar systems of different
size, /bVjEV/ii for one system is equal to psViDi/p2
for another system. The flow pattern in geometrically
similar systems is therefore determined by tire vari­

ables p, V, D, and p.In the derivation of tire dimensionless expression
pVD/p, it is assumed that the fluid is a continuous
medium filling its conduit and that the gravitational
and elastic forces are negligible compared with the

inertial and viscous forces.U here the velocity of tire fluid is high and the
viscosity is low, as in water flowing rapidly through
a pipe (high Reynolds number), the inertial forces
aie predominant, and the flow will be turbulent.

Fig. 7. Flue gas viscosity for various temperatures

Where the velocity is low and the viscosity is high, as
in the flow of heavy oil in a pipe (low Reynolds num­
ber), the viscous forces predominate, and the tend­
ency is for the flow to be laminar.

Another dimensionless group of factors known as
the Prandtl number, crp/k, serves as a criterion of
temperature gradient similarity. This group can be
considered as specific heat, c„, divided by the ratio of
thermal conductivity to viscosity, k/p. The numer­
ator, cp, is a measure of the temperature rise of a
given mass of fluid for a given heat energy input.

The denominator, k/ft is a measure of tire ease „£
f1 , 7e mission through the fluid, since high con-
ductivity or low viscosity stimulates heat transmission.

The dimensionless group known as the Nusselt
iJ ri l~)/k is a criterion of heat transfer simi-

h^Md can be considered as a ratio of tire size
r .-nr D to tlie thickness of the boundary layer of
the fluid, expressed as k/U„.

The dimensionless group known as the Stanton
number, Uc/PVcP, is the ratio of the conductance to
the Product of tlie mass flow and the specific heat at
constant pressure, which is the ratio of the heat
absorbed to that available for absorption. It is used
in the following expression as a designating function.

The Nusselt number can be expressed as the
product of the Stanton, Reynolds, and Prandtl

numbers:

<*>
where:

 Nusselt number, dimensionless
k

——= = Stanton number, dimensionless
pVcp Gcp
pV—= && — Reynolds number, dimensionless

M P
CpJJ' — Prandtl number, dimensionless

K
d) Turbulent Flow Inside Pipes or Tubes
By applying these ratios, extensive research data

on gases and liquids of low viscosity in turbulent
flow through long tubes have been correlated to give
the following equation:
^=0.023^}”^}“^}“ (15)

/~»0.8 0.47,0.0 rp 0.8
^. = 0.023 ^^4-4^ (16)

p If
where:

Uc. = convection film conductance in long flow,
Btu/sq ft, hr, F

Tb = avg bulk absolute temp, R = F fl- 460
Tf = avg film absolute temp

 surface abyemp + T^ R == F460

Equation (16) applies to both the heating and the
cooling of fluids flowing inside clean conduits. For
convenience in use, equation (16) is presented in
the form:

Uc,~ U'ctF„FT (17)
where:

U basic convection conductance in long fl°'v
= 0.023 G'7D(0,3, Btu/sq ft, hr, F (Fig. 31,

Chapter 11)
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F^physica! properties factor evaluated at
t, for (Figs. 32 and 33 Chan
ter 11) 1

Fr = temperature factor = (T6/T,)os (Fir 34
Chapter 11)

tf = avg film temperature
_ avg surface temp + avg bulk temp p

' 2 ------’F

Charts for evaluating the several factors for con
vection conductance in longitudinal flow appear in
Chapter 11, as does also an empirical equation for
determining the steam film conductance (see super
heater example). 1

e) Turbulent Flow Outside Pipes or Tubes
In the steam boiler, the most important application

of convection is in the transfer of heat from hot com­
bustion gases to the various heat-absorbing tubular
surfaces. Compared with the extensive research on
heat transfer for fluids flowing inside tubes, little has
been done to establish convection heat transfer co­
efficients for crossflow over tube banks. Perhaps the
most authoritative and complete data on crossflow
heat transfer are those obtained as part of a B&W re­
search program. The following equation was de­
veloped from the correlation of these data:

77 D ( C D 'I 0,01 ( n I0-33=0.287^-^4 <-^4 Fa (18)
/C ( /X ) ( K )

<10.01 0.33 1.0.07

Ucc = 0.287 4^5 Cp Fa (19)
XVo p,

where:
Uaa = convection film conductance in crossflow,

Btu/sq ft, hr, F
Fa = arrangement factor which corrects for dif­

ference in geometric configuration from
base arrangement

Equation (19) applies to both the heating and the
cooling of fluids flowing outside clean tubes in cross­
flow. For convenience in use, equation (19) is pre­
sented in the form:

Ucc = U'ccF„pFaFa (20) 
where:

G 00 — basic convection conductance in crossflow
= 0.287 G°M/D°-W, Btu/sq ft, hr, F (Fig. 35,

Chapter 11)
F„p ~ physical properties factor evaluated at

tr for c^k^/p"-23 (Figs. 36 and 37,
Chapter 11)

= arrangement factor (Fig. 38, Chapter 11)
F.i = depth factor (Fig. 8)
if = avg film temperature

__ avg surface temp -J- avg bulk temp p
2 ’

'arts for evaluating U'cc, Fp„ and Fa will be found
111 Chapter 11.

The arrangement factor, Fa, depends upon the tube
arrangement, the ratios of tube spacing to tube di­
ameter, and the Reynolds number. Values for Fa are
given in Fig. 38, Chapter 11, for various conditions.
The mass flow factor, G, in equation (19) and in the
Reynolds numbers for the curves in the figure just
mentioned, is based on the minimum free area avail­
able for fluid flow, which area may occur either in
the transverse or in the diagonal openings.

The value of the film conductance, in equation
(19) applies to banks of tubes which are 10 or more 
rows deep in the direction of gas flow. Tests con­
firm the assumption that the heat transfer coefficient
increases beyond the first row because of increased
turbulence. However, in banks of ten or more rows
of tubes, the effect of the relatively low conductance
in the first row, because of undisturbed flow, is neg­
ligible. For undisturbed flow0 approaching a bank of
less than ten rows, the film conductance, Ucc, must be
multiplied by a correction factor, F,t, known as the
depth factor, given in Fig. 8. Factor Fa should be
taken as unity when the tube bank is preceded by
a bend, screen, or damper.

NUMBER OF ROWS CROSSED

Fig. 8. Heat transfer depth factor for number of
tube rows crossed in convection banks

Although equations (16) and (17) were developed
for flow inside tubes, the same equations can also be
developed by correlating the limited data available
for flow of gases longitudinally over the outside of
tubular surfaces except that an equivalent diameter
must be substituted for the tube diameter. The
equivalent diameter is defined as 4 times the area of
the flow cross section divided by the contact perim­
eter. For flow along banks of circular tubes ar­
ranged in rectangular spacing, the equivalent diam­
eter is:

4 X (L, X L. - 0.785 D.3)
L>c— t—*■/

"Flow is considered undisturbed when it is straight and un­
interrupted for at least 4 ft before entering a tube bank.
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Fig. 9. Temperature relationship (diagrammatic), hot anu iv>m ----------- ,with corresponding formulas for logarithmic mean temperature difference

COUNTERFLOW

( f, - t'j) - ( h - 11 )

a„d cold fluids, for poroll.l flow coonl.rflow,

where:
D, = equivalent diameter, ft
Do = tube outside diameter, ft
L, and L, are tube pitches, ft

generation of steam. When either or both the local
heat transfer conductance and the specific heat vary
along the heat transfer surface, special treatment is
required.

f) Temperature Difference
The temperature difference indicated in equation

(11) applies to that existing between a fluid and a
solid at any point. In the transfer of heat between
two fluids, which is the usual case, the temperatures
of both fluids may change as they traverse the heat
transfer surface (see Fig. 9). It then becomes neces­
sary to modify equation (11) by an integrating
process to obtain a mean effective temperature dif­
ference for the surface swept. This difference is
known as the logarithmic mean temperature differ­
ence, Af,„, a general expression for which follows:

_ Al,-Al. = At.-At. ,22.
A log. At, /Al. 2.3 log. Al,/Al. ' '

where:
Ab = initial temp difference
Ab = final temp difference

For practical design purposes, when the value of
the ratio Ab/Ah in equation (22) is not over 1.5, the
arithmetic mean of the temperature differences may
be used as a reasonably close approximation.

The logarithmic mean temperature difference ap­
plies to the over-all heat transfer between two fluids
when the specific heats and the local heat transfer co­
efficients are constant, that is, when these values are
relatively unaffected by the temperature change
along the surface. This is the condition in the ma­
jority of convection heat transfer applications in the

“See Fig. 23, Chapter 11, for At,„ of specific arrangements,
and Appendix, pages 7-Al and 7-A2, for AC charts.

Combinations of Heat Transfer Mechanisms

In a practical heat exchanger, the transfer of heat
usually depends upon the operation of a combination
of at least two of the three fundamental mechanisms
of heat transfer, conduction, convection, and radia­
tion. For instance, in a tube wall separating two
fluids, the convection conductances for each of the
two fluid streams as well as the conduction through
the tube wall must be evaluated. These conductances
are combined into a single over-all conductance.

As noted above in the section on Conduction, there
is an analogy between heat conduction and electrical
conduction. By this analogy any resistance to heat
flow may be treated as an equivalent resistance in an
electrical circuit. The resistance to heat flow can be
defined as the reciprocal of the conductance, or
R — 1/U, where U is the unit for conductance,
Btu/sq ft, hr, F.

a) Convection and Conduction Through Tube Wall

In Fig. 10 a tube wall separates two fluids with
temperature t„ for the outside fluid and temperature
ti for the inside fluid. The over-all resistance is
R — Rat, -f- Rt,c -|- RCJ, Where D„ and Dt are respec­
tively the outside and the inside diameters and k and
L respectively the conductivity and the equivalent
thickness of the tube wall, the conductances in Btu
per sq ft of surface area per hr per F are: Ue. through
me cutside film, k/lc through the tube wall, and 

Uci tiirough the inside film> all referred to the

outside surface. If the over-all heat conductance is
U, then by substituting the reciprocals of the total
and individual conductances for the total and indi­
vidual resistances the expression becomes:

1 _ 1 , 1 D.
U U„a k + U„ D, (23)

For heat transfer between gases or superheated
vapors separated by a tube wall, the resistances to
heat flow in the films are generally many times
greater than the resistance in the metal of the tube.
In the evaluation of the over-all coefficient, the metal
conductance may therefore be neglected without
serious error. If the metal conductance is omitted
and Cea and Uct are based upon the same surface,
equation (23) can be rearranged to read:

u= (24)
i Vc<

This is the general equation for the over-all conduc­
tance between two fluids, where the resistance to
heat flow of the metal separating them is negligible.
In this instance the combination of two convection
conductances has been analyzed.

Fig. 10. Temperature
gradients through fluid
films and tube wall
separating two fluids;

total resistance,
R --  Rab “j— kba —I- Red

b) Convection and Radiation in Tube Banks

Carbon dioxide and water vapor, which are found
in considerable quantities in the products of com­
bustion of hydrocarbon fuels, absorb and emit radiant
energy or heat. In tube banks, therefore, heat is
transferred by radiation as well as by convection.
Since the resistance of circuits in parallel is the re­
ciprocal of the sum of the reciprocals of the resis­
tance of each circuit, heat transfer resistance, by
analogy to electrical resistance, can be expressed as
follows:

R = —------ —— + Rt„ + R“ (-5)

—- +Rr, Rea

where:
Rr„ = resistance of gas film (the hotter fluid)

to radiant heat flow
Re, = resistance of gas film (the hotter fluid)

to convection heat flow
Riw = resistance of tube wall to conduction

heat flow
Re, = resistance of the other fluid film (the

colder fluid) to convection heat flow
Neglecting the tube wall resistance, assuming that

all conductances are based on the same surface, and
substituting the reciprocals of the total and individ­
ual conductances for the total and individual resis­
tances in the analogy to the electrical expression:

1=... 1 +_L
U Ur, + Ue, Ue,

and by rearranging:
TJ _  (Cr, ~b Ue,) X Cc, (

Ur, + Ue, + Ue, '
where:

Ur, = intertube radiation conductance,
Btu/sq ft, hr, F

Ue, = hotter fluid convection conductance,
Btu/sq ft, hr, F

Ue, = colder fluid convection conductance,
Btu/sq ft, hr, F

In equation (26), U represents the combined con­
ductance for most boiler, economizer, superheater,
and air heater heat transfer problems, where the re­
sistance to heat flow through metal (such as tube
walls) is small and may be neglected. This usually is
so where the quantities of heat transferred and the
resulting temperatures of the hotter and colder fluids
are to be determined. However, where metal tem­
peratures must be accurately established, conduc­
tance through the metal must be included.

The combined conductance, U, from equation (26)
can now be used in the general equation for heat
flow, q = U S At.., which is identical with equation
(1) with At., substituted for A# as the mean tem­
perature difference.

An exact evaluation of intertube radiation is too
cumbersome for engineering calculations. An ap­
proximate value can be obtained by applying the
data for cavity radiation to the space bounded by a
characteristic cluster of tubes (see Chapter 11).

c) Heat Transfer in Porous Materials

It is well known that porosity is an important
factor in the effectiveness of materials as insulation
in reducing heat losses. When so used in boiler
■work, porous materials are backed up by solid walls
or casings, so that there is no appreciable flow
through the pores of the material.

In porous insulating materials, heat flow is by
conduction through the material itself and by the
combination of conduction, convection, and radiation
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across the gas-filled voids in the material. The rela­
tive magnitudes of heat flow from these various
mechanisms of heat transfer depend upon such vari­
ables as porosity of tlie material, tlie type of porosity
(cellular or otherwise), the type of material, the
composition and density of gas filling the voids, the
temperature gradient through the material, and tlie
absolute temperature of the material.

The analytical evaluation of the separate mecha­
nisms of heat transfer in porous materials is extremely
difficult. Some experimental work, however, has
been done to establish an over-all conductivity (see
Fig. 19, Chapter 14). Using tlie factor k = Btu/sq
ft, hr, F/in. as over-all conductivity, tlie expression
for the quantity of heat flowing through a porous ma­
terial per unit of time then becomes similar to tlie
expression for conduction of heat through a homo­
geneous substance. The effect on thermal conduc­
tivity of varying the pore size while maintaining a
constant density of the material is shown by Fig. 11.
The effect of other variables can be determined in a 
similar manner.

In high-temperature applications, tlie principal
means of heat transfer across tlie voids is by radia­
tion. Consequently for good insulation, the mean
radiating path in the direction of heat flow should be
as disrupted as possible. In low-temperature applica­
tions, heat flow by conduction and convection across
the voids approaches the order of magnitude of heat
flow by radiation. It is therefore important not only
that the radiation path should be disrupted but also
that the pores should cause the pools or pockets of
fluid to be nearly stagnant, so that heat flow by free
convection will also be restricted.

MEAN TEMPERATURE. F

Fig. 11. Effect of pore size on thermal conductivity, kz
of a porous insulating brick

An important recent development in the use of
c nviterial is in what is called transpiration”

Kweaf cooling. This extremely effective method
of cooling is currently used for the protection of parts
nF ais turbines and rocket motors exposed to high

stemperatures, in the order o 3000 to 6000 F and
fven higher. The part to be cooled is constructed of
a norous material consisting of metal particles having
a high degree of structural interconnection. The
particle interconnections in a porous metal part of
this type are obtained by pressing powdered metal
in a forming die, followed by heating (“sintering”)
in an inert atmosphere.

A cooling fluid, either liquid or gas, passes through
the porous walls of tlie part to the surfaces exposed
to heat. On leaving this exposed surface, the coolant
passes through the adjacent laminar layer of gases
in a direction opposite to the flow of heat by conduc­
tion through the layer. This opposite flow creates an
effective barrier against convection heat transfer to
the exposed surface. Heat reaching the surface by
radiation or other means travels a short distance
(1/32 to 1/16 in.) into the material by thermal
conduction through tlie interconnected metal par­
ticles forming the part. The internal pore surface
in this thin layer of material into which the heat
penetrates is several times greater than the external
surface exposed to the heat, and this very effective
internal “extended” surface is cooled by tlie fluid
(coolant) flowing through the material. The thermal
conductance between the cooling fluid and the in­
ternal surface of the material is extremely high. For
air at atmospheric pressure and 80 F as the coolant,
this conductance will be in the order of 200 to 1000
Btu/sq ft, hr, F, depending upon pore size (in­
versely ).

d) Heat Exchange

Porous material is also used effectively in various
types of regenerative heat exchangers, where a fluid
is made to flow through or over the material. A very
high ratio of heat exchange surface to volume is
possible by this means. Typical of well-known re­
generative heat exchangers are: 1) the heating of
combustion air for blast furnaces and open-hearth
furnaces by passing the air through chambers of
brick checkerwork which have been heated by
furnace gases and 2) the pebble air heater (see
Chapter 11) developed by B&W, where the air is
heated by passing it through a heated mass of non­
agglomerating solid particles in a moving bed.

A modern technique for regenerative heat ex­
change, utilizing what is called a “fluidized bed,
has been developed in connection with hydrocarbon
synthesis, coal gasification, and other chemical proc­
esses. The bed of finely pulverized nonagglomerat­
ing material is held in suspension (fluidized) by an 
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upward stream of gas The gas is evenly distributed
by a perforated distributing plate at the base of the
bed. The very effective transfer of heat to surfaces
immersed m the bed results from the high ratio of heat
exchange surface to volume of the suspended par
tides, the high rate of heat transfer between fluid
(gas) and particles, and the rapid and thorough in­
termixing of particles in the fluidized bed.

In some applications of this process, heat is sup­
plied by the combustion of fluidizing air and fuel
within the bed itself, and tlie excess heat is removed
by a tubular heat exchanger immersed in the bed.
When combustion or other chemical reaction is made
to take place in the fluidized bed, the fluidizing gas is
not recirculated through the bed. However, almost
all of the bed particles in the leaving gas ’are ex­
tracted by a cyclone separator and returned to the bed.

Other Forms of Heat Transfer
Condensation—Film Type

When a pure saturated vapor strikes a surface of
lower temperature, tlie vapor condenses, and a film
is formed on tlie surface. If it is assumed that the
condensate film flows along the surface because of
gravity alone and a condition of streamline flow exists
throughout tlie film thickness, then heat transfer
through this film is by conduction only.

Since the heat exchange is by conduction, the
thickness of the condensate film has a direct effect
on the quantity of heat transferred. The thickness of
the film, in turn, depends upon the rate at which the
condensate is removed. On a vertical surface, be­
cause of drainage, the thickness of the film at the
bottom will be greater than at the top. The thickness
of the film will increase as a plate is inclined from
the vertical position.

An increase in the film temperature, which is the
mean of the surface and vapor temperatures, de­
creases the film thickness, since the drainage velocity
increases with the decrease in viscosity. The film
thickness is affected by an appreciable velocity of
the vapor because of the frictional drag between the
vapor and the condensate. The preferable arrange­
ment of the surface, therefore, is such that the vapor
flows in the same direction (downward) as the con­
densate. As heat transfer increases with an increase
in the temperature difference between the vapor and
the surface, the thickness of the condensate film also
increases. The surface conductance of heat transfer,
therefore, decreases with an increase in temperature
difference, which is an unusual relationship.

The theoretical equations for the conductance of
heat transfer for film condensation involve the ther­
mal conductivity, viscosity, and density of the con­
densate, the temperature difference between the
vapor and the surface, and certain dimensions o t le 

surface, such as height for vertical surfaces and
diameter for horizontal tubes.

Dropwise Condensation
Steam will condense in drops, rather than as a film,

on a surface contaminated with a substance which
prevents the condensate from wetting the surface.
Under these conditions a large part of the surface,
not covered by an insulating film, is free for un­
obstructed heat transfer. This is known as dropwise
condensation. The data of several investigators in­
dicate that conductances for dropwise condensation
are 4 to 8 times as high as the conductances for film
condensation.

Mass Transfer and Diffusion
There are two related phenomena involved in some

types of condensation. When a mixture of con­
densable vapor and a noncondensable gas is in
contact with a surface that is below the dew point
of the mixture, some condensation occurs, and a film
of liquid is formed on tlie surface. A common ex­
ample of this phenomenon is the condensation of
water vapor on the outside of a glass of iced tea.

The mixture of vapor and noncondensable gas
adjacent to the condensate film contains a lower
proportion of vapor than the main body of the
mixture, since some of the vapor has been removed
as condensate. As vapor from the main body of the
mixture diffuses through the vapor-lean layer, it is
condensed on the cold surface. The rate of conden­
sation is thus governed by the laws of gas diffusion,
while the sensible heat transmission is controlled
by the laws of heat conduction and convection.
This mode of heat transfer is important in the design
of cooling towers, humidifiers, etc., where mixtures
of vapors and noncondensable gases are encountered.

Evaporation or Boiling
The boiling point of a liquid may be defined as the

temperature at which its vapor pressure is equal
to the total pressure above its free surface. Under
special conditions the liquid may be heated until
the vapor pressure is considerably higher than the
total pressure, without the formation of bubbles as
a visible indication of “boiling.” When a liquid is
heated to a temperature above its boiling point, it is
said to be superheated.

A liquid must be superheated to start bubble
formation (for temperatures below the “critical”),
because more thermal energy is required to free an
escaping molecule from a small concave surface than
from a plane surface. This concept is based on the
molecular action at the interface between a liquid
and its vapor. Molecules of the liquid continually
leave the surface and are projected into space. This
space, however, is not empty but is occupied by
rapidly moving vapor and gaseous molecules which 
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liquid must be higher around a bubble than at a flat
• 1 surface If the diameter of the bubble is in,

finitely small, the superheat has to be infinitely high,
so theoretically, in an absolutely pure liquid a bub­
ble cannot be started, and boihng below the hquid
surface cannot be initiated.

Water can be evaporated without considerable
superheating because of the presence in the hquid
of small curved surfaces which tend to initiate bub­
ble formation. This condition is caused in part by the
roughness of the heating surface and by the presence
nf dissolved gases or small particles which act as
nuclei for the formation of bubbles. Heat transfer
from a heating surface to a vapor bubble may be
divided into two parts: 1) from the heating surface
to the boiling hquid and 2) from the hquid to the
bubble.

At high temperature differences, the conductance
reaches6 a maximum and then decreases with a
further increase in temperature difference. This is
because of the formation of a continuous vapor film
at the surface, which insulates the surface from the
liquid. The surface becomes so hot that the hquid
no1 longer wets it, as in the case of a drop of water
rolling on the cover of a hot stove.

The temperature difference between the surface
and the liquid for maximum heat transfer varies but
is usually in the order of 40 to 80 F. Maximum film
conductance for boihng water at atmospheric pres­

are farther apart than the molecules escaping from
the liquid. Some of the vapor molecules are con-
tinually entering the liquid. When the rate at which
molecules escape from the liquid to the vapor equals
die rate at which molecules from the vapor enter
the liquid, a condition of equilibrium exists, and
there is no net interchange of material between liquid
and vapor phases. When heat is added to the hquid,
its temperature and die corresponding kinetic energy
of its molecules increase, with the result that mole­
cules escape from die liquid surface at a faster rate
dian molecules from die vapor enter die hquid. This
is the process known as evaporation.

Escaping molecules from a flat liquid surface col­
lide only with die vapor and gaseous molecules above
this surface, but when the hquid surface is in hollow
or concave form, die escaping molecules occasionally
collide widi one another. Such collisions increase in
frequency as die curvature of the surface increases,
and they reach a maximum when die surface returns
upon itself like die inside of a hollow sphere or bub­
ble, where the opposing walls tend to cancel each
other s efforts to eject molecules into space. It follows
diat a smaller number of die vapor and gaseous mole­
cules are required within die bubble to prevent
additional molecules from permanently escaping from
the hquid. This means that the pressure within the
bubble is lower than die pressure above a flat liquid
surface or, conversely, that die superheat in the 

cao 4 _ TRANSVERSE TUBE SPACING, IN.SCALE FOR — =---------------------------------------------------------------
d. OUTSIDE TUBE DIAMETER, IN.

Fig. 12. General effect of convection tube arrangement on volume occupied, amount of surface, draft loss, and
floor area for selected conditions fixed. Based on tubes in line and longitudinal spacing, lu = 2 X tu^e
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sure is approximately 10,000 Btu/sq ft, hr F Field
tests of boilers, however, have indicated film
ductances m the order of 20,000 Btu/sq ft hr F Th
boiling-water film conductance is so high that this
conductance is not a limiting factor and may be i£
nored in evaluating surface requirements S'

It is apparent that with boiling liquids, forced
circulation of the liquids or the gases is not necessary
to obtain very high film conductances. There has
been intensive research in connection with the pos­
sible use of this mediod of heat transfer in rocket-
and jet-engine cooling and in removing heat from
nuclear reactors.

Heat Transfer Applications

Convection Banks

In applying the theoretical relationships of heat
transfer by convection to the design of practical con­
vection banks in boilers, many other factors must be
considered, which xvill usually require a compromise
in selecting the optimum characteristics. Among
these factors, the effects of which on freedom of de­
sign are covered in detail in Chapters 11 and 12, are:
1. Available space in a plant.
2. Type of fuel, firing rates, and feedwater conditions.
3. Maintenance and operating costs.
4. Allowable metal temperatures and drum- or header­

wall thicknesses.
5. Manufacturing standards set up by boiler manufac­

turers for a range of tube sizes and arrangements
based on operating experience.

a) Tube Spacing and Arrangement

The more important factors, other than heat
absorption and resistance to gas flow, to be con­
sidered in establishing the optimum tube spacing
and arrangement for a convection surface are slag­
ging or fouling of surfaces, accessibility for cleaning,
and space occupied. However, with these limita­
tions, an optimum transverse spacing for in-line or
staggered banks should be selected. A large longi­
tudinal spacing () in relation to the transverse
spacing () is usually undesirable, since the length
of flow path for the calculated surface may be ex­
cessive.

The effect on design of various ratios of transverse
tube spacing to outside tube diameter is plotted in
Fig. 12 for in-line tube banks and longitudinal spac­
ing equal to two tube diameters. By entering the
curves with calculated values for draft loss, heating
surface, and space occupied based on an assumed
tube diameter and transverse spacing, a pattern best
suited to the requirements of the unit can be se­
lected. Similar curves can be plotted for staggere
arrangements with a fixed back pitch.

b) Tube Diameter .

For turbulent flow, the heat transfer conductance
is inversely proportional to some power of the tube
diameter (see equations (16) and (19) above). The
exponent for longitudinal flow is 0.20 and for cross­
flow, 0.39. For most effective heat transfer, therefore,
it is desirable to hold the tube diameter to a mini­
mum. An optimum tube diameter for this purpose,
however, may require an arrangement that is ex­
pensive to fabricate and difficult to install and main­
tain in operating condition, thus increasing the initial
and maintenance costs. A compromise between heat
transfer effectiveness and manufacturing, erection,
and sendee limitations is, therefore, always necessary
in the selection of tube diameter.

In oil-fired boilers of high rating for marine sendee,
tubes of 1-in. OD are used in the boiler bank beyond
the screen tubes. Because of the higher heat absorption
rates, which necessitate an increase in the quantity
of circulating water, the screen tubes and water-wall
tubes are usually IM-in. OD (see Chapter 11 for tube
sizes in other applications).

c) Penetration of Radiation

A convection bank or banks of tubes bordering a
furnace or a cavity act as blackbodies in absorbing
radiant heat. Some of this heat, however, radiates
tlunugh the spaces between the tubes of the first
row and sometimes penetrates beyond the fourth
row. The quantity of radiant heat penetration can be
established by geometric or analytical methods. The
effect of this penetration is especially important in
establishing tube temperatures for superheaters lo­
cated fairly close to a furnace or a high-temperature
cavity (see Chapter 11).

d) Effect of Lanes

Lanes in tube banks, formed by the omission of a
row of tubes, may decrease tire heat absorption con­
siderably, since, in effect, these passages act as by­
passes for the hot gases through the banks. Although
the over-all efficiency will decrease, the high mass
flow and greater gas weight through the lanes will
increase the absorption rates of the adjacent tubes
and may develop critical tube temperatures in super­
heaters or steaming conditions in economizers. When­
ever possible, therefore, lanes should be eliminated
both within tube banks and between tube banks
and walls. Lanes, however, are unavoidable under
certain conditions. In installing superheaters, for
instance, space must be allowed for additional surface
to satisfy future specified increases in superheated
steam temperature. A calculation for the lanes, taking
into account the increased gas weight and mass flow,
is therefore necessary.
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Fig. 13. Typical temperature contours in the furnace
of a down-fired Radiant boiler

e) Heat Transfer to Water

Water Film Conductance. In boiler design practice,
tire film conductance for water in economizers is so
much higher than the gas-side conductance that it is
neglected in evaluating economizer surface.

in resistance to the flow of heat can be prevented by
proper feedwater treatment and careful operation.

f) Heat Transfer to Steam

In the design of superheaters, the steam film con­
stitutes a significant resistance to the flow of heat,
and although this resistance is many times lower
than the gas-side resistance, it cannot be neglected
in computing the over-all resistance to heat flow or
the heat transfer rate. It is particularly significant in
estimating superheater tube temperatures, since the
temperature of the inside wall is equal to the steam
temperature plus the temperature drop through the
steam film. If the steam film conductance is desig­
nated as U,, the film temperature drop will be
q/S -h U„ where q/S and U. are expressed in Btu/sq
ft, hr and Btu/sq ft, hr, F, respectively, using the
outside surface area of the tube as the base in each
expression.

Because of the relative magnitude of the resistance
to heat flow in the steam film and tire elevated tem­
peratures at which superheater tubes operate, it is
imperative that scale deposits be prevented in super­
heater tubes. Even an extremely thin layer of scale
forms an objectionable insulating barrier, which, to­
gether with tire steam film, will be sufficient to cause
overheating and ultimate failure of a tube.

Furnaces
An analytical solution of the problem of heat

transfer in the furnace of a steam-generating unit
is extremely complex, and it is impossible to calculate
furnace outlet temperatures by theoretical methods
alone. Nevertheless, the furnace outlet temperature
must be predicted correctly since, in a large measure,
this temperature determines the design of the re­
mainder of the unit, particularly the superheater.

Boiling-Water Conductance. In boiler practice the
combined gas-side conductance (convection plus
intertube radiation) seldom exceeds 30 Btu/sq ft, hr,
F. In estimating the resistance to heat flow, the film
conductance for boiling water is therefore neglected,
since its reciprocal (the resistance to heat flow) is so
very small compared with the gas-side resistance.

Effect of Oil or Scale. Scale deposits interpose a
high resistance to the flow of heat, and the additional
temperature drop required to maintain a given fluid
temperature inside the tube as the thickness of the
scale increases will necessitate a dangerously high
metal temperature, which will eventually cause
failure. With the high heat absorption rates to which
furnace-row tubes of high-capacity boilers are ex­
posed, it is therefore essential entirely to prevent the
formation of scale (see Fig. 11, Chapter 29). The
formation of scale and the deposit of oil, also a factor 

7-18

TO SEWER
Fig. 14. Special thermal probe or calorimeter (diagram-

sometimes used to establish the heat absorption
ra'e- Qi surfaces throughout a furnace

An attempt will therefore be made tn n ii-
complexities of the problem and its practical X™

In the furnace of a steam-generadng unit all oi
the principal mechanisms of heat transfer talttln
simultaneously. These mechanisms are: XsolS
radiation between solids in fuel beds or pulverized
coal particles and tubes and refractory materials-
nonluminous gas radiation from the products of
combustion; convection from the furnace gases to
the furnace walls; and conduction through ash de­
posits on tubes. °

Temperature varies throughout the furnace (see
Fig. 13 for typical furnace-temperature contours)
Fuel and air enter at relatively low temperatures^
leach a high temperature during combustion and
cool again as the products of combustion give up
heat to the furnace enclosure. Water-cooled surface
is at a relatively low temperature, while deposits on
tubes and refractory in the furnace walls are at
high temperatures. All of these temperatures change
with load, excess air, burner adjustment, and other
operating conditions. A special water-cooled calori­
meter, tire thermal probe illustrated in Fig. 14 (as
well as the high-velocity thermocouple, see Fig. 19,
Chapter 6), is a useful tool for establishing the order
of heat absorption in a furnace. Variations in heat
absorption in a primary slag-tap furnace of a steam­
generating unit are shown in Fig. 15.

Furnace geometry is complex. Furnaces vary in
shape and size, in the location and spacing of
burners, in the size of fuel beds, in the disposition
and type of cooling surface, in the spacing of tubes
in tube-and-refractory walls, and in the arrangement
of arches and hoppers. Flame shape and length affect
the geometry of radiation in the furnace.

Surface characteristics vary. The enclosing furnace
walls may include any combination of fuel bed, re­
fractory material, studded tubes, water-cooled cast-
iron blocks, spaced tubes backed by refractory, close­
spaced tubes, or tube banks. Emissivities of flames
and various types of surfaces are different. The
water-cooled surface may be covered with fluid slag
or dry ash in any thickness, or it may be clean. Heat­
absorbing surface in a furnace may, when clean, show
absorption rates of 175,000 Btu/sq ft, hr, or even
higher. When slag accumulations reach equilibrium,
the absorption rate may be reduced to 50,000 Btu/sq
ft, hr, or even lower.

Fuel variation is significant. Not only are there
important differences inherent in the use of different
fuels and in the manner in which they are burne ,
as in stoker, pulverized-coal, gas, oil, or waste- ue
firing, but there are also differences caused by t re use
of different types of the same fuel. Coal, for examp e,
may be high volatile or low volatile, may ha' e muc i
or little ash, and the ash may fuse at ng i or o'
temperature, varying considerably or very i e
the oxidizing properties of the furnace atinosp re

Fig. 15. Typical heat absorption rates at different eleva­
tions in a furnace of type indicated, at maximum output

Since furnace outlet temperatures cannot be cal­
culated by theoretical heat transfer methods alone,
it is necessary to use an empirical approach. Cal­
culations are based on test results from similar types
of units, supplemented by data accumulated from
operating experience and by judgment based on a
knowledge of heat transfer principles and tire charac­
teristics of fuels and slags. To acquire the necessary
basic information on furnace outlet temperature,
B&W pioneered in the development of the high-
velocity thermocouple and conducted an extensive
program of field tests for measuring gas temperatures
in furnaces of operating units. A similar program
has been undertaken by a special research com­
mittee of the ASME on furnace performance factors.

In setting up an empirical method of furnace tem­
perature calculation, stoker, waste-fuel, pulverized-
coal, Cyclone Furnace, natural gas, and oil firing
must be considered separately. For simplification, the
problem is divided into several classes, the number
of variables is reduced by disregarding those of lesser
importance, and other separate factors are combined
into single variables, concentrating on the variables
of greatest influence.

In the absorption of radiant heat, the effectiveness
of tubes spaced other than touching and backed by
refractory as compared with completely water-cooled
surface (touching tubes or equivalent0) is shown in
Fig. 16. The effectiveness of block-covered or stud-
“A wall of flat-stud tubes is considered completely water
cooled.
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Fig. 16. Furnace-wall area-effectiveness factor (1.0 for
completely water-cooled surface). A reduced area (effec­
tive-cold surface) is determined from these curves for

walls not completely wafer cooled (1/ /d, > 1)

•1 Wp in thousand Btu per hr per sq ft oe
heat availa~? ..rface, excluding the floors of slag-tap
water-cooled for and £or slag-tap over­
furnaces. ine 150)000 heat available rates
lap between coal Within this rang6j
but not wit lag.tap furnace should have a rela-
coal used in °ernperature, and the coal used in
tively Iow a ce should have ash with a very
K^mldeformation temperature. In the

over-!ligh- aTanl dry-ash and slag-tap each have about
lappmg r g , 7 absorption, as shown in Fig. 19,
^Xe -aSss” faeTor. Both bands may U

bi broad but they cover a wide range of ashratlEristics considerable diversity in type of
eharac ’struction, and, in some cases, a differ-
'ence ta tetiness as a result of difference in cleaning,

load factor, etc.
The quantity of heat leaving the furnace can be

calculated from the gas weight leaving the furnace,
the composition of the gas, and the furnace outlet
gas temperature, using gas enthalpy values given in
Chapter 4 (Appendix). The quantity of heat ab­
sorbed in the furnace is the difference between the
quantity of heat leaving the furnace and the quantity
of heat supplied by the preheated combustion air
and by the combustion of the fuel fired.

ded-tube surface and its expected ash covering, as
compared with completely water-cooled surface, can
also be estimated. The entire furnace envelope can
then be evaluated in terms of effective-cold surface.

The heat energy supplied by the fuel and by the
preheated combustion air, corrected for minor items
such as unburned combustible loss, may be combined
into a single variable known as heat available (see
examples, Chapter 4, Appendix, for calculated values
of heat available). For correlating furnace outlet gas
temperature and heat available, the Btu per sq ft of
absorbing surface is a better basis than Btu per cu
ft of furnace volume. Experience has shown that
the outlet temperature of a given furnace burning a
given fuel in suspension varies approximately as the
logarithm of the heat available per hr per sq ft of
effective-cold surface.

Assuming typical ratios between effective-cold
surface and total furnace envelope, the approximate
furnace outlet gas temperature will be of the order
shown in Fig. 17. The curve shown for pulverized
coal is for a dry-ash-removal furnace with fairly
clean walls.

The furnace outlet temperatures and the heat ab­
sorption rates for heat available (heat input) rates
of most pulverized-coal-fircd furnaces lie within the
shaded bands shown in Figs. 18 and 19, respectively.
The limits indicated are intended to serve only as a
general guide. The horizontal scale in each case is

heat available to furnace envelope.
1000 BTU/SQ FT. HR

diffeL7ntAruelsX^’a%^,nOCe °ut,et 9as temPerature for
1 different rates of heat available to

watei-cooled furnace surface 
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HEAT AVAILABLE, 1000 BTU/SQ FT, HR

3400

Fig. 18. General range of furnace exit gas temperature
for dry-ash and slag-tap pulverized-coal Firing

Cavities

In designing steam-generating units, it is neces­
sary to provide cavities between tube banks for
access, for soot blowers, or for the installation of
additional surface as required. However, heat trans­
fer from hot flue gas to heat-absorbing surface sur­
rounding cavities does take place. The gas loses heat
by radiation to the surroundings while passing
through the cavity. Though the procedure for cal­
culating the quantity of heat transferred in a par­
ticular case is too complex for treatment here, cavity
radiation can be calculated by using methods ap­
plying to nonluminous radiation developed by author­
ities on heat transfer. It may be of interest, however,
to discuss briefly some of the factors which affect
heat transfer by nonluminous gas radiation in
cavities.

Temperature Level. Radiation from nonluminous
gases to the boundary surfaces and radiation to the g
gas by the surroundings increase approximately as
the fourth powers of their respective absolute tern- S
peratures. o

Composition of the Gas. In steam-generating units,
the only normal constituents of flue gas which con­
tribute importantly to nonluminous gas radiation are
carbon dioxide and water vapor. The concentrations
of these constituents depend upon the fuel burned
and the excess air; the amount of radiation depends
upon these concentrations.

Particles in the Gas. The particles carried by dust­
laden gases receive heat from the gas by radiation,
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convection, and conduction and radiate by7 intersolid
radiation to the surroundings.

Size of Cavity. The quantity of heat transferred
per unit of time increases as the size of the cavity
increases. Thick layers of gas radiate more vigorously
than thin layers. The shape of the cavity’ also has a
complicated effect upon heat transfer.

Receiving Surface. Refractory’ surface forming part
of a cavity’ boundary will reach a fairly’ high tem­
perature by convection and radiation from the flue
gas and wall reradiate to the gas and to the other
walls of the enclosure. Reradiation from clean heat­
absorbing surface is small unless the surface tem­
perature is high, as it may’ be in superheaters and
reheaters. Deposits of ash or slag on the tubes
reduce heat absorption and increase reradiation.

In boiler design there are two effects of cavity
radiation which are important. The temperature of
flue gas will drop, sometimes as much as 100 F, in
passing across a cavity. This is a significant fact in
design calculations. Gas radiation also increases the
heat absorption rates for the tubes forming the
cavity’ boundaries. This effect is often important in
high-temperature superheaters, where absorption
rates strongly influence tube temperatures and the
selection of alloys.

Insulation
The calculation of heat transfer through insula-o

tion follows the principles outlined for conduction
through a composite wall. A number of practical mat­
ters must also be considered in the design of insula­
tion. These will be briefly discussed. The reader is

Fig. 19. General range of furnace heat absorption in
dry-ash and slag-tap pulverized-coal-fired furnaces
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Temperature-Use Limits and Conductivities. Refractory
or insulation material suitable for high-temperature
applications is usually more expensive and less effec­
tive as insulation than low-temperature materials. It
is therefore customary to use several layers of in­
sulation, the lowest cost and most effective insulation
in the cool zones and the higher cost material only
where the temperature exceeds tire permissible
operating limits for low-temperature materials.
Typical temperature-use limits and thermal con­
ductivities are shown in Fig. 19, Chapter 14.

„ end convection from the surfaces of a
radiatl°" ating unit (usually called “radiation

,steTg-s tedious and time consuming. A simple
°SS ntp method is provided by the chart (Fig.

Ambient Air Conditions. Low ambient air tempera-
* -md high air velocities tend to reduce cold-face

temperature although they have only a small effect
on total heat loss, since surface film resistance is a
minor part of the total insulation resistance to heat
flow. The proximity of other boilers radiating to the
first will increase cold-face tempeiature. Surface
film conductances for various wall temperatures and
ambient air conditions may be taken from Fig. 20,
Chapter 14. These curves are based on radiation to
80 F surroundings, using an emissivity of 0.95, plus
natural-convection heat transfer to 80 F air at various
velocities. The effect of surface resistance on heat
loss through casings and on casing temperature is
illustrated in Fig. 23, Chapter 14.

refcrrre.1 to Chapter 14 for detail
eluding properties of insulating catena s, he me
chanics of application, and a samp e ca co ‘ .
heat flow through a tube-and-bnek wall cohered

with insulation.
Hot-Face Temperature. In a boiler furnace with

tube-to-tube walls, the hot-face temperature of the
insulation may be taken as saturation temperature of
the water in the tubes. If the inner face of the fur­
nace wall is refractor)', with or without cooling by
spaced tubes, the hot-face temperature of the insula­
tion must be calculated or estimated from a knowl­
edge of conditions on the gas side of the furnace
wall, based on radiation and convection heat transfer
and empirical data. Fortunately, for a considerable
error in the hot-face temperature of the insulation,
the corresponding error in cold-surface temperature
is much smaller, and the effect on total heat loss
from the unit is not important, although it may be
misleading in the selection of materials.

Heat Loss and Cold-Face Temperature. The heat loss
to the surroundings and the cold-surface temperature
decrease as the thickness of the insulation increases.
A cold-face temperature of 130 to 160 F is usually
considered satisfactory for a boiler room. When tlie
insulation is thick, tire change in cold-surface tem­
perature for increase in thickness is small, whereas
the cost of the insulation increases steadily with
thickness (see Chapter 14). Standard commercial
thicknesses of insulating materials should be used in
the composite wall.

The detailed calculation of over-all heat loss by

actual output, million btu/hr 600 800 1000

SCALE CORRECTION IS
for water walls only

0 67 0.90 053 057"l0
AIR-COOLED.WALL FACTOR

USE FACTOR BELOW
FOR AIR-COOLED WALLS

A FURNACE WALL MUST HAVE AT LEAST ONE
THIRD OF ITS PROJECTED SURFACE COVERED BY
WATER-COOLED SURFACE BEFORE REDUCTION

------------- IN RADIATION LOSS IS PERMITTED.

------------- AIR THROUGH COOLED WALLS MUST BE USED
______ FOR COMBUSTION IF REDUCTION IN RADIATION

I LOSS IS TO BE MADE.

EXAMPLE: UNIT GUARANTEE FOR MAX CONT OUTPUT.
OF 150 MILLION BTU/HR WITH THREE
WATER-COOLED WALLS
LOSS AT 150=0.67%

NO. OF COOLED FURNACE WALLS

Fig. 20. Radiation loss (ABMA)
in per cent of gross heat input
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8
FLUID DYNAMICS

IN the production and utilization of steam there
are many problems involving the flow of fluids.
The term fluid embraces substances in either tire

liquid or the gaseous state. A liquid is an essentially
incompressible, homogeneous, fluid substance in such
state as to permit the free movement of all of its
contiguous molecules which have sufficient interat­
traction (cohesive forces) to prevent separation,
thereby maintaining a definite volume but with free­
dom to conform to any shape and form a free surface
between itself and any other immiscible fluid. A gas
is an aeriform fluid, the independent molecules of
which, because of low interattraction (cohesive
forces), have unrestricted freedom of motion per­
mitting indefinite expansion. A vapor is tire gaseous
state of a liquid or solid during the phase when cer­
tain physical properties resemble neither those of the
liquid or solid from which it was formed nor those
of the gas which it more closely simulates the higher
its temperature. In contrast to a fluid, a solid is a
substance in such state that the interattraction (co­
hesive forces) between contiguous molecules is suffi­
cient to prevent any perceptible motion within its
mass, which therefore maintains both definite volume
and shape.

The broad subject of fluid mechanics must be cul­
led for those elements which are of particular sig­
nificance in the field of steam. These would include
the flow of steam and water through pipes, fittings,
valves, and tube bundles; the flow of air and gases
through ducts, tube banks, fans, compressors, and
turbines; the convection flow and circulation of water
and steam; the convection flow of gases for draft
effect; the flow of water and steam through nozzles,
orifices, venturi tubes, pumps, and turbines; the
throttling calorimeter; and the separation of liquids,
vapors, and solid particles from flowing mixtures.
The fluids-in-motion or fluid-dynamic aspects of
these phenomena are more important in practice than
are those of fluid statics.

Determination of the velocity, V, at which the
fluid moves is a prime requisite in the study of the

8-1

effects produced by fluid motion. To evaluate the
quantity of flow, friction losses, viscosity forces, parti­
cle separation, heat absorption, and fluid flow paths,
it is necessary to know the fluid velocity.

Energy Equation applied to Fluid Flow

Many basic theoretical relationships involving fluid
flow stem from the fundamental general energy equa­
tion of thermodynamics:

Vf/2g + p^ + u, + Z, ± ± .Qs =
V.-72g -f- p,v, u, Z. (1)

where:
Vi and V, = fluid velocities @ stations 1 and 2,

respectively, ft/sec
g = gravitational constant, 32.2 ft/sec2

p, and p, — static pressures @ respective stations,
Ib/sq ft abs

Vi and Vi = specific volumes @ respective stations,
cu ft/lb

th and u, = internal energies of fluid (F respective
stations, Btu/lb 4- 778 = ft-lb/lb

Z, and Z? = elevations above datum @ respective
stations, ft-lb/lb

Wk = work done on or by the fluid while it
is in the device, ft-lb/lb

,Q, = heat added to or abstracted from the
fluid while it is in the device, Btu/lb

Where there is no difference in elevation between
the initial and subsequent stations 1 and 2 (Z, = Z,)>
where the initial velocity of the fluid (V,), often
referred to as the velocity of approach, is zero or
negligibly small, and where neither work nor heat is
involved, equation (1) for the gain in kinetic energy
becomes:

V.72g = (p,v, -f- u,) - (p,v, + u,) (2)
Since the terms represented by (p,v, -f- u,) and

(p,v, +m) are equal to the enthalpies, h, and h,, of
the fluid at the respective stations, equation (2) for
the gain in kinetic energy becomes:

V.72g = h.-h, (3)
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kinetic

(4)

I K I——-pM< l — (pt/pi) *■' >, ft/sec (6)
Ak—J" f IV, = 8.02

(8)

(10)

8-2

(H)
;s to head,

(9)
flowing,

Example 1
To find the velocity of steam flowing from a header

through a well-insulated horizontal pipe, using the
Mollier chart to determine the enthalpy of the steam
at stations 1 and 2 for the conditions given:

H in ft of fluid = manometer reading in ft x

(12)

ii — (5)
the fluid, die enthalpy drop may be

__ i die Mollier chart (see Appendix,
page 10-A6). Where a Mollier chart is not available
and die perfect-gas laws are applicable, die velocity
can be computed with the following equation for fric­

tionless flow:

V. = 223.9 V1250 - 1214 = 1343 ft/sec
The value of hi reflects the effect of pipe friction

on the steam, tending to raise the value of hi and
thus decrease the value of V-. Had the flow in the
pipe to station 2 been assumed to encounter no fric­
tion, the observed hypothetical values of pressure
and temperature for such an adiabatic flow might
have been 120 psia and 358 F (h, = 1200 Btu/lb),
giving a velocity of:

V, = 223.9 V1250 - 1200 = 1583 ft/sec

If enthalpy is measured in Btu per lb, as is general­
ly the case, equation (3) for the gain in "

energy becomes:V//2g = (h. - h,)778°, ft-lb/lb = ft
Solving equation (4) for velocity:

Vi = 223.9 y/h, — hi, ft/sec

For steam as L
determined from

ytt

where. _ .fic wejght of manometer fluid
yy, = specific weight of superposed fluid
y„ = specific weight of fluid flowing

Where the superposed fluid is air or gas, tire value
of y.r is negligibly small and need not be considered.

From equation (9) it is evident that, for friction­
less flow of a nonexpansive fluid with a negligible
velocity of approach (V2 = 0), the velocity of a
free-spouting jet is determined solely by the pres­
sure or head, H, in ft of fluid causing the flow and
that the velocity of the jet is independent of the
density of the fluid.

To determine the velocity for expansive fluids
where the pressure drop is small, as in many meter­
ing nozzles or the flow of air in fan and draft systems,
equation (5) or (6) cannot be used with reliability
because of the difficulty in accurately evaluating the
factors involved. In such cases, where the difference
in specific volume of the fluid upstream and down­
stream is small, (vi — Vi)/vt <0.05, the fluid may be
considered practically nonexpansive and equation
(9) used to determine the velocity.

The example below will serve to illustrate an ap­
plication of equation (5) to a simple case of an
expansive fluid in motion:

where:
K=c,/Cr, ratio of specific heats @ constant pres­

sure and constant volume
Equations (1) through (5) apply to all fluids,

equation (6) to fluids that follow tire perfect-gas
laws. r .

For an incompressible fluid (vi = vt) in fnction-
less adiabatic flow, equation (1) for the gain in
kinetic energy becomes:
(V.: - V/;/2g = (p. - p.)v + (Z. - Z.)

= + M. = H, ft-lb/lb = ft (7)
where:

Ah, = head from pv difference between stations
1 and 2, ft of fluid flowing

Ah. = head from difference in elevation between
stations 1 and 2, ft of fluid flowing

H = Ahp + Ah.- = net head causing flow, ft
v = o, — v,, specific volume of fluid, cu ft/lb

If the velocity of approach (initial velocity, V,) is
zero or negligibly small, equation (7) for the gain
in kinetic energy becomes:

Vz/2g — H, head in ft of fluid flowing
= velocity head, h.

Solving equation (8) for velocity:
V, = 8.02\/JI, ft/sec
In establishing the head, H, in ft of fluid

the following conversions are helpful:
H in ft of fluid = -AP2PP.si X 144

sp wt of fluid
or using Fig. 21, Chapter 10 (for water):

II in ft of gas = in. of water _

sp wt of water
v n . ¥wtofg^~
r°r the conversion of manometer reading:

II, in ft of fluid flowing:

’Exact value = 778.26

Substituting values of hi and hi in equation (5):

Station 1 in Header
Velocity, fps 0
Pressure, psia 207
Temperature, F 468
Enthalpy, hi, Btu/lb 1250

Station 2 in Pipe
Pressure, psia 118
Temperature, F 380
Enthalpy, h>, Btu/lb 1214

2.67" Hg « K2/2g

PITOT-STATIC
TUBE —■

V= 15 FT/SEC
INSULATED MAKE-UP TUBE \____________

V2/2g = A,=—x849 62-4 = 3.5 FT OF FLUID FLOWING
12 50

Y = 8.02^15= 15 FT/SEC

(pi-p;) r = /■/=—x 849~62'4 =6.47 FT OF FLUID FLOWING
‘ 12 50

6; = 6.47/3.5 = 1.85 VELOCITY HEADS

(Hg TAKEN AS 849 LB/FF)
LOWER BOILER

DRUM

.1 = 0
v = 0.02 FT3/LB
7=50 LB/FF

4.95" Hg ~ (p,-p3) v

Y2 = 0 (ASSUMED)Fig. 1. Determination of
flow velocity and friction
losses, in terms of velocity
heads, in a simple boiler

circuit

Flow from well-formed nozzles and thin-plate ori­
fices closely approaches the frictionless condition
(constant entropy). Flow through rough pipes or
labyrinthine channels, such as turbine shaft seals, is
far removed from the frictionless condition.

Loss from Friction

connected to a pitot-static tube suitably inserted in
the stream of the moving fluid.

To find the friction loss, the pressure drop,
(p, — pi)v, is determined by a proper conversion of
the reading of a U-tube manometer connected to the
drum and the header to indicate the difference in
static pressure between the two locations.

To express the effect of friction on a nonexpansive
fluid (or where the change in specific volume, u, is
negligible) flowing between two points at the same
elevation, equation (1) becomes:
P-v + V//2g - p.v 4- V,* 2/2g + (u, - tn) - tQi (13)
where: th—u, — iQ, —a “loss,” the result of friction
or p,v + V7/2g = p,v + V.72g + hf (14)
and hf-(pI-pi)v + (V/-V,2)/'2g (15)
where: hf = Ui — ut — tQa = head loss from fric­

tion, ft of fluid flowing
If Vi = 0, as in the isothermal flow of fluid from

a large reservoir into a pipe, equation (15) becomes:
hf = (pi — p,)v — V//2g, ft of fluid flowing (16)

If Vi = Vi, as in the isothermal flow of a fluid be­
tween two stations of a pipe of constant cross sec­
tion, then:

hf = (p, — pa)v, ft of fluid flowing (17)
Since head loss from friction is a function of ve­

locity squared, as given in equation (38), page 8-9,
it is frequently expressed as a loss of so many ve­
locity heads (head loss from friction -4- the velocity
head, V2/2g, in the conduit).

The simple example in Fig. 1 will serve to demon­
strate a typical application of equation (17) where
the over-all friction loss, including entrance and exit
losses, is to be determined for a portion of a flow
circuit in which the elevation is the same, Z, = Zi,
and the change in specific volume is negligible.

The velocity head, V72g — h,-, ft of fluid flowing,
for the tube in the flow circuit is determined by the
proper conversion of the reading of a manometer

8-3

Volume and Weight Flow

The velocity of a free-spouting jet, as determined
by the use of equation (5), (6), or (9), can be
combined with the cross-sectional area of the flow
path (conduit, nozzle, or aperture) to give the con­
tinuity equations for volume and weight flow:

Q = AV (18)
w = AVy (19)

where:
Q = volume flow, cu ft/sec
A — cross-sectional flow area, sq ft
V = flow velocity, ft/sec
w = weight flow, Ib/sec
y = specific weight of fluid, Ib/cu ft,

the reciprocal of specific volume
Equations (9), (18), and (19) applied to cold

water flowing through a nozzle of 1 sq in. area give
the ideal flow velocities and quantities shown in Fig.
2. The flow velocity, the volume flow, and the weight
flow all increase as the square root of the head.

With an expansive fluid, such as steam or air, the
flow relationships are not as simple as for water. The
results seem to be contrary to expectation. It is pos­
sible rationally to interpret the observed facts only
after careful analysis and study. The complication
stems from the changes in specific volume and tem­
perature which accompany a drop in pressure and
an increase in velocity. The flow relationships of an
expansive fluid may be demonstrated by consider­
ing a convergent nozzle in which the initial pressure,
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Fig. 2. Idea! water flow velocities and quantities
through a 1 sq in. (throat) nozzle

pi, is constant and the back pressure, pt, is variable.
In tills case, for dry saturated steam where the
initial pressure is fixed as 100 psia and the back
pressure varies from 100 psia downward, the ideal
weight flow is as shown in Fig. 3.

PRESSURE DROP (pi—pj), LB/SQ IN.

Fig. 3. Ideal weight flow of dry saturated steam
through a 1 sq in. (throat) nozzle

The unique feature of this graph is the rapid in­
crease in the weight flow as the pressure difference
increases until it reaches a value of 45.6 psia. The
weight flow does not increase for any further de­
crease in the back pressure, i.e., for any further in­
crease in the pressure drop across the nozzle. This
limitation is a critical condition characteristic of
expansive fluids and is most conveniently measured
in terms of a critical pressure, pc. This critical pres­
sure is usually expressed as a fraction of the initial
pressure, ph and has a value between 0.5 and 0.6 

nnd vapors- For fixed (perfect) gases it
for all gases and 1^ equation.
can be computed ( 2

Critical pressure ratio, 1 K i |

, V and the critical pressure ratio are
Values for * anu

given in Table 1.
b Table 1

Substance K P-Sp.
Air l-« 0.528
Superheated steam

p,= 100 psia J 131 0.544
t, = 400 F . )
pt = 500 psia 1 1.28 0.549
£ _ 900 F )
p, — 1000 psia )
^=SF- f L27 0-551
p, = 1500 psia |
t, = 1050 F ’

Dry saturated steam
pt = 100 psia 1.31 0.544
pt — 500 psia 1.28 0.549
p, = 1000 psia 1.26 0.553

The maximum weight flow is fixed by the acoustic
velocity developed in the throat of the nozzle and
tire density of the fluid at tire critical condition. This
critical phenomenon is illustrated graphically in Fig.
4. If the initial pressure, ph is constant on the nozzle
and the back pressure, pt, is variable, the typical
graph for weight flow is Fig. 4a like Fig. 3. If the
back pressure, pt, is constant and tire initial pressure,
ph is variable, the typical graph is Fig. 4b.

Where the initial pressure, ph is constant and the
back pressure, pt, is variable (Fig. 4a), it will be
noted that, as the back pressure decreases, the weight
flow increases rapidly, reaching a maximum when
the back pressure is equal to the critical pressure,
pc, i.e., when pt/p, is equal to the critical pressure
ratio, p<,/pi. Any further reduction in back pressure
will not increase the flow rate, since the critical pres­
sure, pc, a constant for this condition, serves as a
barrier and limits expansion in the nozzle to that
pressure. The weight flow from this point to the
lowest value of the back pressure is therefore con­
stant.
bn^lere initial pressure, ph is variable and the
nre.«PreSSUre’ Ph iS c°nstant (Fig. 4b), the critical
cino«Uue’ ^C’.incieases as the initial pressure increases,
Un tn 6 jntical pressure ratio, pc/pi, is a constant.
nreccnr111 .incutiing the point where the critical
sure n&’ V'’ ecomes equal to the constant back pres-
calnnbfr 1G ’ e P°/pi = pi/ph the velocity for
sion fro in?i W®ig fi°w is based on complete expan-
pressnrf1 ^ “dhal pressure, p,, to the constant back
increase P10m this point, as the initial pressure
Pressure r c,01TesP°nding increase in the critical

lmiLS the expansion from the initial pressure
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_ BACK PRESSURE _ Pi _ BACK PRESSURE _ Pi pAT,n- BACKPRESSURE _Pi
INITIAL PRESSURE pi INITIAL PRESSURE Pi INITIAL PRESSURE pi

Fig. 4. Ideal weight and volume flows of dry saturated steam through
a 1 sq in. (throat) nozzle for various initial and back pressures

to the critical pressure, and thus, while the weight
flow continues to increase rapidly, the critical pres­
sures serve as barriers to complete expansion to the
back pressure.

It is interesting to note that the volume flow at the
various ratios of p>/pi (Fig. 4c) is constant for all ini­
tial pressures if the critical pressure ratio is rounded
out at an average (see Table 1) for the gas con­
cerned. The difference, using the particular values
of pc/pt for various values of ph is negligible. Also,
there is no change in volume flow at various ratios
of pi/pt whether the initial pressure is constant and
the back pressure is variable or the reverse. In other
words, for the various conditions of weight flow
shown, the volume flow does not change for the
same size nozzle opening.

Because of the limitation on weight flow through
nozzles with large pressure drops and since the acous­
tic velocity in a gaseous substance does not change
materially with pressure but does with temperature,
it is possible and convenient to develop simple ra­
tional equations for the approximate weight flow,
w, in Ib/sec through a 1 sq in. nozzle, as follows:

Dry saturated steam, Grashof’s formula:
w = pJow/60 (21)

Superheated steam, modified Grashof formula:
w = p. o m/60 (1 + 0.00065 F superheat) (22)

Wet steam, modified Grashof formula:
w — pi0 ’760 \/dryness fraction (23)

Air, with pi > 2 atmos and p« 1 atmos, Fliegner’s
formula:

w = p,/1.9y/T\ (24)
where:

pt = initial pressure, psia
Ti = initial temp, deg R = F -j- 460

The velocity for determining the weight flow of
steam at the critical condition may be found by
using the Mollier chart (Appendix, page 10-A6) in
conjunction with equation (5), as illustrated by
Example 2 where dry saturated steam expands from
100 psia to atmosphere through a converging-diverg­
ing nozzle having a throat area of 1 sq in. A cross
section of the nozzle and a trace of the flow process
on the Mollier chart are shown by Fig. 5.
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Fig. 5. Use of Mollier chart to calculate
the flow of steam through a nozzle

Example 2
To find the flow quantities and the nozzle mouth

area for the following conditions:
Initial pressure, pi = 100 psia
Back pressure, p» = 14.7 psia
Throat area, A = 0.00695 sq ft

From Table 1, the critical pressure ratio, P'/pi, for
dry saturated steam is 0.544, so the critical pressure,
pc, for this example is 54.4 psia.

From the Mollier chart:
Initial enthalpy, hi = 1187 Btu/lb
Throat enthalpy, h, = 1139 Btu/lb
Mouth enthalpy, h, — 1047 Btu/lb

all at constant entropy, s = 1.6026 Btu/lb, F
Moisture @ throat = 4.0%
Sp vol @ throat =7.868 (1.000 — 0.040)

= 7.553 cuft/lb
Moisture @ mouth = 10.6%
Sp vol @ mouth =26.8 (1.000 — 0.106)

= 23.96 cu ft/lb
Throat velocity, V» = 223.9 yT187 — 1139

= 1550 ft/sec, by Eq (5)
Mouth velocity, V, = 223.9 y/1187 — 1047

= 2649 ft/sec
Vol flow @ throat = 0.00695 X 1550

= 10.77 cu ft/sec, by Eq (18)
Wt flow @ throat = 10.77/7.553

= 1.426 lb/sec,byEq (19)
Check by the simple rational equation (21)-

Wt flow = 100" w/60 = 87/60 = 1.45 Ib/iec

For the specific volume of the steam in mouth @

23,96 X 2649, by Eq (18)
Required area of mouth, A = 0.0129 sq ft

Flow Coefficients for Nozzles and Orifices
The actual velocity of a free-spoutmg jet of fluid

• • n nozzle or orifice is related to the idealissuing from a nozzie ur u
velocity from cquaUons <5),(6), and Dy
velocity coefficient, C, defined as.

actual jet velocity, V., ft/sec_ (25)
Cv ~ “Idealjet velocity/VXft/sec

The velocity coefficient, C,, is related to the flow­
resistance or drag coefficient, C,i, y.

c„=v^L7c; (26)
Fluid issuing from a square-edge orifice contracts
upon leaving the plane of the orifice. The mmimum
cross-sectional area of die fluid jet is called die vena
contracta, which is the location of jet-velocity meas­
urement. The ratio of the vena contracta area to that
of die orifice is termed die contraction coefficient,
Cc, defined as:

____ actual area of jet, A„, sq ft_____ (27)
C° ~ cross-sectional area of orifice, A, sq ft

The product of the velocity coefficient, C.., and the
contraction coefficient, Ce, can be defined as the over­
all discharge coefficient, C, (or C,. where the veloci­
ty of approach is zero), expressed as:

C, (orC5.) =C„C» (28)
and the actual flow = ideal flow X C, (or C<,»), or:

Q = C,AVorC,«AV (29)
Numerical values of C, and C,o are given in Fig. 6,

derived from data published in ASME research pub­
lication Fluid Meters (1937). Values for over-all dis­
charge coefficients are in general determined from
actual test flow measurements and are related to die
Reynolds number. Values of C„ and Co are not easily
determined by direct measurement. However, the
square-edge thin-plate orifice, the bellmouthed
streamlined flow nozzle, and the venturi nozzle all
offer very little resistance to flow, and the value of
Cv is usually between 0.98 and 0.99. The relatively
low discharge coefficient of the orifice reflects a low
contraction coefficient (about 0.62).

The two examples below show the use of the
a ove ata in calculating the flow through orifices
and nozzles.

Example 3
Water under 100-ft head flows through a 1 sq in.

apeitinc in (a) a square-edge orifice and (b) a
e nioti icc ow nozz|e Velocity of approach is

ch n-a T° fint the veloeity and the volume of dis-
cnaige in each, case:
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Fig. 6. Values of discharge
coefficients , Cq0 (velocity
of approach not included)
and Cq (velocity of ap­
proach included), for typi­
cal venturi, flow nozzle,

and orifice in pipe

(a) Square-edge orifice
Ideal velocity, V( = 8.02 000 = 80.2 ft/sec,

from Eq (9)
Discharge coefficient, Cq0 = 0.6 (approx),

from Fig. 6
Actual flow, Q = 0.6 X (1/144) X 80.2

= 0.334 cu ft/sec, from Eq (29)
Velocity coefficient, Cv = 0.98
Actual jet velocity, V> = 0.98 X 80.2

= 78.6 ft/sec
(b) Bellmouthed flow nozzle

Ideal velocity, V< = 8.02 0.00 = 80.2 ft/sec
Discharge coefficient, Cq<> = 0.98 (approx),

from Fig. 6
Actual flow, Q = 0.98 X (1/144) X 80.2

= 0.547 cu ft/sec
Velocity coefficient, Co — 0.99
Actual jet velocity, Vo = 0.99 X 80.2

= 79.4 ft/sec
If the orifice, nozzle, or venturi is installed in a

pipe, the velocity of approach must be considered,
and the over-all discharge coefficient, Cq, should be
used instead of C„».

Example 4
Dry saturated steam at 100 psi is escaping from a

safety valve where the diameter is 3 in. and the lift
is % in. The discharge coefficient, Cq, is 0.74 by test
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on this type of valve. To find the relieving capacity
of the safety valve:

Area of the annulus = 3 X 3.14 X % = 3-53 sq in.
Ideal flow = 3.53 X H4.7°760 = 5.86 Ib/sec,

from Eq (21)
Actual flow = 0.74 X 5-86 = 4.34 Ib/sec,

from Eq (29)
= 15,620 Ib/hr relieving capacity

Resistance to Flow in Pipes and Ducts
The flow of steam and water through tubes and

pipes, the flow of air and gases through ducts and
flues, the flow of fluids tlu’ough valves and fittings,
and the flow of fluids through and across tube banks
are all problems of immediate concern to the boiler
designer and the boiler user. These are all classified
as flow through closed-conduit systems. The deter­
mination and correlation of rational data for applica­
tion to theoretically sound equations for the use of
engineers in the various fields of fluid dynamics are
a major part of the experimental work conducted by
hydraulic, aerodynamic, and many other research
laboratories. The purpose of the following discussion
is to present the experimental data that can be re­
liably and expeditiously used in the solution of boiler
fluid-flow problems.

Perhaps the most important problem is the evalua­
tion of the resistance to fluid motion, i.e., the friction 
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toss or the pressure drop of the Md tovjn? ta a
conduit. The ^notion beh^n
pressure drop can be reahzedIf'
general energy equation ( ) d for
friction, equation (1/). R can De see _
fluid flowing between two points at the sa 1
tion with a negligible change in specific volume ana
a constant velocity, the pressure drop is proportion
to the friction loss. ,

The evaluation of tlie friction loss was found to
depend upon the type of fluid flow (Jeamhne
turbulent), the physical properties of the fluid, tl e
size and form of tlie conduit, and the condition of
the conduit surface. In streamline or laminar flow,
adjacent layers of fluid slide over each other with no
slip at tlie boundary between the fluid and the sur­
face of the conduit. The condition of the surface,
therefore, has no effect upon the resistance to flow,
and the friction loss is a result of the viscous shear
of adjacent layers of tlie fluid. In turbulent flow there
is an irregular motion in the fluid, characterized by
an eddying of the fluid and by an irregular shearing
of adjacent layers of fluid, which is erratic because
of the interchange of fluid particles between layers.
There are no definite layers of fluid except, perhaps,
at the surface of the conduit. This layer is so small
that any change in the condition of the conduit sur­
face, such as an increase in roughness, does affect the
resistance to flow. The friction loss for turbulent
flow is therefore the result of the random viscous
shear between fluid layers, the more consistent shear
near the surface of the conduit, and the impact of
the fluid particles caused by eddy formation in the
fluid.

The significance of viscous shear can be illustrated
as in Fig. 7, where two flat plates are separated by
a layer of fluid of thickness y. If tlie bottom plate is
stationary and tlie top plate moves at a velocity V,
the fluid layer in contact with the top plate, because
of adhesion, moves with the same velocity as the
plate, and the fluid layer in contact with the bottom
plate, for the same reason, is stationary. At inter­
mediate distances between the two plates, the velocity
is proportional to the distance from the bottom plate
Because of internal fluid friction, each layer of fluid
exerts a drag on the more rapidly moving layer above
it and the topmost layer exerts a drag on the moving
plate. A force is therefore required to maintain the
motion of the top plate. This force is equal to the
drag, or frictional resistance, which can be expressed

F = tS .
where: (30)

F = force, lb
T = Shear stress at surface, Ib/sq ft

““ " Which

The property of the fluid called viscosity is a meas­
ure of its resistance to tlie shearing of adjacent layers.
The force opposing tlie movement of adjacent layers
or of tlie top plate can, therefore, be expressed as:

F = ^V/y (31)

where:
F = force, lb
H — absolute viscosity, lb (force), hr/sq ft
S = plate surface area, sq ft
V = velocity, ft/hr
y = distance between stationary and moving

plates, ft

FLUID y

F------ v------ H
IZZZZZZZZZZZZZZZZZZZZ^ZZZZZZZZZZZZZZ/

TOP PLATE MOVING [

BOTTOM PLATE STATIONARY VELOCITY PROFILE

Fig. 7. Diagram illustrating viscous drag reaction
between adjacent fluid layers

The above explanation of frictional resistance is
applicable to a closed conduit, such as a pipe or duct,
where the stationary surface or walls of the conduit
can be considered to exert a drag or resistance on the
fluid flowing inside the conduit. Experimental results
have shown the resistance force can be expressed as:

F=/'SyV2/2g (32)
where:

F — force, lb
f' — friction factor

S = surface area, sq ft
■y = specific weight of fluid, lb/cu ft

V — velocity, ft/sec
g = gravitational acceleration, ft/sec2

A more useful form of equation (32) can be re­
solved by considering the components of S in a closed
conduit of a constant cross section, that is:

8 = PL
where:

S = surface area, sq ft
P =. contact perimeter of conduit, ft
L — length of conduit, ft

and:
F=/'PLyV72g (33)

As mentioned above, resistance to flow or friction
loss can be synonymous with pressure drop, and in
most cases it is better to express the loss as a pressure
drop in either Ib/sq ft or Ib/sq in. For a conduit with
a cross-sectional area, A, in sq ft, the pressure drop
in Ib/sq ft becomes:
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Ap=/'PLyW/2gA
or:

Ap=/T7F/2g(A/P) (34)
For consistent evaluation of the pressure drop and

the friction factor, it is necessary to establish some
characteristic length term that is applicable to both
circular and noncircular conduits. The lengdi term
satisfying this need is four times the mean hydraulic
radius and is known as tlie equivalent diameter (see
Chapter 7, page 7-11). The hydraulic radius of a con­
duit is defined as:

A_  cross-sectional flow area
P — contact perimeter (°5)

In a circular conduit, such as a pipe or duct, having
an internal diameter, D<, in ft, the cross-sectional flow
area is -rrDr/4, the contact perimeter is ttD,, and the
equivalent diameter, Dc, in ft is:

D.= 4A/P - 4 -7rP<2 1 ~D{
4 ttjDi

Thus A/P = Dt/4, and equation (34) for a circular
conduit becomes:

Ap = 4/'LyVs/2gD, (36)
or expressed in Ib/sq in.:

Ap=4/'LyV2 * */288gD< (37)
In some cases it may be convenient to express the

friction loss as a head loss, hf, in ft of fluid flowing.
This is obtained from equation (36) divided by the
specific weight, as:

hf= 4f'L7V2/2gDi7
or:

7iz= 4/LV72gD< (38)
Equations (36), (37), and (38) can be applied to

noncircular conduits by substituting Dc for Dt.
The several equations given above for determining

fluid friction loss are variously attributed to Chezy,
Darcy, or Fanning. Careful attention is required in
the selection of the proper numerical value for the
friction factor,^- It has been found experimentally
that the most rational base for evaluating the friction
factor is by tlie use of the Reynolds number, A7«,
criterion for defining tlie flow pattern, and the e/d,
function for defining the relative roughness of the
conduit surface. Experimental data on friction factors
using this basis were correlated by Moody, as shown
in Figs. 8 and 9. The Moody friction factor, f, incor­
porates the “4” of tlie previous equations and is, there­
fore, four times tlie Fanning friction factor, f', in equa­
tions (36), (37), and (38). These equations and the
quantities used for determining tlie friction factor can
be rearranged for application to boiler calculations
by using the following symbols and units:

Ap = pressure drop, psi
f = friction factor = 4f'
L = developed length of flow path (incl

bends), ft

v = specific volume, cu ft/Ib
G = mass flow = w/A, Ib/sq ft, hr (see page

11-22)
de = equiv diam of conduit, in.
V = fluid velocity', ft/lir
g — gravitational acceleration, ft/lir2
/j. = absolute viscosity, lb (mass)/ft, hr

Nne = Reynolds number = dcG/12,u
e/de = relative roughness of surface

e = avg height of roughness projections, in.
When these definitions are substituted in equation

(37), the equation for pressure drop becomes:
Ap =f Lv(Gx lO^/de, Ib/sq in. (39)

The friction factor, f, for various conduits is ob­
tained from Fig. 9, using the relative roughness value,

Fig. 8. Relative roughness of various conduit surfaces

c/de, from Fig. 8. From a practical standpoint, the
increase in rugosity' with age should be considered
when designing or establishing the power required
to overcome the maximum probable losses.

Realistic values of flow velocity, based on experi­
ence, for an assortment of piping and duct systems
are given in Table 2. The specific weights and vol­
umes of liquids and gases in Tables 3 and 4, respec-
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N,.= REYNOLDS NUMBER, = d. G/12 p

Fig. 9. Friction-factor Reynolds-number relationship for use in determining
pressure drop of fluids flowing through closed conduits (pipes and ducts)

Table 2

Nature of
Service

Range of Allowable Velocities in Duct and Piping Systems
Velocity, Nature of
ft/min Service

Steam lines:
High pressure
Low pressure
Vacuum

Superheater tubes, steam
Compressed-air lines
Natural-gas lines (large transcontinent)
Forced-draft ducts
Forced-draft ducts, entrance to burners
Induced-draft Hues and breeching
° See also Tables 3 and 4, Chapter 18.

8,000-12,000
12,000-15,000
20,000-40,000

2,000-5,000
1,500-2,000
1,000-1,500
1,500-3,600
1,500-2,000
2,000-3,500

Stacks and chimneys
Boiler gas passes0
Coal-and-air lines, pulverized coal
Air heater, gas and air sides
Ventilating ducts
Register grills
Water lines
Economizer tubes, water
Crude-oil lines (6" to 30")
Boiler circulation

Velocity,
ft/min

2,000-5,000
3,000-6,000
3,000-4,500
1,000-5,000
1,000-3,000

300-600
500-750
150-300

60-360
70-700
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Table 3

Physical Properties of Liquids
(at 14.7 psia)

° From coal, 120% total air. Flue gas molecular weight taken as 30.

Temp, Sp Wt, Sp Vol, Sp Ht,
Liquid F Ib/cu ft cu ft/lb Cp

Water 70 62.4 0.0160 1.000
212 59.9 0.0167 1.000

Automotive oil 70
SAE 10 55-57 0.0182-0.0175 0.435
SAE 50 57-59 0.0175-0.0170 0.425

Mercury 70 846 0.0018 0.033
Fuel oil, #6 70 60-65 0.0167-0.0154 0.40

180 60-65 0.0167-0.0154 0.46
Kerosene 70 50-51 0.0200-0.0196 0.47

Table 4

Physical Properties of Gases
(at 14.7 psia)

Temp, Sp Wt, Sp Vol, Inst Sp Ht, K,

Gas F Ib/cu ft cu ft/lb Cp c. Cp/Cv

Air 70 0.0751 13.32 0.241 0.172 1.40
200 0.0603 16.58 0.242 0.173 1.40
500 0.0415 24.10 0.248 0.180 1.38

1000 0.0273 36.63 0.265 0.197 1.34

CO- 70 0.1148 8.71 0.202 0.155 1.30
200 0.0922 10.85 0.216 0.170 1.27
500 0.0634 15.77 0.247 0.202 1.22

1000 0.0417 23.98 0.280 0.235 1.19

H= 70 0.0052 191.2 3.440 2.440 1.41
200 0.0042 238.0 3.480 2.490 1.40
500 0.0029 345.0 3.500 2.515 1.39

1000 0.0019 526.3 3.540 2.560 1.38

Flue gas’ 70 0.0836 11.96 0.253 0.187 1.35
200 0.0776 12.88 0.255 0.189 1.35
500 0.0428 23.38 0.265 0.199 1.33

1000 0.0282 35.48 0.283 0.217 1.30

CH. 70 0.0416 24.05 0.530 0.406 1.30
200 0.0334 29.95 0.575 0.451 1.27
500 0.0230 43.50 0.720 0.596 1.21

1000 0.0151 66.22 0.960 0.836 1.15

fluid viscosity decreases substantially as the temper­
ature is raised. On the other hand, for gases and
vapors (Figs. 11 and 12) there is an increase in
viscosity as the fluid temperature increases. These
opposite effects are the consequence of cohesion and
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diffusivity in fluids. As the temperature of the liquid
increases, the cohesive forces are lowered more than
the diffusivity is increased, and consequently the
viscosity decreases. For gases and vapors cohesive
forces are relatively insignificant, mid the viscosity
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Fig. 11, Absolute viscosities of some
common gases at atmospheric pressure

increases with rising temperature because of the in­
creased diffusivity. That there is also some change in
viscosity with pressure is indicated by Fir 12 for
steam. The relationship between various units of
viscosity is given in Table 5.

Resistance to Flow in Valves and Fittings

Pipe lines and duct con(aln

Fig. 12. Absolute viscosity of saturated and
superheated steam

and fittings to make a working entity of the assem­
bly. Unless the lines are used to transport fluids over
long distances, as in the distribution of process steam
at a factory or the cross-country transmission of oil
or gas, the straight runs of pipe or duct are relatively
short. Usually the water, steam, air, and gas lines in
a power plant have relatively short runs of straight
pipe and many valves and fittings. Consequently the
resistance to flow offered by the valves and fittings
is a large, if not major, part of the total resistance.
The methods outlined above are helpful in the exact
evaluation of fluid pressure for straight-run pipes and
ducts. The data available for estimating the resistance
to flow in valves and fittings are much less exact,
since basic difficulties practically preclude the corre­
lation of experimental data on a rational basis. These
losses are furnished by the manufacturer, expressed
either as velocity heads or as equivalent lengths of
straight pipe. The latter are calculated by equation
(39), the former by equation (40) below, which is
equation (8) converted to psi units:

Ap = Nv(G X 10-7/12, Ib/sq in. (40)
where:

N — number of velocity heads
u = sp vol of fluid, cu ft/lb

G = w/A = mass flow, Ib/sq ft, hr
f^le iang® in pressure drop through an assortment

len^TT^ fit?ngS is given in Table 6 “ equiva-
fittincrq °C1 ^eads> As noted, pressure drop through
ft? 3 S° be eX?rcssed as the loss £ equiva­
lent lengths of straight pipe.
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Table 5
Relationship between various Units of Viscosity

Absolute (Dynamic) Viscosity Values
Metric Units English

Centipoise, Poise,
g(mass)
cm, sec

Units
Kinematic Viscosity Values
Metric Units English Units

Centistoke, Stoke,
sq cm

sec
0.624/y

0.01 poise

1.0
100

1,488
0.413
47,900
0.016y
1.6y

l,490y

0.01
1.0

14.88
0.00413

479
0.00016y
0.016y
14.9y

Ib(mass)
ft, sec

0.000672
0.0672

1.0
0.000278

32.2
O.OOOOlly

O.OOlly
1.02y

Ib(mass)
ft, hr
2.42
242

3,600
1.0

115,900
0.0396y
3.96y

3,680y

lb(force),sec
sq ft

0.0000209
0.00209
0.0311

0.0000086
1.0

0.00000034y
0.000034y

0.032y

0.01 stoke

62.4/y
6,240/y
92,900/y
2o.8/y

2,990,000/y
1.0
100

92,900

62.4/y
929/y

0.258/y
29,900/y

0.01
1.0
929

sq ft
sec

0.000672/y
0.0672/y

1/y
0.000278/y

32.2/y
0.0000108
0.00108

1.0
y — specific weight, Ib/cu ft

Table 6

Resistance to Flow of Fluids
through Commercial Fittings*

Fitting
Ell, 90° standard sweep
Ell, 90° long sweep
Tee, flow through run
Tee, flow through 90° branch
Return bend, close
Gate valve, open
Check valve, open
Globe valve, open
Angle valve, 90° open
Boiler nonreturn valve, open

Loss in
Velocity Heads

0.3-0.7
0.2-0.5

0.15-0.5
0.6-1.6
0.6-1.7
0.1-0.2
2.0-10.0
5.0-15.0
3.0-7.0
1.0-3.0

“See Fig. 16 for loss in velocity heads for flow of fluids through
pipe bends. See also “Losses in Pipe and Fittings,” by R. J. S.
Pigott, ASME Transactions, vol 79, 1957, pp 1767-1783.

The following examples show the use of the above
data in estimating the pressure drop in a steam pipe­
line and in a forced-draft duct system:

Example 5
A steam pipe system of 100-ft developed length,

one nonreturn valve, seven standard-sweep elbows,
and one angle valve must deliver 10,000 Ib/hr of dry
saturated steam @ 100 psi. To find:

1. Nearest commercial nominal pipe size, in.
2. The over-all pressure drop, Ib/sq in.

Assume: V = 12,000 ft/min — 200 ft/sec (Table 2)
Ap = 20 Ib/sq in.

Then: v = 3.587 cu ft/lb (Appendix, page 10-A2)
for avg p = 125 psia

Q = 10,000 X 3.587/3600 = 9.96 cu ft/sec
A = 9.96/200 = 0.0498 sq ft = 7.18 sq in.

d< = 3.003 in.
Nearest nominal pipe size, 3 in., where = 3.068 in.

= 0.256 ft (see Table 7, Schedule No. 40)
A = 0.0515 sq ft
V = 9.96/0.0515 = 193.5 ft/sec

Use equation (39) for pressure drop in straight pipe:
Ap =fLv(G X lO^’/de, Ib/sq in.

G = 10,000/0.0515 = 194,300 Ib/sq ft, hr
d. = 3.068 in.

/z. = 0.0405 lb (mass) /ft, lir (from Fig. 12 for
sat. steam @ 125 psia)

= 22 = j.06SX 194.300 =
IL. 12 X 0.0405 ' ’

eZde = 0.00059, for d„ — 3.068 and commercial
steel (Fig. 8)

f— 0.0177, for e/d, — 0.00059 and Nnc =
1,227,000 (Fig. 9)

For Ap in 100 ft of straight pipe:
Ap - 0.0177, for e/d. = 0.00059 and NEl, =

7.81 Ib/sq in.
Use equation (40) for loss in bends and fittings:

Ap = Nv(G X 10’7/12, Ib/sq in.
Loss/nonreturn valve = 2.0 vel heads (Table 6)
Loss/elbow = 0.5 vel head (Table 6)
Loss/angle valve = 5.0 vel heads (Table 6)

N = 2.0 + (7 X 0.5) + 5.0 = 10.5
Ap = 10.5 X 3.587 X 1.943712

= 11.85 Ib/sq in.
Over-all pressure drop for pipe system

— 7.81 -f-11.85 = 19.66 Ib/sq in.
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Table 7

Example 6

A forced-draft duct (depth limited to 2 ft) of 100-
ft developed length and four 90° bends with square
outside corners and 2-ft radius inner corners (see
Fig. 18b) must deliver 300 F air at a rate of 60,000

cfm. To find:
1. Dimensions of duct system.
2. The ox er-all draft loss, in. of water.

Assume: V = 3600 ft/min = 60 ft/sec (Table2)
Then: Q = 60,000/60 = 1000 cu ft/sec

A = 1000/60 = 16.7 sq ft
Dimensions of duct system: 2 ft X 8.35 ft

Use equation (39) for pressure drop in straight

duct:

Ap =fLv (G X 10‘7/c?. Ib/sq in.
v lor 70 F air = 13.32 cu ft/lb (Table 4)

v for 300 F air = 13.32 X 760/530
= 19.1 cu ft/lb

„ 60,000 X 60 1inr?nll/ r. ,G =19.1X16.7 =11,270 Ib/Sqft’to

d. = 38.7 in.
p. = 0.057 lb (mass)/ft, hr (Fig. 11)

„ dG 38.7X11,270Nr’~12p~ 12x0.057 - 637>600
e/d.= 0.000046, for dr = 38.7

and commercial steel (Fig. 8)
f= 0.0132, for e/dc = 0.000046

andNBr = 637,600 (Fig. 9)
For Ap in 100 ft of straight duct:

Ap = 0.0132 X 100 X 19.1 X 0.1127738.7
= 0.00828 Ib/sq in. = 0.23 in. of water

Nominal Wall Thickness of Welded and Seamless Steel Pipe, Inches

Nominal Outside
Pipe Size, Diam,r

in. in. 10
% 0.405 —
M 0.540 —
% 0.675 —
y 0.840 —
2 1.050 —

1 1.315 —

IM 1.660 —
IM 1.900 —
2 2.375 —

2M 2.875 —
3 3.5 —
3M 4.0 —

4 4.5 —
5 5.563 —
6 6.625 —
8 8.625 —

10 10.75 —
12 12.75 —
14 14.0 0.250
16 16.0 0.250
18 18.0 0.250
20 20.0 0.250
24 24.0 0.250
30 30.0 0.312

20 30 40
_ 0.068

_ — 0.088
— — 0.091

0.109
— — 0.113
— — 0.133
_ — 0.140
— — 0.145
— — 0.154
— — 0.203
— — 0.216
— — 0.226
— — 0.237
— — 0.258
— — 0.280

0.250 0.277 0.322
0.250 0.307 0.365
0.250 0.330 0.406
0.312 0.375 0.438
0.312 0.375 0.500
0.312 0.438 0.562
0.375 0.500 0.593
0.375 0.562 0.687
0.500 0.625 —.

Schedule Number
60 80 100
— 0.095 —
— 0.119 —
— 0.126 —

— 0.147 —
— 0.154 —
— 0.179 —
— 0.191 —
— 0.200 —
— 0.218 —
— 0.276 —
— 0.300 —
— 0.318 —
— 0.337 —
— 0.375 —
— 0.432 —

0.406 0.500 0.593
0.500 0.593 0.718
0.562 0.687 0.843
0.593 0.750 0.937
0.656 0.843 1.031
0.750 0.937 1.156
0.812 1.031 1.281
0.968 1.218 1.531

120 140 160
— — —
— — —
— — —

0.187
—— — 0.218
— — 0.250

__ — 0.250
_ — 0.281
— — 0.343
— — 0.375
— — 0.438
— — —

0.438 0.531
0.500 — 0.625
0.562 — 0.718

0.718 0.812 0.906
0.843 1.000 1.125
1.000 1.125 1.312

1.093 1.250 1.406
1.218 1.438 1.593
1.375 1.562 1.781
1.500 1.750 1.968
1.812 2.062 2.343

— _
Note: Values in bold face in Schedules 30 and 40 are identical

pipe; those in Schedules 60 and 80 are identical with the old "
Adapted from ASME Boiler and Pressure Vessel Code, section
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with the old “standard-weight”
extra-strong” pipe.
II, Material Specifications.

Use equation (40) for loss in bends:
Ap ^NofG X 10'7/12, Ib/sq in.

Width of duct, b = 8.35 ft
Depth of duct, D — 2 ft
Aspect ratio, b/D = 8.35/2 = 4.17
Curve ratio, r</r. = 2/4 = 0.5
Loss/90° bend = 0.18 vel head (Fig. 18b)

N = 4 X 0.18 = 0.72
Ap = 0.72 X 19.1 X 0.1127712

— 0.0146 Ib/sq in. ~ 0.41 in. of water
Over-all draft loss for duct system:

0.23 -f- 0.41 = 0.64 in. of water

Fluid Flow in Boilers and Tube Banks

The above data are usually adequate for estimat­
ing fluid-dynamic performance values in nozzles,
orifices, piping, and duct systems. However, for
estimating fluid-flow performance values in a boiler
on the gas side, more exact and more elaborate data
are generally desirable. While it is not within the
scope of this chapter to provide an exhaustive review,
the following data and equations will indicate the
nature of the problem (see also Chapter 11). The
problem is complicated by the presence of not only
viscous or skin-friction losses but also losses from
shock and impact caused by changes in the direction
of flow and changes in the cross-sectional area avail­
able for flow.

The shock or impact losses are represented by the
loss of energy from the formation of eddies and
swirls when fluid particles of different velocities
come into contact. Such losses can be conveniently
expressed in terms of the velocity head of the flow­
ing fluid. Another method in common use is to con­
sider these losses as equivalent to the viscous loss in
the flow through a certain length of straight conduit.
The latter method is not as accurate as the former
since the coefficient of friction for straight conduit
resistance varies with the surface roughness and the
Reynolds number and is inversely proportional to
the fifth power of the diameter, whereas impact
losses are inversely proportional to the fourth power
of the diameter.

approximately 0.05 velocity head based on the
smaller downstream section. Identifying the upstream
and downstream sections by subscripts 1 and 2, re­
spectively, and applying equation (1) where A» — 0,
AZ = 0, v, = 1/y,, and u, — l/y«, the total energy
equation becomes:

where:

(43)

Ke = 0.05 = contraction loss factor
KcV//2g _ energy loss from contraction, ft of fluid

flowing
The total energy equation (43) is also applicable

to a sudden contraction of a conduit section. For
this case, however, the contraction loss factor, Ke,
accounts for the energy loss resulting from the ori­
fice effect of a sudden contraction of the fluid stream
followed by its expansion from the vena contracta to
the downstream conduit area. Values of K« obtained
by experiment are plotted in Fig. 13 for various
values of a, the ratio of the smaller area to the larger.

a =A2/Z,= AREA RATIO, SMALL TO LARGE

Fig. 13. Contraction loss factor for /j>30°
Kc = 0.05 for /.> g30°

Effect of Contraction and Enlargement
The simplest sectional change in a conduit is where

the boundaries converge. Converging boundaries
have a tendency to steady the flow, and there is no
shock loss when the pressure energy is converted to
kinetic energy if the flow is constricted by a grad­
ually converging section terminating tangentially in
the smaller downstream section. If the included
angle of the converging boundaries is about 30° or
less and the terminal junction is smooth, the loss of
energy is a result of the skin friction only and is 
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When there is a sudden enlargement of the con­
duit section, the rapidly moving particles impinging
on the slowly moving particles cause an eddy forma­
tion in the downstream section 2, and the energy
lost is (V,-W)72g. Since A,V, = A,V, or V. =
VtAt/A,, the energy loss can also be expressed as:

(1 - A,/A,)Vr/2g (44)
and the total energy equation becomes:
n, V,2 v, V? V,2

+ = —+V-+('l-A,/A7-7- (45)y. 2g y, 2g 2g v •
For sudden enlargement it is evident from the
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Fig. 15. Static pressure difference resulting from
sudden and gradual changes in section

in Fig. 15 in terms of the velocity head at the smaller
area plotted against the section area ratios.

For gradual enlargement it is evident from the
above that the downstream static pressure, p,/yi, will
always be larger than the upstream static pressure,
p,/y,, ahead of the enlargement if V<72g fl- K,Vi2/2g
is less than V,72g.

The differences in static pressure caused by sudden
and gradual changes in section are shown graphically

P‘

7‘

Flow through Bends
Bends in a pipeline or duct system result in losses

of energy caused by friction or viscous shear of the
fluid along the wall of the bend or within the fluid
itself and by the impact or shock produced by the
change in direction. The complex flow pattern in the
bend does not permit an accurate evaluation of these
losses analytically. Accordingly, it has been found
more convenient to evaluate the losses empirically.
Since the axial length of the bend is normally in­
cluded in the straight friction loss of the pipeline
oi duct system, it has also been found more con­
venient to use experimental bend-loss values from
which the frictional component has been deducted.

ie energy losses for bends in round pipe ex-
piessec in terms of velocity heads in excess of
straight-pipe friction vary slightly with Reynolds
nhr? eiJ ■ 6 °?V ■‘■50,000. For Reynolds numbers
dpnpn 1 us.v.d ue tlleY are reasonably constant and

i defin 1 S° uPon the dimensionless ratio, r/d,
' bend tori > ?e lat‘° °‘ ^le centerline radius of the

le in einal diameter of the pipe. For com-
8-1 6

above that the downstream static pressure, pJy>,
will always be larger than the upstream static pres­
sure, p,/'/; ahead of the enlargement if Vr/2g fl­
fl — A./A^Vf/ig is less than V//2g. Where V, = 0,
as in submerged discharge into a large tank, it is
also evident that the downstream static pressure,
p>/yt, will be equal to the upstream static pressure,
pd'/i, and that the energy' lost is V7/2g.

When there is gradual enlargement of the conduit
section, the fluid has a tendency to leave the walls,
eddies are formed, and energy is lost, the amount

i the size of the included angle. The
ergy' lose can be expressed as K(T — Ai/A/fV/’/lg
K.V,'/2g, and the total energy equation becomes:

, V? pt V,= V/ (46)

When there is g
section, the fluid has a

depending upon the size
energy lost can 1--------
or
P‘

2g

K, = enlargement loss factor
K,V//2g = energy' loss from enlargement,

ft of fluid flowing
Values of Kt obtained by experiment are plotted in
Fig. 14 for various values of a, the ratio of the
smaller area to the larger, and /?, the included angle.

+ 1.5

a =Ai/A2= area ratio, small to large

Fig. 14. Enlargement loss factor for various
included angles

mercial pipe, the combined effect of radius ratio and
angle of bend in terms of velocity heads, is shown
in Fig. 16.

Fig. 1 6. Bend loss for round pipe, in terms of
velocity heads

r __ CENTERLINE RADIUS OF BEND, IN.
di ~ INTERNAL DIAM OF PIPE, IN.

Flow through Coils
A convenient method for calculating the pressure

drop in flow through coils is to apply a factor to the
chop through an equivalent length of straight pipe.
This factor depends upon the type of flow, laminar
or turbulent, and the radius of the coil. The ty'pe of
flow and the factors for laminar and turbulent flow
can be determined from the curves and formulas of
Fig. 17.

Flow through Rectangular Ducts
The loss of energy caused by' a change of direc­

tion in a rectangular duct system is similar to that
for cylindrical pipe. However, an additional factor,
the shape of the duct in relation to the direction of
bend, must be taken into account. This is known as
the aspect ratio, defined as the ratio of the width
to the depth of the duct. The width of the duct is
always considered to be the dimension of the sides
which curve into and away from the direction of
flow (see Fig. 18). The bend loss for the same radius
ratio will decrease as the aspect ratio increases. This
is because of the smaller proportionate influence of
the secondary' flow on the stream as a whole. The
combined effect of radius and aspect ratios on 90°
duct bends is given in terms of velocity heads in
Fig. 18.

2000 4C00 6000 8000

N«.= REYNOLDS NUMBER

Ap = Fif X A p', FOR LAMINAR FLOW
Ap — e’^'XAp', FOR TURBULENT FLOW

WHERE:

Ap — PRESS. DROP THROUGH COIL, PSI
Ap' = STRAIGHT-FLOW PRESS. DROP THROUGH

DEVELOPED LENGTH OF COIL, PSI
NSc = REYNOLDS NUMBER

d = INSIDE DIAMETER OF TUBING, IN.
r= CENTERLINE RADIUS OF COIL, IN.
0 = 2.718, NAPIERIAN LOG BASE

Fig. 17. Pressure drop for laminar flow
and for turbulent flow through coils

The losses shown here are empirical and are aver­
age values of test results which indicated that, for
the given range of aspect ratios, b/d, the losses were
relatively independent of the Reynolds number. Out­
side this range the variation with Reynolds number
was found to be erratic. It is therefore recommended
that values for b/d — 0.5 be used for aspect ratios
less than one half and values for b/d — 2.0 be used
for ratios greater than two.

Losses for bends other than 90° can be taken as
proportional to the angle of bend. It is apparent that
bend losses in rectangular ducts can be reduced by'
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the use of splitters, which increase both the aspect
ratio and the average radius ratio.

A convenient chart for the calculation of draft
loss resulting from impact losses in duct systems
conveying flue gas or air is Fig. 19. Knowing the
mass flow and temperature, a base velocity head in
inches of water at sea level can be obtained. This is
subject to an altitude correction if such applies.

Flow of Gases over Tube Banks

Resistance to the transverse flow of gases over in­
line tube banks is an example of more or less ex­
treme sectional changes. When the tubes are stag­
gered, both sectional and directional changes affect
the resistance. Experimental results and the analytical

Fig. 19. Mass-flow velocity-head relationship
for flue gas or air

conclusions of an extended research by B&W, using
the orifice formula as a basis, indicate that three
principal variables affect resistance to the transverse
flow of gases over tube banks. The primary variable
is the number of major restrictions. The second
variable is the so-called friction factor, relatable to
the Reynolds number (based on tire tube diameter)
and the tube pitch and pattern (in-line or staggered).
The third variable is the depth factor, applicable to
banks of a depth less than 10 rows, as shown by
Fig. 20.

The product of tire friction factor and the number
of major restrictions is, in effect, the summation of
the velocity-head losses in the flow of fluids through
apparatus when the major resistance is caused by
impact losses. This fact can be applied in establish­
ing procedures for the calculation of draft loss
through units of a fixed type or design. In units of
this type, the ratio of the length of flow path to the
equivalent diameter of any longitudinal flow section
remains unchanged, as does tire ratio of heating
surface to free-flow area. In calculating the draft
loss through units of this type, the procedure is re-
so ved into the three factors: temperature, type, and
loading. The physical properties of the fluid, such
as ensity and viscosity, vary with temperature and
aie accounted for by the temperature factor. The
p P0] a.ct01 acc°unts for the geometric pattern of

desi8n- The loading factor accounts for the rate
8-18

Fig. 20. Draft loss depth factor for number
of tube rows crossed in convection banks

of driving and is proportional to the gas weight per
sq ft of surface area raised to a power. The product
of these three factors is the base draft loss subject
to the applicable stack effect and correction for
altitude (see Chapter 5). A further correction is re­
quired when the gas or air outlet is above or below
the inlet. This correction is additive if the hot gases
are forced to flow downward against their natural
tendency to rise in relation to the cooler ambient air,
and it is subtractive when the hot gas outlet is above
the hotter gas inlet. Examples of draft loss calcula­
tions for simple tube-bank arrangements appear in
Chapter 11.

Flow through Stacks or Chimneys
The flow of gases through stacks or chimneys is

established by the natural-draft effect of the stack
and/or the mechanical draft produced by a fan. The
resistance to this flow or the loss in energy between
the bottom and the top of the stack is a result of
the friction and stack exit losses. The algebraic
treatment of these losses and examples of actual
application are given in Chapter 5.

Boiler Circulation
The flow in a natural-circulation boiler is estab­

lished by the difference in specific weights of the
water in downflowing tubes and the water or water­
steam mixtures in the upflowing tubes and by the
restriction to flow resulting from friction and shock
losses. The algebraic treatment of the above forces
and energy losses affecting natural circulation and
examples of actual application are given in Chap­
ter 9.

Throttling Calorimeter
The throttling calorimeter is used for the determi­

nation of the enthalpy and the quality of wet steam.
As shown in Fig. 21, steam taken from the header
in a sampling tube passes through a valve where
it is throttled to a lower pressure. The kinetic energy
of the high-velocity steam is all returned as reheat
in the fluid when it is brought to rest in the low-
pressure downstream calorimeter chamber. The ex­
pansion, thermodynamically and fluid dynamically,
is therefore at “restored” enthalpy, i.e., the same
initially and finally, even though not constant
throughout. This was first recognized by Joule in his
porous-plug experiments. The phenomenon can be
defined in mathematical terms by reference to the
general energy equation in the reduced form of
equation (1) applicable to fluid flow. Since there is
no change, over-all, in the elevational head, Z, and
velocity, V (see above), equation (1) can be re­
duced to the form:

p,v, + th = piV< -J- th (47)
and since enthalpy, h — pv fl- u, Btu/lb

lh = h, (48)
This can be verified by equation (26), Chapter 10,
since no work is done.

Fig. 21. Throttling calorimeter showing sampling
tube installed in steam header or pipe

In the operation of the throttling calorimeter, the
temperature and pressure are taken in the low-pres­
sure chamber. The readings can be used only if
there is superheat at this point. Use of the calori­
meter can be demonstrated by the following exam­
ples in finding the quality of steam:

Example 7
Steam in Header

Pressure 100 psi (114.7 psia)
Temperature 338 F
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The steam tables show that these readings apply
saturated water, wet steam, and dry saturated steam.
There is, however, a vast difference in the quality
(0 to 1007 dryness) and in tlie enthalpy, h, (309 to
1189 Btu/lb) implicit in these readings, and they
give no information on whether the fluid in the
header is water, steam, or a mixture. By expanding
a sample of the steam from the header through the
needle valve of a throttling calorimeter, the readings

obtained were:
Steam in Calorimeter Chamber

Pressure 14.7 psia
Temperature 262 FEnthalpy, h, 1175 Btu/lb (steam tables)

Since the saturation temperature at 14.7 psia is 212
F, the steam in tire calorimeter chamber has 50
degrees of superheat. On the Mollier chart, if the
reading for the steam in the calorimeter chamber,
represented by point 2 in Fig. 22, is projected hori­
zontally to tlie left at constant enthalpy of 1175
Btu/lb in accordance with equation (48), tire mois­
ture of tlie steam at 114.7 psia (tlie pressure in the
header) is 1.6% and the quality is 98.4% at point 1.

chamber is connected to a vacuum

in Calorimeter Chamber
25 in. vacuum (4.92 in. Hg abs)
180 F
1141 Btu/lb (steam tables)

.LLUJL1 ---------- J

is 133 F, the steam in the calorimeter

If tlie calorimeter
source:

Steam in
Pressure
Temperature
Enthalpy, h, —----- ---

Since saturation temperature at a pressure of 4.92
in. Hg abs is 133 F, the steam in the calorimeter
chamber has 47 degrees of superheat. On the Mollier
chart, if the reading for tlie steam in tlie calorimeter
chamber (connected to a vacuum source), repre­
sented by point 3 in Fig. 22, is projected horizontally
to the left at constant enthalpy of 1141 Btu/lb, the
moisture content of the steam for 114.7 psia (the
pressure in the header) is 5.5% (94.5% quality) at
point 1'. The reading projected to point 3' will give
212 F with 1% moisture in the calorimeter chamber
when operated at atmospheric pressure (14.7 psia).

To measure steam quality beyond the range of
the throttling calorimeter, a device, such as a sepa­
rating calorimeter, must be used in which the liquid
is physically separated from the vapor and meas­
ured—a trying operation, at best.

Fig. 22. Trace of Mollier chart for determining
steam quality with throttling calorimeter

If no superheat appears in the calorimeter chamber
at atmospheric pressure, it is often possible to ex­
tend the range by connecting the chamber to a
vacuum source and thus operate at negative pres­
sure. The following example will serve to demon­
strate this condition:

Example 8
Steam in Header

Pressure 100 psi (114.7 psia)
Temperature 338 F

Steam in Calorimeter Chamber
Pressure 14.7 psia
Temperature 212 F

Entrainment by Fluid Flow
Collecting or transporting solid particles or a

second fluid by the flow of a primary fluid at high
velocity is known as entrainment. This is usually ac­
complished by jets using a small quantity of high-
pressure fluid to carry along large quantities of an­
other fluid or of solid particles. The pressure energy
of the high-pressure fluid is converted into kinetic
energy by nozzles, with a consequent reduction of
pressure. The material to be transported is drawn
in at the low-pressure zone, where it meets the high-
velocity jet and is carried along by it. Usually the
jet is followed by a parallel throat section, to equalize
the velocity profile, before the fluid with its en­
trained substance enters a diverging section in which
kinetic energy is partially reconverted into pressure
energy. The chief loss of energy is caused by impact
or shock.

Entrainment is a very useful means of performing
certain functions. The injector is a jet pump that uses
steam as the high-pressure fluid to entrain low-
pressure water for delivery against a back pressure
higher than the pressure of the actuating fluid. The
ejector, similar to the injector, is designed to entrain
gases, liquids, or even mixtures of solids and liquids
foi delivery against a pressure less than the pressure
of the primary fluid. In a water-jet aspirator, water
is used to entrain air to obtain a fair vacuum. In the

unsen burner, a jet of gas issuing from a small
ouhce entrains air for combustion. In a gasoline
carburetor, the air entrains liquid fuel to provide
a ammable mixture. Steam-jet blowers are some­
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times used in the base of stacks of small natural­
draft boiler plants to increase the draft for short
peak loads.

In several instances, entrainment is a source of
trouble in the operation of steam boilers. Particles of
ash, entrained by the products of combustion, when
deposited on heating surfaces reduce thermal con­
ductance, when passing through fans erode the blades,
and when discharged into the atmosphere are some­
times a public nuisance. Moisture, carrying solids
either in suspension or in solution, is entrained in the
steam, and these solids may be carried through to
the turbine and deposited on the blades, increasing
the back pressure and decreasing the turbine effi­
ciency. In downcomers or supply tubes, steam bub­
bles are entrained in the water when the drag on
the bubbles is greater than the buoyant force, re­
ducing the specific weight in the pumping column
of natural-circulation boilers.

Separation
In the boiler field there are two clearly recogniza­

ble separation problems concerned with the removal
of solid or liquid particles from a flowing gas or
vapor stream: the elimination of dust and fly-ash
from the products of combustion and the separation
of water or moisture from steam vapor as it leaves
the boiler drum. In tlie case of dust and fly-ash,
several different principles of separation are em­
ployed.
1. Entrainment in another fluid, as with washing by

water sprays.
2. Filtration, in which the dust-laden gases are

passed through fiber filters where the small open­
ings serve to catch the solid particles.

3. Ionization, in which the dust particles are given an
electrostatic charge and withdrawn from the gas
stream by the attraction of a charged electrode.

4. Inertia, which utilizes an abrupt change in the
direction of the flow path.

5. Gravitation, in which there is a sudden reduction
in the flow velocity.

6. Centrifugal force, as with the whirling action of a
cyclone separator.
Some of the principles of separation listed above

are essentially fluid dynamic and are applicable to
the separation of both solid particles and liquid
drops. For an understanding of these principles it is
necessary to recognize that 1) the inertia of the solid
particle or liquid drop is a function of its volume
(for a given density) and 2) the resistance to flow
of the particle or drop through a gaseous or vapor
medium is a function of the exterior surface of the
particle or drop. With a spherical configuration for
the particle or drop, this means that its inertia is
proportional to the cube of its diameter while the
flow resistance is proportional to the square of its 

diameter. By Newton’s law’ of motion, a particle or
drop entrained in a flowing stream will continue to
move in a straight line unless acted upon by an
external force. This continuance of motion in a
straight line is a function of the inertia. Opposing
the motion is the fluid resistance. If separation is
then attempted by fluid dynamic means in which
the direction of the flowing stream is altered, the
solid or liquid particles will, by virtue of this inertia,
tend to continue moving in their original direction.
They will not follow’ the altered direction of the
general gas stream. The particles will move across
that stream, but energy will be dissipated by fluid
friction, and ultimately the particles will conform to
the pattern of the gas stream. The greater tlie par­
ticle mass and size, the greater will be the inertia
effects and the consequent effectiveness of the sep­
aration of the particle from the general gas stream.

The inertia principle is employed in a wide variety
of devices, of which the B&W cyclone steam sepa­
rator, illustrated in Chapters 9 and 29, is one of the
most prominent. Here the bulk of the physically en­
trained w'ater is removed from the steam in a series
of cyclones that communicate with a girth com­
partment into which the steam-w’ater mixture from
the risers is discharged. From the cyclone steam
separators the steam passes through scrubber baffles
for final drying. The scrubber baffles are made of
a number of corrugated plates, closely nested so that
a large surface is available for collecting moisture as
the steam, at relatively low' velocity, continually
changes direction through the tortuous passage be-
tween the baffles.

Eliminating the discharge of steam from the risers
below the free surface of the water and thorough
removal of water from the steam in the cyclone
steam separators insure the densest fluid to the
dowmcomers and, consequently, a maximum differ­
ential head for circulation. The high quality of the
steam delivered, after passing through the cyclone
steam separators and scrubber baffles, is indicated
by a solids carry-over of only 0.3 to 0.6 part per
million. This freedom from scale-forming material
permits long periods of continuous trouble-free oper­
ation of both superheater and turbine.

These fluid dynamic principles are used also in
the separation of dust, fly-ash, and cinders from flue
gases. Because of the inertia and fluid-resistance
aspects considered above, it is found that mechanical
dust separators are more effective 1) when dealing
with large and dense solid particles rather than
with small and flocculent solids, 2) when operating
with higher rather than lower fluid velocities, 3)
when running at full load rather than at part load,
and 4) w'hen operating with heavy rather than light
dust loadings.

It should be noted that these results are quite the
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opposite from experience with electrostatic us
precipitators, which are more effective for light ana
small particles, low velocities, and partial loads.

The performance of typical flue gas dust separators
as applied to boilers is shown by Fig. 23. For most
complete dust elimination, one of the best methods
is to use mechanical and electrostatic precipitators
in series. The changes in efficiency with load for the
two components are largely offset, and a high sus­
tained over-all efficiency is maintained for the entire
range of load, equivalent to the sum of the two com­
ponent efficiencies minus one hundredth of their

product.Despite all the efforts made to separate fly-ash and
cinders from flue gas, additional precautions are nec­
essary to reduce the nuisance of dust to a satisfactory
minimum. Basically, any small particles (from 100 to
30 microns, sometimes extended to as low as 3
microns) discharged from a stack will settle in still
ail-, according to Stokes. The results of applying this
and similar rules to various particle sizes and the
applicable formulas for rate of setthng are given in
Fig. 24. High stacks or high issuing velocities (up to
about 100 fps) contribute greatly to the satisfactory
dissemination of dust particles. The dust deposit rate

SCALE IN INCHES -^L

mesh sieve no.,
U.S. (ASTM| STD

DI AM OF PARTICLE
AND SCALE IN
MICRONS

10 100
25000

| 200 [ 100 P

325 | 140 | 50
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Fig. 23. Comparative and combined
performance of flue gas dust collectors
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STEAM GENERATION AND BOILER CIRCULATION

T
he process of boiling water to make steam is a
familiar phenomenon. This is usually done at
pressures below tire critical (3206.2 psia), but

modern practice has introduced supercritical opera­
tions.

The terms boiling, saturation, liquid, vapor, steam,
mixture, heat of vaporization, and superheat, all rele­
vant to the process of steam generation, define the
physical states or properties of the working substance.
Thermodynamically, boiling may be considered a
special case of adding heat to the working substance
in a constant-pressure constant-temperature process.

On the other hand, when the working substance,
water, is compressed to and above the critical pres­
sure, 3206.2 psia, and the temperature is increased to
and above 705.4 F, the above terms no longer have
their former significance. As the pressure and temper­
ature of water approach the critical, the value of the
heat of vaporization (Zir„ of the steam tables) rapidly
decreases and finally at the critical condition (3206.2
psia and 705.4 F) becomes zero, and the term is
meaningless.

Heat added to the working substance at or above
the critical pressure produces an increase in tem­
perature. As a result there are changes in tempera­
ture-dependent properties, such as specific heat,
viscosity, thermal conductivity, diffusion, and specific
volume. With the exception of the last, the relation­
ship is one of decreasing values with increasing tem­
perature over the lower temperature range and in­
creasing values with increasing temperature over the
higher temperature range. There are no discontinui­
ties in this relationship.

When heat is added at or above the critical pres­
sure, the term fluid may be used to describe the
working substance in its continuous passage from the
cold to the hot end of the circuit. Unlike the practice
in the subcritical region, attempts to define the state
of the working substance at a particular point in the
circuit are generally unsatisfactory and unnecessary.

In the heat-power field the operating pressures of
natural-circulation boilers have increased over the

years to above 2800 psi. Since 1945 many experi­
mental operations have been conducted in the super­
critical region. Today the supercritical pressures
are accepted standards in large-scale commercial
practice.

Much of the analysis which follows is concerned
with the phenomena of boiling as encountered in
natural-circulation boilers. Experience has demon­
strated that in some instances, economic advantages
accrue from the use of the forced-circulation (Univer­
sal-Pressure type) boiler in large sizes and for tire
higher subcritical pressures.

Types of Boiling

The change from liquid to vapor occurs both at a
solid-liquid interface, as at the inside tube surface
of a water-tube boiler, and at a liquid-vapor inter­
face, as with water surrounding a steam bubble. It
has been observed that two distinct types of boiling,
known as nucleate boiling and film boiling, occur at
a solid-liquid interface. Nucleate boiling is charac­
terized by the formation and release of steam bubbles
at the interface with the water still wetting the sur­
face, while in film boiling this surface is covered by
a film of steam. To transfer heat from the surface to
the fluid, a temperature gradient (At) is necessary.
The magnitude of this gradient depends mainly upon
whether nucleate or film boiling is taking place and,
to a lesser extent, upon the pressure, the surface
material, and the condition of the surface.

Except for the once-through type, boiler designs for
subcritical pressures must stay within nucleate boiling
conditions, where the water still wets the tube sur­
faces and the At values are low. For a given pressure
under the condition of nucleate boiling, incremental
increases in At produce quite uniform increases in
conductance, Btu/sq ft, hr, F. Beyond this condition
there is a sharp decrease in conductance for further
increase in At. This limit marks the transition from
nucleate to partial nucleate partial steam-film boiling,
and the tube wall is no longer continuously wetted.

The fluid velocity through vertical heat-absorbing
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Forced Circulation

In boiler units designed for forced circulation at
subcritical pressures, the flow in the various circuits
is produced by pumps. There are two general types:

1. In the “once-through” forced-circulation type,
water from the feed supply is pumped to the inlet
end or ends of the heat-absorbing circuits. Evapora­
tion, or change of state, gradually takes place along
the length of the circuit, and, when evaporation is
complete, further progress through the heated cir­
cuits results in superheating the vapor. Convention­
ally this type of forced circulation requires no steam-
and-water drum.

A modification of the “once-through” type evapo­
rates to partial dryness (90% quality), and the water
is removed in a separator.

2. In the “recirculating” forced-circulation type,
the water supplied to the circuits by a separate cir­
culating pump is considererably in excess of the steam
produced. A steam-and-water drum is required (as
in a natural-circulation boiler), in which steam sepa­
ration takes place. The separated water together with
feedwater from the feed pump is returned through
downcomer circuits to the circulating pump for
another “round trip.” 1 1

In the recirculating type of forced circulation there
is a net thermal loss for the boiler unit because of
the separate circulating pump. While practically all

9-2

boiler tubes covers a relatively wide range (1 to 10
fps). With horizontal or sloping tubes, mass flow and
velocity must be sufficient to prevent separation m
order "to maintain the wetted condition. Entrance
velocities to circuits of this nature are conventionally
in the upper half of the above range, depending upon
heat absorption rate, direction of heat application,

and degree of slope.

Types of Circulation
An adequate flow of water and water-steam mix­

ture, necessarv to the proper performance of all the
circuits of a steam-generating unit, may be produced
naturally by the action of the force of gravity, me­
chanically by means of pumps, or by a combination

of the two.In natural circulation the force of gravity available
to produce flow comes from the difference between
the densities (Ib/cu ft) of the fluids in the down­
comer (downflow) and riser (upflow) circuits.
Ideally', the fluid in the downcomer is water at or
slightly below saturation temperature and undiluted
by steam bubbles (see Steam Separation and Purity
below). Heat-absorbing upflow circuits at saturation
temperature convey to the boiler drum a water-steam
mixture of less density' than that of the water in the
downflow circuits, thus establishing the force avail­
able for circulation.

or(TV nut into the pump reappears in the
of the energy enthalpy> the energy came
pUmPnv from the fuel pile at a conversion-to-useful-
ongmally than x 0. l£ an electric motor

- * p>-
thermal efficiency of 33/6).

Natural Circulation
In any given natural-circulation system, the circu­

lation will increase with increased heat input (and in­
creased steam output) until a maximum value is
reached, after which further increase m heat absorp­
tion will result in a decrease in flow. The general
form of the curve is shown in Fig. 1. Two opposing
forces are present: The increase in flow results from
the increase in die difference of the densities of the
respective fluids in downcomers and risers caused
by die increase in heat absorption. However, at the
same time die friction and impact losses (see Chap­
ter 8) in both downcomers and risers are increasing.
When die rate of increase in these losses, caused pri­
marily by die increase in specific volume in the riser
circuits, becomes greater than the gain from increase
in the density differences, die flow rate will begin to
drop. A proper objective, therefore, is always to de­
sign all the circuits to operate in the region of the
rising part of the curve.

Fig. 1. Typical relationship between circulation
in a boiler circuit (at a given pressure) and
amount of steam produced (scale arbitrary)

When the design is limited to the rising portion of
t le circulation curve, a natural-circulation boiler
tends to be self-compensating for the numerous vari­
ations in heat-absorption conditions usual in an oper-
a ng unit. Some of these are: sudden overloads,
c iange in heat-absorbing-surface cleanliness, nonuni-
oi in ue bed or burner conditions, and even the in-

‘ mty to forecast precisely the actual conditions over
die operating lifetime.

similai compensating effect is inherent in a 

forced-circulation unit operating at subcritical pres­
sures, since a large part of the total resistance of die
riser circuits is caused by flow-distribution devices
required at the circuit inlets. Under these conditions
an increase in heat absorption to an individual cir­
cuit or group of circuits changes the flow rate only
a little because of die disproportionately large resist­
ance of die distributors.

The method of producing flow in boiler circuits,
whether natural or mechanical, has virtually no bear­
ing on the effectiveness of heat-absorbing surface
with nucleate boiling. The prime requirement is that
the inside surface should be wetted at all times by
the water in a water-steam mixture of suitable qual­
ity for die given conditions (see above and Fig. 2).
Having met this fundamental requirement, the water­
film resistance to heat flow is negligibly small (see
Chapter 11), and the over-all heat conductance de­
pends upon gas-film and tube-wall resistances. Any
departure from this practice requires special consid­
eration of die forced-convection steam-film heat
transfer coefficient and its relation to permissible
metal temperatures. In other words, boiler heat-ab­
sorbing surface in the furnace or convection portion
of the unit will absorb substantially the same amount
of heat per sq ft regardless of whether the circulat­

Fig. 2. Diagram a.- Recommended maximum per cent SBV
leaving riser at various pressures. Diagram b: Per cent
SBW corresponding to per cent SBV for various pressures

ing flow is produced by natural methods or by
pumps.

Forced or Natural Circulation

Under certain conditions forced circulation can be
usefully applied to steam generation. Mechanical
means to move the fluid within the circuits are em­
ployed for boilers designed to operate above or near
the critical pressure (3206.2 psia). There are in­
stances, also, in the process and waste-heat fields
where temperature control or consolidating heat pick­
up from widely separated points can be economically'
effected by circuits activated by' pumps. The condi­
tions where forced circulation can be applied to ad­
vantage are quite specific.

Experience has shown that natural circulation by
difference in density' is ample for boiler pressures even
above 2800 psi. When the difference between the
densities of water and steam becomes too small, a
pump will assure positive circulation. The forced-
circulation principle, however, is equally operable in
both the supercritical and subcritical pressure ranges.
The selection of the identifying name “Universal-
Pressure” boiler reflects the broad applicability of the
forced-circulation principle. Its choice, as opposed
to the retention of natural circulation in the subcritical
range, is essentially determined by' the economics of
the installation.

The differential in specific weights of steam and
water for the range of 14.7 to 3206.2 psia is given
in Fig. 3. It will be noted that a substantial differ­
ential persists well up toward the critical pressure.
As long as the maximum effectiveness of this differ­
ential is maintained by' the efficient separation of the
steam from the water in the circulating system, as
with the use of the cy’clone steam separator (see be­
low), mechanical aid to circulation is not essential.

Fig. 3. Specific weights of steam and water at saturated
steam temperature for pressures atmospheric to critical
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Circulation Design Criteria

th^X^

the water phase of tire two-phase rrnxtu*
lated data on limiting values and desi
derived from operating expenence and laborat ty
investigation. Furthermore, it is assumed that the fluid
supplied to tlie boiler will be of suitable! Pu,ri*V
proper treatment. (See Treatment of Water foi Steam
Boilers, Chapter 21.) «

In the actual design, the riser circuits are normally
fixed by arrangement. They form the enclosure an
provide the surface required for heat absorption, i hey
have dimensional limitations as a result of location,
permissible burner clearances, and gas velocities. The
structural arrangement of the downcomer circuits
usually is not as rigidly prescribed as that of the risers.
The establishment of flow areas in the various parts
of the system, particularly in the downcomer (supply)
circuits, is the end result of the design calculations.

One design criterion is the permissible per cent
steam by volume (SSBV), or the corresponding per
cent steam by weight (%SBW), throughout the fluid
flow path. This limit is a function of many variables,
including pressure, heat flux, and mass flow. For each
pressure and heat flux there is a maximum permissible
quality (%SBW), which is dependent upon mass flow.
This is the so-called “burnout point,” or departure
from nucleate boiling. Designs which would result in
operation at qualities in excess of this limit could be
subject to tube failures as a result of metal tempera­
tures above material limitations. Moreover, for a con­
stant heat flux and mass flow, the permissible steam
by volume (%SBV) decreases with increased pressure.

For low-pressure designs, below 1200 psi, it is pos­
sible economically to design to a maximum quality
limit leaving the riser as a function of pressure. Satis­
factory local qualities would then obtain in the lower
portions of the furnace, where heat fluxes are nor­
mally higher, without sacrificing a suitable margin of
safety. On the other hand, high-pressure designs re­
quire a detailed analysis of the probable distribution
of heat fluxes throughout the furnace during oper­
ation. These fluxes are a function of heat input, burner
location, type of fuel fired, and possible maloperation
or operational upsets. It therefore becomes necessary
to investigate these various factors which affect the
permissible quality, to be assured that the final cir­
culatory arrangement will result in a satisfactory
quality (XSBW) not only at the top of the riser circuit
but also incrementally along its length. A unit with
burners located near the top of the riser circuit has
high heat fluxes in the high-quality region and must

e designed to quality limits different from those of
a unit with burners located near the bottom of the

riser circuit in the; X^wouldhTdepS

Laboratory investigations venfied by field tests
have shown that the permissible quahty for a gtven
heatfl“ mass flow, and pressure can be increased
S the use of turbulence promoters winch aid in wet-
bug die inside tube surface This increase has been
aeWeved titrough the use of internally ribbed tubes.

The quality of the mixture is not, however, the only
criterion of proper conditions within the tubes or flow
paths. Minimum allowable internal velocities are also
important criteria. These values vary widely with the
heal absorption rate, quality, manner of heat applica­
tion, and arrangement of tubes in the circuit. Sloping
tubes in particular, receiving heat on either half or full
circumference, require adequate velocities in order to
prevent separation of the two-phase fluid, steam­
blanketing, and eventual tube failure. Adequate ve­
locities are also necessary for sloping tubes receiving
heat only from below, to minimize the possibility of
solids deposition from the water and the consequent
overheating and ultimate failure of the tube metal.
Slightly inclined tubes receiving heat only from
above, as in a furnace floor, or around the full circum­
ference, as in a screen, require fluid velocities in the
order of 5 to 10 fps entering the heat absorption zone.
On the other hand, substantially vertical riser cir­
cuits, regardless of heat application, require relatively
low entering velocities, in the order of 1 to 5 fps. The
criteria that govern involve too many factors for a
thorough description here.

Another criterion is the relationship between the
anticipated density and pressure drop characteristics
of the flowing media and those of a static column of
saturated liquid of the same vertical height. This ratio
is referred to as the per cent of saturated-water head
(%SWH). Minimum values can be established from
analytical studies or from measured values obtained
from operating units. The design of circulatory sys­
tems below the established limits could lead to pos­
sible problems (tube failures) as a result of recircula­
tion of steam-water mixtures between flow paths
within the same circuit.

In the finalized design of the circulation system
all limits must be satisfied. Each circuit will have its
own limiting condition, whether it be quality (%SBW),
velocity, or saturated-water head (%SWH). The limit­
ing condition will be dependent upon the over-all
circuit arrangement, pressure, and heat flux.

°f ,lleat ^sorption must be evaluated
baTdlUel COmbustion data and from knowledge,
?he nnrHeX?enenCe’ °f the Probable performance of
surface Tn” ™ a?ranSement °f the heat-absorbing

‘ • n practice, the heat input pattern is rarely
and7nte(n°?8lthCiIengt11 °f tbe heat-absorbing path,

integrated values of the instantaneous density-
9-4 3 

height relationship are required to permit precise
determination of mean fluid specific weights P

Analyses of downcomer circuits as compared with
nser circuits are less involved. The specific* weight of
the fluid in the downcomer (preferably all in
liquid phase) is readily determined, since it is at !
temperature related to those of the feedwater and
saturation. Steam bubbles in the downcomer circuit
serious y affect the head available for natural circu­
lation (see Steam Separation and Purity below)

In the simple circulation-calculation example to fol
low, the application of all refinements is beyond
the scope of the present treatment. It must be empha­
sized that the possible arrangements of boiler cir­
cuits are innumerable, with parallel and series cir­
cuits inevitably present. To establish a circulation
balance in a complete system is an involved problem,
and, while the principles of equations (1), (2), (3)’
and (4) given below apply, the procedure for a
thorough solution requires consideration of other fac­
tors peculiar to two-phase flow.

Principles of Natural Circulation

The elementary circuit, shown by Fig. 4, and the
basic relationships noted may be used to demonstrate
the principles of natural circulation, simple in con­
ception but somewhat tedious in application.

Fig. 4. Hypothetical simple circuit (diagrammatic)
including primary steam separator in drum

For stabilized flow (system in equilibrium), the
weight flow in the downcomer must equal the weight
flow in the riser. Also, the net pressure at A, Fig. 4,
of the fluid in the downcomer must be balanced by
the net pressure of the fluid in the riser; that is, the
net head, II j, in the downcomer must equal the net
head, Hr, in the riser.

Referring to Fig. 4:
Z = difference in elevation, ft
yj = mean sp wt of downcomer fluid,

Ib/cu ft
vex — sp wt of mixture leaving riser,

Ib/cu ft
yr = mean sp wt of riser fluid, Ib/cu ft

Zyd/62.4 = downcomer gravity head, ft of
std water

Zyr/62.4 = riser gravity head, ft of std water
hid = sum of downcomer losses (fric­

tion, bend, entrance, exit, change
of section), ft of std water

h^r = sum of riser losses (friction, bend,
entrance, exit, change of section,
baffle, separator, acceleration), ft
of std water

Hd = Hr (1)
I/.i =Zyd/62.4 — hi’d — downcomer net

head, ft of std water (2)
I7r —Zyr/62.4 fl- Zii'r = riser net head,

ft of std water (3)
Zfyd — yfl/62.4 =7is.r fl-7ixr, from equations (1),

(2), and (3) (4)
The term “std water” refers to water at sp wt =

62.4 Ib/cu ft.
From equation (4) it is evident that the differ­

ence between the gravity heads of downcomer and
riser is equal to the sum of the circulation losses in
the system. The latter, as noted above, include fric­
tion losses along the straight flow paths, and bend,
entrance, exit, change-of-section, baffle, steam-sepa­
rator, and acceleration losses.

In general, therefore, the losses in the downcomer
portion of the circuit are:

7lXd — 7ly fl" 71t> fl- lien fl- hex fl- 111:
and similarly for the riser circuit,

TlSr = Ilf fl- hb fl- hen fl- Ilex fl- 7lt fl- Jii fl- lino
The h increments represent the various circula­

tion losses in the downcomer and riser portions of
the circuit as enumerated above. The flow path fric­
tion, hf, may be expressed by a form of the Moody
equation (see page 8-9). The bend loss, 7n, entrance
loss, hen, exit loss, hex, change-of-section loss, 7it, and
the steam-separator loss, h,, being shock losses (see
Chapter 8), are best expressed in “velocity heads.”
The acceleration loss, 7iaf, is peculiar to the case of
adding heat to the working substance and is revers­
ible in the sense that it becomes a gain on extracting
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heat. It is a result of the g tQ the differ
the system, and the energy beginning and
ence between the veloci > stream. All m-
the end of the heated sect■ f j d f std water.
cremental losses are converted to ttn

In general 10 j ^cyd>
hdowncomer = 2. Ji J a

"A ft of std water
Z1/,riser = 2.31/-LfGX10-77^

ft of'std water
)„ = N. GxlO-JVMr.ftofstdwata

Z,..;,.„anW. = N..(CX10-"I A2*
’ ft of std water

= value from separator manufacturer,
ft of std water

7u. = (l/y» - l/p) (G X 10’ ^7

(5)

(6)
(7)

(8)

(9)

where:
7»

sp wt of mixture or steam leaving heated
section . . ,

yi = sp wt of mixture or water entering heated
section

In the above equations (5), (6) (7), (8), and (9):
f= friction factor, from Fig. 9, Chapter 8

L = developed length of flow path (incl
bends), ft

df = equiv diam (usually ID of tube), in.
y = fluid sp wt at region considered, Ib/cu ft

Nt, = number of velocity heads lost in bends,
from Fig. 16, Chapter 8

Ntt = number of velocity heads lost in entrance
(N<„), exit (N.J, and change of section
(NJ; 0.5 and 1.0 are commonly used for
N,„ and N„, respectively; Nt is obtained
from Fig. 13 (as KJ and Fig. 14 (as KJ,
Chapter 8

G — mass flow, Ib/sq ft, hr
For two-phase flow, as is usual in the risers of

steam boilers, a good approximation of the friction
loss at relatively low steam qualities (where the
steam phase is submerged in the water phase) can be
made as follows:
1. Calculate the Reynolds number, using the total

mass flow (steam + water) and the viscosity of the
water.

2. Obtain the corresponding friction factor, f, from
Fig. 9, Chapter 8.

3. Multiply the f thus obtained by 1.5, to account
for the increased level of secondary-flow losses
associated with two-phase flow.

4. Use the result in place of f of equation (6).
5. Obtain the average sp wt, y„ as the reciprocal of

the average of the specific volumes entering (l/yJ
and leaving (l/yJ, assuming uniform steam gen­
eration along the length of the tube.
The following additional definitions and relation­

ships are helpful in circulation analyses:

%SBV>O« lb/cuft (10)
Y-x = %SBW ’

SSBVjTuzJ^ lb/cuft (11)
ymix= 7'~~ 100

%SBV = per cent steam by volume
«BW = Percent steam by weightlk,

y, = sp wt of saturated water, b/cu ft
v = sp Wt of saturated steam, Ib/cu ft

yra,;=spwt of mixture, lb/cuft

Example
A simple example using the above relationships for

an hypothetical natural-circulation circuit, similar to
the one shown by Fig. 4, follows:

Conditions

Operating pressure = 600 psia
Feedwater temperature = 486.2 F

= 1/sp vol = 49.8 Ib/cu ft, from steam tables
y, = 1/sp vol = 1.3 Ib/cu ft, from steam tables

h°, = 7316 Btu/lb water, heat added, from steam
tables

Z = 23 ft, difference in elevation
Lr = 25 ft, length of riser circuit
Li = 28 ft, length of downcomer circuit

Heat input = 70,000 Btu/hr, sq ft of projected riser
area (uniform along Lr for simplicity)

Riser circuit arrangement:
30, 3-in.-OD X 2.67-in.-ID vertical tubes (touch­

ing) 3, 45° bends @ 18-in. radius
Downcomer circuit:

Size and number of tubes to be determined
3, 90° bends @ 18-in. radius

Bend loss factors, from Fig. 16, Chapter 8
h, — 1.10 ft of std water, steam separator loss

(from manufacturer for the conditions)

Procedure

Riser, proj area = 30 X 3X 25/12 = 187.5 sq ft
Riser, flow area = 30 X 0.7854(2.67)7144

= 1.167 sqft
Steam, total produced = 70,000 X 187.5/731.6

= 17,950 Ib/hr
%SBV leaving riser, maximum allowable

= 73, from Fig. 2
%SBW leaving riser = 6.6, from Fig. 2
Lb steam/lb mixture, leaving riser = 0.066 lb
Circulation ratio = 1/0.066 = 15.1

. lb mixture/lb steam produced
Flow in circuit, total = 17,950 X 15.1

= 271,000 Ib/hr
9-6

_ yr _ 49.8 Ib/cu ft, mean sp wt in down-
_ comer and at entrance to riser

yi _ ym{x _ 73 X 1.3/6.6 = 14.38 Ib/cu ft, sp wt @
riser exit, from Eq (10) P U

yr = 2/(1/49.8 -f-1/14.38) = 22.33 Ib/cu ft
mean sp wt in riser’

Riser Flow Losses

G, mass flow, riser = 271,000/1.167
= 232,000 Ib/sq ft, hr

/x, abs viscosity of sat. water @ 486.2 F = 0.255
lb (mass)/ft, hr, from Fig. 10, Chapter 8 ~

Nk„ Reynolds No. = 232,000 X 2.67/(12 X 0255)
= 202,400 ‘

/friction factor, riser = 0.019 for hot-finished tubes
from Figs. 8 & 9, Chapter 8

hf n’cpr — - 2~31 X L5 X °-019 X 25 X (2.32 )2
2.67 X 22.33 “

= 0.149 ft of std water, from Eq (6)
Ni, bend factor for 45° bends, 2.67-in. ID, 18-in.

radius = 0.10, from Fig. 16, Chapter 8
ho, riser, lower = 1X 0.1(2.32)7(5.2 X 49.8)

= 0.002 ft of std water, from Eq (7)
Tn, riser, upper = 2 X 0.1(2.32)7(5.2 X 14.38)

= 0.014 ft of std water, from Eq (7)
h,n, riser = 0.5(2.32)7(5.2 X 49.8)

= 0.010 ft of std water, from Eq (8)
7i„, riser = 1.0(2.32)7(5.2 X 14.38)

= 0.072 ft of std water, from Eq (8)
hk, riser (no change in section) = 0.0
h, — 1.10 ft of std water, from manufacturer
hao, riser = (1/14.38 — 1/49.8) (2.32)75.2

= 0.051 ft of std water, from Eq (9)
712 r, sum of riser head losses = 0.149 fl- 0.002

0.014  + 0.010 + 0.072 + 1.10 + 0.051
— 1.40 ft of std water

23(49.8 - 22.33)/62.4 = Tix- + 1.40, from Eq (4)
7i2d = 10.15 — 1.40 = 8.75 ft of std water

To effect a balance in the circuit, the flow area of
the downcomer should be so selected that list, the
sum of the downcomer losses, equals 8.75 ft of std
water.

Downcomer Flow Losses

The downcomer tube size is selected by trial and
error. For this example, preliminary trials are omitted.
Three 3-in.-OD X 2.67-in.-ID tubes will produce a
balance, and the evaluation of the individual down­
comer losses follows:
Downcomer, flow area = 3 X 0.7854(2.67)7144

= 0.1167 sq ft
G, mass flow, downcomer = 271,000/0.1167

= 2,320,000 Ib/sq ft, hr
° An approximate method; an integrated value should be used
for more accurate calculations.

P, abs viscosity of sat. water @ 486.2 F — 0.255
lb(mass)/ft, hr, from Fig. 10, Chapter 8

N*., Reynolds No. = 2,320,000 X 2.67/ (12 X 0.255)
= 2,024,000

f, friction factor, downcomer 0.018 for hot-finished
tubes, from Figs. 8 & 9, Chapter 8

h„ downcomer = 231 X X 23(23.2)-
1 2.67 X 49.8

— 4.72 ft of std water
No, bend factor for 90° bends, 2.67-in. ID, 18-in.

radius = 0.12, from Fig. 16, Chapter 8
ht, downcomer — 3 X 0.12(23.2)7(5.2 X 49.8)

= 0.75 ft of std water, from Eq (7)
hen + 7i«x, downcomer = 1.5(23.2)7(5.2 X 49.8)

= 3.13 ft of std water, from Eq (8)
hk, downcomer (no change in section) = 0.0
7isj, sum of downcomer head losses = 4.72 -j- 0.75 -f-

3.13 = 8.60 ft of std water
As calculated, the total of the downcomer flow

losses, hsd — 8.60 ft of std water, is in substantial
agreement with the value 8.75 ft of std water, as
established by equation (4). The sum of the cal­
culated downcomer losses should not exceed the
losses as derived by the equation, since, if it does,
the allowable 7SBV, one of the criteria imposed, will
be exceeded.

Multiple Circuits in Parallel
Parallel riser circuits are frequently used in boiler

arrangements. Detail examples of such arrangements
are not within the scope of this chapter, but the
general approach is as follows:

Fig. 5. Hypothetical multiple circuit (diagrammatic)
with three heated riser components
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The initial point for each curve in Fig. 6 is estab­
lished from the criteria set for the particular riser
component, such as quality of the mixture and allow­
able %SBV leaving the heat-absorbing region. (Such
a point was determined in the above example for a
30-tube riser, where — 4.60 ft of std water for a
flow of 271,000 Ib/hr.) Additional values for are
then calculated for each riser component, using the
original value of heat input or lb steam produced
and values both above and below the maximum
allowable for the quality of the mixture. Curves
through the points so determined are of the general
form shown in Fig. 6. The lowest point for the group
designating the allowable criterion assigned to the
particular riser component, thus establishes the posi­
tion of a horizontal line, m-n, as indicated. The in­
tercept of this line with the curve for each riser

1 fl , in that particular component. The
defines tlieflov ^ Qnent flows establishes, as
sum of all the 1 downcorner, for winch the
at n, tire total flowindetennined. The
flow area and oss ordinate

4 H’o vaiues fiTs ihei°ises permisibie

X downcomer for a circulation balance.
It is dear from Fig. 6 that once the positron o

i i-rrn ic fixed fat the lowest value ofthe horizontal line is nxe (.a /wKpn uspd
/jvJ for maximum allowable ,CSBV (when used as
a criterion) in the controlling riser component, the
%SBV and the flow in the other riser components are
both precisely set by the intercepts.

Steam Separation and Purity
In the usual form of steam boiler operating at

pressures below the critical, the steam drum is im-
portant functionally. It is the vessel in which the
saturated steam is separated from the steam-water
mixture and into which feedwater is introduced.
Boiler-water treatment by chemicals may take place
here. Any necessary blowdown for reduction of
boiler-water concentration is usually from the drum.
Further, it is from the drum that the water separated
from the mixture, together with feedwater, must be
recirculated, preferably in all-liquid phase, to the
heat-absorbing surfaces.

In a modern boiler drum, the separation of steam
from the mixture delivered by the riser portions of
the circuit usually takes place in two steps. The
primary separation removes nearly all the water
from the mixture, so that, in effect, no steam is re­
circulated through the circuits. The steam may still
contain contaminants which must be removed or
reduced in amount before the steam is sufficiently
pure for use in high-pressure turbines. This step is
called secondary separation or “steam scrubbing.”
Both steps are usually accomplished in one steam
drum.

Part of the contamination of the steam is caused
by dissolved solids contained in tiny droplets that
may remain after primary separation. The rest of the
contamination appears to be silica, either in solu­
tion in vapor-phase steam or in vaporized form. This
type of contaminant cannot be mechanically re­
moved by primary separation, and washing or scrub-

ing is necessary for its dilution or complete removal.
t ici- instances of steam contamination are pos­

sible. Gross impurities in the steam may be caused
nnnPu10di °f abnormally high water level from
perahonal upsets, during which the separating
cXTei 1S sub™rged> allowing the water to be
“nriminff0”^ ln Su PS- This action may be called
occur ff the b° b'- ^Pe §ross carry-°ver may
in the drum rv\'A Water Pr°duces excessive foamaLo as^“Z Thl,;S bnown as “foaming” and

P mg, .-nay oe severe enough to render 
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procedure

for heat input pertinent to each riser

=■ SXEXE
4. DRAW TRACES THROUGH POINTS ®-®-X AND FOR THE

TOTAL FLOW (ADDITIVE).
5 DRAW LINE m-n THROUGH THE LOWEST POINT ® ; THE
' INTERCEPTS DETERMINE THE FLOW IN EACH RISER AND THE

TOTAL FLOW.

Fig. 6. Method of establishing a circulation balance for
a multiple parallel circuit (see Fig. 5). The flow in each
riser component and the allowable downcomer loss (at
m intercept) are determined for a specified heat input to

each riser, using the %SBV criterion

the separabng dewces ineffective. Foamin. and
pnmmg are comparatively rare occurrences in Ihe
modern borler equipped with proper waterJevel r“
n atron and control o£ boiler-water quality A
chemical methods. 1 / uy

Factors Affecting Steam Separation

Separation of the steam from the steam-water
mixture discharged into the drum from the riser cir
cuits is related to both design and operating factors
which may be listed as follows: ’

Design Factors
1. Operating pressure.
2. Rate of steam generation.
3. Rate of water circulation (the circulation ratio)
4. Arrangement of downcomer and riser circuits in

the drum.
5. Size of the steam drum.

Operating Factors
1. Boiler-water analysis.
2. Type of steam load.
3. Water level carried.

bubbles in the mixture may cause a false water level,
as indicated.

The effect of the location of the riser circuits in
relation to the water level is illustrated in diagrams
a and b, Fig. 8. Neither arrangement is likely to
yield desirable results in a drum where gravity7 alone
is used for separation.

It is apparent from the above that separation by
the action of gravity alone is possible if the velocity

(a) DISCHARGE TUBES NEAR (b) DISCHARGE TUBES ABOVE
DRUM CENTER LINE DRUM CENTER LINE

(a) LOW STEAMING RATE (b) HIGH STEAMING RATE

Fig. 7. Effect of rate of steam generation on
steam separation in an unbaffled boiler drum

In steam drums without separation devices, where
separation is by7 gravity7 only, the manner in which
some of the above items affect separation is indicated
in simplified form in Figs. 7 and 8.

For a low rate of steam generation (up to about
3 ft/sec velocity of steam leaving the water surface)
there is sufficient time for the steam bubbles to
separate from the mixture by7 gravity without being
drawn into the downcomers and without carrying
entrained water droplets into the steam outlet (see
Fig. 7a). However, for this same arrangement at a
higher rate of steam generation (Fig. 7b) the time
is insufficient to attain either of these desirable re
suits. Moreover, the dense upward traffic of steam 
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Fig. 8. Effect of location of discharge from risers
on steam separation in an unbaffled boiler drum

of either the mixture or the steam bubbles within the
mixture is sufficiently low, but the arrangement may7
be uneconomical. For gravity separation in a single
drum, the steam generated per ft length of drum
must be kept extremely low. A single drum under
these conditions is generally uneconomical except
for small low-duty7 boilers. Using multiple drums of
reasonable size in series, as in Fig. 10a, somewhat
higher steam outputs per ft length of drum are pos­
sible with gravity separation.

Operating pressure has an effect on the natural
tendency of steam and water to separate. The rela­
tionship between pressure and the differential in the
specific weights of water and steam (Fig. 3) is in­
dicative of this effect. In the separation of steam
from water, the limiting velocity7 of a water particle
conveyed in steam and the force of gravity7 both
vary7 directly with the differential in the specific
weights of the water and the steam (Stokes’s law, see
Chapter 8). Hence, as the sp wt differential dimin­
ishes with increase in operating pressure, so does
the force of gravity available for separation. The
effect of increasing operating pressure (above 300
psi for comparison) on steam flow per unit of flow
area, on steam velocity7 above the drum water level,
and on the force of gravity for separation is typically
shown in Fig. 9. It will be noted that the percentage
drop in gravity-separating force closely follows the
drop in limiting velocity.
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Fig. 9. Typical effect of increase in operating pressure
(above 300 psi for comparison) on 1) limiting steam flow
per unit of flow area, 2) limiting velocity above water,

and 3) gravity-separating force—steam and water

As steam pressure increases, sp wt of steam in­
creases, and the size of steam bubbles in the mixture
decreases. Consequently, the velocity of the mixture
leaving the riser circuits is reduced, which justifies
a higher duty per ft of drum length, for a given size
of drum, or the use of a smaller drum.

Boiler-Water Characteristics
Steam contamination (solid particles in the super­

heated steam) comes from the boiler water largely
in the carry-over of water droplets. Therefore, in
general, as boiler-water concentration increases, steam
contamination may be expected to increase. The
tendency to foam formation also increases with boiler­
water high in dissolved solids, but a strict correlation
of this tendency with boiler-water analyses is not
yet available despite extensive research.

The need for extreme purity of steam for use in
high-pressure turbines has prompted the develop­
ment of highly satisfactory devices for separating
steam from water in a boiler drum. Consequently
steam contamination has been steadily reduced
Troublesome deposits on turbine blades may occur
with surprisingly low (0.6 ppm) total solids con­
tamination in steam. In the 500 to 900 psi range
these deposits are usually water soluble and can be
removed by periodic washing. In the 1000 to 1500

■ however, silica deposrts predominate, and
psi range, , removed by water-wash-these deposits are not ea y / .

In some
SMe d^S.do occur, which may be

f-mllpH bv water-washing at intervals.
“with a rapid increase in boiler load steam pres­
sure usually starts to decrease as the firing rate rs
• Lid The volume of steam throughout the boiler
“increasel and the resulting "swell" raises the water

level in the drum. The amount of the nse m water
level depends upon the rate of load change and ,ts
magnitude. Where rapid load changes are anhc-
nated, the steam drums should be large enough to
prevent carry-over from this action.

When there is a foam layer in the steam drum,
the steam space available for gravity steam separa­
tion is decreased, and separation is adversely affected.
Priming may occur. Judicious lowering of the normal
water level may relieve the tendency to moisture
carry-over.

Mechanical Steam Separators for Drums
As noted above, gravity steam separation alone is

generally unsatisfactory for boilers in the usual sizes
and required duties. Most steam drums, therefore,
are fitted with some form of primary separator. Sim­
ple types of primary separators are illustrated in
Fig. 10. These facilitate or supplement gravity sepa­
ration. The extent and arrangement of the various
baffles and deflectors should always allow for access
to the drums.

In the B&W cyclone steam separator, shown in
Figs. 11 and 12, centrifugal force (many times the
force of gravity) is used to separate the steam from
the water. Cyclones, essentially cylindrical in form,
and corrugated scrubbers are the basic components
of this type of separator.

The cyclones are arranged internally along the
length of the drum, and the steam-water mixture is
admitted tangentially. The water forms a layer
against the cylinder walls, and the steam (of less
density) moves to the core of the cylinder and then
upward. The water flows downward in the cylinder
and is discharged through an annulus at the bottom,
below the drum water level. Thus, with the water
returning from drum storage to the downcomers
virtually free of steam bubbles, maximum net head
is available for producing flow in the circuits, which
is the important factor in the successful use of natu-
ra circulation, as previously noted. The steam mov­
ing upward from the cylinder passes through a small
corrugated scrubber at the top of the cyclone (see
ugs. 11 and 12) for additional separation. Under

many conditions of operation no further refinement
10n.1.s re9uhed, although the cyclone sep­

arator is considered only as a primary separator.
10

Fig. 1 0. Simple types of primary steam separators in boiler drums: a) deflector baffle,
b) another type of deflector baffle, and c) compartment baffle

When wide load fluctuations and variations in
water analyses are expected, large corrugated scrub­
bers may be installed at the top of the drum (also
shown in Figs. 11 and 12) to provide nearly perfect
steam separation. These scrubbers may be termed
secondary separators. They provide a large surface
which intercepts water particles as the steam flows
sinuously between the closely fitted plates. Steam
velocity through the corrugated-plate assembly is
very low, and thus re-entrainment of water is
avoided. The collected water is drained from the
bottom of the scrubber assembly to the water below.

Single or double rows of cyclone separators are in­
stalled in boiler drums, with ample room for access.
For smaller boilers (FH and Two-Drum Stirling) at
lower pressures (100 psi), the separation of clean
steam (see below) by single and double rows of

Fig. 1 1. Double-row arrangement of cyclone-type
primary steam separators, with scrubber elements

at top of drum for secondary separation

cyclone separators is in the order of 4000 and 6000
lb, respectively, per hr per ft of drum length and,
at pressures around 1050 psi, increases to 9000 and
15,000 lb, respectively, per hr per ft of drum length.
For large utility boilers (RB) at pressures as high
as 2500 psi, separation by single and double rows of
cyclone separators is in the order of 15,000 and
30,000 lb, respectively, per hr per ft of drum length.

The combination of cyclone separators and scrub­
bers described above provides the means for obtain­
ing, under a wide variation in operating conditions,
steam purity in the order of less than 1.0 ppm solids
content, a result that is commercially quite accept­
able. However, further refinement in steam purifica­
tion is required to remove boiler-water salts, such as
silica, which are entrained in the steam by vaporiza­
tion or solution mechanism. Washing the steam with
condensate or feedwater of acceptable purity may
be used for this purpose.

Steam-Washing
For any given operating condition, silica is dis­

tributed between boiler water and steam in a def-

Fig. 12. Single-row arrangement of cyclone steam
separators with scrubbers
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inite ratio, commonly referred to as the distnbu
ratio. As illustrated m Fig .13,
tribution ratio in^es r g ^^ . dtuUed
sure. For example, it opeiaung P increases
from 1300 to 2600 PS1’ ie. ^cated diat troublesome
tenfold. Experience h condensing turbines
silica deposits will not form mc ndensing^
if the sihca concentration in Aeste an
ceed approximately 0.0-5 ppm. W B
allowable silica concentration of 0.0-5 ppm m

j the distribution ratios of rig. >
it is evident that above 2000 psi the silica content
in the boiler water must be kept well W”" * 1 W”
if turbine fouling is to be avoided. Since it is often
impractical to maintain boiler-water concentrations
of silica sufficiently low to prevent turbine fouling
other measures, such as steam-washing, mus
used to control this type of steam contamination.

Fig. 13. Effect of pressure on silica distribution ratio

Steam-washing is an absorption process by which
silica vapor is absorbed from steam by wash water.
A net transfer of silica takes place when the ratio of
silica concentration in steam to that in the wash
water differs from the distribution ratio. For exam­
ple, if pure steam is in contact with water of high
silica content, silica will transfer from the water to
the steam. This action will continue until the distribu­
tion ratio has been established. In steam-washing,
silica-laden steam is brought into intimate contact
with relatively pure wash water, such as condensate
or feedwater, and silica is absorbed from the steam
by the wash water. The actual amount of silica
transferred, and therefore the final silica concentra­
tions of the steam and wash water, will depend upon
the relative amounts of steam and water present

, mixinff and the time of contact. In
the degree j fontact area between the steam

contact time is sufflciently
and me cornplete interchange of silica from
greatt° P r As a result, the ratio of the silica
cmcentration of the washed steam to that of the wash
water does not quite reach theoretical equilibrium.

A typical steam-drum arrangement employmg
steam-wasliing is Shown in Fig. 14. The drum is
equipped with primary mechanical separators of
dm centrifugal type and primary scrubbers. Steam
leaving the primary separators flows to a steam
washer arranged in the top of the steam drum. The
washer consists of a rectangular column approxi­
mately the length of the steam drum. Steam passes
vertically upward through a perforated plate, a pack
of stainless steel wire mesh, a second perforated
plate, and finally a corrugated scrubber element.
Wash water enters the drum through a nozzle and
flows downward through the washer, counterflow to
the steam. The steam velocity through the tray per­
forations maintains, above each tray, a layer of wash
water which is kept in violent agitation by the steam.
The wire mesh provides a large surface area for
achieving intimate contact between the steam and
the wash water.

In many installations where it is impractical to
maintain the silica content of the boiler water low
enough to prevent turbine deposits, the use of steam
washers will eliminate these deposits. In other cases
where it is now possible to prevent turbine deposits
by large blowdown rates with resultant low silica
content in the boiler water, the use of steam washers
will permit lower blowdown rates and higher boiler­
water silica content.

Fig. 14. Arrangement of steam-drum internals for
washing silica-laden steam
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STEAM AND OTHER ENERGY CYCLES

S
team generated in power boilers is used in prime

movers for the development of mechanical work,
as a source of heat for various processes, and

for a combination of these purposes. The central
station public utility and the steamship are examples
of its use for the development of mechanical work.
The heating system of a building exemplifies its use
as process heat. A steam plant in a paper mill or in
a chemical factory is an example of its use for a
combination of the two.

Steam is particularly favored for many heating
operations because vapor pressure is an ideal thermo­
stat. This fact and steam’s high latent heat, moderate
density, and reasonable pressure make it the preva­
lent economical process fluid. The steam tables
(Appendix, page 10-Al ff) give some of the physical
properties of steam. The first two columns of Tables
1 and 2 give the vapor-tension relationship for water
and exactly define the vapor pressure that must be
established for equilibrium between the liquid and
vapor phases for any specified temperature. Steam
may be heated beyond this saturation condition to
any desired higher value of temperature. Properties
for this superheated condition are given in Table 3.

The steam tables also contain data on specific vol­
ume, sensible heat, and latent heat, which are essen­
tial for determination of the suitability of steam for
heat purposes. There are also other data, the signifi­
cance of which is developed below in a consideration
of the thermodynamic aspects of the problem.

Laws of Thermodynamics
Thermodynamics is concerned with the mechanics

of heat and especially with the conversion of heat
into work. There are two basic principles involved,
which have become firmly established in the scien­
tific field as the first and second laws of thermo­
dynamics. These principles can be variously stated,
and the reader should consult any standard book on
thermodynamics for a complete statement.

According to the law of the conservation of energy,
or the first law of thermodynamics, energy can be
neither created nor destroyed. Thus, in any device
or system into which energy is put and out of which
some energy is taken, this principle means that an
exact balance must prevail between the positive and
negative quantities. There can be no excess or de­
ficiency. Energy may be converted within the device
from one form to another, such as heat to work, but
there must be complete conservation of the aggre­
gate. This law can be expressed in symbols, as in
equation (1), and diagrammatically, as in Fig. 1.
To account for the energy flow, in at 1 and out at
2 in Fig. 1, which may represent a boiler, a turbine,
a compressor, or any thermodynamic system, assum­
ing for convenience that 1 lb of working fluid moves
through the device, an equation can be written, as
follows:

V//2g + ptDi + th -f- Z, ± IV,, ± iQ, =
V.72g + p.v, + u, + Z, (1)

This is the general energy equation, in which:
V = the flow velocity through the intake and

discharge pipes, ft/sec
g = gravitational acceleration, ft/sec2

V72g = the kinetic energy, ft-lb/lb
p = the static pressure under which the fluid

exists at the inlet and outlet pipes,
Ib/sq ft abs

v — the specific volume of the fluid, cu ft/lb
pt> = the flow work, ft-lb/lb
u = the internal, or intrinsic, energy of the

fluid, Btu/lb
Z — the elevational head (potential energy),

ft-lb/lb
IV,, — work done on or by the fluid while it is in

the device, ft-lb/lb
,Q, _ heat added to or abstracted from the fluid

while it is in the device, Btu/lb
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Pi

F-PUMP

DATUM

±wi iQ1__ *
THERMODYNAMIC

SYSTEM

a-steam TURBINE
B-STEAM BOILER
C-WATER FLOW THRU NOZZLE
dIfLOW OF AN EXPANSIVE FLUID

THRU NOZZLE

Pl
(x)

Fig 1. Diagram to illustrate the application of the
general energy equation to thermodynamic systems

In using the general energy equation (1), it 1S
essential that all terms be expressed in a consistent
system of units. It is not customary to measure al
the energy items in the same units, hence the diver­
sity in equation (1). Thus, elevation head, Z, is
measured in ft; the kinetic energy, V‘/2g, the flow
work, pu, and tire work done, W», are usually all
measured in ft-lb. On the other hand, the intrinsic
energy, u, and the heat added, iQt, are generally
measured in Btu. Joule’s experiments based on the
law of the conservation of energy give the mechanical
equivalent of heat. The heat unit in use today is the
international Btu. This is defined rigorously in terms
of the electrical unit, the kilowatthour, so the exact
conversion is given by the relation:

1 Btu = 778.26 ft-lb (2)
This conversion factor (usually taken as 778 in en­
gineering work) will serve to give the necessary con­
sistency in the use of equation (1), which may be
rewritten as:

V/ i P‘v- i , Z- „
2g X 778 778 + 1 + 778 ~ 778 ~ ~

V,2 p,u, Zt
2g X 778 + 778 + U‘ + 778

The terms pv and u, representing, respectively, the
flow work and the intrinsic energy of a fluid, can be
treated conveniently as a group. They are then
usually expressed as a single symbol, h, called en­
thalpy, thus:

h = pu/778 4- u, Btu/lb (4)
Enthalpy values for water and steam are given in the
steam tables (Appendix, page 10-Al fl).

The general energy equation can be applied to
specific equipment examples (see Fig. 1) as follows,
in each case considering the performance to be for
a theoretically perfect machine.

IA) Steam Turbine
The change in elevationa

in flow velocity, AV, from
and the heat transferred to I

1 head, AZ, the change
throttle, 1, to exhaust, 2,
the surroundings,are

it „ Hence energy equation (3) reduces to:
all zero. Hence, enu oy 1 , w /778

p1V1/778 + wr = p.v./778 + u. + Wd to
?. = /,.+ W./778

h, , /
— - is evident that the work done,

or
01 zqi it is evident tnat me woik none,

steamturbine is equal to the
diffe ence between the enthalpy, h„ of the steam
entering and the enthalpy, lu, of the steam leavmg.

<B)Theach!ngerin elevational head, AZ, the change

in flow velocity, AV, from feed introduction, 1, to
steam take-off, 2, and the work done, Wi are all
zero. The energy equation (3) therefore reduces to:

p.Oi/778 + th + = p^/778 + u,

or + =
or ,QS = h, — hi (o)
From equation (6) it is evident that the heat added,
.Qi, for the conversion of water into steam in a boiler
is equal to the difference between the enthalpy, h,,
of the steam leaving the boiler and the enthalpy, hi,
of the feedwater entering the boiler.

(C) Water Flow through a Nozzle
For water flowing through a nozzle, the change in

elevational head, AZ, the change in specific volume,
Av, the change in intrinsic energy, Au, the work
done, Wi, and the heat added, ,Q2, are all zero.
Energy equation (3) therefore reduces to:

V//(2g X 778)+p,v/778 =
V,2/(2g X 778) + p,v/778

or V,72g - V//2g — (p, — p,) v (7)
The increase in kinetic energy, or the acceleration,
of the fluid is given in equation (7). If the velocity
of approach, V,, is zero, then equation (7) becomes:

V,72g = (p, - pt)v
or V.= V2g(?j — P>)v (8)
But (p, — pt) is the difference between the static
pressures upstream and downstream, which, when
multiplied by the specific volume, v, gives the static
head, H:

(pi-p>)v = H (9)
where FI is measured in ft-lb/lb, or ft. The velocity
of a free-spouting jet is then by substitution in equa­
tion (8):

V, = y/2gH — 8.02 VH, f t/sec (10)
(D) Flow of an Expansive Fluid through a Nozzle

If steam, air, or any other expansive fluid is sub­
stituted for the flow conditions given under (C), the
changes in the specific volume, Av, and in the in­
ti insic energy, Au, are no longer zero, and energy
equation (3) becomes:

Vf . pm, ya= „
2g X 778 + 778 + 1,1 ~ 2^ x 778 + 77g + u‘

or V,7(2g X 778) + hl = V,y(2g x 778) + h> 
10-2

or W/(2g X 778) - V//(2g X 778) = hi - h, (11)
If tlie velocity of approach, V,, is zero, then-

VI7(2gX 778)=h,-h1
or Vs = \/2g X 778(7i, — h,) (|2)
From equation (12) it is evident that the velocity
of a free-spouting jet of an expansive fluid, such as
steam or air, is a function of the enthalpies (7i, and
hP) of the fluid entering and leaving the nozzle. This
equation may be reduced to:

Vi — 223.9 y/h, — h2, ft/sec (13)
(E) Compressor

If an expansive fluid moves through a well-insu­
lated compressor, then the change in elevational
head, AZ, the change in velocity, AV, from inlet,
1, to discharge, 2, and the heat transferred to the
surroundings, are all zero, and energy equation
(3) reduces to:

piVi/778 + u, 4- W./778 = ptv,/778 -j- u,
or hi + W7778 = h,
or Wu/778 = hi - hi (14)
From equation (14) it is evident that the work done,
Wi/778, by the ideal compressor is equal to the dif­
ference between the enthalpies of the fluid leaving
and entering the unit (h2 and hi).

(F) Pump
When a nonexpansive fluid, such as water, is

substituted in (E), then the changes in specific
volume, Av, and in intrinsic energy, Au, become
zero, and energy equation (3) reduces to:

pm/778 + W1/778 — p.v/778
or Wt=(p, —p,)v (15)
but (p2 — pi) v = H, the static head in ft of fluid
flowing, and equation (15) becomes:

Wi = H (16)
Equation (16) is a rigorous demonstration of the
principle that, in pumping a truly noncompressible
fluid, all the energy added as work goes ideally to
raising tire static head. There is no change in tem­
pera true.

Second Law of Thermodynamics
The examples (A) to (F), noted above, represent

some of the basic manipulations which can be made
in applying the general energy equation to specific
apparatus. The great significance of the property of
enthalpy is amply demonstrated by the examples
cited. All of these manipulations are based on tire
first law of thermodynamics. They account for all
energy added or abstracted, and the conclusions
satisfy the requirement for an exact balance (ther­
mal) between the energy supplied to a system and
the energy rejected from it.

The general energy equation, however, has one
very serious shortcoming—it tells practically nothing

10-3 

of the possible extent of conversion of one form of
energy into another in the many kinds of apparatus
found in practice. Thus, if 100 heat units were
added to a system, how much could be converted
into work? According to the first law, not more than
the 100 units could be converted, but nothing is said
about how much less than the 100 units would be
converted. The basic purpose of the second law of
thermodynamics is rigorously to define the extent
of possible conversion of heat into work. This con­
cept is very broad, very tantalizing, and yet most
useful in all fuel-burning power plants, whether
steam, internal combustion, gas turbine, or nuclear.

Therefore, to define the extent of the possible
conversion of heat energy into work, the first law of
thermodynamics and the general energy equation
must be supplemented by the second law. By using
the concept of entropy, it is possible to represent
heat added (+) or heat rejected (—) as areas and
so demonstrate the extent of this possible conversion.
For ideal processes this property (entropy) is de­
fined methematically (assuming unit mass of the
substance) as:

ds-dQ/T (17)
where:

ds = entropy change, Btu/lb, F
dQ — heat added, Btu/lb

T = absolute temperature at which heat is
added, R = F fl- 460

Entropy can be more generally defined as the prop­
erty which measures that portion of the heat added
which cannot be converted into work no matter how
nearly perfect the operation may be. Or expressed
in another way, it is the measure of unavailability.

Fig. 2. Carnot cycle, temperature-entropy diagram

The limitations imposed by the second law are
perhaps best illustrated by considering the temper­
ature-entropy (T-s) diagram, Fig. 2, where absolute
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(18)

(19)
Heat added

of any ideal cycle is defined as:
, m . Work doneThermal efficiency = ——■—,,J Heat added

By the first law tin’s can be written as:
Thermal eff — ^eat added — Heat rejected

temperature is plotted vertically, entropy horizontally,
and areas represent heats added (-}-) or rejected
( —). Consider an}’ two temperatures such as Ti,
which might be the temperature of a fire (the heat
source), and T,, the temperature of the heat sink,
which for practical purposes is limited to a minimum
value set by atmospheric temperature. Then by Car­
not’s principle, the maximum area which can be
constructed on the T-s diagram between these two
temperatures is the rectangle as shown. The net
crosshatched area represents the ideal work of this
cycle. The area under T, represents the heat added
from the source, and the area under Ts represents
the heat rejected to the sink. The thermal efficiency

For the Carnot cycle this is resolved to tire form:
T, — TiThermal efficiency = ——— (20)

The value of efficiency given by equation (20) is
a rigorous maximum limit imposed by the second
law of thermodynamics. No cycle can have a better
efficiency between specified temperature limits than
the value given for the Carnot cycle. Other cycles
may equal it, but none can exceed it.

Because the atmosphere is the usual thermodynam­
ic sink and its temperature is of the order of 500
deg R, it is evident from equation (20) that the
conversion efficiency of heat into work is substantially
less than 100%. By what extent it is less is measured
by the heat which must be thrown away as heat. This
is the unavailable portion which cannot be converted
into work. The entropy, or s„ in Fig. 2, is tire
practical measure of this unavailability.

In the cycles of real thermal power plants there
is practically only one source of heat (Ta)—the fuel,
and one sink (Ta)—the atmosphere, to which the 

Fig. 3. Pressure-volume
and temperature-entropy
diagrams for Carnot, Otto,
Diesel, and Brayton gas
cycles. Work of cycle rep­
resented by area a-b-c-d.
MEP = work of cycle di­

vided by displacement

(A) CARNOT CYCLE PHASES

«-b ISENTROPIC COMPRESSION
b-c ISOTHERMAL EXPANSION
c—d ISENTROPIC EXPANSION
d-c ISOTHERMAL COMPRESSION

(C) DIESEL CYCLE PHASES
ISENTROPIC COMPRESSION

(B) OTTO CYCLE PHASES
a-b ISENTROPIC COMPRESSION
b-c CONSTANT VOLUME HEAT ADDITION
c-d ISENTROPIC EXPANSION
d-a CONSTANT VOLUME HEAT REJECTION

(D) BRAYTON CYCLE PHASES

INSENTROPIC COMPRESSION
CONSTANT PRESSURE HEAT ADDITION
INSENTROPIC EXPANSION
CONSTANT PRESSURE HEAT REJECTION

.................—..— rtcaalVN
b-c CONSTANT PRESSURE HEAT ADDITION
c-d ISENTROPIC EXPANSION
d-a CONSTANT VOLUME HEAT REJECTION
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residue must be discarded. As an example, these
temperatures can be taken as 3000 deg R and 500
deg R, respectively. Any ideal heat engine working
between these temperatures will then have a limiting
thermal efficiency as set by the Carnot cycle From
equation (20) this is: 7

i m • 3000 — 500Thermal efficiency = ------—-----_ 0.83 (21)

No power plant actually even approaches this value.
The best steam plants and internal combustion en­
gines give thermal efficiencies between 0.35 and 0.40
over-all. These are the best values obtained in
practice, and the average is much lower.

Using the temperatures noted in equation (21),
a Carnot cycle, where a fixed gas like air is the
working fluid, is plotted on both the p-Vi and T-s
planes, as shown in diagrams (A), Fig. 3. In this
cycle there are two isothermal and two isentropic
processes. This cycle has never been attained for
any real engine using a fixed gas as the working
fluid. Isothermal compression and expansion cannot
be realized in practice. The cycle gives a very low
mean effective pressure, which is defined as:

MEP = Work of cycle (22)
Displacement

The Otto, Diesel, and Brayton cycles variously
overcome the practical limitations of the Carnot gas
cycle and are represented, respectively, in modern
practice by the gasoline engine, the oil engine, and

Fig. 4. Thermal efficiencies of ideal gas cycles as a
function of the compression ratio

the gas turbine. These cycles are shown in diagrams
(B), (C), and (D), Fig. 3, for the same temperature
limits set in the specification of the Carnot cycle.

The ratio of compression (Vta/Vn, pb/p°, or T„/Ta)
is the sole element, thermodynamically, which in­
fluences the thermal efficiency of the Otto (B) and
the Brayton (D) cycles. With the Diesel cycle, dia­
gram (C), Fig. 3, the length of the combustion line
(phase b-c) must be included as a second variable.

Calculated thermal efficiencies of tire Otto, Bray­
ton, and Diesel cycles for the cold-air standard are
shown in Fig. 4 and are derived from the first two
of the following equations:

Thermal efficiency, Otto and Brayton cycles =
1 - T./T> = 1 - (VL»/W. /-1 (23)

Thermal efficiency, Diesel cycle =

1 - (24)

Thermal efficiency, Carnot cycle (as noted above)
= (Ts-Ta)/T,= l-Ta/Ts

In the above equations, VL and T are the volumes
and absolute temperatures, respectively; the sub­
scripts are as given in Fig. 3; and k = c„/c,, the ratio
of specific heats for the gas. In each of the T-s
diagrams of (B), (C), and (D), Fig. 3, the Carnot
cycle has been sketched in to show the magnitude
of the deviations and losses of each of the other gas
cycles with respect to the Carnot cycle.

The Carnot Steam Cycle
Despite the lower working-fluid temperatures,

steam systems are competitive in thermal efficiencies
with internal combustion systems. This is so because
in steam systems a fluid that changes state (evapora­
tion and condensation) is substituted for the iso­
thermal phases of the fixed-gas Carnot cycle. Thus,
in accordance with the vapor-tension relation, if
steam, in the wet region between water and saturated
vapor, is the working fluid, constant pressure is the
same as constant temperature. Such a situation is
represented in the p-VL and T-s diagrams of Fig. 5,
with complete isentropic expansion and compression
connecting the throttle (7\) and the exhaust (Ta)
conditions. This situation is approached in uniflow­
steam-engine plants. Thus, for a saturated steam tem­
perature of 540 F (1000 R) and for the same sink
temperature of 500 R as before, the thermal efficiency
of the Carnot steam cycle by equation (20) is:

mi i m ■ 1000 — 500Thermal efficiency = —pjOO— -9-5 (2o)

This value is substantially lower than under the
conditions previously established for direct-fired
operations, equation (21), as 0.83 for the Carnot gas
cycle. However, the value of 0.5 is entirely compa­
rable with the ideal efficiencies for the Otto, Brayton,
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and Diesel cycles, as given in Fig. 4. Basically, there­
fore, the steam cycle remains competitive.

b-c-CONSTANT PRESSURE (HENCE CONSTANT TEMPERATURE)
HEAT ADDITION FROM WATER TO DRY SATURATED VAPOR

c-d—ISENTROPIC EXPANSION
d-a—CONSTANT PRESSURE (HENCE CONSTANT TEMPERATURE)

HEAT REJECTION FROM WET TO WETTER VAPOR

Fig. 5. Carnot cycle with steam as working fluid

The Rankine Cycle
The Carnot steam cycle, Fig. 5, is not realistic of

modem steam plant practice because compression
(phase a-b) is nonexistent in steam turbines. It also
omits superheat, reheat, and regeneration. The
Rankine cycle more closely defines practice with a
steam turbine and is equally applicable to wet, dry,
and superheated steam. This cycle is shown sche­
matically in Fig. 6 where, in the p-Vi, diagram, the
two constant-pressure phases of admission (4-1) and
exhaust (2-3) are connected by an isentropic-expan­
sion phase (1-2). The work of this cycle, shown in
the designated area of Fig. 6, is most conveniently

evaluated by thermal methods, using the properties
of steam from the steam tables (Appendix, page
10-Al If), the Mollier chart for steam (Appendix,
page 10-A6) and the general energy equation (3).
It was demonstrated in the derivation of equation
(5) that the work of the ideal prime mover, diagram
(A), Fig. 6, is found exactly as:

Wk/778, prime mover = hi — h,, Btu/lb (26)
where hi and h, are the initial and final enthalpies of
the steam entering and leaving the prime mover. The
isentropic relationship between hi and hi, most con­
veniently manipulated by using a vertical line on the
Mollier chart, is shown in diagram (B), Fig. 6. The
water rate, or steam rate, (WR) of the prime mover
follows from the value of work, equation (26), and
the mechanical equivalents of 3412.75 Btu/kwhr and
2545.1 Btu/hp-hr (usually taken as 3413 and 2545,
respectively, in engineering work), thus:

WR = 3413 X 778/W,., Ib/kwhr (27)
or WR = 2545 X 778/W*, Ib/hp-hr (28)

Equations (26), (27), and (28) are most useful in
the calculation of work and water rate, but these
values must be related to the heat supplied (Q
added) in order to determine thermal performance.
This goes far beyond the prime mover and requires
the inclusion of accessory equipment in the steam
plant. The arrangement of equipment in a rudimen­
tary condensing steam power plant is shown sche­
matically by Fig. 7. In addition to the prime mover
there are the boiler, the condenser, and the feed
pump. The functional elements of boiler, prime
mover, condenser, and feed pump are essential for
a workable steam plant that complies with the basic
thermodynamic cycle.

The T-s diagram (C), Fig. 6, again serves to show
the nature of the entire operation. This diagram must

(B) MOLLIER DIAGRAM

A M1,r, md ,6mpsro(ure.e„(rop/ for
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(C) TEMPERATURE-ENTROPY DIAGRAM

(A) PRESSURE-VOLUME DIAGRAM

Fig. 7. Diagram of rudimentary steam power plant

STEAM HEADER

contain, in graphical form, the properties for liquid,
wet vapor, and superheat, as taken from the steam
tables. The Rankine cycle can then be superimposed,
as shown, where the heat added (Q added) is the
area under the irregular line b-c-d-1; the heat re­
jected (Q rejected to the condenser) is the area
under the line 2-a; the isentropic expansion in the
prime mover is the vertical line 1-2; and the isen­
tropic compression in the feed pump is the vertical
line a-b. Usually the compression phase is so small
as to be negligible, and the points a and b can, there­
fore, be considered as the single point, saturated
liquid at the exhaust pressure. The compressed-
liquid phase need only be recognized for pressures
higher than 1000 psi. The feed-pump p-VL diagram,
or indicator card, is substantially a rectangle, as
shown in Fig. 8. The net work of the Rankine cycle
for the complete power plant of Fig. 7 is then:

Net work of cycle =
Prime-mover work — Feed-pump work (29)

Net work = hi — ht — WFp/778 (30)
The heat supplied (Q added) to make steam is

the difference between the enthalpy, hi, of the steam

e b b'
I
I
I
I
I
I
I
I
\
\
\

CARD a-b'-e-f (RECTANGULAR)
FOR NONCOMPRESSIBLE LIQUID
IS THE BASIS FOR PUMP PER­
FORMANCE GUARANTEES.

CARD a-b-e-f (ISENTROPIC
COMPRESSION) IS FOR
COMPRESSIBLE LIQUID.

f

yL = VOLUME

Fig. 8. Indicator card or p-VL diagram for ideal feed
pump

leaving the boiler and the enthalpy, hb, of the feed
entering the boiler, diagram (C), Fig. 6. The value
hb is for compressed liquid and is most conveniently
found by using the saturated liquid value, ha (called
ht hereafter), from the steam tables and adding to
it the feed-pump work, WPP, or:

Q added — Ju — hi, (31)
Q added = h, - (ha -j- W„/778) (32)
Q added = h, — hr — WFP/778 ( 33)

The thermal efficiency of the Rankine cycle is then
from equations (18), (30), and (33):

Thermal efficiency, Rankine cycle =
hi-hi-Wrr/778
hl -hf- Wrp/778 ( '

As explained above, if steam pressures are not
higher than 1000 psi, equation (34) may be sim­
plified to the approximate form:

Approx thermal efficiency, Rankine cycle —
hi - h;
hl — hr

The heat rate (HR), which is the heat supplied
per unit of power output, is generally preferred to
thermal efficiency because it is more directly appli­
cable to fuel performance. It is defined as:

HR = 3413/Thermal efficiency, Btu/kwhr (36)
and on the horsepower basis:

HR = 2545/Thermal efficiency, Btu/hp-hr (37)
These several equations for the Rankine cycle are

equally applicable to steam that is wet, dry, or super­
heated. The influence of steam quality (wet, dry,
and superheated) is evident from the several Rankine
cycle diagrams drawn in Fig. 9. It will be noted that
the shape of the Rankine cycle diagram is greatly

I ’ -WET STEAM
I -DRY SATURATED STEAM
I "-SUPERHEATED STEAM

Fig. 9. Temperature-entropy diagrams of Rankine cycle,
using wet, dry saturated, and superheated steam
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altered by shifting point 1 from its position for drv
steam to position 1' for wet steam or 1" for sunef
heated steam. "

The effect of changes in superheat, steam pressure
and exhaust pressure upon the performance of the
ideal Rankine cycle is shown graphically by Fig. 10.

The Reheat (Resuperheat) Cycle
The reheat cycle is a modification of the simple

Rankine cycle, which is limited in steam temperature
by practical considerations to about 1000 F. As shown
in Fig. 11, expansion proceeds from 1 to an inter­
mediate pressure 2; the steam is then reheated to an
elevated temperature 3, approximately equal to the
value at 1, and expansion proceeds isentropicallv
from 3 to the exhaust pressure 4. The work of the
complete cycle is found by use of the Mollier chart
and is the sum of two Rankine cycle values equation
(26), or:

Wt/778, prime mover =
(h, — 71.) + (7n — 7i4), Btu/lb (38)

Wjc/778, net work of reheat cycle =
(7ii — ht) + (Tij — 7i4 ) — WrF/778, Btu/lb (39)

The heat added (Q added) is the sum of the two
components, primary and reheat, or:
Q = (71/ — hb) 4- (71/ — 7?,.), Btu/lb (40)
Q = (h, — hf) + (71/ — 7i2) - Wpp/778, Btu/lb (41)
The thermal efficiency and heat rate are dien, re­
spectively:

Thermal efficiency, reheat cycle =
(7b - 7i/) + (71/ - 7it) - Wfp/778
(7n - hf) + (71/ - 7b) - Wrr/778 ( '

Heat rate, reheat cycle =
3413/Thermal efficiency, Btu/kwhr (43)

Some of the implications of the influence of re­

Fig. 11, Illustrating effect of resuperheat on steam cycle

superheat pressure on the thermal performance of
reheat cycles are shown in Fig. 12. In fact, resuper­
heating gains are so vitally affected by reheat pres­
sure that it is entirely possible to show a loss in heat
rate compared with the simple Rankine cycle, as in­
dicated in the right-hand diagram of Fig. 12. Further
thermodynamic gains accrue from the use of multiple
reheat, as with the modern supercritical-pressure
power plants where two stages are used.

The Regenerative Cycle
No practical steam plant operates without a feed­

water heater. For every 10 F rise in feed temper­
ature, there is an approximate reduction of 1% in the
heat that must be added to make steam. However,
this heating must be accomplished by utilizing some
otherwise waste-heat source, or, in the language of
thermodynamics, it must be done regeneratively.
Thus a feedwater heater serves regeneratively to
raise the temperature of the feed above the saturated-
liquid condition for the back pressure, as contained
in the Rankine cycle specification (see Fig. 6). Much

CROSSOVER PRESSURE, % OF INITIAL

Fig. 1 2. Influence of resuperheat pressure on thermal gains of the ideal single-stage reheat cycle over the Rankine cycle
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Fig. 13. Temperature-entropy diagrams for noncondensing, condensing, and regenerative cycles

t - ENTROPY

CONDENSING CYCLE

s = ENTROPY

REGENERATIVE CYCLE

could be written about the theoretical calculations
involving regenerative feed heating. Real cycles,
however, are so divergent from theory that only a
brief treatment of the theoretical aspects is given
here, followed by elaboration of the practical aspects
of actual cycles for power plants.

Consider two steam cycles, each supplied with
steam at the same pressure, say 115 psia dry and
saturated, /n = 1190 Btu/lb, one exhausting to the
atmosphere at 14.7 psia and the other exhausting to
a condenser in which a vacuum of 1 in. mercury
absolute is maintained. The evaluation of the per­

formance of these two cycles (Fig. 13), as given in
Table 1, can be made by applying the basic equa­
tions (27), substituting (/u — 7t») X 778 for W1-, (35),
and (36).

Regenerative principles can be demonstrated by
combining these cycles, as shown in Figs. 13 and 14
(performance given in Table 1). If the exhaust from
the noncondensing cycle is used regeneratively to
heat the feedwater coming from the hot well of the
condenser, then in Fig. 13 it is necessary that the
area under a-a', the heat per lb required to raise the
temperature of the condensate multiplied by the

Table 1

Performance of Three Steam Cycles Compared
See Figs. 13 and 14

Cycle

Initial Conditions
Pressure, psia
Temperature, F
Quality, % dryness
Enthalpy, h,t Btu/lb

Exhaust Conditions
Pressure, psia and in. Hg abs
Temperature, F
Enthalpy, h„ Btu/lb

Rankine Cycle Work
Wk = h, — h„ Btu/lb

Enthalpy of Liquid at
Exhaust, h,, Btu/lb

Heat added to make Steam
h, - h„ Btu/lb

Rankine Cycle
Water rate, IbAwhr
Thermal efficiency
Heat rate, Btu/kwhr
Power taken out, Btu/kwhr
Heat rejected, Btu/kwhr 

1
Non­

condensing

115
338
100

1190

14.7 psia
212

1040

150

180

1010

22.8
0.148

23,000
3,413

19,587

2

Condensing

115
338
100

1190

1.0 in. Hg abs
79

855

335

47

1143

10.2
0.293

11,630
3,413
8,217 

3
Combining

1&2

115
338
100

1190

11.0
0.307

11,113
3,413
7,700

10-10

weight of the condensate, must equal the area under
2'-a , the heat available per lb in the noncondensing
cycle exhaust multiplied by the weight of the non
condensing exhaust used. This equality can be estab
lished only by adjusting the weights of steami sum
plied to the condensing and noncondensing cycles
respectively. To heat 1 lb of condensate, only a
fraction of a lb of steam is required. For the example
given m Table 1, the balance is effected with
(212-79) X 10.2/860 = 1.577lb of 14.7 psia ex­
haust steam to heat 10.2 lb of condensate. The ag­
gregate generation is then, for steam flow rates of
10.2 and 1.577 Ib/hr, as follows:

Condensing cycle, 10.2/10.2 = 1.000 kw
Noncondensing cycle, 1.577/22.8 = 0.069 kw

Total 1.069 kw
The combined performance of the two cycles, or of
the regenerative cycle of Fig. 14, is then:

Total throttle flow = 10.2 -J- 1.577 = 11.777 lb/hr
Water rate (WR), throttle = 11.777/1.069

= 11.00 Ib/kwhr
Water rate (WR), condenser = 10.2/1.069

= 9.55 Ib/kwhr
Heat rate (HR), throttle = 11.00 (1190 — 180)

= 11,113 Btu/kwhr
Heat rate (HR), condenser = 9.55 (855 — 47)

= 7,700 Btu/kwhr
Power taken out = 3,413 Btu/kwhr

Comparing these values with the corresponding
values in Table 1 for the condensing cycle, it is
evident that the throttle WR is greater (11.0 vs 10.2)
and tire condenser WR is less (9.55 vs 10.2)
for the regenerative cycle. Despite this water rate
situation, the throttle heat rate, 11,113 Btu/kwhr
(and therefore the thermal efficiency) is best of all
for the regenerative cycle. This superior thermal
performance results from the reduction, through re­
generation, of the heat rejected to tire condenser to
the minimum value of 7700 Btu/kwhr.

This example, confined to one feed temperature
and one stage of heating, serves to demonstrate tire
principle of regenerative feedwater heating. Different

Fig. 14. Single-stage regenerative cycle—a combination
of the noncondensing and condensing cycles

Fig. 15. Gain in thermal efficiency of ideal regenerative
cycle over Rankine cycle, showing the influence of feed
temperature and number of stages of feedwater heating
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Fig. 16. Representative engine efficiencies for some selected steam turbine units

90

feed temperatures (from hot well to boiler satura­
tion) and various numbers of stages of heating
(from zero to infinity) will alter the thermal im­
provement. The effect of feed temperature and num­
ber of stages of heating on die gain in tiiermal effi­
ciency, with ideal regenerative cycles, is indicated
in Fig. 15. The multistage regenerative heating
cycles shown are all based on die diermodynamic
desirability of equal temperature rises in all stages.
There is also die basic impheation diat maximum
work has been obtained from a lb of steam before
that steam is used for feed heating. In other words,
no thermodynamic gain is possible by using live
steam to heat feedwater, because steam so used does
no work.

Heat Balances and Real Steam Cycles

The discussion above is primarily concerned with
ideal thermodynamic conditions and is useful in
establishing die solid foundation on which to build
the performance of real steam plants. Flow diagrams,
cycle diagrams, and heat-balance diagrams are use­
ful in showing schematically the performance of real
plants. They include numerical data on size, quantity,
pressure, temperature, enthalpy, power, and the like,
for each component piece of apparatus used in the
plant. Being real, diey must contain all necessary
allowances for the actual performance of each com­
ponent. Tlie heat-balance data can be no more exact
than the understanding, interpretation, and correct­
ness of the equipment-performance data which are
used. Some useful performance data, not treated
elsewhere, are given below.

Steam Turbines

Engine efficiency. The actual work obtained per lb

of steam in real turbines is less dian the theoretical
Rankine cycle value from equations (5) and (26).
Engine efficiency, a measure of this reduction in
value, is defined as:

Actual work ....
Engine efficiency = Rankine cycfe («)

Representative values of efficiency for different classes
and sizes of turbines are given in Fig. 16. Marine
turbines, because of larger clearances, are usually
less efficient than shore turbines by 2-5%. Engine in­
efficiency is manifest in raising point 2 on the Mollier
diagrams, Fig. 6 (B) and Fig. 17, to new and
larger values of enthalpy and entropy at point 2'. The

TURBINE LOSSES APPEARING AS REHEAT = h2.-h2

ACTUAL TURBINE WORK = h,-h2.

IDEAL RANKINE CYCLE WORK =hl-h2

ENGINE EFFICIENCY = (h,-h2.)l(h,-h2)

Fig. 17. Condition curve, or state line, of steam turbine
10-12

losses which occur in a tiirbine appear as reheat in
the exhaust. The result when plotted on the Mollier
diagram (Fig. 17) is a curved or inclined line, as
shown, called- the condition curve, or state line

The values of engine efficiency at part load can
be estimated from the percentage Willans lines of
Fig. 18 or other more exact data. Throttle losses are 

PER CENT OF RATED KW LOAD

Fig. 18. Willans lines for some selected steam engines
and turbines

less than 2% on the pressure-drop basis, and gland
leakages on well-maintained turbines seldom exceed
0.5-1% of full-load throttle flow for each positive­
pressure external gland. The pressure at any stage
in a -turbine is a function of the flow beyond that
stage, so the absolute pressure is almost directly
proportional to the weight flow. Thus, if the pres­
sure is known for any stage at a particular flow, the
pressure for any other flow can be estimated by direct
proportionality. The enthalpy, in turn, can be read
from the appropriate state line, or condition curve
(Fig. 17). The exhaust from a turbine contains re­
sidual, unabsorbed, kinetic energy. There is thus an
exhaust, or leaving, loss which varies with the flow
and the blading size, shown typically in Fig. 19.
Generator losses, mechanical and electrical, are about
1-2% for large units and seldom exceed 5% in any case.

Steam Condensers
Representative condenser performance can be com­

puted from tire basic data of the Heat Exchange
Institute, New York. Water velocities seldom exceed
7 fps in practice, and a cleanliness factor of 0.7-0.9
is usually applied to the data. Circulating-water re­
quirements are limited generally to a temperature

Fig. 19. Typical steam turbine leaving-loss range

rise at full load of 5-10 F for single-pass and 10-20 F
for two-pass condensers. Steam-jet air ejectors re­
quire 300-600 lb of steam per hr per element, and
the heat is usually recovered in tire condensate.

Feedwater Heaters
Heat transfer rates are given by the data of Fig.

20. Selection of the suitable size heater usually re­
solves itself into an allowable terminal temperature
difference (TTD) of less than 8 F at ftdl load and

Fig. 20. Some selected heat transfer rates for feedwater
heaters
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Pumps
Except in the smallest sizes, when they may be

reciprocating, pumps are of centrifugal or, in some
rare instances, of axial-flow type. This permits the
use of direct-connected high-speed drivers with
minimum weight and space requirements. The cus­
tomary drive is the constant-speed induction motor.
Economics may dictate the use of variable-speed
motor, hydraulic coupling, magnetic coupling, steam
turbine, or internal combustion engine. Steam aux­
iliary drive, while giving good reliability, always
poses the problem of absorbing the heat of the ex­
haust regeneratively at all loads.

The performance of pumps is based on handling
cold water (85 F max), which is considered to be

, nmnressible (see Fig. 8). Thus, the theo-
2 water horsepower (whp) is given by the fol-

‘“XTXxh-ainftXsp gr/3960 (46)
or Z = lb per min X head in ft/33,000 (47)

The efficiency of a pump is defined as the ratio of the
theoretic water horsepower, whp, to tire shaft horse-

power input, shp, or.
Pump efficiency = whp/shp (48)

Centrifugal and axial-flow pumps show peak effi.
ciencies which range from 50 to 90/O tire higher
values for larger pumps, lower heads, or fewer stages.

The impact of high steam pressures has made it
necessary to recognize that large amounts of energy
are imparted to the feedwater through the pump
shaft. In this connection it is customary to consider
that all tire losses, as well as the theoretic work, will
appear as a change in the enthalpy of the water as
it passes through the pump. This effect can be cal­
culated by the expression:

Enthalpy increase through pump, Btu/lb =
Head developed by pump in ft of fluid flowing

Pump efficiency X 778
The calculation of the head in ft of fluid is facilitated
by the data plotted in Fig. 21. If the temperature of
the compressed liquid is desired, the enthalpy in-

pressure drops of less than 25 psi. If the TTD is
desired at some other load, it can be approximated

by the relation:TTD <x (Water flow rate)2 (45)
Open, contact, and deaerating heaters give zero TTD.
Deaerating heaters usually are specified for a mini­
mum temperature rise of 25-30 F to assure effective
degasification of the feedwater. Drain coolers and
heat exchangers are frequently selected for 10-20 F

TTD.

Fig. 22. Characteristic curves of selected cen­
trifugal and axial-flow pumps—percentage basis

crease from equation (49) can be added to the sat­
urated-liquid value from the steam tables, and tire
resulting compressed-liquid enthalpy can be used
to get the liquid temperature.

Centrifugal and axial-flow pump performance is
best shown through the medium of characteristic
curves. These are generally plotted with capacity
(gPm) horizontally and head, shaft horsepower, and
efficiency vertically, all at constant speed. These
characteristics are exact in their definition of the
performance of fluid-acceleration machinery. If per­
formance characteristics at other speeds are sought,
they can be evaluated by applying the following basic
laws at a given point on the efficiency curve, or:

Capacity, gpm, varies as the rpm (50)
Head, ft, varies as the (rpm)2 (5.1)
Power, shp, varies as the (rpm)3 (52)

The curves can be plotted on a percentage basis, as 

Fig. 23. Typical flow-resistance curves
for a boiler-feed-pump system

in Fig. 22, where the rating (100,7) is defined as
the performance at the point of maximum efficiency.
These percentage curves apply substantially to all
pumps of an homologous series at all usual speeds.

In the specification of pump head and capacity
requirements, a system-resistance curve should be
plotted, as in Fig. 23. This should include allowances
for all such items as elevational head between pump
and delivery point; pressure drop through piping,
heaters, economizers, and superheaters; and margins
for the operation of flow regulators and safety valves.
Pump head characteristics must be matched against
the system-resistance curve for proper selection.

Fans
Fans, fluid dynamically, are like pumps in their

behavior. Representative characteristic curves, on a
percentage basis, are shown in Fig. 24 for different

Fig. 24. Selected centrifu­
gal and axial-flow fan­
characteristic curves—

percentage basis
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hpes of fans. Part-load performance can be appre­
ciably improved by the use of variable speed or by
the use of adjustable inlet guide vanes with constant
speed (see Fig. 25). In the specification of fan re­
quirements, the system-resistance curves like tliose

Fig. 25. Power comparison for a selected centrifugal
fan at constant speed, variable speed, and vane control

for pumps (Fig. 23) should be constructed p
forced- and induced-draft service with boiler's i
lowances should be included for unusual fu 1firing conditions, worn blades, plugged or dirtv °f
sages, and leakage (see Chapter 5). Pas"

Circulating-Water Reclamation Systems

It has been found necessary, in an increasing num­
ber of steam plants, to reclaim circulating water by
the use of spray ponds or cooling towers. These in­
stallations all utilize the evaporative effect for cool­
ing purposes. Thus the heat contained in the exhaust
of the prime mover must ultimately be delivered to
the atmosphere by the evaporation of some of the
circulating water. Theoretically, the amount of the
evaporation loss will approximately equal the weight
of the steam flow to the exhaust. To this must be
added the drift, which can vary from 10 to 100% of
the theoretic loss, depending upon equipment type
and wind conditions. Cooling towers can generally
be selected to give a 10-20 F range in the cooling of
the water and to approach to within 10-15 F of the
wet-bulb temperature. The summer wet-bulb temper­
ature will be crucial in the selection, size, and per­
formance of evaporative reclaiming equipment.

BOILER

TURBINE

18.5 p

79 F, 47 h
159 F, 127 h

CASE

12,553

9.266

10-16

93.0 p
66.0 p

■323 F, 293 h
299 F, 269 6

llth
STAGE
HEATER 6.3 p

4.6 p

92,200 LB/HR
68,300 LB/HR

12,553 KW
9,266 KW^83.6% EFFICIENCY

84.4% EFFICIENCY

{x7,730 LB/HR, 1188 h

[ 5,100 LB/HR, 1169 h

100.720 LB/HR, 168 F
73,900 LB/HR, 157 F

103 p
73 P

FULL THROTTLE—117,000 LB/HR, 440 PSIA, 800 F, 1414 h
PART THROTTLE- 85,000 LB/HR, 440 PSIA, 800 F, 1414 6

GROSS
GENERATION

KW

I
^995 6

' 990 6

NET PLANT
SEND-OUT

KW '
FULL THROTTLE

PART THROTTLE

117,000 LB/HR, 319 F
85,000 LB/HR, 297 F

8th
STAGE -------------

HEATER '■26.1 p

12,050

8,849

OVER-ALL
PLANT HEAT RATE

btu/kwhr

13,750

13,900

(F)HOT-WELt

PUMP

heat supplied
IN FUEL,
BTU/HR

165.7 X 10*
~ 122.9 X IO~

18,550 LB/HR, 1287 6
[6,000 LB/HR, 1264 6

___L_
4th

STAGE
HEATER

BOILER-FEED
___________ PUMP (T)

108,450 LB/HR, 243 F
79,000 LB/HR, 224 F

29.0 p 1
._20-5pll

7.0p'
________________ 5J J

8,520 LB/HR, H0~6

|5,600 LB/HR, 1087

_____________________1__Fig. 26. Heat-balance diagram for 10,000-kw steam power plant. Calculations shown in Table 2

I

CONDENSER
I IN. Hg

ABS

Table 2

Heat-Balance Calculations for Cycle shown in Fig. 26

Turbine
Steam flow, Ib/hr
Pressure, psia
Total temperature, F

Condenser
Steam flow, Ib/hr
Pressure, in. Hg abs
Hot-well temperature, F
Hot-well enthalpy, Btu/lb

llth-Stage Extraction Heater
“Water flow to heater, Ib/hr
Turbine stage press., psia
Press, drop to heater, psi
Heater shell press., psia
Heater sat. temp, F
Terminal temp diff, F
Water temp out, F
Water temp in, F
Water temp rise, F
Heat required, M Btu/hr
Extraction enthalpy, Btu/lb
Drip enthalpy, Btu/lb
Heat avail, in extraction, Btu/lb
Extraction required, Ib/hr

8th-Stage Extraction Heater
Water flow to heater, Ib/hr
Turbine stage press., psia
Press, drop to heater, psi
Heater shell press., psia
Heater sat. temp, F
Terminal temp diff, F
Water temp out, F
Water enthalpy out, Btu/lb
Water enthalpy in, Btu/lb
Enthalpy rise of water, Btu/lb
Heat required, M Btu/hr
Extraction enthalpy, Btu/lb
Drip enthalpy, Btu/lb
Heat avail, in extraction, Btu/lb
Extraction required, Ib/hr

4th-Stage Extraction Heater
Water flow to heater, Ib/hr
Turbine stage press., psia
Press, drop to heater, psi
Heater shell press., psia

10,000-kw Condensing Unit

Full
Throttle

Part
Throttle

Full
Throttle

Part
Throttle

4th-Stage Extraction Heater fcont’d)
117,000 85,000 Heater sat. temp, F 323 299

440 440 Terminal temp diff, F 4 2
800 800 Water temp out, F 319 297

Water enthalpy out, Btu/lb 289 267
92,200 68,300 Water enthalpy in, Btu/lb 211 192

1 1 Enthalpy rise of water, Btu/lb 78 75
79 79 Heat required, M Btu/hr 8,500 5,925
47 47 Extraction enthalpy, Btu/lb 1,287 1,264

Drip enthalpy, Btu/lb 293 269
92,200 68,300 Heat avail, in extraction, Btu/lb 994 995

7.0 5.1 Extraction required, Ib/hr 8,550 6,000
0.7 0.5 Boiler feed, Ib/hr 117,000 85,000
6.3 4.6 Turbine Generator

172 159 Enthalpy at throttle, Btu/lb 1,414 1,414
4 2 Work up to 4th stage, Btu/lb 127 150

168 157 Work up to 8th stage, Btu/lb 226 245
79 79 Work up to 11th stage, Btu/lb 312 327
89 78 Expansion-line end point, Btu/lb 979 981

8,206 5,320 Leaving loss, Btu/lb 16 9
1,102 1,087 Exhaust enthalpy, Btu/lb 995 990

140 127 Work up to exhaust, Btu/lb 419 424
962 960 Internal Generation up to:

8,520 5,600 4th stage, kw 318 264
8th stage, kw 513 366

100,720 73,900 llth stage, kw 780 536
29.0 20.5 Exhaust, kw 11,340 8,485

2.9 2.0 Total generation, kw 12,951 9,651
26.1 18.5 Generator losses, mechanical
243 224 plus electrical, kw 398 385

0 0 Gross load, gen terminals, kw 12,553 9,266
243 224 Boiler
211 192 Enthalpy of steam, Btu/lb 1,414 1,414
136 125 Enthalpy of feed, Btu/lb 289 267
75 67 Heat added to steam, Btu/lb 1,125 1,147

7,555 4,960 Heat added to steam, 10" Btu/hr 131.6 97.5
1,188 1,169 Boiler efficiency, % 83.6 84.4

211 192 Heat in fuel to attain
977 977 above efficiency, 10" Btu/hr 157.4 115.5

7,730 5,100 Plant Performance
Auxiliary power use, % 4.0 4.5

108,450 79,000 Auxiliary power use, kw 503 417
103 73 Net plant send-out, kw 12,050 8,849

10 7 f Plant realization ratio 0.95 0.94
93 66 Plant heat supplied, 10" Btu/hr 165.7 122.9

Over-all plant heat rate, Btu/kwhr 13,750 13,900

"The water flow from the condenser to the last-stage ex­
traction feedwater heater can be approximated by a trial
estimate of the total extraction required, which can be com­
puted from its simple relation to the total rise in temperature
from hot well to boiler feed. Trial values can then be ad­
justed as necessary to achieve an over-all balance.

fAn over-all ratio to cover all losses not included in the
heat balance, such as soot blowing, blowdown, make-up, radia­
tion, gland leakage, steam-driven auxiliaries, and banking.
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Make-up Requirements
In condensing plants, the water required for make­

up seldom exceeds a maximum value of 1 to 2S of
full-load steam output. This make-up must be pure.
Chemical treatment, demineralization, compression
distillation, or an evaporator will give the degree of
purity required. To conserve the heat needed for
distillation, the evaporator is included in the heat
balance for tire plant cycle.

Auxiliary Power
The power used for driving the auxiliaries of a

condensing steam plant lies between 4 and 8% of the
gross generation at full load. For part load, the
auxiliary power may be estimated by using a straight-
line relationship in which, at no load, it is approxi­
mately half the requirement at full load.

Realization Ratio
Since no heat-balance calculation can include al­

lowance for all losses that occur in a real plant, such
as soot blowing, blowdown, make-up, gland leakage,
steam-driven auxiliaries, and banking, it is necessary
to apply an over-all realization ratio to the computed
figures. This ratio may range from 0.90 to 0.98.

Heat-Balance Calculations
To show the applicability of the above data, a

tvnical heat balance is worked out for the following
conditions in a 10,000-kw condensing unit:

Steam supplied at 440 psi, 800 F, 1414 Btu/lb
Exhaust at 1 in. Hg abs
Three stages of feedwater heating with equipment

arranged as shown in Fig. 26
Maximum throttle flow = 17,000 Ib/hr

The calculations are for full-throttle and part-throttle
flows and proceed step by step, as noted in Table 2.

A simplified heat-balance diagram for a supercriti­
cal double-reheat steam power plant is shown in Fig.
27. Results for these and other selected steam power
plants of various sizes are given in Fig. 28.

Correction Factors and Comparative Data
In the interpretation and application of heat-bal­

ance data, it is often necessary to estimate the effects
of changes in conditions on thermal performance of
the plant. Thus, proposed alterations in steam pres­
sure, steam temperature, feed temperature, number
of stages of feed heating, or vacuum call for an
estimate of the change in performance. Data useful
for such estimates are presented in Fig. 29. Care
should be exercised, however, in employing these
generalized data, since relative values are more re­
liable than absolute values and this matter cannot be

555,000 LB/HR, 195 p, 1000 F

FIRST REHEAT 647,000 LB/HR, 1160 p, 1050 F
------- 1PRIMARY STEAM 667,000 LB/HR, 4400 p, I ISO F 130,000 KW

I ^^low generator
\ < PRESSURE-------1 ■)
GH>\ /TA ><rURBINE \ J
SSUReA1 <1 \ I r*\ <7SEINE 1 I | FIRST 1 SECOND | ---- ---------
------------j | REHEAT I I REHEAT | i

I TURBINE | I TURBINE
------------------- - | I 1—480,000 LB/HR

718,000 LB/HR, 5500 p, 525 F

480,000 LB/HR

I HEATER
I HEATER CONDENSER

TANK PUMP
HOT-WELL PUMP

a ^critical double-reheat cycle
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HEATER

• NO. 2
I HEATER NO. 5

1 heater
NO. 4
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t
CONTROL VALVES,

ATTEMPERATION, ETC.

NO. 6
1 heater

hydrogen cooler
oil COOLER
GLAND-STEAM cndsGROSS GENERATION . . . 130,000 KW

NET GENERATION.............  119,000 KW
PLANT HEAT RATE................ 8,600 BTU/KWHR

F-g- 27. Simplified schematic heat-balance diagram far
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ABS
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topping single unit

1.0 1.0 1.5
1.0VARIES VARIESVARIES VARIES VARIES VARIES83.4 66 VARIES86.6 67 3487.6

87.5
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power plants

89.3
0.15

87.9
2.25

11.700
440
800

90.0
2.0

REGENERATIVE
DOUBLE REHEAT
TANDEM COMP62,000

1,240
900 148,000

2,015
1,050
1,000

VARIES

22,000
865
900

150,000
1,250

935

103,000
1,275

925

120,000
1.465
1,000
1,000

1.2

117,000
4.400
1,150

I050/ICOO
VARIES

NET PLANT OUTPUT, KW
THROTTLE PRESS., PSIA
THROTTLE TEMP, F
REHEAT TEMP. F
CONDENSER PRESS..

IN. Hg ABS
CIRCULATING-WATER

TEMP, F
BOILER EFFICIENCY, %
MAKE-UP, %

PLANT
CYCLE TYPE

PLANT OUTPUT, %

86.5
1.25

H
REGENERATIVE

REHEAT
CROSS COMPOUND

E
REGENERATIVE

G
REGENERATIVE

REHEAT
SINGLE UNIT

D
REGENERATIVE

reheat
CROSS COMPOUND

c
REGENERATIVE

SINGLE UNIT

B
REGENERATIVE regenerative

90.1
1.5

53,000
1,215

725
725
1.0

Fig. 28. Heat-rate curves
for selected condensing

steam

A

Table 3

Approximate Correction Factors
For Condensing Steam Plants

° Change in boiler efficiency is not included.
f Change in boiler efficiency is included.

Initial Conditions
Pressure, psi 400 600 850 1250 2000Temperature, F 800 825 900 950 1050Reheat temp, F — — — 1000

Corrections for:
Pressure, Btu/psi 3.3 2.3 0.7 0.55 0.3Initial temp, Btu/F 4.3 3.8 3.0 3.0 1.3Reheat temp, Btu/F — — — 1.2
Vacuum, Btu/in. Hg 320 220 200 200 200Feed temp, Btu/F 1.5° 1.4° 1.1° 0.8° 1.5f

Note: Corrections represent the change in net plant heat rate
(Btu per net kwhr) per unit change in variable.
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CYCLE t REHEAT TEMPERATURE = 1000 f.

C

850
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CYCLE (CURVES)
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PRESSURE. PSI
TEMPERATURE. F

SIZE. KILOWATTS
BOILER EFFICIENCY. 7,
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800 825

Fig. 29. Effects of pressure, temperature, and stages of
feedwater heating on performance of some selected

steam cycles

NUMBER OF FEED-HEATING STAGES

reliably simplified. If a rough over-all estimate is
desired, particularly to cover the case of changes
within an existing plant, the data in Table 3 will be
of assistance. In using these data, it should be rec­
ognized that some items, such as feed-temperature
change, may have a compensating or offsetting effect
in tire performance of the boiler versus the turbine
room. The data should accordingly be used with
caution.

coir
of I

Industrial and By-Product Steam Plants
Tndustrv has numerous demands not only for elec­

tric power but also for heat at various temperature
levels If the desired temperature hes within the
ranue of 200-500 F, steam is the ideal working fluid.
The thermostatic effect of the vapor-tension curve,

mled with tire high latent heat and the density
the fluid makes steam especially attractive for

0 LB/HR

GENERATOR EFF, 95°/

5,000 KW

9,900 LB/HR—

'A'

FEED
PUMP

TURBINE ENG
EFF, 75%

MAKE-UP WATER
8-50,000 LB/HR

[boiler]
EFF, 80%

14,200 LB/HR_____.
I IN. Hg ABS

79 F, 986 h

74,100 LB/HR
600 PSIA, 728 F, 1366 h

59,900 LB/HR-------
20 PSIA, 228 F, 1156 h

I FEED I*

HEATER
1-----r—I

STEAM TO PROCESS
50,000 LB/HR

20 PSIA DRY & SAT.
ll56h

74,100 LB/HR-
228 F, 196 h

64,200 LB/HR-
79 F, 47 h

(V) HOT-WELL
*------------ PUMP

net VlS^nTKo WcK»ocks 5TEAW-
ui kw. PROCESS STEAM 50.000 LB/HR (SEE TABLE 4).

30. DlQ grU fTlS 11 A'' nnrj I i
in ,hro„fe presiure J™*1™Mttkw, Tnbfe 4. n. effects of

X product power and fuel costs are indicated in diagram "B"
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JURBINE

TURBINE EXPANSION LINE ON
MOLLIER DIAGRAM USED IN
EXAMPLE AT LEFT AND TABLE 4.

these heating purposes. Furthermore, if the power
and process-heat loads can be coordinated it is en
tirely practical to generate steam in a boiler at an
elevated pressure, pass it through turbines or engines
and then exhaust or extract the steam at a proper
pressure level for use in the process. This is how the
multipurpose power plant of industry operates
where the heat for power and the process heat are
developed as mutual by-products. If a complete bal­
ance can be effected, the heat loss represented in the
exhaust of the condensing steam plant is eliminated,
since the heat in the exhaust is chargeable to process’
Under these circumstances, the heat rates for power
generation are reduced practically to the irreducible
minimum, or:

By-product-power heat rate =

3413 X 100
AX (1-B) X C

, Btu/kwhr (53)

where:
A = generator efficiency, %
B auxiliary power, %
C — boiler efficiency, %

The values of the power heat rate under these condi­
tions are of the order of 4200-5000 Btu/kwhr. This is
by-product power, and the very low heat rate of the
operation gives the steam cycle a tremendous ad­
vantage over any other form of heat-power cycle or
system for industrial application. Selection of the by­
product cycle hinges about the economic aspects of
the solution. The heat balance, Table 4, based on
the conditions illustrated in diagrams “A” and “C”
of Fig. 30, shows the pertinent features of the basic
thermal calculations. In this example, 64!e of the
power generated is a by-product of the process steam
delivered. Consequently, the net plant heat rate
chargeable to power is only 8800 Btu/kwhr.

Table 4
Heat-Balance Calculations for By-Product Power Cycle

See “A” and “C,” Fig. 30
Requirements

Gross load at generator terminals, kw
Process steam, Ib/hr @ 20 psia, dry & sat.

Throttle Conditions
Pressure, psia
Temperature, F
Steam flow, Ib/hr

Condenser
Steam flow, Ib/hr
Pressure, in. Hg abs
Hot-well temperature, F
Hot-well enthalpy, Btu/lb
Make-up water flow, ib/hr
Water flow out, Ib/hr

Feed Heater
Heater pressure, psia
Heater saturation temperature, F
Enthalpy, water in, Btu/lb
Enthalpy, water out, Btu/lb
Heat added to water, Btu/lb
Heat added to water, 10“ Btu/hr
Bleed enthalpy, Btu/lb
Heat available from bleed, Btu/lb
Extraction required, Ib/hr
Boiler feed, Ib/hr

Turbine Generator
Enthalpy at throttle, Btu/lb
Enthalpy at bleed point, Btu/lb
Enthalpy drop to bleed point, Btu/lb
Extraction, Ib/hr
Internal generation by extracted steam, kw
Enthalpy at exhaust, Btu/lb
Enthalpy drop to exhaust, Btu/lb
Condenser flow, Ib/hr
Internal generation by condenser flow, kw
Total internal generation, kw

5,000
50,000

600
728

74,100

14,200
1

79
47

50,000
64,200

20
228

47
196
149
9.5

1,156
960

9,900
74,100

1,366
1,156

210
59,900

3.690
986
380

14,200
1,580
5,270

Generator efficiency, %
Electrical and mechanical losses, kw
Gross load, generator terminals, kw
Throttle water rate, Ib/kwhr
Condenser water rate, Ib/kwhr

Boiler
Enthalpy at superheater outlet, Btu/lb
Enthalpy at feed, Btu/lb
Heat added to steam, Btu/lb
Heat added to steam, 10“ Btu/hr
Boiler efficiency, %
Heat supplied in fuel, 10“ Btu/hr

Plant Performance
Auxiliary power,%
Auxiliary power, kw
Net plant electric send-out, kw
Plant realization ratio
Net plant heat supplied, 10“ Btu/hr
Fuel price, cents/10“ Btu
Fuel cost/hr

Allocation of Heat Charges
Steam flow, Ib/hr
Enthalpy of steam, Btu/lb
Enthalpy of make-up, Btu/lb
Heat to process, Btu/lb
Heat to process, 10“ Btu/hr
Heat to power (balance), 10“ Btu/hr
Fraction chargeable to process
Fraction chargeable to power
Fuel cost, process steam, per hr
Fuel cost, power, per hr
Fuel cost, process steam, cents/M lb
Fuel cost, power, mills/net kwhr
Net plant heat rate chargeable to power,

Btu/net kwlir

95
270

5,000
14.8
2.84

1,366
196

1,170
86.7

80
108

350
4,650

0.95
114
40

$45.60

50,000
1,156

47
1,109
55.4
31.3
0.64
0.36

$29.20
$16.40

58.4
3.53

8,800
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been prepared. These curves are useful within the
limitations of engine efficiency, generator efficiency,
water return temperature, and auxiliary power values
that were used in the calculations. Together with
such theoretical data as those of Fig. 10, they can
be conveniently used in the preparation of approxi­
mate performance.

By-Product Power Estimates
The example noted and the data of Fig. 30 indicate

some of the elements of variation in by-product
power. The ratio of power (kw) to process steam
(Ib/hr) is vital in the determination of a suitable
boiler pressure if all power is to be generated as a
by-product of the process heat. To facilitate esti­
mates in this connection, the curves of Fig. 31 have

BOILER
GENERATOR

DRIP RETURNS
FROM PROCESS

<JURBINEl
BASIC FLOW DIAGRAMFOR PERFORMANCE GIVEN IN>i

DIAGRAMS (B) AND (C)
— CONDITIONS— I DRY SATURATED

PROCESS STEAM DELIVERED DRY fsTEAM TO PROCESS

AND SATURATED
DRIP RETURNS (100%) FROM HEATER

PROCESS AT 200 F |

TEMP TO FEED PUMP
SUBSTANTIALLY EXHAUST TEMP

ENGINE EFF OF TURBINE 75%

GENERATOR EFFICIENCY 97%

BOILER EFFICIENCY 85%

auxiliary-power USE PER
1000 LB PROCESS STEAM

1400 PSI, 7 KW
900 PSI, 5 KW
600 PSI, 4 KW
400 PSI, 3 KW

REALIZATION RATIO 100%
A BOILER-
■VFEED PUMP
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BOILERS, ECONOMIZERS, AND AIR HEATERS

IN a natural-circulation unit, boiler heating surface
may be defined as those parts of shells, drums,
or tubes which are a part of the boiler circulatory

system and which are in contact with the hot gases
on one side and water or a mixture of water and
steam on the other side. By convention, the econo­
mizer is not considered a part of the boiler heating
surface. In some types of forced-circulation boilers,
the amount of water-wetted heating surface in a
given unit is not constant but varies with operating
procedure, and an exact designation is not practical.
For other types of forced-circulation boilers, the
definition given above for natural-circulation boilers
will apply. Heat from the hot gases flows through
the confining walls of these pressure parts to the
water on the opposite side. The heat so transmitted,
after raising the temperature of the water in the
boiler to the boiling point, produces steam at a
greater or lesser rate, depending upon the rate of
heat input. Boilers may be broadly classified in
three types: (a) shell, (b) fire-tube, and (c) water­
tube.

Shell-Type Boiler
The shell boiler may be defined simply as a closed

vessel containing water, with a portion of the shell
exposed to a source of heat, such as a fire burning
under it. However, it is now used chiefly in such
modern adaptations as the electric boiler and the
accumulator. The water in the former is heated by
electrodes and in the latter by steam from an out­
side source. In neither case is the shell exposed to
the source of heat. In the early shell boilers exter­
nally fired, the vessel was given a cylindrical form in
order to withstand the steam pressure and to provide
heating surface along the length of the bottom of
the shell. The steam capacity and efficiency of this
simple shell-type boiler set over a fire were both
very low because of the relatively small area of boil­
er heating surface. Only the lower part of the shell
and one end of the cylinder absorbed heat from the

11-1

gases, chiefly by radiation, with very little heat
transfer by convection.

Fire-Tube Boiler
The heating surface of the shell-type boiler was

increased by passing the hot gases from the fire
through the inside of tubes located within the shell.
This was the beginning of the type known as the
fire-tube boiler. The inner surfaces of the tubes
absorbed heat from the gases by convection and
radiation. Because heat is absorbed by the tubes as
well as by the shell, the efficiency of the fire-tube is
much higher than that of the simple shell-type
boiler. This made it possible to reduce fuel con­
sumption and to increase capacities for the same
over-all dimensions of the boiler. Under favorable
conditions of fuel and at a rating not exceeding
1007, the efficiency is of the order of 707. Since the
fire-tube boiler is not well suited for superheat, the
better economy with superheated steam is not
available.

Many arrangements of the fire-tube boiler have
been developed. Tubes have been placed in hori­
zontal, vertical, or inclined positions, with one or
more gas passes. The simplest and usual arrange­
ment is the horizontal-return-tubular boiler shown
in Fig. 1. In this boiler the furnace and grates are
located directly below the front end of the shell. The
gases pass over the bridge wall and horizontally
along the bottom of the shell to the rear of the boiler
and then return through horizontal tubes to the front
of the boiler and stack—hence the name horizontal­
return-tubular (HRT) boiler.

In a fire-tube boiler known as the firebox class,
the firebox or furnace as well as the fire tubes is
located within the shell. A well-known example is
the Scotch marine boiler (see Fig. 2). Combustion
takes place within one or more cylindrical water-
cooled chambers, with the gases leaving the cham­
bers toward the rear and returning through the fire
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Fig. 1. Early horizonfal-
return-fubular boiler set

for hand firing

tubes to the stack at the front of the boiler. Com­
pared with the horizontal-return-tubular boiler, the
firebox type is self-contained and compact. The
Scotch marine boiler, however, is limited in steam
output since the diameter seldom exceeds 14 ft. A
greater diameter tends to require an excessive plate
thickness. Within this limiting diameter of shell, the
maximum grate surface that can be installed (with
a four-furnace arrangement) is of the order of 100
sq ft. The steam output is accordingly limited to
approximately 25,000 lb of steam per hr for the
larger sizes.

Many types of fire-tube boilers are in use, but,
as a class, the fire-tube boiler is confined to rela­
tively small capacities and low steam pressures. It
is, however, extensively used to supply steam for
space heating and is still used to some extent in the
railroad locomotive in steam outputs to 4000 blip
or more.

A fire-tube type of boiler known as the gas-tube 

boiler, developed by B&W for utilizing the heat in
waste gases, has been in use for many years. This
boiler is described and illustrated in Chapter 19.

Water-Tube Boiler
As the requirements for steam capacity and pres­

sure increased, the shell diameter of the fire-tube
boiler became very large, and it was necessary to
use thick plates to withstand the high stresses. Fur­
thermore, these early fire-tube boilers were subjected
to stresses of high and indeterminate magnitude be­
cause of the differences in temperature in the vari­
ous parts. The combined effect of the known pres­
sure stresses and the indeterminate thermal stresses,
aggravated by scale deposits from hard water,
caused many boiler explosions. The water-tube
boiler then being developed had the advantage, in
this respect, of lower stresses from pressure and
temperature differentials, since its components
were relatively much smaller in diameter and were 

Fig- 2. Scotch marine
boiler, fitted for coal firing

arranged to accommodate the expansions caused bv
differences in temperature. It was apparent because
of the lower stresses inherent in its design,’ that the
water-tube boiler was much more suitable for larger
capacities and higher pressures while still maintain
ing a high margin of safety.

In principle, the water-tube boiler is the reverse
of the fire-tube boiler. The hot gases are in contact
with the outside surface of the tubes, and the boiler
water and steam are in contact with the inside sur­
face of tire tubes. The term “water-tube” is, there­
fore, universally recognized as descriptive of this
type of boiler.

Straight-Tube Boiler

All B&W straight-tube boilers (see Figs. 3 and 4)
are made up of sections of staggered tubes, inclined
at an angle of 15° and expanded at the ends into
vertical headers. The area of the heating surface is
varied by changing the length of the tubes, the num­
ber of tubes high, and the number of sections wide.
Each section is made up of a downtake header sup­
plying water to the tubes and an uptake header dis­
charging water and steam from the tubes. Sections
may be single deck, with a single downtake and a
single uptake header, or double or triple deck using
more than one downtake and more than one up­
take header connected by expanded nipples. The
lower ends of the downtake headers are connected
by nipples into a small (711-in. sq or lOH-in. round)
header, known as a mud drum. The mud drum, as
its name implies, serves as a collecting chamber for
the sediment, solids, or mud in the boiler water. This

Fig. 4. Cross-drum boiler (B&W) fired with fuel oil
and cottonseed hulls. Design pressure 400 psi; steam
temperature 790 F; maximum steam output 16,500 lb/hr

Fig. 3. Long-drum boiler (B&W) installed in
Brazilian rubber-processing plant. Design
pressure 250 psi; steam output 18/000 lb/ r

STEAM SOOT BLOWER SAFETY-VALVE
OUTLET CONNECTION CONNECTION

header is provided with a blowoff connection which
also serves as a boiler drain.

The generating tubes are usually 4-in. or 3!l-in.
OD spaced on 7-in., 751-in., 811-in., or 851-in. centers
horizontally, depending upon the design pressure.
As the design pressure increases, the header thick­
ness increases, and consequently the horizontal tube
spacing increases. Tube rows are spaced vertically
on 6-in. centers (or at 12 in. for some lower rows
where a slag screen is desired).

In the headers, opposite each tube end, there is
a handhole of sufficient size to permit removal or
renewal of the tube. These handholes can also be
used for turbining and cleaning the inside of the
tubes.

Vertical or slightly inclined gas baffles are ar­
ranged for two or three gas passes across the tubes.
The arrangement of gas baffling depends upon many
factors, including acceptable draft loss, size and ar­
rangement of boiler heating surface, and position of
gas outlet. Sometimes a straight-tube boiler is de­
signed without baffles, and the gases make a single
pass across tire tubes.
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Fig. 5. Type H Stirling boiler (B&W). Particu­
larly suitable for low headroom. Fired with
fuel oil, gas, and coal (stoker or hand firing)

In the long-drum boiler, usually of one bank of
tubes and three gas passes, the steam drum is placed
longitudinally in relation to the boiler tubes, as in­
dicated in Fig. 3. The steam and water circulating
tubes are connected to the steam drum in circum­

largest boiler unit of this type has a capacity of
525 000 lb of steam per hr. Design pressures range
from 160 to 1450 psi. This design provides flexibility
in tlie amount and disposition of heating surfaces
to suit specific requirements of capacity, efficiency,
draft loss, over-aU dimensions, position of gas out­
let, and space for superheater, reheater, and gas
by-pass.

As mentioned above in reference to long-drum
boilers, very tew cross-drum straight-tube boilers
are being built today, the preference being for water­
tube boilers of the bent-tube designs.

Bent-Tube Boiler—General Classification
Many important modern designs of boilers, such as

tlie type H Stirling, the Two-Drum Stirling, the In­
tegral-Furnace, the Open-Pass, and die Radiant, are
included in this general classification. The main
elements of these water-tube boilers (also many
subordinate designs) are essentially drums or drums
and headers connected by bent tubes. Furdiermore,
the water-cooled furnace, of bent tubes suitably con­
nected to the circulatory system to form a furnace
enclosure, is an integral part of die boiler unit. The
principal designs referred to are illustrated in Figs.
5 through 12.

ferential rows. This limits the number of sections
that can be connected to a single drum. Obviously,
the maximum number of sections wide per drum de­
pends upon the drum diameter. A 48-in.-diameter
steam drum can accommodate as many as 14 sections
in width. For wider long-drum boilers more than one
steam drum must be used. Because of the limitations
in the amount of heating surface with one steam
drum, the long-drum boiler is economically suitable
only for small units and low pressures which require
relatively large steam-release areas. Heating surface
ranges from about 1000 to 10,000 sq ft per boiler.
Capacities range from 5000 to 80,000 lb of steam per
hr per boiler. Design pressures range from 160 to
325 psi. Comparatively few long-drum boilers are
being built today.

As indicated in Fig. 4, the steam drum of a cross­
drum boiler is placed across or at right angles to the
tube bank, and there may be one or more banks of
boiler tubes with one or more gas passes across the
tubes. The steam and water circulating tubes are
connected to the steam drum in longitudinal rows.
In contrast to the long-drum boiler, the single drum
of the cross-drum boiler is not limited in the number
of sections, since the length of the drum can be in­
creased to suit the increase in width required for
additional -
wide field
range from
range from
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>txuons. rne cross-drum boiler has a
of application. Boiler heating surfaces
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Fig. 6. Plan section through generating
banks of type FH Integral-Furnace boiler
(B&W) illustrated in Fig. 6, Chapter 21

For the best and simplest connection of tubes to
drums, the tubes must enter the shell radially, hence
all or almost all of the tubes so connected are bent
A common classification of bent-tube boilers is by the
number of drums per boiler: two-, three-, and four
drum boilers. Gas baffles are arranged in many
different patterns with gas flowing across and along
the tubes in one or more passes. 6

Type H Stirling Boiler (B&W). One of the types of
bent-tube three-drum boilers for low headroom
widely used in smaller sizes, is the H-type boiler
illustrated in Fig. 5. Two drums are completely filled
with boiler water, and the third drum, with feed
inlet and steam outlet connections, is a steam-and-
water drum. Boiler water circulates from the steam
drum down to the lower drum, up through the in­
clined bank of generating tubes to the intermediate
drum, and horizontally back to the steam drum,
where the steam and water are separated. The steam
passes through the steam outlet, and the separated
water mixed with the incoming feed continues to
circulate through the boiler. The hot gases make
three passes over the boiler heating surface.

Boiler tubes, 311-in. OD spaced on 6-in. centers,
are arranged vertically over each other to constitute
a section. The horizontal or side spacing of sections
is alternately on 511-in. and 611-in. centers to permit
tube renewal at any point within the tube bank
without disturbing adjacent tubes.

The size and capacity of the H-type boiler are
varied by changing the length of the tubes and the
number of sections wide.

Integral-Furnace Boilers

In the earlier stages of development, boilers were
set over brick or refractory furnaces, and all of tire
heat-absorbing surface was in the boiler. As the units
increased in size, furnace temperatures increased,
and brick maintenance became excessive, particularly
for pulverized-coal firing. The higher gas tempera­
tures also resulted in increased slagging or fouling
of the boiler surface. To overcome these difficulties,
the furnaces were first partly and later completely
water cooled. Furnace water-cooling not only de­
creased furnace maintenance and boiler slagging but
also generated steam.

At first, furnace water-cooling, designed separately
from the boiler, was applied to existing boiler designs
with the water circulation more or less independent
of the boiler circulation. However, boiler water was
always circulated in the furnace circuits. Later, the
furnace water-cooled surface and the boiler surface
were designed together, so that each was an integral
part of the other. This principle was applied to an
extended series of boiler units of various arrange­
ments and outputs.

Fig. 7. Type FF Integral-Furnace boiler (B&W) fitted
for spreader-stoker Firing with dump grates

Type F Integral-Furnace Boiler (B&W). One of the
earlier designs of the Integral-Furnace boiler was the
F-type, which is essentially a two-drum boiler with
a distinctive type of gas flow. The furnace gases
enter one side of the boiler, flow through the full
height, and make three passes horizontally across
the boiler surface before leaving at the opposite side
(similar to the FH boiler, see Fig. 6). This is a most
efficient type of gas flow, since the gases are con­
strained to flow across all the tubes with no flow
along the tubes. This desirable crossflow is obtained
by using simple baffles placed between the tube
sections. The interior of the steam drum is so ar­
ranged that the boiler water circulates down to the
lower drum through a section of boiler tubes in the
third or last gas pass of the boiler. The water from
the lower drum then circulates up through the re­
mainder of the boiler tubes and the tubes in the
furnace water walls. The F-type boiler has been
superseded by other types with improved features.

Type FH Integral-Furnace Boiler (B&W). This boiler
(see Fig. 6, also Fig. 6, Chapter 21) is essentially the
same as the F boiler; the main differences are that
the boiler tubes are vertical rather than inclined and
the drums are directly in line one above the other.
Support is simplified, particularly for the larger units,
since the boiler can be supported from either the
bottom or the top. The outside walls of the FH
boiler are completely water cooled with refractory
backing supported on the water-cooled tubes.

Type FF Integral-Furnace Boiler (B&W). This boiler
(Fig. 7) was developed and standardized for smaller
capacities, 10,600 to 50,000 lb of steam per hr, and
for pressures up to 600 psi. It is particularly suitable
where headroom is limited and is designed for fuel
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Fig. 8. Type FM Integral-Furnace boiler (B&W). Shop-
assembled unit, complete and ready to operate

oil, gas, and stoker firing. The boiler-water circula­
tion and gas flow through the boiler are similar to
those in the F-type boiler. An additional water-cooled
wall in the furnace of the FF boiler provides an
“open pass” through which the gases flow after leav­
ing the furnace.

Type FM Integral-Furnace Boiler (B&W). This shop-
assembled unit, Fig. 8, is shipped complete with
support steel, casing, forced-draft fan (unmounted
in largest sizes), firing equipment, and controls, ready
for operation when water, fuel, and electrical con­
nections have been made. Only a stub stack is re­
quired. It is built for outputs from 8000 to 60,000 lb
steam per hr and for steam pressures to 1050 psi. It
can be fired with fuel oil, gas, or a combination of tire
two. A superheater may be fitted at the gas-entrance
end.

Only a forced-draft fan is required, as the casing
is airtight (welded) and the combustion gases are
under pressure. Size of the unit is varied principally
by changes in setting depth and drum length. Two
combinations of width and height facilitate stand­
ardization of parts and assembly.

Gas baffles are so arranged that the gas tempera­
ture drop (At) and gas pressure drop (Ap) from
gas inlet to outlet are about the same at a given rate
of steam output, such as maximum load, for each size
of unit. As the depth of the tube bank increases (from
burner to rear) with increase in boiler size, the four
baffles installed are progressively shortened until, in
the largest size, the gases make but one pass through
the bank from rear to front with little or no baffle
diversion.

To assure proper steam quality, drum internals are
provided in the larger higher-capacity boilers. The
type and arrangement of steam separator depend
upon the pressure and temperature as well as the
capacity.
Chapter 93°ther °f Inte§ral-Furnace boilers, see

Stirling Four-Drum Boiler (B&W). This well-known
bent-tube four-drum boiler with gas baffles arranged
variously for one, three, or four- passes has persisted
without much change since its inception in the early
1890’s (see Fig. 9). Only the lower drum is com­
pletely filled with water. The three top drums are
steam-and-water drums. The feed inlet and steam
outlet are connected to the rear steam drum. Boiler
water circulates down through the rear bank of tubes
to the lower drum and through upflow tubes to the
center and front drums. A large part of the steam is
separated from the water in the two front drums, and
the separation is completed in the rear drum. Steam
and water flow between the upper drums is through
steam and water circulators connecting the drums.

The Stirling Four-Drum boiler has many different
arrangements of gas baffling. The selected arrange­
ment of baffling will depend upon the acceptable draft
loss, efficiency, superheat, type of fuel, and position
of gas outlet. A common arrangement is the three-
gas-pass baffling shown in Fig. 9.

Boiler tubes are 3/1-in. OD and are arranged in
sections which are spaced alternately on 511-in. and

Fig. 9. Stirling Four-Drum boiler (B&W) for traveling­
grate spreader-stoker Firing with gas as auxiliary fuel.
design pressure 725 psi; steam temperature 825 F;

maximum continuous steam output 125,000 Ib/hr
11-6

Fig. 10. Stirling Two-Drum boiler (B&W) with single
gas pass; 220,000 lb steam/hr, arranged for

chain-grate-stoker firing

6&-in. centers to permit tube renewal without dis­
turbing adjacent tubes. To increase gas velocities
along tire tubes, the front-to-back spacing of the
tubes in the section is about 4 in. on centers.

The size and capacity of these boilers are varied
by changing the length of the tubes and the number
of sections wide. The size varies over a considerable
range. This type of boiler is particularly well suited
for rapidly fluctuating loads and where water condi­
tions may not be maintained at high quality.

Although there are many Stirling Four-Drum boil­
ers in operation, this design has been superseded,
for economic and other reasons, by the simpler
Stirling Two-Drum boiler.

Stirling Two-Drum Boiler (B&W). The simple arrange­
ment possible for the connecting tubes, with one
upper steam-and-water drum directly over one lower
drum, led to the development of a series of designs
known as the Stirling Two-Drum boiler. The most
important unit of the series, generally superseding
earlier designs, is the single-gas-pass arrangement,
illustrated in Fig. 10, where the tubes in the generat­
ing banks, of 2^-in. OD swaged to 2 in. entering the
drums, are sidespaced on S/g-in. centers and t ie
front-to-back spacing is 4 in. on centers.

Superheaters usually are fitted for steam tempera-
11-7

tures to 1000 F or even more. As indicated in the
illustration, a single row of 3-in. OD tubes on 18-in.-
center sidespacing forms a boiler screen ahead of
the superheater. Dry steam (from cyclone separa­
tors) enters the superheater through the saturated-
steam connection. For most fuel applications, the
furnace is completely water cooled and is an integral
part of the boiler unit as a whole. With swaged tubes
giving an increased ligament between tube seats, an
economical drum-sheet thickness is possible for a
gas mass flow based on a given arrangement and
spacing in a tube bank. Tubes swaged at the ends
may be cleaned internally by chemical means or by
mechanical turbines.

The heating surface and output of tire Two-Drum
boiler may be varied by changing die length of tubes
and the number of sections wide.

High-Pressure and High-Temperature Boilers
Because of factors noted in Chapter 1 and particu­

larly the advent of pulverized-coal firing, the adop­
tion of furnace water-cooling inevitably resulted in
the integration of furnace, boiler, superheater, and
economizer as a complete unit. The substantial re­
sults of such integration in units of moderate steam
output, such as Integral-Furnace, Two-Drum, and
Four-Drum Stirling boilers, have been outlined above.

In the rapid development of power-plant economy,
the single-boiler single-turbine combination is now
favored for the central station and where electric
power is the end product of heat transformation.
There is an incentive to use very large electrical
generators, since die heat rate, unit investment, and
labor costs decrease as the size increases. In the
design of large boiler units for this application, die
important factors are: (a) high steam pressure,
(b) high steam temperature, (c) bleed feedwater
heating, and frequently (d) reheat. High steam
pressure means high saturation temperature and low
temperature difference. High steam temperature
means high initial temperature and, usually, re­
heating to high temperature for re-use of the steam.
Bleed feedwater heating lowers the mean tempera­
ture difference and increases the gas temperature
leaving an economizer. An air heater is then used,
not only to lower the final gas temperature but to
provide hot air for combustion. These factors and,
above all, the economic need for continuity of opera­
tion to realize an optimum return on the large invest­
ment involved have combined to produce a “boiler
unit” unique in many respects from earlier concepts.
It is therefore apparent that the principle of die
integrated boiler unit is firmly established for very
large boilers as well as for boilers of smaller outputs.

Thus, as steam pressures increased, the steam
temperatures also increased, which required pro­
portionally more superheating surface and less boiler
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Fig. 11. Large Open-Pass boiler (B&W),
pulverized-coal fired; slag-tap furnace

BURNERS

surface. When pressures exceed 1000 psi, it is usually
more economical to replace whatever boiler surface
is still required with economizer surface. All the
steam is then generated in the furnace, water-cooled
wall enclosures of superheater and economizer, boiler
screens, platens, division walls, and in some cases the
outlet end of a steaming economizer. The B&W
Open-Pass (OP) and Radiant (RB) boilers, illus­
trated in Figs. 11 and 12, are typical high-pressure
and high-temperature units. Radiant boilers have
been built to generate up to a peak of 2,400,000 lb
of steam per hr which, in this particular example
with steam reheat, required a fuel input at the
burners of 3,135,000,000 Btu per hr. Of this input,
2,840,000,000 Btu per hr were absorbed in the boiler
unit and were delivered (with a boiler efficiency of
90.52) to tlie turbine.

Slag-Tap Boiler Unit. The liquid-ash-removal (slag­
tap) boiler unit illustrated in Fig. 11 has an output
of 930,000 lb steam per hr at continuous rating,
with steam pressure 2170 psi, final steam temperature
1050 F, and reheat steam temperature 1000 F. In 

this instance of an integrated unit, not only is the
furnace completely water cooled by tube-to-tube
construction but even tlie boundary walls of the
superheater and economizer are water cooled, al­
though not with touching tubes. This unit is top
supported from a single elevation, permitting down­
ward expansion in all its components. In a unit of
this type, wall tubes usually are 3-in. OD, superheat­
er tubes are 2&-in. and 22-in. OD, economizer tubes
are 22-in. OD, and reheater tubes are 212-in. OD.

In the particular unit illustrated, there is very little
so-called boiler surface. The small bank of staggered
boiler convection tubes directly below the super­
heater is the sole remaining vestige of boiler surface
as formerly defined. Known as an “Open-Pass”
boiler, this type derives its name from the manner
of gas flow, where the gas from tlie furnace flows
through open “thoroughfares” or “passes” (one such
pass in tlie unit illustrated) before entering the
convection passes. The lower portions of tlie furnace
walls on all four sides are full-studded, which is cus­
tomary practice for B&W slag-tap units. At full load
the gases enter the superheater at about 2250 F
(MIIVT, see Chapter 6). At tlie point of gas entry
tlie sidespacing of the superheater sections is 12 in.
on centers. At tlie gas exit end of the superheater
the tube sidespacing is 4 in. on centers. Regulation
of steam temperature is by spray attemperation.

Dry-Ash Boiler Unit. The dry-ash hopper-bottom
boiler unit illustrated in Fig. 12 has an output of
575,000 lb of steam per hr at continuous rating, with
steam pressure 1675 psi (design), final steam tem­
perature 1000 F, and reheat steam temperature 1000
F. This type is known as the “Radiant” boiler and,
like the Open-Pass boiler, is almost devoid of boiler
convection surface. The only remnants of so-called
boiler surface are the single row of tubes (omitted in
later designs, see Chapter 23) before tlie pendent
superheater and tlie single staggered row following
the reheater. The entire furnace and pressure-part en­
closures are constructed of 3-in. tubes, touching in tlie
furnace and slightly separated in the superheater and
economizer vestibules. Superheater tubes are 211-in.
and 22-in. OD. Reheater and economizer tubes are
2)i-in. OD.

The entire unit is supported from a single elevation
overhead, and all components expand together. Ele­
ments of the horizontal superheater surface drain,
but elements of the pendent superheater surface are
nondraining, and at start-up the superheater is boiled
to dryness (see Chapter 21). A certain degree of
steam-temperature control is possible with burners
at two elevations, as shown in Fig. 12. At low loads,
for instance, the steam temperature can be raised by
firing the top set of burners rather than the bot­
tom set of burners. The over-all (final) temper­
ature control, however, is by spray attemperation.

Fig. 12. Large Radiant boiler (B&W), pulverized-coal
fired; dry-ash removal; short air heater section at

cold air inlet

At full load the gases enter the superheater at about
2100 F (MHVT). At tlie point of gas entry the side­
spacing of the superheater tubes is 12 in. on centers.
At the gas exit end of the superheater the side­
spacing of the tubes is 3/2 in. on centers.

For units designed to operate at either subcritical
or supercritical pressures, see the Universal-Pressure
(UP) boilers in Chapters 1 and 23.

Boiler Supports
Boiler and furnace wall tubes are usually sup­

ported by the drums or headers to which they are
connected. Some boilers are bottom supported from
the lower drums and headers, while others are sus­
pended from the upper drums. The FH boiler is
typical of a bottom-supported boiler. The boiler load
is taken on saddles placed under the lower drum
and under the lower headers of furnace side, front,
and rear walls. The Stirling boiler is typical of a
top-supported unit, with the upper drums seated on
saddles at the ends of the drums. Stirling boilers
may also be supported by U-type hangers around
the drums carried to steel above. Two-Drum and
high-capacity boilers such as the Open-Pass and
Radiant are almost always top supported through
T'-type hangers at the ends of the steam drum and
by rod hangers fastened to upper headers and tubes.

In the design of proper supports the following
considerations are important:

1. The tubes must be so arranged that they will not
be subject to excessive bending-moment stresses in
carrying the weight of the tubes, drums, parts, and
contained water. When the unit is bottom sup­
ported, the tubes must satisfy column requirements.

2. Holding strength of the tube seats must not be
exceeded.

3. Provision must be made to take care of expansion
of the pressure parts. For a top-supported unit,
the hanger rods must be designed to swing at the
proper angle, and they must be long enough to
take the movement without excessive stresses in
either the rods or the pressure parts. Bottom-sup-
ported boilers should be anchored only at one
point, guided along one line, and allowed to ex­
pand freely in all other directions. To reduce the
frictional forces and resultant stresses in the pres­
sure parts, roller saddles or mountings are desira­
ble for bottom-supported heavy loads.

Boiler Horsepower and Rating
In the early days the “size” of a boiler was denoted

by boiler horsepower. One rated or nominal boiler
horsepower was defined as equivalent to 10 sq ft
of boiler heating surface. A “developed” boiler horse­
power was arbitrarily set as equal to the evaporation
of 30 lb of water per hr from an initial temperature
of 100 F to steam at 70 psi pressure. When the term
“equivalent evaporation from and at 212 F” became
popular, the old value of 30 lb at 100 F and 70 psi
for a developed boiler horsepower was converted
to its equivalent in heat capacity of 34.5 lb of water
per hr from and at 212 F. Still later, when steam
flow began to be recognized as a better measure of
size (and metering equipment became available),
an equivalent heat unit of 33,480 Btu per hr was used
for conversion purposes. The relations between rated
boiler horsepower, developed boiler horsepower,
boiler heating surface (sq ft), per cent rating, and
steam flow are given in the following formulas:

blr-hp = S/10
blr-hp u = blr-hp X R1./100

iu(h — llr)
33,480

w(h -h.,)X 100
Rb— 33,480 X blr-hp

w(h - hr) X 100
Rb — 3348 X S

Rb X 3348 X S
w ~ (h _ /lir) x 100

where:
blr-hp = rated boiler horsepower

blr-hpi> = developed boiler horsepower

blr-hp i> =
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s = boiler heating surface, sq ft
R„ = boiler rating, per cent

_/i,r) — total heat absorbed in steam, Btu/i
h = enthalpy of steam at boiler outlet

or at superheater outlet when unit
has superheater, Btu/lb

h„ = enthalpy of water at boiler inlet or
at economizer inlet when unit has
economizer, Btu/lb

tv = steam flow, Ib/hr
When the major part or all of the heat-absorbing

surface is in the boiler with little or no furnace,
superheater, and economizer surface, the terms boil­
er horsepower” and “boiler rating are quite suitab e
and represent not only some measure of capacity but
also some measure of boiler duty. Obviously, a boiler
operating at 300% rating is operating at a higher duty
than one operating at 200'% rating. The term Toiler
rating” is still in use today in the small-boiler field,
and it indicates some measure of duty where furnace­
cooling and superheater surfaces are absent or rel­
atively small compared with the boiler convection
surface.

Most boiler units now, as noted above, whether
small or large, have a relatively large area of heating
surfaces other than boiler convection surface, so that
a rating based solely on boiler heating surface has
very little or no meaning. The terms “boiler horse­
power” and “boiler rating” are, therefore, not prop­
erly applied to these boilers.

In all types of boilers and particularly in the medi­
um- and larger-capacity units, the output is now
almost invariably given in lb per hr of steam flow at
maximum continuous load. Partial loads are usually
designated in percentages of full load, such as 75%
of load or three-quarters load. Peak or overloads
may be designated in percentages of full load, such
as 110% load.

The amount of heat-absorbing surface in all parts
of the boiler unit is of prime importance in indicat­
ing size and capacity. However, many other im­
portant factors, as noted below, must be considered
in evaluating a modern boiler unit.

Boiler Design
The design of boiler heating surface as such must

necessarily be governed to a great extent by the de­
sign of other heating surfaces and of the unit as a
whole. The selection of the type of unit or the design
of a new unit for a given service depends upon many
factors. Some of the more important factors are:
1. Steam flow, pressure, and temperature.
2. Reheat steam flow, pressure, and temperature

entering and leaving.
3. Feedwater temperature and conditions
4. Load characteristics and type of service.
5. Fuel and firing.

6. Draft.
7. Efficiency and economics.

In modern practice the amount of boiler surface
ahead of the superheater may vary greatly. In some
instances, as in the unit illustrated in Fig. 12, boiler
surface is reduced to a single row of tubes, widely
spaced to form a slag screen. In other units there is
considerable boiler surface arranged in several rows
of tubes, the first one or two rows widely spaced
to form a slag screen. The boiler surface ahead of
the superheater serves to reduce the gas temperature
entering the superheater, and, by so doing and by
shielding the superheater from the direct radiant heat
of the furnace, it protects the superheater from ex­
cessive metal temperatures and from fouling and
slagging of the surfaces when firing coal or oil fuels
with slagging characteristics (see Chapters 2, 3, and
18). The amount of boiler surface, including the
slag screen, ahead of the superheater depends upon
the desired gas temperature entering the superheater.
The screen is usually in two or more rows of tubes.

The gas temperature leaving the furnace or enter­
ing the boiler depends mainly upon the furnace size
and the extent of furnace-wall cooling surface. Since
the cost of furnace-wall cooling surface is relatively
higher than that of boiler surface, the furnace size
and surface are limited to the requirements for the
proper burning of the fuel and for the sufficient
lowering of the gas temperature entering the boiler
screen to avoid excessive slagging. The gas tem­
perature entering the superheater must be high
enough to give the superheat desired with a reason­
able amount of superheater surface and the use of
economical materials. The superheater surface must
also be arranged so that it can be kept clean to ab­
sorb heat as intended (see Chapter 12).

Boiler tubes ahead of the superheater may be in­
clined as in the Long-Drum, Cross-Drum, H-type,
and Stirling Four-Drum boilers or vertical as in the
FH, Stirling Two-Drum, and Radiant boilers. The
tendency toward slag adherence is less with vertical
oi neaily veitical tubes, and many operators prefer
this construction where slagging is liable to occur.

Slag screens are arranged in many different tube
patterns. It is essential to space the tubes far enough
apart, particularly perpendicular to the gas flow. The
clear space between tubes should be large enough
so that any slag that adheres to the tubes cannot
budd out and bridge or plug the gas passage. Both
staggeied and in-hne arrangements of tubes, Fig. 13,
are used. In the staggered arrangement not only the
spacing perpendicular to the gas flow but also the
backspacing must be made large enough to prevent

‘gyng- In the m-hne arrangement the backspacing
is not so important When the backspacing is small
sna Znei<iy.tOrChing) comP^ed with "the side­
spacing in the in-line arrangement, the tube sections
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Fig. 13. Diagrammatic arrangement of
slag screens ahead of tube banks

are sometimes called platens. Platens spaced the
proper distance apart are effective in dropping the
gas temperature through a slagging-temperature
zone. Clear distance between surfaces should be in
the order of 9 to 12 in., or even greater in some
instances.

Design of boiler surface after the superheater will
depend upon the particular type of unit selected, de­
sired gas temperature drop, and acceptable draft
loss through the boiler surface. Typical arrange­
ments of boiler surface for various types of boilers
have been illustrated. The object in the design of
boiler heating surface—and this is true of other so-
called convection heating surfaces of a unit, such as
superheater, economizer, and air heater—is to estab­
lish the combination of tube diameter, tube spacings,
length of tubes, number of tubes wide and deep,
and gas baffling that will give the desired gas tem­
perature drop with an acceptable draft loss. In
other words, the design should provide an optimum
combination of heating surface and gas mass flow
to give the desired results.

For a given temperature, weight, and specific heat
of a gas entering any component of a boiler, sufficient
surface must be specified to drop this temperature to
a desired value. To lower the gas temperature it is
necessary to provide both surface (at lower tem­
perature than that of the gas) and pressure drop (to
cause flow). The amounts of surface and pressure
drop required depend upon the gas temperature drop
desired. The two requirements are interrelated. If
one is reduced, the other must be increased. It is, of
course, impractical to pursue this procedure beyond
obvious limits.

For a given gas mass flow (weight of gas, Ib/hr
-T- area of passage, sq ft) or a given gas velocity,
a considerably higher gas film conductance, heat
absorption, and draft loss result when the gases flow
at right angles to the tubes (crossflow) than when
they flow parallel to tire tubes (longitudinal flow).

Cas turns between tube banks generally add draft
loss with little or no benefit to heat absorption and
should be designed for easy flow.

Economizers—Early Types and Development
In a steam-generating unit, the economizer ab­

sorbs heat from the flue gas and adds it as sensible
heat to the feedwater before the water enters the
boiler. In this way the gases are still further cooled,
and a better economy is effected, hence tire term
“economizer.”

The design and use of economizers followed
naturally the development of boilers. Among the
various designs applied during the nineteenth cen­
tury, the straight-tube boiler and economizer of the
B&W type and tire bent-tube boiler and economizer
of the Stirling type survived as the most important
prototj’pes for the modern economizer. The earlier
designs were based on the requirements for straight­
tube boilers operating on natural draft and usually
called for large diameter tubes, widely spaced to
reduce resistance to gas flow.

Cast iron, commonly used for boilers operating at
pressures up to 250 psi, proved to be an economical
material for economizers because of its inherent re­
sistance to corrosion, both internal and external.

When steel was first available, it was successfully
used in boilers but could not be used in economizers
because of the corrosive effect of free oxygen. In
the boiler, most of the dissolved oxygen in the
feedwater was driven off in the steam drum with the
steam, and the corrosive effect on the boiler tubes
was therefore reduced. In the economizer, as tire
temperature of the feedwater rose, the oxygen was
gradually driven out of solution to attack the inside
of the tubes. Also, at saturation temperature, the
temperature of the water in the boiler was above tire
dew point of the gases, while in the economizer, the
feedwater, with a temperature often less than 100 F,
cooled the surrounding flue gases so much that mois­
ture condensed on the outside of the tubes. This mois­
ture, with some of the sulfur dioxide and sulfur tri­
oxide from the flue gas in solution, caused corrosion.
The moisture also formed a bond for the collection
of ash on the tubes, which greatly reduced heat
transfer and even restricted the gas passages. Clean­
ing apparatus had to be used to remove this deposit.
Early economizers of cast iron were equipped with
mechanical scrapers. Some east-iron economizers of
this general type are still in use with low’-pressure
boilers.

Following these early designs, the economizer was
gradually improved in design and performance, keep­
ing step with other developments in the generation
of steam. Steel replaced other metals in boilers and
engines, so that steam pressures could safely be
raised. It became economical carefully to treat the
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feedwater and to remove the oxygen by deaeration.
Development of the steam turbine with stage bleed­
ing increased the feedwater temperature to the
economizer. The additional pressure drop through
the unit, as a result of increased surface, led to the
improvement of fans and the development of better
soot blowers for surface cleaning.

The steel-tube economizer has now replaced the
cast-iron design. Deaeration of feedwater has re­
duced internal corrosion. High feedwater tempera­
tures have reduced condensation and, consequently,
the corrosion and plugging on the outside of the
tubes. The higher drafts now available make it
possible to use the most desirable tube diameters
and tube spacings for economical heat transfer and
cleaning by steam or air.

One of the earliest straight-tube steel economizers
of B&W design was built to ASME standards in
1915 and, like the boiler, was of the sinuous-header

ing can be the same as for the boiler, or they can
be modified to improve heat absorption, draft loss,
water velocities, and the conditions for external
cleaning. Water is fed into the lower drum and
flows up through the tubes to the upper drum. Gases
flow either along the tubes, preferably entering at
the top and flowing down counter to the water flow,
or across the tubes in single or multiple passes.

Before 1920, economizers were built with tubes of
the same or larger diameter than the boiler tubes.
One of the first economizers to use tubes of 2-in. OD
was built early in 1920. Compared with larger-tube
units, the small-tube economizer requires less space,
is easier to manufacture, uses less steel for tubes and
casing, and is particularly suitable for high pressures.

In tire early 1920’s, most 2-in.-tube economizers
were made with straight horizontal tubes rolled into
horizontal square headers. Handhole fittings were
used in the headers opposite tire ends of the tubes

type, with three passes for gas flow to improve its
efficiency. In 1916 a similar type economizer was
built for use with a Stirling boiler.

A successful two-drum bent-tube type of econo­
mizer was developed early in 1917. A modern
version of this type applied to a Radiant boiler is
illustrated in Fig. 14. While an integral-type bent­
tube economizer with separate lower drum and
with the upper ends of the tubes connected to the
rear top drum of a Stirling boiler is occasionally
built, the two-drum type is preferred (if drums are
to be used) as it is less limited in size, location, and
shape. In either case, the tube diameters and spac-

Fig. 14. Two-drum bent-tube economizer
arranged with three gas passes

so that every tube could be inspected and mechani­
cally cleaned internally. Water fed into the bottom
header flowed up through the tubes from header to
header and then from the top header into the boiler.
Gas entered the top of the economizer and flowed
down across the staggered tubes, leaving at the bot­
tom. This type of economizer was used with the
first 650 psi boiler units in 1922, and with the pul-
verized-coal-fired high-pressure units developed in
1924. (See Figs. 12, 13, and 15, Chapter 1.)

An improved design of the horizontal steel-tube
economizer, frequently used when it was necessary
to clean the inside of the tubes mechanically, was
developed during the 1920’s. At one end the tube
bends were formed by bending the 2-in. OD tubes
through 180 degrees. At the other end special flanged
and bolted return-bend fittings were used.

Tube Sizes and Spacing

The use of inhibited acid to clean internal surfaces
(see Chapter 21) has materially simplified the design
of economizers. The tubes can be continuous from
inlet to outlet headers with terminals rolled or
welded. The tubes can be made any length and
diameter, with 2-in, and 2/2-in. OD in most cases.
The sidespacing and backspacing can be arranged
for good external cleaning, absorption of heat, and
diaft loss. Clear lanes of 1 in. and under should be
used only for “clean” fuels. Lanes usually not less
than lh in. and as much as 2 in. are generally used
lor fuels liable to cause gas-side deposits. For clean­
ing, backspacing is less critical and is usually about

in. on centers for 2-in. OD tubes and 3/2 in. on
centers for 211-in. OD tubes.

All high-pressure and most intermediate- and low-
pi essure economizers are now designed with hori­
zontal, draining, continuous tubes. In most high-

o 

capacity high-pressure units the economizers are lo­
cated inside the boiler setting (see Fig. 4, Chapter 21).

Steaming Economizer

There is sometimes an advantage in producing
part of the steam in an economizer rather than in the
boiler surface. So far as the amount of water that can
be evaporated in the steaming type of economizer is
concerned, there appears to be no operating limit in
size. However, in practice it is customary to limit the
evaporation to steam in the economizer to a maximum
of about 20% of the feed at full boiler output and,
of course, less as tire load decreases. Since 1924,
steaming economizers have been installed in a con­
siderable number of boiler units. Because of the
practical difficulties in treating a high percentage of
the feedwater to a condition suitable for steaming
economizers, they cannot be used to good advantage
in boiler units where a high feed make-up is required.

Economizer Size

Economizer surface can be justified only where
it can absorb heat at less cost than other types of
surface. The temperature of tire feedwater entering
the economizer is always less than the saturation
temperature in the boiler. Since the economizer
surface is at a temperature lower than that of the
boiler surface, the heat remaining in the gases can be
absorbed at a greater rate and the gases can be
cooled to a lower temperature with economizer sur­
face than with additional boiler surface. Therefore,
in a steam-generating unit, there is usually a gas
temperature level at which it is economical to stop
absorbing heat through surfaces at saturation tem­
perature and to start absorbing heat in an econo­
mizer.

Where air preheaters are not used, the gas temper­
ature from the economizer is set by making an
economical balance between the cost of economizer
surface and the saving in the cost of fuel. Where
air preheaters are used, the gas temperature leaving
the economizer is determined by the requirement that
the temperature of the gas entering the air preheater
should be sufficiently high to heat the air for ade­
quate fuel drying or for good combustion perform­
ance.

Sufficient surface is installed in the economizer to
absorb enough heat economically to give the desired
gas exit temperatures. The amount of surface will
vary with the temperature of the incoming feed­
water. The feedwater should always be deaerated,
with the deaerator at or above 212 F to minimize
stray air leaks in the system. For high-pressure units,
the temperature of the feed to the economizer is
deter nined by the economical bleed points on t ic
turbine and will rise as the pressure increases, with
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consequent decrease in size of economizer, since the
amount of heat to be absorbed is less.

Location, Arrangement, and Cleaning
Location of the economizer will vary with the

over-all design of the boiler unit. Where air heaters
are not installed, as in many small boilers of so-
called standard type, economizers are located in the
gas duct between the boiler gas exit and the fan or
stack. It is always preferable that the gas from the
boiler should flow down across the economizer tubes
and that the water should enter at the bottom and
flow up through the tubes. The counterflow design
will reduce the required amount of surface and draft
loss to a minimum. It will eliminate unstable water
flow, give the most uniform gas distribution, and
make possible the proper use of a “steaming econo­
mizer wherein some steam is actually generated in
a portion of tire water-exit end.

In many high-pressure units, location of the econ­
omizer in an upward flowing gas stream is fixed
by the layout. In such cases small economizers can
be installed for all-parallel flow (see Fig. 4, Chapter
21). Large economizers require special consideration
and should be installed with counterflow for the
water-inlet section and with parallel flow for the
water-outlet section (see Fig. 15).

Since the air heater, when installed, is the final
heat trap, the economizer is generally located ahead
of the air heater in the gas stream. In some cases
where very low exit gas temperatures and high air
temperatures are desired, it may be necessary to
divide the economizer and the air heater and place
the cooler section of the economizer between the air
heater sections.

When ash-bearing fuels are to be fired and tena­
cious ash deposits are liable to form on the tubes,
the economizer should be located directly over a
hopper so that water-soluble constituents of the
deposits can be dissolved and the deposits washed
off (during out of service periods) and disposed of.

In addition to washing as may be necessary, the
external surface of economizers is cleaned with the
same tvpe of equipment used to clean boiler surfaces.
Economizers are designed with tube spacing and

Fig. 15. Continuous-tube economizer arranged
for part counterflow and part parallel flow
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depths of banks best suited for external cleaning
bv either steam or air blowers.

J

External Corrosion
External corrosion of economizers may occur when

the water vapor in the flue gas condenses on the
surface of the tubes, and corrosion is accelerated
when this happens in the presence of the products
of combustion of sulfur. The rate of corrosion in­
creases as the metal temperature is reduced. As the
amount of sulfur in the fuel increases, the dew point
increases and so does the potential rate of corrosion.
Pulverized-coal ash seems to act as an inhibitor in
retarding the rate of corrosion. Experience indicates
that the rate of corrosion can be reduced to safe
limits by keeping the temperature of the feedwater
to the economizer above certain minimum values.
Minimum safe values of tube-metal temperatures for
varying percentages of sulfur and for several types
of firing are indicated by the curves in Fig. 16.
When sulfur is burned under a boiler, as, for in­
stance, in one commercial process in the production
of sulfuric acid, the dew point is so high that all
steel surfaces must be at or above 450 F to assure
a reasonable fife. Such a boiler would not be fitted
with an economizer.

Infernal Corrosion
Economizers are also subject to internal corrosion 

from dissolved oxygen and low hydroxyl ion con­
centration (a low pH). Oxygen corrosion can be
eliminated by deaeration to zero oxygen (see Chap­
ter 21). Steel in the economizer is attacked faster
by pure water, which has equal hydrogen and hy­
droxyl ion concentrations (pH = 7), than by water
which has a higher hydroxyl ion concentration. It
is therefore necessary to maintain a pH value of
between 8 and 9 for the water passing through
the economizer. A successful means sometimes used
to maintain the desired pH value of the feedwater
is to recirculate some boiler water to the inlet end
of the economizer.

Air Heaters — Early Types and Development
The air heater in a steam-generating unit reclaims

some heat (which would otherwise be lost) from the
flue gas or occasionally from some other source and
adds that heat to the air required for the combus­
tion of the fuel. Normally, air-cooled furnace walls
or floors, which are sometimes used as a source of
heat to improve combustion conditions, are not in­
cluded in the term “air heater.”

As in the case of economizers, air heaters origi­
nated in Europe before they were used in the United
States. Early patent files reveal the invention of air
heaters long before the industry had developed to
the stage where they could be used economically.

The first air heater to be installed in a commercial 
FOR COAL, FUEL OIL (GRADE NOS. 1 TO 6),

SULFUR IN FUEL, % BY WT

Fig. 16 Limiting tube-metal temperatures to avoid
external corrosion in economizers or air heaters

when burning fuels containing sulfur

boiler unit in the United States was built in 1922.
It was made of flat parallel steel plates which formed
alternate gas and air passages. It was necessary that
the passages be completely separate one from the
other, since any air leakage into the gas stream not
only reduced the efficiency of the air heater but in-
ci eased the load on the forced- and induced-draft
fans. Plate air heaters are still in use but are not
as suitable as tubular or regenerative heaters for the
higher gas and air pressures which are now common
practice.

The first tubular air heater developed by B&W
was placed in service early in 1923. Demand for
air heaters developed quickly. A total of 50 air
heaters was built by B&W during the two-year period
of 1923 and 1924. Several factors influenced this de­
mand. Before 1922, the highest pressures commonly
used in power generation ranged from 350 to 400
psi. In 1922, units of 650 psi were developed to
generate more kilowatthours per pound of steam.
this in turn increased the demand for more pounds
of steam per pound of fuel. The use of air heaters
helped to achieve this end.

Before the early 1920s, practically all coal used in
the pioduction of steam was burned on stokers or
grates. Furnace walls were generally all refractory
oi, in a few instances, partly water cooled. Hot air
supplied to the fire improved stoker performance
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by raising the temperature level in the combustion
zone. While this elevated temperature aided in the
combustion of fuel, it also raised the temperature
of all stoker parts and furnace surfaces, thus tending
to increase the cost of their maintenance. So much
however, was gained in combustion efficiency by
reclaiming some of the heat of the flue gas for heat­
ing the combustion air that boiler units were soon
designed for operation with hot air without excessive
maintenance costs. The development of water-cooled
furnace walls that could withstand high combus­
tion temperatures contributed greatly to the effective
use of ah heaters in boiler units.

In the early and middle 1920’s, there was a tre­
mendous increase in the development and use of
pulverized-coal firing in central stations. For this
type of firing, hot air was ideal for drying, trans­
porting, and burning the coal in suspension. The
demand for air heaters was thus well established
before the end of 1924.

Advantages of Preheated Air
Preheated air is always required or justified with

certain types of steam-generating units. Practically
all pulverized-coal-fired units require hot air for
drying the fuel, and the larger stoker-fired units
burning bituminous coal operate more efficiently
with preheated air up to temperatures suitable for
stoker parts. Preheated air, however, is not essential
for the smaller stoker-fired units. In deciding on
the use of an air heater, as with most odier com­
ponent equipment in all fields, much depends upon
the conditions and requirements of the service.

Whether or not an air heater should be installed, 
and if so, how large the heater should be, will de­
pend upon economic and engineering factors. The
major economic factors are: the original cost of die
air heater, die operating cost for fuel and fan power,
and the maintenance cost. The principal engineering
factors are: the available space, the characteristics
of the fuel used, and the desired temperatures for die
preheated air and the exit gas.

With the common fuels (coal, oil, and gas) and
identical furnace conditions, the efficiency of a boiler
unit as a whole will increase by about 2.5% for 100 F
drop in exit gas temperature from the unit. In terms
of an air heater, this corresponds to an increase of
approximately 2% for each 100 F rise in air temper­
ature. An air heater providing combustion air at
temperatures ranging upward from 300 F will often
effect savings in fuel ranging from 5 to 10%, as indi­
cated by the curve in Fig. 17. While temperatures
above the maximum in the graph (600 F) have been
and are used in boiler practice, it may be noted that
the difficulties of arrangement in the boiler unit an
in obtaining economical materials suitable for the
temperature become increasingly troublesome if this
linnc is exceeded.

Use of preheated air will speed up combustion
at all loads, improve combustion at low loads, and
increase efficiency. In a new installation, die use
of an air heater will frequently permit a reduction
in the size of the boiler. Some saving will likewise
be possible in the size and cost of the firing equip­
ment, without impairment of the boiler output.

Classification of Air Heaters

Air heaters may be classified according to the
principle of their operation as (a) recuperative and
(b) regenerative. Heat is transferred to the air
from the flue gases of the boiler or from other
sources. Among successful air heaters operating on
the recuperative principle, there are tubular and
plate types, with the heat provided by 1) the flue
gases of the boiler, 2) steam in coils, or 3) sepa­
rately fired furnaces. Among air heaters operating
on the regenerative principle are the rotary regenera­
tive (Ljungstrom) and the diphenyl, with heat pro­
vided by the flue gases, and the pebble type, with
heat provided by flue gases or a separate furnace.

In a recuperative design, the heat is transferred
directly from the hot gases or steam on one side
of the surface to air on the other side.

In a regenerative heater, the heat is transferred
indirectly from the hot gases to the air through some
intermediate heat-storage medium, as in the rotary
regenerative, diphenyl, and pebble heaters. Use of
the principle of regeneration is not new. Regen­
erative air heaters were used in other industries
before they were used in steam generation. For
open-hearth furnaces, it was common practice to con­
trol the gas flow from the furnace and the air flow
to the furnace by dampers, so that the gas flow
would alternately heat one flue and then the other.
The air, flowing through the hot flues alternately,
would be heated to over 1000 F before entering the

Fig. 17. Order of improvement in efficiency
when heated combustion air is used in boiler units
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Tubular Air Heater

combustion clumber. The brickwork in the flues
acted as the heat-storage medium.

BAFFLES

GAS
INLET

EXPANSION
JOINT

I SOOT OR
------------ CINDER

HOPPER

HOT
AR

CUTLET TUBES

Fig. 18. Tubular air heater arranged for counter­
flow of gas and air, with an air by-pass to control

metal temperature at air inlet end

rolled into tube sheets at both ends. To provide
for expansion. one tube sheet shcuid c& zree to reeve
with respecr to toe casing, ana urns reuse oe accom­
plished without any air leakage. One metnod as to
fit a flexible beUcws-type expansion-joint .inneiifin
as indicated at the bottom tube sheet of the air
heater illustrated in Fig. IS. Tests made in actual
operation with this type show negligible leakage as
reflected in excess air or CO. detenninaticns. For
over-all tightness of the air heater it is preferable
to weld the panel joints of the casing and hoppers.
The undesirable effect of leakage on fan power is
indicated by the graph in Fig. 19.

Soot blowers are located so that a jet of steam.
air. or water in some instances (with the boiler out
of sendee) can be blown through each tube as
required (or across the tubes in the infrequently
used arrangement where gas crosses the tubes on
the outside).

Ample flow paths are provided for the gases, and.
where space permits, dust hoppers can be fitted
ahead of the heaters. The net result is a material
reduction in the amount of dust and fly-ash entering
the heaters.

Tube Sizes. In building the first tubular air heaters.
tube diameters of 2 in., 211 in., and even 3 in. and
4 in. were used in various units. Several factors are
involved in establishing the size of air heater tubes.
With smaller-diameter tubes the surface is used more
effectively, but tubes of larger diameter are easier
to clean. Greater space is required for the large-tube
heater. The over-all cost of the heater, including the
manufacture, shipment, and erection of the tubes,
casing, and supports, and building costs, tends to be
a minimum for some particular size of tube. In
stationary boiler practice, the 2,'1-in. and 2-in. tubes

GAS downhow GAS UPFLOW
AIR COUNTERFLOW, THREE PASSAIR AND GAS COUNTERFLOW.

GAS DOWNFLOW
AIR PARALLEL FLOW, THREE PASSGAS UPFLOW AND DOWNFLOW

AIR COUNTERFLOW, SINGLE PASS

GAS UPFLOW
AIR COUNTERFLOW, TWO PASS

Fig. 20. Some arrangements of tubular air heaters to suit various directions of gas and air flow
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Primary-Air Heating. Occasionally, for pulvenzed-
coal-fired units it is desirable to have a separate
section in the air heater for heating the primary an
to the pulverizers, particularly when the temperature
leaving the main heater is lower than that required
for drying very wet coal, such as a Midwest coal with
more than 10 to 12% surface moisture. The primary­
air heating section is then designed to give the re­
quired air temperature. This arrangement has the
additional advantage of permitting use of a smaller
forced-draft fan for the secondary air, since a
single fan handling clean cold air is used for all the
pulverizers of a unit. However, because of complica­
tions in the air heater design, a separate primary
heater is seldom recommended when the air temper­
ature leaving the main heater is high enough for
the pulverizers.

Rotary Regenerative Air Heater

The principle of using steel plates as the best
storage medium in a regenerative air heater was
first developed and applied in Europe, and the first
rotary heater of this type was installed in the United
States in 1923. The design has been greatly modi­
fied and improved to meet the ever-changing re-

GAS OUT AIR IN

Fig. 21. Diagrammatic illustration of rotary
regenerative air heater (vertical shaft ar­
rangement) with gas and air counterflow

quirements of the power industry. This type and
die tubular (recuperative) type are now the two
principal air heater designs used in the generation
of steam.

The rotary regenerative air heater is illustrated
diagrammatically in Fig. 21. Slightly separated metal
plates, supported in a frame attached to a slowly
moving rotor shaft, are arranged edge-on to the gas
and air flow. As these plates pass progressively
through the gas stream they are heated and then, in
passing through the air stream, give up heat to the
air before again entering the gas stream, thus main­
taining the regenerative cycle. The plates are placed
in segmental groupings to fill a complete circle
around die shaft. Seals are provided to reduce air
infiltration into the gas. Gas and air ducts and the
casing around the heater confine the gas and air to
the desired flow paths.

Soot blowers are used to clean the heating ele­
ments of ash and oil residues. During low-load
operation, when deposits tend to increase because
of low metal temperatures, the heater can be by­
passed on the air side or the air recirculated.

The rotary regenerative air heater is made in a
number of standard diameters and in various lengths
of elements to obtain die desired gas and air tem­
peratures for' different gas and air weights. Air
heaters of this type are made with vertical (as
illustrated) or horizontal shaft rotors. The choice of
one over die other depends to some extent upon the
gas and air duct arrangement to and from the heater.
Some think that the heater with a vertical shaft
rotor is easier to clean.

Other Air Heaters (Recuperative)

Plate-Type Air Heater. Several designs of plate­
type aii heaters have been developed over the years.
They all use thin, flat, parallel plates with alternate
wide and narrow spacing to match die ratio of gas
weight to air weight. Thus die flue gas is made to
pass through die wide-spaced passages and the air
through the narrower widi countercurrent flow. To
obtain more heating surface for a given volume,' the
gas space is made as small as possible within the
hunts required for cleaning. Commercial designs
have differed chiefly in die metiiod of sealing the
an spaces from the gas spaces. Many patented^con-
survived.5 bUt °nly *C welded Joint

Sfeam Coil Air Heater. After the development of
pulverized fuel there was some demand to apply
requhed hot0 b°iIers’ This application
Sah 1 S a and *1 WaS n0t alWs possible to

al , a flue gas air heater. In such cases com
merca y available stean>.to.alr heat exchanged X
E t£"uel P *° SUPPly the W to »“>
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To reduce fouling and corrosion, steam coil heaters
are used occasionally today to increase the minimum
tube-metal temperatures by heating the combustion
air before it enters die air heater. Other means as
cited above, are generally more economical for ’the
control of metal temperature.

Separately Fired Air Heater. Hot air is sometimes
required for industrial use. Air at atmospheric or
higher pressure may be heated to the desired tem­
perature by using a separately fired air heater. The
separately fired air heater usually consists of a re­
fractory furnace with a tubular heater arranged for
a number of gas and air passes.

To prevent overheating of the tubes, it is essential
to control the gas temperatures entering the heater.
This may be done by (a) diluting the gas with ex­
cess air or by (b) recirculating the gas from the
air heater outlet to the furnace, thus reducing the
temperature of the furnace gases. The unit will be
more efficient if the latter method is used.

Other Air Heaters (Regenerative)
Diphenyl Air Heater. Occasionally use is made of

an air heater operating on the regenerative principle
where the intermediate heat-conducting mechanism
is diphenyl oxide or a similar suitable liquid. The
liquid is heated as it passes through a heat exchanger
located in the flue gas stream and cooled as it passes
through another heat exchanger located in the air
stream. By continuous recirculation of the liquid,
heat is transferred from the gas to the air.

Pebble Heater. Regenerative air heaters have been
designed to heat air and other gases to higher tem­
peratures than is economically possible using the
recuperative principle. Arrangement of a pebble
heater, designed for heating air from room temper­
ature to 2300 F, is illustrated by Fig. 22. Various
suitable materials may be used for the pebble heat­
transfer medium. Spherical pebbles, Ja in. in diameter,
of mullite composition (72% A1«O3, 28% SiO2), are
commonly used as the heat-conducting medium. The
pebbles are alternately heated in the upper chamber,
A, by hot gases and cooled in the lower chamber, C,
by the fluid to be heated. Close control of the
pressures of the gas and of the fluid to be heated is

Fig. 22. Arrangement of pebble
heater for delivery of air at 2300 F

necessary to prevent mixing of the two at B. The
whole unit is surrounded by a gastight cylindrical
steel casing which forms a rigid support for the
brickwork.

In addition to heating air or steam, the pebble
heater has many other applications among which
are: heating hydrogen or natural gas for the reduc­
tion of metallic oxides, and the production of ethyl­
ene from a hydrocarbon feed source.

Temperature, Surface, and Draft-Loss Calculations
[Evaluating the performance of a boiler unit for a

given set of conditions is fairly complicated, as
indicated in the foregoing. One of tire principa
problems in boiler design is to attain an optimum
interrelationship among three main factois: gas tern
nerature drop, surface, and draft loss. Since surface
may be disposed in an infinite variety of arrange

11

ments, each affecting the value of temperature drop
and draft loss, no single useful equation combining
the three has been developed. A practical approach,
based in large measure on experience, is therefore
necessary in establishing economic surface arrange­
ments for specified conditions.

Thus, in the convection surface of a boiler unit,
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tubes are disposed in banks for the boiler portion,
the superheater, the economizer, and the tubular
air heater. A rather narrow range of tribe diameters
has been established as good practice for these
components. From experience, tube spacing (side­
spacing and backspacing) has also been established
within a fairly narrow range. All these details of
surface and its arrangement reflect experience based
on practical performance. The range of variation in
detail has been demonstrated as acceptable in draft
loss, use of material, space occupied, and tube size
and spacing to maintain cleanliness on the gas side
when firing fuels liable to deposit dust on heat­
absorbing surfaces.

However, even within the finite limits of variety
of surface arrangements accepted as good practice,
there are still too many possible permutations and
combinations to permit the use of surface in an all-
comprehensive formula. The problem must therefore
be approached in two steps: 1) to establish for a
certain gas mass flow, by trial and error computa­
tions, the true relationship between surface and the
temperature drop or temperature rise desired, and
2) to establish the draft loss (pressure drop) for this
gas mass flow over this surface.

For clean surfaces the relationship of gas tem­
perature drop of the hotter fluid (HF), temperature
rise of the colder fluid (CF), and surface (S) is
given in the general equation:

US htm=wc(t,- t,) = (1)
where:

U = combined conductance, Btu/sq ft, hr, F

0 = Btu/sq ft, hr, F

S = total surface, sq ft
At™ = log mean temp diff, hotter fluid and colder

fluid, F
w = wt flow of hotter fluid, Ib/hr

t, = temp of hotter fluid entering tube bank, F
t‘c = temp of hotter fluid leaving tube bank, F
c = mean sp ht of hotter fluid, Btu/lb, F

w' = wt flow of colder fluid, lb/hr
= temp of colder fluid entering tube bank, F

A = temp of colder fluid leaving tube bank, F
c' = mean sp ht of colder fluid, Btu/lb, F

For boilers, economizers, superheaters, and tubular
air heaters, tire hotter fluid is gas and the colder fluid
is, respectively, saturated steam-water mixture at
constant temperature, water at rising temperature,
steam at rising temperature, and air at rising temper­
ature. For clean surfaces equation (1) may be ex­
pressed as:

For Boiler Surface
U S At™ = w, c, At» (2)

where:
U = U„ — combined conductance,

Btu/sq ft, hr, F
U„= Ur„ Uca=over-all gas-side conductance,

Btu/sq ft, hr, F
U„ = radiation conductance (gas side),

Btu/sq ft, hr, F
Uc„= convection conductance (gas film),

Btu/sq ft, hr, F
S _ total surface, sq ft

Atm = log mean temp diff, gas and sat. water, F

'ti \ > (Case Z» Fig- 23 )

ts — A /
h = gas temp entering tube bank, F
t.- = gas temp leaving tube bank, F

F. = sat. temp of boiler water, F
w„ = wt flow of gas, Ib/hr
c, — mean sp ht of gas, Btu/lb, F

At" — t' t« = gas temp diff, entering and leav­
ing, F

CASE III
hotter fluid and

COLDER FLUID

Fig. 23. Log mean
temperature differ­
ence, At..., of hotter
fluid and colder

fluid, F
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For Economizer Surface

U S Atm--- Wg Cg £\tg (2)
where:

U, S, wa, Cg, /\tg are as defined for boiler surface
A#™ = log mean temp diff, gas and water, F

For parallel flow, Case II, Fig. 23

For counterflow, Case III, Fig. 23

\t« — t'J
tg and t, are as defined for boiler surface
t'i = temp of water entering econ, F
t'g — temp of water leaving econ, F

Btu Balance for Economizer
Wg Cg /\tg --  Ww Cw A tm (3)

where:
w,, Cg, f\tg are as in equation (2)
ww = wt flow of water through econ, Ib/hr
Cw = mean sp ht of water in econ, Btu/lb, F
Atw = t'g — t' i, temp rise of water through econ, F

For Superheater Surface

U S A#m = Wg Cg /\tg (2)
where:

S, Wg, Cg, /\tg are as defined for boiler surface
U _ * X combined conductance,

u, + u, Btu/sq ftj F
Ug is as defined for boiler surface
U, = convection conductance (steam film),

Btu/sq ft, In-, F
Atm = log mean temp diff, gas and steam, F

For parallel flow, Case II, Fig. 23

A1. = /-‘•L

For counterflow, Case III, Fig. 23
_ (t.-r,)-(t,-t3)
- /tg-PA

lo5'V,~A
tg and t, are as defined for boiler surface
t’g = temp of steam entering superheater, F
P, — temp of steam leaving superheater, F

Btu Balance for Superheater
Wg Cg Atg = W, C. (4)

where:
wc> Cg, /\tg are as in equation (2)
w‘ — wt flow of steam through superheater,

Ib/hr
c, = mean sp ht of steam in superheater,

Btu/lb, F
At, = t’, — t'g, temp rise of steam through super­

heater, F
The surface of a superheater, determined from the

above, will be reduced somewhat (as shown in the
superheater example below) when account is taken
of die heat radiating from the mass of gas approach­
ing across a cavity or from a furnace, where the
bank can “see” the gas. Because of the relatively
low temperature involved in this example, no account
is taken of the radiation to the rear of the bank by
the mass of gas leaving.

For Air Heater Surface
U S Atm = Wg Cg &tg

where:
(2)

S, Wg, Cg, £\tg are as defined for boiler surface

U = , combined conductance,
U, + Ue„ Btu/sq ft; F

Ug is as defined for boiler surface
Uca — convection conductance (air film),

Btu/sq ft, hr, F
At™ = log mean temp diff, gas and air, F

For parallel flow, Case II, Fig. 23
_ {tg-t'g)-(t.-r,)

A#™-- —,fi _ —
logo --------a \tg — pgj

For counterflow, Case HI, Fig. 23

Atm =

ti and ti are as defined for boiler surface
t'g — temp of air entering air heater, F
p, — temp of air leaving air heater, F

Btu Balance for Air Heater
WgCg Ltg — W.C, Ata (5)

where:
w„ Cg, are as in equation (2)
Wa = wt flow of air through air heater, Ib/hr
Cg = mean sp ht of air in air heater, Btu/lb, F
AU = t'g — ft, temp rise of air through air

heater, F
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Mass Flow set by Good Practice
From a long record of experience it is known that

for a given set of conditions, such as fuel (amount
to be burned and characteristics) and allowable over­
all draft loss, surface (boiler, superheater, econo­
mizer, or air heater) is arranged as tubes of a suitable
diameter disposed in a bank and spaced (in both
directions) within a fairly limited range. Tube length
is generally determined by the drum or header lo­
cations. In heat transfer and fluid flow problems it
is essential to know the limits set by good practice
for mass velocity, or “mass flow” (G = w/A). With
tube diameter, spacing, and length established, the
width of the tube bank is based on an acceptable
mass flow of the fluids (gas, steam, water, or air)
entering, in which the free-flow area is a factor, since:

G = = mass flow of fluid flowing, Ib/sq ft, hr
A

where:
w = weight of fluid flowing, Ib/lir (to, for gas)
A = free-flow area, sq ft (A„ for gas)

The “depth” of bank, or the number of rows deep,
is frequently limited by the usable circumference
of the drums or headers to which the tubes are
connected. Other considerations, such as the maxi­
mum distance for effective cleaning by soot blowing,
will sometimes limit the depth of bank. In any case,
since it is necessary to start with a tube arrange­
ment, experience will permit a tentative selection of
the height and width of the receiving surface and the
tube diameter of this bank for a given mass flow
of the entering gases. Having thus selected a specific
arrangement of surface, it is possible to calculate the
total amount of surface required for the desired tem­
perature chop by the use of the general equation (2).

Temperature Drop, Boiler Surface
As an example of a manipulation of equation (2)

for the relation between gas temperature drop and
surface, a simple case of boiler surface used to cool
combustion gases will do. Equation (2) mav be re­
written: ?

c _ Cg
~ r u &tm <6)

Total surface, S, in tube bank, sq ft —to
be determined

Depth of tube bank, number of rows — to
be determined

To determine the total surface, S, required to cool
the gases to the desired temperature, it is necessary
as noted above, to set certain conditions, known
sel^tedPFlen^ t0 bC f ikly aPPlicable to the case

"ro: kn°'Vn “d —"I

Fuel = ^toral^gas, 1000 Btu/cu ft (22,000

w, = 185,000 Ib/hr, combustion gas (from
burning fuel with 115% total air; mois­
ture in flue gas, 11%)

/\t, = t, — t> = 610 F, desired gas temp drop
t, = 1910 F, temp of gas entering tube bank
t, —1300 F, temp of gas leaving tube bank

= 378 F, sat. temp of boiler water @ 176.4
psi

Atm ~ log mean temp diff, gas and sat. water,
F (Case I, Fig. 23)

Tubes and arrangement in bank:
2.5-in. OD, in line (do)
Length = 16 ft
Arranged in setting 99 in. wide (including side

lanes)
Avg sidespacing, Zj = 3.5 in.
Avg backspacing, I n = 4.0 in.
No. in one row across pass = 28
Surface of one row of tubes = 293 sq ft

Calculations to determine surface, S, using equa­
tion (6):
Sum of tube diam = 28 X 2.5 = 70 in.
A, = gas free-flow area through tube bank

= ^Lr0- X 16 = 38.7 sq ft

w„_ 185,000
A~ 38.7 = 4780 Ib/sq ft, hr

Atm = 1910-1300
/1910 — 378'
11300 - 378

= 1200 F

c„ = 0.318 Btu/lb, F, from Fig. 24, for 11%
moisture

17=12.80 Btu/sq ft, hr, F (established as
explained later under Solution of Values,
page 11-32 ff)

Substituting the above values in equation (6):
s _ 185,000 X 0.318 X 610 _

” 12.80 X 1200 ~ “337

No. of rows of tubes in bank = 2337 — 7 98
293

1 ’c ca\cuIatod value of surface, S, it is evi­
dent that, for the assumed conditions of the above
example, 8 rows of tubes will be required in the
tube bank to give the desired temperature drop.
Iron’d11 -p ,Tlculated surface differs materially
i om the initially assumed surface, the values of U,,

resulting ’i aPProPrii‘toly adjusted, and the
reen m lSr U mUSt be USed in a “
recalculation of surface.
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In the simple illustration of the method used in es­
tablishing surface for a desired temperature drop,
the conditions assumed in the above example were:
crossflow of the gas, in-line tubes, and natural gas
as fuel. However, the gas flow may be longitudinal
or partly longitudinal and partly crossflow, and the
tubes may be arranged in a staggered pattern. A
coverage of all possible conditions will not be at­
tempted. The value of the combined conductance,
U, can be affected if other fuels are used. The effect
on conductance of some ash-carrying fuels is largely
a matter of the designer’s judgment (see Absorbing
Surface Cleanliness, page 11-32).

Economizer Surface

The surface of a nonsteaming economizer for (a)
desired gas temperature drop, AL, or for (b) de­
sired water temperature rise, AG, can also be deter­
mined from equation (2) with AL, however,
established from the formula in Case II or Case III
of Fig. 23, depending upon whether the arrangement
is for parallel flow or counterflow.

A general determination of economizer surface,
without a specific example, mav be derived from
equations (2) and (3) listed above and repeated
here for convenience:

Draft Loss

The draft loss for gas in crossflow through a bank
of in-line tubes at sea level, and where there is no
stack effect, may be determined from the following
equation, partly empirical:

A =/WF.460 + ft95O.+fc)/2(c,> x 1QJ)!

where:

Ap = draft differential (draft loss), in. of water
y= friction factor, from Fig. 40, for estab­

lished Reynolds number, tube diam, and
tube spacings

N = number of tube rows in the bank
Fa = draft loss depth factor, from Fig. 20,

Chapter 8
L ■— gas temp entering bank, F
t, = gas temp leaving bank, F

0.95 (t, L)/2 = approx avg gas temp, F
G, = w,/A, — gas mass flow, Ib/sq ft, hr

For each 1000 ft elevation above sea level, the
value of Ap should be increased about 4% (see
Chapters 5 and 8).

With vertical gas flow, the value of Ap will be
increased by stack effect when the outlet is below
the inlet and decreased when the outlet is above the
inlet (see Chapter 5). However, in the usual boiler
tube banks the total effect is small, in the order of
0.005 to 0.010 in. of water per ft of tube bank height.

For the simple example of boiler tube bank and
the conditions noted above in establishing surface for
temperature drop, the draft loss may be determined
by substituting the known values in equation (7).

. 460 4- 1525
Ap = 0.10 X 8 X 1.004---- 573oo^(4,78)

= 0.63 in. of water

w, c, AL = U S AG (2)
w„ c, /At,, = w<o Cw /AG, Btu balance (3)

where:

w„ c„ lAt, are as in equation (2)
Ww = wt flow of water through econ, Ib/hr,

known
c«, = mean sp ht of water in econ, Btu/lb, F

AG = t'i — t'i, temp rise of water through
economizer, F

t'i = temp of water entering econ, F, known
i’i = temp of water leaving econ, F, not known

for condition (a), known for condition (b)

For condition (a), At... may be determined after
establishing the value of ft by solving equation (3)
for AG, since ft = AG ff- f-- Knowing the value of
all temperatures involved, At... may then be estab­
lished (see Fig. 23).

For condition (a), At,,, may be determined after
equation (3), and so L, the leaving gas temperature,
is determined. Since the entering gas temperature,
t,, is known, a trial c, may be established from Fig.
24 by assuming a temperature for the leaving gas.
The true values of c„ and At, are determined by suc­
cessive trials until equation (3) is in balance. Know­
ing the value of all temperatures involved, At,™ may
then be established (see Fig. 23).

After tube diameter, arrangement of surface, and
tube bank dimensions suitable for economizer prac­
tice have been tentatively set and knowing AG,
the heating surface, S, may be determined from equa­
tion (2), for either of the two conditions (a) or (b),
by establishing the value of U in the same manner
as in the preceding example for boiler surface.

The draft loss across an economizer is calculated
from equation (7), as in the example for boiler
surface. The feedwater pressure drop through an
economizer may be calculated in the same manner
(where water is the fluid) as for the steam pressure
drop through a superheater (see below).
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Fig. 24. Approximate mean specific heat, c„ of flue gases

Fig. 25. Mean specific heat of air, c0, between any two
temperatures, t', and t',, at a constant pressure of one

atmosphere

Afm = LOG MEAN RADIATING TEMPERATURE DIFFERENCE, F

Fig. 26. Basic radiation conductance, U'r, as related
to log mean temperature difference, Z\tm, and re­

ceiving surface temperature, t',

Fig. 27. Effect of fuel and mean radiating
length on radiation conductance

11-24

(8)

(4)

185,000 X 0.30 ---------
and t, = tt — 308 = 1275 — 308 = 967 F
then by Case III, Fig. 23:

 (1275 - 578)-(967 - 378)4V-" - —' —/1275 _ 578 \ —— = 642 F
°g° 967 - 378 )

“The usual practice is to solve for c, by dividing the enthalpy
difference, obtained from steam tables, by the steam temper­ature rise. 1

/ Z gaS temP dr0P> F
1 ~ F> temp of gas entering superheater
’— temp of gas leaving superheater, F, not

known
150,000 Ib/hr, steam to superheater

* A—A=200 F, desired temp rise of steam
, through superheater

1, 378 F, temp of entering steam, sat. @ 176.4
psi

f, = 578 F, temp of leaving steam
 378 + 578  „

------------ g-------- = 478 F, avg steam temp
At™ = log mean temp diff, gas and steam, F

(Case III, Fig. 23)
Tubing and arrangement in bank:

2.5-in. OD, in line (<L)
2.09-in. ID, for wall thickness to permit bend­

ing on Ift-in. radius (d.)
Length = 12 ft in each horizontal run (12-ft

span between supports)
Arranged in setting 99 in. wide
Avg sidespacing, l2 = 3.5 in.
Avg backspacing, Z() = 3.5 in.
No. of sections across pass = 28
Surface of one row of tubes = 293 sq ft

Calculations to determine surface, S, using equa­
tion (8):

Sum of tube diam = 28 X 2.5 = 70 in.
A, = gas free-flow area through tube bank

99 — 70 1Q f=----------- X 12 = 29 sq ft

A, = steam free-flow area through tubes
- 28 X (2-09)'X3-1416 - 0.668 sq ft

A 4 X 144 1
w1= WOO _ 63S0 ]b/ ft hr

1 A, 29 1
r -^2.— l50>092 — 224,700 lb/sq ft, hr

A.~~ 0.668
Equation (4) is used to establish AC in order to

find the value of C. The value of c„ the mean spe­
cific heat of steam through superheater, is 0.57 from
Fig 6 Chapter 7°. A trial value of c, may be used,
and thus, by successive trials until equation (4) is in
balance, the true values of c, and AC can be de-

ter<Ssttuting the above values in equation (4):
150,000 X 0-57 X 200  3Qg p

AC —

Superheater Surface

In the relationship of superheater f
temperature rise, and gas temperature dm r Stearn
bined conductance, U, in equation (9) • c°ni-
the introduction of a value for steam mmodified by
ance as noted above. conduct-

From equation (2), total surface for 3may be expressed as: a superheater

w,c,At,
5 - V, X u. S1 ft

U, + U.

where:
= U, Btu/sq ft, hr, F

u,+ u.
u, is as defined for boiler surface
U, = convection conductance (steam film),

Btu/sq ft, hr, F
All other terms are as in equation (2)

As noted above and repeated here for convenience,
the heat balance equation for a superheater may be
expressed as:

w, c„ AC = w. c. AC
where:

w„ c„ AC are as in equation (2) or (8)
m, = wt flow of steam through superheater,

Ib/hr
c. = mean sp ht of steam through superheater,

Btu/lb, F
— t', — t'h temp rise of steam through super­

heater, F
A = temp of steam entering superheater, F
t'i = temp of steam leaving superheater, F

For a desired steam temperature rise, AC, it is
possible, after finding tire values of AC from equa­
tion (4), U„, and 17,, to determine the surface, S,
from equation (8) with AC> established from the
formula in Case II or Case III of Fig. 23, depending
upon whether the arrangement is for parallel flow
or counterflow.

The surface so calculated, however, will be re­
duced somewhat (as shown later) when account is
taken of cavity radiation from the mass of gas ap­
proaching the bank.

As an example of the manipulation of equations
(8) and (4) for the relation of steam temperature
rise and surface in a superheater, without or t e
foment considering the cavity radiation, the fo ow­
ing conditions have been selected: . .

A draining-type convection superheater, horizon a
continuous-tube, in-line, with gas flow upward
through the bank and the steam counterflow.

Fuel = natural gas (as in boiler surface e*al?P..e
w, = 185,000 Ib/hr, combustion gas (as m boi

surface example)1 11-25
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In the case of a superheater, since tire temperature
drop through the tube metal is usually small tl^
average surface temperature, f., is approxrmated as
being'the average steam temperature. The gas film
temperature then becomes:

t, = f. + AW2 = 478+ 642/2 = 799 F

Using the values established above, U, can be
determined by following the procedure given below
for boiler surface under Solution of Values. Foi this
superheater example:

Ut = Urf + Ue, = 0.85 + 13.15
= 14.0 Btu/sq ft, hr, F

In equation (8),^ ^-"U~ U
An empiric equation for determining U,, the steam

film conductance (see Fig. 3, Chapter 12), can be
expressed as:

U, = X G.o s X c„ X ™ X J-
where all values have been established except c,>, the
instantaneous specific heat, and p, the absolute vis­
cosity, both at the average steam film temperature.
For their combined value, see Fig. 4, Chapter 12.
From the above equation U, — 183.7 Btu/sq ft, hr, F.

The combined conductance, U, then becomes:
_ U, X U. _ 14.0 X 183.7

U, + U. ~ 14.0 + 183.7
= 13.01 Btu/sq ft, hr, F

Substituting in equation (8):
185,000 X 0.30 X 308 pS =------01 x 642 = 2048 sq ft, neglecting

the effect of cavity radiation.

Cavity Radiation

The Btu/hr in the heat balance equation (4) rep­
resents the total amount necessary to obtain the
desired steam temperature rise. Since part of this
heat was already absorbed from the gas mass in the
cavity before the superheater, the surface established
is too large. This is corrected in the following manner.

The Btu/hr absorbed by the superheater from
cavity radiation is the product of the radiation
conductance, Ur„ the fiat projected surface, S„ of
the superheater facing the cavity, and the mean
radiating temperature difference, AG„ between the
average gas temperature and the superheater surface
temperature.

The cavity radiation conductance, Ur.. js the

(from Tig. 26) and the factor, K (from Fig. 27).
1 or the specific dimensions of the cavity, which in 

13.01 X 642

No. of rows of tubes in bank = 2010/220 = 9.1

this instance is 12 ft long, » ™de; a.nd ty d«P,
the factor K is 0.8. The flat projected surface, S„
is I9 X 99/12 = 99 sq ft. For this example the aver-
nge^as temperature in the cavity is taken as 1285 F,
and assuming that the average tube-surface tem­
perature over the face of the superheater bank is
the same as the outlet steam temperature, the mean
radiating temperature difference is 1285 — 578 =
707 F.

The superheater absorption from cavity radiation
is:

Btu/hr = Ur, X X Ahn = U'r X K X SP X At™
= 5.4 X 0.8 X 99 X 707 — 305,000

The total surface of the superheater, as calculated
above by equation (8), is reduced by recalculation
after subtracting this cavity absorption from the total
amount required. The corrected surface, S, then
becomes:
s= (185,000 X 0.30 X 308 )-30 5^00 =2010s<jft

The required number of rows deep may be speci­
fied as 9. In this instance a depth factor need not be
considered, as the flow will be disturbed leaving a
cavity of this depth (see Chapter 7).

It will be noted, for the assumed cavity dimensions
and low mean radiating temperature, that the heat
input to the superheater bank from cavity radiation
is small, less than 2%. If the cavity is large, and
particularly if the mean radiating temperature is
high (over 1500 F), the proportion of heat input
by cavity radiation to any heat-absorbing surface can
be appreciable. A rigorous and complete procedure
for calculating such heat input under all conditions
will not be attempted, since the influence of cavity
dimensions and shape and the effect of radiating
temperatures are too involved for the scope of this
book.

Steam Pressure Drop through Superheater

The steam pressure drop, Ap, Ib/sq in., through
the superheater usually is calculated in three parts,
1) entrance and exit loss, 2) straight-flow loss, and
3) loss at bends: 5

Ap = Ap« + Ap/+Apo, Ib/sq in. (9)
where:

1) Ap. = 1.5u (G. X 10-7712
2) &pf=fLv (G. X lOtytyd,
3) Apt = N„ v (G, x IO-7712 
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(5)

(10) Tubing and arrangement in bank:
2-in. OD, in line (cL)
1.834-in. ID for wall thickness of 0.083 in. (rZ<)

where:
v = avg sp vol of steam, cu ft/lb, from steam

tables
G, = W./Ar, steam mass flow, Ib/sq ft, hr
7= friction factor, from Figs. 8 and 9, Chapter

8, for Reynolds number,
£ = dev length of tube in one circuit, ft
dt = internal diam of tube, in.

= total no. of velocity heads lost in bends,
from Fig. 16, Chapter 8

= Reynolds number = dt G,/12p
M = abs viscosity of steam, lb (mass)/ft, hr,

from Fig. 12, Chapter 8
Substituting values for the superheater example

above:
Ap = 1.5 X 2.97 X 5.05/12 +

0.0193 X 108 X 2.97 X 5.05/2.09 +
8 X 0.59 X 2.97 X 5.05/12

Ap = 1.88 + 14.96 + 5.90 = 22.74 psi
Call steam pressure drop 23 Ib/sq in.

17, X TT „
= Btu/sq ft,hr,F

U, is as defined for boiler surface
Uca = convection conductance (air film),

Btu/sq ft, hr, F
All other terms are as in equation (2)

As noted above and repeated here for convenience,
the heat balance equation for an air heater may be
expressed as:

Wg Cg g ZZZ Wa Ca Ata (
where:

Wg, Cg, At, are as in equation (2) or (10)
Wa = wt flow of air through air heater, Ib/hr
c» = mean sp ht of air through air heater,

Btu/lb, F
At« = fa — t'g, temp rise of air through air

heater, F
t'i = temp of air entering air heater, F
f, = temp of air leaving air heater, F

For a desired air temperature rise, AG, and reason­
able mass flow of gas and air, it is possible, after
finding the value of AG from equation (5) and the
value of U, to determine the surface S, from equa­
tion (10), with At»> established from the formula
in Case III, Fig. 23, for counterflow. The surface so
determined must be modified by a correction factor,
1/0.85, to permit the use of the counterflow formula
in finding the value of AG> for a single-pass cross­
flow air heater.

As an example of the manipulation of equations
(10) and (5) for the relation of surface, air tempera­
ture rise, and gas temperature drop in a single-pass
air heater, the following conditions have been se­
lected:

Fuel = natural gas (as in boiler surface example)
io, — 185,000 Ib/hr, combustion gas (as in boiler

surface example)
AG = G — f, gas temp drop, F

/, = 605 F, temp of gas entering air heater
ta = temp of gas leaving air heater, F, not

known
Wa = 150,000 Ib/hr, ah to ah heater

— t'g — fi — 270 F, deshed temp rise of ah
through ah heater

f, = 80 F, temp of ah entering air heater
fa — 350 F, temp of ah leaving air heater

At™ = log mean temp diff, gas and air, F (Case
III, Fig. 23)

Air Heater Surface
In the determination of the amount and disposition

of surface for an ah heater, cavity radiation is negli­
gible because of the usually low temperature of
both the gas and tire ah. With tire frequent arrange­
ment, gas passing through the inside of the tubes
(ah outside), intertube radiation—while of minor
effect on the value of U, the combined conductance
—should be included on the gas side. Convection
conductance for longitudinal flow of the gas within
the tubes must be considered.

Arrangement of tire surface is based on good prac­
tice from experience. The mass flow of both gas and
ah should be kept within economical limits—usually
from 5000 to 10,000 Ib/sq ft, hr for longitudinal flow
and from 3000 to 5000 Ib/sq ft, hr for crossflow.
Tube spacing usually may be closer than for a super­
heater, since only air passes across the outside of
the tubes. As noted above in the general discussion,
metal temperatures below the dew point should be
avoided. Usually tire most economical arrangement
is with long tubes and multipass on the ah side.

In the relationship of ah heater surface, S, to ah
temperature rise and gas temperature chop, the com­
bined conductance, U, in equation (2) is modified
by the introduction of a value for the ah film con­
ductance, as noted above.

From equation (2), total surface for an ah heater
may be expressed as:

Q ___ Cg /^tg r.

UgXUaa ’SC1
, Ug + U" ”

where:
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Fig. 28. Partial pressure, pr, of principal radiating con­
stituents (CO, + HjOJ of combustion gases for various

fuels, heat values, and excess airs

in-line tubes

do = OUTSIDE TUBE DIAM, IN.

/,=TUBE SPACING ON CENTERS
PERPENDICULAR TO GAS FLOW, IN.

l„ =TUBE SPACING ON CENTERS
PARALLEL TO GAS FLOW, IN.

L = MEAN RADIATING LENGTH, FT

Fig. 29. Mean radiating length, L, for various tube
diameters and arrangements

l, = GAS FILM TEMPERATURE, F

Fig. 30. Determination of Reynolds number, Nu„ (using
gas mass flow, w/A) for various tube diameters and gas

film temperatures

11-28

Inside cross-section area/tube = 0.01835 sq ft
Arranged in setting 99 in. wide
Avg sidespacing, lx = 3 in.
Avg backspacing, = 3 in.
No. of tubes across pass = 33

Calculations to determine surface, S, using equa­
tion (10):

Assume:
Gas mass flow, G„ = w,/A, — 8000 Ib/sq ft, in­
Air mass flow, G, — w,/Aa = 4000 Ib/sq ft, hr

then:
A, = 185,000/8000 = 23.1 sq ft
A„ = 150,000/4000 = 37.5 sq ft
No. of tubes — 23.1/0.01835 = 1259
No. of tubes deep = 1259/33 = 38 +
Actual no. of tubes — 33 X 38 = 1254
Sum of tube diam = 33 X 2 = 66 in.

Length of tube = 3Jq5 X *2 = 13.64 ft
99 — 66

Actual total outside surface (air side),
2tt

S = X 13.64 X 1254 = 8960 sq ft

Actual gas mass flow, G„ = w,/A,
185,000 on-mn., r ,= 0.01835 X 1254= 8040 lb/s<lft’llr

Equation (5) is used to establish [\t, in order to
find the value of ts. The value of c«, the mean specific
heat of air through air heater, is 0.244, from Fig. 25.
A trial value of c, may be used, and thus, by succes­
sive trials until equation (5) is in balance, the true
values of ca and AL can be determined.

Substituting the above values in equation (5):
= 150,000 X 0-244 X 270 ?

185,000 X 0.278
and f2 = fc — 192 = 605 — 192 = 413 F
then by Case III, Fig. 23:

A,  (605-350) - (413-80)  F
A , / 605-350 \

°S‘\ 413-80’)

In the case of an air heater, the gas and air film
temperatures are determined as follows:

ci . A 4“ A I 3AL.Gas film temp =-----£------ |----- -—

 80 + 350 3 X 292  434 F
~ 2 ~ 4

Air film temp = r' + *l+-A^-

 80 + 350 292  9gg F
— 2 4

Since heat transfer by radiation is so small a part
°f~ me total conductance, a value of U„ equal to

-z-! Btu/sq ft, hr, F may be used without significant
eriOi in most air heater problems.

. ^le gas-side convection conductance in long flow
is calculated from: Uc, = U'„ FPP Ft d./d,, where

</a« converts the inside gas film conductance to the
same outside-surface basis (see Chapter 7) as the
air film conductance.

Using the values established above, U„ and Ua
can be determined by following a procedure similar
to that given later under Solution of Values,
whence:

U„ = U,p + Uc, = 0.20 + 8.02 = 8.22
Ua = 9.0

and the combined conductance, U, then becomes:
U = U^XUa = 8j2_X 9.0 _

U„ + Ua 8.22 + 9.0 ~ 4~y ' 1 ’ *
Substituting the values established above in equa­

tion (10) and including the 1/0.85 factor referred to
for a single-pass heater:

S = ^°X0f8Xl92 t
4.29 X 292 X 0.85 1

required, compared with 8960 sq ft assumed in first
trial.

Second Trial—Air Heater Surface

Number of tubes = 1254, same as before
Length of tubes = 14.5 ft, instead of 13.64 ft
Total surface=8960 X 14.5/13.64 = 9530 sq ft
Ga = Wa/Aa = 4000 X 13.64/14.5 = 3760
U„ = 8.22, same as before
Ua = 8.6
U = 4.2 Btu/sq ft, hr, F, combined conduct­

ance
S = 9280 X 4.29/4.2 = 9480 sq ft required

This value compares closely with 9530 sq ft of
surface assumed in the second trial, and the number,
length, diameter, and spacing of tubes selected will
satisfy the design requirements.

Draft Loss through Air Heater
The draft loss, Ap, in. of water, for the longitudinal

flow of gas through air heater tubes at sea level, and
where tliere is no stack effect, usually is calculated
in two parts, 1) entrance and exit loss and 2) straight­
flow loss:

Ap — Ape + Apr, in. of water (11)
where:

i-i An ] e 4604-(h + 2t»)/3 1()3V
1) Ape = 1-5-------- !7T55o----- X 10 '
2) =/j±460+^ + 2f,)/3- (G, X 10-J)3

14,400 k ’
where:

i, = gas temp entering air heater, F
t, = gas temp leaving air heater, F

(t 4. 2t,)/3 = approx avg gas temp, F
G, — w,/A, = gas mass flow, Ib/sq ft, hr
/’= friction factor, from Figs. 8 and 9,

Chapter 8, for Reynolds number, Flu,
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G = w !A = MASS FLOW OF GAS OR AIR, 1000 LB/SQ FT, HR

Fig. 31. Basic long flow convection conductance, U'ci,
as related to gas or air mass flow, G, for various tube

diameters

Fig. 32. Effect of film temperature, tr, on the physical
properties factor, FPP, for gas in long flow

t,= AIR FILM TEMPERATURE, 100 F

lb = BULK TEMPERATURE, 100 F

Fig. 34. Temperature factor, Ft, for converting mass flow
from bulk to film basis; long flow gas or air

Fig. 33. Effect of film temperature, tr, on the physical
properties factor, F„, for air in long flow

'! 1-30

G = W//1=MASS FLOW OF GAS OR AIR, 1000 LB/SQ FT, HR

Fig. 35. Basic crossflow convection conductance, If",
as related to gas or air mass flow, G, for various tube

diameters

Fig. 36. Effect of film temperature, tr, on the physical
properties factor, FPP, for gas in crossflow

Fig. 37. Effect of film temperature, tr, on the physical
properties factor, FPP, for air in crossflow

o

3 0.3

I,. TUBE SPACING TRANSVERSE TO GAS FLOW
d~ OUTSIDE TUBE DIAMETER

Fig. 38. Arrangement factor, F.„ as affected by Reynolds
number for various in-line tube patterns; crossflow gas

or air
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L = length of tube thru which gas flows, ft
d< = internal diam of tube in.

N„. = Reynolds number =
„ —abs viscosity of gas, lb (mass)/ft, hr,

from Fig. 11, Chapter 8
Substituting values for tire air heater examp e a ove.

Ap = l.5X1^(!W +

0028x _JfA_x-^-(8-04)a
U,U“bX 1.834 A 14,400k

= 0.53 + 0.93 = 1.46 in. of water
The draft loss obtained by the use of equation (11)

is subject to corrections for barometer reading (eleva­
tion) and stack effect, as described above for draft
loss in the boiler example.

The air resistance for air in crossflow through the
bank of in-line air heater tubes may be determined
using equation (7) with the approximate average

1 +air temperature = ——I---- - ---- 1
0.9u\ /

Absorbing-Surface Cleanliness
In the examples dealt with above, natural gas was

the fuel. With this specific fuel there is no ash, and
therefore tire heat-absorbing surfaces are clean. With
fuels that contain an ash—coal, oil, and many dust­
laden industrial gaseous fuels—tire deposition of this
ash on the absorbing surfaces causes an added re­
sistance, Rr, to the flow of heat. This may be ac­
counted for by the use of a fouling factor, Kr (see
Fig. 39).

With air or the products of combustion from
clean fuels there is no surface fouling (Rf —0),
and tire fouling factor, Kf, is one. The resistance of
ash varies with its composition and thickness, and
allowance for these factors should be made in select­
ing the proper fouling resistance.

Referring to Fig. 39, it will be noted that the foul­
ing factor is plotted against tire over-all gas-side
conductance, which is a combination of tire con­
vection and radiant components, the parameter being
the resistance of the deposit. A general value used
for this fouling resistance, when dealing with dust­
laden flue gases, is Rt = 0.015, as noted on the figure.

Fig. 39. Fouling factor, Kf, to account for surface
cleanliness

Thus when designing for dust-laden gases the
conductance through the gas film and the deposit
is the product of U„ and Kf.

Solution of Values in Equations (2) and (6)
U s &tm = w, c, (2)

q  wr C‘ ( 6 \
17 At-

Atm = log mean temp diff, hotter and colder
fluids, F

Three conditions of log mean temperature differ­
ence (At-) of “hotter” fluid and “colder” fluid over
the heat absorption path (the tube bank) are illus­
trated diagrammatically in Fig. 23.

Case I applies to the condition of heat flow from
the hot combustion gases (hotter fluid), passing over
boiler surface, to the constant temperature of satura­
tion of the water and steam (colder fluid) within.

Case II applies to the condition of an economizer,
superheater, or tubular air heater where the tem­
peratures of both the hotter and colder fluids change
as they proceed in the same direction (parallel flow)
along the heat absorption path (the tube bank).

Case III also applies to the condition of an econo­
mizer, superheater, or tubular air heater, but in this
case the hotter and colder fluids proceed in opposite
directions (counterflow) along die heat absorption
path.

U = combined conductance, Btu/sq ft, hr, F
The value of the combined conductance, U, for the

boiler surface example is determined by establishing
the values of the intertube radiation conductance,
Ure, and the convection conductance, Ucg, since:

u=u, = uri + uc,
Intertube radiation conductance, Ur„ represents

the transfer of radiant heat from the hotter fluid
(flue gases) to the colder surface and is therefore
a function of Atm. The relationship between basic
radiation conductance, designated as U'r and Atm
is given in Fig. 26. The basic radiation conductance,
U'r, must be modified by other factors to obtain the
value of Ur„ for a specific set of conditions. This
relationship is given by the equation:

Ur,= U'rKF. (12)
where:

U'r = basic radiation conductance,
Btu/sq ft, hr, F, from Fig. 26

K = fuel and tube-arrangement factor, a func­
tion of pr and L (see Fig. 27)

pr = total partial pressure of radiating gas con­
stituents, atm (see diag ©, Fig. 28)

L — mean radiating length, ft (see Fig. 29)
77 __ ---- Sp r ,
1 -----= a factor to correct intertube

radiation conductance for cavi­
ty radiation received by face
of tube bank
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(13)

S„ = total surface of tube bank receiving heat,

Sp = projected surface of tube bank face where
gas enters, sq ft

S„ - Sp = surface receiving intertube radiation, sq ft
Calculations to determine intertube radiation con­

ductance, Urir, for the boiler surface example above:
U'T = 5.70, from Fig. 26, for f, = 378 and

AA. = 1200
pr = 0.25, from diag ©, Fig. 28, for 115% total

air and 22,000 Btu/lb .......... .
L/cL = 0.13, from Fig. 29, in-line tubes, for

Zj/d0 = 1.4 and Zn/d„ = 1.6
L = 0.13 X 2.5 = 0.325

prL = 0.25 X 0.325 = 0.081
K = 0.26, from Fig. 27, for prL — 0.081
S» = 2344 sq ft (assuming bank is 8 rows deep)
Sp = 16 X 99/12 = 132 sq ft

Sp — SP _ 2344 — 132
r’ “ Sp 2344 ~0-944

Substituting in equation (12):
Ur, = 5.70 X 0.26 X 0.944

= 1.40 Btu/sq ft, hr, F
Convection conductance, U„, depends primarily

upon the mass flow of the gas through the tube bank.
The relationship between basic convection conduct­
ance, U'cc, and gas mass flow, G, = w,/A„ for vari­
ous tube diameters, do, is given in Fig. 35 for cross­
flow. The basic convection conductance, U'„, must
be modified by other factors to obtain the value of
U„ for a specific set of conditions. This relation­
ship is given by the equation:

Uc, = U'cc Fpp Fa Fd
where:

U'cc = basic convection conductance in crossflow,
Btu/sq ft, hr, F, from Fig. 35

Fpp = physical properties factor, from Fig. 36,
evaluated at gas film temperature, tt

tr = gas film temperature for boiling fluids,
see Fig. 30

Fa — arrangement factor, from Fig. 38, evalu­
ated at established Reynolds number, Ns.

Nit, = Reynolds number, see Fig. 30
Fa = heat transfer depth factor, see Fig. 8,

Chapter 7
Calculations to determine convection conductance,

Ur,, for the boiler surface problem:
U'cc = 93, from Fig. 35, for G, = w,/A, = 4780

and do — 2.5

= 2 x 378 + 1200 =g78F

Fpp = 0.129, from Fig. 36, for 11% moisture and
tf = 978 F

Knc = 2.48, from Fig. 30, for tr = 978 F
N," - K„r X w,/A, = 2.48 X 4780 = 11,860

h/do = 1.4 and ln/d, = 1.6
Fa = 0.96, from Fig. 38, for NIlc = 11,860,

Z^/do = 1.4, and llt/d« — 1.6
Fd ~ 0.99, from Fig. 8, Chapter 7, for bank 8

rows deep
Substituting in equation (13):

Ur, = 93 X 0.129 X 0.96 X 0.99
= 11.40 Btu/sq ft, In-, F

The combined conductance, U, for boiler example
(page 11-22) becomes:

U=U,= Ur, + U eg = 1.40 + 11.40
= 12.80 Btu/sq ft, hr, F

Nk, = REYNOLDS NUMBER IN THOUSANDS

Fig. 40. Friction factor, f, as affected by Reynolds
number for various in-line tube patterns; crossflow

gas or air
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PLANT

1941 1949 1957
2335 PSI—94OF 2080 PSI—1050F 4550 PSI—1150F

435 PSI—900F 425 PSI—I000F 1170 PSI—1050F

1898 1914 1924
165 PSI—410F 250 PSI-560F 550 PSI-725F

105 PSI-700F

183 PSI—1000F

BTU 10 WATER BTU TO BOILING BTU TO SUPERHEATER OR
SUPERHEATER & REHEATER

Tub historical impact of tbmpotatvub and piu>ssw1b

« TUB CBAB„AT.„S „f st,.mm „ LLECt,UC t™,

12
SUPERHEATED STEAM; SUPERHEATERS AND REHEATERS

I
n 1705 Denis Papin designed a recessed diaphragm,
or piston, for an improved form of Thomas Savery’s
steam engine. Into this recess was placed a heated

mass of metal, for the purpose of reducing condensa­
tion. Upon cooling, the metal was replaced by an­
other heated mass. Tests of later designs indicated
fuel savings of 30 to 50% with engines using super­
heated steam, and from about 1828 to 1865 much
effort was devoted to the development of super­
heaters. Concurrently, much attention was also paid
to the development of compound engines, which
gave improved economy without tire lubrication
difficulties experienced with even the moderate super­
heats and low steam pressures then in vogue.

The triple-expansion engine was introduced in
1874, and an increase in steam pressure to 60 psi
resulted in the temporary abandonment of super­
heat. However, by 1892 improved lubricating systems
using mineral oil permitted the running of engines
with superheated steam. Tests showed savings of as
much as 20% with 113 F superheat. This provided the
necessary impetus for the renewed development of
superheaters.

In 1895 Babcock & Wilcox Ltd., England, began
building superheaters, and in 1898 the B&W Co. be­
came the first in this country to market superheaters
commercially. They were of tubular type, located
within the boiler setting. Combustion gases passing
over the tubes heated the steam flowing within.

Use of Superheat and Reheat
Commercial development of the steam turbine

hastened the general use of superheat. By 1920 steam
temperatures of 650 F, representing superheats o
250 F, were generally accepted. In the early 1920 s
the regenerative cycle, using steam bled from tur­
bines for feedwater heating, was developed to im
Prove station economy without going to higher steam
temperatures. At the same time, superheater devel­
opment permitted raising the steam temperature o

725 F. A further gain in economy by still higher
temperature was at that time limited by allowable
superheater tube-metal temperature. This led to the
commercial use of reheat, where the steam leaving
the high-pressure stage of the turbine was reheated
in a separate reheat superheater and returned at
higher temperature and enthalpy to the low-pressure
stage.

The first reheat unit for a central station was pro­
posed in 1922 and went into service in September
1924. It was similar to the unit shown by Fig. 13,
Chapter 1 and was designed for 650 psi and oper­
ated at 550 psi and 725 F. Exhaust steam from the
high-pressure turbine was reheated to 725 F at 135
psi.

A much higher-pressure reheat unit, designed in
1924 for 1200 psi and 700 F primary steam temper­
ature with reheat at 360 psi and 700 F, went into
service in December 1925 (see Fig. 15, Chapter 1).

In 1928 live-steam reheaters, in lieu of gas re­
heaters within the boiler setting, were installed in
two stations at Chicago. These, of course, gave only
a modest amount of reheat compared with the direct-
fired units, but it appeared at the time that the
economics would justify their use. A year later, live-
steam reheaters in series with gas reheaters were
installed in the first of three different central stations,
where initial pressures were 1300 to 1400 psi and
primary steam temperatures were 750 F. The real
intent of the series combination was to use the live-
steam reheaters simply for control purposes. Some
of the live-steam reheaters gave a poor account of
themselves because of leakage of condensate through
porous welds. Other units have remained in success­
ful operation, but this method of controlling reheat
was found to be a luxury economically, and the use
of live-steam reheaters for new central-station plants
was generally abandoned in favor of the gas type.

Until the middle 1930’s, reheaters represented the
best means of improving station economy because
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the temperature of the steam was Jorigi-
The saving in heat input from reheating
nal high-pressure steam temperature was ot
order of 4S to 5S. To secure an equal gam
quire an increase in steam temperature o .
F. The development of high-temperature alloys ma
the design of 900 F steam temperatures practice .
Consequently the reheater units lost popularity
the nonreheat high-temperature cycle. Boiler uni
designed in 1936 for operation in 1937 at 900 F steam
temperature relegated reheaters to the backgioun
(see Fig. 17, Chapter 1), from which they emerged
again in 1941 when the Twin Branch unit, designed
for 2650 psi, 940 F high-pressure steam temperahire
and 435 psi, 900 F reheat, went into operation. By
the end of the next decade the development of better
metals, which permitted steam temperatures up to
1050 F (see Fig. 16, Chapter 1), rendered reheaters
more attractive because, during the same period, the
price of fuel had risen substantially and the pos­
sibility of any great increase in allowable high-pres­
sure steam temperature seemed quite remote.

Except for the one period in the late 1800’s, when
lubrication difficulties with reciprocating engines
made it unpopular, superheat has demonstrated
clearly and forcibly its permanent place in the scheme
of power plant economy. Reheat has had a much
shorter history, and, while it has only recently
emerged from temporary disfavor, it appears that
it too has returned to stay, as represented by its
overwhelming acceptance in current central-station
practice.

Superheater Types
The original and somewhat basic type of super­

heater and reheater was the convection unit, for gas
temperatures where the heat transfer by radiation
was very small. With this type the superheat char­
acteristic for any given unit increases with boiler
output because of the decreasing percentage of heat
input that is absorbed in the furnace, leaving more
heat available for superheater absorption. Since con­
vection heat transfer rates are almost a direct func­
tion of output, the total absorption in the super­
heater per lb of steam increases with increase in
boiler output. (See also Effect of Operating Variables
Chapter 13, page 13-2.)

On the other hand, the radiant superheater re­
ceives its heat through radiation and practically none
from convection. Because the furnace temperature
does not increase in direct proportion to boiler out­
put but at a considerably lesser rate, the curve of
radiant superheat as a function of load slopes down­
ward with increase in boiler output.

The two opposite sloping curves have been co­
ordinated by the combination of radiant and con
vection superheaters to give flat superheat curves

over wide ranges in load, as typically indicated in

Fig. 1. A substantially uniform final steam temperature
over a range of output can be attained by a series
arrangement of radiant and convection superheater

components

A separately fired superheater (see Fig. 1, Chap­
ter 13) has no boiler surface between it and the fire
and can be made to function as a combination radiant
and convection superheater. To avoid excessive super­
heater tube-metal temperatures with a separately
fired unit, it is necessary to recirculate tempering
flue gases from the superheater outlet back to the
furnace or to operate with high excess air.

Various arrangements of convection and radiant
superheaters as components of boiler units are shown
throughout this book and by types in Fig. 2.

Advantages of Superheat” and Reheat
The advantages of superheat and reheat are pri­

marily twofold. The first is the strictly thermody­
namic gain represented graphically in Fig. 10,

lapter 10, for the Rankine cycle. The second gain,
a~ ,a gieater one> is the improvement in turbine
e ciency lesulting principally from the reduction in
the moisture formed in the last stages. The total gain
in station heat rate from high-pressure superheat
alone is approximately 3% for each 100 F superheat

See a 5 c Chapter 10). The gain from reheating
temivmh"1. superheat is not appropriate in defining the
■sure (s'n .‘n° le'^Ohng fluid at or above the critical pres­
to steam on 'm-01 ' •’ HSe °* ^le term *n chapter relates
ranges " 1 *°nS ln *le more common subcritical pressure
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CONVECTION SUPERHEATERS

MULTIPLE-LOOP TYPE FOR LOW
SUPERHEAT INSTALLED "OVERDECK"
IN HEADER-TYPE BOILER

MULTIPLE-LOOP TYPE INSTALLED "IN­
TERDECK" IN MARINE HEADER BOILER

MULTIPLE-LOOP INVERTED TYPE
MULTIPASS ON STEAM SIDE
IN INTEGRAL-FURNACE BOILER

(DRAINABLE)

CONTINUOUS-TUBE PENDENT TYPE
INSTALLED IN STIRLING BOILER
EACH SECTION CONTINUOUS FROM
DRUM TO SH OUTLET HEADER

HORIZONTAL MULTIPLE-LOOP TYPE
PRIMARY, SECONDARY, AND REHEATER
INSTALLED IN MARINE BOILER
VERTICAL SECTION THROUGH TUBES

CONTINUOUS-TUBE PENDENT-TYPE
SECONDARY SH AND REHEATER

(NONDRAINABLE)
INITIAL SUPERHEAT IN HORIZONTAL
PRIMARY SECTION

(DRAINABLE)

Fig. 2. Various types

RADIANT SUPERHEATERS

SUPERHEATER AND REHEATER IN FURNACE
LARGE OPEN-PASS BOILER
PRIMARY SUPERHEAT, CONVECTION
SECONDARY SUPERHEAT, RADIANT
REHEAT, RADIANT IN THREE STAGES

SECONDARY-SUPERHEATER SURFACE, RADIANT
AS PLATENS IN LARGE CYCLONE-FIRED BOILER
PRIMARY-SUPERHEATER AND REHEATER SURFACE
INSTALLED IN CONVECTION PASS

and arrangements of convection and radiant superheaters in boiler units
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to the initial temperature of the high-pressure steam
in the range above 750 F is between f and 5% as
noted above. With mounting costs of fuel mu
effort is being applied to the development of equip
ment that will permit higher steam temperatures and
higher reheat steam temperatures. Increased costs
of materials demand a similar effort toward more
effective boiler, turbine, and piping design, parti­
cularly since there is an economy loss of approxi­
mately 1% for every 10% pressure drop through the
reheat svstem. The pressure drop problem with the
single stage of reheating has been solved fairly we
b\r limiting the pressure drop in the reheater, piping,
and valves to a maximum of 10%. However, multiple
reheating increases economy still further if pressure
drop through these subsequent reheat stages can be
kept low without a counterbalancing penalty in the
cost of piping and reheater. (See Fig. 19, Chapter
1, for an example of double reheat.)

Development of Superheaters
The history of superheaters has, in reality, been

a frontier operation. By careful over-all design, prog­
ress has been made in overcoming the constant
threats of tube overheating, tube leakage, and tube­
support failures.

In the early designs, convection superheaters were
placed above or behind a deep bank of boiler tubes
in order adequately to shield them from the fire or
from the highest-temperature gases. They were
fitted with flooding connections to fill them with
water for protection during the starting-up periods.
Flooding caused much more trouble than it pre­
vented. Scale formed, tube seats leaked, and tubes
warped and twisted from the quenching of hot spots
at the steam pockets caused by partial evaporation
of the flooding water. Attempts to use scale-free
water and to develop adequate circulation within
the superheater tubes proved impractical. These diffi-
culties finally established the principles that water
has no place in a superheater and that the tubes must
be protected against overheating, during periods of
starting-up or of no steam flow, by limitation of the
firing rate and therefore the gas temperature to which
the uncooled tubes can be subjected. The adoption
of these principles, sometime before 1920, eliminated
these early starting-up difficulties.

Steam Mass Flow
As steam temperatures increased, the necessary

increase in the superheater surface, for the original
location, made it more economical to move the
superheater closer to the fire, where the reduction
in surface justified the required modifications in de­
sign. The first big step was taken in 1922, when the
superheater was moved from its overdeck position
to the interdeck location, one arrangement shown in 

Fig 12 Chapter 1. This new location brought into
relief many defects in design which were not ap­
parent with the superheaters located in the original
lower-gas-temperature zone. Steam distribution diffi.
culties initiated the use of ferrules which increased
the tube entrance loss and thereby equalized the
flow. Further advances in capacity and temperature
duty revealed instances of general overheating of
tube metal where “mass flow” (lb steam per hr, sq
ft of flow area) was low. This served to emphasize
the prime importance of mass flow in superheater
design and to introduce the multiple-pass super­
heater with less steam flow area (higher mass flow)
but still dependent upon ferrules or their equivalents
for steam distribution. The pending demands and
the existing limitations showed the fallacy of adding
a ferrule pressure drop to the gainful pressure drop
of an increased mass flow which, by itself, was ade­
quate to achieve both uniform distribution to the
individual tubes and generally lower tube-metal
temperatures.

A reassessment resulted in the fundamental con­
clusions that the average steam mass flow in the
superheater tubes must be large enough to produce
a pressure drop sufficient to distribute the steam
among the tubes and that each tube must have the
requisite individual mass flow to keep it cooled with­
in safe metal-temperature limits. There have been
times when these principles were disregarded for ex­
pediency, but the experience of many years has
demonstrated the value of resisting these temptations.
The continuous-tube superheater design, either hori­
zontal or vertical, can, in all but extraordinary cases,
be adapted to the mass flow principle without the
use of ferrules. The values of steam mass flow for
convection superheaters given in Table 1 should
serve as a general guide.

Table 1

Range of Steam Mass Flow Values
For Convection Superheaters

Temperature, F
Steam Gas

Below 750 1200
700-800 1600
800-900 2400
900-1000 2400

1000-1100 2400

Steam Mass Flow,
lb/hr, sq ft flow area

75,000-150,000
250,000-350,000
400,000-500,000
500,000-600,000
700,000 and above

Radiant Superheaters
With the continuous-tube design, it has been pos­

sible to place the superheaters closer to the fire,
behind one row of boiler tubes, as shown in Fig. 25,
Chapter 17, or even in the furnace as wide-spaced
radiant superheater platens, as in Fig. 10, Chapter
-8. Recent increases m the temperature level of both 

high-pressure and reheat steam have made it an
parent that the large amount of heat absorption re'
quired in the superheaters and reheaters calls for
such an extravagant amount of low-duty surface
that, in some cases, it is more economical to nut
some of the surface in the furnace for radiant ab­
sorption.

Experimental installations of radiant superheaters
and some commercial installations made under
special circumstances have illustrated the additional
problems in design which must be met. They have
vindicated the accepted practice of not locating the
superheater any closer to the fire than the economics
of good design makes necessary.

The same principles of sufficient steam mass flow
to cool the tubes and slow firing of dry tubes to
prevent overheating the tube metal, which were
developed for the convection superheaters, apply
even more stringently to the design and operation
of radiant superheaters. It is paramount to avoid
even minor infractions that might occasionally be
permitted with convection superheaters. Radiant
superheaters installed in furnace walls are subjected
to higher temperature conditions and attendant ther­
mal stresses. The latter are augmented by absorption
at a higher rate on only the half-tube surface ex­
posed to the furnace gases.

The really new factor in radiant superheater de­
sign is the support of the tubes to prevent distortion
from temperature stresses which, though higher, may
be kept within suitable limits by the more refined
application of the convection superheater principles.

Development of Reheaters
The development of reheaters has followed some­

what in the wake of the development of super­
heaters. The same fundamental considerations gov­
erning superheater design apply to reheater design.
The pressure drop in reheaters, however, is critical
because the gain in heat rate with the reheat cycle
can be completely nullified by too great a decrease
in pressure. Nevertheless, the same relentless de­
mands of good steam distribution and proper tube
cooling by adequate steam mass flow are the im­
portant functions to be satisfied by improved designs
and evaluations in the less robust reheater.

Difficulties from tube-seat and handhole-cap leak­
age respond to the same preventive measures taken
in the operation of superheaters, namely, keeping the
headers thoroughly drained of condensate and pie­
venting other tube-to-header temperature differences,
particularly during starting-up, by protection of the
headers and several inches of the tubes near the seats
from hot gases.

Relationships in Superheater Design
Effective superheater design calls for the resolution 

of related, and some unrelated, factors. The out­
standing considerations are:
1. The steam temperature desired.

The superheater surface required to give this steam
temperature.

3. The gas temperature zone in which the surface is
to be located.

4. The type of steel, alloy, or other material best suited
to make up the surface and the supports.

5. The rate of steam flow through the tubes (mass
flow), which is limited by the permissible steam
pressure drop but which, in turn, exerts a dominant
control over tube-metal temperatures.

6. The arrangement of surface to meet the character­
istics of the fuels anticipated, with particular refer­
ence to the spacing of the tubes to prevent accumu­
lations of ash and slag or to provide for the removal
of such formations in their early stages.

7. The physical design and type of superheater as a
structure.

A change in any one of the first six items will call for
a counterbalancing change in all other items.

Even the steam temperature desired, which, it
would appear, must surely be fixed and from which
a design can start, is subject to uncertainty. This is so
because, in advanced power station design, the steam
temperature desired is the maximum for which the
superheater designer and manufacturer can produce
an economical structure. Economics in this case re­
quires the resolution of two interrelated factors —
first, or investment, cost and the later cost of upkeep
for minimum operating troubles, outages, and re­
placements. A higher first cost is warranted if the
upkeep cost is thereby reduced sufficiently to cover,
in a reasonable time, the extra initial cost. The steam
temperature desired is, therefore, based on the com­
plete coordinated knowledge available for the opti­
mum evaluation of the combination of the other five
items and the necessities of the particular project.

After the steam temperature desired is actually set
or specified, the next consideration is the amount of
surface necessary to give this superheat. The amount
of superheater surface required is dependent upon
the four remaining items, and, since there is no
single correlation, the amount of surface must be
determined by trial, locating it in a zone of gas
temperature that is likely to be satisfactory. In the
so-called standard boilers, the zone is fairly well
established by the physical arrangements and by the
space pre-empted for superheater surface.

The steam mass flow, the steam pressure drop, and
the superheater tube-metal temperatures are calcu­
lated after the amount of surface is established for
the trial location and the trial tube spacing. The
proper type of material is then selected for the com­
ponent tubes, headers, and other parts. If these trial
results do not show the best arrangement of all the
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parts then additional trial arrangements must be
fi to obtain an optimum combination winch will:

1 Require an alloy of lesser cost.
2. Give a more reasonable steam pressure drop with­

out jeopardizing the tube temperatures.
3. Give a higher steam mass flow in order to lower the

tube temperatures.
4 Give a different spacing of tubes which will provide

more protection against the ash accumulations with
uncertain types of fuel.

5. Permit closer spacing of the tubes, thereby making
a more economical arrangement for a fuel supply
that is known to be favorable.

6. Give an arrangement of tubes which will reduce
the draft loss for an installation where draft loss
evaluation is crucial.

7. Permit tire superheater surface to be located in a
zone of a higher gas temperature, with a conse­
quent saving in surface that will compensate for
deviation from a standard arrangement.

It is possible to achieve a practical design with
optimum economic and operational characteristics
and with all criteria reasonably satisfied, but a large
measure of experience and the application of sound
physical principles are required for satisfactory re­
sults.

The methods of calculation for superheater per­
formance are given in Chapter 11. It is appropriate,
however, to include here Figs. 3 and 4 to show how
tube temperatures are governed by steam mass flow
and by the steam specific-heat absolute-viscosity re­
lationship. The curves illustrate the advantage of
routing steam with the highest pressure and lowest
temperature through the high-duty tubes when the
superheater is situated in a zone of high heat input.
The application of these factors is illustrated in the
superheater surface problem, Chapter 11.

It is established practice to admit saturated or low-
temperature steam to any radiant superheater tube
elements. A minor portion of this advantage in the
use of low-temperature steam is sometimes sacrificed
by the addition of a small amount of superheat be­
fore the steam enters the radiant or high-duty sec­
tion. This is done to make dry and nonadhering the
very small amount of foreign matter carried over,
even in good-quality steam, and thus avoid over­
heating of the tubes and possible failure by prevent­
ing the deposition of this foreign matter in the zone
where the steam changes from the wet to the super­
heated condition.

If the steam mass flow is higher than necessary
for adequate safety, there is, of course, a needless
penalty in steam pressure loss. This must be avoided.
Good practice calls for sufficient steam mass flow to
limit the steam-film temperature drop, between the

Fig. 3. The effect of steam mass flow on steam
film conductance for several tube sizes

Fig. 4. The effect of steam temperature and pressure on
the value of the specific-heat absolute-viscosity relation­

ship for steam (see Fig. 3)
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inside of the tube and the steamto not more than 100 F. The correspond^ Wlthin
drop through the superheater need pressure
of the boiler operating pressure. exceed 10g

Effect of Gas Mass Flow
Tube-metal temperatures are affected in the re

verse order by gas mass flow, that is, they increase
with increase in gas mass flow. If the transfer of heat
is entirely by convection, the superheater tube-meta
temperature will change the same amount by gas
mass-flow variation as by steam-mass-flow variation
-all at the same gas temperature. Actually in the
higher-duty zones of modern superheaters, a sub
stantial portion (about one third) of the’heat is
transferred by radiation, and, consequently, a given
percentage change in gas distribution will have a
lesser effect on superheater tube temperatures than
the same percentage change in steam mass flow. In
the zones of high gas temperature but away from
the direct radiation of the high-temperature cavities
a given percentage change in gas mass flow may
have a greater effect upon metal temperatures than
the same percentage change in steam mass flow. The
percentage of heat transferred by convection is high,
and a change in gas distribution may result in a
higher gas temperature and a higher temperature
difference between gas and steam. Because of this,
superheater tubes sometimes fail at locations beyond
the zone of maximum expected heat input.

The gas mass flow is limited primarily by factors
other than superheater metal temperatures. A gas
mass flow of about 6000 lb per hr, sq ft of free-flow
area is generally the economic limit, from the stand­
point of draft loss, in the low gas temperature zones.
This gas mass flow, with its accompanying close tube
spacing, may be maintained to a gas temperature of
1500 F where the limitations of 1) draft loss eco­
nomics, 2) bridging of ash deposits from fusion, and
3) tube erosion from high velocities with high dust­

loading, pyramid. Above this 1500 F zone, except
1 1 T*1 n c^ean fuel, the slag or dirt prob-
em ends to take precedence and, entirely separate
rom the other limitations, makes the wider tube

spacing necessary. The minimum distances con-
ac^eclua^e result in gas mass flows of less than

. 00 Per hr, sq ft of free-flow area and automat­
ically take care of the other two limitations.

Relationships in Reheater Design
The same general similarity exists between super­

heater and reheater considerations, but the reheater
is limited in ruggedness of design by the permissible
steam pressure drop. Steam mass flows in reheater
tubes should be sufficient to keep the steam-film
temperature drop below 150 F. Ordinarily this may
be done with less than 5!o pressure drop through the
reheater itself. This allows another 5% pressure drop
for the reheater piping and valves without exceeding
the usual allowable total maximum.

Metals for Tubes
Oxidation resistance, maximum allowable stress,

and economics determine the choice of materials for
superheater and reheater tubes. The use of carbon
steel should be extended as far as these considera­
tions permit. Beyond this point, carefully selected
alloy steels should be used. The common alloy steels
for this application are shown in Table 2. Their com­
position and properties are given in Chapter 22 and
in the Appendix, page 22-A6 ff.

In addition to die immediate economic advantage
of using carbon steel to the limit of its capability by
keeping tube temperatures and stresses to a mini­
mum, there is another important reason for using
carbon steel at low temperature rather than an alloy
at high temperature with the same margin of safety
in design-the lower the temperature of the tube,
the less severe will be any quenching action from
soot blowing or other causes of temperature shock.

Table 2

A S M E
Material

Carbon steel
Carbon-Mo
Croloy Iff
Croloy 2ff
Croloy 3M
Croloy 5
Croloy 9M
Croloy 18-8S
Croloy 18-8Ti

Spec Grade
SA-210
SA-209 Tla
SA-213 Til
SA-213 T22
SA-213 T21
SA-213 T5
SA-213 T9
SA-213 TP304
SA-213 TP321

Superheater and Reheater Tubes
Maximum Allowable Design Stresses,

900
5,000

12,500
13,100

lb per sq in.
For mean-wall metal temper

950 1000 1050 1100
atures not exceeding deg F
1150 1200 1250 1300

3,000
8,500

11,000
11,000

7,800
7,800
7,000

5,500
5,800
5,500
5,200
5,500

10,000
13,100

4,200
4,000
3,300
3,300
7,500

10,300

2,700
2,200
2,200
5,750
7,600

1,500
4,500
5,000

3,250
3,300

2,450
2,200

1350 1500

1,800 750
1,500 750
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This leads to the principle that the minimum tube
temperature with tire lowest alloy will, m general,
be better than a higher tube temperature with a
higher allov.

Supports for Superheaters and Reheaters
Because superheaters and reheaters are located in

zones of relatively high gas temperature, it is pref­
erable to have tire major support loads carried by
the tubes themselves. In horizontal superheaters, the
support load is usually transferred to tire boiler or
water wall tubes by means of lugs, one welded to
the boiler tubes and the other to the superheater
tubes. These lugs are, in many cases, made of high
chromium-nickel alloy. Conditions make it necessary
to have these lugs slide on one another in order to
provide relative movement between the boiler tubes
and the superheater tubes, as in Fig. 5. Supports of
tire saddle type, also shown in Fig. 5, provide for
relative movement between adjacent components of
the superheater itself.

Fig. 5. Support lugs arranged to permit expansion of
horizontal superheater both at main supports and within

the superheater

With pendent superheaters, the major load is car­
ried by the superheater tubes attached to the top
headers, and it is necessary to use lugs only for
spacing or for lateral support, all as indicated in
Fig. 6.

The same principle applies to the selection of
material for supports as for superheater and reheater
tubes. It is better to design for the minimum support­
metal temperature with the lowest alloy, going to
the higher alloys only when proper design requires
the use of high temperature. With certain fuels, such
as oil, the ash may contain sufficient vanadium to
be extremely corrosive at high metal temperatures.

TIE GUIDES AT BTIE SUPPORT AT A

TIE SUPPORT AT C

SIDE SPACERS AT E

Fig. 6. Pendent superheater supported from above by
inlet and outlet tubes to headers. Tie supports, guides,

and spacers are also shown

Metal temperatures should be limited to a maximum
of 1150 F to avoid excessive corrosion. This consider­
ation often dictates the design of the superheater, in
order to insure a support that will be cooled by the
tube to which it is attached.

Experience has also shown that it is good practice
to adhere to a second principle, i.e., all parts of the
superheater or reheater should be free to move in
paths recognized as orderly for all tubes, and any
tendency to lateral movement should be eliminated.
Any remaining tendency toward lateral movement
s rou d be resisted by adequate supports or rein­
forcements.

Cleaning — Internal
In the early designs of superheaters and reheaters,

access to lu re ends was provided, and the tubes were
so airange c lh.it they could be turbined for internal 
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cleaning- Current designs of superheaters and re­
peaters provide for internal cleaning when such pro­
vision does not adversely affect other important fea­
tures. Access for internal cleaning of the tubes is
now subordinated to permit greater freedom in de­
sign, so necessary for good performance. The in­
frequent cleaning required, because of lapses in
what is now recognized as good operation, can be
accomplished by washing with water or by the use
of acid solution, methods which do not require phys­
ical access to the internal surfaces. Suggested pro­
cedures for cleaning superheaters and reheaters are
given in Chapter 21.

Cleaning—External
In the early designs of superheaters and reheaters,

little provision was made for external cleaning. The
residual space around the superheater was considered
sufficient to give the necessary access. In modern
units the maintenance of clean surfaces is so im­
portant that a design is not considered successful
unless it limits external deposits and provides for
the ready removal of minor accumulations.

Tube Spacing
Spacing of the individual tubes is determined by

first cost, permissible draft loss, and cost of cleaning
to give maximum economy. An arrangement that
provides a clear space of 1 in. between tubes trans­
verse to the gas flow, as with 2-in. diameter tubes on
3-in. centers, is adequate for most fuels when the
gas temperatures are less than 1500 F. Above this
temperature, a 1-in. clear space is usually not enough
because of the bridging of slag or of fused-ash resi­
dues. The critical temperature varies with the fuel.

Increased tube spacing has often been provided by
omitting every other tube, giving a clear space of 4
in., for instance, with 2-in. tubes on 6-in. centers.
This space increment is determined by trial and
error, a spacing being adopted which does not im­
pose any new unnecessary costs in multiple drilling
or in deviation from standard shop practices. Open­
ings of 4 in. have been adequate in most instances,
where furnace designs have been conservative an 

where the gas temperatures entering the superheaters
have been below the initial deformation temperature
of the ash particles on an oxidizing basis. It has been
ample also with oil fuels, where the softening tem­
perature of the cementing materials has been between
1500 and 1600 F (see Chapter 18).

There is no truly rational method of adjusting the
clear distances between tubes, or the tube spacing,
as a sole function of the slag or dirt problem. Some­
times a clear space of 3 in. would be sufficient, but
the manufacturing and other related considerations
of spacing 2M-in. tubes on 511-in. centers might in­
volve so much additional cost that it would be
more economical to have the first few rows of tubes
on 9-in. centers, or multiples of a 4l>-in. center-to-
center “standard” spacing in the closer-spaced areas.

Until provision for preventing deposits, or for re­
moving those which do form, can be based on fully
developed knowledge of this important subject, it is
best to use a tube spacing deemed proper from the
many other standpoints of design and function and
then to adjust this spacing within practical limits to
suit the accumulated experience of cleanliness.

Tube Sizes
Plain cylindrical tubes of 2-in. outside diameter

have predominated in the history of superheaters
and reheaters. Smaller diameters tend toward higher
pressure drops and greater difficulty in the mainte­
nance of good alignment. Larger diameters unneces­
sarily bring about higher pressure stresses and un­
desirable rigidity. Recent designs, however, have
called for greater spans between supports, for hori­
zontal superheater tubes, and for wider tube spacing
or fewer tubes per row to avoid slag accumulation.
The 2/2-in. tube has met these new conditions with
a minimum sacrifice of the smaller-tube advantages.
As temperatures increase, the allowable stresses may
force a return to the smaller-diameter thinner-walled
tube. Extended surface of superheater tubes in the
form of fins, rings, or studs not only makes gas-side
cleaning difficult, but the added thickness increases
metal temperature and stress where they cannot be
tolerated. Plain tubes are used almost exclusively in
modern superheater practice.
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Control room for a large central station

13

STEAM-TEMPERATURE ADJUSTMENT AND CONTROL

T
he use of superheat and reheat with ever higher
steam temperatures, in the constant effort to in­
crease efficiency in power generation, makes

accurate regulation of steam temperature vital to
successful operation.

Increases in temperature have closely followed ad­
vances in metallurgy, and it is therefore of the utmost
importance to regulate steam temperature within
narrow limits, going as high as possible to increase
efficiency and still keep within a safe margin to avoid
metal failure. Of equal importance is the control of
the fluctuations in temperature from uncertainties of
operation.

Superheat and reheat steam temperatures in steam
generation are mainly affected by load demand on the
unit. With drum-type boiler and once-through units
employing steam separators, steam output and pres­
sure are maintained constant by firing rate, while the
resulting superheat and reheat steam temperatures
depend upon basic design and other important oper­
ating variables, such as the ratio of convection to
radiant heat-absorbing surface, excess air, feedwater
temperature, changes in fuel that affect burning char­
acteristics and ash deposits on the heating surfaces,
and the specific burner combination in service. In the
Universal-Pressure once-through boiler, which has a
variable transition zone, steam output and pressure
are controlled by the boiler feed pump and steam
temperature by the firing rate, leaving reheat steam
temperature as a dependent variable.

Improvement in the heat rate of the modern boiler
unit and turbine, as indicated in diagrams of Fig. 10,
Chapter 10, results in great part from the high cycle
efficiency possible with high steam temperatures. The
importance of regulating the steam temperature with­
in narrow limits is evident, since a change of 25 F can
mean a change of 0.5 to 0.75% in the heat rate.

Other important reasons for accurate regulation of
steam temperature are to prevent failures from over­
heated parts of the superheater, reheater, or turbine,
to prevent thermal expansion from reducing turbine

13-1

clearances to the danger point, and to avoid erosion
from excessive moisture in the last stages of the
turbine.

Standard performance practice for steam-generat­
ing equipment permits a tolerance of plus or minus
10 F in a specified steam temperature. Years ago, when
superheat was seldom more than 100 F, this repre­
sented approximately 10% of superheater absorption;
however, with present-day superheats of 400 F and
high pressure, this tolerance corresponds to less than
2% of superheater absorption. Variations in furnace­
wall heat absorption will produce some change in
steam temperature, but since this is only one of many
factors affecting superheater absorption, the desir­
ability of reliable means of steam-temperature regu­
lation is evident.

Meanings of Terms Used

Brief definitions of the various terms used in dis­
cussing steam-temperature regulation are given
below:

Adjustment. A change in the arrangement of equip­
ment which affects steam temperature but which
cannot be used to vary steam temperature during
operation. Example — removal of superheater tubes.

Control. Regulation of steam temperature during
operation without changing the arrangement of equip­
ment. Example — operation of an attemperator.

Attemperator. Apparatus for reducing and control­
ling the temperature of a superheated vapor or of a
fluid passing through it. Example — a bank of tubes,
submerged in the boiler water, through which all or
a part of the superheated steam is diverted to give up
some of its heat, thereby regulating the final steam
temperature.

Radiant Superheater or Reheater. Heating surface
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containing steam and receiving heat primarily by
radiation. Example — tubes which form part of a fur­
nace enclosure and within which steam is flowing.

Convection Superheater or Reheater. Heating surface
containing steam and receiving heat primarily by con­
vection. Example — a bank of tubes within which
steam is flowing and across or along which hot gases
pass.

Effect of Operating Variables

Many operating variables affect steam temperatures
in drum- or separator-type units. To maintain constant
steam temperature, means must be provided to com­
pensate for the effect of such variables, the most
important of which are:

Load. As the load increases, both the gas tempera­
ture and the weight of gas increase. In a convection
superheater, steam temperature increases with rising
load since heat absorption by convection, which is
augmented by higher furnace exit temperature and
greater gas flow, increases more rapidly than steam
flow, whereas in a radiant superheater, steam temper­
ature decreases as the load increases. In the case of
the radiant superheater, this is so because the furnace
absorption rate does not rise in proportion to the steam
flow through the radiant superheater elements. Some­
times a convection and a radiant superheater of proper
proportions are installed in series in a single steam­
generating unit to maintain substantially constant
steam temperature over a considerable range of load.
(See Fig. 1, Chapter 12.)

Excess Air. For a change in the amount of excess air
entering at the burners there is a corresponding
change in the quantity of gas flowing over a convec­
tion superheater, and therefore an increase in excess
air tends to raise the steam temperature.

Feedwafer Temperature. Increase in feedwater tem­
perature causes a reduction in superheat since, for a
given steam flow, less fuel is fired and less gas passes
over the superheater.

Heating-Surface Cleanliness. Removal of ash or slag
deposits from heat-absorbing surfaces ahead of the
superheater will reduce gas temperature and steam
temperature. Removal of deposits from superheater
surface will increase superheater absorption and raise
steam temperature.

Use of Saturated Steam. If saturated steam from the
boiler is used for soot blowers or for auxiliaries, such
as pumps and fans, an increased firing rate is required
to maintain constant main steam output, and this
raises the steam temperature.

Blowdown. The effect of blowdown is similar to the
use of saturated steam but in lesser degree because
of the low enthalpy of water as compared with steam.

Burner Operation. The distribution of heat input
among burners at different positions or a change in
the adjustment of a burner will usually have an effect
on steam temperature through changes in furnace
heat-absorption rate.

Fuel. Variations in steam temperature may result
from changing the type of fuel burned or from
changes in the characteristics of a given fuel from
time to time.

Regulation of Steam Temperature

As noted above under Meanings of Terms Used,
“Adjustment” and “Control” are the two methods by
which steam temperature can be regulated. Every­
thing affecting the regulation of steam temperature
belongs in either one or the other of these two clas­
sifications.

Adjustment

Why Adjustment is Necessary

A power-generating unit represents a large capital
investment, and means should be provided at a rea­
sonable cost for the regulation of steam temperature
to meet changed conditions that may be more or less
permanent in nature. For instance, if a fuel change
that has a considerable effect on steam temperature
is anticipated, it is good engineering to design for
compensating physical alterations of the equipment.
This is not necessarily so, however, if the type and
range of control provided are adequate to meet the
varied requirements without loss in boiler efficiency.

Adjustment for regulating steam temperature is re­
quired when the actual operating conditions depart,
as they often do, from the conditions on which the
design is based. To provide for ultimate adjustment
to meet such variations in operation, allowance should
be made in the design for the required change at
minimum expense.

Quite often a plant is designed with some future
change in mind that would affect steam temperature,
as, for example, a different fuel or a higher operating
pressure. Here again the superheater (and reheater
if used) must be so designed that an economical ad­
justment can be effected.

Means of Adjustment

The basic method of adjustment for regulating
steam temperature is by the addition or the removal
ol superheater and/or reheater surface. A good design

o o 
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should provide for an economical way of doing so.
Adjustment is also possible by a reduction or in­

crease in the amount of saturated surface ahead of the
steam-heating elements. Such alterations will modify
die gas temperature at the inlet to these elements. If
saturated surface is removed to increase steam tem­
perature, this type of adjustment is relatively simple
and, in general, will cost less than the addition of
steam-heating elements. However, the addition of
saturated surface in order to decrease steam temper­
ature is liable to be difficult and expensive, or even
impractical.

The gas temperature at the superheater inlet can
be increased or decreased, without altering the con­
vection surface ahead of the superheater, by chang­
ing the effectiveness of the heat-absorbing surface in
tlie furnace. This is accomplished by the addition or
removal of refractory covering on parts of the furnace
surface. While a refractory coating on water-cooled
furnace surfaces can have a favorable effect on com­
bustion and carbon loss, refractory should not be
added in areas where undesirable ash would deposit.

One of the simplest, least expensive, and most effec­
tive means of adjustment in regulating steam temper­
ature is to change the gas mass flow over the steam­
heating elements by baffle changes, if the design of
the unit will permit such changes. Several of the so-
called standardized boilers, especially in the smaller
sizes, have an adjustable baffle suitable for steam­
temperature regulation. By means of this design it is
possible to vary the steam-temperature range as much
as 20%. The limit of variation is the effect on draft
loss and efficiency. A 10 F change in the temperature
of the gas at the exit end of the boiler unit will alter
efficiency by 0.25%, approximately.

Control

Why Control is Necessary

Regulating steam temperature within required lim­
its by means of control is necessary, at least in drum­
type units for high steam temperature, to correct
fluctuations caused by operating variables. Probably
the most frequent cause for the need of control in
regulating steam temperature is the deposit of ash in
some form on the surface of saturated and steam­
heating elements. This condition can usually be cor­
rected by simple changes in the operating schedules
of soot- and slag-blowers.

I o hold the optimum heat rate of a turbine designed
to utilize full first-stage pressure over a given load
range, it is essential to regulate steam temperature
over this range by an effective means of control.

The time in which a turbine may be brought to fu
load is established by the turbine manufacturer in
accordance with a safe steam temperature-time curxc.
Since the temperature of the steam is directly re ate

e egree of expansion of the turbine elements,
.. consequently the maintenance of safe clearances,

mus e regulated within permissible limits by some
means of accurate control.

The removal of feedwater heaters for senicing
may e cited as an instance of variable operation. To
maintain the same load, with the feedwater heaters
out will require an increase in the heat input to the

oi er unit, with a corresponding increase in super-
leater or reheater absorption. Unless some means of
control is available for regulating steam temperature
to cover this condition, a drop in load might be re­
quired to protect both the steam-heating elements
and the turbine.

Means of Control

Among the means of control for regulating steam
temperature are:

Separately Fired Superheater
Excess Air
Gas Recirculation
Divided Furnace Differentially Fired
Burner Selection
Movable Burners
Gas By-Pass
Attemperation

Separately Fired Superheater. A superheater com­
pletely separate from the steam-generating unit and
independently fired may serve one or several satu­
rated steam boilers. This arrangement is not economi­
cal for power generation, where a large quantity of
high-temperature steam is needed, and its use is
largely confined to process industries, such as chemi­
cal manufacture and petroleum refining, to meet spe­
cial requirements. Since heat absorption can be varied
independently of the quantity of steam delivered, the
separately fired superheater has great flexibility in
operation and a wide range of steam-temperature
regulation at all loads. Either oil or natural gas is
customarily used as fuel.

A separately fired superheater usually requires
some means of reducing the temperature of the com­
bustion gases entering the tube bank, to avoid ex­
cessive use of expensive alloys. Entering gas temper­
atures normally range from 1500 to 1900 F, dependent
upon the economies involved. One method of temper­
ing the combustion gases is to operate with high ex­
cess air. This increases the stack loss and lowers effi­
ciency. In most instances where a separately fired
superheater is used, efficiency is not an important
factor. If a higher efficiency is desired and the cost
of additional equipment is justified, the combustion
vases may be tempered with recirculated flue gas
withdrawn from the setting beyond the superheater.
Both methods are indicated in Fig. 1.
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WITH AIR HEATER. USING GAS RECIRCULATION

SUPERHEATED SATURATED

WITHOUT AIR HEATER, USING TEMPERING AIR

Fig. 1. Typical arrangements for separately
fired superheater

Excess Air. Boiler operators have long known that
the steam outlet temperature of a convection super­
heater on a drum- or separator-type unit can be in­
creased at fractional loads by decreasing the furnace
heat absorption through an increase in the amount
of excess combustion air. The resulting greater gas

weight to tire stack increases the stack loss, but where
the fractional-load operation is normally of short
duration, the drop in boiler efficiency is usually un­
important since the increase in turbine efficiency may
offset this higher loss. Such an arrangement is dia-
grammatically illustrated in Fig. 2.

Gas Recirculation. One of the most attractive meth­
ods of controlling superheat or reheat, both from
economic and operational viewpoints, is gas recircula­
tion. As the name implies, this involves a method by
which gas from the boiler, economizer, or air heater
outlet is reintroduced to the furnace by means of a
suitable fan and ducts. For the sake of clarity, re­
circulated gas introduced in the immediate vicinity
of the initial burning zone of the furnace and used
for steam-temperature control will be referred to as
“gas recirculation,” and recirculated gas introduced
near the furnace outlet and used for control of gas
temperature will be referred to as “gas tempering.”
Fig. 3 shows a typical application of gas recirculation
on a hopper-bottom radiant boiler. In most instances
the gas is obtained from the economizer outlet. The
point of reintroduction is dictated by the effect which
is desired. The recirculated gas should be introduced
into the furnace in such manner as to avoid inter­
ference with the combustion of the fuel. The amount
of recirculated gas is generally expressed as a per­
centage of the gas that remains after the point of
take-off of the recirculated gas.

Fig. 2. Steam-temperature control by use of increased
excess air Fig. 3. One arrangement for gas recirculation

i 3-4

While recirculated gas may be used for several
nurp°ses’ *ts basic function is to provide a means of
altering the heat-absorption pattern within a steam­
generating unit in a manner advantageous to both
designer and operator. Recirculated gas has the spe­
cial advantage of providing a means of heat-absorp­
tion adjustment that may be used both as a design
factor in initial surface arrangement and as a method
of controlling the heat-absorption pattern under vary­
ing operating conditions.

An important feature of recirculated gas is that its
use changes only the pattern of heat absorption
through a boiler and has a negligible effect on the
total boiler heat absorption, the gas weight up the
stack, and the boiler efficiency.

The thermal effect of recirculated gas depends upon
the amount of gas recirculated, the location of gas
introduction, and the furnace rating.

Fig. 4 shows the variation in heat absorption with
gas recirculation introduced into the hopper. This lo­
cation of gas introduction produces a marked reduc­
tion in furnace absorption and increases the absorption
of the convection section. The total heat absorption
remains unchanged.

Furnace heat absorption is primarily a function of
the gas temperatures and gas-temperature patterns
throughout the furnace, since the heat is mainly trans­
ferred by radiation. Hence, the introduction of gas

fiQ. 4. Effect of gas recirculation on heat-absorption
pattern at a constant firing rate

recircu ation into the furnace hopper reduces furnace
a sorption by altering the gas-temperature pattern.

I lie major portion of the heat absorbed in the super­
heater, reheater, and economizer is transferred by

convection, winch depends upon gas temperature and
gas mass flow. Both are affected by gas recirculation.
Therefore, when the gas mass flow through a convec­
tion bank is increased by gas recirculation, the amount
of heat transferred may increase, decrease, or remain
unchanged, depending upon the changes in the re­
lationship between gas temperature and gas weight
entering the bank. Fig. 4 illustrates a condition in
which the gas temperature entering the secondary
superheater (furnace exit temperature) is relatively
unchanged by gas recirculation. Increasing the
amount of gas recirculation, therefore, increases the
heat absorption in the secondary superheater. The
heat absorption in the reheater, primary superheater,
and economizer is also increased, with the greatest
increase occurring at the cold end of the unit. This is
a typical example of variation in the convection-pass
heat-absorption pattern by gas recirculation.

While gas recirculation into tire hopper always re­
duces furnace heat absorption, its effect on furnace
exit gas temperature depends mainly upon furnace

Fig. 5. Effect of gas tempering on heat-absorption
pattern at a constant firing rate
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lated gas introduced in the hopper will decrease the
furnace exit gas temperature of a unit operating a
high furnace loading and increase this gas tempera­
ture at low loading. .

Fi^ 5 illustrates the effect of introducing tempei-
ina mis at a point near the furnace exit. Since the
portion of the furnace in which the bulk of heat ab­
sorption occurs is unaffected by the recirculated gas,
the furnace heat absorption is decreased only slightly.
There is, however, quite a large decrease in furnace
exit gas temperature, caused by dilution of the hot
combustion gases with colder recirculated gas.

In the case of tempering gas introduced near tire
furnace outlet, the reduction in furnace exit gas tem­
perature is usually sufficient to overbalance the effect
of gas weight increase, and the heat absorption in the
secondary superheater is decreased. The effect of gas
tempering on the primary superheater and tire econo-
mizerfollows the pattern that was shown in Fig. 4, with
the greatest change in heat absorption again occurring
at the cold end. Because of the physical location of the
reheater in Fig. 5, its absorption remains constant
regardless of the percentage of gas tempering.

Figs. 4 and 5 illustrate the effect on heat distribu-
tion and gas temperature of introducing recirculated
gas either into the hopper or at a point adjacent to
the furnace exit. Introduction of gas at intermediate
points will result in heat absorptions and gas temper­
atures between those shown. In order to show the

Fig. 6. Universal-Pressure boiler with gas tempering for
gas-temperature control and gas recirculation for control

of furnace absorption and reheat temperature

effect of recirculated gas only, Figs. 4 and o have been
based on constant firing rates.

A modern Universal-Pressure boiler with both gas
tempering for gas-temperature control and gas re­
circulation for furnace heat-absorption control is
illustrated in Fig. 6. In addition to gas recirculation,
units of this type can employ spray attemperation in
tire reheater for reheat control.

Divided Furnace Differentially Fired. In some divided
furnaces, the superheater receives heat from one sec­
tion of the furnace only, while the other section of the
furnace generates only saturated steam. Steam tem­
perature is regulated by changing the proportion of
fuel input between the two furnaces. This arrange­
ment, similar in principle to the separately fired super­
heater, has won wide acceptance in marine practice,
where a considerable amount of saturated steam is
required for auxiliaries, for maneuvering at sea, and
for port operation when the main propulsion machin­
ery is idle. The differentially fired divided-furnace
method of steam-temperature control has also been
used in a number of stationary power plants. A typical
application of the principle to marine boilers is illus­
trated in Fig. 7.

Fig. 7. Two-furnace marine boiler with superheat
controlled by adjusting furnace firing rates

Burner Selection. It is often possible to regulate
steam temperature by selective burner operation.
hgher steam temperatures may be obtained at less
ian u oac by operating only the burners giving

the highest furnace outlet temperature. When lower
steam temperatures are required, firing may be shifted
to the other burners. This method of control can be
impiox ec iy distributing the burners over a consider­
able height of the burner wall or by installing a
special burner near the furnace outlet.
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Movable Burners Regulation of steam temperature
by changing the furnace absorption pattern can also
be effected by tire use of movable burners operated to
shift the main combustion zone in the furnace. Tiltable
burners are used for this purpose.

Gas By-Pass. If the convection banks of a steam­
generating unit are separated by gastight baffles into
two or more parallel gas passes isolating portions of
the superheater and reheater surfaces, the proportion
of gas flow over all or part of the superheater and
reheater may be varied by regulating dampers. An
example of a two-pass arrangement for the control
of superheat is shown in Fig. 8. This method has the
advantage of low first cost, and high-purity spray
water is not required as with a spray attemperator.
Disadvantages may be listed as follows:
1. It is difficult to keep the dampers operable unless

they are placed in a cool gas zone.
2. Draft loss through the unit is increased for some

designs, particularly if control is desired with alter­
nate fuels.

3. Control is more sluggish than with attemperators.
4. High gas temperature exists at the by-pass dampers

unless there is heat-absorbing surface in the pass.

ttemperation. All of the foregoing methods of con-
ol in regulating steam temperature are based upon

variation in the amount of heat absorbed by the steam­
eating elements. In the two general types of attem­

perators commonly used, steam temperature is regu­
lated by removing heat from the steam or by diluting
high-temperature steam with low-temperature water.

The attemperator may be located in one of three
places: between the saturated-steam outlet and the
superheater; at some intermediate point between two
successive sections of the superheater; or at the super­
heater outlet.

An attemperator located before the superheater
will condense some of the saturated steam passing
through it and will deliver wet steam of reduced en­
thalpy to tire superheater.

There are important advantages in locating an
attemperator between two stages of a superheater.
With this arrangement the average steam tempera­
ture never exceeds the final steam temperature de­
sired, and the steam from the various circuits of the
first-stage superheater is so thoroughly mixed that it
enters the second-stage superheater at a uniform tem­
perature. This is, therefore, the most usual location,
and the only disadvantage is the amount of piping
required—from the first-stage superheater to the at­
temperator and from the latter to the second-stage
superheater.

An attemperator located at the superheater outlet
will be somewhat smaller than an interstage attemper­
ator serving the same superheater, since it is handling
higher temperature steam. The piping will be simpler.
To keep the cost of alloys required in the attemper­
ator, superheater, and piping within reasonable limits,
this location should be selected only for moderately
high steam temperatures.

Attemperators may be classified in two types —
surface and direct-contact. In the surface type, the
steam is isolated from the cooling medium by the
heat-exchanger surface. In the direct-contact type,
the steam and the cooling medium (water) are mixed.
The surface attemperator includes the condenser type,
the shell type, and the drum type. The direct-contact
attemperator is exemplified by the spray type.

In the condenser type of surface attemperator (also
called header type) illustrated in Fig. 9, loop tubes
carrying feedwater are installed in the superheater
inlet header. Tubes from the boiler steam drum to the
superheater inlet header deliver saturated steam,
which passes over the loop and is partly condensed
before entering the superheater tubes. Uniform dis­
tribution of the condensed water droplets among the
superheater tubes is essential, to avoid trouble from
excessive temperature variation. Also, droplets must
not be large enough to quench the hot superheater
tubes and cause cracking. This type of attemperator
has a limited range of control.
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Fig. 9. Condenser type of surface attemperator

portion of superheated steam passes through the
tubes. Difficulties with boiler-water deposits are
avoided, and an additional high-pressure shell is not
required. It may be necessary, however, to increase
tire size of the boiler drum to accommodate the
attemperator tubes. Where this is not advisable, the
amount of attemperation and, therefore, the range of
steam-temperature control are limited by the number
and length of tubes for which space is available.

When a shell or drum type of attemperator is used
interstage, a part of the steam from the primary super­
heater is diverted to it by an automatic valve. The di­
verted steam is reduced in temperature by giving up
heat to the boiler water, and it is then mixed with tire
rest of the steam from the primary superheater and
passes on to the secondary superheater. The final tem­
perature of the steam is regulated by the position of
the automatically operated valve that controls the
amount of steam diverted through the attemperator.

In the shell type of surface attemperator, a bundle
of tubes through which the superheated steam flows
is fitted in a cylindrical vessel through which cooling
water circulates. A valve in the base of the shell di­
verts through the tubes the proper proportion of the
superheated steam to give the final steam tempera­
ture desired. A positive flow of water in the shell at
all times is assured by connection to the boiler circu­
lating system. Thermal-sleeve ferrules at the steam­
inlet ends connect the tubes to an inlet box which
protects the tube sheets from severe thermal stresses.
Disadvantages of this type of attemperator are the
relative inaccessibility of the tubes and tube sheet for
inspection of possible sludge deposition.

A more satisfactory design of surface attemperator
is the drum type (Fig. 10), in which tube loops are
submerged in one of the boiler drums and the required

In the drum type, steam temperature is regulated
by control of the proportion of total superheated
steam flow through the attemperator. In one method
of control, a proportioning valve receives all of the
superheated steam, diverting some of it to the attem­
perator while the remainder goes through a by-pass.
In another method, suitable for comparatively low
temperatures, an orifice is fitted in tire by-pass line
to give the pressure drop required to divert some of
the superheated steam through the attemperator, and
a throttling valve is located at the attemperator out­
let. By this method a simple valve is used in place of
a more elaborate proportioning valve, and, since only
attemperated steam flows through it, construction
suitable for high temperature is not required. Tire
two methods are illustrated in Fig. 11. Steam-tempera-
ture regulation with a submerged-type attemperator
can be of the same order as that shown for a spray
attemperator, Fig. 13.

Of the direct-contact type as differentiated from
the surface type, tire spray attemperator, illustrated
111 Fig. 12, has proven most satisfactory for regulating
steam temperature. Water of high purity is introduced
into the superheated-steam line through a spray noz­
zle at the throat of a venturi section within the line.
Because of the spray action at the nozzle and the high
velocity of the steam through the venturi throat, tire
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PROPORTIONING-VALVE
ARRANGEMENT

ORIFICE AND THROTTLING-VALVE
ARRANGEMENT

Fig. 11 • Automatic controls for drum-type attemperator

water vaporizes, mixes with, and cools the super­
heated steam. An important feature of construction
is the continuation of the venturi section into a ther­
mal sleeve, downstream from the spray nozzle, to
protect the high-temperature piping from thermal
shock that could result from any incompletely evap­
orated water droplets striking tire hot surface.

The spray attemperator provides a quick-acting and
sensitive means of control for regulating steam tem­
perature. An example of steam-temperature regula­
tion using both gas recirculation and attemperation
is shown in Fig. 13. It is important that the spray water
be of highest purity, since solids entrained in the
spray water enter the steam and may, if excessive,
cause troublesome deposits on superheater tubes,
piping, or turbine blades. High-pressure heater drains
are a source of extremely pure water but require a
separate high-pressure corrosion-resistant pump if
used for attemperator supply. Boiler feedwater may
be satisfactory, provided condenser leakage or make­
up does not introduce too much contamination. The
total solids concentration in the spray water should
not exceed 2.5 ppm.

Fig. 13. Control of superheated steam temperature by
both gas recirculation and attemperation

Reheat Steam Temperature

Fig. 12. Spray attemperator showing thermal sleeve

SECTION C-C

The need for regulating the temperature of re­
heated steam and the methods of adjustment and con­
trol to do so are, in general, the same as for super­
heated steam. However, the designer does not have
the same freedom of action as when only the super­
heater is used. For instance, in a drum-type unit the
removal of heating surface ahead of the superheater
as a means of adjustment to increase superheated
steam temperature will also increase the reheat steam
temperature, which may be quite undesirable. Fur­
thermore, to reduce gas temperature below slagging
limits for convection tube banks and to give the de­
sired steam temperature, such a large proportion of
the total input must be absorbed in the furnace and in
the superheater and reheater that the boiler is prac­
tically eliminated. When this is so, boiler surface
ahead of the superheater is not available for adjust­
ment purposes.

Most of the means of control described for regu­
lating steam temperature will also affect the reheat
temperature if a reheater is incorporated.

When a spray attemperator is proposed for super­
heater and reheater steam-temperature control, it is
necessary to weigh the convenience and good control
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characteristics of the spray attemperator against re-
daction in cycle efficiency resulting from *'™°n,°
reheater attemperator spray water around the high

ture at the outlet of the spiay attemperator is used as
the third element of the control. However, final ad­
justment must always be by final steam temperature.

pressure turbine.

Instruments and Their Application

Instruments are required to tell the operator how
the equipment is performing and to guide him in ad­
justing the controls to produce the desired results.
Among these are instruments for automatic and
manual control, indicating, recording, alarm, and foi
use at test connections.

Instruments for Automatic Control. A single thermal
element actuated by the final steam temperature is
the simplest and least-expensive type of automatic
control for adjusting the means provided to give the
temperature desired. The temperature-sensitive ele­
ment may be a thermocouple, resistance thermom­
eter, or bulblike pyrometer, located in the steam
line beyond the superheater outlet. Variation of final
steam temperature from the desired standard initiates
a correction by adjusting the opening of a gas by-pass
damper, moving a proportioning valve to allow a
larger or smaller proportion of the total steam flow
through a submerged attemperator, or changing the
quantity of water supplied to a spray attemperator.
A schematic diagram of the elements of such a con­
trol system is shown in the view at right in Fig. 11.
This type of control is satisfactory for many applica­
tions, particularly where steam temperature responds
quickly to an adjustment of the regulating mechanism,
as in the case of an attemperator at the superheater
outlet.

Where the response of steam temperature to the
adjustment of the regulating mechanism is slow, as in
the case of damper control or because of the thermal
inertia in large superheaters, an anticipating type of
control is preferable. This feature is included in the
two-element control, in which either steam flow or air­
flow (latter usually preferred) governs the initial ad­
justment of the control mechanism. The final adjust­
ment must always be by final steam temperature.

A schematic diagram of a two-element control sys­
tem is shown in the view at left in Fig. 11. With this
type of control, quick action follows a change in load
because the proportioning valve is immediately set
to the approximate new position required without
waiting for a change in final steam temperature to
take place.

A three-element control (Fig. 14) often used with
spiay attemperators is an improvement on the two-
element control because of a more nearly accurate
initial adjustment of the regulating mechanism, in
this case the spray-water valve. The steam tempera-
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Fig. 14. Three-element control for spray attemperator

Indicating, Recording, and Alarm. How far to go in
providing instruments for indicating and recording
temperature and for alarms depends upon the steam­
generating equipment furnished and upon the judg­
ment of the design- or operating-engineer. In a small
installation with moderate steam temperature, a
simple instrument for indicating final steam tempera­
ture may be all that is necessary. For a large unit with
high steam temperature, where deviation from design
conditions may cause serious loss in efficiency or
failure of equipment, a complete set of instruments
for all necessary functions should be provided.

The arrangement shown in Fig. 14 will serve as a
basis for illustrating the need for and the functions of
a typical set of instruments. Of first importance is the
couect determination of final steam temperature,
since satisfactory operation and safety of equipment

eyond the boiler, as well as protection of the super­
heater, depend upon this temperature. This measure­
ment is also needed for actuating the automatic
control system.

A high-temperature alarm is recommended as an
additional safety feature, even though the careful at­
tention given to final steam temperature by both boiler
anc tn nne opeiators is usually considered sufficient
protection.

Mcasmement of steam temperature with a low-
i drm at ^le sPray‘attemperator outlet

piocec tie second-stage superheater from the
13-10

thermal shock of quenching by preventing over
attemperation and the consequent dischargeof sat
urated steam and water into the hot superheater
elements. Measurement of steam temperature with a
high-temperature alarm at the first-stage superheater
outlet protects this stage from overheating should
slagging or other upset conditions alter the distribu
tion of heat absorption between first- and second-stage
superheaters to such an extent that the primary steam
temperature becomes excessive.

It is desirable to have a spare thermometer well in

nn |S.C|Un ine adjacent to each thermal element of the
n. sysfem so that these elements may be checked

Pcno ically for accuracy. A steam-sampling connec-
ion s lould be installed in the steam line between the

s earn dr urn and the attemperator to check the purity'
o steam leaving the drum. It is also desirable to in-
s a a steam-sampling connection in the steam line
after the attemperator to check for leakage of boiler
v ater into the line in the case of a submerged attem­
perator, or for excessive solids carried over in the
spray water of a spray attemperator.
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Semioutdoor gas-fired radiant reheat boiler in a southern utility

14

BOILER SETTINGS, INSULATION, AND CASINGS

S
ettings may be defined as physical surroundings
or enclosures. By common usage the term
“boiler settings” has been extended to include

the physical surroundings of the boiler and its auxili­
aries. Thus, boiler-setting drawings show the arrange­
ment of the building steel, boilers, and auxiliary
equipment, as well as the arrangement of the several
enclosures. For the purposes of this chapter, a more
restrictive definition is used, and boiler settings are
limited to the enclosures—chiefly the walls—of com­
plete steam-generating units. Fig. 1 illustrates the
various types of enclosures with some of the com­
monly used names for the several parts.

PENDENT
SUPERHEATER INVECTION-PASS

ENCLOSURE
(BIRD CAGE)

FURNACE-ARCH

FLUE

TEMPERING
AIR DUCT

PRIMARY.
AIR DUCT

HOT AIR
DUCT

AIR HEATER

COLD AIR
------------ DUCT

RECIRCULATED-
GAS FLUE

Fig. 1. Nomenclature of boiler-setting parts

Design Requirements
Settings must safely contain high-temperature

gases and air. Leakage, heat loss, and maintenance
Ir>ust be reduced to the economic minimum. A num

ber of factors must be considered in the design of
settings. The more important are:

1. The enclosures must withstand the effects of high
temperature, ranging up to 3500 F in some cases.

2. The action of ash and slag (molten ash) must be
considered from the following viewpoints:
a) Destructive chemical reactions between slag

and metal or refractory can occur under cer­
tain conditions.

b) Accumulations of ash on the water walls can
significantly reduce heat absorption.

c) Ash accumulations can fall from a height and
cause injury to personnel or damage to appa­
ratus.

d) High-velocity ash particles can erode the pres­
sure parts.

3. Provisions must be made for the expansion of en­
closures and for differential expansion of compo­
nent parts.

4. The design of the support for the structure must
make provision for the effects of expansion, tem­
perature, and pressure stresses. Wind loads on out­
door units and the possibility of earthquakes must
also be considered.

5. The effect of explosions must be taken into account,
to lessen the probability of injury and damage.

6. Vibrations caused by combustion pulsations and
the flow characteristics of gas and air must be
limited to acceptable values.

7. The insulation of the enclosures should limit the
heat loss to an economic minimum.

8.

9.

The surface temperature and the ambient air tem­
perature must not cause discomfort and hazard
to the operating personnel.
Enclosures must be gastight, to minimize leakage
into and out of the setting.
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10. The design must be adequate to meet the coi
rosivc effects of ash and gases.

11. Settings of outdoor units must be weatherproof.
12. Settings must be designed for economical fabii

cation and erection.
13. Serviceability, including access for inspection

and maintenance, is essential.
14. Good appearance, consistent with the cost and

maintenance requirements, is always desirable.

History
A brief history of the development of settings, con­

sidered from the standpoint of design requirements, is
helpful in understanding present-day practice.

Early industrial boilers used in this country were
of the fire-tube type. The completely water-cooled
enclosure of the firebox class of fire-tube boilers (Fig.
2, Chapter 11) was adequate in many respects, but
the capacity of the unit was limited by the size of the
shell that could be manufactured. The problem of ex­
plosions was not solved. Accidental low water, corro­
sion, poor water circulation, or scale often caused
large ruptures of the shell, resulting in a tremendous
release of energy. In the year 1880, reports indicate
that 254 people were killed and 555 were injured by
fire-tube-boiler explosions. It is quite likely that many
explosions were not reported.

The need for safety led to the development of the
water-tube boiler. The B&W type (Fig. 2) was de­
veloped by George Babcock and Stephen Wilcox,
with safety as the prime purpose. Good water circu­
lation and improved design and materials minimized
ruptures. When failures did occur, they were con­
fined to the tubes, and the small quantity of energy
so released could be adequately contained by the
brick settings.

Fig. 2. The first Bobcock & Wilcox boiler, J 867

I I INDICATES BONDINS HEADERS

FACE EXPOSED
TO FURNACE

FACE EXPOSED
TO FURNACE

FACE EXPOSED
TO FURNACE

FACE EXPOSED
TO FURNACE

221/z" WALL, AMERICAN BOND
35 BRICKS/SQ FT
(FOR ESTIMATING)

18" WALL, AMERICAN BOND
STRETCHERS 28 BRICKS/SQ FT

(FOR ESTIMATING)

9" WALL, ENGLISH BOND
14 BRICKS/SQ FT

(FOR ESTIMATING)

l3'/2" WALL, ENGLISH BOND
STRETCHERS BRICKS/SQ FT

(FOR ESTIMATING)

13/2" WALL, AMERICAN BOND
21 BRICKS/SQ FT
(FOR ESTIMATING)

HEADERS

FACE EXPOSED
TO FURNACE

HEADERS

Fig. 3. Firebrick walls—English and American bond

The B&W boiler, and other water-tube types, had
the boiler walls and the furnace walls made of brick
that could withstand high temperatures. These better
brick were fashioned from fire clay and were called
“firebrick.” Fireclay products, today, are generally
called “refractories.” The term is derived from the
root meaning difficult to fuse and resistant to high
temperature.

In the days when low steam pressure, high excess
air, low boiler efficiency, and hand firing were ac­
ceptable, the duty of refractory linings for boiler
furnaces was not severe. A fair-quality firebrick, laid
in fire clay or even laid dry, gave satisfactory service
and life. Ah' leakage through the walls helped to
prolong the life of the refractories. However, tire
service requirements for refractory linings became
more severe with the advent of mechanical stokers,
pulverized-coal firing, oil and gas burning, larger
furnaces, higher temperatures, and better efficiencies.

Shortly before World War I it became evident
that the destructive effects on the then existing re­
fractories would limit the development and construc­
tion of larger boiler furnaces for operation at higher
temperatures. As a leader in the field of advanced
boiler-furnace design, B&W was among the first to
realize the need for improved refractories. Exhaus­
tive research was accordingly undertaken and, after

loiough study of available materials and processing 
14-2

methods, a high grade of kaolin was chosen as the
Lie ingredient. The unusual potential possibilities

f this aluminum silicate clay, with its purity uni-
f rmity and extreme refractoriness, had not pre
ziously been completely appreciated. Years were
devoted to tire development of processes for fuff
realization of the intrinsic benefits. The result was
tlle introduction of B&W 80 firebrick and B&W
Tunior firebrick with their high fusion points, great
stability at elevated temperatures, and exceptional
resistance to temperature changes.

With the increase in size of boilers and furnaces,
dre problems of high temperature and expansion
became acute. Various types of wall constructions,
as illustrated in Fig. 3, were developed which sup­
ported the weight of the wall on the cooler courses
of brick at the center and the outer side. The bonds
were arranged to facilitate repairs to the furnace
lining and to minimize unnecessary removal of brick.

The pressure on the lowest course of brick in any
wall is about 1 psi for every foot of height. Since
the compressive strength of brick decreases rapidly
with increase in temperature, the height of the wall
is limited. This led to the development of the slip­
wall arrangement, shown in Fig. 4. Here the upper
part of the wall is separately supported so that its
weight is not imposed on the lower part, which is at
higher temperatures. The sectionally supported wall,
illustrated in Fig. 5, is a further development of this
principle. The structural load is divided into parts,
and the expansion is sectionalized by suspending the
brickwork from castings, which are, in turn, supported
by external steelwork.

F'9- 4. Slip wall, showing bonding-tile arrangement

INDICATE BONDING HEADERS

Fig. 5. File wall—sectionally supported from the steel

Pulverized-coal firing resulted in higher furnaceo o
temperatures and increased ash contact with the
walls. Firebrick will not satisfactorily resist the com­
bined action of high temperatures, ash, and slag.
Ash penetration of the firebrick changes the coeffi­
cient of expansion at the surface and causes spalling.
Chemical reactions between slag and brickwork at
high temperatures result in fusing and washing away
the brick. The exterior surface temperature of the
brick can run as high as 350 F, the radiation from
which makes adjacent areas uncomfortable for work­
men. Additional insulation increases the hot-face tem­
perature, further aggravating maintenance problems.

One attempt at a solution is the air-cooled wall,
where air for combustion is forced over the walls on
the outside surface. However, since the conductivity
of brick is relatively low, as is the surface conductance
on the air side, heat cannot be transferred at a suffi­
cient rate significantly to reduce the hot-face tempera­
ture of the brick. Also, air infiltration into the furnace
through expansion joints and cracks in the brick wall
is excessive.

A major advance in the development of settings
was the introduction of water-cooling. One of the
first applications was the use of side-wall water
boxes on chain-grate stokers. These water boxes not
only reduce the brick temperature but prevent ash
from sticking to the side walls and disturbing stoker
operation.

Further to resist high temperatures and action of
ash and slag, the Bailey block was developed. As
illustrated in Fig. 6, these blocks, clamped to the
tubes, form a tight wall with a comparatively cold
smooth surface to resist ash accumulations.
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WALL TUBE
BARE BLOCK

rv_Jp<
WALL

, CLAMP

^block insulation

plastic insulation

31/4" AND 23/4" TUBES ON 3" CENTERS

31/4" TUBES ON 4/2" CENTERS

Fig. 7. Water-cooled wall constructions

the extremely hot slag-tap furnaces. The full-stud con­
struction also protects against high-temperature cor­
rosion, which can occur under certain conditions.

Fig. 6. Bailey block-covered wall

BUCKSTAY

FULLY STUDDED
TUBES

Fig. 8. Original full-stud-tube wall construction;
fully studded (left), partially studded (right)

Resistance to High Temperature
Over the years, brick and refractory settings have

been replaced by water-cooled walls in high-tempera-
ture zones. Improved knowledge of combustion an
water circulation in the boiler design was necessar)
for this development. However, not all conditions are
severe, and brick settings are still occasionally use
for units delivering up to 20,000 lb steam/hr.

For moderate service (under 60,000 lb steam/hr|
with gas- and oil-fired units, tube-and-brick walls, a
1 ustrated in. Fig. 9, are sometimes used. The tu e

14-4

With still further increases in furnace temperature,
maintenance on Bailey block walls and spaced-tube
walls backed by refractor}' became excessive. In­
creased knowledge of circulation and improved
burners allowed more complete water-cooling. Fig.
7 shows several design approaches made to satisfy
the requirements. In the top wall shown, round studs
are welded to the tubes at close intervals and packed
with plastic chrome ore—a moldable refractory re­
sistant to slags. The studs cool the refractory and
hold it in place. The middle section of Fig. 7 repre­
sents a flat-stud construction, where small flat bars
are welded to the sides of the tubes. Experience
proved that there are certain maximum stud lengths
that would survive in high-duty furnaces. The low­
est section of Fig. 7 illustrates one of the first “tan­
gent” tube constructions. Maintenance on the spaced-
tube wall construction of 3)i-in.-OD tubes on 6-in.
centers backed by firebrick was extremely high. This
undesirable feature was corrected by interspersing
2%-in.-OD tubes between the 3Jl-in.-OD tubes, giving
a tube-to-tube construction.

The first commercial slag-tap unit was originally
designed for dry-ash removal. Furnace temperatures
were higher than the fusion temperature of the ash
which therefore formed a molten pool of slag To
cope with this situation, a hole was cut in the furnace
floor, and a water sluice was added under the tan
hole to carry away the slag. For use in slag-tan
furnaces, the stud-tube wall construction was devel
oped, as shown in Fig. 8. The pin studs retain an
msulatmg layer of slag to reduce heat absorption in

PARTIALLY studded
TUBES

STEEL CASING OR
^HARD-FINISH CEMENT

-------BLOCK INSULATION

INSULATING CONCRETE

•PLASTIC CHROME ORE

TIE BAR

GUIDE
PLATE

i BUCKSTAY
SPACER

Fig. 9. Tube-and-brick wall construction

are spaced at intervals and are usually backed by a
gy-in.-thick first-quality firebrick, supported from the
wall tubes and by suitable insulation.

For more severe service, the close-spaced-tube wall,
shown in Fig. 10, is used to form a continuous water-
cooled envelope. The flat-stud-tube wall, shown in

■'ig. 10. Close-spaced-tube wall with steel inner
casing and outer metal lagging

Fig. 11. Flat-stud-tube wall construction with
reinforced insulating finish and seal coats

Fig- H, is a construction that also presents a practi­
cally continuous water-cooled metal surface. The
modern full-stud-tube wall, as shown in Fig. 12, is
used in liquid-slag zones of slag-tap furnaces and in
the lower portion of chemical-recoverv furnaces.

Fig. 12. Modern full-stud-tube wall construction

Steam-cooled walls offer certain advantages on
high-temperature reheat units, where the superheaters
anti reheaters absorb a large fraction of the heat re­
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leased. However, considerable care must be used in
the design to insure adequate steam flow under al
conditions for proper cooling of the wall. Circum er-
ential cracking of the tubes can occur if the cjclic
temperature differences between the hot and the cold
sides of restrained superheater tubes are large and
occur often enough to cause fatigue failures from re­
peated yielding of the metal. In tubes conveying
steam, high-temperature creep and oxidation can be
problems resulting from a high temperature drop
across the steam film inside the tubes. In general,
steam-cooled walls are satisfactory only in the cooler
zones of the boiler unit.

In flues that handle gases much above 850 F, re­
fractory linings are required.

Resistance to Ash and Slag

Firebrick and refractories, even of the highest qual­
ity, cannot withstand the action of ash and slag in
high-duty furnaces. Spalling and actual chemical
attack occur, and a furnace lining cannot be main­
tained. The most satisfactory construction is a com­
pletely water-cooled metal surface. The colder the
exterior surface of the metal the better. Figs. 10, 11,
and 12 illustrate water-cooled-tube wall designs that
are used for enclosures where slag and ash are en­
countered.

Ash has a tendency to shed from a relatively cold
metal surface, particularly when the ash itself is rela­
tively low in temperature. Wall-type blowers remove
ash in higher-temperature areas, where the ash tends
to adhere to the walls.

Extensive areas of exposed refractory should not
be used because of the tendency for slag adhesion.
Thus damage or injury from the falling of large slag
accumulations into the furnace is avoided. Also,
crotches formed by tubes bent out of the plane of
the wall should be designed to prevent ash accumu­
lation.

Erosion of pressure parts is prevented by limiting
the gas velocity through the unit. With the average
gas velocity limited, however, local high velocities
can still occur in areas where gas by-passes baffles or
heating suiface. These high-velocity lanes must be
eliminated by careful design and installation.

Expansion

The larger the brick settings, the more difficult it
is to accommodate the differential expansion between
the boiler pressure parts and brick walls and the ex
pansion in the walls themselves. With the completely
water-cooled setting, the problems are simplified be­
cause all parts expand together.

In the tube-and-brick wall, Fig. 9, the wall tubes
are so spaced that the average operating temperature 

of tire refractory is about twice the temperature of ffie
boiler pressure parts. Since the coefficient of expansion
of firebrick is about half that of steel, this arrangement
permits the use of a continuous refractory envelope
around the boiler setting without expansion joints.

For the flat-stud-tube wall, Fig. 11, there is a small
theoretical difference, at operating pressure, between
the width and height of the tube wall and the corre­
sponding dimensions of the refractory backing. This
results from the drying shrinkage of the castable
(about 0.3% at 600 F) and the slight difference be­
tween the expansions of the boiler steel and the casta­
ble, the coefficient of expansion of the latter being
about half that of steel. This slight difference in ex­
pansion may cause some hairline cracks to appear in
the refractory backing. These cracks are insignificant
because they are widely distributed by the reinforcing
metal lath.

With the inner-cased unit, Fig. 10, small tempera­
ture differentials can occur between the casing and
the tubes during start-up. Expansion of the wall in
the horizontal direction is governed by the tempera­
ture of the tie channel. Since the casing and the chan­
nel are at the same temperature, they can be welded
together. Vertical expansion differences are taken in
the slight bending of the casing flange.

With a bottom-supported unit, such as the PFI
boiler, Fig. 13, the structure is fixed at one point—at
one end of the lower drum. Clearances, seals,
and supports can then be designed for known expan­
sions in all directions. With the top-supported unit,
Fig. 14, the expansion occurs downwards from one
elevation. Unless one of the walls is fixed to the build­
ing steel, the expansion will occur outwards from the
center of gravity of the unit.

Fig. 13. Bottom-supported unit

Flues and ducts, piping, ash tanks, and burner lines
must be designed with expansion joints or seals to
accommodate the relative movements involved. For

Fig. 14. Top-supported unit

this purpose, flexible metal bellows are used in flues
and ducts; metal hoses and sliding or toggling gas­
keted couplings in piping. Water seals are generally
used between ash hoppers or slag tanks and the asso­
ciated furnace. With large units, the expansion may
be as much as 7 inches between adjacent parts, yet
pressure-tight joints must be provided.

Support

Steam-generating units are supported either from
1) the bottom on steel columns or concrete piers or
2) the top by hanger rods suspended from overhead
steel. The bottom support is more economical, but its
application is limited by the structural design. Wall
tubes and the tubes between upper and lower drums
act as columns in compression. There are definite
limits to the height of the unit and to the weight that
can be supported. Fig. 13 illustrates a bottom-sup­
ported unit.

ith a top-supported unit, Fig. 14, the hanger rods
must be designed for the direct tensile stress result­
ing from the weight of the unit and the bending ten­
sile stress from the pressure-part expansion that
deflects the hanger rods horizontally from the vertical
01 cold-load position. A common support elevation is
normally used, and the effect of temperature on the
sever; : lengths of rods must be considered in older
0 obi.iin a safe load distribution among them. The

wa^' leated rods, steam-heated rods, or com­
pression springs may be necessary to accomplish this.

n ie walls of a top-supported unit, the tubes are
carrj mg the lower sections, and the load stress in the

. es must be added to the pressure stress to deter­
mine t ie total stress in these members. The load stress
must include the weight of the unit filled with water,

ie u eight of ash and slag, and the weight effect of
anY °uier loads that may be imposed on the walls.

’ ’ ind loads on outdoor units and earthquake loads
or certain geographical areas must be taken into

account. On bottom-supported units, the wall enclo­
sures must be of sufficient strength to withstand hori­
zontal forces on the structure. Top-supported units
are tied to the building steel at various elevations
to prevent pendulum action from overstressing the
hanger rods.

The larger the unit, the more involved is the sup­
port problem, and the analysis of stress conditions
under all operating loads is an intricate and complex
procedure. “Rule of thumb” methods which were used
in the past are no longer adequate.

Explosions

In the design of settings, the effect of explosions
must be taken into account, to eliminate the possibili­
ties of injury and serious damage. Historically, the
rupture of pressure parts in boilers was a serious
menace. Such disastrous explosions have been largely
eliminated by better understanding of the technical
problems and the development of adequate design
and operating codes. More recently the firing of large
units with fluid or fluidized fuels has introduced a
new hazard from explosive mixtures of fuel and air
within the setting. Such explosions may develop pres­
sures as high as 50 psi in certain parts of the setting.
It is not feasible to design the structure to withstand
bursting pressures of this magnitude. The enclosure
is regularly designed to withstand common puffs and
minor explosions which may develop pressures in the
order of 2 psi. In the event of a major explosion, the
design should provide for failure of studs, stud attach­
ments, and welds rather than the tube walls them­
selves. This will minimize the danger of releasing
large quantities of steam in the event of a furnace
explosion.

The loading from furnace puffs and from normal
operating negative or positive furnace pressure is con­
tained by the use of bars and channels ■welded to
tubes to form continuous bands around the setting
(Fig. 10). Beams, called buckstays, are attached to
the°tie bars with slip connections and keep the walls
from bowing inward or outward.

Since the buckstays are outside the insulation, spe­
cial corner connections are required (see Fig. 15)
that will allow the walls to expand and at the same 
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time tie together the corners, where the force of an
explosion is concentrated. These comer connecbons
must be tight during starting-up periods when the
walls have not fully expanded, as well as at the nor­
mal operating fully-expanded position^ Furnace puffs
caused by incorrect fuel-and-air mixtures are ofte

cessive vibration. This stiffening is particularly neces­
sary in sections of flues and ducts where the flow is
highly turbulent, as in the fan-discharge connecting
piece. Every effort should, of course, be made to
eliminate the sources of severe vibration, such as
unbalanced rotating equipment, poor combustion,
and highly turbulent air or gas flow.

associated with starting-up operations.

Fig. 15. Tie bar and buckstay arrangement
at corner of furnace

The tube span between the buckstays acts as a
beam to resist the internal furnace pressure. The larger
the tube diameter and the heavier the tube wall, the
farther apart the buckstays may be spaced. The size
of the buckstay beam usually is determined by the
permissible deflection.

Explosion doors are now seldom used to relieve ex­
cessive internal furnace pressure. They are not feasible
except for very small furnaces, because the internal
pressure from a fuel explosion builds up rapidly and
cannot be significantly relieved by the opening of a
door. Actually, explosion doors may be more of a
hazard than a safety' feature because, in the event of
a puff, they may discharge hot gases that would
otherwise be completely contained.

Vibration
Excessive vibration in boiler settings can cause

failures of the insulation, casing, and supports. This
vibration can be produced 1) by external rotating
equipment, such as turbines and fans, and transmitted
to the setting through building steel, piping, flues,
or ducts; 2) by furnace pulsations from the uneven
combustion of the fuel; and 3) by turbulence in the
flowing streams of air or gas in flues, ducts, and tube
banks.

The walls, flues, and ducts are designed to limit
vibration to low values for normal operating condi­
tions. For the walls, the section modulus of buck­
stays is usually selected to limit wall deflection at
its midpoint to 1/16 in. with a pressure change of 1
in- °f water. Flues, ducts, and casings are similarly
stiffened by bars or structural shapes to prevent ex­

Heat Loss
In the days when all boilers had solid brick settings

without furnace water-cooling, the outside tempera­
ture of the furnace walls was often as high as 350 F.
In such surroundings, firemen were far from com­
fortable. On most of these boilers, if insulation had
been added to the walls to improve working conditions
and to reduce heat loss, the temperature of the brick
would have risen sufficiently to shorten its useful life.
Therefore the usual way of approaching comfortable
conditions was by good boiler-room ventilation, but
this was not economical since it increased heat flow
through the walls and lowered boiler efficiency.

Water-cooled walls can be covered with any de­
sired tirickness of insulation without materially chang­
ing the interior temperature. It is usual practice to
make the insulation thick enough to assure comfort­
able working conditions. This results in a reasonable
balance between the dollar saving in fuel and the
cost of the insulation. The heat conservation and
comfort requirements, of course, can be satisfied with
practically any arrangement and type of insulation
if it is of the correct thickness and if the material
will withstand the operating temperature.

Insulation. Materials used in the insulation of water-
cooled walls must have a reasonably low conductivity
that does not increase in service; sufficient mechan­
ical strength to withstand shipping, application, and
handling; resistance to moisture; low shrinkage when
heated; good resistance to disintegration or settling
by vibration, even after prolonged service at operat­
ing temperature; and the ability to retain structural
strength at operating temperature.

The basic materials most frequently used in heat
insulation and some of the commercial forms of
insulation made from these materials and their use
are listed below:
1. Diatomaceous-Earth-Base Blocks. A silica com­

posed of the skeletons of simple organisms, un­
calcined or calcined, with asbestos fiber and clay
molded under heat and pressure. Used principally
for boiler walls behind firebrick, in temperature
zones from 1200 to 1800 F.

2. Mineral Wool. Molten slag, glass, or rock, blown
into fibers by steam or air jet or spun by high­
speed wheels.
a) Mineral-Wool-Base Block. Mineral-wool fibers

and clay, molded under heat and pressure.
4-8

Temperature limit up to 1800 F (claimed by
some manufacturers).

p) Mineral-Wool Blanket. Mineral-wool fibers
compressed into blanket form, held in shape
by retention between hexagonal wire mesh or
expanded metal lath. Temperature limit nor­
mally 1000 F. Used on all types of enclosures'
with external metal lagging or casing.

3, Lime Silica Block. Reacted hydrous calcium sili-
’ cate. Used on enclosures and piping usually below

1200 F.
4. High-Temperature Plastic. Insulating cement

made of mineral-wool fibers processed into nod­
ules and then dry-mixed with clay. To apply, it
is mixed with enough water to give good trowel­
ing consistency. In final dried condition it is a
tough fibrous monolithic insulation. Drying shrink­
age is as much as 40%, and there is a tendency to
crack upon drying. Temperature limit (contro­
versial) up to 1800 F is claimed by some manu­
facturers. Used principally on boiler walls, irreg­
ularly shaped valves and fittings, and heated
tanks.

A f=OUTSIDE SURFACE TEMP, F- AMBIENT TEMP. F

Fig. 17. Surface conductance at various air velocities
(Manual of ASTM Standards on Refractory Materials,

1948)
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-'icj. 16. Thermal conductivity of various
refractory materials

Heat Loss Calculations. The thermal conductivities
of a wide range of commercial refractory materials,
at the temperatures for which they are suitable, are
given in Fig. 16; surface conductance data in Fig. 17.

The calculation of the over-all heat loss from a
steam-generating unit is time-consuming and requires
judgment and experience in the estimates and in trial-
and-error methods. Generally, the ABMA radiation­
loss chart, shown in Fig. 20, Chapter 7, is useful. For
detailed calculations of the total heat flow through
a composite wall, see example on page 7-3 of
Chapter 7.

Ventilation and Surface Temperature
To maintain satisfactory working conditions around

a boiler, the insulation must be thick enough 1) to
keep the outside surface temperature of the wall
reasonably low, and 2) to prevent excessive increase
in the boiler-room temperature by heat loss through
the wall.

Obviously, insulating a boiler to reduce the heat
loss to a value that can readily be absorbed by the
total volume of room air does not, in itself, assure
comfortable working conditions. Good air circulation
around all parts of the boiler is necessary to prevent
the accumulation of heat in the areas frequented by
the operating personnel. This can be aided by sub­
stitution of grating for solid floors, by ample aisle
space between adjacent boilers, by the location of
forced-draft fans to assist the circulation of air around
the boiler, and by the addition of ventilating equip-
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ment to assure adequate air change. Ventilation is,
of course, no problem on outdoor units.

Fortunately on modern units good ventilation has
little effect on the over-all heat loss. Air velocity
affects the surface conductance, as shown in Fig. 1 ■
However, this surface conductance is only a small
part of the total resistance to heat flow. For example,
an increase in air velocity from 1 to 10 fps, for the
conditions given in Fig. 18, will increase the heat
loss through the wall only 3 Btu from 144 to 147
Btu/sq ft, hr. This is approximately 2% for a tenfold
increase in air velocity.

Fig. 18. Temperature gradients through
tube-and-brick wall

Unlike heat loss, outer surface temperature is
affected considerably by surface conditions. This is
illustrated by Fig. 19, where two walls of the same
temperature are close together. With this arrange­
ment, radiant heat transfer from the wall is elimi­
nated, and the conductance of the surface film, by
convection only, is 1.22 at 1 fps, as determined by
the equation:Uc = 10.225V, where V is the sur­
face air velocity in fps. The surface resistance, the
reciprocal of the conductance, is 0.82. This resistance
would have been 0.42 had both radiation and con­
vection applied. As noted in Fig. 20, this change
would raise the surface temperature from 144 F to
194 F, even if good ventilation existed in the cavity.
In practice, the natural circulation of air through the
cavity would be inadequate, and the air temperature
would increase considerably, further increasing the
surface temperature.

WHERE PERSONNEL MUST WORK, SINCE
CASINGS WITH CAVITIES REQUIRE VIGOR­
OUS CIRCULATION TO REMAIN COOL

Fig. 19. Cavities tend to raise wall-surface temperature

Increasing the insulation thickness does not signifi­
cantly reduce the surface temperature in a cavity.
Therefore cavities should be avoided in areas where
operators work. If this is impossible, ventilating ducts
should be installed to reduce the air temperature in
the cavity.

Fig. 20. Surface resistance has little effect on heat flow
but a marked effect on casing temperature (for wall con­

struction and hot-face temperature of Fig. 1 8)
14-10

Leakage
Continuing efforts have been made over the years

to reduce air infiltration into boiler settings. Leakage
increases 1) the heat rejected to the stack, thus low­
ering the thermal efficiency (see Combustion Calcu­
lations—General, Chapter 4, page 4-7), and 2) the
induced-draft-fan power because of the increased gas
flow. Despite the best efforts at sealing expansion
joints and cracks in brick settings, leakage occurs in
amounts as high as 20% of the theoretical air required
for combustion.

With the advent of water-cooled walls and welded
outer casings, leakage was reduced to 10% approxi­
mately. This tight steel casing is shown in Fig. 9.
In some cases, particularly during periods of steel
shortage, outer plastic finishes with asphalt mastic
seal coats have been used over the insulation (see
Fig. 11)- These uncased units are about as tight as
the units with outer steel casing. As an indication of
the savings that can be effected, setting repairs on
one large utility unit reduced air infiltration 10%,
lowered exit gas temperature 20 F, and cut the fuel
bill by 1%.

The constant goal of higher efficiency led to the
development of pressurized firing. Leakage is thereby
reduced to a minimum. The cost of fans and fan
power is lowered considerably by the elimination of
the induced-draft fan. An all-welded casing, directly
behind the tube enclosures with the insulation on the
outside of the casing (Fig. 10), was developed for
pressurized firing. Since the casing temperature is
approximately the same as the temperature of the
tube walls, all-welded seals around openings can be
used and the pressure contained. For rotating soot
blowers and some inspection doors, forced-draft-fan
air at a pressure higher than the internal pressure is
used to seal the openings against gas leakage and to
provide some cooling. This seal air usually amounts to
1 or 2% of the theoretical air required for combustion.

The same type of inner casing is also used for
many suction-fired boilers to obtain the benefits of
minimum leakage, which is in the order of 1 to 2%
of the theoretical air required for combustion.

A rigorous test is made to check the tightness of
the inner casing of a pressurized unit. The setting is
pressurized to about 20 in. of water, and the unit is
"bottled up.” Welds are examined for air leakage, and
the rate of pressure drop within the setting is noted.
A rate of 5 in. of water pressure drop in 10 minutes
is usually considered acceptable depending upon the
size of the unit. Inner casings on suction units are
also tested under air pressure, not by the pressure
drop method but by a detailed inspection of all welt s.

Gas leakage through walls separating zones o
different pressure must be prevented. Such lea a_,e
could overheat inner or outer casings as well as ot rer

14- 

s uctura parts. Walls that become saturated with
as i an sulfur may cause corrosion of outer casings.

nc osures around headers and drums may accumu-
ate arge quantities of troublesome ash. A good

sea irectly behind the tube wall is required to pre-
'ent these difficulties. All openings through walls
must be sealed from the walls by tight sleeves. Bar­
riers in walls may be necessary' to prevent gas flow
between zones of different pressure.

A recent development in gastight casings is the
membrane wall, shown in Fig. 21. In this construc­
tion, tightness is accomplished bv welding a bar
between the tubes. This actually eliminates the cas­
ing and many of its accompanying problems. Insula­
tion is applied directly to the tubes, and metal
lagging is attached to give the outer surface durability'
and good appearance.

Corrosion

Most flue gases contain sulfur, and metal parts of
the setting must be kept either above the dew point
of the gases or out of contact with the gases if the
metal is below the dew point. The latter ranges
generally from 150 to 250 F and is dependent upon
the fuel, its sulfur content, and the method of firing.

To prevent corrosion, flues carrying low-tempera­
ture spent gases are either insulated on the outside
or refractory lined on the inside. This is particularly
necessary on outdoor units. Water-cooled doors and
slag-tap coils require water temperatures in excess
of 150 F to keep the cooling coils above the dew point.

With the reduction of air infiltration into settings,
outer-casing corrosion became a problem because of
more intimate contact between gases and casing.
Despite good refractory seals and barriers, tight outer
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casings, particularly on outdoor units, are subject to
rapid corrosion unless asphalt mastic coatings are
used to protect the casing on the inside.

With the use of inner casing, corrosion problems
are greatly reduced, since the flue gases are com­
pletely contained by a metal skin that is we a ove
the dew point. Even with the inner casing, however,
care must be exercised properly to insulate seals an
expansion joints to avoid cold spots and the conse­
quent corrosion.

Resistance to Weather
In recent years, outdoor boiler installations have

gained in popularity, particularly in mild climates.
Although the initial cost is reduced, maintenance of
the boiler and auxiliary equipment must be consid­
ered. Severe weather can extend outage time and
increase maintenance costs. These units must have
sufficient reinforcement to withstand the pressure and
suction forces of the wind.

It is relatively simple to make a metal-lagged unit
rainproof. Joints and flange connections are over­
lapped, and flashings are used around openings.
Welding of joints or the use of mastic compounds is
necessary in areas difficult to seal.

Sloping roofs are required and are particularly
important on aluminum lagging, as pockets of water
would eventually stain the surface. Direct contact
between aluminum and steel must be avoided to pre­
vent galvanic corrosion of the aluminum in the pres­
ence of moisture. Copper lines or roof flashings should
be so designed that water runoff does not wet the
aluminum.

All outdoor jobs should have the connections be­
tween the water-gage assembly and the drum insu­
lated, except for approximately 4 ft of the upper
connection adjacent to the assembly. This area is left
uninsulated to provide for circulation of the conden­
sate. Water columns should also be insulated. In
climates where freezing weather may be expected,
the drain lines for the water-gage assembly must be
insulated and protected from freezing. The water
gage and its illuminator will provide ample warmth
within the water-gage housing.

Weather hoods should be used to keep rain, snow,
and ice from contact with outdoor safety valves.
Nozzles and valve necks must be insulated and cov­
ered with sheet metal or other waterproof covering.

Outdoor control lines containing air or flue gas,
drain and sampling lines, and intermittently operated
steam and water lines should be insulated and pro­
tected by electric-resistance-heating wires. In some
cases steam pipe tracer lines may be substituted. Dry
air should be supplied for control lines and soot
blowers. It is important that all steam and water
lines outside the setting be completely drainable.

Fabrication and Assembly
The setting must be designed for economical fabri­

cation and field assembly. This requires integration
of all shop and field methods and practices. Small
units can be completely shop-assembled. For larger
units the trend has been toward shop subassembly
of large components.

Shipping clearances limit the size of shop-assem­
bled wall panels to approximately 10 ft wide and
65 ft long. Shop assembly of components permits
better quality control of the more complicated parts,
such as burners or Cyclone Furnace throats.

Advances in welding methods and the develop­
ment of shop machinery have greatly influenced the
design of enclosures. Flues, ducts, expansion joints,
and inner casings are welded. Tube connections to
headers, tie bars, doors, and other attachments are
generally welded. New and improved materials and
attachment methods are reducing the man-hour
requirements for insulating boilers and installing
metal lagging.

Serviceability
Many setting-design details must be considered to

simplify operation and maintenance. Working areas
around the unit should have adequate lighting and
comfortable temperatures. Clearances for servicing
and removing parts should be provided. Access
through the setting is necessary for inspection of
boiler internals. Suitable platforms for access doors,
soot blowers, instruments, and controls are essential.

Inspection doors permit observation of combustion
conditions and the cleanliness of heat-absorbing
surfaces. They facilitate good operation and should
be safe and easily opened. Fig. 22 illustrates an
inspection door for a pressurized setting. Safety
is provided by two types of interlocks which insure
that compressed air is properly aspirating the aper­
ture before the door is opened. A feature of this door
is that the aspirating jet does not restrict the compar­
atively wide view angle.

.g. 22. Inspection door for pressurized furnace
14-12
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HANDHOLE
OPENING

FLEXIBLE WATER
CONNECTIONS

OPENING IN HEADER
SHOWING INSERTION
POSITION

SECTION A-A

Fig. 24. Atasfer handhole plug

SECTION A-A

Fig. 23. Water-cooled access door

? P T 316 used ^or higher pressures and tem-
ira Fig- 24 illustrates a seal-welded handhole

k ° .S r/’F® *s caUecl a master handhole plug,
ecause it fits into its own hole and has projections
a engage the counterbored seat to withstand the

internal pressure.

Appearance
The setting should present a good appearance

initially and be designed so that a good appearance
can be maintained indefinitely with a minimum of
housekeeping. The outer surface should be of a type
that is easily cleaned. Equipment handling flue gas,
coal, ash, and oil should be designed to contain these
materials without leakage.

The preference for type of outer covering varies
considerably. Plastic insulation, cement finishes, can­
vas and asbestos cloth, welded steel casing, various
asbestos lumber casings, and a variety of light-gage
metal laggings have been used. With the advent of
the inner casing, the outer covering of the boiler and
furnace walls no longer has the function of sealing
against air infiltration. A welded casing is not re­
quired. The most satisfactory cover for inner-cased
units is a field-fabricated light-gage sheet-metal lag­
ging. This is particularly true for outdoor units,
where it is relatively simple to make the metal
lagging watertight.

Figs. 10 and 21 show metal-lagged units. Light­
gage galvanized-steel or clad-aluminum sheets form
die lagging for most areas. Galvanized steel is gen­
erally less expensive than the aluminum, but for
outdoor units it may be necessary to paint the gal­
vanized steel after weathering, unless the climate is
dry. If much painting is required, the clad aluminum
may be preferred, since it does not require painting
except under very severe conditions. Since the lag­
ging is fabricated at the job site, the cost is less than
it would be for metal casings shop-manufactured
from drawings. .

For indoor units a plastic insulation finish, made

The tube bends that form openings in high-duty
furnaces must be of the smallest possible radius. In

me cases die-formed tube bends are used. The
length of the stud-plate closures around the open­
ing is thus minimized, so that the plates can be
adequately cooled by welded contact to the tubes

Fig. 23 illustrates a 15-in. x 21-in. center-pressure
type of access dooi for entering the setting. This
door is easily opened and closed and does not require
exact centering. By applying the pressure to its cen­
ter through a yoke and hand wheel, the door is made
tight against high pressures. In temperature zones
above 2200 F, the door is equipped with a water-
cooled coil buried in the refractory lining. A refrac­
tory lining is satisfactory for temperatures from 900
to 2200 F, while an insulated liner suffices in tern
perature zones below 900 F.

.'■''MASTER HANDHOLE
PLUG WHICH CAN BE
INSERTED THROUGH
ITS OWN HANDHOLE

SECTION B-B

Handhole openings in water-wall headers
necessary for inspection and the flushing after boiling-
out and acid cleaning. Gasketed stem-type handho e
fittings are used in headers designed for pressures
and temperatures up to and including 1200 psi an

A respectively (see Chapter 25, Fig. 21), w u e
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from high-temperature plastic insulating cement,
makes an acceptable surface when low first cost is
important. The relatively rough surface is a dirt
catcher unless painted. It is more easily damaged
than metal lagging, and random cracks sometimes 
detract from its appearance.

For outdoor units, asphalt mastic seal coats rein­

forced by hexagonal wire mesh or glass cloth have
been used. This construction is noted in Fig. 12.
However, maintenance is high, particularly in areas
where the mastic must seal against metal parts, such
as door frames and buckstays. The cost of mastic
seal coat is not sufficiently below that of metal lag­
ging to justify its use for large areas.

14-14

15
COAL PREPARATION, HANDLING, AND STORAGE

T
he purpose of coal preparation is to improve
the quality of the coal or to make it suitable for a
specific purpose by (a) cleaning to remove in­

organic impurities, (b) special treatment (such as
dedusting), or (c) sizing-either crushing or screen­
ing, or both.

Economic Factors

The properties and quantities of impurities in coal
are of major importance in the design and operation
of steam-generating equipment. Although boilers are
often designed and equipped satisfactorily to use a
wide range of coals, no boiler installation will perform
equally well with all types of coal. All coals have
certain properties which place limitations on their
most advantageous use. These limitations are partic­
ularly stringent for many of the older installations.

To suit the limitations of various types of coal­
burning equipment in service, specifications covering
several important properties of coal are necessary.
For certain types of stokers, for instance, a minimum
ash-softening temperature, maximum ash content, and
maximum sulfur content of the coal are specified to
prevent excessive clinkering. For pulverized-coal
firing, it may be necessary to specify a maximum
ash-fluid temperature for a unit designed for removal
of ash as a liquid slag and a minimum ash-softening
temperature for a dry-ash installation. Within these
and other equipment limitations there is usually a
wide range of coals which can be satisfactorily burned
ffi a specific steam boiler, and the choice depends
primarily upon economics—which coal will produce
steam at the lowest over-all cost, including cost at
t re mine, shipment, handling, ash disposal, mainte-
nance, and efficiency. To burn a wide range of coals
0 ten requires a larger initial investment than would
otherwise be necessary. However, fuel cost is usually
!le predominating factor because it represents so
ar8e a part of the over-all operating cost. The fue 

15-1

bill for a year, for instance, may equal the initial cost
of the entire steam-generating unit.

Cleaning to Remove Inorganic Impurities

Because of a general lowering of quality of raw
coal in recent years, the need for coal cleaning has
increased. Among the factors contributing to the
lowering of coal quality are:
1. Depletion of some of the high-quality’ coal seams.
2. Greater use of continuous-mining machines.
3. Increased production by strip and auger mining.

Use of mechanical methods in mining coal has in­
creased greatly. In 1925, 1.2!? of the underground
production was mechanically loaded as compared
with 69.45? in 1950 and about 855? in 1958. The most
important change that has taken place in recent years
was the introduction of continuous-mining machines.
Three million tons were produced in 1950 by these
machines compared with 56 million tons, or 19.7!? of
the bituminous coal produced in underground mines,
in 1958. Auger mining came into use about 1945, and
statistics of coal production by this method indicate
1.5 million tons in 1952 compared with 8 million tons
in 1959, or 2!? of bituminous coal production. In 1925,
3.2!? of the bituminous coal was strip mined com­
pared with 24!? in 1950 and 30!? in 1959.

Growth of mechanical cleaning at bituminous coal
and lignite mines in the U.S. has increased at a con­
tinuous rate. In 1925 about 4!? was mechanically
cleaned; in 1940, 22.2!?; in 1950, 38.5!?; and in 1959,
63.4!?. During the past few years the percentage of
coal cleaned at underground mines has increased at
a greater rate than that cleaned at strip mines.

In the anthracite fields of northeastern Pennsyl­
vania, 51!? of the 21.2 million tons of coal produced
in 1958 was from underground mines, 32!? from strip
mines. 14!? from culm banks, and 3" from river dredg­
ings. Practically all of the anthracite produced at
underground mines in 1958 was mechanically cleaned.
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The effect of cleaning on the properties of coal
cannot be generalized because of differences m coal
characteristics. For example, the ash-fusion temper­
atures of one coal may be lowered by cleaning and
those of another raised. Some reduction in sultur
content is usually obtainable and is invariably a
benefit, as experience indicates that the higher the
sulfur content of coal the greater the likelihood of
spontaneous combustion in storage and corrosion of
conveyors, bunkers, and heat-absorbing surfaces in
the lower-temperature zones of steam-generating
equipment.

The principal benefit of cleaning is the reduction
in ash content. With ash content reduced, shipping
costs and the requirements for storage and handling
decrease because of the smaller quantity of coal nec­
essary per unit of heating value. Also, an increase in
boiler efficiency may be realized because of less
fouling of heat-absorbing surfaces.

Cost of cleaning must be balanced against the
benefits obtained. Items included in the cleaning costs
are: cleaning-plant operating costs, capital charges,
the value of the coal in the discarded refuse, and the
cost of disposing of the refuse. In 1946 about 25 mil­
lion tons of refuse were discarded by bituminous coal
and lignite cleaning plants. This amounted to 15.3%
of the raw coal supplied to the cleaning plants. In
comparison, for the year 1958 the percentage of ref­
use to raw coal increased to 19.3%, when almost 62
million tons of refuse were discarded. Generally the

Fig. 1. Optimum reduction in ash content of coal for
minimum delivered cost. An increase in cleaning cost is

justified as shipping distance increases

quantity of coal lost in the refuse increases as the
reduction in ash content is increased, hence cleaning
costs are directly related to the ash reduction ob­
tained. A careful evaluation of the benefits from
cleaning is required to determine whether this loss
plus the other cleaning costs are justified.

By balancing shipping costs against cleaning costs,
an optimum reduction in ash content can be estab­
lished which will give a minimum delivered cost of
coal, neglecting differences in handling costs and
performance at the steam plant. Because of freight
costs, it is generally found that an increase in tire
cost of cleaning is justified as the distance the coal is
shipped increases. This is illustrated graphically in
Fig. 1 for coal from strip-mine operation.

Nature of Impurities in Coal

As found in seams, coal is a heterogeneous mixture
of organic and inorganic materials. Not only are there
large differences in the properties of coal from dif­
ferent seams but also of coal removed from different
elevations and different locations in a single seam.

Impurities in coal can be divided into two general
classifications—inherent and removable. The inherent
impurities are inseparably combined with the coal.
The removable impurities are segregated and can be
eliminated, by available cleaning methods, to the
extent economically justified.

Mineral matter is always present in raw coal and
forms ash when the coal is burned. The ash-forming
mineral matter is usually classified as inherent or
extraneous. Ash-forming material organically com­
bined with the coal is considered as inherent mineral
matter; this portion came from the chemical elements
existing in the plants from which the coal was formed.
Generally, the inherent mineral matter contained in
coal is about 2% or less of the total ash. Extraneous
mineral matter is considered as the ash-forming ma­
terial that is foreign to the plant material from which
the coal was formed; the bulk of this material is from
detrital matter which settled into the deposit, crys­
talline deposits from water that penetrated into the
coal through fracture cracks and cleavages both dur­
ing and after coal formation, or from saline deposits
from water before and during formation of peat from
which the coal was formed. It consists usually of
slate, shale, sandstone, or limestone and includes par­
ticles ranging from microscopic size to thick partings.
Extraneous mineral matter of mined coal might also
include shale, sandstone, clay, etc., from the roof
and floor of the mine.

Sulfur is always present in raw coal in amounts
ranging from traces to as high as 8% or more. Three
forms of sulfur are recognized as occurring in coal.
These are pyritic sulfur, which is sulfur combined

15-2

Table 1

Chemical Distribution of Sulfur in Various

Location of Mine
Coal
Bed

Washington County, Pa. PittsburghFranklin County, Ill. No. 6
Pike County, Ky. Freeburn
McDowell County, W. Va. Pocahontas No. 3
Walker County, Ala. Pratt
Meigs County, 0. 8A
Clearfield County, Pa. Upper Freeport
Boone County, W. Va. Eagle
Clay County, Ind. No. 3
Coshocton County, 0. No. 6
Muhlenburg County, W. Ky. No. 11
Mercer County, N. Dak. Lignite
Henry County, Mo. Tebo
Kittitas County, Wash. Big Dirty

Coals
Total

Sulfur, %
Pyritic
Sulfur, %

Organic
Sulfur, %

1.13 0.35 0.78
2.52 1.50 1.02
0.46 0.13 0.33
0.55 0.08 0.46
1.62 0.81 0.81
2.51 1.61 0.86
3.56 2.82 0.74
2.48 1.47 1.01
3.92 2.13 1.79
4.69 2.63 2.06
5.20 3.20 2.00
1.00 0.38 0.62
5.40 3.60 1.80
0.40 0.09 0.31

with iron in the form of mineral pyrite or mar­
casite; organic sulfur, which is sulfur combined with
the coal substance; and sulfate sulfur, which is in the
form of calcium sulfate or iron sulfate. Sulfate sulfur
in coal as mined is usually not over 0.1% and conse­
quently is not of great importance. Table 1 shows
the distribution of sulfur in several different coals.
Pyritic sulfur in coal may occur in lenses, bands, veins,
joints, balls, fossils, or finely disseminated particles;
pyrites may vary in size from a few microns to balls
several feet in diameter.

Thus, the inherent or nonremovable impurities in
coal may be considered to be finely divided pyrite,
organic sulfur, and inherent mineral matter.

Moisture, which is inherent in coal, may be con­
sidered to be an impurity. It will vary with different
ranks of coal, increasing with lower-rank coals, i.e.,
from 1 to 2% in anthracite to 45% or more in lignite.
Moisture that collects on the exposed surfaces of coal
is commonly called “surface moisture.” See Chapter
2 for reference to the use of the terms “surface, bed,
and “equilibrium” in defining moisture in coal.

Cleaning Methods — General

The principal methods used in the U.S. for clean­
ing anthracite and bituminous coals are: (a) cleaning
at mine face; (b) picking out impurities manually or
mechanically; (c) froth flotation; and (d) gravity
concentration.

Cleaning at Mine Face
When manual cutting and loading of coal aie used,

it is possible to minimize the quantity of impuri es.
n cutting, the miner can more easily distinguis i 

tween coal and rock, and in loading he can often
discard visible impurities. With mechanical cutting
and loading of coal, the miner has much less control
over the product loaded; however, it is often possible
to follow mining practices that will reduce the quan­
tity of impurities.

Efforts to reduce the impurities loaded in the mine
usually result in increased mining costs, hence eco­
nomics plays an important part in determining the
amount of cleanin" done. In general, cleaning at the
mine face is greatly reduced when mechanical mining
methods are employed. The wide use of continuous-
mining machines has resulted in further reduction in

o
cleaning at the mine race.

Picking by Hand or Mechanical Means

Hand picking is the earliest method used in clean­
ing coal at the mine. A shaking table used for hand

Fig. 2. Shaking table used in hand-picking coal
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picking is shown in Fig. 2. The run-of-mme coal is
screened, and only the oversize material usually 4
in. or more, goes to the picking table. Refuse fron
hand-picking tables may run from oO to 60,0 coal,
and it is common practice to crush the refuse and
clean it by mechanical means.

Mam- mechanical picking devices employ differ­
ences iii physical dimensions of coal and impurities as
a means of separation. Bituminous coal fractures into
rough cubes, whereas slate and shale normally frac­
ture as thin slabs. A slot type of flat picker that can
be installed on shaker screens, shaking conveyors,
and chutes is shown diagrammatically in Fig. 3.

SLATE AND SHALE

COAL

Fig. 3. Rejection of flat refuse by slot shaker

Froth Flotation

While froth-flotation cleaning is of long standing
for ore separation and has been widely used in Europe
for cleaning coal, its application for this purpose in
the U.S. is of recent origin. Its use has greatly in­
creased within the last few years. This method can
be used in cleaning smaller sizes, %0 in. by 0 and
particularly smaller than 48 mesh, a consist for which
a market has developed.

The incoming coal feed is agitated in a controlled
amount of water, air, and reagents that cause a sur­
face froth to form, the bubbles of which selectively
attach themselves to coal particles and keep them
buoyant while the heavier particles of slate and shale
remain dispersed in the water. The components thus
segregated can be suitably diverted to salvage and
waste, respectively.

Gravity Concentration

Removal of segregated impurities in coal by gravi­
ty concentration is the most widely used method of
mechanical cleaning. This method is based on the
difference in the specific gravities of coal and the
impurities found with the coal. Commercially, the
processes used in gravity concentration can be di­
vided into two main classifications—wet and pneu­
matic. In the first, water is the separating medium,
applying the principle of segregation of heavier from
lighter particles when settling in a fluid. In the sec­
ond, generally confined to coal sizes % in. or less, ah­
is used as the separating medium. The specific gravi­

ties of bituminous coal and several common impuri-
ties are given in Table 2.

Specific Gravities of Coal and Impurities

Table 2

Material Specific Gravity
Bituminous coal 1.12-1.35
Bone coal 1.35-1.7
Carbonaceous shale 1.6 -2.2
Shale 2.0 -2.6
Clay 1.8 -2.2
Pyrite 4.8 -5.2

In gravity concentration it is possible to separate
the coal into two or more gravity fractions, modified
somewhat by size-classification effect. Assuming sepa­
ration is made at a specific gravity of 1.5, particles
with a specific gravity less than 1.5 will be recovered
as clean coal and particles of higher specific gravity
will go to refuse. The quantity of impurities found
in the clean coal and the quantity of coal found in
the refuse depend upon the quantity of impurities in
the coal, the specific gravity of separation used, and
the efficiency of the separation.

In contrast to the values noted in Table 2, the bulk
density of crushed coal is much less and is fairly con­
stant even for different size consists. For instance, a
sizing of run-of-mine bituminous coals of 60% lump
(over 3"), 25% nut (&" to 3"), and 15% slack (under
%") will weigh between 45 and 55 Ib/cu ft. Bitumi­
nous coal fines of Is" X 0 sizing weigh about 52 Ib/cu
ft. Anthracite egg size will run 52 to 59 Ib/cu ft, and
No. 1 buckwheat will have a bulk density of about
50 to 52 Ib/cu ft.

Washability Characteristics of Coal

In the design and operation of coal-washing plants,
careful studies are made to determine the properties
of the various specific-gravity fractions and how these
properties vary with coal sizing.

In most cleaning processes, the low-gravity frac­
tions (below 1.4 sp gr) that represent the relatively
low-ash coal and the high-gravity impurities (above
1.8 sp gr) are easily separated. The middlings mate­
rial (1.4 to 1.8 sp gr) is most difficult to separate.

Where the segregated impurities in the coal are
soft compared to the coal, more impurities will be
found in the fine-coal sizes. Where the segregated
impurities are hard compared to the coal, more of
the impurities will be found in the larger-size coal.

There is a general correlation between specific
gravity and ash content, although the relation differs
for various coals. Ash contents corresponding to vari­
ous specific gravities for bituminous coals are shown
in Table 3.
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Table 3

Ash Contents of Various Gravity
Fractions in Bituminous Coal

Specific Gravity
1.3 -1-4
1.4-1.5
1.5-1-6
1.6-1.8
1.8-1.9
1.9- & above

Ash Content, %
1- 5
5-10

10 - 35
35-60
60-75 .
75-90

In actual washery operation it is not possible to
realize the results obtained under laboratory condi­
tions of the float-and-sink tests, but data obtained by
such tests can be used to rate and control cleaning
equipment and to evaluate the quantitative and quali­
tative efficiencies of the operation.

Cleaning by Gravity Concentration

Wet Processes

In common practice, several well-known types of
equipment are used in cleaning coal by the wet proc­
ess. In recent years four of these, known as (a) laun­
ders, (b) jigs, (c) classifiers, and (d) the dense-
media method, have been used in cleaning about 92%
of all the bituminous coal cleaned in the U.S.

The “Rheolaveur” process is representative of the
launder type. It consists of two parts, a short steeply
inclined section at the coal-and-water inlet end and
a longer more gradually sloped section beyond. A
diagrammatic arrangement of a primary Rheo launder
is shown in Fig. 4. In passing through the steeply
sloped section, relatively high velocities are attained
and the particles quickly stratify. In the gradually 

s oped section, the velocity decreases and the heavy
particles settle to the bottom of the trough, where
they are removed through two or more Rheo boxes.
An important factor in separation is the relatively
high coefficient of friction of the impurities as com­
pared with that of the coal, causing the impurities to
slide along the trough bottom at a slow speed, the
velocity being progressively higher from the bottom
to the top of the flowing stream. The difference in
velocity between the bottom and top of the stream
keeps the impurities below and the coal above the
settling velocity; hence the coal is carried through
the launder with the water stream. The Rheolaveur
launder has a wide range of application for all types
of coal.

In jigs, pulsating currents of water pass through a
bed of coal resting on a screen plate. At the start of
the upward flow of water through the coal bed, the
coal is at rest. The upward flow, called the “pulsion
stroke,” opens up the bed and brings it into a mobile
state. The bed is closed and brought to rest during
the downward flow of water, called the “suction
stroke.” Optimum conditions for classification occur
at periods during the pulsion and suction strokes,
when tire mixture is of high density with freedom of
movement between particles. Thus the two frac­
tions are separated and finally diverted into separate
streams.

Some types of jigs require rather careful sizing of
the feed coal for best results, while with others, such
as the Baum jig, which take a wide range of sizing,
fair results are possible even for tire smaller sizes.
The water pulsations in the Baum jig are produced
by air pressure. The following specific application
is typical of the performance of this equipment. In
cleaning Roslyn bed coal (from eastern Washington
State) on a Baum jig, the ash was reduced from 15.4%

Fig. 4. Oiog.am of Rbeofaveur c”"1 W° ','C°b°'‘eS
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in the raw coal to 10.55 in tire washed coal In this
case, 955 of the weight of the raw coal washed ranged
in screen size from 20 mesh to IM in. and oven and /3,o
of tliis weight ranged in size from % in. to .2 in. ana
oxer. Weight of the refuse from the operation was
about 18.75 of the raw coal.

In the many forms of classifiers, the principle ot
free and hindered settling in water is applied to obtain
classification. The feed coal is immersed in a flowing
current of water (usually upward) with a velocity
greater than the settling velocity of the low-gravity
fractions (coal) and less than the settling velocity of
the high-gravity fractions (refuse), which serves to
separate the coal from the refuse. Classifiers are suita­
ble for a wide variety of coals, but efficient operation
usually requires careful sizing of the feed coal.

The dense-media method utilizes the principle of
the laboratory float-and-sink tests on a commercial
basis. Coal is immersed in a medium of specific grav­
ity intermediate between that of coal and of refuse.
Hence tlie impurities sink and the coal floats. A well-
known type is the Chance-Cone, shown in Fig. 5.
The separating medium is a suspension of fine sand in
water. An upward current of water and stirring are
provided to keep the sand in the proper suspension
to give the specific gravity required for the separa­
tion. This method is widely accepted for cleaning
anthracite, and its use in the bituminous field is in­
creasing.

Fig. 5. Chance-Cone dense-media method of cleaning coal

Dry Processes

Within recent years, pneumatic or dry processes
have been used for 7 to 8% of all bituminous coal
cleaned in the U.S. and are generally applied to coal
/2 m. or less in size. The raw coal is often screened
ahead of the cleaning plant so that the oversize may
be cleaned by a wet process and the undersize by 

pneumatic means. For successful results by pneu­
matic means, the feed coal should have a uniformly
low moisture content.

The principal types of pneumatic-cleaning proc­
esses use jigs and tables. Both methods are similar in
principle to the corresponding wet processes except
that air is used as the separating medium.

In the pneumatic process using tables, air is ad­
mitted through holes in the table and is blown up
through the bed of coal. The motion of the table phis
the ah flow segregate the coal and impurities, bring­
ing low-gravity fractions to the top of the bed, whence
they move down across the table in a direction per­
pendicular to the riffles. The heavy impurities settle in
the riffles and move along the riffle troughs, discharg­
ing at the end opposite the feed. The middlings move
diagonally across the bed. This permits separation
of two or three products, at desired specific gravities
by the selection of proper points of withdrawal on
the table discharge.

Air used in pneumatic-cleaning methods can be
passed through cyclone separators and bag filters for
recovery of the fines from the coal. The recovered
fines can be remixed in the clean coal if their ash
content is not excessive.

Special Treatment

Dedusting

Dedusting is a type of air separation, the classifica­
tion being according to size. Air passed through the
coal entrains a large percentage of the fines. The fine
coal is recovered from the air with cyclone separators
and bag filters.

This process is often employed to remove fines
ahead of wet cleaning. The fines, if low enough in
ash, may be added to the cleaned coal or disposed of
separately. Both wet and pneumatic-cleaning proc­
esses provide at least partial dedusting. However,
degradation of coal in screening, handling, and ship­
ment after cleaning may increase the percentage of
dust so that additional treatment is required.

Increased surface moisture reduces dustiness, and
additions of water are sometimes used to prevent
dust. To reduce the quantity of water required, small
amounts of commercial wetting agents, such as those
made from organic derivatives that will reduce sur­
face tension, may be used.

Dewatering—Mechanical and Heat Drying

Dewatering of coal plays an important part in the
pieparation of coal at the mines. Larger coal (above
zu-in. size) can be easily dewatered, and occasionally
natural drainage is provided by special hoppers or
fins, screen conveyors, perforated-bucket elevators,
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fixed screens (radial or bent-sieve screens are find-
. £ greater use). However, when lower moisture
content is required for the larger-size coal and the
fine sizes, mechanical dewatering or heat drying is

^Mechanical dewatering devices may be shaker
screens, vibrating screens, filters, centrifuges, and
thickening or desliming equipment. Heat drying is
used to obtain low-moisture-content coal, especially
for the finer sizes. Various types of heat dryers are
rotary, cascade, reciprocating screen, conveyor, sus­
pension (includes flash dryers and venturi dryers),
and the fluidized bed.

Practically all heat dryers require some form of
dust collector to recover the fines—especially when
the smaller-size coal is dried. Inertial-type collectors,
such as the centrifugal cyclones or the wet-type col­
lector, may be used. Final cleanup is done with bag
filters or a water-spray system. Some bag filters per­
mit temperatures as high as 550 F.

Dustproofing

Oil and calcium chloride are commonly used for
dustproofing coal at the mine. When coal is sprayed
with oil, the film causes some dust particles to adhere
to the larger pieces of coal and others to agglomerate
into larger lumps not easily airborne. This treatment,
usually applied at the mine, is currently in use for
about 43 million tons of bituminous coal yearly, rep­
resenting about 165 of the cleaned coal. Another 25
of cleaned bituminous coal is treated, for allaying
dust, with both calcium chloride and oil. Calcium
chloride absorbs moisture from the air, providing a
wet surface to which the dust adheres.

The amount of oil required for effective dust treat­
ment depends upon the coal size, its porosity, and
possibly its wetness. For a given coal size and dusti­
ness index, somewhat more oil is required for wet
coal. Coals of high porosity will require a high-
viscosity oil to prevent its absorption into the coal.
Small coal sizes will require more treatment than
larger sizes. In general, the amount of spray oil used
ranges from 1 to 8 quarts per ton of coal.

Effective treatment is accomplished by spraying a
stream of coal falling from chutes or loading booms.
Well-designed hoods prevent waste of oil and insure
better treatment. Larger-size coal may be sprayed
when it is on conveyors. In either case, hot or cold
oil may be used.

When slack-size steam coal is to be used in high-
pressure high-temperature boilers, it is recommended
that only oil be applied for dust treatment.

Freezeproofing

The chemical additives usually used to prevent 

freezing of wet coal during shipment are calcium
c 1 oride and rock salt. Mechanically dried or heat-
c ried coal may not require freezeproofing, but this
treatment is customary for slack-size coal. For a given
coal, the amount of additives required is dependent
primarily upon the moisture content of the coal and
the expected low temperature. Table 4 gives approxi­
mate quantities of rock salt or calcium chloride re­
quired to freezeproof coal.

Table 4

Calcium Chloride or Rock Salt
to Freezeproof Bituminous Coal

(Lb per Ton of Coal Treated)
Temp, F Surface Moisture

35 65 95
20 3.4 6.8 10.2
10 5.0 10.6 15.0
0 6.6 13.2 19.8

-10 8.2 16.4 24.6
-20 9.2 18.4 27.6

These chemicals are usually applied dry and
thoroughly mixed with the coal. In some cases either
calcium chloride or salt may be shoveled into the
hopper pockets of the coal cars, where the drained
water settles.

Spray oil is finding increasing use for freezeproofing
coal. It is usually sprayed onto the coal in the same
manner as for dustproofing. Occasionally the car
hoppers are heavily sprayed with oil. Cost for freeze­
proofing a slack-size coal usually ranges from about
8 to 15 cents per ton of coal.

Where freezeproofing is required for steam coals
that are to be fired in high-pressure high-temperature
boilers, the use of oil is recommended. Salt and cal­
cium chloride may cause trouble (see Chapter IS).

Sizing by Crushing and Screening

In America, the earliest practice in the sizing of
bituminous coal was to hand-load the lump coal and
to leave the small coal in the mine. Until about 1880,
when mechanical stokers were introduced, practically
all boilers were hand-fired with lump coal, and in
early surface-preparation plants at the mines it was
the custom merely to screen out the lump coal and to
discard the slack. With the adoption of the mechani­
cal stoker, the demand for smaller coal sizes increased,
and equipment was installed at the mines to prepare
the smaller sizes. The demand for smaller coal sizes
again increased with the later development of pul-
verized-coal firing. As early as 1946, approximately
335 of all the bituminous coal shipped was under
2-in. maximum size. Because of this trend toward
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smaller sizing, the price differential between run-of-
mine and slack has been completely eliminated tor
many coals.

Sizing operations at steam plants are usually con­
fined to crushing and pulverizing. Except for remov­
ing large impurities by the use of simple grids, screen­
ing at the plant is not generally required. For stoker-
fired installations it is customary to specify coal of
the proper size to suit the stoker, so that no sizing is
necessary at the plant. For pulverized firing, aftei
crushing if necessary, the coal is ground to very fine
sizing in pulverizers generally integrated as a part
of the firing equipment. Crushers are used for the
coarser sizing required for Cyclone Furnaces. When
intended for pulverized firing, common practice for
steam plants is to specify a maximum coal size with
no limitation on the percentage of fines, so that the
coal delivered will be suitable for crushing and pul­
verizing in the available equipment.

To save cost by taking advantage of market condi­
tions, some pulverized-coal or stoker-fired boiler
plants have installed crushers to size the coal for pul­
verizing or, if necessary, for stoker use. If the most
economical coal available is a slack that does not re­
quire sizing, the crusher may be by-passed. If a larger
size, such as run-of-mine coal, is most economical,
the crusher is used. In plants where both pulverized-
coal firing and stoker firing are used, all the coal sup­
plied may be sized to suit the stokers, with the por­
tion going to the pulverizers crushed if necessary. In
this way the arrangement of storage and handling
facilities is simplified.

Because of the wide diversity in use and character­
istics of bituminous and lignitic coals, no uniformly
accepted sizings have been established. The screen
sizes generally used in specifications conform to the
ASTM Standard D 431, Designating the Size of Coal
from its Screen Analysis. Standard sizings of anthra­
cite are definitely established, as given in ASTM
Standard D 310 (see Chapter 2, Table 15).

Sizing Requirements

Generally acceptable coal sizings for various types
of fuel-burning equipment are given in the chapters
covering the equipment. The degradation in coal
sizing resulting from handling and slacking is an im­
portant consideration in establishing sizing specifica­
tions for steam plants, where the maximum permis­
sible quantity of fines in the coal is set by firing-equip­
ment limitations. 1 1

Crushers and Breakers

Numerous types of crushing and screening equip­
ment are used commercially. Representative types
are described below: 71

Bradford Breaker. The Bradford breaker (Fig. 6) 

breaks the coal to pi edetei mined size and rejects
large refuse and tramp iron. It has a large cylinder
rotating at approximately 20 rpm. The cylinder con­
sists of steel screen plates, the size of the screen open­
ings determining the size of the crushed coal. The
breaking action is accomplished by dropping the coal
The coal fed at one end of the cylinder is picked up
by lifting shelves and carried up until the angle of
the shelf permits the coal to drop. Because the gravity
force used in shattering the coal is low, the produc­
tion of fines is small. The Bradford breaker may be
used at mine or plant.

Fig. 6. Bradford breaker, for use at mine and plant

Single-Roll Crusher. The single-roll crusher consists
of a single roll equipped with teeth designed to force
the coal against a plate to produce the crushing ac­
tion. To prevent jamming by large impurities, such as
tramp iron, the roll is permitted to rise or the plate
to swing away, allowing the impurities to pass
through. The single-roll crusher is one of the older
types and is commonly used for reducing run-of-mine
bituminous coal to a maximum size of 111 to 6 in. Be­
cause of the abrasive action between the coal and the
plate, the quantity of fines produced is relatively
large. The elements of a Jeffery single-roll crusher are
illustrated in Fig. 7.

1 ig. 7. Single-roll coal crusher—diagrammatic section

Double-Roll Crusher. The crushing action is obtained
by feeding coal between two toothed rolls. In rotation,
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Fig. 8. Double-roll coal crusher—diagrammatic section

the faces of both rolls move in a downward direction
with the coal. The size of the roll teeth and the spac­
ing between rolls determine the sizing of the coal.
Means for passing impurities is provided by spring­
loading one of the rolls.

Double-roll crushers are used for reducing run-of-
mine coal to smaller sizes at mine-preparation and
steam plants. A double-roll stoker-coal crusher is
shown in Fig. 8.

Hammer Mill and Ring Crusher. Mills of this type em­
ploy the centrifugal force of swinging hammers or
rings striking the coal to produce the crushing action.
The coal is admitted at the top, and the hammers or
rings strike the coal downward. The coal discharges
through grate bars at the bottom. The spacing of the
bars determines the maximum size of the finished
product. Usually a trap is provided for collection and
removal of impurities, such as tramp iron.

The crushing action produces considerable fines,
consequently these mills are not used when fines are

F'9- Hammer-mill coal crusher—diagrammatic section

objectionable. They are used to reduce run-of-mine
coal to sizes such as 5" X 0 and for recrushing at both
mine-preparation and steam plants for sizing feed
coal for stokers, pulverizers, or Cyclone Furnaces. A
reversible hammer-mill coal crusher is shown in Fig.
9, and a ring coal crusher is shown in Fig. 10.

Screens

Gravity Bar Screen or Grizzly. The gravity bar screen
was the first type of screening equipment used in the
surface preparation of coal. It consists of a number of
sloped parallel bars. The width of the openings be­
tween bars, the slope, and the length of the bars
determine the separating size. The bars have tapered
cross sections with openings between bars smaller on
the top side than on the bottom, hence any coal piece
entering an opening can drop through freely.

Bar- screens are used at mine-preparation plants for
production of modified run-of-mine or for removal
of undersize ahead of a crusher.

Revolving Screen. A revolving screen consists of a
slowly rotating cylinder set with a slight downward
slope parallel to the axis. The envelope of the cylinder
is a perforated plate or a wire cloth, the size of the
perforations determining the separating size.

Because of the repeated tumbling received by the
oversize in passing through the cylinder, considerable
breakage of coal occurs. For this reason revolving
screens are not used for sizes larger than about 3
inches. Since only a small portion of the screen sur­
face is covered with coal, the capacity per sq ft of
screen surface is low.

Shaker Screen. A shaker screen is a screen mounted
in a rectangular frame. The screen may be horizontal
or sloped downward slightly from the feed end to the
discharge end. If the screen is horizontal, it is given
a differential motion to convey the coal along the
screen.
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In the bituminous coal industry, shaker screens
are more widely used than any other type for sizing
and dewatering larger coal sizes.

Vibrating Screen. Vibrating screens are of gravity­
feed type, the screen being sloped downward from
the feed to the discharge end. A high-frequency low-
magnitude vibration is given to the screen by an elec­
tric vibrator or other means. The purpose of the vibra­
tion is to keep the meshes clear of wedged particles
and to stratify the coal so that the fine particles come
down in contact with the screen. For screening of fine
wet coal, electrical heating of screen cloth is finding
increased use for reduction of binding or packing.

Transportation of Coal

The total cost, the reliability of supply, and the
uniformity of the properties of the coal as received
by the consumer are vitally affected by the distance
shipped and the means of transportation and local
distribution.

In the United States, coal is transported by rail,
truck, boat, barge, conveyor belts, or a combination
of two or more of these methods. Coal is also trans­
ported hydraulically in pipelines. Shipping problems
differ widely in different parts of the country. For
example, a coal consumer in Wisconsin may be using
coal that was transported by rail from West Virginia
to Lake Erie, where it was reloaded and shipped by
boat through the Great Lakes, unloaded, and stored
at a dock on Lake Superior. The coal might then be
screened to meet a specific requirement, shipped by
rail to a local distributing point, and then hauled by
truck to the consumer. In contrast to this, a consumer
in a coal-producing area might receive coal hauled
by truck directly from the mine or receive it via con­
veyor belt when the mine and plant are within a few
miles of each other.

Within recent years the methods of transporting
coal have changed. Shipments by barge, truck, and
conveyor belts have increased, whereas rail shipments
have decreased. In 1957 the Consolidation Coal Co.
placed in operation in Ohio a commercial coal-slurry
pipeline slightly more than 100 miles in length.

Transportation costs may amount to a significant
portion of the delivered cost of coal. Roughly 75% of
the coal is shipped by rail, and the freight costs may
amount to as much as 60 to 70% of the delivered coal
cost. To reduce costs, large coal-consuming plants
have been located near coal mines or near rivers
where barged coal is available. Electric utilities are
now transmitting electricity considerable distances
from coal-producing areas to their consumers. These
trends are expected to continue, in order to hold down
delivered costs of coal or electrical energy.

Transportation may affect the condition of the coal 

as received by 1) freezing in transit, 2) change in
moisture content, or 3) size degradation.

Where freezing in transit is anticipated, it may he
ameliorated, as noted above, by special treatment of
the coal at the point of loading.

Since most coal is shipped at least part of the way
in open railroad cars, the moisture content of the
coal will depend upon sizing, condition at time of
loading, and weather conditions during transit. It
may be received saturated with moisture or so dry
that the fines will blow off as dust. To keep the dust
down and minimize loss in transit, the supplier can
help by using oil sprays and by demanding that tight
cars be used to prevent leakage.

Size degradation depends in large measure upon
the friability of the coal. It is also affected by the
amount of handling and shaking in transit. The extent
of size degradation, for instance, is of no moment in
pulverized-coal firing. To minimize size degradation
for types of firing equipment where size is important,
about all that can be done in transit is to reduce han­
dling by avoiding transfer, as far as possible, from
one medium to another.

Handling and Storing

The problems involved in handling and storing
coal outside and inside the plant of the consumer
have increased, one might say, almost in proportion
to the increase in the size of boilers. At a small power
plant it may be necessary to handle only 30 tons of
coal a day, while many of the larger plants use over
3000 tons a day. Intensive efforts have been applied,
with fair sucess, to the development of efficient
methods for handling and storing a wide range of
tonnage. However, while these methods will vary to
suit the size of the plant, many of the operations are
similar whether the plant is small or large.

Unloading at Consumer’s Plant

When the coal is received by rail, the first opera­
tion is to unload from the railroad cars. This operation
is simple when the coal is dry, because it flows freely.
If the surface moisture of the coal is high, it may be
necessary to start it flowing by rapping the car sides
with a sledge or using a slice bar from above. If this
high-moisture coal has been in transit several days
in freezing temperatures, it may be frozen into a solid
mass, and unloading becomes a real problem. In hot
dry weather the coal, on arrival, may be so dry that a
high wind will blow the fines away as dust. The sup­
plier can and does help by using oil sprays to settle
the dust in hot dry weather and calcium chloride or
rock salt for easier handling in freezing weather. The
oil treatment does not appreciably affect combustion 
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in any way and does not cause any trouble in pulver
jzers. There is some evidence that it tends to reduce
hang-ups in bunkers and spouts.

Frozen Coal. The need of special equipment for un­
loading frozen coal will depend upon the location and
size of a plant. For instance, adequate equipment for
this purpose must be provided in a plant located
where the temperature is below freezing for an ap­
preciable part of the year, while in a plant located
where below-freezing temperatures are infrequent
and of short duration manual operations will do.

Several successful mechanically operated methods
have been developed for unloading frozen coal. For
a permanent installation, probably the most reliable
and efficient method is a steam-heated thawing shed.
However, new installations are seldom made today
because they are expensive. Oil-fired thawing pits,
arranged to heat the bottom of the cars without flame
impingement, give quite rapid and reliable results.
When the coal has been thawed at the gates, two
devices are available to aid in the discharge of the
coal. A heavy shear bar, approximately the width of
the car in length, is raised and dropped on the coal
by a hoist. The other device is a car shakeout, in
which a motor-driven eccentric shaker clamped to
the top flanges of the car transmits a vibratory action
to the car body. The assembly is hung from a hoist
and is readily attached to and removed from the car.
The shakeout is also very useful in unloading fine wet
coal or other materials that do not flow readily.

For smaller plants with more time available for un­
loading and where the quantity handled is not large,
expensive equipment is not economically justified,
and the methods used depend largely upon manual
labor. Slice bars, sledges, portable oil torches, and
hot water are the tools used, and the effectiveness of
the operation depends upon the skill and persistence
of the workmen.

Mechanical Handling

Extensive equipment, covering the range of plant
requirements from a few tons per day to the largest, is
available for handling coal from the cars to either out­
side storage or to inside bunkers or hoppers. Larger
plants are compelled to use mechanical handling.
To save money, improve plant appearance and clean­
liness, release labor for other tasks, and improv e
employee morale by reducing the drudgery of manual
operation, many small plants have also found it worth­
while to use mechanical handling.

For the very small plants there are portable screw
anci belt conveyors to unload cars, fill bunkers, re­
claim coal from outside storage, etc. Two types are
illustrated in Fig. 11. . .

- or plants using above 10 tons of coal per day it is

Fig. 11. Yard coal-reclaiming and -unloading equipment
for small plants

economically necessary to provide complete mechani­
cal coal-handling equipment. The type of equipment
depends upon the requirements of the plant. When
pulverizers are used, it may be desirable to include a
magnetic separator somewhere in the system, but
this is usually not considered necessary for most
stokers. Frequently a coal crusher will make it pos­
sible economically to use locally mined coal that is
not screened or sized.

The method of coal delivery, whether bv truck or
railroad car, may affect the handling arrangements,
although a track hopper will serve for either. Some
systems are suitable for transferring the coal to either
inside or outside storage, while some are limited to
one or the other of these procedures. In determining
the capacity of the coal-handling equipment, pos­
sible future plant expansion should be kept in mind.
Practically all systems lend themselves to future ex­
tensions provided the original components are large
enough. In general, the capacity required depends
upon the time allowed for unloading, and in most
plants this is set at from 4 to 6 hr a day.

The application of various types of equipment is
described as follows:

Where all coal is trucked into the plant, an outside
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Fig. 12. Coal-handling equipment for truck delivery

hopper and elevator to the coal bunker (Fig. 12)
may be used. It is a simple effective arrangement for a
small- to medium-size plant (burning 30 to 300 tons
a day) using a minimum of equipment. Care should
be taken to keep the angle of the chutes at 60° or
above to minimize coal hang-ups.

The arrangement illustrated in Fig. 13, with a track
hopper, feeder, elevator, silo, and weigh larry, has a
wide application. The silo is arranged with an internal

Fig. 13. Coal-handling equipment suitable for railroad­
car delivery. Approximate capacity of silo shown, 6C0 tons

Fig. 14. Large-plant coal-handling equipment with
distribution along length of bunker

shelf that provides maximum use of storage space. As
the coal is used from above the shelf, reserve storage
can be reclaimed from the lower part of the silo.

A more elaborate arrangement for larger plants is
shown in Fig. 14. This includes a crusher, magnetic
separator, and screw conveyor for distribution along
the length of the bunker, usually compartmented.

The arrangement illustrated in Fig. 15 is suitable
for very large plants, burning 3000 tons per day and
over. It includes a car dumper, Bradford breaker,
and belt conveyors. In addition to sizing the coal, the
breaker will also remove wood and trash. With this
arrangement large quantities of coal (200 tons or
more) can be moved per hour.

15-12

Fig. 15. Typical coal-handling and -distributing
equipment for very large plants

BUNKER ROOF LINE

Outside Storage At or Near Plant

Outside storage of coal at or near the site is often
necessary, and in some cases required, to assure con­
tinuous plant operation. Coal for an emergency stock­
pile should be purchased during opportune market
conditions. It is important that no more coal be stored
than that necessary to meet conditions stated above,
because money invested in stored coal cannot be
used, changes occurring to the coal during storage
may reduce its commercial value, and insurance costs
are involved.

The changes that may affect the value of stored coal
are loss in heating value, reduction of coking power,
reduction of average particle size (weathering or
slacking), increase in ignition temperature, and,
most important, losses from self-ignition or sponta­
neous combustion. Reduced caking tendencies may
actually improve certain coals for chain-grate or un­
derfeed-stoker firing. Reduction of coking power and
sizing will not affect pulverized-coal or Cyclone Fur­
nace firing. Increase of ignition temperature is usually
insignificant and has relatively no effect on any firing
method. Direct loss of stored coal by wind or water
erosion is possible and may, in addition, become a
serious nuisance.

Oxidation of Coal. All constituents of pure coal be­
gin to oxidize when exposed to air. This oxidation may
be considered a very slow low-temperature combus­
tion process, since the end products, namely, CO-, CO,
fl-O, and heat, will be the same as those of coal
burned (rapid oxidation) in boiler furnaces. Although
there is evidence that bacterial action causes heating

coal, it is the consensus that heating is effected by
a chemical chain process.

,. X1 ati°n coal is affected by the following con-
c i ons. ength of time exposed to air, coal rank, size
or sur ace area, temperature, petrographic constitu­
ents, the amount and size of iron disulfide (pyrites),
moisture, and possibly the amount of mineral matter
or ash. The rate of absorption of oxygen by coal at
constant temperature decreases with time. Higher-
rank coals contain less oxygen and oxidize at a slower
rate than the higher-oxygen-content lower-rank coals.
Oxidation of coal is primarily a surface action, hence
the smaller the coal size the greater the surface area
and the more rapid the oxidation rate. The latter in­
creases with temperature, doubling for every 20 F
rise. The bright components in coal oxidize at a faster
rate than the dull. The common banded constituents
are listed in probable order of their oxidizability:
vitrain or anthraxylon, clarain, durain, and fusain.
Pyrites reacts with oxygen and water to form sulfuric
acid, iron sulfate, and heat. It is believed that size
degradation (exposing more surface) of coal as a
result of pyrite oxidation rather than the attendant
emission of heat is of greater importance. Moisture
content of coal increases with decreasing coal rank.
However, the higher oxygen content and greater sur­
face area of very low-rank or young coals are of more
importance. Also, the heat of wetting may accelerate
oxidation of low-rank coals that had been previously
dried. The amount of mineral matter or ash in coal
may have a small effect on oxidation, that is, a high-
ash coal has less tendency to oxidize than the same
coal with a low-ash content, all other conditions being
unchanged. The most important factors affecting
oxidizability of coal arc its rank, surface area, length
of exposure to air, and temperature.

It is now possible to draw some general conclusions
about storage properties of coal, and these are: high-
rank coals, such as anthracite, are easiest to store;
fresh small-sized lignite of high pyrite content is the
most difficult to store in hot weather; once a safe
storage pile is established, the rate of oxidation will
have decreased considerably, thus coal should be
kept in dead storage until an emergency requires its
use; freshly crushed coal has a high oxidation rate; if
spontaneous combustion is to be avoided, heat from
oxidation of coal should be kept at a low level by
retarding oxidation or removing the heat generated
thereby.

Protection of bituminous coal or lignite during
storage should be considered from the viewpoints of
spontaneous combustion and coal deterioration. For
example, storing coal loosely in small piles prevents
self-ignition, since heat generated by oxidation is re­
leased and the temperature of the coal pile does not
approach the danger point. However, the coal will
suffer loss of both calorific value and coking power
as well as size degradation. The safest way to store
coal and prevent its oxidation is to submerge it com-
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nletely in fresh water. However, the high cost of
underwater storage together with tire problems as­
sociated with dewatering and handling geneia y
precludes the use of this method. All steam coals may
be safely stored, provided proper procedures are
used. Coal can be successfully stored by following
methods outlined by the Bureau of Mines and prac­
ticed by public utilities.

Selection of Storage Site. The first important step in
the successful storage of coal on the ground is the
selection and preparation of the storage site. If pos­
sible, the site should be level solid ground, well
drained, and free from all foreign material. Also, nat­
ural protection from prevailing winds, tides, flooded
rivers that might erode the entire stockpile, and spray
from salt water should all be considered, as well as
methods of coal delivery and proper access to the
site. It should be free of loose fill, such as ashes or
cinders, vents from drains, heat from steam or hot-
water fines, and even high-pressure gas lines that may
rupture and explode. The selected site should be
cleared of all foreign matter, properly graded for
drainage, and compacted by a bulldozer.

Storage in Small Amounts. No special precautions
are required for anthracite.

Sized (double-screened) bituminous coals may be
stored in small conical piles from 5 to 15 ft high. If
a dump truck is used, the depth should not exceed
about 6 ft to maintain better control over segregation.

Slack sizes of bituminous coal may be compacted
with a bulldozer. It is not necessary to invest in heavy
equipment, since labor and equipment can be con­
tracted for when needed. Some industrial plants may
not have sufficient ground available for an emergency
stockpile. In some cases an active storage pile may
serve both purposes, using a drag-scraper arrange­
ment of moderate cost.

Subbituminous coal and lignite should be stored in
small piles and thoroughly packed. For short-time
storage (2 to 3 months), where it is undesirable to
pack industrial sizes, oil treatment with about one
gallon of heavy oil per ton of lignite will permit safe
storage in windrows.

Storage in Large Amounts. Anthracite is very safe to
stoie in large high piles that will permit drainage.
They should be capped with larger sizes to prevent
loss of fines from wind.

Bituminous coal should be stockpiled in multiple
horizontal layers (see Fig. 16). The initial layer is
spread out from 1 to 2 ft in thickness and thoroughly
packed to eliminate air spaces. Well-compacted coal
has a bulk density of from 65 to 72 Ib/cu ft. Track­
type mobile equipment may not give sufficient com­
paction, and use of a sheepsfoot roller may be re­

quired. Rubber-tired self-powered scrapers may be
used to advantage where hauls are more than 200 or
300 ft long. When using these scrapers, a bulldozer
is required for trimming the pile. Each succeeding
layer is compacted in the same manner. The top is
slightly crowned and symmetrical, to permit even
runoff of water. All sides and the top are covered
with a 1-ft compacted layer of fines and then capped
with a 1-ft layer of sized lump coal.

Fig. 16. Coal storage—typical example of thorough
packing with minimum of size segregation. This pile

contains about 200,000 tons

Subbituminous coal and lignite should be stock­
piled using the same system of layering and compact­
ing, but coal layers should be thinner, not more than
1 ft in thickness, to insure good compaction. It is not
practical to seal these piles with coarse coal, since it
will weather and slack to small size in a short period
of time. The top and sides of the pile are compacted
with slack-size coal. Sides should have a shallow
slope. To prevent drifting of fines from and around
the pile, which might cause trouble from self-ignition,
it is recommended that drift (snow) fences be in­
stalled across the pile, normal to the direction of
prevailing winds, and the top and sides of the pile
be periodically trimmed.

Regardless of the coal stockpiled, the use of ma­
terial, such as asphalt, for airtight sealing is not rec­
ommended. Capping methods described above have
proved effective. Sealing with asphalt or road-tar
coating may be conducive to self-ignition in those
aieas near any breaks that could cause a “stack effect.” 
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Also, the materials are an additional expense, and
they may prove difficult to handle or pulverize when
the stockpile coal is used.

Visual Inspection. Visual inspection for hot spots
should be made daily for large storage piles and not
less than once a week for smaller piles. In wet weath­
er a hot area is indicated by rapid drying and a
lighter color of the surface coal. On a cold or humid
day, streams of vapor and the odor of gas are signs
of heating or air entering the pile. Hot spots may be
located by probing with an iron rod and testing its
temperature by hand. If the rod in contact with the
coal at the hot spot is quickly withdrawn and found
to be too hot to hold in the hand, the temperature is
at the danger point. Preventing air from entering the
pile, by sealing the top and sides near the hot areas
with an airtight coating of asphalt or road tar, will
usually stop further heating and actually extinguish
the fire. Should this method fail to reduce the tem­
perature, the coal must be removed from the hot spot.
Water should not be used except in the case of an
actual fire.

Inside Storage and Handling

As the size of single boiler units and the amount of
fuel consumed increased, it became more difficult to
maintain a steady continuous supply of coal to the
Burning equipment. Assuming bunkers and chutes of
proper size and design, the condition of the coal is the
all-important factor in the ease and efficiency of han­
dling inside the plant. Fine wet coal feeding from a
bottom-outlet bunker has a tendency to “rat hole” or
“pipe” all the way to the top surface. Under these
conditions the angle of repose may be 90°. When this
occurs, coal flow to the feeders is interrupted and is
quite spasmodic. Dry anthracite, on the other hand,
often has an angle of repose as little as 15°. Many
bunkers and chutes with dents from sledge hammer
blows (serving as the only available remedy at the
moment) bear evidence of the way fine wet coal has
often been made to flow. Casualties, even fatalities,
have resulted from men being caught in slides while
trying to get the coal moving in bunkers. In the light
of past experience it is universally agreed that no
one should be permitted to enter a coal bunker to
loosen coal hang-ups. Air lances, manipulated from
above or below the bunker, are safer and far more
effective.

From studies of actual plant operations it has been
found that hang-ups of coal are liable to begin when
there is a surface moisture of from 5 to 6,o. This an
other difficulties can best be overcome by improve
storage and by careful reclaiming of the coal from
storage.

Flow of Coal through Chutes

The following interesting conclusions on the flow
o coal through chutes from bunker to pulverizer may

e drawn from the results of model experiments, as
presented by Wolfe and Van Hohenleiten in a paper
entitled Experimental Study of the Flow of Coal in
Chutes at Riverside Generating Station, published in
the ASME Transactions, 1945:

1. The shortest possible path for a chute should be
maintained (in the direction of flow).

2. Tapered or uniformly enlarging round chutes
should be used whenever possible.

3. Where two streams of coal must be brought to­
gether, it should be accomplished with a minimum
angle of convergence. If a sudden change of direc­
tion cannot be avoided, the introduction of a
‘breakaway” to help in the realignment of the coal
should be utilized. A schematic sketch of such a
breakaway is shown in Fig. 17.

4. All angles of chutes should be made as steep as
possible, and reductions in cross section should
be kept to a minimum.

5. An example of improved layout for bunker dis­
charges, based on the model experiments, is shown
in Fig. 18.

Fig. 17. Arrangement of “breakaway" in coal chute to
relieve lateral pressure and pipe friction
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Fig. 1 8. Arrangement of bunker discharge with desirable
features of breakaways and gradual enlargement

of chutes

Bunker Design

The inside coal bunker, once built, is essentially a
part of the building, and there is little likelihood that
it will be modified during the life of the plant. The
purpose of the bunker is not only to store a given ca­
pacity' of coal but also to function efficiently as part
of the system in maintaining a continual supply of 

fuel to the pulverizer, stoker, or Cyclone Furnace. In
the design of bunkers, careful consideration should,
therefore, be given to certain factors, as outlined
below:

Capacity. Normally, capacity of the bunker or
bunkers should be large enough for a 30-hr supply at
top load. For plants where coal-handling labor or
equipment is not available for 3-day week ends or
where the cost is high because of holidays, it is de­
sirable to increase capacity to cover such a period.

Material. Coal bunkers have been built of tile, rein­
forced concrete, carbon-steel plate, stainless-steel-clad
plate, steel plate lined with acid-resisting concrete,
and steel plate lined with rubber. Where unlined
carbon-steel plate is used, a periodic check should be
made to determine the extent of corrosion. Bunkers
have been known to collapse because of corrosion.

Shape. Determination of the shape of a bunker is
usually based on a compromise between space limita­
tions caused by the size and arrangement of the build­
ing and the optimum design for coal flow. Dead
pockets should be avoided because of the danger of
spontaneous combustion. Several shapes of bunkers
commonly used are shown in Fig. 19. It will be noted
that a breakaway is indicated at each bunker dis­
charge. This device is quite effective in reducing
hang-ups and also provides access to the coal stream
in again starting the flow should clogging occur. Simi­
lar breakaways should also be used where there is a
material change in the direction of a chute. Many
plants use the silo design of coal bunker because, as
compared with other shapes, it has been found to be
less susceptible to rat-holing and hang-ups. This de­
sign is equally suitable for either small or large plants.

1.5-16

Location. The coal bunker should be so located that
the flow to the fuel-consuming equipment is as nearly
vertical as possible. It should also be as far away as
possible from flues, hot-air ducts, steam pipes, or other
external sources of heat that might aid in starting
bunker fires.

Bunker Fires—a Serious Danger

A fire in the coal bunker should be recognized at
once as a serious danger to personnel and equipment
and should be dealt with promptly and adequately.
As long as there is fire in the bunker, there is danger
of a possible explosion of combustible gases, and
steps should be taken to smother the fire. Steam or
carbon dioxide may be piped in directly to covered
bunkers and to the affected areas in open-top bunk­
ers. While the fire is being smothered with steam or
carbon dioxide, the hot coal should be run through
the fuel-burning equipment, whether pulverizer or
stoker, until the bunker is empty. In feeding the raw
coal, special care should be taken to feed uniformly,
without interruption, and at as high a rate as the
plant load requirements will permit. Continuity of
feed at this time is especially important.

If the hot coal from the bunker is fed to a pulver­
izer, cold air should be used to reduce mill-outlet
temperature. Should the feed to the pulverizer stop
for any reason, the pulverizing equipment must be
shut down immediately, and all valves in connection
with the pulverizer should be closed to prevent a
draft through the pulverizer. After it has been estab­
lished by inspection of the pulverizing unit that no
fire is present and the cause of the feed interruption
has been removed, the unit should again be placed
in service until the bunker is empty. The operation
after a stoppage should be supervised with the same
care as before the interruption. The principal feature
in the case of stokers is to maintain a continuous coal
flow to the stoker hopper so that the chute is sealed, 

^preventing an air flow back into the bunker.
nile it is highly desirable to extinguish com-

fl etel.V aA fife in the bunker before it is emptied, this
is rarely possible because of load demands and be­
cause it is extremely difficult to do. However, the use
of steam or carbon dioxide in smothering the fire will
greatly minimize the danger, and it is common prac­
tice to continue feeding hot or even burning coal
horn the bunker at the highest possible rate so that
the bunker may be quickly emptied.

Carbon dioxide is very useful in fighting bunker
fires, and in some plants permanent connections for
the use of this gas have been fitted to the bottom of
bunkers. In other plants Dry- Ice, distributed over the
top of the fuel in the bunker, has been found quite
effective in smothering fires, the heavier carbon diox­
ide displacing the air.

In a bunker in which a fire has started, all the coal
must be worked out before more coal is added, since
a few hot pieces will start a new fire. The cause of a
bunker fire should be established. The fire may have
started from coal already overheated or burning in
storage or, more likely, the cause may be spontaneous
combustion because of the length of time the coal
had been kept in the bunker itself. Dead pockets
within a bunker should be eliminated. To reduce the
effect of external heat from adjacent steam lines or
breechings, insulation should be fitted and ventilation
provided around the bunker. Care should be taken
to avoid loading the bunker with overheated coal.

Safety of Personnel

No one must be allowed to enter a bunker in which
there has been a fire until it is completely empty and
the gases generated have been dissipated. Even then,
only an experienced person equipped with an oxygen
supply should enter the bunker, and he should be
attended by helpers outside the bunker to whom he
is connected by lifelines.
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STOKERS; OVERFEED, SPREADER, AND UNDERFEED

H
and firing of boilers with steam output greater
than about 2000 Ib/hr is not practical. His­
torically, the development of the mechanical

stoker as an improvement on hand firing began in die
early days of the steam boiler, when a patent was
issued to James Watt in 1785.

Stokers of various types are all designed mechani­
cally to feed coal uniformly onto a grate within the
furnace and to remove the ash residue from the fur­
nace zone. High rates of combustion are possible, and
the continuous process of stoker firing permits refined
control and high efficiency.

For a successful stoker installation, the stoker
selected must be of the correct type and size for the
fuel used and the capacity required, and the boiler
unit must be equipped with the necessary instruments
for its intelligent control. Pulverized-coal and Cyclone
Furnace firing are strong competitors of the mechani­
cal stoker, but this is so chiefly because of the com­
paratively limited capacity of the stoker. Pulverized-
coal and Cyclone Furnace firing are suitable for the
largest central-station boiler units, with outputs of
over 5,000,000 lb steam/hr. The largest stoker reaches
its limit at less than one tenth of that figure, and most
engineers would limit stokers to not more than
400,000 lb steam/hr. Regardless of type, a stoker re­
quires floor area for its grates, and floor area is limited
under any boiler installation.

The mechanical stoker is an important and valued
element of modern equipment in the production of
steam with small and moderate-size boilers. Almost
any coal, from anthracite and coke breeze to lignite,
and other fuels, such as hogged wood, bark, and
bagasse, can be burned successfully on stokers.

Types of Mechanical Stokers

Most mechanical stokers can be classified in three
main groups, based on the direction and method by
which the raw coal reaches the fuel bed:
1- C verfeed: chain grate; traveling grate; vibrating

and oscillating grate.

2. Spreader.
3. Underfeed.

The trends toward higher-capacity boiler units and
lower-quality fuels have had a marked effect on the
type of firing equipment used for solid fuels. With the
increasing number of large boiler units, the percentage
of capacity fired by pulverized coal has increased
steadily since 1920. The popularity of Cyclone Fur­
nace firing has grown rapidly since its development,
about 1947, because of its ability to handle low-grade
low-ash-fusion-temperature coals.

In the small- to medium-size range covered by me­
chanical stokers, the side-ash-discharge underfeed
stoker is used occasionally on small units, but the rear-
ash-discharge multiple-retort underfeed stoker has
been largely replaced by other types, such as the
vibrating- and oscillating-grate stokers. Chain- and
traveling-grate stokers are a common method of firing
in their size range and are used generally for low-
volatile solid fuels, such as anthracite and coke breeze.
The spreader stoker dominates the middle to upper
size range of stoker-fired units.

Chain-Grate and Traveling-Grate Stokers

The chain- and traveling-grate stokers have as­
sembled links, grates, or keys joined together in end­
less-belt arrangements that pass over sprockets or
return bends located at the front and the rear of
furnaces. Coal, fed from the hopper (see Fig. 1) onto
the moving assembly, enters the furnace after passing
under an adjustable gate that regulates the thickness
of the fuel bed. The layer of coal on the grate as it
enters the furnace is heated by radiation from the fur­
nace gases and is ignited together with the hydro­
carbon and other combustible gases driven off by
distillation. The fuel bed continues to burn as it moves
along, and, as combustion progresses, the bed becomes
correspondingly thinner. At the far end of the travel,
ash is discharged over the end of the grate into the
ashpit as the components of the grate pass over the
rear sprocket or return bend.
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Fig. 1. Chute and hopper to B&W chain-grate stoker

This general type of stoker is usually designed for
forced draft. Natural-draft designs are not prevalent
and are gradually becoming obsolete. Capacity limi­
tations restrict their use to plants where the available
stack draft is about 0.8 in. of water and where load
demands are fairly steady. Natural-draft stokers have
a free air space through the grate of 18 to 22% and
operate with a draft loss through the fuel bed of 0.1
to 0.5 in. of water. It is better to use coarse coal (Jz in.
to 111 in.) with few fines, where tire available draft
is low.

Forced-draft stokers have a free air space through
the grate of 6 to 10%, and consequently considerably
finer coal (even slack sizing) can be used. A draft loss
through the fuel bed of 1 to 2 in. of water is considered
normal. Frequently forced-draft stokers are operated
at reduced rating on natural draft by opening doors
located in the ashpit.

Grate Construction

Chain grates were originally developed for bitumi­
nous coals, and traveling grates for small sizes of
anthracite. Structural details differ, but the two types
perform the same function. However, there is one
essential difference in design-the links of the chain­
grate stoker are so assembled that they break with a
scissorlike action at the return-bend section. This
action helps to loosen any clinker which may adhere
to the grate surface. In most traveling grates there is
no relative movement between adjacent grate sections,
hence coals with clinkering-ash characteristics are not
suitable.

Chain Grate. In the chain-grate stoker, links of steel
and chrome-cast non are staggered and joined to­
gether by steel rods to form an endless chain (Fig. 2)

Fig. 2. Chain and sprocket drive—chain-grate stoker

The rods, secured with suitable cotter pins at each
end, extend across the width of the stoker. Fig. 3 shows
a typical sectional view of a chain-grate installation.
The driving sprockets are at the front of the stoker,
and a return bend is located at the rear. The upper
portion of the chain supporting the fuel bed is carried
on bars secured to the steel work, which forms part of
the air compartment. These bars are continuous from
front to rear and are arranged to offer the least inter­
ference to air flow through the grates. As the chain
returns underneath to the front of the stoker, it is sup­
ported by a drag plate. Front and rear drag seals
form a closure for the air compartment between the
cross girders and the chain.

Traveling Grate. In the traveling-grate stoker, the
grate sections are supported and driven through a
carrier chain and are under no driving load. The entire
assembly is supported on steel rails.

Aside from differences in grate construction, the
distinction between chain-grate and traveling-grate
stokers is nominal. The following details common to
both will be covered by references to the chain-grate
stoker.

Stoker Drives

An hydraulic drive unit motivates the grate through
a ratchet-and-pawl mechanism applied to the front
end of the stoker. The power unit may be a constant­
speed motor or a steam turbine.

Arches over Stoker

Front and rear arches over chain-grate stokers were
designed to improve combustion. They reflected heat
onto the fuel bed, and the front arch also served to
break up and mix rich streams of volatile gases that
might otherwise travel through the unit unburned.

In 1954, B&W developed the jet-ignition stoker

Fig. 3. B&W jet-ignition chain-grate stoker

(Fig. 3), which eliminated the need for a refractory
front arch. The two rows of overfire-air jets located
in the front wall are particularly effective in complet­
ing the combustion of rich volatile gases over the first
two compartments, which are blasted more heavily
than is permissible with an arch. A typical jet-ignition-
stoker installation for bituminous coal firing is shown
in Fig. 4.

Anthracite and coke breeze fuels, which lack vola­
tile constituents, conventionally require fairly long
rear arches to deflect and direct incandescent fuel
particles as well as combustion gases toward the front
of the stoker, where they assist in the ignition of the
incoming raw fuel. This arrangement is shown in Fig.
5, where the rear compartments are regulated as heavy
blasting zones. Air admitted to the stoker compart­
ments under the front arch must be regulated to pre­
vent the discharge of carbon particles toward the rear
and into the ashpit.

Air Distribution

The quantity and the control of air to the various
sections of the stoker are very important. Ignition
begins on the surface or in the top layer of the raw
coal as it enters the furnace. As distillation increases,
burning becomes active until ignition has progressed
downward through the bed to the grate, after which
overfeed-type burning takes place, carbon is con­
sumed, and only ash remains.

The stoker is zoned or sectionalized and is equipped
with individual zone dampers to control air pressure
and quantity to the various sections as the fuel travels

Fig. 4. Jet-ignition-stoker installation for bituminous coal

along the stoker length from front to rear. Air for
combustion enters the compartments through the side,
as shown in Fig. 3.

Air infiltration or leakage into any furnace will
adversely affect the process of combustion and the
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Fig. 5. Jet-ignition-stoker installation for anthracite
and coke breeze

boiler efficiency. For optimum performance, tight
settings and seals are essential.

Ignition

Ignition is the beginning of combustion. For chain­
grate firing, the ignition rate must be in step with the
combustion rate. In the operation of a chain-grate
stoker, the ignition and combustion rates can be kept
in phase by controlling the grate speed and the thick­
ness of the fuel bed.

Ignition of fuel on the grate results chiefly from the
absorption of radiant heat, although conduction also
plays a part. With chain-grate stokers firing bitumi­
nous coal, the top of the entering fuel bed is heated
by radiation and liberates gas by distillation. This gas
first ignites in the atmosphere above the bed but soon
flashes back to the bed itself, which continues to give
off gas by distillation. Part of this gas burns directly
on the surface, but much of it, because of an insuffi­
ciency of oxygen, persists as hydrocarbon or carbon
monoxide gas until it encounters enough oxygen to
complete its combustion. With the jet-ignition stoker
this oxygen is supplied by the overfire-air jets, which 

are positioned to burn the volatile gases in the area
just above the incoming fuel bed. Radiation from these
burning gases effects stable ignition.

A particle of coal submerged below the top surface
receives its heat mostly by conduction, with some
radiation from the combustion of adjacent particles
previously ignited. Distillation then starts in die sub­
merged layer, and the combustion cycle is repeated.

As already noted, die ignition of low-volatile fuels
- anthracite and coke breeze - is aided by the deposi­
tion of incandescent particles of carbon, blasted from
the rear portions of the fuel bed to the top of the green
fuel entering die furnace.

Furnace Construction

An all-refractory furnace does not permit the maxi­
mum burning rate; consequently, most stoker-fired
furnaces have some water-cooling. Completely water-
cooled furnaces are illustrated in Figs. 4 and 5.
Such designs give reduced maintenance and greater
freedom from slagging so that the older refractory or
air-cooled wall constructions have become obsolete.
The bituminous-coal-fired boiler shown in Fig. 4 util­
izes a short section of water-cooled refractory at the
front wall, while the arches for the unit firing low-
volatile fuel, Fig. 5, are completely refractory covered.

Fuel-Bed and Raw-Feed Control

Fuel-bed thickness on a chain-grate stoker is de­
termined by the gate position, which is adjustable in
service. Normally a given coal will burn most success­
fully at a particular gate opening. A large-size fuel
requires a thicker bed than the smaller-size fuels.
For bituminous coal, a thickness of 5 to 7 in. is normal;
for small-size anthracite (Nos. 3 and 4 buckwheat),
the corresponding thickness is 3fl to 5 in.

Fuels—Wide Variety Suitable

Chain- and traveling-grate stokers can burn a wide
variety of fuels. Almost any solid fuel—peat, lignite,
subbituminous, free-burning bituminous, anthracite,
and coke breeze —of suitable size can be burned on
these stokers. Strongly caking bituminous coals may
have a tendency to mat and prevent proper passage
of air through the fuel bed, with the result that un­
burned carbon is discharged to the ashpit. Also, a
fuel bed of strongly caking coals may not be very
responsive to rapidly changing load. However, ex­
perience has shown that the following procedures
will minimize difficulties with strongly caking coals:
1. The coal may be tempered by adding moisture,

either water or wet steam. This makes the fuel bed
more porous and permits better burnout of carbon.

2. 3 he coal should be of optimum size. Removal of
some of the minus fl-in. fines from the raw coal will
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usually pennit freer passage of air through the
fuel bed.

3 The tendency of coal to swell and cake upon heat-
’ ing may be reduced by weathering. In weathering,

coal is exposed to air, and the oxidation that takes
place, at a slow rate, will have a tendency to reduce
the swelling or caking power of the coal. The stock­
piled coal should be checked periodically, espe­
cially during the first few weeks after it is placed
in storage, to insure against overheating from rapid
oxidation.
The jet-ignition stoker is superior to the conven­

tional chain- and traveling-grate types. It was devel­
oped to expand the range of suitable coal to include
the medium- and high-volatile bituminous coals of
strong caking tendencies, such as Pittsburgh Seam
coal. Caking and matting are reduced by rapid initial
ignition of the coal entering the furnace followed by
rapid propagation of the ignition plane through the
fuel bed. The jet nozzles produce a turbulent swirl­
ing motion of the gases, assuring good mixing and
rapid combustion of the volatiles. This concentrated
heat zone radiates to the incoming fuel, providing
quick ignition. For the strongly caking coals it has
been found advisable to limit the amount of fine coal.
At least 20% but not more than 60% should pass a fl-in.
screen. Tempering moisture is also used when nec­
essary.

Fuel-Size Limitation

Fuel sizes best suited for the chain-grate stoker are
as follows: Bituminous coal should pass through a
1-in. ring, with not more than 60% through a fl-in.
screen. The size for anthracite varies from No. 2,
which is all through /ft in. and over in., to No. 5,
which is all through in. Coke breeze should pass
through in., with not more than 20% through in.
Subbituminous coal and lignite should be the same
size as bituminous coal.

Rates of Burning

Chain- and traveling-grate stokers are offered for
a maximum continuous burning rate of 425,000 Btu/
sq ft, hr (equivalent to 34 lb of 12,500-Btu coal)
with high-moisture (20%) high-ash (20%) bituminous
coal, such as that from some districts in Illinois, and
500,000 Btu/sq ft, hr (50 lb coal) with lower-moisture
(10%) lower-ash (8-12%) bituminous coal, such as
that from Ohio. For anthracite the corresponding rate
is 350,000 Btu/sq ft, hr (28 lb coal).

Strongly caking coals are not suitable for the con­
ventional chain- or traveling-grate stokers but may be
burned at high rates on the jet-ignition stoker. For
this stoker, maximum burning rates are based on heat
inpi. per fOOf- wjc]th of grate and a coal-rank index,
expressed as Btu/lb coal divided by the percentage 

of volatile matter. Higher index numbers indicate
ug er ran coals. The lower the index, the higher the
permissible burning rate for bituminous coals. Ex­
perience has shown that the free-swelling index of
coa is an unsuitable criterion for the establishment
ot maximum burning rates.

In all cases, coals of low ash content (under 6%, dry
asis) do not have sufficient ash residue to protect
ie grates from overheating and are generally un­

suitable for chain- and traveling-grate stokers.
o o

Air Temperature

The use of preheated air on all types of mechanical
stokers is not an unmixed blessing, and the chain­
grate stoker is no exception. In stokers, some bitumi­
nous coals that burn without caking when the com­
bustion air is delivered at room temperature show
definite caking tendencies when the air temperature
exceeds 250 F. However, it is possible to use 350 F air
with some bituminous coals and 450 F with anthracite
and coke breeze. The benefits from the use of pre­
heated air are an accelerated ignition with greater
flexibility in load and an increase in over-all boiler
unit efficiency.

If the preheated air temperature is too high, grates
may overheat and warp. Further, with the high ve­
locity of hot air through the grate openings, as is re­
quired with fine coal sizes, there is a tendency to
carry-over. Nevertheless, the use of preheated air with
the chain-grate stoker continues, and with operating
refinements and improved stoker design there is a
definite net gain in performance.

Ash Discharge and Disposal

Ashes are carried to the rear of the stoker and arc
dumped into the ashpit as the chain passes over the
return bend. From the pit the ashes may be raked
out by hand or removed by various types of equip­
ment, such as a water sluice, a drag-conveyor chain,
or a sump pump; or they may be dumped directly
into a disposal car and quenched. Coal ash from chain­
grate stoker is often salable to the building industry
for use in special concrete and in the manufacture of
cinder blocks.

Change-Over to Oil and Gas

Chain-grate-stoker furnaces are often arranged for
auxiliary firing with oil and gas. The oil or gas burners
must be so arranged that the flame does not impinge
on furnace walls or grate surfaces. A 4 to 5-in. layer
of ash on the chain will serve as sufficient protection
for short periods of operation. For permanent opera­
tion with the auxiliary fuels, it is recommended that
the grate be protected with two loose courses of fire­
brick so laid that all joints are staggered. If there is
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frequent change-over from coal to the auxihary fue ,
care should be taken to prevent coal ash from clog-
£ing the gas or oil burners. Normally this is done by
admitting a little air through the idle auxiliary burn­
ers. For permanent stoker operation, throat plugs are
installed in the idle burners.

Stack Discharge—Carbon Loss

The fuel bed of a chain- or traveling-grate stoker
firing bituminous coal suffers less disturbance than
that of any other type of stoker. While this may be a
disadvantage in excluding caking coals as suitable
fuel, it is an asset in reducing cinder carry-over, which
in many instances is below the requirements of dust
ordinances (ASME standard: 0.85 lb/1000 lb of flue
gas corrected to 50% excess air), and a dust collector
is not required. The carry-over in proper operation
with good coal in common sizings is indicated in Table
1. At the same time, the combined combustible loss
up the stack and to the ashpit can be very low.

For small-size anthracite, however, particularly
Nos. 4 and 5, the carry-over is relatively high. Small
burning particles tend to be dislodged from the fuel
bed by the strong blast through the grate. Some of
these particles fall back on the surface of unburned
coal and thereby aid ignition, but some tend to re­
main in suspension and are carried along with the
flue gases. When firing small-size anthracite, dust col­
lectors are often installed, and the unburned particles
are pneumatically returned to the furnace.

Response to Load Changes

With favorable coal sizing, a properly designed
chain-grate stoker will operate smokelessly from 10%
to full load. This very desirable performance results
from the effectiveness of the overfire-air jets and the
quiescent state of the fuel bed. Generally speaking,
if the fuel bed of a chain- or traveling-grate stoker is
maintained in suitable condition for fluctuating-load
service, a good response to load swings over a wide
range is possible without smoke. When there is a
sudden demand for an increase in fuel, ignition can be
lost if the coal is fed too rapidly. For a drop in load,
the principal difficulty is the danger of overheating
the grate.

For operation with rapidly swinging loads, the fuel
bed is carried somewhat longer than that with steady­

load conditions. Usual practice is to reduce the rate
of burning at the second and third compartments by
lowering the blast pressure slightly in this zone and
increasing it slighdy in die later compartments. In
other words, maximum blast may still be in the second
or possibly the tim'd compartment, but there will be
more fuel left to burn in the fourth and fifth, and con­
sequently for these compartments the pressures must
be increased. Chain or grate speed is usually deter­
mined by ignition at die front end.

Combustion Control

No particular problem is involved in the efficient
control of a chain-grate stoker, and good combustion
control is possible both manually and automatically.
The coal-gate opening, which controls tire fuel-bed
thickness, is usually adjusted by hand, but the forced-
draft air pressure and the grate speed are regulated
by steam pressure when automatic combustion control
is provided. Distribution of air among the compart­
ments under the stoker grate is adjusted manually.
The correct air-fuel ratio or air-flow steam-flow
should be indicated or regulated by suitable panel
instruments, such as a Boiler Meter or O- or CO2
recorders.

Good Practice and Low Maintenance

For chain-grate-stoker operation, maintenance cost
is usually low. However, the cost may be increased
if operation is not based on sound practice. The chief
elements of good practice are outlined below.

Unless care is taken to prevent size segregation of
the entering coal across the width of the stoker, the
links may be overheated with the attendant difficulties
of growth and distortion. Strips or areas of coarse coal
tend to burn more quickly, and the areas of fine coal
tend to mat. Size segregation produces a “ragged fire,”
and the chain links are liable to overheat because of
reduced air flow through the matted portion. Coal
segregation at the gate can be avoided by the use of
a traversing coal spout that distributes the coal uni­
formly across the hopper so that the different sizes are
thoroughly mixed. Nonsegregating designs of hoppers
are also available.

If all the incoming coal is fine, tempering with
water or steam may be required to keep the fuel bed
evenly porous while distillation and burning take

Coal Sizing
Burning rale, Btu/sq ft, hr
Dust loading, lb/1000 lb gas

at 50% excess air 

Table 1
Dust Loadings with Chain-Grate Stoker

1", 60% through M" screen
400,000 500,000

0.63 0.75

IM", 20% through M" screen
400,000 500,000

0.26 0.39 
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olace. Addition of water for low-sulfur coals may be
•n the form of a spray applied to coal on the belt
conveyor to the bunker. However, much of the coal
burned on chain-grate stokers is of medium or high
sulfur content, and excess moisture will increase the
tendency to corrosion of the bunker. For such coals it
is better to do the tempering in the downspout or in
the hopper with wet steam. When properly applied
t0 coal requiring tempering, the amount of spray
water or wet steam used has an insignificant effect on
the over-all boiler efficiency.

Air infiltration to the furnace through leaky settings
should be avoided, since air so admitted does not pass
through the grate and therefore cannot help to keep
the chain cool and provide air at the right point for
combustion. Air infiltration at the front of a stoker re­
tards ignition.

The cumulative effect of numerous minor instances
of fink overheating may be reflected in an over-all
growth of the chain after extended periods of oper­
ation. This condition is easily remedied by removing
one strand of links to restore the necessary lateral
clearance in the chain. In other cases link wear may
require the addition of links to maintain lateral
clearances.

Some wear on the link rods and joints and the drive
side of the sprocket teeth will be evident after long
continued service. To compensate for such wear, all
chain-grate stokers are provided with means for ad­
justing the tension of the chain, and in some it is
possible to reverse the drive sprockets to bring the
unworn side of the sprocket teeth in contact with the
chain. Lubrication of chain links, driving sprockets,
and skid bars is neither possible nor necessary, but
the shaft bearings should be kept lubricated at all
times in accordance with the manufacturer’s recom­
mendations.

Operating Procedure

Lighting the Fire. For bituminous coal, the gate open­
ing is about 5 in. Coal is run in to cover the first two
compartments. Kindling placed over the coal is then
lighted, and sufficient air is admitted to the compart­
ments covered to cause the kindling to burn briskly.
Furnace draft is set at about 0.1 in. of water. When
the kindling has ignited the coal, the stoker is started
and maintained at a speed slow enough to hold igni­
tion at the gate, thus gradually lengthening the fuel
fled. Air is admitted to the additional compartments
progressively as required. If necessary, the stoker is
alternately stopped and started to stabilize ignition
uiing the lighting-off period.
For anthracite or coke breeze, the gate opening is

about . ' in. Coal or coke breeze is run in to cover
tle grace back to and including the first full com­
partment under the nose of the reverse rear arch.

ndling placed over the fuel is then lighted, and air 

itd^V i° tihe comPartments covered by the fuel
' ea P^^ usually covers the first compart-

x xU. Preventing the admission of air to the fuel bed
A_„r. . POint- As with bituminous coal, the furnace
• . re^U ated’ and’ a^ter ^uc'l flas started to
gm e rom the kindling, the blast pressure to the rear

compartment covered by the fuel is slowly increased.
en e fuel is definitely burning in this compart­

ment, the blast pressure is adjusted so that it is suffi­
cient to throw some burning particles forward to aid
igmtion. This may not be possible when burning large-
size anthracite, such as No. 2 buckwheat, and for this
reason a special front arch is used to aid ignition.

o

Normal Operation. Three variables must be consid­
ered in tlie operation of a chain-grate stoker:
1. Fuel-bed thickness.
2. Grate speed.
3. Air distribution and compartment pressure.

Fuel-bed thickness is determined by gate position.
Generally, for a given coal a certain gate opening de­
termined by trial will give best results. This will re­
main fixed except for capacities beyond the speed
range of the stoker. For bituminous coal a 5 to 7-in.
fuel bed is common, and for small-size anthracite and
coke breeze it is reduced to 3M to 5 in.

The speed of the chain grate must be so adjusted
that ignition is always maintained at the forward end
of the stoker. Fire should not be allowed to burn back
to the raw-coal gate, and the line of ignition must not
be permitted to recede very far from the vicinity of
the first compartment.

Air supplied to the various stoker compartments is
varied independently or adjusted between compart­
ments by individual manual settings. When compart­
ment dampers are set for a given fuel, normal changes
in capacity require only an adjustment of the forced-
draft fan or damper and stoker speed. As noted pre­
viously, this may be done manually or by automatic
combustion control actuated by steam pressure.

Definite rules cannot be set for the pressure in the
various compartments. However, experience indicates
that the pressures in the compartments follow a pat­
tern in which a general relationship is evident. The
actual pressures in the various compartments must be
appropriate for the weight of air (indicated by the
Boiler Meter or other means) required to burn the
coal as disposed on the grate. The following may be
taken as a general guide:

For bituminous coal, the highest pressure usually
is required in the second compartment, which may be
from 1 to 3 in. of water, depending upon load and
fuel-bed thickness. The pressure in the first compart­
ment is then set at approximately 30% and the pres­
sure in the third compartment at about 60% of this
value. The pressure in later compartments tapers off
gradually to zero in the last compartment.
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For small-size anthracite or coke breeze,, theair
pressure in the first compartment, blanked oft with a
dead plate, should not exceed 0.1 in. of water The
pressures in the succeeding compartments usually are
gradually increased, with the highest (required for
the output) in the next to the last compartment. The
relatively high air pressure in the later compartments
serves to toss some of the burning anthracite particles
forward as an aid to ignition.

Banking Periods. In the normal banking of a chain-
grate-stoker-fired boiler, the fire is allowed to burn
short as the load demand decreases. When the boiler
output is reduced to zero or a minimum, the usual
procedure is as outlined below:
1. When burning bituminous coal, the gate is raised

to an 8-in. or 10-in. opening, and coal is run in for
a length of about 4 ft. With anthracite or coke
breeze it is not customary to raise the gate above
its normal position, but fresh fuel is run in, as in
the case of bituminous coal.

2. The forced-draft fan is stopped, and compartment
side doors are opened to permit air to be drawn
through the chain grate to prevent its overheating
and to supply the small amount of combustion air
needed for the banked fire. Furnace draft is reg­
ulated by adjusting the induced-draft-fan control
or the boiler uptake damper. Incidentally, this
procedure should be followed whenever the forced-
draft fan is shut down.

3. The induced-draft fan is stopped, or the boiler out­
let damper is closed to a point just sufficient to
carry off the gases from the banked fire and main­
tain a slight draft within the furnace.

4. During a banked-fire period, fresh fuel is run in
from time to time as the banked bed slowly burns,
taking care that the fire does not burn back under
the gate where it might damage the gate structure.
As a precaution, when burning bituminous coal it
is well to run most of the coal out of the stoker
hopper, retaining only enough to provide a coal
seal at the gate. This will prevent an inrush of
cold air under the gate and also damage to the gate.

5. When starting up from bank with bituminous coal,
the gate is lowered to the normal position. Forced
and induced drafts are set for operating conditions.
With anthracite or coke breeze, the live bed is run
back to the stoker compartment where heavy blast­
ing is normally applied to toss burning particles
forward to aid ignition.

Emergency Shutdown. Sometimes it is necessary to
take a boiler unit off the line very quickly, as in the
case of electrical-load failures during storms; or some
unforeseen contingency may suddenly force the boiler
out of service. In such emergencies it is necessary to
reduce the burning rate on the stoker to zero in' the
shortest possible time. Under these circumstances it 

is usual practice to increase the speed of the stoker
chain to maximum and, by raising the gate to its
greatest opening, to feed as much coal as possible
onto the grate, while at the same time shutting off the
air supply. The burning and unburned coal thus run
over into the ashpit should be removed promptly to
prevent damage to the equipment.

Vibrating-Grate Stoker

Practical application of the vibrating-grate princi­
ple to overfeed stoker operation was first realized in
Europe, where lignite and brown coals are abundant
but difficult to burn satisfactorily. The vibrating-grate
overfeed stoker has burned these low-ranking fuels
with much higher efficiency than had been possible
previously and with exceptionally low maintenance.

Introduced in the U. S. in 1954, this stoker has found
acceptance in both industrial and institutional plants
and has burned a wide range of American coals suc­
cessfully.

Grate Construction

The vibrating-grate stoker consists of a grate
structure supported on equally spaced vertical plates
that are free to move back and forth in a rectilinear
direction. The grate structure is made up of water-
cooled tubes arranged longitudinally between a pair
of headers. Cast tuyere blocks are fitted on top of the
tubes and are keyed in position. Fig. 6 is a typical
sectional view of a vibrating-grate stoker, and Fig. 7
shows its application to a boiler installation.

Fig. 6. Vibrating-grate stoker

As with chain- and traveling-grate stokers, coal is
hopper fed, and the thickness of the fuel bed is regu­
lated by an adjustable gate. The vibratory force is
piovided by a generator located at the front of the
stoker beneath the coal hopper. The vibration gener­
ator consists of contrarotating mass weights physically
arranged to cancel any motion in a vertical direction. 

It is driven by a constant-speed motor that is operated
intermittently by a timer control. Air to the stoker is
distributed through laterally disposed compartments
beneath the stoker, formed by the individual flexing-
grate support plates.

Fig. 7. A vibrating-grate-stoker installation

cient for most bituminous coals. The rear arch causes
e gases emitted at the rear of the stoker to sweep

onvar and intimately mix with the turbulent rich
gas over the forward portion of the grate; its length
is variable, dependent upon the ultimate furnace con-

guration and the characteristics of the fuel to be
urned. The trend in furnace design is toward fully

water-cooled surfaces, in order to minimize refractory
maintenance and permit the highest steaming capaci­
ty or a given space. This requires that consideration
be given to the ratio of refractory to cold surface of
the furnace walls.

Based upon these and other design parameters,
grate release rates on this type of stoker mav range
from 350,000 to 500,000 Btu/sq ft, hr with medium-
and high-volatile bituminous coals and under 400,000
Btu/sq ft, hr with low-volatile bituminous, subbitu-
minous, and lignitic coals. Coal sizing is essentially
the same as for chain- and traveling-grate stokers.
With water-cooled grates, low ash content is of less
consequence. Similarly, water-cooling permits oper­
ating with preheated air up to 400 F. In addition, this
same feature permits multiple-fuel firing, singly or in
combination. If the unit is to be fired with oil, whether
for short periods or long, a thin layer of ash on the
grate is sufficient to prevent residues from baking onto
the grate. The water-cooled grate is tied into the
boiler-circulating system, and, with proper design of
the supply and riser tubes, the extremely short motion
of the grate imposes no significant strain on these
connections.

The uniformity of air distribution and the resultant
fuel-bed condition provide good response to load
swings with minimum cinder carry-over and smoke­
less operation over the entire load range.

During vibration, new coal is fed to the stoker as
the entire fuel bed is simultaneously conveyed down
the inclined grate, and ash is discharged into the ash
hopper. To complete carbon burnout of the ash, the
thickness of the ash-bed portion is controlled by an
adjustable ash-dam plate.

Design and Operation

The ability of the vibrating-grate stoker to burn a
wide range of fuels is mainly attributable to the gently
compacting action produced by the intermittent vi­
bratory motion and water-cooling of the grate surface.
Whether the coal is of the free-burning or the strong )
caking variety, this compaction of the fuel bed per
mits uniform air distribution and gentle movement
of the fuel on the grate.

Since volatile gases from the fuel bed tend to stra
fy> consideration is given to the furnace con g^ra
don, particularly the front and rear arches. A s iot
front arch, supplemented by overfire-air jets is su
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Control

Operation of a vibrating-grate stoker is somewhat
similar to that of the chain- and traveling-grate types,
differing in that the grate speed is controlled by the
frequency of grate vibration. A separate timer control,
actuated by the fuel-feed controller of the automatic­
combustion-control system is used for this purpose.
Standard metering controls are recommended to
maintain the ratio of fuel feed to air flow. This affords
optimum combustion efficiency throughout the load
range and assures immediate response to load changes.

Guide to Efficient Combustion

In normal operation, fuel feed, bed travel, and air
distribution are regulated automatically by the com­
bustion-control system. The fuel- and ash-bed thick­
nesses are governed by the positions of the guillotine
gate and the ash-dam plates, respectively, and the in­
tensity of burning over the individual compartments
is dictated by the setting of each zone damper.
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The rate of fuel bed travel on the grates depends
upon the frequency and length of the vibrating cycles,
regulated to follow load demand by the automatic
combustion control, and can be reduced to permit a
10 to 1 turn-down ratio. The burning rate is synchro­
nized with travel rate by control of combustion air.

Ash discharge is regulated by the position of the
adjustable ash-dam-plate mechanism. These plates
are normally positioned to permit ash to flow off the
grate during each period of vibrating motion, with
the thickness of the ash bed regulated to effect com­
plete carbon burnout.

When burning bituminous coals, the static air pres­
sures for each zone will vary, depending upon the
type of coal and its burning characteristics. With most
coals, highest air pressure is maintained in the middle
compartments while the pressure in the first com­
partment is reduced and that in the rear compart­
ments is further reduced. The CO- content of the flue
gas provides a good check on the correctness of these
settings.

Emergency Shutdown

pension, spreader stoker firing produces a much
higher density of particulate matter in tire flue gases
than is usual with underfeed or other mass-burning
equipment. Dust collectors are therefore required to
separate the particles before stack discharge. How­
ever, the use of fly-carbon return systems, to reinject
carry-over to the furnace for burning, substantially
reduces combustible losses to the stack, and, together
with low carbon losses to the ashpit, the net result is
a minimum total combustible loss.

The modern spreader stoker consists essentially of
feeder units arranged to distribute fuel evenly over
the grate area, a specially designed grate, forced-draft
systems for both undergrate and overfire air, combus­
tion controls to coordinate air and fuel supply with
changing load demand, and the dust-collecting and
fly-carbon-return equipment previously mentioned.

Spreader Mechanism

Typical feeder-distributor units are shown in Figs.
8 and 9. Fig. 8 shows a variable-stroke reciprocating­
feed-plate type in which the fuel is moved from the 

For emergency shutdowns, the coal feed and air
supply are cut off and the furnace draft is minimized.
If tire sensible heat of the bed is still excessive, the en­
tire bed may be dumped into the ashpit by operating
the vibrating unit continuously. The hot coal and ash
may then be quenched or removed from the ashpit.

Spreader Stoker

The essential difference between the spreader
stoker and the chain-grate stoker is that the former
utilizes a combination of suspension burning and a
thin fast-burning fuel bed, whereas the latter employs
the mass-bed-burning principle. The spreader stoker
is extremely sensitive to load fluctuations, since igni­
tion is almost instantaneous on increase of firing rate
and burnout of the thin fuel bed can be rapidly
effected when desired.

The principle of spreader firing, though old, did
not become practical and popular until the early
1930’s, when grates specially designed for spreader
feeding were developed. These grates may be of the
stationary, the intermittent-dumping, or the continu­
ous-cleaning type (traveling, reciprocating, or vibrat-

but it is essential that the design incorporate the
high-resistance air-metering principle for best results

Extremely flexible in its ability to burn a wide range
of fuels from high-rank Eastern bituminous to lignite
or brown coal, the spreader stoker is also adaptable
to the burning of fine coal. Optimum coal sizing for
this type of firing is ?1 in. X zero with about 50" pass­
ing through a 11-in. screen. 1

Because there is partial burning of the fuel in sus­

Fig. 8. Reciprocating-feeder distributor and overthrow
rotor for spreader-stoker firing

supply hopper over a spill plate to fall onto an over­
throw revolving rotor with curved blades for uniform
distribution of fuel to the furnace. Fig. 9 illustrates a
•'ariable-speed chain-conveyor type of distributor 
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with overthrow rotor. Both types are designed for
mechanical connection to tire combustion-control
system- Less common types of feeder mechanisms

Fig. 9. Variable-speed chain-conveyor distributor and
overthrow rotor for spreader-stoker firing

have rotary star wheels with worm feed and pneu­
matic jets. All feeder types, however, endeavor to
provide a continuous supply of fuel to the furnace
and to vary the feeding rate to conform with load
fluctuations.

While the details of the various means used to 
spread and distribute the coal onto the grate differ,
some form of rotor is common. Rotors are designed
to overthrow or to underthrow, the former being more
popular. Correct longitudinal distribution is obtained
through varying the speed of the rotors.

In some instances the fuel is spread by pneumatic
means, using air, a mixture of air and hot furnace
gases, or steam to project the coal onto the grate.
With this method, the coal is fed by a controlled
mechanism, and the nozzle at the entrance to the
furnace is adjusted to modify the trajectory. A de­
flector- wedge within the nozzle is used to obtain
lateral distribution.

Grates for Spreader Stoker

Grates for spreader stokers may be of several
different types. For satisfactory operating results,
they all employ the basic design concept of high re­
sistance with air metering to avoid blowholes through
the thin fuel bed.

The simplest and least expensive type has stationary
16-1 

gra es rom which ash is removed manually by raking
iroug i suitable doors in the front plate. Intermittent-
umping grates, for either manual or power-cylinder

operation, are frequently used for small- to medium­
size boilers. Both types are sectionalized, with sepa­
rate undergrate air chambers for each grate section
and a grate section for each feeder-distributor unit.
Thus both air and fuel supply to one section can be
temporarily discontinued as it is being cleaned, with­
out affecting other sections of the stoker. Fig. 10 shows
a power-cylinder-operated dumping-grate spreader
stoker.

Fig. 1 0. Power-cylinder-operated dumping-grate
spreader stoker

For sustained high-efficiency operation, a continu­
ous-ash-discharge or a continuous-cleaning type of
grate is necessary. The traveling grate with front ash
discharge (rear discharge in rare instances) pennits
the highest burning rates per square foot of grate.
Consequently more steam is produced with less total
grate area than would be required with any of the
other self-cleaning designs.

With spreader feeding, fresh coal is distributed
uniformly over the surface of a burning fuel bed. It
is ignited from the fire bed beneath and burns up­
ward. Thus the grates are always protected from high
temperatures by a layer of ash. With correctly de­
signed metered-air openings to cool the metal, grate
maintenance is extremely low.

Traveling-grate spreader stokers are economically
sound for boiler capacities up to 400,000 lb steam/hr.
For larger capacities, the required grate area may run
the boiler cost beyond that for other methods of coal
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firing. The stoker shown in Fig. 11 includes self-
adjusting air seals at the front and rear to minimize
air leakage around the ends of the grates, since leak­
age at these areas will allow stratification along the
front and rear walls of the furnace and add excess air
that is not used effectively for combustion purposes.

Another advantage of the traveling grate over other
types of self-cleaning designs is that the grate move­
ment carries the fuel bed through the highly active
combustion area, where it is reduced to ash without
much disturbance. This enables coals with very low
ash-fusion temperatures to be burned with less clink-
ering. Also rapid ignition permits the burning of cak­
ing coals without difficulty.

Other designs of self-cleaning stokers include re­
ciprocating types, where a level grate has alternating
rows of reciprocating bars to serve as the conveying
medium for the fuel bed, as shown in Fig. 12, and
undulating or oscillating grates, slightly sloped, using
the vibrating-conveyor principle to move the fuel bed
and the ash to the discharge point. The practical top
capacity for continuous-cleaning spreader stokers
other than the traveling grate is probably about 75,000
lb of steam/hr.

Fig. 12. Reciprocating-grate continuous-cleaning
spreader stoker with front ash dischargeFiy-Carbon-Return Systems

An important adjunct of spreader-stoker firing is the
system for return and burning of the fly carbon that
is trapped out of the flue gas stream. Pneumatic sys­
tems with pressurized air as a conveying medium have
been used extensively. Carbon particles are picked up
from the outlets of settling hoppers under the boiler
passes and heat traps and from the dust-collector
hoppers. This material is reinjected into the furnace

16-

in the high-temperature zone above the grate for burn­
ing. Steam jets have been used for this purpose, but
steam systems are subject to plugging if condensate
collects and mixes with the fine particles in the carry­
over.

The most modern system of fly-carbon return for
use with traveling-grate spreader stokers is the
gravity-flow return shown in Fig. 13. When physical

12

layout permits the collecting-hopper outlets to hlocated at a sufficient height, the fly carbon 1to °e
gravity to a distributing hopper directly held ? t7
Xar wall of the furnace. Fr<S this
fine streams of carbon particles is deposited J r
gravity, onto the rear end of the forward-movinf J f7

When die internal air seals of die stoker are effa quiet zone exists at this point, and these pS

are buried m and become a part of the fresh fuel bedthat is continually being formed through die snrJ,?
feeder action Recirculation is minimized with this'

system, and the combustible in the particles carried
over is consumed on the grates, the ash being de
posited in the front ash bunker. °

Fig. 13. Spreader-stoker installation with gravity
fly-carbon return

When collection-hopper outlets are too low to
permit flow by gravity, partial-gravity systems are
sometimes used, with pneumatic or mechanical con
veying of the carry-over to the distributing hopper,
from which it flows by gravity to the stoker grate.

Effective use of overfire air, to promote and to ai
the combustion of fuel in suspension, contributes in
large measure to efficient spreader-stoker firing an
reduction in the amount of fly-carbon carry-over.

Furnace Design

An example of good furnace design forisPrea£CJr
stoker firing is shown in Fig. 13. Water-cooling o e
walls is quite generally used and is, in fact, a “ecessltJ
for traveling or continuous-cleaning grates, w ere s g
or clinker formation adjacent to the stoker wou 

16

terfere with movement of the fuel bed. Walls are
er ca , or nearly so, as arches are neither necessary

nor esira e. Air jets dirough the furnace walls create
ie ur ulence required for die completion of com­

bustion.

Drive Arrangement

Drive arrangements vary considerably with various
sto _er manufacturers and may be either mechanical
or hydraulic. Multiple feeder drives are so arranged
that any one feeder can be taken out of service without
disturbing the operation of the remaining feeders.
Fuel-feeding rates are regulated by the combustion­
control system, and provision is made for manual
adjustment to compensate for variations in coal
characteristics.

Traveling-grate spreader stokers may have separate
drives for the feeder distributors and for grate activa­
tion, or both may be driven from the same prime
mover with suitable drive-reduction units. Fuel­
feeding rate and grate speed are usually synchronized
and varied in step with the combustion control to
follow steam demand. Change in ratio of grate speed
to fuel-feeding rate is effected manually to conform
to ash content of the fuel.

Air Distribution

Control of both the quantity and the distribution of
combustion air is important, as it is with all methods
of firing, and air supply is generally apportioned by
the combustion-control system through dampers at
the fan or in the supply duct. Since undergrate air
distribution is a function of the grate, it is important
that grate design be such that air is metered uniformly
over the entire active burning area. The undergrate
plenum chamber is usually divided into compartments
for dumping-type or stationary-grate stokers to allow
shutoff of air for the period during which the individ­
ual sections of grate are being cleaned. Traveling-grate
spreader stokers are generally installed with one large
plenum or air chamber under the entire grate surface.

Fuels and Fuel Bed

The spreader stoker is extremely flexible in its
ability to burn fuel with a wide range of burning
characteristics, including caking tendencies. High-
moisture free-burning bituminous and lignite coals
are commonly used, and coke breeze has been burned
in a mixture with higher-volatile coal. There arc many
successful installations of spreader stokers burning
wood waste, such as bark from pulp-mill operations
and chips from turpentine and other extraction proc­
esses. Bagasse from cane-sugar mills is a satisfactory
fuel, whereas anthracite is not.

Coal-size segregation is a problem with spreader 
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stokers as well as with other types of stoker flung.
Spreader stokers can tolerate a small amount of segre­
gation because the feeding rate of the individual
feeder distributors can be varied, but it is not possible
entirely to overcome all problems inherent in coal-size
segregation. The coal should be a mixture of fine and
coarse particles of approximately even proportions
from '2i in. maximum to zero.

The fuel bed on a spreader stoker is relatively thin
(from 2 to 4 in.) although burning rates are high, from
450,000 Btu/sq ft, hr (36 lb coal) on stationary or
dumping grates to as much as 750,000 (60 lb coal) on
traveling grates when burning coal. Higher releases
are possible with some of the wood wastes.

It is more difficult to maintain satisfactory combus­
tion with coal at low loads with lower heat-release
rates than it is with higher rates, as the fire tends to
smoke below 125,000 Btu/sq ft, hr (10 lb coal). Proper
application of overfire-air jets or even steam jets is
helpful in preventing low-load smoke. In some in­
stances dampering devices are provided to reduce
active grate area in order to maintain satisfactory
heat release for load ranges that exceed the normal
variations.

Refuse Handling and Disposal
With stationary grates ash is removed manually

through doors in the front at grate level. Intermittent­
dumping grates discharge ash to a pit, as do the
reciprocating- and vibrating-grate continuous-clean­
ing stokers. This pit may be shallow, permitting clean­
out at the operating-floor level if a basement is not
available. Traveling-grate continuous-ash-discharge
spreader stokers deposit ash into a suitable pit or
hopper usually located at the front of the stokers.
Final disposal from this pit is by steam or water jets,
ash conveyors, or sluices.

Control
The thin active fuel bed of a spreader stoker re­

quires close regulation of fuel and air supply. Various
types of automatic combustion controls are suitable.
Of these the air-flow steam-flow type serves to propor­
tion air and fuel more accurately than does the simple
positioning type. Coal feed and air flow are reduced
when there is a drop in load. Since the fuel bed is
thin, there is little tendency to overrun steam pressure.
For a load pickup, coal feed and air flow are increased,
and the response is immediate. In this respect the
action of the spreader stoker is somewhat like pulver-
ized-coal firing, since a considerable portion of the
fuel is burned in suspension. Distribution of coal on
the fuel bed is usually controlled manually by regula­
tion of the individual feeders and spreader rotors.

Aids to Operation and Maintenance

Observance of the practical suggestions listed below 

for the operation of a spreader-stoker unit will im­
prove performance and reduce maintenance costs:
1. With stationary- or intermittent-dumping-grate

stokers, clean the fires as rapidly as possible so that
tire entire grate is back in service in the shortest pos­
sible time. With continuous-cleaning or continuous-
ash-discharge traveling-grate stokers, adjust the
speed of the grate to suit the ash content of the fuel,
so as to maintain the optimum ash bed for protec­
tion of the grate.

2. Do not operate tire stoker for long periods with one
section clean and another dirty, as this tends to im­
pair the uniformity of air distribution.

3. Do not allow an excess accumulation of ash; follow
the grate-cleaning instructions of the stoker manu­
facturer.

4. Keep grates in good condition. Replace burned or
broken grates at earliest opportunity.

5. Do not permit coal hopper to run empty.
6. Do not permit ashes to remain long in ashpit.
7. Wet down and remove ash.
8. Maintain good fuel distribution on the active grate

area by adjustment of spreader controls.

Operating Procedure

Starting Fire. Preparatory to lighting-off, the spreader
mechanism is operated to distribute coal evenly over
the grate to a depth of approximately 1 in. Kindling
is then placed over a large portion of the coal surface
and ignited. The stoker spreaders are started at slow
speed. As the fuel ignites, the fan speeds or dampers
are adjusted to supply sufficient air for combustion.
The furnace draft is maintained at approximately 0.1
in. of water.

The coal feed and air supply to the stoker are regu­
lated to permit placing the boiler unit on the line in
accordance with established procedure specified by
the boiler manufacturer. After this is done, the steam
demand becomes the guiding factor in the operation
of the stoker. With a traveling-grate spreader stoker,
the stoker drive is started at this time or slightly before
the boiler goes on the line. In normal operation the
thickness of ash carried by the grate at the point of
dumping is the governing feature in adjusting the
speed of grate travel. Normally, with common bitumi­
nous coals, ash thickness is between 3 and 5 in. The
cinder-return fan and return lines are put in operation
whenever coal is fed.

The optimum fuel bed for spreader-stoker operation
exists when the combustion rate over the entire active
grate area is uniform and a minimum of excess air is
used. Excess air is commonly between 25 and 40%,
which is somewhat higher than the normal practice for
the chain-grate stoker.

Banking Periods. When a boiler is to be banked, the 
16-14

oal feed and air supply are reduced to conform to
the diminishing load until the boiler is at or near zero
utput. Stationary or intermittent-dumping grates

ffiould not be cleaned just prior to banking, and
continuous-ash-discharge grates should be stopped
before any part of the grate becomes bare. Air supply,
• icluding overfire air, is shut off, and enough coal is
fed to form a bed approximately 1 in. thick over the
entire grate. By positioning the boiler outlet damper,
the furnace draft is regulated to provide only enough
draft to carry off the gases. The banked fire is main­
tained by adding fresh coal.

To start up from bank, overfire air is admitted, and,
in the case of continuous-ash-discharge stokers, the
grate is started; draft, air supply, and coal feed are
manually increased until normal load conditions pre­
vail after which automatic combustion control is
placed in service.

Emergency Shutdown. For an emergency shutdown,
the coal feed and air supply to the fuel bed are shut
off. This reduces the burning rate to practically zero
almost immediately, because of the small quantity of
active fuel burning on the grate at any one time.

Underfeed Stoker

The underfeed stoker is classified in two types —
horizontal feed and gravity feed. In the horizontal­
feed type, as the name implies, the coal travel in the
retort within the furnace is parallel to the station floor,
while in the gravity-feed type it is inclined at an angle
of 20 to 25°. The latter type consequently requires a
basement or tunnel under the floor for ash disposal;
for the horizontal-feed type, a shallow depression or
pit suffices. Only the multiple-retort gravity type is
suitable for tire higher capacities within tire range
possible with an underfeed stoker.

Side-Ash-Discharge Underfeed Stokers

In the side-ash-discharge underfeed stoker, coal is
force-fed to the fuel bed in small increments inter­
mittently by ram or, for very small stokers, continu­

ously by a screw. The coal moves in a longitudinal
cnannel, known as a retort, usually assisted by an
auxi rary push rod with small pusher blocks at the

^le ret°rt> which operate in conjunction
vi t re ram. After the retort is full, the fuel is forced
upward and spills over the top on each side to form
an 1 to feed the fuel bed. Air is supplied tlu’ough
tuyeres at each side of the retort and through air
openings in the side grates.

As the coal rises, heat travels downward from the
burning fuel above, and volatile gases are distilled off
and burned as they pass through the incandescent
fuel bed. The rising fuel then ignites from contact with
the actively burning bed. The pressure exerted by the
incoming raw coal moves the fuel bed gradually over
the tuyeres and side grates while burning continues.
Combustion is completed by the time the bed reaches
the side-dump grates from which the ash is discharged
to shallow pits.

Grates. Some designs of side-dump underfeed
stokers rely on pressure from the incoming raw fuel
to achieve distribution over the side grates. This is
satisfactory for single-retort stokers up to a width of
8 ft, as shown in Fig. 14. For wider side-dump under­
feed stokers, distribution is obtained from recipro­
cating tuyere-block action between double-retort
sections (Fig. 15). Other designs have a single center
retort and depend upon agitating grates for distribu­
tion.

Underfeed stokers for domestic use and for very
small commercial application have round retorts and
stationary grates from which ash is removed manually
in the form of clinker. Larger side-dump underfeed
stokers are normally constructed with long center re­
torts, adjacent to which are tuyere grates. These are
followed by side grates and dump grates with air
openings, which permit a final burnout before ashes
are discharged to the shallow' pits for cleanout through
doors in the stoker front.

Air Distribution. Air for combustion is supplied, in
quantities suitable for the fuel-bed conditions from a
plenum chamber or windbox and is admitted to the
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Fig. 15. Double-refort horizontal-feed type of
side-ash-discharge underfeed stoker

DISTRIBUTORSDISCHARGE PLATE

Fig. 16. Multiple-retort gravity-feed type of
rear-ash-discharge underfeed stoker

Grates. It is evident from Fig. 16 that the grouping

Rear-Ash-Discharge Underfeed Stokers

The rear-ash-discharge gravity-feed type of under­
feed stoker is usually longer than the side-ash-dis­
charge horizontal-feed type and is always fitted with
multiple retorts. The multiple-retort gravity-feed
stoker was a natural development of the principles
successfully applied in the single retort. The multiple­
retort stoker, Fig. 16, consists of a series of inclined
single retorts placed side by side with tuyeres between
and sloped from front to rear for constant ash dis­
charge. Each retort is equipped with a round or square
primary ram, which feeds the coal into the ram box
at the head of the retort. From this point the fuel bed
is moved slowly toward the rear and, at the same
time, is forced upward over the bank of tuyeres by
secondary pushers or by the moving bottom of the
retort. Most of the air for combustion is admitted
through the boxes supporting the tuyeres and located
between the retorts. An overfeed or cleanup section
is provided at the rear end of the bank of tuyeres for
completing combustion before the refuse is discharged
to the pit for disposal.

fire through the tuyere openings and the perforated
grates. Manually operated dampers admit air from
the central plenum chamber to the ashpits under the
side-dump grates for final burnout before the ash is
dumped.

It is quite common for overfire air to be used with
underfeed stokers to provide some combustion air in
the flame zone directly above the active fuel bed. This
air may be drawn from the windbox, from a separate
overfire-air fan, or from both. Overfire air is quite
effective in preventing smoke, especially at low loads
with a lazy fire and on sudden increase of coal feed
with the distillation of large quantities of volatile gases.

of retorts and tuyeres occupies about two thirds of
the combustion surface. The more active burning
lanes of the fuel bed are over the tuyere rows or air­
admission ports, while the relatively inactive fuel
lanes are over the retorts. As the fuel bed completes its
movement over the retorts and tuyere banks and
reaches the extension-grate section, the burning lanes
gradually widen. The constant agitation of the grate
section keeps the fuel bed broken up and porous,
permitting the gradual completion of the combustion
of carbon. The ash then moves to the ash-discharge
plates, where it is ejected in a continuous discharge
for removal.

The extension grates permit the effective burning
of coke in the refuse before it reaches the dumping
grates. These extension grates are usually equipped
with a reciprocating-action drive, either separately or
in series with the pushers. The grates may be flat or
stepped. The agitation of these grates keeps the fuel
bed active, breaks up any large clinker formation,
and moves the refuse to the dump grates.

The dump grates, or ash-discharge plates, located
directly aft of the extension grates, rid the stoker of
refuse after combustion of the fuel is completed.
They may be arranged to lower at intervals to dump
the accumulated ash and clinker into the pit, or they
may be given a reciprocating motion by connection
to the stoker mechanism for continuous ash discharge.
Air is admitted to most dump grates for the last pos­
sible stage of combustion before dumping.

Air Distribution. Air for combustion is supplied from
a plenum chamber (windbox), and the quantity and
pressure for the various sections are controlled by
dampers. Most of the air is admitted through the
tuyere blocks. A more elaborate system of controls is
usually provided for these longer stokers of the grav­
ity-feed type. The pressures for the various sections
are indicated by gages, so that a closer control can
be maintained for greater efficiency. With closer con­
trol of combustion air it is also possible to obtain 
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Features Applicable to Both Types

Fuel-Bed Contour. As the coal leaves the ram boxes
J enters the furnace, a cross section of the flow of

tU fuel bed assumes a sine-wave contour in both types
f multiple-retort underfeed stokers. The crest of each

° aVe is directly over the retorts, which are tire chan­
nels of feed, while the trough will be over the tuyere
sections. Most of tire air for combustion is admitted
through the tuyeres. By lateral flow from the adjacent
•etorts, the coal is distributed over tire tuyeres, and
these zones become the active burner lanes, with much
slower burning over the retorts. In the gravity-feed
type, as tire fuel bed approaches the lower end of the
grate, particularly the overfeed or cleanup section,
lie contour tends to level out.

. ier burning rates without serious increase in
Maintenance cost. Tuyeres. Tuyeres are mounted between the retorts

and, as assembled in banks, provide a system of grad-
nate openings for admission of the proper quantity
o air for combustion. Long webs provide effective
air cooling, which, with minimum exposure to heat,
assures long life. Side tuyeres are usually provided to
prevent clinker adhesion to the side wall.

Ash Discharge. In the single- or double-retort hori­
zontal-feed stoker, the ash discharge is usually at the
sides. The ash may accumulate on the side-dump
plates to be disposed of periodically, or, for units
equipped with moving dump-grate sections, it may
be discharged continuously into a pit.

In the gravity-feed multiple-retort stoker, ash is
disposed of at the rear. Dump grates that open inter­
mittently are usually operated by a steam or air cyl­
inder. The period of intermittent dumping will depend
upon the percentage of ash in the coal and the com­
bustion rates per retort. Water sprays are normall)'
installed in the ashpit to cool the refuse immediately
after dumping. Ash hoppers of ample capacity should
be provided for this type of stoker. Higher efficiency
is possible with continuous ash discharge because of
the reduction in carbon loss and lower excess-air re­
quirements. With this method it is also possible to ob­
tain higher capacities with a more flexible load range.
In this type of installation, particularly where the ash
is to be removed by sluicing, clinker grinders are
usually fitted. The grinders may be single or double
rolls driven by a separate motor, a drive chain from
the stoker shaft, or an hydraulic cylinder, depending
upon plant preference or conditions. Grinders usually
have replaceable teeth.

Use of Water-Cooling. In the early days of stoker
application, furnaces were of all-refractory construc­
tion. As furnaces became larger and burning rates in­
creased, it became necessary to improve furnace-wall
and grate construction to meet the new requirements.
This was done by the use of water-cooling. Water-
cooled tubes absorb radiant heat and protect the re­
fractory. Water-cooled retorts and tuyeres lower the
fuel-bed temperature and chill the ash. This helps to
prevent tire closing of air ports by slag and thereby to
lengthen tire life of the parts.

Suitable Coal Characteristics. A fairly wide range of
coal can be used with either type of underfeed stoker.
The horizontal-feed type is better suited for free-
burning bituminous coal, with a size consist of la­
in X zero nut, pea, and slack in equal proportions be-
ing most desirable. It can also satisfactorily burn an­
thracite separately or mixed with bituminous coal.

A comparison between stationary- arrd agitating-
rrrate underfeed stokers shows that stationary grates
can bum coals with lower ash-fusion temperatures 
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Stoker Drives. The type of mechanical drive for the
underfeed stoker will depend upon plant load condi­
tions and the flexibility desired. Motors are commonly
used when the application is for low-pressure boilers
or when mechanical power is not produced at the
plant. Where sufficient steam pressure is available, a
steam-turbine or a reciprocating-steam-engine drive
may be used to advantage, particularly when the
steam required is a factor in heat-balance conditions.
The speed range and flexibility of stoker drives may
be increased by variable-speed transmission. To pro­
tect stoker parts from damage, tire driving mechanism
is equipped with a shear pin.

Two types of hydraulic-drive systems are used. In
one a constant-speed motor or a turbine drives a vari­
able-displacement oil pump, fitted with proportioning
valves, which supplies oil pressure for all drives and
controls required for operating the stoker. In the other
the oil pressure from the pump acts directly on the
hydraulic cylinder driving the rams and the mecha­
nism for agitating the grates.

Rams and Ram Boxes. Most rams are cylindrical but
some are rectangular. They may be horizontal or in­
clined at the angle of the grate. Usually the ram boxes
have renewable wear plates. In the case of the rec­
tangular boxes, the wear plates may be adjusta e.
By the use of separate adjustments for each ram an
distributor or retort pusher, the quantity of coal fed
to the stoker as well as its distribution from
rear within the furnace can be closely regulated, rose
adjustments are made while the stoker is in operation.
Therefore, regardless of the variation in the 'in an
condition of the raw feed, the fuel bed can be main­
tained at the proper thickness and distribution for
efficient operation.
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without serious clinker problems whereas the agitat-
ing-type grates can more readily burn coals with high
caking tendencies. On the other hand, the gravity­
feed stoker gives good results burning caking coals of
moderate to high ash-fusion temperature as well as
high-volatile bituminous coals of the free-burning
variety. With water-cooled stationary tuyeres, the
capability of this type of stoker is extended to include
low-fusion coals.

The size of the coal has a marked effect on the rel­
ative capacity and efficiency of a stoker. A nonstrati­
fied distribution of the raw coal across the hopper is
important, particularly for a stoker with multiple re­
torts. A reduction in tire percentage of fines helps to
keep the fuel bed more porous and extends the range
of coals with a high coking index.

In general, underfeed stokers are able to burn cak­
ing coals. The range of agitation imparted to the fuel
bed in different stoker designs permits the use of coals
with varying degrees of caking properties. There is
no rule of thumb by which the degree of agitation re­
quired can be correlated with the caking properties
of the coal. The only certain way to select suitable
coal is by actual field tests for a given unit. The ash­
fusion temperature is an important factor in the se­
lection of the coals. Usually, the lower the ash-fusion
temperature the greater the possibility of clinker
trouble.

Size Limitation. The single- or double-retort hori­
zontal underfeed side-cleaning stoker is generally
designed to service boiler units generating up to
30,000 lb steam/lir continuously, with slightly higher
peaks. This type of stoker with moving grates should
be designed for a maximum rate of 425,000 Btu/sq
ft, hr (equivalent to 34 lb of 12,500-Btu coal) in fur­
naces with water-cooled walls. For refractory-walled
furnaces, the maximum rate should be reduced to
about 25 lb coal/sq ft, hr.

The multiple-retort gravity-feed stoker can be de­
signed in capacities suitable for boiler units generat­
ing from 20,000 to 500,000 lb steam/hr. This type has
burning rates up to 600,000 Btu/sq ft, hr (48 lb coal),
with peaks of 720,000 (58 lb coal). It is apparent that
it is not only these higher rates but also the much
greater fuel-bed area possible with this type that
boosts the maximum capacity to over 10 times that
of the horizontal-feed stoker.

Burning rates are directly related to the ash-soften-
ing temperature. For coals with ash-softening tem­
peratures below 2400 F, the burning rates will be
progressively reduced.

Preheated Air. The development and extensive use
of air heaters have had an effect on underfeed-stoker
design and performance. The gain in efficiency from
preheated air is not confined solely to the heat re­

covered. With some coals the result has been a thin­
ner and more uniform fuel bed with a decrease in ex­
cess air and lower undergrate pressure.

Since grate temperature depends upon the tem­
perature of the combustion air, it is apparent that the
latter should not exceed the allowable use limit of the
metal of which the grate is made. Generally, the top
limit for preheated air, as set by the manufacturer, is
350 F.

Combustion Control. Many small underfeed stokers
handling relatively steady heating loads operate with
a start-stop control. This consists of a pressure regu­
lator set for a steam-pressure differential of 2 to 5 psi,
which starts the stoker on pressure drop and stops it
as the steam pressure reaches the preset high point.
For such operation it is desirable to include a hold­
fire timer in the control system.

Stokers operating to suit a varying load should be
equipped with modulating combustion controls that
will vary the coal feeding rate and air supply in step
with the steam demand and should include control of
the furnace draft through operation of the boiler out­
let damper. Positioning-type controls, either electric
or hydraulic, are quite satisfactory for this purpose
when manual adjustment is available to establish the
correct fuel-air ratio.

Maintenance. Maintenance cost for any type of fir­
ing equipment is always of utmost importance. Like
other items of maintenance, any excess over the rec­
ognized and legitimate cost is subject to the control
of the operator if the design and construction are
sound to begin with and the particular unit is suitable
for the service intended. Maintenance costs, there­
fore, may be said to depend upon the design of the
stoker, the correctness of the application, the type of
fuel used, and the skill of the operator.

Probably the greatest single factor in high main­
tenance is the burning of stoker metal. If the fuel
bed is maintained in a porous condition, stoker parts
can be held at a safe temperature with an adequate
flow of air to remove the heat as fast as it is generated.
Use of inferior grades of coal, unsuitable for the
equipment as designed, will increase maintenance
costs. Similarly, maintenance for units using preheated
air is higher than that experienced on units designed
for ambient temperature air.

Refuse Handling. The horizontal-type side-cleaning
underfeed stoker usually discharges ash from dump­
ing grates adjacent to furnace side walls into shallow
ashpits from which it is removed by hoe and shovel
through suitable doors in the stoker front. With this
arrangement no basement is required, which is some­
times important when considering installation costs.
11 basement space is available, deeper pits will pro­
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vide more ash-storage space. Final disposal of H -is by wheelbarrow or any of several tynes nf m , asn
ical ash conveyors. mechan-

The gravity-feed multiple-retort stoker, becau^ rits inclination and its larger capacity, requires nl °f
inent and mechanical equipment for handling’
ash. Where the ash is to be removed by slui S

rotary ash-discharge arrangement with a chnker
grinder is a desirable feature, especially in 1 n •where there is a market for siiedSZ ““

Cinder Ermss.on and Fly-Ash. Cinder emission from
the underfeed stoker depends upon the combustion
rate, the caking properties, and the size consist of the
coal fired. For burning rates under 500,000 Btu/so
ft, hr, cinder emission is relatively low. Free-burnin?
fine coal will increase the dust loading of the gases
leaving the furnace. A multiple-retort gravity-feed
stoker burning a fine coal at high rates may have n
combustible loss of 15 to 20%.

General Operating Aids

For good performance in operating an underfeed
stoker, the following precautions should be observed:
1. A furnace draft of not less that 0.1 in. of water

should be maintained at all times above the fire.
2. The grates should, from time to time, be inspected

through the windbox doors to make certain that
they are cool.

3. A fairly uniform air-fuel relation should be main­
tained over the entire stoker area. Localized over­
heating of the tuyeres and grates and waste of fuel
may result if the stoker is operated with too little
air at one portion of the fuel bed and too much air
at another.

4. Except in an emergency, combustion air should be
shut off shortly after the coal feed is stopped, to pre­
vent the fire from burning down into the retorts.

5. Air leaks through the setting must not be allowed,
since this may cause a deficiency of air through the
fuel bed.

6. The fuel must be properly distributed over the
grate surface to assure active burning over all
areas where air is flowing. The fuel bed should be
kept at the correct thickness for an intimate mix­
ture of the coal and air without blowholes.

7. Ash and clinker should be handled as follows:
Some ash should be kept on the stoker grates as
insulation and protection against overheating. The
period between cleanings will depend upon the
clinkering tendencies of the ash and the quantity
of ash in the coal. Cleanings must be timed to pre­
clude interference of clinker accumulation with
combustion or stoker operation. The rolls and cut­
ters of clinker grinders should be checked peri-
ou cally, and broken or badly worn parts replaced.

ie stoker windbox should be inspected fre­
quent y, and siftings should be removed before any
appreciable amount has accumulated.

8. The various sizes of the coal should be distributed
uniformly, since segregation produces uneven fires
and a loss of capacity and efficiency.

9. For the correct operation of a large underfeed
stoker, in addition to observation of the fire it is
essential to give close attention to the readings of
draft gages and panel-board instruments and to
act promptly in making the adjustments indicated
by these readings. The depth of the fuel bed above
the top of the tuyeres may vary between 12 and 30
in., depending upon the burning characteristics of
the coal.

Operating Procedure

Starting Fire. To start the fire with a horizontal-feed
type of stoker, sufficient coal is slowly fed to cover the
grate surface to a uniform thickness of 3 in. after man­
ual spreading. Kindling or oiled waste is placed ox er
the coal on each side of the retort. Just before igniting
the kindling, the boiler damper and the windbox
door are opened. When the coal is well ignited, tire
stoker is operated at the speed required to replace
the coal being burned. When load is to be placed on
the boiler, the windbox is closed and forced draft is
supplied.

When raw coal is initially fed into the stoker, an
even distribution of fuel is maintained by observing
the contour of the fuel bed. As the stoker picks up
load, fuel and combustion air are adjusted for the
thickness of the fuel bed. The correct thickness de­
pends somewhat on the width of the stoker and the
type of coal being used. The depth of the fuel bed
over the tuyeres may vary within the limits noted
above. Usually low-volatile coals can best be burned
with a heavy fuel bed. Coarser-size coal also calls for
a thick fuel bed.

The gravity-feed type of stoker requires about 8 or
9 in. of fuel distributed over the tuyeres of the under­
feed section. A fire is started by lighting oiled waste
or kindling placed on top of the coal close to the front
wall. When ignition is well established, light air pres­
sure can be applied to hasten burning. After sufficient
ash has accumulated to protect the tuyeres and the
moving and dump-grate sections, the stoker can be
put into general operation. The stoker should not be
forced until the fuel bed is in a good coked condition
and evenly distributed.

Normal Operation. The best fuel bed is the one
which carries the load with just enough thickness to
bum freely throughout the length of the stoker when

with the desired quantity of excess air. Dis­
and agitation of the fuel bed arc controlled 

operating
tribution
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by adjustments to the stoker mechanism. Speed will
control the fire for proper thickness and length.

Banking. Ash should not be dumped just before
banking, since it is best to leave as much ash protec­
tion on the stoker as possible. Preparatory to bank­
ing, the fire should be burned down thinner than it
is during normal operation. The air should then be
shut off and the fuel feed operated for a few minutes
to build the fuel bed to normal depth. With a good
bed of coal in the furnace, the coal feed should be
shut off and the boiler outlet damper closed to a posi­
tion just sufficient to carry off the gases. This damper
is closed gradually as the furnace cools. If it is neces­
sary to bank with coal in the hopper, the stoker should
be run a few minutes every hour until the hopper is
empty or the boiler is again under load.

Emergency Shutdown. The object of an emergency
shutdown is, of course, to stop the heat release of
combustion as quickly as possible. For a sudden loss
of load the best procedure would be as follows: The
stoker should be stopped. The forced-draft fan should
be shut off and the damper closed tight. All doors in
the boiler above the grate line should be opened.
Under these conditions burning of the fuel bed will
be retarded, and, with the admission of air above the
grate, the furnace will be permitted to cool gradually.
Water should not be used on the fire, as the rapid
expansion of gases and steam or the generation of 

hydrogen could cause an explosion.
In the case of a water-wall-tube or a boiler-tube

failure with steam and water discharged into the
furnace proper, the steam and water so discharged
usually extinguish the fire. Under such circumstances
the problem is to keep the gases and steam confined
within the setting to protect the personnel. Furnace
doors should have locking latches for this reason.

For an emergency shutdown because of low water
within the boiler, the operating procedure, so far as
the stoker is concerned, should be the same as for a
sudden loss of load. Detailed procedure for the pro­
tection of the boiler is covered in Chapter 21.

Change-Over to Oil or Gas, All Types of Stokers. Oil
or gas burners can be applied to underfeed-stoker-
fired furnaces. Certain precautions must be observed
however, when oil or gas is to be fired alternately with
coal. If the burning of the alternate fuel is on a tem­
porary basis, a good layer of stoker ash will serve to
protect the grates. If the change-over is to be for a
period of several weeks, the grates should be protected
in a more permanent manner by using firebrick. For
an extended period it may be expedient to remove
the stoker and to build a false refractory floor over
the steel work. On the other hand, if the gas or oil
burners are to be idle for some time, it may be desira­
ble to brick-in the burner openings to prevent plug­
ging of the parts by slag.
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PULVERIZED-COAL EQUIPMENT

O
f the three commercial fuels—coal, petroleum,
and natural gas—found in abundance and
widely distributed in the United States, coal

is predominant and indispensable for the production
of power and industrial use. Because of its distribu­
tion and availability, coal is the basic fuel in the
generation of steam for light, heat, and power. The
production of bituminous coal in the United States in
1959 was 410 million tons, the consumption 366 mil­
lion tons. Its usage was divided approximately as
follows:

U.S. Consumption of Bituminous Coal

Table 1°

Use Per Cent

Electrical utilities 45.3

Railroads (Class 1) 0.7

Metallurgical coke 21.6

Steel and rolling mills 1.8

Cement 2.3

Other industries 20.1

Retail 7.9

Bunker foreign trade 0.3

"According to Natl Coal Assn, Bituminous Coal Data 1959.

About 80% of the coal for the generation of electricity
and practically all the coal for the manufacture of
cement was burned in the pulverized form. This is
equivalent to 40% of the total annual consumption, or
about 150 million tons, and demonstrates the impor­
tance of pulverization equipment and processes.

Tne preparation and the burning of coal in pulver­
ized form are covered in the present chapter; stoker
“ring in Chapter 16; and Cyclone Furnace firing in
Chapter 28. Hand firing is practically obsolete.

Selection of Coal-Burning Equipment

The selection of the most suitable burning equip­
ment for a particular job consists of balancing the in­
vestment, operating characteristics, efficiency, and
type of coal to give the most economical installation.

Investment. Experience shows that stoker firing is
best suited for steam-generating units until design
capacities less than 100,000 lb steam/hr, and pulver-
ized-coal or Cyclone Furnace firing for units above
that size. For kilns and industrial furnaces of all sizes,
pulverized-coal firing is most commonly used.

Operating Characteristics. Operating characteristics
of the installation may be the determining factor. For
a small plant with inferior labor or for a plant with a
wide load range, the stoker is best suited. For large
plants with skilled operators, pulverized-coal or
Cyclone Furnace firing is preferable.

Efficiency. Small process plants can frequently toler­
ate the lower efficiency of a stoker-fired unit. In larger
plants, the fuel cost is such a large fraction of the
operating cost that efficiency may be the controlling
factor and dictate the selection of pulverized-coal or
Cyclone Furnace firing.

Type of Coal. The type of coal will influence the
choice of the method of burning with the primary con­
siderations as follows: —

Stoker firing: rank of coal, moisture, volatile matter,
ash, and ash-softening temperature.

Pulverized-coal firing: grindability, rank, moisture,
volatile matter, and ash.

Cyclone Furnace firing: volatile matter, ash, and
ash viscosity.

Convenient approximations for the selection of
bituminous coals for the firing of boiler furnaces are
given in Table 2.
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be exceeded’for lower rank, higher inherent-moisture-content coals, i.e.,

to Method of FiringCoal Characteristics
Method of Firing
Max total moisture’ (as fired), 5
Min volatile matter (dry basis), %
Max total ash (dry basis), %
Max sulfur (as fired), %
Max ash-softening temperature, F
’These limits may ------d.2
subbituminous and lignite.

Table 2

Stoker Pulverized Coal Cyclone Furnace
15-20 15 20

15 15 15
20 20 25
5 — —

— 2400

When firing such equipment as metallurgical fur­
naces and kilns, other considerations may determine
the suitability of a specific coal. The rank of coal and
the end use govern the fineness to which coal must be
ground. The data of Table 3 are helpful in this speci­
fication.

Fundamental Considerations for Pulverized-Coal
Systems

1. Pulverizer Requirements
A) The pulverizer may do grinding only and leave

the feeding, drying, classifying, circulation,
and transport to component equipment; or it
may do the complete job.

B) Modern steam-generating units require systems
which:
a) Are conservative in space consumption;
b) Handle a wide variety of coals;
c) Are responsive to load changes and capable

of fully automatic operation;
d) Maintain performance throughout the use­

ful life of the components;
e) Are easy to maintain and have the fewest

number of parts;
f) Remain in uninterrupted service for ex­

tended periods.

2. Design Fundamentals
A) Feeding. The fuel rate must be coordinated with

pulverizer air-flow characteristics in order to furnish
the velocities necessary for transportation and the air-
coal-mixture proportions required by the burners. It
must be automatically controlled by the boiler load
demand.

The B&W Co. uses a feeder controlled by air-flow
and coal-delivery rates. Air flow is measured by a pitot
tube or an orifice in the air supply line and coal flow
by the static-pressure differential across the grinding
zone.

B) Drying. This is essential to furnish 1) the proper
dryness of material to the grinding surfaces for effi­
cient grinding and 2) the proper air-coal-mixture
temperature to the burner for ignition without coking.
Thus an adequate heat supply to, and an adequate
residence time in, the pulverizer are necessary.

In B&W pulverizers these requirements are met by
the blotting action created by the dry internal re­
circulation of material ahead of the grinding faces
and the flash drying by hot air after grinding.

C) Grinding. The pulverizer must do adequate
work on each passage of the material through the
grinding zone and without the production of excessive
superfines. This is best accomplished by internal
recirculation of coarse material. The pulverizer should
maintain its grinding ability over the life cycle of the
grinding elements and be able to reject foreign matter 

Type of Furnace
Marine boiler furnace
Water-cooled furnace
Cement kiln
Metallurgical
’The 200-inesh screen (sieve)

tas determined by process, generally from 80 to 90%.)
• 1 r it e , • 1,ilS“00T,ningS Perlincarinch or 40,000 openings nersoinrc
inch. From U. S. and AS I M sieve series, the nominal aperture for 200 noon P n -4
mm. The ASTM designation lor 200 mesh is 74 microns. °'0029 *n' °r °'°'4
1 Extremely high-ash-content coals will require higher fineness than indicated.

Table 3
Required Pulverized-Fuel Fineness at Maximum Rating

Per Cent Through 200 U.S.S. Sieve’
ASTM Classification o£ Coals by Rank

Fixed Carbon, % Fixed Carbon below 69%

97.9-86 Btu Btu BtuPetroleum
85.9-78

above 12,900- belowcoke 77.9-69 13,000 11,000 11,000
— 85 80 80 7580
90

75
85

70
80

70
80

65 f
80

60f
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that enters with the feed. These objectives should be
attained without excessive wear and power consump-

tl0The grinding elements of B&W pulverizers are
spring loaded to provide the necessary grinding force
throughout the life of the elements. Shallow cupped
rings furnish adequate grinding surface, allow rapid
material flow, and facilitate the discharge of foreign
material to the counterweighted relief gate. The
spiral rotation of the pulverizer balls keeps the balls
spherical and allows the ring surfaces to wear to the
proper contour.

70

50

o io

15,000

10,000

5000

10
LU < > C

5

0

COAL RATE, 1000 LB/PULVERIZER, HR

. O
£ o

£<t

Ct! uj _

o-luU
LU > _
N=Ju-

30
— — — — -

— - . -* - — •*'
—

M AX CAPAC ITY/P JLVEI IZER^

. M
_ V '

. a- ___ 1—

A

\ 
I

\ 
t *\ — - — — —

1
-1—

0 5 1 0 1 5 2 0 2 5 30 35 40 45

D) Circulating. Circulation within a pulverizer
should dry the material, remove it from the grinding

CONDITIONS:
BURNER NOZZLE DIAM = 11 l/t IN.
BURNER THROAT DIAM = 32 IN.

_ NUMBER OF BURNERS = 16
~~ GRINDABILITY = 100; 70/200 SIEVE; 8% H2O (SURFACE

GRINDABILITY = 55; 70/200 SIEVE; 8% H2O (SURFACE)

Fig. 1. Coordination curves for pulverizers and burners 

zone, and deliver it to the classifier for rejection and
return of oversized material to the grinding zone.

These functions are all performed in the B&W
pulverizer where the controlled inlet-air jet system
fits the material as it passes through the grinding
zone, sends it through deflectors for immediate return
of oversize material to the grinding zone, and at
reduced velocity delivers slightly oversize material
to the classifier.

E) Classifying. The function of a classifier is to per­
mit passage of material of desired fineness and to
return oversize material for further grinding. If sepa­
ration is not precise, fine material returned for further
grinding produces unnecessary superfines. Separation
must be effective over a wide load range, be reason­
ably adjustable for product size, and permit uniform
division among multiple burner lines.

The stationary cyclone-type classifier, used in the
B&W pulverizer, meets these requirements. The
shrouded discharge prevents re-entrainment of re­
jects. A flat fineness characteristic is obtained since
classification ability is proportional to velocity and
particle-size loading. The movable inlet vanes permit
adjustment for the desired product fineness.

F) Transporting. The velocity in pulverizer dis­
charge lines should be sufficiently high to prevent
fall-out of material in the lines. A uniform coal-air
mixture to the burners must be at suitable velocity.

The B&W system, by a variable controlled air-coal
relationship, increases the air-coal ratio at lower loads
and decreases it at higher loads to provide a maximum
load range. The symmetrical take-off of burner lines
assures equal distribution.

3. Adjustments for B&W Pulverizers

A) Calibration of Air-Metering Device. This is neces­
sary to provide proper air-coal relationship for effi­
cient pulverizing, since this ratio controls the internal
circulation and insures optimum burner performance.

The metering equipment consists of a modified
pitot tube or orifice to measure the primary-air flow
to the pulverizer. Taps at the pulverizer air entrance
and exit permit measurement of the clean-air pressure
drop and the circulating-coal load. This facilitates
the calculations for construction of pulverizer curves
(Fig- 1).

B) Selection of Fuel-Air Ratio for a Particular Installa­
tion. This is dependent upon the coal grindability, the
desired fineness, and the load range.

C) Development of Coordination Curves. The follow­
ing steps show the development of the coordination
curves:
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a) After the number of pulverizers has been
established, the steam flow vs coal rate per pul­
verizer can be determined. The normal load
requirement should be known, as well as the
pulverizer control capacity.

b) The curve for pulverizer air flow cfm vs coal
rate (Ib/pulverizer, lir) can be drawn when the
grindability, desired fineness, and pulverizer size
are known.

c) The cu ft of primary air per lb of coal vs coal
rate (Ib/pulverizer, hr) curve can then be drawn.

d) The curve for throat velocity vs coal rate can
be drawn after the pulverizer size and air flow
have been determined.

e) The burner nozzle velocity can then be cal­
culated, and the operational overlap for multiple
burners can be established for the load range.

D) Adjustment of Feeder Controller. The feeder con­
troller is set for maximum load based on fineness and
output, and the minimum load is based on burner­
line and -nozzle velocities, burner stability, and
pulverizer throat velocity.

Fig. 2. An early bin-system installation (1930). Coal dried
within pulverizer

No adjustment is required for changes in grind­
ability of less than 20 points. A wider variation
requires readjustment to obtain proper drying, fine­
ness, and load range.

No adjustments are normally required for changes
in volatile matter, heating value, or coal size. No
adjustment is required for moisture as long as outlet
temperatures remain within allowable limits (see
Table 7).

Major Pulverized-Coal Systems

In general, there are two systems currently in use
in processing, distributing, and burning pulverized
coal for the generation of steam, the manufacture of
cement, and for metallurgical heating processes.
These are the bin system and the direct-firing system.

In both systems, the coal may be predried or dried
during pulverization and is ground to a fineness
suitable for the particular application. The develop­
ment and improvement in coal-pulverizing and
-burning equipment have had a marked influence on
the trend in the use of the two systems.

Bin System

The bin system was the forerunner of the large-scale
use of pulverized coal in the cement industry, metal­
lurgical processes, and steam generation. In this
system the coal is processed at a location apart from
the furnace. The distance of the processing plant from
the point of application is limited only by available
means for transporting the finished product.

Functions of the modern bin system are drying,
pulverizing, classifying, and transporting. The coal is
dried, pulverized, and classified continuously in the
pulverizer. The end product is pneumatically con­
veyed to cyclone collectors, where approximately 95%
of the coal is separated and discharged by gravity
into storage bins or hoppers. The remaining 5% is
recovered in filters or high-efficiency cyclones, and the
clean moisture-laden air is vented to the atmosphere.
From storage, the pulverized coal is conveyed by
pneumatic transport through pipelines to utilization
bins sometimes as far as 5000 ft from the point of
preparation. In the older systems, the coal was pre­
dried in external thermal dryers, which were danger­
ous to operate from the standpoint of flash fires and
explosions. The increased demand for coal-pulverizing
equipment in the generation of steam and in the
metallurgical field led to the development of an im­
proved bin system, where the coal is dried, pulverized,
and classified in the pulverizer. This required the use
of preheated air in the pulverizer and partial or total
venting, dependent upon the moisture in the coal and
the temperature of the air. A bin system of this type 
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Fia 3- Pneumatic transport
system'for conveying pulver­
ized coal. Capacity, 1 to 100

tons per hour

is illustrated in Fig. 2. A typical transport system is
shown in Fig. 3.

Modern design bin-system vents are connected to
dust-cleaning devices, such as small bag-type collec­
tors, or discharge to a combustion process to reduce
dust nuisance.

For the coal-air transport system, a differential­
pitch screw pump is provided to feed pulverized coal
continuously into a pipeline, at the entrance of which
the coal is aerated or fluidized so that it will flow
through the pipe somewhat like a heavy fluid. A feed­
hopper screw-pump assembly is shown in Fig. 4. The
transport line may run in any direction, and, through
a system of two-way valves (Fig. 3), the coal can be
distributed to any number of bins. The system may be
arranged for manual, remote, or completely automatic
control. Air-transport systems (see Fig. 5) are built
in sizes from 1 to 100 tons of coal per hour. For suc­
cessful operation, the moisture in the pulverized coal
must not exceed 3% (surface) and the fineness should
not be less than 90% through a 50-mesh sieve.

F'9. 4. Fuller-Kinyon pump for transporting
pulverized coal

Features of the Bin System
Pulverized coal was used extensively before pul­

verizing equipment had reached the stage of develop­
ment where it could be relied upon for continuous
uninterrupted operation, flexibility, and consistent
performance. In that period the bin system served as
a means of insuring a continuous supply of pulverized
coal in the plant.

Where the coal has to be predried in this system it
is possible to handle high-moisture coal, which can­
not be done with other means of pulverized-coal prep­
aration except at reduced capacity. It has some
advantage in pulverized-anthracite operations since
the low-volatile and -moisture contents of anthracite
reduce the hazards of bin fires. Stability of ignition
in the burners can be maintained over a wide load
ranve because of greater flexibilitv in the fuel-air
O'-7'

mixture.

Fig. 5- Air-transport system with rotary single-stage com­
pressor at left and Fuller-Kinyon pump at right
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However, there are inherent disadvantages in the
use of the bin system. Except with anthracite, storage
of pulverized coal for any length of time involves fire
hazard from spontaneous combustion. Under certain
conditions there may even be serious explosions of
coal gas emanating from the fuel stored in the bin.
Freshly pulverized coal is hygroscopic in character,
and, after a time, it will pack and hang in the corners
of the storage bin. That is, to a minor extent, true
even with anthracite. In processing coal for storage,
at least one third of the air circulating through the
pulverizer must be vented. Dust-cleaning devices
must be provided to reduce the vent nuisance and the
loss of coal. Separately fired dryers require careful
supervision and control of temperature to avoid un­
wanted ignition conditions in the dryer. The exhauster
or blower must be explosionproof.

The bin system for installations in the metallurgical
industry or for steam generation has been superseded
by the direct-firing system because of improvements
in safety conditions, plant cleanliness, greater sim­
plicity', lower cost of operation, lower initial invest­
ment, and less space requirement.

Direct-Firing System

In the period 1920 to 1925 there was an increasing
demand in the electric utility field for steam-gener­
ating units of greater capacity. This led to the devel­
opment of pulverizing equipment to pennit direct and
continuous firing of coal processed as received with­
out predrying and storage as in the bin system. A
direct-firing installation is simple and efficient. The
raw coal is dried and pulverized simultaneously in
the mill. The cost of operation and the initial invest­
ment are lower. Typical direct-firing installations are
illustrated in Figs. 6, 7, 20, and 25.

Components of the direct-firing system, in general,
are as follows:

1. Steam or gas ah' heater to supply hot air to the pul­
verizer for drying the coal as pulverized.

2. Pulverizer fan, known as the primary-air fan, ar­
ranged either as an exhauster or as a blower.

3. Pulverizer arranged to operate under suction or
pressure.

4. Automatically controlled raw-coal feeder.
5. Coal-and-air conveying lines.
6. Burners.

There are two direct-firing methods in use, 1) the
suction and 2) the pressure tyne. In the suction
method, the air and entrained coal are drawn through
the pulverizer under negative pressure by an ex­
hauster located on the outlet side of the pulverizer.
In this ease the fan handles a mixture of coal and air
and distribution of the mixture to more than one
burner is controlled by a distributor beyond the fan 

discharge. In the pressure method, the fan, located on
the inlet side of the pulverizer, either forces, under
positive pressure, cold air through a steam-air heater
or handles preheated air from a gas-air heater. In this
case there is no dust-loading passing through the fan.
Mixing of the coal and air is accomplished within the
pulverizer housing. The principal differences between
the two methods are summarized in Table 4.

Direct-Firing Suction and Pressure Systems

Table 4

Method Suction Pressure

Type of fan Exhauster Blower
Location of fan Pulverizer outlet Pulverizer inlet
Fan construction Explosionproof Standard
Fan handles Pulverized coal Air only

and air
Relative fan eff Low High
Fan wear High Low to none
Pulverized-coal Tends to be Good

distribution difficult

The feeding of coal and air to the pulverizer is con­
trolled in two ways: 1) The coal feed is adjusted so
that it is proportional to the load demand, and the

Fig. 6. Stirling Two-Drum boiler (B&W) direct-fired with
pulverized coal
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Fig. 7. Rotary cement kiln
direct-fired with
pulverized coal

primary-air supply is regulated to the rate of coal
feed; 2) The primary air through the pulverizer is
controlled so that it is proportional to the load de­
mand, and the coal feed is automatically adjusted to
the rate of air flow. In either case, a predetermined
air-coal ratio is maintained for any given load.

Features of the Direct-Firing System

In the direct-firing system, the coal is dried in the
pulverizer during pulverization and the finished prod­
uct moves to the burners in a continuous uninter­
rupted pattern. The direct-firing system is widely
used for steam generation, cement manufacture, and
in processing nonferrous metals. The advantages of
this system are:
1. Reliability in operation.
2. Flexibility in control.
3. Safety from fire hazard.
4. Compactness of the installation.
5. Low operating cost.
6. Low first cost.

Disadvantages of the direct-firing system are few
and minor. The operating range, without changing
the number of burners in service, is usually not more
than 3 to 1 because the air velocities in lines and other
parts of the system must be maintained above the
minimum values to keep the coal in suspension (see
Fig. 21). This limitation rarely obtains in practice
because of the prevalence of multiple burners and
multiple pulverizers on a single boiler unit. If the inlet
air to the pulverizer is hot enough, coals with total
moisture of 207 (surface moisture 15,7) can be dried in
the pulverizer. For such extremely high-moisture
coals, an inlet air temperature of 600 F is practical.
The predrying of coal before its introduction into the
pi'F. crizer is largely obsolete. High-moisture lignites,
c°m ming 20 to 407 moisture, are pulverized and fired
"itn residual moisture contents above 10,7.

Types of Pulverizers

The reduction of materials to a fine particle size for
countless human needs is one of the oldest arts of
civilization. Coal-pulverizing equipment may be said
to be based, in general, on rock and mineral-ore grind­
ing machinery. The principles involved in all pulver­
izing machinery are grinding by impact, by attrition,
by compression, or by a combination of two or more
of these.

The principal types of coal pulverizers may be
classified under high, slow, and medium speed:

High Speed (above 225 rpm):
Impact pulverizer

Slow Speed (below 75 rpm):
Tube-mill pulverizer

Medium Speed (75 — 225 rpm):
Roll-and-race pulverizer
a) Standard roll and race
b) Bowl mill
c) Disc and roll

Ball-and-race pulverizer

High-Speed Pulverizers

In the high-speed impact pulverizers, the grinding
elements consist of hammerlike beaters revolving in
a chamber lined with wear-resistant plates. There may
be one or more rows of beaters, and the shaft may be
horizontal or vertical, the former being the more com­
mon. An exhauster is generally mounted on the
pulverizer shaft with its inlet communicating directly
with the pulverizing chamber. In the inlet end of the
pulverizing chamber, where primary crushing takes
place, means are provided for removal of tramp iron
and other heavy foreign material. These pulverizers
may be equipped with integral or external classifiers.
Since the grinding efficiency is affected by wear of
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the grinding elements, either the capacity or the fine-
ness decreases with wear. . .

Coal fed to the machine is pulverized and dried
before delivery' to the burners. A feeder, usually an
integral part of the machine, feeds raw coal into the
crushing chamber, whence it travels through the
grinding zone, and then, induced by the fan, the mix­
ture of coal and air is discharged to the burners. Pre­
heated air is used to dry the coal during the process of
reduction. Since the fineness of the finished product
is affected by the air velocity through the grinding
zone, the total heat available for drying is limited by
the low primary-air to coal ratio and temperature. The
absence of load circulation in this type of pulverizer
imposes a further limitation on the amount of moisture
tolerated in the coal for satisfactory performance.

Siow-Speed Tube-Mill Pulverizers

One of the oldest practical pulverizers is the tube
mill, in which a charge of mixed-size forged-steel balls
in a horizontally supported grinding cylinder is acti­
vated by gravity as the cylinder is rotated. With few
modifications, the tube mill is still being used almost
exclusively for wet and dry grinding of mineral ores
and cement raw materials, and for the dry grinding
of the cement kiln product (clinker). Its continued
use in these industries, notwithstanding its low me­
chanical efficiency compared with some other types
operating on entirely different principles of grinding,
stems from its simple and sturdy construction, low
maintenance costs at rated capacities, and ability to
grind very abrasive materials.

Because of its dependability, the tube mill was con­
sidered a suitable unit for the direct-firing of pulver­
ized coal when this system was first introduced.
However, as the use of pulverized coal for power gen­
eration and in the metallurgical industry increased,
the tube mill was gradually replaced by more efficient
modern machines for grinding coal.

Much has been done to improve and adapt the tube
mill for grinding coal, and it is successfully applied
for this purpose where power is not a governing factor
in the operating cost of the system and where there
is ample room for installation.

A grinding cylinder, a ball charge, internal or ex­
ternal classifiers, and a raw-coal feeder are the princi­
pal components of the machine. Air is circulated over
the charge to convey the finished product to the
classifiers. The coal rejected in the classifiers returns
to the grinding zone by gravity. This machine is used
for direct-firing systems by positioning the pulverizer
fan so that it draws from the classifier outlets and
discharges to the burner lines. The conical-end feature
of the grinding cylinder causes size segregation in
both ball charge and material within the grinding

The outstanding features of the tube mill are de­
pendability and low maintenance as a result of the
simple arrangement of liners and ball charge in the
grinding zone. No provision is required for removing
tramp iron from the raw coal. To obtain the optimum
effect of the grinding elements, the speed is limited
to produce the maximum impact of the outer layer of
the balls on the toe of the charge, where the coarse
coal usually segregates. The coal is pulverized by
attrition and impact as the ball charge ascends and
falls with the coal.

The tube mill is a slow-speed pulverizer. For any
given capacity it is relatively larger in size and heavier
in construction than high- or medium-speed pulver­
izers using different principles of grinding. The tube
mill requires more power per unit output than other
types. Because of the absence of load circulation
within the mill, the excessive amount of fine product
within the ball charge, and circulation of preheated
air over the top of the charge, it is not as efficient in
drying the coal as the medium-speed pulverizers with
high air circulation through the grinding zone. This
results in capacity reduction when handling wet coal.

Medium-Speed Roll-and-Race Pulverizers

In the medium-speed pulverizer there are two
groups, classified as roll-and-race and ball-and-race.
The same principle of pulverizing, by a combination
of crushing under pressure and attrition between
grinding surfaces and material, is used in each group,
but the method is different. In both groups air is the
predominant means for circulating the material
through the grinding zone and conveying the finished
product to the burners or cyclone collectors. The first
group is operated under suction; the second group
may be operated under either suction or pressure.

The roll-and-race class of pulverizer is subdivided
into two types, known as: 1) standard roll-and-race
pulverizer, where the ring is stationary and the rolls
rotate; and 2) bowl mill and disc-and-roll mill, where
the bearing rolls are stationary and the ring rotates.

Standard Roll-and-Race Pulverizer. In the standard
roll-and-race pulverizer, the grinding elements of four
or more rolls, suspended from driving arms, revolve
in a horizontally positioned race. The pressure exerted
by the rolls against the race is proportional to the
centrifugal force resulting from the speed of the driv­
ing shaft. Roll-and-race pulverizers of this type have
been used extensively in processing coal for the bin
system and for grinding various materials in the
ceramic and chemical industries. Air is the principal
means for load circulation, for conveying the fine coal
to the classifier, and for collecting the finished product.
By the introduction of preheated air it is possible,
within certain limits, to pulverize coal without pre­

drying- However, this type of pulverizer is not usually
considered suitable for direct-firing conditions, as it
has to be taken out of service to lubricate the internal
roll journals.

A classifier above the grinding elements is an in­
tegral part of the pulverizer. It is a high-sided chamber
with an internal cone classifier provided with adjust­
able vanes and a reject discharge trap at the bottom.

The feeder is usually driven direct from the main
drive. The air-coal ratio is adjusted, as required, by
an automatic control actuated by the pressure differ­
ential across the pulverizer.

Bowl Mill. A- rotating bowl equipped with a replace­
able grinding ring, two or more tapered rolls in
stationary journals, an automatically controlled feeder,
a classifier, and a main drive are the principal com­
ponents of the bowl mill. As noted above, the bowl
mill is another type of the roll-and-race class of pul­
verizer. The principal differences from the standard
roll-and-race pulverizer are the methods of applying
grinding force on the material and of obtaining load
circulation within the grinding zone. In the standard
roll-and-race pulverizer, the grinding action depends
entirely upon the centrifugal force which presses the
rolls against the race, while in the bowl mill the rolls
are held in the desired position relative to the grinding
ring by mechanical springs and the centrifugal force
acts only to feed the coal between the race and the
rolls. The bowl mill is suitable for the direct-firing
system since the roller journals can be lubricated and
the rolls can be adjusted without shutting down. The
fineness of the coal is externally controlled by adjust­
ing the entrance vanes in a classifier of the same
general design as used with the standard roll-and-race
type of pulverizer and by controlling the pressure of
the rolls on the material by adjusting tire compression
springs.

The bowl mill is usually designed to operate under
suction, and the pulverizer fan is placed on the outlet
side of the classifier. Heavy scroll liners and rotor
blades are generally provided to withstand the abra­
sive action of the material on the fan. These mills are
used extensively in direct-firing systems, for steam
boilers, and for cement kilns.

Disc-and-Rol/er Mill. In construction and operation
this machine is similar to the bowl mill. The principal
differences are that the bowl has been flattened out
into a disc and the replaceable ring driven by the ro­
tating disc is essentially flat. There are two or more
tapered rollers loaded by external springs or air
cylinders to produce the desired pressure between the
rollers and the race. These pulverizers are equipped
with an integral classifier of the cyclone type or a
rotating member driven by a separate motor-gear
reducer unit.

Medium-Speed Ball-and-Race Pulverizers

The principle of pulverizing by compression, im­
pact, and attrition is the same, in both the ball-and-
race and the roll-and-race medium-speed pulverizers.
T ISSn§uishing Mature is the grinding elements.
n t e ball-and-race pulverizer these elements are
a s and one or more races. High load circulation

ough the grinding zone, ven' desirable for effective
tyrng and classification of the finished product, is a

feature of the ball-and-race pulverizer.
The ball-and-race pulverizer works on the ball­

bearing principle. The B&W coal pulverizers are of
the ball-and-race type and are classified as Tvpes B
and E. Type B pulverizers are further divided into
what is known as the 100 Series and the 200 Series,
with one and two sets of balls, respectively. A single
row of balls is used in all Tvpe E and Type EL pul­
verizers. (See Figs. 8,9, and 10.) The Type EL pulver­
izer is similar to the Type E except for modified
grinding rings and throat construction.

B&W development is toward new designs of pul­
verizers for commercial application to pulverized-coal
preparation and firing, with due consideration to high
capacity, first cost, space limitations, dependable
service, low power consumption, and low maintenance.

Type B 100-Series Pulverizer. In the Type B 100-Series
pulverizer (Fig. 8) there are two races, one revolving
and one stationary, with one set of balls interposed,
rotating in a horizontal plane. The revolving race (the
top grinding ring), driven by a vertical shaft through
a yoke-and-spring assembly, provides traction and
rotating motion to the balls. Raw coal is fed to the
outer ball periphery, and the pulverized coal, coarse
and fine, is conveyed by air through the radial ports
in the driving ring. Classification is effected in the
housing above the grinding zone, and fineness is con-

Fig 8. B&W Type B single-row ball-and-race pulverizer
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trolled entirely by varying the air flow through the
pulverizer. Because of the high circulating load and
high air-coal ratio possible through this type of pul-
verizer, high-moisture coal can be pulverized satis­
factorily. Capacities for this series range from 0.25 to
7.5 tons/hr witli bituminous coals of 50 grindability
(ASTM) and a product fineness of 70% through a
200-mesh sieve.

Type B 200-Series Pulverizer. In file Type B 200-Series
pulverizer (Fig. 9) an intermediate revolving grind­
ing ring is interposed with two sets of balls between
the races of two stationary rings (an upper and a
lower). The intermediate ring provides traction and
rotating motion to the two sets of balls. The bottom
ring, fixed in position, carries the entire thrust load.
Through the top ring (with race on under side), sup­
ported from the housing but free to move up and
down within limits, force is applied to the grinding­
element assembly by four or more multiple-coil
springs. Spring adjustment, without shutting down the
pulverizer, is made from the outside of the housing
by screw-down bolts.

Raw coal is fed inside the grinding rings to the
table attached to the intermediate revolving grinding
ring. As it passes through the top row of balls, the coal
is partially pulverized, and the fine particles are en­
trained and conveyed by air to the classifying section.
The coarse particles fall behind the lower row of
balls and flow by gravity through the bottom grinding

zone. Preheated air from the windbox, flowing through
the throat orifice between the bottom grinding ring
and the driving yoke, entrains all the coal, coarse and
fine, as it passes through the lower row of balls. This
mixture of air and coal flows into the pulverizer hous­
ing through the radial ports in the rotating drive ring
and then into the classifier for final separation.

The classifier is a concentric cone provided with
adjustable inlet vanes and a reject trap at the bottom.
Within a limited range, the fineness of the finished
product is determined by the position of the outlet
sleeve and inlet vanes. Low air velocity through the
mill housing is one of the controlling factors for a high
degree of fineness. Capacities for this series range
from 7.5 to 30.5 tons/hr with bituminous coals of 50
grindability (ASTM) and a product fineness of 70%
through a 200-mesh sieve.

The revolving grinding ring is propelled by the main
shaft driven by a spiral bevel gear-and-pinion assem­
bly in the gear housing. The housing also supports
the top section and functions as the base area on the
foundation. Both main and pinion shafts are mounted
in roller bearings, and the thrust from the weight of
the drive and yoke is carried by a step roller bearing
integral with the gear housing. The entire gear
assembly and bearings are force lubricated. The oil
pump, driven from tbe pinion shaft, is connected to
the main oil reservoir in the gear housing with an
intermediate oil strainer. No lubrication is required
in the grinding zone, thus avoiding shutdown on
this score.

Fig. 9. B&W Type B double-row ball-and-race pulverizer

COAL-AND-AIR
DISCHARGE OPENING

Type EL Pulverizer. The Type EL pulverizer, illus­
trated by Fig. 10, has one revolving and one stationary
race with one interposed set of balls propelled in a
horizontal plane. Through the nonrotating top ring
(with race on under side), grinding force is applied
to the lower rotating ring (with race on upper side)
by mechanical springs externally adjusted for more
or less pressure. The raw coal fed to the grinding zone
is swept into the path of the balls by the centrifugal
force from rotation. The yoke, with attached grinding
ring, is driven by a vertical shaft extending from the
gear housing through the air seal above the upper
radial bearing.

The stationary ring, known as the top grinding ring,
is held in position by the dual-purpose single-coil
spiings. The bottom ends of the springs are secured
to lugs on the grinding ring, and the upper ends are
secured to the adjusting screw-down bolts. The springs
are designed for the dual purpose of providing the
necessary pressure on the balls and resisting the turn­
ing moment of the ring.

Finely pulverized coal is first separated from coarser
particles by the swirling action of the air and coal
imparted by the rotation of the grinding ring and balls.
Final separation takes place in a classifier attached to
the pulverizer top. Oversize material is returned by 
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cravity through rotating seal vanes to the grinding
zone, where it mixes with the raw coal. °

The classifier is a stationary cyclone that has inlet
ports made up of flat blades with openings counter to
the direction of rotation. Coarse particles are re­
moved from the air stieam by inertia. This arrange­
ment utilizes the swirling action of the coal-laden air
outside the classifier. The fineness of the finished prod­
uct is controlled by the length of the adjustable blades
forming the inlet.

Foreign material, such as tramp iron and pyrites,
that may enter with the raw coal is collected in a
“pyrites trap” and periodically removed.

The raw-coal feeder of the rotating-table type may
be integrally mounted on the pulverizer or separately 

COAL-AND-AIR

Fig. 10. B&W Type EL single-row ball-and-race pulverizer

roller bearing at the bottom of the shaft. Forced lubri-
ca ion is provided for the entire gear assembly and
bearings by an oil pump submerged in the oil reservoir
and driven direct from the pinion shaft. Except for the
ee er gear-reduction unit, no other lubrication of the

pu verizer is necessary. Since the applied force on the
grinding elements is adjusted externally, it is possible
to operate the pulverizer continuously for long periods
o time, shutting down only for inspection and
periodic maintenance.

The Type EL pulverizer is made in sizes from EL 17
(17-in. pitch diameter at the race) to EL 76 (76-in.
pitch diameter at the race) with capacities from 15 to
20 tons/hr, respectively, based on bituminous coals of
50 grindability (ASTM) and a product fineness of
70% through a 200-mesh sieve.

One of the important features of the ball-and-
race type of pulverizer is that it operates under positive
pressure with drying and conveying air supplied by
the primary-air fan, thus eliminating wear on the fan
rotor and housing. This allows a wide latitude in the
selection of a high-efficiency fan. A further advantage
is better coal-and-air distribution to a plurality' of
burners in a direct-firing system, since each burner
take-off is connected to a common outlet wherein there
is a uniform mixture of coal and air.

Table 5
Characteristics of B&W Type EL Ball-and-Race Pulverizers

Bituminous Coal at 50 Grindabilitv (ASTM)
and 70% Through 200 Mesh

Type
Size range
Output, max tons/hr
Speed
Rpm of main shaft
Operates under
Fan location
Load circulation
Classification
Classification control

Ball-and-race
EL 17—EL 76
15-20
Medium
220-S2
Pressure or suction
Pulverizer inlet or outlet
High
Internal
Mechanical adjustment

mounted above it. The feeder is independently driven
and controlled by a two-speed motor. The rate of feed
is controlled either by the speed of the feeder and
fixed plow blade or by a variable-opening gate at the
discharge from the table.

The main drive, housed in the base of the pulverizer,
is completely separated from, and sealed against, the
grinding zone. A spiral bevel gear is driven by a
pinion shaft mounted in roller bearings. The main
shaft, on which the bevel gear is mounted, is sup­
ported on a thrust bearing and is guided in two
vertical roller bearings, one at the base of the shaft an
the other in the gear-housing cover plate. The entire
thrust load from the grinding pressure and the weig i
of the grinding elements is supported by the t irus 

Drving, range of moisture
Effect of moisture on

output
Effect of wear on fineness
Method of control

Response to load change
Power input per unit

output, including fan
Maintenance, material only
Noise level

Up to 20% total. 15% surface
None up to 15% surface if

air is hot enough
None
Control primary air, which

controls coal feed
Fast
Low, 14 kwhr/ton

Low, 0.5 to 3.8tyton
Medium

Summary of Pulverizer Characteristics

There are many variations in the design of pulver­
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izers currently used in different industries. In their
application to the process of grinding various ma­
terials, consideration should be given to the design
characteristics as they influence dependability in per­
formance, economy in operation, and initial invest­
ment. The optimum selection would naturally be the
design that produces the desired results at least cost
per unit output. Operating characteristics and the
principles of design of the B&W Type EL ball-and-
race pulverizers are summarized in Table 5.

Selecting Pulverizer Equipment

A number of factors must be considered when
selecting pulverizer equipment. If selection antici­
pates the use of a variety of coals, the pulverizer
should be sized to the coal that gives the lowest base
capacity.” “Base capacity” is the product of desired
capacity, fineness factor, and grindability factor. The
extent of drying within a given pulverizer depends
upon its design and the method used to introduce
preheated air into the grinding zone. Raw coal with
very high surface moisture (about 15%) can be effi­
ciently dried when fed into the grinding zone of a
pulverizer designed for a high internal-circulating
load. On the other hand, where the design does not
permit rapid mixing of raw coal with the partially
dried coal within the grinding zone, the pulverizer is
not suitable for handling high-moisture coal, and the
grinding capacity will drop as the surface moisture
increases.

The two controllable elements in drying are the
temperature and the weight of air, since the total
heat input is proportional to the temperature and the
weight of air injected with the coal. However, for a
given pulverizer performance the weight of primary
air is usually a fixed quantity, which leaves the tem­
perature as the only variable.

The percentage of volatile matter in the fuel has a
direct bearing on the probability of premature ignition
of the fuel-air mixture at the burners. The generally
accepted safe values for pulverizer exit fuel-air
temperatures are given in Table 6.

Fineness is accepted as a measure of the new sur­
face produced in the pulverizing operation. It is ex­
pressed as the percentage of the product passing
through various sizes of sieves, graded from No. 16 to
No. 325 in the ASTM designation.

Fine grinding of coal is necessary to assure complete
combustion of the carbon for maximum combustion
efficiency and to avoid the deposit of ash and carbon
on the heat-absorbing surfaces. This applies not only
in the firing of steam boilers but also in other applica­
tions where close temperature control and the avoid­
ance of carbon contamination are important. Chemi­
cal and metallurgical processes using pulverized coal
as a source of thermal and/or chemical energy gener­
ally require very finely ground coal to insure the
optimum reaction in a limited combustion zone and
often under difficult firing conditions. The coal classi­
fication by rank and the end use determine the fineness
to which it should be ground. This can be obtained
from Table 3.

GRINDABILITY INDEX (ASTM)

Fig. 11. Effect of grindability and fineness on pulverizer
capacity

Pulverizer Exit Fuel-Air Temperature
Table 6

Fuel Exit Temp, F
Lignite 120
High-volatile bituminous 150
Low-volatile bituminous 150-175
Anthracite 200
Petroleum coke 200-250

The temperature of the entering air may run as high
as 600 F, depending upon the amount of surface
moisture and the type of pulverizer.

17-

The effect of fineness on capacity is indicated in
Fig. 11, where the capacity factor is the product of
the fineness factor and the grindability factor. “Base
capacity for a B&W pulverizer is the product of the
desired capacity and the capacity factor.

The range through which the equipment will oper­
ate must be considered in the selection of pulverizing
equipment for direct firing. The range through which
a single pulverizer can operate is an inherent feature
of the pulverizer. For B&W Type B 100-Series and
Type EL pulverizers it is of the order of 4 to 1. How­
ever, the range through which it may be safely oper-

12

Fig. 12. Hardgrave Grindabilify Machine

ated depends upon the type of burner, number of
burners, type of fuel, and whether furnace is “hot”
or “cold.

When the B&W pulverizers are operated at frac­
tional loads, the fineness of the product increases
automatically as the air flow is decreased. This is
beneficial to low-load operation as it assists in ignition
and flame stability.

Grindability Index (ASTM)

The grindability of a coal is expressed as an index
showing the relative hardness of that coal compared
with a standard coal chosen as 100 (unity) grind­
ability. Thus a coal is harder or easier to grind if its
grindability index is less or greater, respectively, than
100. The capacity of a pulverizer is related to the
grindability index of the coal.

A method of testing to determine the grindability
index of coal is described in ASTM Standard D 409.
The method is based on the premise that “The work
done in pulverizing is proportional to the new surface
produced.” A definite amount of grinding energy is
applied to a prepared sample in a miniature pulverizer
(Fig. 12), and the new surface is determined by
sieving.

Auxiliary Equipment

Pulverizer Feeder Controller. All ball-and-race pul­
verizers operating as air-swept mills have a common
characteristic in that the material-air ratio should be
maintained at some definite relation. The ratio de­
pends upon the type of pulverizer, installation, and
material characteristics. For efficient and consistent
results, operation should be kept at the established
ratio.

For any fixed set of conditions there is a precise

Fig. 13. fi&W automatic feeder controller applied to
Type EL pulverizer for regulating coal supply

relation between the pressure drop across the pulver­
izer and the pressure differential of a pitot tube or
orifice in the air supply to the pulverizer. This relation
is the principle on which the feeder-controller svstem,
illustrated in Fig. 13, is based. Only the air flow
through the pulverizer need be varied (manually or
by combustion control) to meet load requirements.
The feeder controller then automatically adjusts the
coal feed to the air flow. Hence, bv the use of this
controller the correct material-air relation can be
maintained automatically over the entire operating
range of the pulverizer while at the same time keep­
ing (a) the proper velocity through the conveying
lines at the lowest practical load and (b) satisfactory
fineness at maximum output.

Sampling Equipment. There is no universally adopted
procedure for sampling pulverized coal, but the “Test

Fig. 14. Recommended arrangement for sampling pul­
verized coal in a direct-fired system using aspirator and

bag or cyclone collector
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DUSTLESS-SAMPLING NOZZLE

W PIPE

SAMPLING TIP

ASPIRATOR ASSEMBLY

Fig. 15. Pulverized-coal-sampling equipment

Code for Coal Pulverizers” (ASME) and the ASTM
Standard D 197 may be considered as good practice.

Two general arrangements of the equipment re­
quired for sampling pulverized coal in a direct-fired
system are shown in Fig. 14, tire principal difference
being that in one (shown at the right) the bag
collector is replaced by a cyclone collector.

Details of the important parts of the equipment
used for sampling pulverized coal in burner lines are
given in Fig. 15.
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Fig. 16. Rosin and Rammler chart for plotting pulver-
ized-coal-sample sieve analyses

The results of sieve analyses of pulverized-coal sam­
ples should be plotted on a Rosin and Rammler chart,
Fig. 16. This graphical form of presenting size distri­
bution is explained in The Bureau of Mines Informa­
tion Circular 7346 (1946). If the points fall on a rela­
tively straight line, the sample can be considered as
representative. If there is a sharp or abrupt break in
the curve, the sample should be discarded.

Exhausters and Blowers. In direct-firing, primary air
is required for classifying and conveying the finished
product to the burners.

Primary air to the pulverizer is supplied by either
(a) a standard commercial blower handling clean air
and discharging directly into the pulverizer or (b) an
exhauster handling pulverized-coal-laden air from the
pulverizer. With a blower, the pulverizing system is
under pressure, and the fan is not subjected to abra­
sion by the pulverized coal. In this case a high-
efficiency fan can be used since the conditions permit
an efficient rotor design and high tip speed. When the
fan or exhauster is handling pulverized-coal-laden air,
the pulverizing system is under suction. To comply
with the National Fire Protection Association, the
exhauster housing must be designed to withstand a
pressure of 200 psi in case of an explosion within the
fan. Furthermore, since the exhauster is subject to
excessive wear, the design is limited to a paddle-wheel
type of heavy construction and hard-metal or other
protective-surface coatings. All of these construction
features are detrimental to the mechanical efficiency
of the fan (see Table 4).

The speed of the pulverizer fan depends upon the
pressure requirements of the system but is generally
about 1800 rpin. The fans are usually independently
driven, but in small sizes one motor may be used to
drive both the pulverizer and the fan.

Power consumption of the pulverizer fan is an im­
portant item in the operating cost, and the selection
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r tjie fan should receive careful consideration. For a
°rrect-fii'ed installation, the fan must overcome the
Ji‘ resistances through the pulverizers and burner
Pnes as well as provide the pressure required at the
turner. The resistance through the pulverizer depends

non the inherent characteristics of the pulverizer and
amount of drying accomplished in it. The resist-

nce through the discharge lines is a function of their
length and the air-coal velocity that must be main­
tained to prevent settling. Table 7 shows average
figures.

Table 7
Average Velocity of Primary-Air-and-Coal

Mixture Through Conveying Pipes
Air-Coal Ratio, 2 Lb Air/Lb Coal

Pulverized-coal fineness, 70 80 85
% through 200-mesh sieve

Normal velocity, fpm 5000 4500 4000
Minimum velocity, fpm 3000 3000 3000

Fig. 17 shows average relative power consumption,
under given conditions, for a standard commercial
blower handling clean air and a fan used as an
exhauster handling coal-laden air.

NOTE: EXHAUSTER BHP INCREASES 15% OVER CLEAN-AIR
POWER BECAUSE OF SEPARATION OF COAL ON FAN
BLADES AND DIRECT ACCELERATION OF THE COAL
ASSUMED SAME PRESSURE DROPS FOR BOTH SYSTEMS.

^9- 17. Comparison between power consumption of
blower and exhauster for given set of conditions

Cost o Pulverizing Coal

The operating costs per unit of output are affected

,lze °.f tlle installation, (b) characteristics of
coa , and (c) fineness and distribution of the

finished product.
The life of the grinding elements of the ball-and-

race type of pulverizer varies from 6000 to 32,000
Hours of operation. For bituminous coal the rate of
flear Se“er£diy a function of the volatile matter and

ie sulfur in the coal. The operating cost per unit of
output is a function of the total coal pulverized in

ie ife of the grinding elements. The maintenance
cost is usually expressed in cost per ton of coal pul­
verized. For direct-fired systems, the power consump­
tion per ton of coal delivered to the burners is the
sum of the power required to drive (a) the auxiliaries
delivering coal to the pulverizer, (b) the pub crizer,
and (c) the fan delivering air to the pulverizer and
coal to the burners. When pulverized coal is delivered
to a group of furnaces located at some distance from
the pulverizer, the power consumption of the fan is
considerably higher than that for the standard direct-
fired system.

Burners—General

For optimum utilization of the heat released in
burning a substance, the fuel burner is surrounded
by a combustion chamber or furnace to (a) provide
space to burn the fuel and (b) form a flue or duct for
conveying the hot gases to the remainder of the heat­
absorbing surfaces or processes. This discussion is
concerned particularly with coal fuels burned in
suspension under steam-producing equipment. (See
Chapter 28 on The Cyclone Furnace and Chapter 16
on Stokers for comparison with other methods of
burning coal.)

The appropriate fineness to which coal must be
reduced is summarized in Table 3 for different classi­
fications of coal by rank and for different types of
furnaces.

The quantity of air required to burn any fuel de­
pends upon its constituents. For a discussion of
combustion-air requirements and the usual amounts
of excess air supplied to fuel-burning equipment, see
Chapter 4.

It is essential to control the quantity of combustion
air, since its use in excessive amounts decreases effi­
ciency. It is now general practice to measure (with a
boiler meter or other means) both the air and the coal
injected into a combustion chamber, and it is recog­
nized that, even in the best apparatus used to combine
air and coal for combustion, some air in excess of
theoretical is required.

Pulverized coal is dispersed in an air stream in the
pulverizer for the direct-firing system and immedi­
ately following the pulverized-coal feeder for bin­
system firing. The mixture of fuel and primary air is
conveyed through suitable pipes to the burner. Pri­
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mary air represents only a small portion of the air
required to bum the fuel' For direct firing, its quantity
depends upon the pulverizer characteristics an
ranges from 15 to 20% of the total air required for com­
bustion. The remainder is known as secondary air.
The burner is the device by which the primary air,
fuel, and secondary air are mixed just prior to, or
immediately after, their introduction into the furnace.

Mechanism of Burning Fuel

Fundamentally, the mechanism of burning a par­
ticle of coal in its quota of air is the union of oxygen
with the substance of the outer-surface layer of the
particle to form CO~, leaving residual ash and residual
nitrogen. The inert CO? (plus the inert nitrogen) must
be displaced and the residual ash must be permeable
if more oxygen is to penetrate to unite with a new
outer-surface layer of carbon in the original particle.
Thus, to continue the process of burning until all the
carbon has united with oxygen, prompt and continu­
ous removal of the outer envelope of inert gases is
necessary. This requires a scrubbing action. An ex­
ample of this action is the moving stream of air over a
stationary piece of coal on a stoker, scrubbing off prod­
ucts of combustion and bringing new air (oxygen)
to the new surface. Another striking example of scrub­
bing action is in the Cyclone Furnace (Chapter 28),
where the coal particle adheres to the molten slag
surface and is burned and scrubbed to the vanishing
point.

With pulverized coal this necessary scrubbing action
is not as evident as in the Cyclone Furnace. In the coal-
and-primary-air stream there is little relative velocity
between the coal particle and the conveying air since
the velocity of the air is regulated to keep the fine
pulverized-coal particles in suspension and moving
with the air. However, secondary air for various types
of burners is introduced to coal particles carried by
the primary air at a slightly different direction of
travel and at a different velocity (usually higher).
Thus the inert envelope repeatedly forming around
each coal particle is displaced by continuous scrub­
bing, and oxygen is admitted to successive surface
layers of the particle until only the ash remains.

Experience has shown that the angle of confluence
of the primary-air-and-coal stream with the secondary­
air stream is quite important. Even two burners can
interact with each other to produce disappointing
results. If the secondary' air is introduced into the fur­
nace in the same direction as the coal particles, the
whole mass tends to assume the same velocity with a
reduction in scrubbing effect so necessary for prompt
burning.

Standards of Burner Performance

Operators of pulverized-coal equipment should ex­

pect burner performance to meet the following
conditions:
1. For most modern applications, ignition of the

pulverized coal should be stable, without the use
of an auxiliary fuel, over a load range of 3 to 1.
Since tire majority of steam boilers is equipped
with a multiplicity of burners, considerable range
of capacity in excess of 3 to 1 may be obtained by
varying the number of burners in use.

2. Unburned-combustible loss should be less than 2%.
With most modern installations of well-designed
equipment it is possible to keep the unburned-
combustible loss under 1% with excess air in the
range of 15 to 22%.

3. Only minor repairs should be required at annual
overhauls. Burner parts subject to abrasion, that
may require replacement at more frequent inter­
vals, should be easily renewable at reasonable cost.
Parts subject to high temperature, that cannot be
protected by other means, should be made of alloy
steels.

4. Burners should not require adjustments to main­
tain flame shape and freedom from deposits that
will interfere with the continued efficient and reli­
able performance of the boiler unit in the normal
range of operating load.

5. Burners should be efficient in burning all types
of coals anticipated and such other fuels as may be
economically justified. The designer should be ap­
prised of these facts when the burner equipment
is ordered.
Measurement and control of air (including excess

air) and coal for any combustion process for heat gen­
eration should be considered a minimum requirement.
However, in many instances the correct proportion­
ing of air and coal does not alone insure complete com­
bustion, as intimate mixing is essential. This may be
illustrated by considering an early form of pulverized-
coal burner — a round or flattened pipe located in a
furnace wall or arch. Although the sum total of air
and coal may have been in the proper proportion,
some portions of the air were always too remote from
some portions of the coal to unite, and the result was
both unburned coal and uncombined air. In this
primitive arrangement, even to approach complete
combustion it was customary to use values of excess
air as high as 50%. Ignition of the fuel was sensitive
and might be lost without warning. The unit usually
had to operate at or near a base-load condition. The
loss in efficiency from unburned combustible was in
the order of 4%, and maintenance costs were high.
This was wasteful, and in addition there were the
cost of moving the air and the cost of otherwise usable
heat lost to the stack.

Stability and Ignition—Velocities

Perfect dispersion of the fuel in the air, while de-
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Fig. 1 8. Burner-nozzle veloc­
ities for various numbers of
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sirable for completeness of combustion, does not
insure stability of ignition. To obtain ignition stability
it is necessary that a small part of the fuel stream
should not be so thoroughly dispersed in the air and
that it should move at a lower velocity than the main
stream. To attain this needed low-velocity rich stream
is not difficult since there is a certain amount of drag
in the different parts of the burner. On the other hand,
once coal dust actually settles out because of too low
a velocity in transportation, it is not easily put in sus­
pension again. Rather it tends to “drift” along to the
burner. Such drifting frustrates any attempt to sub­
divide the mixture and can be hazardous if slugs of
pulverized coal are suddenly and erratically allowed
to dribble into a hot furnace.

Current practice is to use primary-air burner-tip
velocities above 3000 fpm for horizontally arranged
burners and above 2000 fpm for vertically arranged
burners. Experience has established that these velocity
limitations are necessary to avoid settling of the fuel
particles and consequent formation of coke within the
burner ports. Maximum velocities range from 4500
to 6500 fpm for all burners in service. The upper limit
depends upon a number of factors, the most important
of which are: pressure drop (reflected in the addi­
tional power requirements for the primary-air fan),
stability of ignition, and wear of the burner parts.
Common burner-nozzle velocities for different loads
are indicated in Fig. 18. The diagram represents oper­
ation with one, two, three, or four burners per pulver­
izer. Fig. 1 shows a complete coordination chart. For
large multipulverizer-fired boilers, an entire pulver­
izer with all its burners is normally put into or taken
out of service as required by the load, instead of shut­
ting down or lighting off individual burners.

Most pulverized-coal burners of all types are
equipped with an impeller, or equivalent device,
which performs the following functions:

When the coal-air stream, at the velocity required

to keep the fuel in suspension within the burner
proper, strikes the impeller, the velocity of a por­
tion of the fuel particles (the finer components) is
reduced so that ignition can take place.

2. The impeller (or equivalent) deflects the fuel par­
ticles into the stream of secondary air, and thus a
more intimate mixing of air and coal is obtained.

The velocity of the secondary-air stream varies for
different burner types, the temperature of air involved,
and the construction and arrangement of furnace

Fig. 19. B&W circular burners for pulverized coal

envelopes. In the following description of several
different types of burners, the secondary-air velocity
required for each is discussed.
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Modern Burner Types

Circular Burner. The most frequently used burner
is the circular type, illustrated in Fig. 19. This burner
has several desirable characteristics. It does not re­
quire much attention to obtain reliable and efficient
performance. It can be equipped to burn efficiently
either gas or oil as alternate fuels. The individual
burners of this type, shown in Fig. 20, have a maxi­
mum capacity of approximately 165 X 10“ Btu/hr.

In the circular type of burner, the tangentially dis­
posed vanes built into the air register mix tire fuel
and air and produce the necessary scrubbing action
on the fuel particles. Thus, while the fuel is intro­
duced to the burner in a fairly dense mixture at the
center, its dispersal by the impeller is such that it pene­
trates the secondary-air stream. This burner is gener­
ally used on dry-ash-removal furnaces. However, it is
occasional!)' used in slag-tap furnaces with the burner
wall formed entirely of furnace-cooling tubes.

For burners of this type installed in dry-ash-removal
furnaces, the velocity of secondary air, as measured in
the annular space surrounding the end of the coal
nozzle, ranges from 4000 fpm with unheated second­
ary air to 6400 fpm with 300 F air. For burners of this
type installed in slag-tap furnaces, the velocity of 600
F secondary air, measured at the same location, is
7500 fpm. The velocities noted are all at maximum
burner capacity.

Multiple-Intertube Multitip Burner. Another successful
burner design is the multiple-intertube multitip type,
shown in Fig. 21. The burner tips are arranged for
optimum distribution of fuel throughout the second­
ary-air stream. In the type shown, the fuel stream is
divided into 12 smaller streams, each introduced to
approximately y12 of the secondary air. There are Fig. 20. B&W circular burners installed in large direct-

fired boiler
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two general forms of this burner type. In one form
Fifr. 21 (a), the fuel leaving the burner tips strikes a
tube protector and is deflected laterally into the
seCondary-air stream flowing between the tubes. In
the other form, Fig. 21 (b), the direction of the fuel
ports is into the spaces between the water-cooled
fubes of the furnace roof, and the secondary air, ad­
mitted through inclined ports, meets the fuel steam
about a foot below the furnace roof tubes. The first
form is used for coals that are not highly abrasive,
such as those from the eastern part of the United
States, whereas the latter is used for the more abrasive
coals prevalent in the central part of the country.

In the burner shown in Fig. 21 (a), the tube pro­
tector functions similar to the impeller for the circular
burner, deflecting the fuel into the secondary-air
stream and protecting the tube directly under it from
abrasion. The tube protectors also serve as a “drag”
on a small part of the fuel stream, creating a low-
velocity zone necessary for stable ignition. Tube pro­
tectors usually have smooth surfaces, but, for a coal
difficult to ignite, the surfaces are ribbed to increase
the number of slower-moving streams in the ignition
zone.

The burner shown in Fig. 21 (b) employs high-
velocity secondary air to mix with the lower-velocity
fuel stream to achieve good combustion. This burner
is used primarily with Midwest coals that ignite easily
but are also highly abrasive. Since the fuel is not
abruptly deflected by any wearing surface in its pas­
sage into the furnace, burner maintenance, even with
a highly abrasive coal, is nominal.

Both forms of tlris burner were developed initially
for the slag-tap furnace, to fire downward on the slag
pool to facilitate melting and tapping. These burners
are still used for this service, particularly in large
boiler installations. Secondary-air temperatures are
usually about 450 F. The burners are shielded from
direct furnace radiation by water-cooled tubes that
form the burner ports and the roof of the furnace.
This protection from direct radiation permits a con­
struction with a minimum of heat-resisting materials.

In recent years this type of burner has been success­
fully applied to the dry-ash-removal furnaces, where
there are many satisfactory installations. This burner
is available for alternate firing with oil or gas. The
range in size for both the combination fuel burner and
the all-coal burner is from 50 X10° t° 1^5 X10' Btu/hr.

Cross-Tube Burner. Still another type is the cross-tube
burner (Fig. 22), in which the primary-air-and-fuel
mixture is injected into the furnace in a thin wide
layer. The furnace end of the fuel port is shielded
from radiation by the water-cooled tubes in front of
it- The fuel is kept from impinging on the pressure
parts by protectors. Just as the fuel enters the furnace,
it is directed upward and downward by a deflector

F'g. 22. B&W cross-tube pulverized-coal burners
block that serves the same purpose as the impeller
on a circular burner. Secondary air is admitted above
and below the fuel port through adjustable dampers
that control the quantity of air as well as its direction.
At full capacity, the velocity of secondary air for this
burner is from 10,000 to 12,000 fpm. While not re­
stricted to large-boiler applications, the cross-tube
burner is widely used in the large-boiler field, where
air temperatures of about 450 F are common. The
range of sizes is from 50 X 10“ to 150 X 10“ Btu/hr.

Although it was designed initially for slag-tap units,
this burner is used successfully on dry-ash-removal
furnaces. On slag-tap units the proximity of the
burners to the slag level and the ability to regulate
the flame elevation (by adjusting the secondary-air
dampers) permit tapping slag when it would be im­
possible to do so with other burner types. The cross­
tube burner can be equipped to burn cither oil or gas,
or both, if desired.

Distribution of Coal and Air

In die foregoing, the ability to effect complete com­
bustion of the fuel with a minimum of excess air has
been emphasized. For efficient fuel consumption, each
particle must be intimately associated with the proper
amount of air, and the fuel entering the furnace must
be uniformly dispersed into a well-distributed second­
ary-air stream. Where pulverized-coal burners are
concerned, uniform distribution of the fuel stream is
rather difficult since the primary-air-and-coal mixture is
not homogeneous. Bends in the coal pipe between the
source and the burners ma)' deflect the coal-air stream
with the result that a nonuniform mixture arrives at
the burners. Similarly, the secondary air may be con­
centrated in one part of the duct, resulting in poor
distribution in the burner windbox.

In the circular pulverized-coal burner, a distributor
is installed in the coal nozzle. This distributor is ad­
justed for optimum performance.
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In die cross-tube tvpe of coal burner, die shape of
die coal nozzle is designed to give uniform distribution
at the furnace. Where there are several severe bends
in the coal pipe (to avoid some external obstruction),
it is sometimes necessary to supplement the inherent
distributing effect of the coal nozzle itself with a
correcting distributor in the coal pipe.

In the multiple-intertube multitip type of burner,
the arrangement and design of the fuel piping ahead
of the burner are rigidly controlled. Uniform distribu­
tion of fuel to the burner tips is obtained by a series
of elbows and changes in piping section. The burner
tips are so arranged that the fuel stream from the pip­
ing is well dispersed over the burner area. The dis­
tribution of primary air and coal is somewhat better
in this burner than it is in the circular burner. How­
ever, this is realized at die expense of higher pressure
drop.

Good secondary-air distribution is very important
for optimum combustion. A nonuniform flame char­
acteristic can be caused by maldistribution of either
the primary stream or the secondary air. Observation
of the fire should show a uniform and symmetrical
pattern, predominantly bright with some short dark
streaks. Where there is faulty distribution, a fire will
be particularly bright in one sector of the flame and
quite dark in another. This effect might also be caused
by a deficiency of secondary air. Even though the duct
arrangement to the burner windbox may appear ideal,
improper distribution of air at the burners is still pos­
sible from excessive velocities entering and within the
burner windbox or deflection of the air because of
obstructions in its path.

Air flowing in a duct has a strong tendency to con­
tinue in its direction and will not uniformly follow a
new direction caused by some change in duct contour
unless it is properly directed. Therefore, both the in­
side and outside corners of all bends should have
generous radii, and the bends should be fitted with
turning vanes to distribute the air uniformly around
the turn. In addition to improving air distribution
entering a burner windbox, proper turning vanes will
also reduce air resistance in the duct. In general, the
velocity of the secondary air entering the burner
windbox should be uniformly distributed and not
exceed 2500 fpm. Under these conditions secondary­
air distribution is usually good. Generously propor­
tioned ducts and windboxes assist good distribution.

Wall Impingement and Tube Wastage

It is not good practice to have pulverized-coal-
burner flames blast against furnace walls — either
refractory or water-cooled. Intensely hot ash particles
(always molten when newly formed) have the ability
to dissolve most refractories, hence heavy “traffic” of
ash over a refractory wall may seriously damage the

FRONT HOPPER
OR SYMMETRICAL

CROSS HOPPER

BURNER CLEARANCES

LONG- FLAT-FLOOR
HOPPER FURNACE

FURNACE

REAR-HOPPER
FURNACE

ALL DIMENSIONS ARE MEASURED FROM THE NEAREST BURNER

MAX DESIGN INPUT/BURNER, IO6 BTU/HR

Fig. 23. Typical burner clearances to confining furnace
walls for circular type of pulverized-coal burners

brickwork. An active flame impinging on, or in close
proximity to, furnace wall tubes may also cause
damage, but of a somewhat different kind. Even if the
boiler water within the tubes is good and truly non­
scale forming, certain conditions, such as 1) high heat
release per sq ft, 2) coals high in sulfur and alkali
content, and 3) localized areas deficient in oxygen,
may induce a slow attack on the external surface of
the furnace tubes. This is known as “tube wastage, a
phenomenon which seems to occur where a reducing
condition exists. Aside from the possibility of damage,
the prompt chemical union of coal and air is delayed
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bv the proximity and attendant chilling effect of the
PomParatively C° d s , ce of furnace tubes. Experi­
ence is the best guide in this matter. Conservative
clearances between various circular-burner arrange­
ments and furnace surfaces at different rates of heat
input are given in Fig. 23.

There are instances where the flame tends to im­
pinge against a particular surface or is directed in
f]ie wrong way. If burner clearances are adequate the
chances are that the deflection of the fire is caused by

FURNACE LIBERATION, 1000 BTU/CU FT, HR

FURNACE LIBERATION, 1000 BTU/CU FT, HR
(b)

B&W SLAG-TAP FURNACE, NO SLAG SCREEN

VOLATILE IN DRY ASH-FREE COAL, %
20 "ty

30--------------------
-------------------------------------------------

48 ------------
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FURNACE LIBERATION, 1000 BTU/CU FT, HR

3.0

FURNACE LIBERATION, 1000 BTU/CU FT, HR

f'9. 24. Principal factors affecting combustible loss for
Pulverized-coal firing in various types of furnaces

secon ary-air stream. The importance of proper
econ ary-air distribution within the burner as well
s e veen burners is evident since more than 80% of
ie ota weight of combustion air is secondary air.

Unburned-Carbon Loss

The primary objective of a pulverized-coal burner
is to combine air and fuel ideally, without an excess
o either. This result is closely approached in the
present state of development. With approximately 15%
excess air, a carbon loss of 0.5% can be expected under
the most favorable conditions. The principal factors
affecting combustible loss in pulverized-coal firing
with various conditions of fineness, excess air, and
types of furnaces are noted in the diagrams in Fig. 24.
The base loss is multiplied by factors for percentage
of fineness (diagram e) and percentage of excess air
(diagram f). As an example, the percentage carbon
loss for two furnace types operating under identical
conditions may be established from Fig. 24 as follows:

Conditions
Furnace liberation, Btu/cu ft, hr
Volatile (dry ash-free coal), %
Fineness (through 200 mesh), %
Excess air at burners, %

Solutions
Furnace Dry-Ash Removal

Diagrams
Carbon loss

c, e, and f
0.5 X 0.8 X 1.2 =

0.48%

20,000
40
75
15

Slag-Tap with
Slag Screen

b, e, and f
0.3 X 0.8 X 1.2 =

0.29%

Pulverized Coal for Other Uses

Application of pulverized-coal firing to copper- and
nickel-ore smelting and refining has been standard
practice for many years. In using pulverized coal,
high-purity metal can be obtained since the furnace
atmosphere and temperature can be easily controlled.
In this industry, where the price differential between
coal and natural gas or oil is in favor of coal, the other
advantages of pulverized coal are the high rate of
smelting and refining and the ability readily to oxidize
the sulfur.

Copper reverberatory furnaces for both smelting
and refining are fitted with waste-heat boilers for the
generation of steam. These boilers supply a substan­
tial portion of power for auxiliary equipment and also
provide the means for cooling the gases leaving the
furnace. A typical copper-reverberatory-furnace and
waste-heat-boiler arrangement is shown by Fig. 25.

An interesting application of pulverized coal is in
the nonferrous industry as a reducing agent in the
recovery of zinc from lead blast-furnace and copper
reverberatory-furnace slags. Lead-bearing ores con­
tain an appreciable amount of zinc and other metals
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that remain in the slag after smelting. The slag-fuming
process by which these metals are recovered is not
new. However, by applying the newly develope
methods of preparing, distributing, and firing pulver­
ized coal, the fuming can now be done directly, auto­
matically, and more efficiently.

Approximately 65 to 70% of all the malleable-ii on
tonnage produced in this country is made from white
cast iron that is melted in a low-head air furnace of
the reverberatory type, burning pulverized coal in a
direct-firing system with forced-draft burners.

In producing malleable iron castings, the hard white
iron is converted to a tough, ductile, machineable
iron by annealing, which transforms the combined
carbon (iron carbide) to free carbon, known as
temper-carbon. Pulverized coal is especially suitable

for this purpose because of better heat distribution
and greater economy than with oil or gas.

In the production of cement, fuel cost is one of the
major items of expense. The first consideration, there­
fore, in deciding on the type filing in the manu­
facture of cement is the price of fuel. In general,
except in locations where the cost differential is in
favor of fuel oil or gas, pulverized coal is universally
used in this industry.

Direct firing, with a single pulverizer delivering
coal to a single burner, is common practice in the
majority of the cement plants in this country (see Fig.
7). The waste-heat air from the clinker cooler, taken
from the top of the kiln hood through a suitable dust
collector, usually serves as the preheated air for drying
the coal in the pulverizer.
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18
FUEL-ASH EFFECTS ON BOILER DESIGN AND OPERATION

F
rom the beginning of the application of combus­
tion of fossil fuels for the production of power,
much attention has been devoted to the problems

created by the residues of such combustion, broadly
known as “ash.” The complexity of these problems has
increased with the size and rating of modern units.
When burned, all but a few fuels have solid residues,
and in some instances the quantity is considerable.

For continuous operation, removal of ash is essen­
tial to all methods of firing. With the fuel bed, this is
accomplished by intermittent shaking or dumping of
grate sections, or by continuous movement of the ash
residue toward a point of discharge. In suspension
firing, the ash particles are carried out of the furnace
by the gas stream or retained in part by settling or
by adherence to boiler surfaces. Retained material of
solid form is removed by periodic cleaning. If temper­
atures are sufficiently high, the retained ash is molten
and may be drained continuously from the furnace.
The portion of the ash that is carried through the
boiler by the flue gas may cause fouling of furnace
walls and gas passes and, under some conditions, may
lead to corrosion of these surfaces. It is therefore im­
portant that the nature and the amount of ash in the
fuel to be used be of major concern to the designer
and the operator.

The following discussion is concerned primarily
with the importance of coal ash in the design and
operation of boilers, but consideration is also given to
the importance of ash residue from petroleum fuels.
Commercial fuels containing ash, and others with
little or no ash, are listed in Table 1.

At best, some means must be provided to handle
ar>d dispose of the ash; at worst, ash in its various
forms may seriously interfere with operation or even
cause shutdown.

Asl- -ontent of Coal

Tne ash contents of coals vary over a wide range.
18-1

Commercial Fuels for Power Production

Table 1

Fuels Containing
Ash

Fuels Containing
Little or No Ash

All coals Natural gas
Fuel oil—“Bunker C” Manufactured gas
Refinery sludge Coke-oven gas (clean)
Tank residues Refinery gas
Refinery coke Distillates (most)
Most tars
Wood and wood products
Other vegetational products
Waste-heat gases (most)

Blast-furnace gas
Cement-kiln gases

This variation occurs not only in coal from different
parts of the world or from different seams in the same
region but also in coal from different parts of the same
mine. Some rock and earthy materials find their way
into the mined product. Before marketing, most com­
mercial coals are cleaned or washed to remove a
portion of what would be reported as ash in labora­
tory determinations (see Chapter 15). In any case,
the ash determinations of significance to the user are
those made at the point of use, and the values noted
below are on that basis.

The bulk of bituminous coal used for power gen­
eration in the U.S. has an ash content within the range
of 6 to 20%. Low values of 3 or 4% are encountered
infrequently, and such coals find other commercial
uses, particularly in the metallurgical field. On the
other hand, some coals may have an ash content as
high as 307. Many high-ash fuels are successfully
burned in the Cyclone Furnace as well as in pul-
verized-coal-fired boilers. Their use is increasing in
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localities where the fuel costs indicate a favorable
over-all economy.

Nature of Coal Ash

The presence of ash is accounted for by minerals
associated with initial vegetal growth or those which
entered the coal seam from external sources during or
after the period of coal formation. Appreciable quan­
tities of inorganic material may be contributed to the
commercial fuel by partial inclusion of adjacent rock
strata in the process of mining.

Although the character, quantity, and distribution
of minerals may vary considerably with the coal seam,
much of this diversity is masked in the as-fired fuel
as a result of cutting, transporting, size reduction,
washing, classifying, storing, and pulverizing, which
operations tend to bring the mineral-matter content
into a less heterogeneous condition. Large differences
may exist, however, in the ash characteristics of coals
from different mines or regions. To some extent, they
can be identified with the coal and with methods of
mining and preparation, thus providing a rough basis
for selection of fuel or choice of burning equipment.

Since quantitative evaluation of mineral forms is
extremely difficult, the composition of the coal ash is
customarily determined by chemical analysis of the
residue produced by burning a sample of coal at a
slow rate and at moderate temperature (1350 F)
under oxidizing conditions in a laboratory furnace.
It is thus found to be composed chiefly of compounds
of silicon, aluminum, iron, and calcium, with smaller
amounts of magnesium, titanium, sodium, and potas­

sium. The analyses of coal ash in Table 2 indicate
what may be expected of some coals from the eastern
United States.

The element sulfur is present in practically all coal,
and its effect on equipment performance has been
given much attention. Sulfur itself burns as a fuel with
a relatively low heating value (4050 Btu/lb when
burned to SO..), but its reputation, which is nearly all
bad, results from the effect of its chemical combina­
tion with other elements. Under certain conditions
some of these compounds corrode boiler components;
others contribute to the fouling of gas passages and
heating surface.

Some of the sulfur in coal is in combination with
iron as FeS=. Sulfur may also be present in the form
of complex organic compounds and, in minor amounts,
in combination with the alkali metals (sodium and
potassium) and alkaline earths (calcium and mag­
nesium). When the fuel is burned, the sulfur com­
pounds are normally converted to more or less stable
mineral oxides and sulfur dioxide gas, SO... A very
small part of tire SO? thus formed is further oxidized
to SO?. These sulfur gases are carried along with the
other combustion gases, and their presence, under
certain conditions, can contribute to corrosion of
boiler heating surfaces and to air-pollution problems.

Ash-Fusion Temperatures

The accepted procedure for the determination of
ash-fusion temperature is outlined in ASTM Standard
D 271 and is described briefly in Chapter 2. The fusion
temperatures of ash, noted in Table 2, are of special 

Coal-Ash Analyses and Ash-Fusion Temperatures

Table 2

Coal: Rank Semibituminous Bituminous Bituminous Bituminous
Seam Pocahontas #3 Freeport Pittsburgh #8 #5
Mine Kilpoa, Va. Longans Ferry, Pa. Richland, O. Springfield, Ill.

Ash in coal, % 5.3 12.15 11.3 11.7
Sulfur in coal, % 0.6 1.15 3.5 4.1
Analysis of ash, % by wt

SiOa 53.1 50.8 44.8 39.8Al,Oa 33.8 30.6 21.4 15.1Fe.0, 9.1 11.0 28.3 32.9
CaO 1.0 5.0 3.3 8.4MgO 0.8 0.6 0.7 0.8NaaO + K.O 2.2 2.0 1.5 3.0

Ash-fusion temperatures,0
ASTM standard cone
Initial-deformation temp, F 2725 2400 1880 1880Softening temp, F 2795 2490 2080 1935Fluid temp, F 2850 2680 2325 2190“Reducing atmosphere.
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interest to the designer, the operating engineer
and the coal-purchasmg authority. Generalities
usually are inappropriate when applied to coal or
to any of its parts or performance, and ash is no
exception. However, just as it is customary to consider
ash a nuisance and the moie ash the more nuisance ”
so it has become customary to consider a low-fusion
ash less desirable than a high-fusion ash. That the
latter is not always so will be evident later on, but
the practical effect of the property known as “ash­
fusion temperature” should be recognized and under­
stood.

Ash melts when heated to a sufficiently high
temperature. Following combustion, individual ash
particles are generally in the form of tiny spheres
(cenospheres) that appear hollow when viewed
under a microscope, as illustrated in Fig. 1. The form
of the ash particles indicates that, during combustion
of the coal, the particles were actually liquid and the
spheres were formed as tiny bubbles by evolved gases
trying to escape. What happens to these particles
depends upon their physical and chemical character­
istics and upon furnace conditions. If cooled promptly
and sufficiently, the result is a dusty ash that may
travel through the equipment, lodge on heating sur­
faces, drop out in soot hoppers and along flues, or
collect at the base of the stack. Those particles that
remain in suspension are carried out with the exit
gases and contribute to the visible discharge from
the stack.

The individual ash particles do not, however,
always cool quickly to a solid state. If insufficiently
cooled, they remain molten or stick}' and tend to 

Fig. 1. Ash cenospheres (485x) formed in burning
pulverized coal

coa esce into large masses on the boiler or other heat-
a sorption surfaces. This problem is dealt with by
a equate design of burners and furnace arrangement
or the fuels to be burned and by proper attention

to boiler operation.
Determination of “ash-fusion temperatures” is

strictly a laboratory procedure, developed in stand­
ardized form, which experience shows can be dupli­
cated with a fair degree of accuracv. The accepted
procedure is outlined in the Standards on Coal and
Coke issued bv the ASTM, D 271 (see Appendix.
page 18-Al ff).

A simplified account of the relation of ash-fusion
temperatures to actual operating phenomena follows:

Initial-Deformation Temperature. In the laboratory,
the initial-deformation temperature is the tempera­
ture at which a prepared standard cone of ash just
begins to fuse or show evidence of deformation at the
top of the cone as it is being heated in a reducing
atmosphere in a standard test furnace. This would
correspond to the temperature in an operating fur­
nace at which the particles of coal ash, in transit
through the setting, have been cooled to a point where
they still retain a slight tendency to stick together or
slowly to build up on heat-absorption surfaces. When
the temperatures in an operating furnace are such
that the ash particles have cooled to a temperature
lower than their initial-deformation temperature, they
tend to accumulate as a “de” product.

Softening Temperature. The softening temperature
(commonly called the fusion temperature of an ash)
corresponds to an observed condition between initial
deformation and fluidity. To the laboratory techni­
cian, the softening temperature is the temperature at
which the test cone under observation has deformed
still further to a point where it assumes a spherical
form on the plaque. To the operating engineer, this
temperature is related to that at which the fuel ash
shows a greatly accelerated tendency to mass together
and stick in large quantities to heat-absorbing surfaces.

Fluid Temperature. In the laboratory determination,
the fluid temperature is the temperature at which the
test cone flattens out to a pancake shape on the plaque.
To the operating engineer, the fluid temperature is
related to the temperature at which the coal ash may
be expected to flow in streams or drip from heat­
absorption surfaces or the temperature at which heavy
clinker forms on the grates under a fuel bed.

The full significance of ash-fusion temperatures is
not quite as simple as the above might indicate, al­
though it is general practice in design to specify or
limit the values of gas temperatures from foreknowl­
edge of ash-fusion temperatures.

Even dry or dusty ash, deposited at points of repose
in a gas stream, slowly sinter at temperatures con­

18-3

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 159 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/159

https://asbestosclaims.law/library/25273/159


siderably lower than the initial-deformation tempei-
ature to form a consolidated mass, the strength of
which depends upon the particular ash and the tem­
perature and duration of sintering (see Ash Fouling,
page 18-11). The difficulty of removing the sintered
mass by soot blowers or other means is, in turn, related
to its strength.

The fluid temperature of a given coal ash is not a
satisfactory criterion for slag-tapping in a wet-ash
furnace. Another characteristic, the viscosity of the
liquid ash, which varies for different coals (see Vis­
cosity of Coal-Ash Slag, page 18-7), has proven to be
a reliable guide to good performance in slag-tapping.

The ash-fusion temperatures given in Table 2 are
not particularly noteworthy, but they do show values
of the three temperatures described above for coals
selected from rather widely separated parts of the
country. The Virginia coal ash happens to have rela­
tively high values for all three temperatures, whereas
the Illinois coal ash has relatively low values. How­
ever, not all Virginia coals have high-fusion ash, al­
though the tendency is toward higher values than for
the general run of coals from the Illinois fields.

Some of the most troublesome ash for the designer
and the operator is that which has a wide spread
between tire upper and lower values. Reduced to
simple terms, such an ash remains “sticky” for a longer
period in the gas stream. The Virginia coal ash listed
in the table has a comparatively small over-all spread
of 125 F between fluid and initial deformation, where­
as the particular Ohio coal ash fisted has a spread of
445 F between the high and low points. While the 

latter spread is fairly wide, spreads of nearly 600 F
are sometimes noted in coal ash from some particular
region or mine. Such a coal may require special con­
sideration because of its adverse effect on furnace­
wall cleanliness.

Effect of Iron on Ash Behavior

Iron is one of the constituents in almost all coal ash
and tends to form at least two stable oxides, ferric,
Fe.O3, and ferrous, FeO. Other elements in the ash
can also exist as compounds in more than one oxide
form and may have their effect on ash properties.
However, the relatively large proportion of iron
present makes it particularly significant, and experi­
ence indicates that iron has a dominating influence
on tire behavior of the ash in the furnace, as indicated
by its effect on the ash-softening temperature.

The specific effect of the presence of iron in coal
ash is interesting and can be simply stated as follows:
In completely oxidized form (Fe=O3) iron tends to
raise all three values of ash-fusion temperatures, while
in the lesser oxidized form (FeO) it tends to lower
all three of these values. The effect of iron, in each of
the two forms, on initial-deformation and softening
temperatures is indicated in Fig. 2, plotted for a large
number of ash samples from coals in widely scattered
regions of the U.S.

Under actual operating conditions of a boiler fur­
nace, complete combustion of fuel requires an excess
of total air and therefore excess oxygen. However,
not all parts of the furnace have excess combustion 

Fig. 2. influence of iron on cool ash-fusion temperatures
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air in equal amounts at all times, and therefore the
iron oxide finally produced is a mixture of the ferr-
and the ferrous forms with a tendencv toward Z
of the former Ash-fusion-temperature determim
tions made solely on a reducing basis may therefore
be less than adequate as a guide in predicting the
performance of a given coal in an operating boiler
unit. Since it is important to know the effect of the
state of oxidation of iron on the behavior of a specific
ash, ash-fusion temperatures on both reducing and
oxidizing bases are made regularly in the B ^labo­
ratory.

Furnace Design

A properly designed furnace has two functions
1) to burn the fuel completely and 2) to cool the prod­
ucts of combustion sufficiently so that the convection
passes of the boiler unit may be maintained at a sat­
isfactory degree of cleanliness with a reasonable
amount of soot blowing. Experience and tests in­
dicate that, when the average gas temperature leaving
a coal-fired furnace exceeds the oxidizing initial­
deformation temperature of the ash, the need for
cleaning of the ash from the convection surfaces be­
comes excessive. This is, of course, subject to some
latitude, because what constitutes excessive cleaning
depends largely upon the opinions of the individual
operating crews.

In establishing the proper functional design of a
furnace, two methods of cooling the products of com­
bustion must be considered, namely, radiation and gas
tempering.

Cooling Gas by Radiation

For many years the method used to cool the prod­
ucts of combustion has been that of providing radiant
furnace-cooling surface. Sufficient surface is installed
to insure a reduction in gas temperature to a level
where convection passes can be kept reasonably clean.
As indicated previously, there is a general relation­
ship between the average desired furnace exit-gas
temperature and the softening temperature of the
coal ash. There can be a considerable variation in the
gas temperature at the furnace outlet, as shown in
Fig. 13, page 7-18, and the maximum gas temperatuie
could be considerably higher than the average. A
better design criterion of furnace size when using
this method of cooling gases is “release rate, which
is defined as heat available per hour per square foot
of effective-cold furnace-cooling surface (see Chapter
7, page 7-20). Heat available, in turn, is defined as
the amount of energy released in the furnace anc
avail tble for increasing the temperature of the proc
ucts of combustion. Mathematically, it is equal to
(Heat input in fuel + heat in air) — (Heat require 

to evaporate moisture in fuel 4- M radiation loss).
The relationship between furnace release rates and

furnace exit-gas temperatures has been developed
from field test data. Factors affecting this relationship
include type of furnace design, method of firing, fuel,
burner location, and type of furnace-wall construction.

As a consequence of years of experience, desirable
release rates have been established for different types
of coals. Along the eastern seaboard, where coals have
an initial-deformation temperature of about 2400 F,
the furnaces for Cyclone-fired, pulverized-coal-fired,
and stoker-fired units mav be proportioned for heat­
release rates of 100,000 Btu/hr, sq ft of flat-projected
area up to the convection surface, at maximum con­
tinuous capacity. For similar units located in West
Virginia, western Pennsylvania, Ohio, eastern Ken­
tucky, and the Carolinas, furnaces may be propor­
tioned for release rates of 90,000 Btu/hr, sq ft. Units
located in the Midwest which burn coals (except
those from Fulton and Christian Counties, Illinois)
that have deformation temperatures as low as 2200 F
on an oxidizing basis may be designed for furnace
heat-release rates of 80,000 Btu/hr, sq ft at maximum
continuous capacity. Because of the high alkali con­
tent of the Fulton and Christian County coals, heat­
release rates are limited to 43,000 Btu/hr, sq ft. A
boiler designed to burn these coals is shown in Fig. 3.

Furnaces fired with oil are usually designed for
furnace heat-release rates above 135,000 Btu/hr, sq
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Fig. 3. Cyclone Furnace-fired unit in Midwest
burning high-alkali-ash coal
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ft. Since there are few high-temperature ash-pluggage
problems with this fuel, the release rate is limite
only by the consideration of economic factors an
high-temperature corrosion.

Gas Tempering

The second method of cooling hot furnace gas is
that known as “gas tempering,” in which relatively
cool gas from the economizer outlet is mixed with
the hot furnace gas near the furnace outlet (Fig. 4).
It provides the operator with a control of furnace
exit-gas temperature with little or no effect on super­
heater and reheater absorption. Thus, if a low-fusion
slagging coal is fired, the amount of tempering gas is
increased to lower the gas temperature leaving the
furnace to a level at which the convection surface is
free from slagging. On the other hand, if a high-fusion
nonslagging coal is fired, the amount of tempering
gas is decreased, thereby reducing fan power. With
some coals, tempering may be reduced to zero if ex­
perience so warrants.

Gas tempering thus provides a positive means of
controlling gas temperature at the furnace outlet
regardless of furnace size. With this method of design,

Fig. 4. Gas tempering provides positive control of
furnace exit-gas temperature

furnaces may be held to a reasonable size, consistent
with burner clearances and flame travel. Over-all
building requirements, steam piping, structural steel
and platforms are all decreased with no sacrifice in
quality or performance of equipment. Rather, per­
formance has been upgraded, since the gas temper­
ature leaving the furnace is subject to positive control
and is not dependent upon furnace cleanliness. When
gases are cooled only by radiation, the furnace cool­
ing surfaces may be covered with slag from low-fusion
coal and will not do the required cooling.

With gas tempering, the combustion gases are
cooled uniformly across the width of the furnace,
minimizing the large temperature variation customary
with older designs. The possibility of localized slag­
ging and excessive superheater metal temperatures
is therefore reduced.

With high steam temperatures and pressures it was
formerly necessary to resort either to steam-cooling
the walls or locating steam-cooled platen surface in
high-gas-temperature zones. Gas tempering eliminates
these requirements and thus improves the reliability'
and availability of units.

Furnace exit-gas temperature rather than release
rate is the design criterion for furnaces with gas tem­
pering. For example, the Universal-Pressure boiler,
Fig. 5, has operated very successfully' for a number of
years with a release rate of 180,000 Btu/hr, sq ft, a
furnace exit-gas temperature of 1900 F, and 80,? gas
tempering at full load.

Gas tempering permits engineers to design high-
capacity units that occupy less space and have greater
reliability, lower maintenance, safer operation, and
reduced over-all plant costs.

Fig. 5. Gas tempering enables high furnace release rates
in this Universal-Pressure boiler
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Ash from Pulverized-Coal Burning

jsjo matter how fine the pulverization, the fuel fed
to the furnace still has all its original ash. However
the final ash product ejected from a pulverized-coal-
fired unit differs in appearance from the refuse of a
stoker-fired unit. This is because, with pulverized
coal, nearly all of the ash particles are formed in sus­
pension and tend to remain in suspension in a dry-ash
furnace, with the individual particles well dispersed
and very much smaller than those from stoker firing.
In the slag-tap furnace, a portion of the ash particles
coalesces on walls or other suitably designed surfaces
and drains to the furnace bottom.

Where pulverized coal is burned in a dry-ash
furnace (as in Fig. 10), it is not unusual for the ash
escaping toward the stack to be 80? of the ash origi­
nally in the coal. On the other hand, with pulverized
coal burned in a slag-tap furnace, as much as 50? of
the ash may be retained, part in the furnace as fluid
slag and part in the gas-pass hoppers in the form of
dry dust. The other 50? of total ash in the coal leaves
the unit, also in the form of dust. Collectors are fre­
quently placed ahead of the stack to prevent the
ejection of large quantities of this ash to the atmos­
phere.

Although these figures show the effectiveness of
the slag-tap arrangement in reducing atmospheric
pollution by dust, even more impressive is the per­
formance of the Cyclone Furnace. This special slag­
tap furnace, described in Chapter 28, permits less
than 20? of the total ash in the coal to escape from
the boiler unit, and the stack discharge is corre­
spondingly lower. If dust-collecting equipment is in­
stalled for a Cyclone Furnace boiler unit, the ash es­
caping from the stack to the atmosphere may be
diminished to 1 or 2? of the total.

Ash Produced by Stokers

In the fuel bed of a stoker, whether of the under­
feed, chain-grate, or spreader overfeed type, ash
particles tend to become fused together. In a properly
operated stoker burning a suitable coal, the passage
of air and the agitation of the fuel bed serve to keep
ash accumulations more or less porous, and the ash
is discharged to an ashpit in fairly large pieces vary­
ing from popcorn size upward.

Not all the ash is retained in a fuel bed. With the
types of stokers mentioned, and particularly the
spreader stoker, some of the fuel is burned in sus­
pension. A considerable quantity of ash particles,
containing some unburned and some still burning
fuel, is consequently “carried over” with the gases.

ith the spreader stoker this material is usually col­
lected in hoppers provided for the purpose and is
reinjected into the furnace for further burning of any

1 fl­

combustible that it contains (see Chapter 16). Rein­
jection is also used occasionally with other types of

Use of Dry-Ash or Slag-Tap Units

Considered answers to the following pertinent
questions relating to fuel are essential in initiating
the design of a successful coal-fired unit:
1. Has the particular coal selected been burned ex­

tensively, so that its combustion and ash character­
istics are well known?

2. Will the source of coal and the characteristics of
the coal remain substantially constant during most
of the life of the equipment? What is likely to be
the “worst” fuel supplied?

3. What auxiliary fuel may be made available during
periods of temporary suspension of coal deliver)’?

4. What type of equipment is best suited to the ex­
perience of the operating personnel?

5. In the public interest, for better public relations,
or to comply with civil regulations, what is re­
quired to limit atmospheric pollution from dust?

6. What method of final refuse disposal is available?
Answers to the above questions make it possible to

select proper equipment for the specific method of
utilizing the coal. For instance, coal should not be
burned in a slag-tap furnace if the ash-fusion tem­
perature and viscosity are higher than experience in­
dicates they should be for successful tapping. Slag­
tap furnaces are rarely suitable for ash-fluid temper­
atures in excess of 2600 F (ASTM reducing basis) or
for an ash viscosity greater than 250 poises at 2600 F.
If the ash-fluid temperature or the ash viscosity of the
coal selected is too high or marginal, equipment per­
mitting the ash to be removed in dry form is indicated.

Viscosity of Coal-Ash Slag

The fluid temperature of coal ash is considered by
some to be a fairly reliable guide to the ease of slag­
tapping. However, experience with various slag-tap
pulverized-coal furnaces and Cyclone Furnace-fired
units indicates that this is not always true and that the
viscosity rather than the fluid temperature of the coal
ash is the significant criterion. Even though the gas
temperature in the slag-tap zone exceeds the coal-ash
fluid temperature, the slag may not flow freely if the
viscosity is too high.

The coal-ash viscosities in Fig. 6, calculated from
the chemical analyses of the ash by the method de­
veloped by the Bureau of Mines, correlate well with
the observed tapping characteristics of the coal
tested. Difficulty in tapping the slag has been experi­
enced when the calculated coal-ash viscosity at 2600
F exceeds 250 poises. Slags from coals of the Norton,
Springdale, and Thacker seams, with calculated coal-
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NOTE: FROM COAL-ASH ANALYSES AND DATA OF BUREAU OF MINES.
BELOW 250 POISES SLAG TAPS FREELY.

Fig. 6. Relation between calculated viscosities and
temperatures for various coal slags

ash viscosities above the 250-poise limit at 2600 F,
tend to tap rather sluggishly. On the other hand, Kin­
caid, Fairmont, Bowman, Piney Fork, Pocahontas, and
Lucerne coal slags, where the viscosities at 2600 F are
below this limit, tap easily. It is not yet possible to
accept with complete confidence the calculated vis­
cosities for coals of ash composition outside the range
of those covered in the work of the Bureau of Mines.

Viscosity of coal-ash slag is actually measured in a
high-temperature viscometer (Fig. 7). The control
panel is at the left, and the furnace with its measuring
element is at the right. A section through the furnace
is shown in Fig. 8. The molten slag sample is placed
in a platinum crucible. There is an optical electronic
device for measuring the torsional deflection of the
calibrated wire, and the torque is recorded on a chart.
Provision is made for controlling the atmosphere
within the furnace.

Ash is introduced into the crucible at an elevated
temperature (2600-2800 F) and held at that tempera­
ture until it becomes uniformly fluid and all decom­
position gases have been expelled. The temperature
is then decreased in predetermined steps, and the
viscosity is measured at each temperature.

The viscosities of a Central Illinois and an Alle­
gheny County, Pa., coal ash as measured by the high-
temperature viscometer are given in Fig. 9. The vis­
cosity of the latter is not only higher than that of the
Central Illinois slag but it increases rapidly in the
midrange. This may be an undesirable characteristic

Fig. 7. High-temperafure viscometer for determining
the viscosity of molten coal ash

in the operation of a slag-tap furnace. The Pennsyl­
vania coal ash taken as an example is definitely not
suitable for slag-tap furnaces.
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Fig. 9. Viscosity-temperature relationship for two coal
slags of widely different tapping characteristics

By the use of synthetic ash, as well as typical coal
ash, to explore the range of ash composition not
covered by the work of the Bureau of Mines, the tap­
ping characteristics of any coal ash may ultimately
be predicted with fair accuracy from its chemical
composition.

Ash Erosion

Ash erosion must not be ignored even though coal­
ash particles may be exceedingly fine. Where ash
particles are concentrated in a local region, erosion
is a potential problem. The induced-draft fan is a
well-known example, and erosion is an important
factor to be considered in selecting the type of fan
and its performance characteristics. Blade wear in
high-speed fans is more pronounced at 1800 rpm than
at the lower and more usual speeds of 1500 and 900
rpm and is even less for variable-speed fans. Local
high concentrations of ash through the boiler setting
may cause erosion of highly critical pressure parts.
This action is liable to be found where ash tends to
concentrate in streams, as at turns formed by baffles
within boiler banks. In the latter case the remedy is
to limit gas velocities and to eliminate baffles if pos­
sible. The elimination of baffles has been the trend in
the development of coal-fired boiler units, as illus­
trated in Fig. 10, where the gas flow continues hori­
zontally through the tube banks without turns. .

Maximum allowable gas velocities with pulverize
coaL blast-furnace-gas, and Cyclone Furnace firing
are aven in Table 3.

Fig. 10. Boiler with dry-ash furnace designed for
horizontal gas flow through tube banks

without baffles

Erosion may also be a problem in slag- and ash­
handling equipment. If the unit is of the slag-tap
variety, the molten refuse or slag tapped from the
furnace must be cooled to be conveniently handled.
This is done with water, and the quenched product
is usually small sharp-edged particles, like coarse
sand, and, regardless of the mode of transport, tends
to wear the material of the conveying system. When
water is used for transport, the pump, pipe lining,
and turns in pipes or sluices are especially subject to
localized wear and are usually protected by replace­
able linings of special alloy steel or chilled cast iron.

Design and Operation of Slag-Tap Furnaces

The method of disposal of coal ash by tapping from
a boiler furnace was evolved in 1926, more by accident
than by design, in a boiler furnace originally expected
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Table 3

Design Gas Velocity, fps, through Net Free-Flow Area

in Tube Banks to Prevent Flue-Dust Erosion
Baffle Arrangement

Type of Firing and Fuel Multipass Single Pass

Pulverized coal 75 loot
Spreader stoker
Chain-grate stoker, anthracite

50
60

60
75

Chain-grate stoker, coke breeze 60 75

Chain-grate stoker, bituminous 100 100

Underfeed stoker 75 100

Blast-furnace gas 75 100

Cyclone Furnace No limits No limits

Wood or other waste fuels containing:
Sand 50 60

Cement dust — 45

Bagasse 60 75

0 Allowable velocity with single-pass baffle arrangements applies to Single-Pass,
Radiant, and Open-Pass boilers, continuous-tube economizers and superheaters,
and Gas-Tube boilers with tube entrances formed by belled ferrules.

t Use a maximum velocity through the net free area of 75 fps for units that burn
fuels with volatile matter less than 20% (dry basis), or ash content 20% and
over (dry basis), or ash-softening temperature above 2600 F (oxidizing basis).

to operate under dry-ash-disposal conditions. During
operation, the low-fusion ash melted, collected in a
pool at the bottom of the furnace, and was drained at
intervals by means of an improvised arrangement.

Many features of this furnace, the forerunner of
later slag-tap furnaces, were totally inadequate for
the formation, retention, and disposal of fluid ash. The
furnace bottom was of ordinary brick that quickly
disintegrated under the chemical action of the molten
slag. It was also apparent that the proper handling
of a stream of molten slag was a difficult undertaking.
Nevertheless, this early experience opened the way to
the development of a method for easier handling and
disposal of refuse in furnace operations. Some of the
important requirements for adequate slag-tap furnace
design that evolved from this development are:
1. The temperature of the slag in the furnace must

be kept above its fluid temperature. It follows that
the furnace temperature must be even higher.
Therefore a slag-tap furnace should be built to
withstand the maximum temperature reached
during combustion, which is usually in excess of
3000 F.

2. Since fluid slag is heavy as well as extremely hot,
it must be securely contained in those regions of

the furnace where it tends to collect.
3. The interior surface of the furnace must be chemi­

cally inactive to the constituents of the hot slag.
4. Means must be provided to drain slag from the

furnace as fast as it is formed, or at least at fre­
quent intervals.

5. Once the molten slag has left the furnace, it must
be cooled to a temperature that renders it suitable
for ultimate disposal.
To withstand the high temperatures noted above,

all sides and the floor of the furnace are water cooled.
More or less unsuccessful attempts were made at
different times to employ other arrangements, includ­
ing solid refractories in brick and molded form, air­
cooled refractories, and water-cooled tubes on various
centers embedded in a variety of refractories.

A common arrangement for withdrawing molten
slag from the furnace is illustrated in Fig. 3. An early
type of slag removal is illustrated in Fig. 11. These two
illustrations indicate the two methods of slag removal,
;ln(l are conventionally termed “continuous tap
and intermittent tap,” respectively. In both cases the
molten slag is disintegrated in water to the consistency
ol sand, and the final product is conveyed either to
storage sites or to ash cars.

18-10

Fig. 11. Typical flow during intermittent removal
of molten slag

The difficulty in tapping ash of high fluid temper­
ature is evident during low-load operation. Under
these conditions, even a coal with a medium ash-fluid
temperature may not be suitable for slag-tapping,
since the furnace temperature may not be sufficiently
high to furnish the temperature differential required
to attain the degree of fluidity necessary for tapping.

In variable-load operation, with periods of high
and low furnace temperature, it is sometimes possible
to use intermittent tapping successfully. Here the slag
is permitted to accumulate in the furnace bottom for
a period of time which in practice may be up to 20 hr.
From the daily-load curves it is possible to anticipate
when the steaming load will be high enough to attain
the proper degree of slag fluidity to assure its removal
through the tap hole. In other words, for intermittent
tapping the operator synchronizes the time of tapping
with a well-established high-load period in a particular
schedule of operation.

In modern power plant designs, equipment selec­
tion is based on single-boiler single-turbine arrange­
ments. For optimum investment returns, the heavy-
duty and expensive equipment must be operated con­
tinuously at its maximum output. These conditions
require continuous tapping in slag-tap designs.

One of the most important attributes of the slag-tap
furnace is the coating of sticky ash that covers a por­
tion of the furnace walls near the bottom. The stick}7
surface of molten ash, deliberately maintained in se­
lected high-temperature zones, serves to entrain other
transient particles. The ash so collected drains con­
tinuously toward the furnace bottom and is remox ec
in due course through the tap hole. The const quin

18-

re uction in the quantity of dust and ash leaving the
oiler unit has a definite practical value, since it de­

creases the amount of dust to be intercepted by col­
ectors and therefore decreases the size and cost of

the dust-collecting equipment. With the Cvclone
Furnace-fired boiler unit it is possible to go even
farther in the direction of reducing ash discharge to
the atmosphere (see above and Chapter 28).

It may be possible to reduce building costs in hous­
ing units with slag-tap furnaces, since they are usually
built without hoppers, thus requiring less building
height. In planning new buildings, this may be an
important factor in cost saving. Even in outdoor in­
stallations the height of the supporting steel structure
can be reduced. For the same reasons, slag-tap units
may be installed in older plants where it would be
difficult, because of the greater height required, to
install a unit equipped with ash hoppers.

Attempts have been made to utilize slag from slag­
tap furnaces. It has been proposed that it be used as
fill for low wasteland, as an aggregate for cinder or
concrete blocks, and as a source of the metals it con­
tains. Perhaps the chief obstacle to utilizing slag as a
by-product of some value is that all operations at a
power plant are subordinated to its prime function
of producing electrical energy. It has not been found
generally practical to coordinate the use of the equip­
ment and procedures necessary for the reclamation
of a minor by-product with the major function of a
power plant.

Ash Fouling

With all methods of coal firing, a portion of the ash
is carried through the unit by the combustion gases.
The amount and type of material depend, in part,
upon the method of firing and also somewhat upon
the quality and characteristics of the coal fired. The
degree to which this suspended ash, or fly-ash, causes
operational difficulties is a function of the character­
istics of the fly-ash itself, the design of the heat­
absorbing surfaces in the unit, and the conditions of
operation.

The fouling of a unit by fly-ash can assume several
forms. Fused-ash or slag deposits can occur on furnace
walls and other surface exposed to high gas temper­
atures. These deposits are caused primarily by the
entrainment of fused ash and slag in the combustion­
gas stream. Impingement upon furnace walls results
in cooling and solidification and can cause the forma­
tion of a heavy layer of dense slag. In the transition
temperature range between liquid and solid condition
of the ash, semifused deposits can form as large
clusters.

Ash or slag deposits on furnace walls decrease heat
absorption in the furnace and cause an increase in
the temperature of gases entering superheater banks.
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Large accumulations of ash or slag may break loose
and fall, causing damage to floor or screen tubes
below.

Sintered or bonded deposits are found on closely
spaced convection surfaces where gas temperatures
are still relatively high. This type of deposit occurs
at temperatures appreciably below the initial-de-
formation temperature of the ash. It is usually char­
acterized by a bonding agent that is present in pro­
portionately greater amounts than it is in the parent
fly-ash. The bonding agent may consist of compounds
of sodium, potassium, phosphorous, calcium, silica, or
combinations of several of these.

The typical bonded deposit consists of a relatively
thin inner layer next to the tube surface. This inner
layer is rich in the bonding agent and is firmly at­
tached to the tube. The major part of the deposit
builds upon this layer and becomes fused as it extends
farther out into the gas stream. The outer part of the
deposit has essentially the same composition as the
fly-ash.

Deposits in the convection passes are difficult to re­
move from closely spaced surfaces and often obstruct
the gas path sufficiently to require shutdowns for
cleaning.

In the cooler parts of the unit (economizer and air
heater), deposits are more generally a result of the
condensation of sulfuric acid from high-dew-point
gases, which causes fly-ash particles to stick together
and to adhere to wet surfaces. The insulating effect of
the deposits on the cooled metal surfaces tends to

Fig. 1 2. Microscope, light source, and furnace for
laboratory determination of the behavior of

ash under simulated furnace conditions

promote condensation, and the deposits become com­
pacted through chemical and physical actions. The
deposits are difficult to remove from the narrow gas­
flow passages and can ultimately obstruct these pas­
sages completely. These deposits, because of their

0.5 SECOND

2 SECONDS
3 SECONDS
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Fig. 13. Four frames of a
motion picture recording the
combustion of a coal particle
at 2700 F furnace tempera­
ture, obtained with the equip­

ment shown in Fig. 12 

acidic nature, are associated in many cases with cor
rosion (see External Corrosion, page 18-14).

Microscope Studies

The Leitz heating microscope, shown in Fig 19 •
an aid in studying the ash-deposition problem ’ ComS
ponents of the instrument are a furnace capable of
maintaining a temperature of 2800 F, a 5x micro
scope, and a light source. The instrument was de
signed primarily for determining the melting behavior
of coal ash, clinker, and other materials. It is also
applied to other phases of this work, such as com
bustion experiments to determine the behavior of ash
under simulated furnace conditions. In these expert
ments a single particle of 18-mesh coal is placed on a
platinum stage that can be moved rapidly into or out
of the furnace. Prior to insertion of the coal particle
the temperature of the furnace is raised to 2700-3000
F. The history of burning, which takes only a few
seconds, is recorded in a motion picture. Four frames
of such a film, at intervals of Is, 1, 2, and 3 seconds
are shown in Fig. 13. After la-second exposure at fur­
nace temperature, swelling of the coal particle and
active combustion are well under way. At the end of
2 seconds, small spheroids and cenospheres of fly-ash
are formed and are carried away by the combustion
air. At the end of 3 seconds, large spheroids of ash
coalesce to form a completely liquid droplet of sla».

Fig. 14. Variation of compression strength with sintering
time for two fly-ash samples at two sintering temperatures

Sintering of Fly-Ash

The combustion of some coals results in trouble­
some ash deposits that accumulate on furnace walls
and convection tube banks. These deposits cannot be
correlated with the fusion temperature of the coal
ash nor with the gas temperature through the tube
banks, since they occur in areas where the flue gas
temperature is several hundred degrees lower than
the ash-fusion temperature. The effect of “sintering
(the forming of a more or less solid mass by heat­
ing without thorough melting) on the compression
strength of fly-ash from various coals appears to be
a rational explanation supported by experience.

It has been established that the compression strength
of test pellets of fly-ash from various coals, which
have been sintered for 24 hr under conditions similar
to those in a superheater, is a good index of fouling
tendencies. The compression strength of sintered fly­
ash from Central Illinois coal, which causes trouble­
some ash deposits, is ten to thirty times greater t lan
that of sintered fly-ash from an eastern Ohio coa ,
taken for comparison, which does not produce trou­
blesome deposits (see Fig. 14). The compression
strength of the fly-ash from both coals increases rap­
idly with time and the temperature of the sintering
treatment.

Dry-Ash and Slag-Tap Furnace Installations

For the 25-yr period 1936 through I960, B&W sold
429 slag-tap and dry-ash boiler units in sizes of 300,000
lb steam/hr and above, for a total capacity of over
336,000,000 lb steam,/hr. Of these, 167 units for
130,899,000 lb steam/hr, or 39%, were of the slag-tap
type, and 262 units for 205,706,000 lb steam/hr were
of the dry-ash type. In the size range considered, the
steam output of B&W dry-ash and slag-tap units by
years is shown graphically in Fig. 15. It will be noted
that, in the earlier years of the period, the greater
part of the steam output was produced with slag-tap
units. In the middle years of the period, the propor­
tion of dry-ash units steadily increased, and in 1948
virtually an equal amount of steam was produced by
each type. In the years 1948 through 1952, more steam
was produced by dry-ash units than by the slag-tap
type. The last period (1955 on) again shows a signi­
ficant increase in the output from slag-tap units sold.

The statistics plotted in Fig. 15, for the units in­
cluded in the study, indicate a steep increase in the
application of the dry-ash method of burning pulver­
ized coal during the middle period as compared with
the earlier years. Not the least of the reasons for this
increase is the fact that boiler manufacturers, by im­
provements in burners, furnace proportions, and the
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Low-Temperature Corrosion
360

YEAR

Fig. 15. Steam capacity of B&W slag-tap and dry-ash
boiler units of 300,000 lb/hr and above,

for a 25-yr period

arrangement of heating surfaces to preclude fouling,
largely overcame the earlier difficulty of keeping all
portions of the dry-ash unit free of slag or trouble­
some ash.

The last 5-yr period, however, again shows a sig­
nificant increase in the use of slag-tap units. The in­
herent advantage of reduced air pollution with slag­
tap furnaces exerted considerable influence on the
use of these units in the years following 1955. The
major contributing factor was the extensive develop­
ment and acceptance of the Cyclone Furnace, a slag­
tap design by nature of its operation.

External Corrosion

One of the problems that arise as a direct result
of the constituents present in coal ash is external cor­
rosion of heat-absorbing surfaces. External corrosion
falls into two general categories: 1) low-temperature
corrosion of economizers, air heaters, and flue gas
ducts and 2) high-temperature corrosion of furnace
walls, superheaters, and reheaters.

Corrosion and loss of metal require periodic repair
or replacement of tubes, which is not only costly but
also results in loss of boiler availability. Corrosion,
along with attendant deposits, limits boiler capacity,
reduces efficiency, and often leads to unscheduled
outages. The economic consequences of this loss of
availability can become very serious, especially for
the electrical utilities.

In recent years increased attention has been giVen
to the problem of low-temperature corrosion in the
economizers and air heaters of oil-fired and coal-fired
boilers. Insofar as the latter are concerned, the prob­
lem is confined, for the most part, to stoker-fired
boilers and in particular to underfeed stokers. Pul-
verized-coal and Cyclone Furnace-fired boilers are
comparatively free from low-temperature corrosion,
even when burning high-sulfur coals and operating
with stack temperatures below 300 F. The problem
is, however, fairly serious in boilers burning high-
sulfur oils.

The basic cause of low-temperature corrosion is
well known, although the precise mechanism is still
a matter of some controversy. During combustion,
most of the sulfur in the fuel burns to sulfur dioxide
(SO=), with a small part (1-3%) forming sulfur tri­
oxide (SOa). Passing through the boiler, the SO3 com­
bines with water to form sulfuric acid vapor. In most
cases this sulfuric acid vapor makes up about 10 to
50 ppm of the flue gas composition. The presence of
sulfuric acid vapor raises the dew point of the flue gas
above that of water, which is normally 100 to 115 F,
to an acid dew point of some 250 to 350 F (see Fig.
16). If metal temperatures within the boiler fall be­
low the acid dew point, sulfuric acid (70-90%) con­
denses, and acid corrosion results.

Fig. 16. General relationship between dew point and
SO, content of clean flue gas

Generally, low-temperature corrosion is accompa­
nied by plugging and ash deposition. Fly-ash particles
act as condensation nuclei for sulfuric acid vapor,
become wet, and stick to air heater surfaces. In addi­
tion, surfaces wetted by acid condensation collect and
hold fly-ash. Acid will react with fly-ash in the cooler
areas of the boiler to form hygroscopic salts, such as
ferrous sulfate, aluminum sulfate, and bisulfates of
sodium and potassium, which adhere to surfaces and
promote corrosion even above the acid dew point.

18-14

High-Temperature Corrosion

Corrosion of the high-duty surfaces of boilers
superheaters, and reheaters has become more prev­
alent in recent years with the continuing trend to­
ward higher operating pressures and temperatures
Superheat and reheat temperatures of 1050 F are
now common. This has required higher heat absorp­
tion in superheaters and reheaters, and the additional
heat has been obtained, for the most part, by placing
part of the superheater and reheater in the higher-
gas-temperature zones of the secondary furnace. This
has resulted in higher metal temperatures and has
required the more extensive use of austenitic ma­
terials. . .

The increased incidence of corrosion in these areas
is apparently the result of a number of factors, none
of which is sufficient to suggest a positive solution
to the problem. In most boilers there is a layer of ash
next to the surface of superheater and reheater tubes
that is rich in alkali sulfates, irrespective of the alkali
content of the coal burned. This alkali-rich ash can
be very corrosive to some alloys at metal temperatures
above 1100 F, common in boilers producing 1050 F
steam.

Although the exact mechanism of corrosion by
alkaline ash is still unknown, it is generally believed
to stem from complex iron and/or aluminum alkali
sulfates that form in the ash deposits. These complex
salts become molten on tubes with surface temper­
atures above 1050 F, and a “molten salt” corrosion
results. Corrosion is fairly rapid up to a temperature
of 1300 F, the apparent upper limit for thermal sta­
bility of the complexes.

Corrosion in coal-fired boilers is not always asso­
ciated with large accumulations of alkali-rich ash.
Generalized corrosion has been experienced where
the ash coating amounted to only mere flecks scattered
over the tube surfaces. In some cases corrosion in
these boilers has been related to borderline firing
conditions, with reducing or near reducing gases in
the region of the high-duty surfaces. In other cases
sulfurous gases have been suspected of being the
cause of corrosion, particularly where high alloys
have been affected. Higher tube-metal temperatures
again seem to be the common denominator.

Corrosion from chlorides in the gas or in the ash
has not been given much attention in this country,
although it is one of the forms of high-temperature
corrosion which has affected boilers in Europe. In
most U.S. coals, the chlorine level is considerably
lower than that normally found in European coals. It
has been demonstrated that very small amounts of
chloride can trigger the corrosive action of alkali
sulfate salts, and it is possible that the chloride con­
tent of some domestic coals could contribute to their
corrosive nature.

- he present state of knowledge concerning t re 

causes of high-temperature corrosion in coal-fired
oi ers is not sufficient to establish direct corrective

measures. There are probably several corrosion
mechanisms that occur simultaneously. Since this is
a relatively new problem that has become more prev­
alent with the use of higher steam temperatures and
pressures, much research will be required to find a
solution.

Some provisional corrective measures have been
taken to reduce or arrest corrosion in specific boilers.
Careful selection of coals with lower alkali content
has, in some instances, been helpful. The use of basic
additives (calcium and magnesium compounds) has
occasionally been successful, although their exact role
is not clearly defined. It is probable that they combine
with SO., and thereby limit the amount of complex
sulfates that can form on tube surfaces.

Fuel-Oil Ash

In recent years there has been a marked increase
in the deposition of slag and ash on the heating sur­
faces of oil-fired boilers in both stationary’ and marine
service. This may, in part, result from the higher ash
content of residual oils from modern refineries. This
condition has affected boiler operation in the follow­
ing ways:
1. Deterioration of refractory furnace walls.
2. Slagging of high-temperature superheater surfaces

with deposits not successfully removed by’ air or
steam soot blowers.

3. High-temperature corrosion of steels, including
high-chromium-content alloys, such as superheater
tubes, spacers, and hangers.

4. Reduction of heat transfer through boiler, econo­
mizer, and air heater surfaces because of ash de­
posits.

5. Low-temperature corrosion of the cold sections of
air heaters and duct work.
Of these difficulties, slagging of superheater sur­

faces has resulted in lower availability, increased draft
loss, and decreased steam temperature. In some plants,
monthly outages for cleaning have been required.
Recently high-temperature corrosion of tubes and
fixtures has resulted from increased steam and metal
temperatures.

Since the early 1930’s, the major factors responsible
for the troublesome conditions noted above are the
increased use of higher steam temperature, with the
attendant increase in superheater metal temperature
and the widespread use of poorer quality fuel oils.
The B&W Co. has extensively' investigated these
problems.

There are two principal reasons for the deteriora­
tion in the quality of heavy fuel oils used for steam
generation. First/ the vanadium and sulfur contents 
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of crude oil from certain new oil fields, particularly
the foreign fields, are higher than those from the older
domestic fields which supplied most of the demands
in tire past. Second, changes in refinery practice, in­
cluding the extraction of larger quantities of top­
quality products from the crude, have increased the
concentration of undesirable ash in the heavy residual
oil. Thus there is an increase in ash content as well
as a change in ash quality.

Early records show oil-ash content ranging from
0.01 to 0.107. Today, ash content may be as high as
0.2%, and 0.10-0.15% ash is common. Despite this rel­
atively large increase, the ash content of present-day
heavy fuel oil is still quite low—in the order of 1% of
the amount commonly found in coal. Without the
accompanying change in oil-ash composition, this in­
crease would not be significant. given in column 3. The analysis

There is a great difference between the comPos-
tion of the ash of present-day troublesome fuel oil'
and that of the earlier trouble-free fuel oils. Ash froJ
the latter contained chiefly iron oxide, silica, calcium
and magnesium compounds, and small amounts of
other materials. The ash from troublesome fuel oils
contains large quantities of alkali sulfates and, in
many instances, considerable vanadium, which is
more prevalent today and in large quantities. The
source of the vanadium is the crude oil itself. Heavy
fuel oils from Venezuelan crudes are particularly high
in vanadium. Several other fields also yield crudes
high in vanadium.

Typical analyses of oil ash causing the difficulties
listed previously in items 1, 2, and 3 are given in
columns 1 and 2 of Table 4. A typical ash analysis of
a trouble-free oil is given in column 3. The annivcio

Table 4

Ash Analyses of Some No. 6 Fuel Oils

Column No.°

Oil analysis, % by wt
Ash
Sulfur

Ash analysis, % by wt
Silica as SiO2
Iron as Fe,O3
Aluminum as A12O3
Calcium as CaO
Magnesium as MgO
Sulfur as SO3
Nickel as NiO
Vanadium as V2OS
Alkalies as Na;O
Cu, Sn, Pb, etc., as oxides
Undetermined

Ignition loss @ 900 F, % by wt

Ash-fusion temperatures, F
Reducing atm (ASTM)

Initial deformation
Softening
Fluid

Oxidizing atmosphere
Initial deformation
Softening
Fluid

°Col No.
I. 2, 3

4
5
6
7

Fuel Oil
Source unknown
Venezuelan crude
East Texas crude
Arabian crude
Iranian crude

1 Material started to drain out of cone at
1650 F, leaving skeleton cone which started
shrinkage at 2250 F.

1 2 3 4 5 6 7

0.2 0.14 0.04 0.10 0.11 0.01 0.02
3.0 — — 2.4 0.9 2.5 3.2

1.8 8.8 24.0 2.3 1.6 ._ _
3.9 7.6 54.0 1.5 4.3 — —
3.0 4.1 5.7 0.1 0.1 — _
6.0 9.5 3.0 0.1 2.4 — _
1.2 3.3 8.9 1.9 2.0 _ _

45.7 43.3 0.6 13.9 51.8 _
2.1 — 1.0 6.4 1.3 — _

13.0 0.6 — 63.2 0.7 none 39.6
20.5 23.5 0.6 12.4 30.5 — —

— — — — 0.3 — —
— — — — 2.9 — —
— — — 2.5 — — —

1540 — 2880 1550
1560 — — >•2880 1850 _
2430 — — >•2880 2560 — —

t — — <:1400 1590
t — — 1400 t

28002720 — — 1520 _ _

t Material drained out of cone. 
13-16

of an oil ash from a Venezuelan crude is given in
column 4. Oil ash from east Texas oils, column 5 may
be expected to be troublesome. Partial analyses of
oil ash from an Arabian oil and an Iranian oil are
given in columns 6 and 7, respectively.
b The transition from the trouble-free oils through
those containing alkali sulfates as the principal trou­
ble agents to those containing both alkali sulfates
and vanadium pentoxide is illustrated in Table 5 and
graphically in Fig. 17. The data presented are an
average of analyses of ash from heavy fuel oils.

Table 5

Averaged Analyses of Ash from Heavy Fuel Oil

Fuel Oil Ash Analyses, %
Constituents Trouble-free Troublesome

Ferric oxide Fe2O3 54 8 6 1
Silica SiO.. 24 9 5 4
Alumina alo3 6 4 1 1
Lime CaO 3 10 1 2
Magnesia MgO 9 3 2 1
Vanadium pentoxide V3O3 — 1 35 76
Alkali sulfates 1 67 37 8
Nickel oxide NiO — — — 6

In the past, the sulfur content of most heavy fuel
oils burned in the U.S. was in the order of 12 or less.
Today, the sulfur content can be as high as 3 to 3.52,
and 2% sulfur is common. Although this increase in
sulfur content has not been as clearly related to the
increase in slagging difficulties as has the change in
ash quality, it is believed that the higher sulfur con­

ASH FROM TROUBLESOME FUEL OILS
ASH FROM

TROUBLE-FREE

|'-'<'%] TROUBLESOME CONSTITUENTS

Fig. 17. Composition of some trouble-free and
troublesome ash from fuel oils

tent contributes to slagging troubles. High sulfur con-
ent, however, has been definitely related to increased
oubles with air heater fouling and corrosion.

Oil-Slag Formation and Deposits

It has been found that alkali sulfates and vanadium
pentoxide are the principal constituents of trouble­
some superheater slags. Each of these compounds has
a low melting temperature, and they react to form
sodium vanadates. These sodium vanadates are
formed by several combinations of sodium and va­
nadium, and some of the vanadate compounds have
melting temperatures lower than either sodium sul­
fate or vanadium pentoxide. The other Irigh-melting
constituents of oil ash are trapped in the liquid por­
tion of the slag and become a bonded deposit. Since
tlie matrix of the deposit consists of relatively low-
melting constituents, oil-ash deposits do not tend to
become as massive as those of coal ash. A few exam­
ples of the melting temperatures of these constituents
are given in Table 6.

Melting Temperatures of Some Oil-Ash
Constituents

Table 6

Constituent Melting Point in Air, F
V3O3 1240
Na2O*6V2O3 1180
Na2O-3V2O3 1040
Na2O-V2O3 1040
Na2SO. 1625
CaSO, 2640
Fe2O3 2850
MgSO4 Does not melt— begins

to decompose @ 1634 F

In contrast to coal ash, melting temperatures of oil
ash containing a major content of vanadium tend to
be lower in an oxidizing atmosphere and higher in a
reducing atmosphere. This is because WO.. is reduced
to WOa and V-O<, which melt at about 3500 F, where­
as WOa melts at 1240 F.

External Corrosion

High-Temperature Corrosion

When superheater or reheater surfaces are covered
with molten oil ash, corrosion from sodium-vanadium
compounds can occur. A measurable corrosion rate
can result over a wide range of metal and gas tem­
peratures, depending upon oil-ash composition. There­
fore it is impossible to single out a specific metal tem-
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perature at which corrosion begins. Fig. 18 shows the
combined gas and metal temperature effects on cor
rosion for a specific fuel composition of 150 ppm va"
nadium, 70 ppm sodium, and 2.5% sulfur. As the va­
nadium concentration of the fuel oil varies, the amount
of corrosion, compared to a 150-ppm V fuel, will vary
according to the curve shown in Fig. 19.

In the corrosion process, the role of sodium in fuel
oil is not as clear as that of vanadium. Varying the
sodium content of fuel oil does not have as pronounced
an effect on the corrosion rate. It does, however, affect
the minimum temperature at which corrosion will
begin because of the formation of the low-melting
sodium vanadates that produce a liquid ash at lower
temperatures.

At the present time there does not appear to be any
alloy immune to oil-ash corrosion. In general, the
higher the chromium content of the alloy, the more
resistant it is to attack. This is one of the principal
reasons for the use of the 18Cr-8Ni austenitic alloys
for high-temperature superheater tubes. The higher
alloy 25Cr-20Ni has been used as a protective clad­
ding over other tubes, but it, too, does not afford com­
plete protection against corrosion. The higher mate­
rial cost must be justified by longer life, which is not
always predictable.

Low-Temperature Corrosion

In oil-fired boilers the problem of low-temperature
corrosion resulting from the formation and condensa­
tion of sulfuric acid from the flue gas is similar to
that described on page 18-14.

Fig. 18. Effect of temperature on oil-ash corrosion

Fig. 19. Effect of vanadium concentration on oil-ash
corrosion

Oil-fired boilers are more susceptible to low-tem­
perature corrosion than are most coal-fired units for
two reasons: 1) vanadium in the oil ash is a catalyst
for the conversion of SO- to SO3 (vanadium pentoxide
is one of the catalysts used in the production of sulfuric
acid) and 2) the smaller quantity of ash in the gas
stream apparently is a factor contributing to the dif­
ference. Ash particles in the gas stream can absorb
SO3 and reduce the amount of free SO3 vapor in the
gas. Since oil has considerably less ash than coal,
significant differences would be expected. Further­
more, the basicity of coal ash tends to neutralize any
acid deposited.

Control of Ash Deposition and Corrosion

Cleaning

Air or steam soot blowers are often relatively in­
effective in removing oil ash, and operators generally
resort to out-of-service cleaning by water-washing.
F or tunately most oil-ash deposits are partially soluble
and can be removed in this way. Suitable means for
disposal of wash water are needed in those regions of
t re unit where this method of periodic cleaning is
nsec. To avoid weak-acid corrosion of metal parts, tire
unit should be promptly returned to service so that
it will dry out.

In sei vice water-washing at reduced loads has been
practiced to some extent on oil-fired units, using the
10 ng r-pll boiler water in carefully regulated
amounts either through hand lances or specially
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Fig. 20. Sectionalized air heater for in-service
water-washing

equipped soot blowers. Under proper control, the
method is generally safe for carbon-steel surfaces,
such as boiler, economizer, and air heater tubes. In­
service water-washing of carbon-steel superheaters
is a somewhat questionable practice because of the
higher metal temperature and consequent possib c
damage from quenching. High-alloy superheater
tubes should never be water-washed in sei vice, since
these alloys are generally quite susceptible to therma
shock damage (quench cracking).

The an- heater arrangement illustrated in Fig. - as
the ducts and dampers so designed that one ha o ie
heater can be isolated with the boiler in sen ice a
reduced rating. Service water at room tempera ure
is satisfactory for this operation, which can e per
formed in a few minutes with an ordinary lose an
nozzle manually directed through the cleaning an
access doors. Large quantities of water S1OU ,
used so that any acid formed will be imine la
diluted. The drains for final disposal of was 1 v
are at the bottom of the air heater.

Fuel-Oil Additives

The practice of water-washing out of sen ice and,
to a limited extent, in service has been beneficial in
overcoming some of the troubles experienced with
present oil fuels. In addition, continued study of the
problem has revealed another approach that is ef­
fective where the fuel-oil ash is most troublesome. In
brief, the method involves adding to the fuel or fur­
nace small amounts of materials that sufficiently
change the character of the ash to permit its removal
by steam or air soot blowers or air lances.

It has been found that additives are effective in re­
ducing the troubles associated with superheater slag­
ging, high-temperature ash corrosion, and low-tem­
perature sulfuric acid corrosion. The most effective
additives are alumina, dolomite, and magnesia.
Kaolin is also a source of alumina. Analyses of ty pical
superheater deposits from a troublesome fuel oil,
before and after treating it with alumina or dolomite,
and the results for a different oil with magnesia are
shown in Table 7 and a bar graph in Fig. 21.

The reduction of slagging and high-temperature
corrosion is basically the result of producing a high-
melting-point ash deposit that is powdery or friable
and easily removed by soot blowers or lances. When
the ash is dry, corrosion is considerably reduced.

Low-temperature sulfuric acid corrosion is reduced
by the formation of refractory7 sulfates by7 reaction
with the SO., gas in the flue gas stream. By thus re­
moving the SOa gas, the dew point of the flue gases is
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Fig 21. Effect of fuel-oil additives on composition
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Table 7

Fuel-Oil Additives—Effect on Oil Slag

Analysis of Typical Superheater Deposits

Without
Constituents Additive

Silica SiO- 2.8
Alumina A1,O3 2.1
Titania TiO= 0.1
Ferric oxide Fe.Oa 1.8
Ferrous oxide FeO 1.4
Phosphorus pentoxide P.O.-, 0.037
Manganese oxide MnO —
Lime CaO 7.8
Magnesia MgO 1.8
Sulfur trioxide SOat 43.8
Vanadium pentoxide VOa 8.6
Nickel oxide NiO 2.9
Potassium oxide KO 8.6
Sodium oxide Na.O 18.6

Ignition loss 0.2
Undetermined —

Total 100.5
Physical appearance Semifused, rocklike

Before and After Use of Additives

With Alumina
Additive

1.1
53.7

0.1
3.2
0.3
0.06

2.4
1.0

18.6
6.6
1.3
1.2
8.4
0.4
1.7

100.0
Friable

With Dolomite
Additive

2.0
1.7

1.6

0.1

22.6
15.2
44.8

4.9
2.0

7.6

102.5
Powdery

“High-vanadium oil. fCombined with magnesia (MgO) and lime (CaO).

With Magnesia
Additive’

2.0
2.0
0.1
1.0

6.4
35.0
20.0
26.0
2.0

5.4

99.9
Powdery

sufficiently reduced to protect the metal surfaces. The
sulfate compounds formed are relatively dry and
easily removed by the normal cleaning equipment.

In general, the amount of additive used should be
about equal to the ash content of the fuel oil. In some
instances, slightly different proportions may be re­

quired for best results, especially for high-temper­
ature-corrosion reduction, in which it is generally
accepted that the additive should be used in weight
ratios of 2 or 3 to 1, based on the vanadium content of
the oil.

Several methods have been successfully used to in-
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Fig. 22. Fuel-oil-additive system (diagrammatic) for a 275,000 lb steam/hr boiler unit
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traduce the additive materials into the furnace n
one in general use consists of metering a n ,amount of an additive oil slurry into the burnT°
ply line, as shown diagrammatically in Fig £ ??
additive material should be pulverized to 1007 JT r
a 325-mesh screen (44 microns) for good
and minimum atomizer wear. ° Persion

For a boiler fired by a high-pressure return fl
oil system, it has been found advantageous toduce the additive powders by blowingSthem into th'
furnace at the desired locations. The§powder h
be 100% through a 325-mesh screen Vg"^

persion.
A third and more recent method is to introduce

the additive as a water slurry through specially
adapted soot blowers or lances. This method offers
the advantage of applying the additive in exactly
the location desired, with a possible reduction in the
quantity required. Some caution should be observed
with this system to prevent possible thermal-shock

(quench-cracking) damage to the hot tubes. The
presence of chlorides in the water slurry, from either
the water or the additive material, could possibly
produce stress-corrosion cracking of austenitic tubing
and should be considered.

The choice of the particular additive material de­
pends upon its availability and cost to the individual
plant and the method of application chosen. For ex­
ample, alumina causes greater sprayer-plate wear
than the other materials when used in an oil slurry.

The quantity of deposit formed is, of course, an
important consideration for each individual unit from
the aspect of cleaning. A comparison of the amounts
of deposit formed with different additives shows that
dolomite produces the greatest quantity because of
its sulfating ability, alumina and kaolin form the least,
and magnesia is intermediate. However, when ade­
quate cleaning facilities are available, the deposits
are easily removed, and the quantities formed should
not be a problem.
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Carbon monoxide, formerly a waste gas is thf xmv
(CENTER) OF THXS MODERN CATALYTIC CRAcLTplS
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INDUSTRIAL BY-PRODUCT ENERGY SOURCES

T
he progressive increase in the cost of fuel and
the technical progress in the utilization of waste
energy have led to specialized designs and ap­

plications of boilers. Many industries have their spe­
cific problems with waste-product recovery. For ex­
ample, the oil industry has a tremendous amount of
energy in the gas discharged from tire catalytic re­
generators; steel mills have their blast-furnace gas;
the sugar industry has its cane refuse; the wood-and-
pulp industry has sawdust, hogged fuel, bark, and
process liquors (see Chapter 20) as wastes. All these
waste products or residuals can be burned as fuels
for the generation of steam. In addition, there are
industries or processes that have large quantities of
high-temperature gases from which the sensible heat
may be abstracted for steam generation. Such gases
are produced in copper reverberatory furnaces; an­
nealing, forge, and billet-heating furnaces; open-
hearth furnaces; and fired kilns of many types.

Gaseous By-Product Fuels

Carbon Monoxide

In tire petroleum industry, the efficient operation
of a fluid catalytic cracking unit produces gases rich
in carbon monoxide. To reclaim the thermal energy
represented by these gases, the fluid catalytic crack­
ing unit shown in Fig. 1 was designed to include a
pressure-fired “CO” boiler as an integral part. The
arrangement is such that it can be operated inde­
pendently or taken out of service without affecting
the operation of the cracking unit.

The fluid catalytic cracking unit consists essentially
of a reactor and a regenerator. In this process the
finely divided catalyst, suspended in the vapors, flows
continuously in a cycle from the reactor to the re­
generator and back to the reactor. Gas-oil feed stock
is injected into the hot regenerated-catalyst line just
before it enters the reactor. The catalyst circulation
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rate is controlled to maintain the required reaction
temperature of about 950 F. Hydrocarbon vapors
leave the reactor through cyclone separators, whic i
return the entrained catalyst to the reactor bed, and
the cracked petroleum products are separated in the
fractionator.

In the reactor the catalyst accumulates a carbon­
aceous deposit. The spent, or carbon-coated, catalyst
is transported to the regenerator by injecting com­
pressed air into the catalyst stream. Additional air
is supplied directly to the regenerator to burn the
carbon from the catalyst. The heat of combustion is
absorbed by the regenerated catalyst, which, in turn,
heats the oil feed stock to effect vaporization. The
oil vapors and catalyst are then discharged into the
reactor to begin the cracking and refining process.

The products of combustion from the burning of
the carbon coating have a COi/CO ratio of nearly
2/1, with CO percentage ranging from 5 to 8. The
gases are discharged from the regenerator through
cyclone separators to remove as much of the en­
trained catalyst as possible, prior to entering the CO
boiler for heat recovery.

The CO boiler (Fig. 2) was developed to recover
the heat discharged from the catalytic regenerator
—practically all the heat of the combustibles and ap­
proximately 50S of the sensible heat.

The gases leave tire regenerator at approximately
1000 F, which, with a temperature drop of 500 F,
provides 145 Btu/lb as sensible heat for steam gen­
eration. The combustible content of the gas stream
is the result of the incomplete burning of the carbon
at low temperature with, in most instances, a de­
ficiency of air. The unburned combustibles consist
primarily of carbon monoxide with some traces of
entrained hydrocarbons. In catalytic cracking units
it is desirable to burn the carbon to produce a maxi­
mum of CO instead of CO-, since a cubic foot of air
combines with twice the amount of carbon when CO
is made. Thus, blower power is saved by burning
the maximum amount of carbon with a minimum
amount of air, and the catalyst temperature is held
down to 1000 F by releasing a minimum amount of
heat. These reactions are:

2C O: = 2CO -j- 3,958 Btu/lb of carbon
compared with

C + O. = CO3 + 14,093 Btu/lb of carbon
Supplementary fuel is always required in the oper­

ation of a CO boiler. It is necessary not only to raise
the temperature of the CO gases to the ignition point
but also to assure complete burning of the combus­
tibles in the CO-gas stream. The following design
criteria have been established:
1. The basic firing rate shall produce a temperature

of 1800 F in the primary furnace, to provide safe
and stable combustion of the fuels.

2. The combustion air supplied by the forced-draft

forced-draft

BY-PASS SEAL
AND VENT

CO GAS
FROM

REGENERATOR

REFINERY-GAS AND
OIL BURNERS CO-GAS

PORTS

PLAN VIEW

MAIN-LINE
SEAL

Fig. 2. The “CO" boiler, a pressure-fired top-supported
unit

fan shall be sufficient to furnish the oxygen for
combustion of the supplementary fuel, the oxygen
for combustion of the CO gases, and the excess air
required to provide 2% excess oxygen leaving the
unit.

3. The firing equipment shall be sized to permit sup­
plementary firing for raising the temperature of
the CO gases to 1450 F to start tire burning of
the combustibles in the CO gases.

The furnaces, both primary and secondary, and
the boiler tube bank are designed as a single inte­
grated boiler unit supported at the top, with pro­
vision lor downward expansion. The supplementary-
luel burners (Fig. 3) are positioned radially and the
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gas nozzles tangentially to the cylindrical furnace
to effect thorough mixing and promote rapid and com-

lete combustion. The fuel burners are arranged in
" staggered pattern with respect to the CO-gas
nozzles. The wall tubes are covered with refractory
t0 aid in burning the CO gas with minimum sup­
plementary fuel. The wall tubes also cool the refrac­
tory, thus protecting it when only supplementary
fuel is fired.

Fig. 3. Center-fired gas and oil burners supply the
supplementary fuel to “CO" boilers

The CO-gas and combustion-air windboxes, or dis­
tribution chambers, are designed as an integral part
of the furnace. Thus, a simple water-cooled arrange­
ment for the high-temperature CO gases is provided
to eliminate difficult and expensive differential­
expansion and seal problems, especially important
with toxic gases.

Normally the CO-boiler unit is designed for full­
load operation when firing only supplementary fuel,
so as to provide steam for starting the cracking unit.
Operators have found that the CO boiler is different
from the conventional waste-heat boiler in that steam
is always available during not only normal opeiation
but also start-up and shutdown. It is possible that
a cracking unit may require more steam at start-up
than under normal full-load operating conditions. It
is not necessary to “boot strap” the cracking unit on
the line when the CO boiler is used, nor is it neces­
sary to “borrow” steam from other processes.

During this short period of operation with supple­
mentary fuel, the combustion-air requirement is con 

siderably higher than when utilizing CO gases. Con­
sequently two fans are installed, each designed to
supply one half of the maximum requirement. Both
fans are used while operating the boiler at full
capacity with supplementary firing only. Each fan
is capable of supplying the combustion air for full­
load operation with CO-gas firing and the necessary
supplementary fuel; thus, only one fan is required
for CO-boiler operation, and the second fan is a
spare. Each fan is equipped with a pressure-inter­
lock system that prevents the discharge of gas
through the fan inlet in the event of fan failure. The
system automatically closes the fan-discharge dam­
per for a preset minimum pressure and admits purg­
ing steam to the duct.

The possible variations in the combustible and
oxygen content of the CO gases, in the sensible heat
of the CO gases, and in the amount of supplementary
firing make it impractical to set up a fuel-air rela­
tionship as is done for conventionally fired units.
Because of this variable relationship when firing
multiple fuels simultaneously, it is necessary to de­
termine directly the amount of excess oxygen leaving
the unit. This may be determined intermittently by
an Orsat, continuously by an oxygen recorder, or by
a combination oxygen-combustible recorder.

Water-seal tanks (Fig. 4) are installed to provide
for the independent operation of the CO boiler with­
out interfering with the operation of the regenerator,
so that the CO gases from the regenerator may be
passed through the boiler or sent directly to the

Actually these water-seal tanks act as shutoff
valves in the large gas lines. The flow of gas through
any one of the seal tanks may be stopped by filling it
with water to the level where the differential water
pressure equals the CO-gas pressure, thus forcing 
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the CO gas to flow through the other seal tanks. The
CO-gas pressure at the seal is determined by the
resistance to gas flow of the equipment downstream
from the seal. To aid in establishing the water seal,
a mechanical damper is installed ahead of the seal
tank to throttle tire gases while making the water
seal. This mechanical damper is not a positive shut­
off damper. Water-seal tanks are preferred to me­
chanical shutoff dampers because of the high gas
temperature, tire size of tire CO ducts, and the neces­
sity for a leakproof arrangement.

The operation of the CO boiler is coordinated with
that of the catalytic cracker. Normally, tire boiler
will be required to supply steam for the operation
of the catalytic cracking unit and will be started
earlier, using supplementary fuel. However, the CO
boiler should always be started using only the sup­
plementary-fuel burners and by-passing the gases
from the regenerator to the atmosphere. CO gases
should not be introduced into the boiler until it is
in operation, since they usually are at or below 1000
F and consequently tend to cool the furnace. They
create a swirling action in the furnace and should
therefore be brought in gradually to provide a smooth
changeover. They ignite quite readily and burn with
a nonluminous flame. As they are introduced to the
boiler, steaming increases materially, making it nec­
essary to cut back on the supplementary fuel and
requiring a major downward adjustment of the com­
bustion air. This readjustment in tire air requirement
is determined from the oxygen-recorder reading.

Since there are only slight variations in the opera­
tion of a catalytic cracking unit, the CO boiler is
normally base loaded. The CO boiler handles all the
gases from the regenerator regardless of the CO2/CO
ratio. A change in this ratio merely affects the
quantity of supplementary fuel necessary to main­
tain the required furnace temperature of 1800 F.
This temperature provides a reasonable operating
margin for possible variation in the operation of the
regenerator or the boiler. Stable operation can be
maintained at furnace temperature as low as 1500 F,
but the margin above the ignition temperature of
the CO gas is considerably reduced.

The economics of the CO boiler depends upon the
amount of available heat—both sensible heat and
heat from combustibles—in the regenerator exhaust
compared with an equivalent amount of heat from
an alternate fuel. The amount of heat from the CO
gases available for steam generation may be calcu­
lated by taking the sensible heat above an assumed
boiler stack temperature plus all the heat from the
combustibles. The additional steam generated in the
CO boiler by the supplementary fuel is comparable
with the steam generated in a conventional power
boiler using the same fuel. Normally, the supple­
mentary-fuel requirement will account for fl to fl of 

the output, when the temperature of the enterin
CO gas is maintained at 1000 F. ering

The application described above has been con
fined to the oil-refining industry. There are areas in
other industries where these principles could be
used to advantage. An economic study will show the
feasibility of burning waste gases as fuel for the
generation of steam.

Blast-Furnace Gas

A gas containing about 25% by volume of CO is
generated in the blast furnaces of steel mills. This
valuable by-product fuel is called blast-furnace gas
and is used principally for the generation of steam.

Although this gas can be burned in tire condition
in which it is discharged from the blast furnace, its
high dust loading (5 to 7 grains/cu ft) would cause
plugging of burner ports and excessive fouling of
heat-absorbing surfaces. It is desirable, therefore, to
reduce the amount of entrained dust through wash­
ing, followed by electrostatic precipitation.

The gas most difficult to burn is that which has
been washed only. Since washing does not remove
all the solids, those that remain mix with the water
entrained in the gas. The mud thus formed adheres
firmly to hot surfaces and is very difficult to remove.
A gas with solids content reduced to 0.15 grain/cu
ft would carry 14 lb of solids per hour to a burner
of 650,000 cu ft/hr capacity (60 million Btu/hr).
If only 1% of this amount (a very conservative esti­
mate ) collects in the burner itself, 3fl lb of solids will
accumulate in 24 hours.

A modern combination blast-furnace-gas, coke­
oven-gas, and pulverized-coal burner that is admir­
ably suited for such a gas is shown in Fig. 5. Note
the large-area scroll entrance to the nozzle, where
much of the foreign matter in the gas deposits. The
scroll is cool, therefore the “mud” does not bake and
can be removed readily through the quick-opening
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Fig. 5. A combination blast-furnace-gas, coke-oven-gas,
and pulverized-coal burner
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lean-out doors shown. The nozzle itself has a large
C ‘ and deposits that accumulate between normal
boiler outages do not materially affect the burner
capacity- No plugging or bridging is possible.

‘ Several times a day the charge of iron, coke, and
chemicals in a blast furnace will arch over. The col­
lapsing of this arch is known as a furnace “slip.”
\Vhen°a slip occurs, there is a resulting surge in gas
pressure throughout the system, and, although mo­
mentary, it can extinguish the flames from the
burners. Consequently, provision for immediate re­
ignition is made in the design of blast-furnace-gas-
fired boilers, in order to prevent serious explosions
of furnace gas. Older units with refractory furnaces
had tire burners mounted in extension furnaces
(Dutch ovens), in which small hand-fired grates
were installed. The combination of hot fuel bed and
incandescent brickwork served to reignite the burner
after a blast-furnace slip. Modern boiler units use
little or no refractory in order to minimize mainte­
nance, and, to re-establish ignition after a slip, con­
tinuous-burning pilots are used. These pilots burn
coke-oven gas, natural gas, or fuel oil.

Liquid By-Product Fuels
Pitch and Tar
The liquid and semiliquid residues from the dis­

tillation of petroleum and coal are known as pitch
and tar. Most of these residues are suitable for use
as boiler fuels. Some handle as easily and burn as
readily as does kerosene, whereas others give con­
siderable trouble. To determine whether a particular
pitch or tar might be a suitable fuel for a given in­
stallation, the following items are important.

Moisture. If the fuel contains moisture, it must
be well emulsified to avoid reaching the burner in
slugs. If there is a brief break in the continuous flow
of fuel to the burners, the fires will be extinguished.
Upon re-establishing the fuel flow, a furnace explo­
sion might occur if there is any delay in reigniting
the burners. Consequently, a slug of water in the
fuel supply can be disastrous if it extinguishes the
flame briefly. Tars and pitches containing as much
as 35% moisture may be burned in properly designed
units.

Flash and Fire Points. Many liquid fuels are
blends of two or more different liquids. One of these
might have low flash and fire points, whereas the
other might have high flash and fire points. Such a
fuel usually burns with a bright flame at the burner,
where the low-flash-point constituents are burning
off; but beyond, where the components with the
higher flash and fire points are burning, the flame
is a dark yellow. Actually, if there is too little tur­
bulence at the burner or if the burning products are 

queue ed by passing too quickly from the active
com ustion zone, combustion is incomplete, and high
un urned-combustible loss results. Consequently,
w nle the flash temperature is useful for determining

ie possible hazard involved in storing the fuel, the
re point determines its suitability for firing in a

boiler. Fuels with fire points as high as 600 F can
be burned in properly designed equipment.

Viscosity. Practically all tars and pitches are
burned in the same manner as fuel oil. They are re­
duced to a foglike dispersion in an atomizer located
in a burner and then vaporized and burned. To pro­
duce the fine particles, the viscosity of the fuel must
be correct —not over 180 Seconds Saybolt Universal
(SSU) for most atomizers, although if favored by
the burner-furnace arrangement, viscosities as high
as 1000 SSU may be used.

Suspended Matter. Many of these fuels contain
suspended matter. If they are delivered to the
burners in this condition, there will be:
1. Abnormal fouling of the atomizers, requiring ex­

cessive cleaning.
2. Excessive rate of wear of burner parts.
3. Deposition of unburned carbon throughout the

unit or objectionable stack emission.
Such fuels should therefore be passed through
strainers before they are fed to the burners.

Compatibility. When some of these fuels come into
contact with ordinary fuel oil, they combine to form
liverlike substances. If this happens in tanks or pip­
ing, trouble results. The mixture cannot be pumped
from the tanks, and plugging of the piping often
requires complete dismantling for cleaning. Burner
operation, too, is erratic and spasmodic. Therefore,
before mixing large quantities of tar or pitch with
fuel oil, sufficient laboratory tests should be made at
both storage and pumping temperatures to deter­
mine the compatibility of the fuels.

Solid By-Product Fuels
Bagasse

Bagasse is the refuse from the milling of sugar
cane. Physically it consists of matted cellulose fibers
and fine particles, the percentage of each varying
with the process. In the older plants the raw cane
was ground by passing it in series through sets of
grooved rolls, each set comprising a mill having
finer grooves than the preceding one. Modern prac­
tice incorporates a shredder that cuts the cane with
revolving knives prior to the tandem milling previ­
ously described. The end product has a higher per­
centage of fines and short fibers.

A typical analysis of bagasse is given on page 3-A3
of the Appendix. Bagasse generally contains about 
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50% moisture and has a heat content of 3600 to 4200
Btu/lb as fired. It is used chiefly as a fuel to gener­
ate steam and power for the plant. Other by-product
uses are for cellulose, for paper and paperboard
manufacture, and for furfural production.

As a fuel for the production of steam, bagasse has
been burned in several types of furnaces, the oldest
being a Dutch oven with flat grates. Since it was
difficult to distribute the bagasse evenly on the
grates, the latter were subject to high maintenance
costs from burning. A new type of furnace was there­
fore developed to burn the bagasse in a pile on a
refractory hearth. Air was admitted to the pile
around its circumference through tuyeres. The most
popular of these extension furnaces was the Cooke,
but it also suffered from high maintenance costs be­
cause of excessive radiation and cleaning difficulties.
To overcome these problems the Ward furnace was
designed, as illustrated in Fig. 6.

Fig. 6. A Ward furnace for burning bagasse

The Ward furnace has been very successfully used
under sugar-mill boilers. It is easy to operate and
maintain. Bagasse is gravity fed through chutes to
the individual cells, where it burns from the surface
of the pile with approximately 85% of the air which
is injected into the sides of the pile adjacent to the
hearth. This causes local incomplete combustion, but
there is sufficient heat released partially to dry the
raw fuel entering. Additional drying is accomplished
by radiant heat reflected from the hot refractory to
the cells. Combustion is completed in the secondary

Fig. 7. A low-draft-loss Stirling boiler with a water-
cooled Ward furnace

furnace above the arch. Ward furnaces are now
equipped with dumping hearths, which permit the
ashes to be removed while the unit is in operation.

Mechanical harvesting of sugar cane increases the
amount of dirt in the bagasse to as much as 5 to 10%.
To overcome the resultant slagging tendency of the
ash, water-cooling is incorporated in the furnaces.
Fig. 7 shows a modern unit with water-cooled
furnace.

In the older mills, the drives for the milling equip­
ment were large reciprocating steam engines, which
used steam at a maximum of 150 psi and with a few
degrees of superheat, exhausting at 15 psi to the
boilinghouse steam supply. In more modern mills
the drives are either turbines or electric motors with
reducing gears. Both the turbines and the turbo­
generators use steam at pressures of 400 to 600 psi
and with temperatures up to 750 F.

Raw-sugar mills produce sufficient bagasse to meet
all their steam requirements and in some cases an
excess. Sugar mills that also refine usually generate
fiom 80 to 90% of their steam requirements with
bagasse, the remainder with supplementary fuel oil.
Because of the high moisture content of the gas, the
weight of the gaseous combustion products is about
twice that from oil and one and one half times that
fr om coal. 3 his high gas weight causes excessive 
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draft loss and requires either extremely high stacks
or fans to obtain the required steam capacity from
t|ie boilers. To alleviate these conditions a low-draft-
loss Stirling boiler, as shown in Fig. 7, was designed.

vertical tube bank facilitates cleaning, and the
special baffle arrangement usually permits natural-
draft operation to the required peak capacity at
thermal efficiencies in the order of 57%. In sugar
mills with refineries, a higher efficiency is necessary
to reduce the amount of supplementary oil required.
A thermal efficiency of 65% may be obtained by the
addition of an air heater and an induced-draft fan,
as shown in Fig. 8.

Fig. 8. A Two-Drum Stirling boiler with air
heater and water-cooled Ward furnace

In recent years bagasse has been burned on stokers
of the spreader type. This method of burning, how­
ever, requires bagasse with a high percentage of
fines, a moisture content not over 50%, and a more
experienced operating personnel. Because of such
limitations, the Ward furnace is considered the most
reliable, flexible, and simple method of burning
bagasse.

Wood Refuse
The burning of wood as a fuel for steam genera­

tion is generally confined to those industries or op­
erations where wood refuse is available. Average
sawmill practice shows that, in the cutting of lumber,
nearly half the total weight of a log appears as ref­
use-sawdust, chips, slab, and bark. The pulp-and-
paper, furniture, and plywood industries are typical
operations where such refuse appears in appreciable
quantities.

All woods have substantially the same chemica
analysis but may vary considerably in density an
moisture content. Typical analyses of several kinds
of wood are given on page 3-A3 of the Appendix.

Wood refuse available as a fuel may consist ot
large pieces, such as slabs, logs, and bark strips, an 

sma pieces, such as sawdust and shavings. Furnaces
or burning wood refuse are usually designed to
ian e chip size, in which case it becomes necessary
o pass die large pieces through a hogger or chip­

per. Reducing the wood to chip size permits uni-
orm continuous feeding, a more rapid burning of

tie small particles, and a more complete coverage
of the grate.

Wood refuse from some processes contains 75% or
more moisture. In order to obtain useful heat from
the combustion of this type of fuel, it is necessary
to reduce the moisture content to 60 or 65%. Mechan­
ical presses are generally used for this purpose.

ood-burning furnaces are not usually troubled
with severe slagging conditions unless the wood is
burned in combination with other fuels or unless
the refuse comes from salt-water-borne logs. Ashes
from two fuels often combine to form an ash of lower
melting temperature than that of either ash taken
separately. In some parts of the country, provision
must be made for the removal of large amounts of
sand and dirt which are dragged in with the logs.
Such foreign material entrained in the combustion
gases would cause the erosion of such surfaces as
tubes, baffles, flues, and fans.

Grates for furnaces may be divided into air-cooled
and water-cooled classes, or they may be a combina­
tion of the two. They should have about 30% free
air space. For ash removal, grates ma)’ be of the
rake-out, dumping, or moving type.

To design an efficient wood-burning furnace, the
following steps in the combustion process must be
considered: 1) drying, which proceeds rapidly on
the surface but requires time to reach interior parts
of large pieces, 2) distillation and burning of vola­
tile matter, and 3) burning of fixed carbon. The tem­
perature in the furnace must remain above the
kindling point (between 750 and 1000 F), or the
fire will go out. Furnace temperature depends upon
the calorific value and the moisture content of the
fuel, the weight of air flowing through the fuel bed,
and the heat loss from flame and fuel bed by radia­
tion. Furnaces designed for the burning of wood
refuse fall into three types; pile, thin-bed, and
cyclonic.

Pile Burning. The Dutch oven, or extension type
of furnace with a flat grate, is the oldest design of
furnace for burning wood refuse in a pile. Fig. 9
shows a modern version having water-cooled side
walls, roof, and partial front wall. The hogged fuel
is fed continually through a low roof and is per­
mitted to pile up in a cone, the apex of which is
directly under the feed hole in the roof. Most of
the air for combustion enters through the grate
around the edge of the pile and sweeps over the
fuel, so that most of the burning takes place on the
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Fig, 9. A water-cooled extension furnace for burning
hogged wood under a Type H Stirling boiler

surface of the pile. Some of the air is injected through
the side walls toward the pile in order to obtain
turbulence for completion of combustion.

The fuel supply cannot be closely regulated with
tliis method of firing, and frequent manual adjust­
ment is required for good operating results. Excess
air at the boiler outlet is between 30 and 40%. Com­
bustion rates of 125 lb per hr per sq ft of grate have
been attained, burning wood having 45% moisture
(as fired), using cold air. With hot air (300 to 350
F), the burning rate can be increased 25%. Above
45% moisture the combustion rate decreases rapidly.
Ash is removed by rake-out or by dumping grates.

A small two-drum boiler unit designed to utilize

Fig. 1 0. An Integral-Furnace boiler with the
furnace serving as a Dutch oven

the furnace as a Dutch oven is shown in Fig. 10. The
wood drops by gravity into the furnace through
circular chutes located in the upper front wall and
falls into piles on top of dumping-type air-cooled
grates.

A large two-drum single-pass boiler unit, in which
the furnace acts as a Dutch oven, is illustrated by
Fig. 11. In addition, provision has been made to burn
oil in combination or alone. The furnace consists of
two cells having water-cooled pinhole grates. Each
cell is fed by its own air-swept chute through the 

Fig. 11. A Two-Drum Stirling boiler
with water-cooled furnace and cells

for hogged-fuel burning

19-3

bridge wall. Most of the 600 F air for combustion is
introduced through tuyeres at three elevations around
the four sides of each cell. Some undergrate air is
required to aid ignition, particularly when fuel is
first fed to the cell or when burning-down prepara­
tory to removing ash. This unit is capable of burning
hogged fuel having 60 to 65% moisture at a rate of
285 lb per hr per sq ft of grate with 30% excess air
at the boiler outlet. Ash is raked out every third day.

Fig. 12. A Two-Drum Stirling boiler with
spreader stoker for coal and/or wood firing

Thin-Bed Burning. Fig. 12 illustrates a two-drum
single-pass boiler equipped with a conventional
spreader stoker for coal firing and single chutes
through each side wall for wood firing. With this
arrangement wood and coal can be burned sepa­
rately or in combination. Introduction of the wood
r) *?:Se well above the grate permits the smaller par­
ticles to dry out and burn in suspension, while the
tcniamder of the fuel continues in flight to the grate, 

where combustion is completed. Most of the air for
com ustion goes through the grate, a small portion

emg injected at high pressure (30 in. of water)
iroug i tuyeres in the front and rear walls to pro­

mote turbulence. This type of unit is designed to
x reuise containing 45 to 60% moisture at rates up
° Btu/lir, sq ft, when supplied with 35 to

1 excess air at 400 F. Ash is continuously dis­
charged from the moving grate.

Another variation of a two-drum single-pass boiler
esign for wood burning in combination with oil,

gas, or pulverized coal is shown by Fig. 13. The air­
swept wood chutes are located across the front wall.

ith this arrangement most of the wood bums in
suspension. Oil burners are located in the bridge
wall as shown.

Fig. 13. A Two-Drum Stirling boiler with water-
cooled furnace designed to burn wood with either

oil, gas, or pulverized coal

Still another variation for a combination of wood
and coal firing is that wherein the wood chute is
located in the front wall directly above the coal
flippers. The wood feed, consisting of unhogged ref­
use, passes through a rotating distributor that directs
the’flow sequentially through the chutes distributed
across the furnace width. This permits the individual 
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piles of wood partially to dry out before receiving
the next feed fraction.

Cyclonic Burning. A furnace-boiler combination
designed primarily for coal firing in a Cyclone Fur­
nace is shown by Fig. 14. Provision has been made
to burn some bark within the Cyclone Furnace in
conjunction with coal. In order to accomplish this,
however, it has been necessary to use double­
screened hogged fuel for ease of handling and ade­
quate control.

Fig. 14. A Radiant boiler with Cyclone Furnaces
adapted to burn hogged fuel with coal

Coal Char

(900 wnnap\S a .residue from tlie tow-temperature
(J00-1000 r) carbonization of coal or lignite. The
removal of gas and tar leaves a char which may 

shown

be used as a fuel. Not until recently has there bee
any active interest in char as a boiler fuel.

Char varies in analysis, depending upon the source
of the coal from which it is produced. In the car­
bonization process about half of the volatile matter
is removed. This results in increased percentages of
fixed carbon, ash, and sulfur, with a corresponding
reduction in heating value of tire char itself. The ash­
softening temperature is quite close to that of the
ash from the original coal, since the process does
not change the nature of the ash. Grindability ranges
from 41 to 150 (ASTM). A comparison of a typical
char analysis with that of the original coal is '
in Table 1.

Analyses of Coal and Coal Char

Table 1

Fuel
Analyses (Dry Basis), % by wt

Original
Coal

Coal
Char

Proximate
Volatile matter 41.4 15.1
Fixed carbon 48.7 69.0
Ash 9.9 15.9
Sulfur 4.2 4.6

Heating value
Btu/lb, dry 13,340 11,910
Btu/lb, moisture-and-ash free 14,810 14,160

Ash-fusion temperatures, F
Reducing atmosphere

Initial deformation 1960 1930
Softening 2100 2020
Fluid 2410 2500

Oxidizing atmosphere
Initial deformation 2440 2360
Softening 2520 2490
Fluid 2670 2680

The char resulting from most of tire present proc­
esses is of a sizing represented by the data of
Table 2.

Table 2
Char Sizing (As-Received Basis)

Screen Size, No. % Through
8 100

16 97.9
30 87.1
50 68.3

100 40.2
140 28.1
200 21.4

Apparently the volatile matter of low ignition tem­
perature is driven off in the carbonization process,
since char is more difficult to ignite than coal having
the same percentage of volatile matter. Because of
its sizing and high ignition temperature, most char
is not well suited for burning on stokers. However, 
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char which has been properly sized may be burned
in a furnace resembling that used for anthracite. The
two most successful methods for burning char are
in suspension after pulverizing and in Cyclone
Furnaces.

If char is pulverized to a fineness of at least 80%
through 200 mesh, it can be burned in a dry-ash-
removal furnace. The air for combustion must be
preheated to 600 F. If downshot burners are used
with the major part of the combustion air introduced
through the front wall of the furnace, as is done for
anthracite firing, no auxiliary fuel is required to
maintain ignition. However, if burners are used where
all the combustion air is introduced into the furnace
through the burners, as in modern bituminous-coal-
fired furnaces, auxiliary fuel in the form of oil, gas,
or bituminous coal is required to stabilize ignition. ’

It is not necessary to have exceptionally fine raw
fuel for Cyclone Furnace firing. Therefore many chars
can be burned in these furnaces without pulveriza­
tion or other conditioning. If the ash-softening tem­
perature is above 2200 F (reducing), it may be
necessary to include a flux to reduce the slag vis­
cosity, or to fire oil, gas, or coal along with the char.
Dust collectors are essential with both of these firing
methods to eliminate objectionable stack discharge.

shown in Table 3; consequently the radiation com­
ponent in heat transfer also is low. The tendency,
tlieretore, is to design waste-heat boilers for much
. g gas velocities than those for fuel-fired units,
m order to compensate for these factors. However,

igh velocities with dust-laden gases should be
avoided to prevent abrasion of tubes from sandblast­
ing action. This is particularly critical where changes
in direction of gas flow occur.

Temperature of Waste-Heat Gases
Table 3

Source of Gas Temp, F
Ammonia oxidation process 1350-1475
Annealing furnace 1100-2000
Cement Idin (dry process) 1150-1350
Cement kiln (wet process) 800-1100
Copper reverberatory furnace 2000-2500
Diesel engine exhaust 1000-1200
Forge and billet-heating furnaces 1700-2200
Garbage incinerator 1550-2000
Open-hearth steel furnace, air blown 1000-1300
Open-hearth steel furnace, oxygen blown 1300-2100
Basic oxygen furnace 3000-3500
Petroleum refinery 1000-1100
Sulfur ore processing 1600-1900
Zinc-fuming furnace 1800-2000

Waste Heat

Utilization of the heat in the exhaust gases from
industrial process furnaces becomes more important
as fuel costs increase. Boiler equipment, properly
designed to absorb tire heat in what was formerly
waste gas, often will generate all the steam required
to power the process. Also, where the waste gases
carry some of the process material in suspension,
suitable hoppers associated with the boiler equip­
ment will collect a portion of the material, and the
cooled gases leaving the boiler may be passed through
precipitators for a major recovery of the remainder.
Many types of boilers are necessary to meet the wide
range of requirements in this field. Their design
depends upon the chemical nature of the gases, their
temperature, pressure, quantity, and cleanliness.

Heat Transfer from Waste Gases

The rate of heat transfer from the gas to the boiler
water depends upon the temperature and specific
heat of the gases, their velocity and direction of flow
over the absorbing surfaces, and the surface clean­
liness. To obtain the proper velocity of the gases over
the surfaces, sufficient draft must be provided, either
by a stack or a fan, to overcome the losses caused
by the flow of gases through the unit, with adequate
allowance for normal fouling of the heating surfaces.
Temperatures of process gases are relatively low, as
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Diagrams A and B, Fig. 15, give an approximate
measure of the convection heating surface required
for usual conditions in waste-heat boiler practice. A
water-cooled “vestibule” or furnace is a feature of
many modern waste-heat boiler units, as shown by

the gases to the temperature necessary for preven­
tion of slagging before they enter the convection
surface. The approximate amount of surface required
for this purpose is given in Diagram C of Fig. 15.

Types of Waste-Heat Boilers

The design of boiler for a particular requirement
depends upon many factors, most of which vary not
only from process to process but also within an in­
dustry. The cost of equipment, auxiliary power, and
maintenance must be compared with the dollar value
of the savings expected. The design of the boiler
itself is subject, to a degree, to the cost of power
at the plant. A small unit with closely spaced tubes
will cost less but will require more fan power, because
of high draft loss, than a larger, more expensive unit
with lower draft loss. However, if power costs are
low, the small inexpensive unit may be justified.
Other factors to be considered are the available
space, the location required for the proper flue con­
nections, the corrosive nature of the gases, the effect
of dust loading on erosion, and the process operation
(pressure or suction).
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GAS TEMPERATURE ENTERING. F

CONDITIONS FOR DIAGRAMS ® AND ©

TUBES, V/2 - IN. OD IN-LINE
TUBE SPACING, AND /, = 5 IN.
SAT. TEMPERATURE, t; = 450 F
DRAFT LOSS, 0.2 IN. TO 0.4 IN. WATER

GAS TEMPERATURE ENTERING
WATER-COOLED VESTIBULE. F

Fig. 15. Approximate surface required in con­
vection tube bank and vestibule for various
entering and leaving waste-gas temperatures

If the gases carry dust, attention must be given
to tube spacing and provisions for the removal of
dust dislodged from the heating surfaces. The tubes
must be spaced reasonably close for good heat trans­
fer and must still be far enough apart to prevent
bridging of deposits. Quite often the boiler is ar­
ranged for wide tube spacing where the gases are
hottest, with spacing reduced where the gases are
cooler.

Sometimes the deposits that are carried into the
boiler from the process can be removed by mechani­
cal cleaners, whereas the nature of the deposits from
other processes may call for periodic manual lancing 

to keep the boiler passes open. In either case, suitable
hoppers should be provided to collect the removed
deposits.

Gases from oil- or gas-fired process furnaces are
relatively clean and, therefore, can be used in units
with close tube spacing (one inch in the clear) with­
out fear of bridging and plugging.

Relatively Clean Waste Gases
In the reclamation of heat from relatively clean

gases leaving some industrial furnaces (such as
billet-heating and air-blown open-hearth furnaces),
where the dust loading does not exceed 0.5 grain per
cu ft, the very compact design of gas-tube waste-heat
boiler, illustrated in Fig. 16, is widely used. Since the
boiler and flues are inherently tight, this unit is well
suited for the use of gases under pressure or gases
that should not be permitted to escape from the
system except through the stack. The boiler has no
refractory lining, and round flues may be used—an
advantage with gases in pulsating flow, such as the
exhaust from a Diesel engine when used as a waste
gas to generate steam for heating or process. This
boiler occupies but little space and, depending upon
its shell diameter, may be used for steam pressures
of 450 psi and entering gas temperatures as high as
2100 F.

In the circulating system of this boiler, water enters
the steam-and-water drum and passes down through
vertical circulating tubes to a header below the shell,
then through the shell, and returns to the drum as
a mixture of steam and water through the circulating
tubes.

Feedwater enters the upper steam-and-water drum
through a perforated pipe with the holes at the top.
There it mixes with the boiler water, and dissolved
gases, including traces of oxygen that may not have
been eliminated by the treating system, are driven
off with the steam before they come in contact with
the heating surface.

This design of gas-tube boiler eliminates the
leakage problems usually associated with boilers of
this type for the following reasons:
1. Incoming feedwater mixes with the water in the

steam-and-water drum and in the circulators to
the main shell, raising its temperature close to
saturation before it reaches the shell. Thus there
is no temperature shock on the tube sheets or the
shell.

2. The tubes themselves are the “staybolts,” and, as
they are all at saturation temperature, there are
no expansion strains.

3. Circulation in the shell is positive, with separate
downcomers and risers so located as to assure
circulation throughout the shell.

The shell is completely filled with water at satura­
tion temperature, and, since all tubes are submerged, 
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ffiey are at substantially the same temperature. Un­
equal expansion of metal parts is thus avoided and
this cause of troublesome leakage is removed. ’ This
is in contrast to designs having some tubes in the
shell above the water level and some below. The
difference in temperature between the submerged
and the dry tubes will lead to leakage at the tube
seats and at the joints between the tube sheets and
the shell.

Gas flows through the tubes in a straight path. The
tubes are kept clear of ordinary deposits by a rotat­
ing-arm soot blower, with nozzles directed toward
the tube ends and tube sheet. For heavier incrusta­
tions, hand lances can be used through lance doors
located in the vertical wall of the connecting flue.

Fig. 16. Gas-tube type of waste-heat boiler
suitable for relatively clean waste gases

If superheated steam is required, a superheater
may be located in the flue to the boiler, as illustrated
in Fig. 16. For this class of waste-heat-boiler service,
with a maximum operating pressure of 450 psi and
entering gas temperatures of 1000-2100 F, super­
heaters may be sized to provide steam temperatures
as high as 750 F.

Waste-Heat Boilers for Open Hearths

1300 F to a possible maximum of 2100 F. The com-
nation of increased dust carry-over, higher gas

temperature, and, in many cases, an increased total
gas flow makes the gas-tube boiler unsuitable with
respect to capacity and cleanability. Therefore, for
most conversions it is desirable to replace the gas­
tube boiler with a water-tube unit of higher capacity',
designed to fit into the space previously occupied by
the replaced unit. Furthermore, because of the in­
crease in dust carry-over, the new boiler is usually
arranged in conjunction with a new precipitator.

As a result of the increase in both gas weight and
gas temperature, the steam output is materially in­
creased. For many installations it is desirable to main­
tain the steam flow, during furnace-charging and
-maintenance periods, by firing an auxiliary' fuel,
which requires a boiler furnace for its combustion.
Thus the waste-heat boiler for oxygen-blown open
hearths is a versatile unit that takes into account the
space available, the amount of waste gas, steam ca­
pacity, cleanability, and supplementary-fuel firing.
The steam capacity for a single unit serving a single
open hearth may be as high as 150,000 Ib/lir, Fig. 17.

SIDE ELEVATION A-A B-B

Fig. 17. Waste-heat boiler for oxygen-blown
open-hearth furnace

Until recently, open-hearth operation used air for
the oxidation and reduction necessary' to convert iron
to steel. To improve the open-hearth efficiency, this
oxidizing air was preheated by' alternately' heating
and cooling the checkers. To further improve the
over-all efficiency' of the open-hearth operation, waste­
heat boilers comparable to the unit shown in Fig. 16
were used to recover the sensible heat of the gases
for the generation of steam.

Oxygen blowing of the open hearth, in preference
to air, greatly increases the production rate and ma­
terially reduces the cost of steel. Therefore, most
open hearths of recent vintage are being changed to
the oxygen-blown process. . ,

While the new process of oxygen blowing grea y
increases the steel-producing rate, it also inci eases
the dust discharge. The use of oxygen requires less
preheating of the combustion air which, in turn, re
duces the cooling of the checkers. 3 his resu ts m
higher discharge gas temperature, from the previous
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Three-Drum Waste-Heat Boiler

A simple three-drum waste-heat boiler, designed to
operate with dust-laden gases, is illustrated in Fig.
18. This type of waste-heat boiler is particularly well
suited for use with waste gases of high solids content
(up to 10 grains/cu ft) from cement kilns. Maximum
precipitation of solids is assured by the horizontal
flow of the gases through the vertical tube banks
and by the effective arrangement of bailies. With
this tube arrangement, hand lancing is possible from
both sides. Every space in the full width of the
boiler can be lanced. Hand lancing can also be done
through the roof and above the lower drums, making
all absorbing surfaces accessible with a short hand
lance.
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With gases of high solids content it is frequently
possible to reduce the amount of hand lancing by
the use of long retractable soot blowers (see Chapter
20). These are located at one, or sometimes two, ele­
vations along the depth of tube banks at gaps pro­
vided by the omission of a single row of tubes. Fixed-
position rotary soot blowers are not very effective in
the staggered tube arrangement of this unit.

To maintain optimum conditions of heat transfer
without changing the direction of gas flow, the tubes
in the rear sections of the boiler are closely spaced.
Steel baffles and baffled sectional hoppers prevent
the gases from by-passing the tubes by flowing below
the tube bank. Since the baffles in both boiler and
hoppers are made of smooth steel plates and are
positioned vertically, no appreciable dust build-up
is possible.

Fig. 1 8. Three-drum bent-tube waste-heat boiler fitted
with lance ports and soot blowers

boiler is in service. In a single boiler behind a cement
kiln, from 20 to 40 tons of cement dust may be re.
covered each day from these hoppers.

Typical data and performance of the waste-heat
boiler shown in Fig. 18 are given in Table 4.

Table 4

Performance of Three-Drum Unit (Fig. 18)
Waste Gas from Cement Kiln

Boiler heating surface, sq ft 12,000
Superheater surface, sq ft 523
Steam flow, Ib/hr 43,000
Flue gas entering boiler, Ib/hr 150,000
Gas temperature entering boiler, F 1’500
Gas temperature leaving boiler, F ’43g
Gas temperature leaving economizer, F 32g
Steam pressure at superheater outlet, psi 200
Steam temperature at superheater outlet, F 433
Feedwater temperature entering economizer, F 212
Draft loss, boiler, superheater, and

economizer, in. water 9 g

Waste-Heat Boiler for Ore Roaster
Another three-drum bent-tube boiler, arranged to

reclaim heat in tire waste gases from ore roasters, is
shown in Fig. 19. Hoppers under the boiler gas
passes are arranged to collect ore dust that is thrown
out of suspension when the gases make the low-
velocity turns around the gas baffles. Typical data
and performance of the unit illustrated are given in
Table 5.

Circulation in this boiler is very simple, with the
boiler tubes in the hot-gas end acting as risers and
the tubes in the cooler-gas zones acting as down­
comers or supply tubes. The boiler has a relatively
long drum, in which steam separation takes place
without the use of baffles. The steam is collected in
a dry pipe located in the quiet cooler-gas end of the
drum. Feedwater is thoroughly mixed with the boiler
water rising into the steam-and-water drum at the
hot-gas end.

Expansion and contraction of the drums and tubes
have no effect on the steel casing, firebrick, or in­
sulation; hence, the most common source of brick­
work trouble is eliminated, and air infiltration is
reduced to a minimum. All pressure parts rest upon
supports below the lower drums.

The location of the superheater can be varied to
secure the degree of superheat required. Further to
increase heat absorption, an economizer can be in­
stalled in the flue leaving the boiler. The economizer
is arranged for downward flow of gases to aid in the
collection of solids.

Solids collected in the hoppers under the boiler
and economizer can be readily removed while the 

Fig. 19. Three-drum waste-heat boiler arranged
to use waste gases from ore roasters

Table 5
Performance of Three-Drum Unit (Fig. 19)

Waste Gas from Ore Roasters
Boiler heating surface, sq ft 2,617
Superheater surface, sq ft 137
Steam flow, Ib/hr 9,200
Flue gas entering boiler, Ib/hr 52,000
Gas temperature entering boiler, F 1,435
Gas temperature leaving boiler, F 690
Steam pressure at superheater outlet, psi 450
Steam temperature at superheater outlet, F 720
Feedwater temperature entering boiler, F 340
Draft loss, boiler and superheater, in. water 2-0 
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High' Solids—Relatively Low Temperature

Waste-heat boilers are also widely applied to some
types of refining furnaces and to cement and dolomite
Idins. The temperature of these gases rarely exceeds
!400 F, and the solids content is high-4 grains and
over pur cu ft. In many applications the boilers are
quite large, so that they can serve as fuel-fired units
when the process furnace is idle. The usual require­
ments for such units are maximum heating surface
for a given floor area, vertically arranged heating
surface to shed deposits readily, and a chamber ahead
of the tube banks. For these applications this cham­
ber serves as the combustion space for burning the
direct-fired fuel. Two waste-heat boiler designs that
admirably meet these requirements are illustrated
by Figs. 20 and 21.

Smelter-Furnace Waste Gases

For smelter-furnace gases carrying solids in a semi­
molten or sticky form, the designs of waste-heat
boilers illustrated by Figs. 20 and 21 are particularly
suitable because of the cooling of the gas by radia­
tion in the large water-cooled areas of the furnace
ahead of the convection surfaces. The absence of
baffles in the convection banks is a further advantage
when carry-over dust is abrasive.

Zinc-Fuming-Furnace Gases

The reclamation of zinc from slag waste as a by­
product of lead-smelting furnaces requires a fuming
furnace, in which pulverized coal and air are in­
jected into the molten slag. The zinc and lead are
boiled out from the slag as a metal vapor and then
reoxidized above the slag bed in an atmosphere free
of slag and other impurities.

The products leaving the fuming furnace at a tem­
perature of about 2200 F must be passed through
a combustion chamber, where the zinc vapor is com­
pletely oxidized and then cooled to permit recovery
of the zinc oxide. If this cooling takes place in a
waste-heat boiler, a considerable portion of the heat
in the gases can be recovered in steam for generating
power. A waste-heat boiler unit for this service
should be designed to reduce the temperature of the
gases and entrained solids before the gases enter
boiler and superheater convection surfaces, so that
the solids can be readily removed as dust from these
heat-absorbing surfaces.

Water-Cooled Furnace. A water-cooled-furnace
waste-heat boiler unit of this type, designed to
operate with gases from a fuming furnace, is illus­
trated by Fig. 20. Heat absorption by the water-
cooled furnace walls and the baffle wall in the fur­
nace reduces the temperature of the gases entering
the superheater from approximately 2200 to 1400 F.
Good separation of dust from the gases is obtained
in the furnace by the 180-degree turn ahead of the

Fig. 20. Waste-heat boiler unit suitable for
high-temperature waste gases carrying sticky

or semimolten particles

superheater. The dust, tlirown out of suspension,
drops into the water-cooled hopper bottom of the
furnace and then into a dust-collecting hopper, from
which it is removed by a screw conveyor. Some dust
accumulates on the walls of the furnace, from which
it can be removed periodically by rotating blowers,
using air or steam (see Chapter 20). These are dis­
tributed over the furnace wall areas, as shown in
Fig. 20.

Boiler Heating Surface. Boiler heating surface, ar­
ranged between two drums, provides a single gas
path over the surface with no baffles required. To
reduce the gas temperature to desired limits, an
economizer is included. The permissible final gas tem­
perature will depend upon the sulfur content of the
gases. The gas temperature should be maintained
above the dew point to avoid corrosion of the flues
and the dust-separating equipment between the
boiler and the stack. Hoppers are arranged under
the boiler, the economizer, and the long flue to the
stack to collect the valuable zinc dust.

Automatic soot blowers of the long retractable
type are fitted to remove the dust that accumulates
on the tube banks of the boiler, superheater, and
economizer. This type of soot blower has generally
replaced other types for this service. By concentrat­
ing the operation through two or three nozzles, the
soot blowing is more effective. Since the blower re­
mains outside the setting except when in actual use,
maintenance is less, and there is no additional sur­
face to which dust can cling. Lance ports of the type
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illustrated in Chapter 20 are distributed over the
wall areas for hand lancing when necessary.

Reverberatory-Furnace Gases
Copper ore concentrates are melted in reverbera­

tory furnaces fired by pulverized coal, oil, or gas.
The impurities float to the top of the melt and are
skimmed off as slag. The copper, tapped in molten
form, is transported to other furnaces for further
refinement. The products of combustion leave the
reverberatory furnace at about 2300 F, heavily con­
taminated with slag particles and solids, a portion
of which may be in a pasty or semifused state. As
large quantities of steam are required for tire power
used in tire process, waste-heat boilers are installed
to recover the heat in the products of combustion
from the reverberator}' furnaces.

In tire operation of a copper reverberatory furnace,
tire draft at the outlet of the furnace must be main­
tained at about 0.06 in. of water, which is practically
a balanced draft. The smelter operation is adversely
affected by higher drafts. To avoid uncomfortable
conditions in tire boiler room, the stack effect within
the setting must be reduced to a minimum. This is
accomplished by so positioning the waste-heat boiler
that tire boiler passes and boiler gas outlet are about
level with, or even above, the outlet of the rever­
beratory furnace (see Fig. 21). With such an ar­
rangement there is no plus pressure to force sulfur­
laden gases out through doors, around soot blowers,
or through setting cracks in the walls.

Fig. 21. Waste-heat boiler unit specifically de­
signed for the use of waste gases from copper

reverberatory furnaces

Water-Cooled Furnace. A waste-heat
with water-cooled furnace, designed for use with
copper reverberatory furnace, is illustrated by p- a
21. The gases leaving the reverberatory furnace a§’
highly contaminated with sticky slag particles, which
will adhere tenaciously to boiler and superheate^
tubes. To cool these slag particles, a large wate/
cooled furnace area and spaced platens of heat
absorbing tubes are provided in the furnace.

Slag cannot bridge from one platen to the next
when these are spaced at 18-in. centers. Long re’
tractable soot blowers are fitted at two elevations in
tire gap between the two banks of platens. Slag js
removed periodically from the heat-absorbing sur­
faces by jets of steam or air from opposed nozzles
near the ends of these soot blowers. Similar blowers
are fitted, as indicated, for cleaning the tube banks
of the superheater and the boiler. Wall blowers are
provided for cleaning tire furnace walls.

The heat absorption of tire water-cooled furnace
walls and the water-cooled platens reduces the tem­
perature of the gases from 2300 F to approximately
1600 F before they enter the superheater. The “stick)'”
slag particles suspended in the gases are thus cooled
to a dry ash that will not bridge the gap between the
superheater tubes spaced on 6-in. centers. Boiler
convection surface following the superheater has a
tube spacing of 4 in. on centers. The deposits that
adhere to superheater and boiler convection tubes
can be removed periodically by tire soot blowers,
arranged as shown. Experience indicates that no
additional hand lancing is required.

Dust and Slag Particles Reclaimed

The floor of the furnace is arranged as a hopper
bottom to facilitate the collection of dust and slag
particles. The boiler and the long flue to the stack
are also equipped with hoppers, all for the purpose
of collecting the copper-bearing particles of dust and
ash, which are returned to the reverberatory furnace
for reclamation of the copper.

Typical data and performance of this type of unit
(Fig. 21) are given in Table 6.

Table 6
Performance of Two-Drum Unit (Fig. 21)

Waste Gas from Copper Reverberatory Furnace
Boiler heating surface, sq ft 12,085
Superheater surface, sq ft 2,170
Steam flow, Ib/hr 71,000
Flue gas entering boiler, Ib/hr 166,000
Gas temperature leaving reverberatory furnace, F 2,269
Gas temperature entering superheater, F F687
Gas temperature leaving boiler, F 773
Steam pressure at superheater outlet, psi 47u
Steam temperature at superheater outlet, F 773
Feedwater temperature entering boiler, F 3o0
Draft (static) at furnace bottom, in. water
Draft loss, boiler and superheater, in. water

boiler unit
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jt will be noted that the boiler surface is arranged
for a single pass of gases. The draft loss of 0 2 in
water is exceptionally low and reflects the low gas
velocity over the heating surface, which is desirable
to avoid tube erosion. The high sulfur content of
these gases makes the addition of an economizer to
these boilers inadvisable, since lowering the gas tem­
perature would cause corrosion in the long flues and
dust separators between the boilers and the stack.

Waste-Heat Boilers for Special Conditions

Other types of waste-heat boilers to recover the
heat from waste gases or fluids from industrial heat-
mg processes have been designed for special condi­
tions of space, temperature, pressure, and draft.

ith all of the limitations knovm, waste-heat-recov­
ery boilers can be designed to accommodate almost
any set of conditions.
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ClIEMICAL-RECOVERY UNITS POWER Tins ALASKAN PULP MILL

20

CHEMICAL AND HEAT RECOVERY IN THE PAPER INDUSTRY

T
he pulp and paper industry is of far more than
passing interest to the engineer involved in the
generation of steam and power. Every type of

pulp or paper produced requires large quantities of
steam for drying of the sheet on the paper machine.
In chemical pulping, steam is used for heating in the
cooking process, during which the lignin is abstracted
from the wood, leaving the cellulose pulp. Steam
and its companion, electric power, are two of the
basic “raw materials” necessary for the manufacture
of pulp and paper. In 1960 the pulp industry in the
United States alone used more than 30 billion kwhr
of electricity, of which 18 billion kwhr was generated
internally. Between 1954 and 1961 B&W installed
steam-generating capacity in excess of 22,000,000 lb
per hr in the paper and allied industries.

The past and predicted production of this industry
and the annual per capita consumption of paper and
paperboard products in the U.S. is illustrated by
Fig. 1.

The following tabulation, compiled by Pulp and
Paper and Pulp and Paper International, shows the
per capita use in pounds of paper products in various
countries of the world for the year 1961:

United States 439.5
Canada 280
Sweden 270
United Kingdom 235
Netherlands 228
Denmark 207
Switzerland 205
Australia 195
Norway 192
New Zealand 188
West Germany 179.5
Finland 172
Belgium 147.7

A large share of the steam and power consumed by
tliis industry is generated by the combustion of waste
fuel-. The collection, combustion, and recovery o
chemicals and heat from these waste fuels present 

many interesting and unique problems for the engi­
neer.

It was not until the middle of the nineteenth century
that wood was used as a raw material in making
paper by the major basic pulping processes. These
processes are: groundwood, alkaline pulping, and acid
pulping. The first groundwood mill and the first
chemical wood-pulp mills for both the alkaline and
the acid processes were started in the period from
1852 to 1874.

In the past 100 years phenomenal progress has been
made. The range of wood species used as raw ma­
terial has required many technical modifications to the
several processes. Refinements have been made in
the techniques of forestry, logging, barking and chip­
ping the logs, digesting and washing the pulp, supple­
mentary purification of the pulp for chemical use,
bleaching, and loading.

The virtual existence of modern man is dependent
upon pulp and paper products. These products are
necessary in business and in the home for magazines,
books, newspapers, records, contracts, checks, money,
stocks, reports, correspondence, advertising, packag­
ing, drying, cleaning, sanitary use, insulation, and

Fig. 1. Production and consumption of paper and
paperboard products in the United States
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construction materials. In the production of such pro -
ucts as rayon, explosives, lacquers, and photographic
film, wood pulp in a refined form is the basic raw
material.

In 1961 about 40.5 million tons of pulp, paper, and
paperboard were consumed in the United States. Ot
the 35.5 million tons of paper and paperboard prod­
ucts, 26 million tons were produced by the wood-pulp
industry, the remainder coming from reclaimed waste
paper and pulp imports. For this production, steam
requirements varied within wide limits, from a mini­
mum of 5,000 lb per ton to a maximum of perhaps
20,000 lb per ton, depending upon the grade and
degree of bleaching and converting done at the mill.

Boilers to supply the heavy steam demands of this
industry, when fired by the usual primary fuels (coal,
oil, gas, wood refuse, or bark), are of conventional
design, as covered in other chapters. Some departure
from the conventional, involving special design of the
furnace, is required to burn successfullly sand-impreg­
nated or salt-water-borne bark and hogged wood. A
large proportion of the steam requirements for the
pulp mills, however, is produced in highly special­
ized chemical- and heat-recovery units.

Electric power requirements in the making of pulp
and paper have risen faster than process steam re­
quirements. This factor coupled with steadily rising
fuel costs has led to higher pressures and tempera­
tures and high efficiencies in boilers for pulp and
paper mills. The increased value of steam has led to
a demand for more reliable and efficient heat- and
chemical-recovery units. Whereas steam was formerly
regarded as a by-product of chemical recovery, today
the heat value of liquor solids is a reliable source of
steam for power generation and process.

Alkaline Process

The two types of alkaline pulping are the soda
and the kraft processes. In the soda process the non-
fibrous constituents of the wood are dissolved by
digestion in a liquor that is essentially sodium hydrox­
ide (NaOH), at a pressure of approximately 125 psi
and a temperature of 350 F. In the kraft process about
20 to 30% of the chemical present in the digesting
liquor is sodium sulfide, Na-S. The sulfur compounds
combine with the lignin during pulping to produce
thiolignins, which are more readily soluble than the
usual soda lignins. This allows faster cooking with
less degradation of the fibers, thereby providing a
stronger pulp.

Since the soda and kraft processes are quite similar,
the discussion of alkaline pulping and application of
a recovery unit will be confined to the kraft process,
with subsequent comments (see Soda Process Recov­
ery Unit, page 20-14) on differences in detail for the
soda process.
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Kraft Process Recovery Unit

The process flow diagram (Fig. 2) will serve to
show the relationship and importance of the recovery
unit in the chemical and heat balances of a typical
pulp and paper mill. Following the flow diagram: the
logs entering the mill are first debarked (1), reduced
to chips (2), and then charged into a digester (3)
where they are cooked under pressure in a steam-
heated aqueous digestion solution of sodium hydrox­
ide and sodium sulfide, known as “white liquor” or
“cooking liquor.” In the cooking operation the lignin
binder, which holds together the cellulose fibers of
the wood, is dissolved.

After cooking, the cellulose fibers, now called “pulp”
or “brown stock,” are separated from the spent cook­
ing liquor in the pulp washers (4). The pulp then
goes through several refining processes and finally to
the paper machine.

The spent cooking liquor containing the lignin
dissolved from the wood is called “black liquor.” As
the dilute or “weak” black liquor (about 15% dissolved
solids) comes from the washers, it is first concen­
trated in multiple-effect evaporators (5) by the use
of steam. The concentrated or “strong” black liquor
then passes to the recovery unit, where it is further
concentrated to “heavy” black liquor in a direct-
contact evaporator (6) using the sensible heat of the
flue gas.

The concentrated black liquor then goes to the
mixing tank (7), where salt cake (sodium sulfate) is
mixed with the liquor to make up the chemical losses
in the system. Salt cake recovered from the boiler
hoppers and from the dust or fume collector following
the direct-contact evaporator is also returned to the
liquor cycle at this stage, either by conveying the
salt cake to the mixing tank or by pumping the black
liquor to the collection hoppers. The “heavy” black
liquor, with its salt cake burden, is heated to lower
its viscosity and is then pumped to the recovery fur­
nace (8). In the recovery unit, the heavy black liquor
is sprayed upon the furnace walls for dehydration
prior to final combustion of the dried char on the
furnace hearth.

Chemical and Heat Recovery

In the recovery furnace, heat is obtained from the
combustion of the organic liquor constituents (dis­
solved from the wood), and, equally important, the
inorganic constituents (sodium salts) in the liquor
are recovered as molten ash or smelt. Another essential
function of the recovery is the reduction of the sodium
sulfate content of the black liquor to sodium sulfide.

smelt, composed largely of sodium carbonate,
Na,CO0, and sodium sulfide, Na.S, is tapped from
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Fig. 2. Process flow diagram of a typical pulp and paper mill

the furnace and dissolved in water in the dissolving
tank (9) to form “green liquor.” The green liquor is
then subjected to a causticizing treatment (10) with
lime, Ca(OH)=, to convert the sodium carbonate to
sodium hydroxide. In this step, the sodium sulfide
remains unchanged. The liquor, now known as white
liquor,” is then ready for re-use as cooking liquor in
the digester. The calcium carbonate sludge from the
white liquor in the causticizing operation can be re­
burned in a lime kiln, with loss of CO:, to yield cal­
cium oxide, which is re-used in causticizing green
liquor to white liquor.

Reclaiming and Concentrating Black Liquor

The maximum quantity of waste liquor solids from
the digesters, washers, multiple-effect evaporators,
and finally from the direct-contact evaporator should
be in solution at optimum concentration at each stage
of the process, and as much of the heat from the com­
bustion of the liquor should be utilized as is eco­
nomically practical. Under normal conditions, the
“strong” black liquor comes from the multiple-effect
evaporators at a solids concentration of 40 to 50,e. It
is then ready for further concentration in the direct-
contact evaporator. The concentration to ‘heavy
liquor” in the direct-contact evaporator, using io 
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flue gas, is limited to 67% approximately because of
difficulty in pumping a too viscous fluid, and over­
concentration must accordingly be avoided.

Salient Features of a Kraft Recovery Unit

The functions, objectives, and requirements of the
kraft recovery unit and auxiliaries may be listed as
follows:

1. The black liquor is dehydrated, and the organic
constituents are burned.

2. The ash (inorganic constituents) from the in.
cineration of the char is subjected to active reduc­
ing conditions to convert its sodium sulfate and
other sodium-sulfur-oxygen compounds to sodium
sulfide.

3. The ash is recovered in molten form with as little
contamination as possible.

4. The furnace floor must be tight against leakage
of the molten smelt. The molten sodium com­
pounds are dangerous to handle.

5. The furnace floor must provide positive drainage
of smelt to the smelt spout. Under certain con­
ditions and proportions, smelt and water react
violently and with explosive force; hence, no pools
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of smelt should be present to react with water
inadvertently admitted.

6. Furnace and char-bed temperatures should be
kept as low as practicable to minimize fouling of
heat-absorbing surfaces and loss of sodium from
the furnace through “boiling off” or sublimation
of sodium salts.

7. Furnace gas velocities should be kept as low as
practical (500 to 900 fpm is a good range) in the
char-bed and liquor-spray zones to minimize the
loss of sodium and fuel value through mechanical
entrainment and the attendant fouling of heat­
absorbing surfaces.

8. Water-cooled furnace walls and widely spaced
slag-screen tubes must have adequate surface to
absorb sufficient heat from tire furnace gas,
through radiation, to reduce tire temperature of
the entrained ash, so that it will not be “sticky” or
“tacky” as it enters closely spaced tube sections.

9. Laborious hand lancing should be eliminated,
first, by minimizing the amount of carry-over and,
second, by arranging the boiler-unit heating sur­
faces so that automatic soot blowers are effective
in cleaning.

10. The maximum possible quantity of steam should
be generated for process use. (Usual practice is
to generate the steam in the boiler unit at a pres­
sure and temperature sufficiently above the
process pressure that the electrical requirements
of the mill may be produced as by-product power
in back-pressure turbines.)

11. The black liquor from the multiple-effect evapora­
tors is concentrated, by using the heat in flue gas
in a direct-contact evaporator, to the values
desired at the furnace spray nozzle.

12. The flue gas temperature from a unit which has
a cascade or cyclone evaporator is limited to a
minimum of 300 F to prevent corrosion in the
electrostatic precipitator. A unit equipped with a
venturi scrubber requires no precipitator and
permits an exit gas temperature of 180 F.

13. Ease of control and operation must be provided.
14. Reliability and continuity of service of the re­

covery unit and its auxiliaries are essential.
The modern recovery unit, illustrated by Fig. 3, is

designed to provide these features. The important
components of this design are discussed below.

Characteristics of a B&W Recovery Unit

Spray Nozzle and Oscillator

As previously stated, the black liquor is sprayed
onto the walls of the furnace, where it is dehydrated
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Fig. 3. Modern boiler unit for chemical and heat
recovery from black liquor

and then falls to the char bed below. The spray
nozzle, Fig. 4, located in the center of the front wall,
emits a flat or sheet spray and is continuously both
rotated and oscillated to cover a wide band of the
side and rear walls. The degree of oscillation is ad­
justable to cover a greater or smaller area of wall
surface, as required to compensate for variation in the 
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colids concentration of the atomized liquor and, con­
sequently, the time needed for dehydration. The
.Jay-nozzle actuating mechanism is driven by a
fractional horsepower motor.

Floor and Wall Construction of Furnace

The lower half of the furnace, Fig. 3, is actually a
chemical retort and is operated as such. Incomplete
combustion of the char in the porous bed supplies
carbon monoxide and incandescent carbon, which
act as reducing agents to convert the sulfate in the
smelt to sulfide. All of the smelt filters through the
char bed to the furnace floor or hearth, from which it
is tapped. To withstand the erosive and penetrating
characteristics of the smelt, the furnace walls and the
floor must be so constructed as to assure tightness.

For the floor construction, illustrated by Fig. 5,
plastic-chrome-ore refractory is packed solidly around
studded water-cooled tubes. Its thickness over the
tubes is no greater than that which can be effectively
cooled. Positive cooling of the abutting flat studs at
the center line of the tubes provides the necessary
medium to chill the smelt and prevent penetration
beyond that point. As further assurance against leak­
age, a plate membrane is seal welded to the tubes
behind the flat studs to provide a watertight barrier.

Refractory-faced water-cooled stud-tube construc­
tion is used for all four walls of the furnace in the
retort zone. Furnace walls above this zone are bare
tubes with the space between tubes closed by flat
studs. This construction, shown by Fig. 6, presents
to the furnace a fully water-cooled metallic surface.
It is upon this surface, at approximately the center
third of the furnace height, that the liquor from the
oscillating spray nozzle is deposited.

An outstanding feature of the B&W recovery unit
is the absence of expansion joints to compensate for
expansion of the furnace. This construction contrib­
utes to the reduction of air infiltration and thus helps
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Fig. 5. Section through recovery-furnace floor
and side wall

Fig. 6. Furnace wall construction above retort zone

to obtain maximum steam generation. The modern
recovery unit (Fig. 3), including furnace, superheater,
boiler, and economizer, is hung from overhead steel.
The wall tubes of the furnace, boiler, and economizer
support the monolithic refractory, the block insulation,
and the steel casing, so that these parts move with
the tubes as they expand, thus eliminating the need
for special expansion seals. Furnace buckstays are
attached directly to, and expand with, the tubes.
Buckstays fitted completely around the furnace and
boiler at several elevations are joined together at the
corners to provide structural stability'. The complete
assembly of wall tubes, refractory, insulation, buck-
stays, and casing is free to expand and is, therefore,
quite independent of the supporting steel.

Combustion Air to Furnace

Combustion air is admitted to the furnace through
three sets of air ports, designated from the hearth
or bottom of the furnace upward (see Fig. 3) as
primary, secondary, and tertiary. The primary-air
ports are located at an elevation of 36 in. above the
hearth and extend around the four walls of the fur­
nace. The secondary-air ports are just over the char
bed. Tertiary-air ports are located in two opposite
walls just above the upper limit of the spray zone.

The primary-air ports, located in every second space
between furnace wall tubes, are proportioned to ad­
mit about 607 of the total air required, at a low static
pressure for low velocities and minimum penetration
of the bed. Dampers are arranged to control groups
of three to five individual primary-air ports.
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Approximately one half of the remaining air re­
quired is admitted at each of the secondary- and
tertiary-air zones. Ports in each zone are individually
dampered to permit control of air pressure. The high
pressure on large secondary ports enables complete
penetration across the furnace and assures mixing of
the air with the volatile gases arising from the char
bed. Combustion at the secondary-air level creates a
high-temperature zone below the liquor spray and
aids in drying the liquor in flight from die spray
nozzle to the furnace walls. Secondary air also effec­
tively sizes the char bed by providing heat and
turbulence across the top of the bed.

Further turbulence is created by the admission of
the tertiary air to assure complete combustion of any
unburned gases rising from the secondary zone and
any volatiles driven from the sprayed liquor during
its flight across the furnace. Tertiary-air mass pene­

tration also provides a uniform
temperature.

Combustion-Air Control

The control of combustion air is essentially manual,Jb some assistance from monitoring instruments.

The operator establishes the liquor flow to the recov-
v unit to be consistent with pulping-process require-6 Ynts Total-ail’ flow is selected in proportion to

Uquor'flow, and the ratio of primary-air to total-air
flow is established to provide stable furnace-bed
conditions. Such a control system is shown in Fig. 7.

Recently to insure the maintenance of optimum
furnace firing conditions, a number of installations
have been made in which the total-air requirement is
determined by liquor flow, with fine adjustment pro­
vided by continuous analysis of combustion products.

fUrnace exit-gas The oxygen and combustibles content of fl
the boiler outlet is an accurate measure of ™ kg3S at
efficiency. Using such measurements for a ,bustioa
adjustment of air flow to the unit enables thP tomatic
t0 gain maximum benefit from the combusSon^
waste liquors. ustion of

tion of radiant-heat-absorption surface in the open
furnace and convection surface in the widely spaced
screen and superheater tubes.

Superheater Characteristics

Control of Gas Temperature

The arrangement of upper furnace and superheater
shown in Fig. 3, is most important in the performance
of a recovery unit. Combustion is completed in the
tertiary-air zone, as a result of turbulence and air
admitted at this point. Above this zone there is ade­
quate gas travel in the water-cooled furnace to cool
the gas to a temperature that will permit satisfactory
removal of ash and fume from convection surfaces
by soot blowers.

The nose baffle shields most of the superheater
from the radiant heat of the active burning zone of
the furnace and causes the gas to enter the screen and
superheater at a uniform temperature and velocity.
An eddy above and behind the tip of the nose causes
the gas to recirculate within the superheater tube
bank and thus provides cooling for the portion of the
superheater exposed to the radiant heat of the furnace.

The superheater is arranged for parallel flow of gas
and steam. Saturated steam enters the front tubes
of the superheater in contact with the hot gas and
flows through successive loops, so that the final tube
with the hottest steam is in contact with cooler gas.
There is a dual advantage with this arrangement: first,
cooling of the gas is most rapid at the front of the
superheater, where the need for cooling of the ash
is greatest; second, the parallel-flow arrangement
results in a lower average tube-metal temperature.
This is particularly desirable in recovery units de­
signed for steam temperatures above 700 F. Because
of the highly corrosive nature of the smelt, metal
temperatures of carbon-steel tubes in contact with
fluid smelt should not exceed 850 F. In zones where
there is no fluid smelt, the metal temperatures may
be higher. Careful coordination of superheater metal
temperatures, flue gas temperatures, and alloys for
superheater tubes permits final steam temperatures
up to 900 F.

Maximum Gas Temperatures

Design requirements of the B&W recovery unit
are based on a maximum gas temperature of 1450
(MHVT basis) entering the more closely spaced
tubes. As with other slag-forming fuels, an important
objective is to reduce the temperature of the as i
particles in suspension below their sticky or ^acT
temperature before they enter a closely spaced tube
bank. This is accomplished by providing a com ma
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For a nominal total steam temperature of 700 to
750 F, depending upon pressure and feedwater tem­
perature, a six-loop superheater with forward and
intermediate cavities for soot blowers is installed
following the boiler screen. The superheater is larger
than that required with other fuels because of the
low temperature of the entering gas, the need for
rather wide spacing, and the parallel-flow arrange­
ment. In many units wide bends are used for the first,
second, and even third loops of the superheater, and
the adjacent elements are staggered, simulating screen
construction, to reduce to 1450 F the temperature of
the gas entering the remaining more closely spaced
tubes. For higher steam temperatures, additional
loops are added to the wide-spaced section and the
number of screen rows is reduced. The screen and
superheater surface arrangements are such that they
can be effectively cleaned by type IK soot blowers
(see Figs. 3, 8, and 9).

iSUPERHEATER
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Fig. 8. Black-liquor recovery unit arranged with
economizer and venturi evaporator-scrubber
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Recognition of the need for careful consideration
of gas temperatures at various points in the screen
and superheater has led to use of the nose-baffle con­
struction and tertiary air to provide uniform tempera­
tures and velocities across the entire screen entrance.

Test Traverse Results. The results of a study of actual
temperatures and velocities ahead of the superheater
in a 275-ton per day recover}7 unit, similar to that in
Fig. 9, are shown in Fig. 10. During this test the unit
was operated at a rating of 273 tons per day, firing
liquor at a concentration of 67% solids at the furnace
nozzle. The values shown are the averages determined
with multiple-shield high-velocity thermocouples and
pitot tubes at several points across the width of the
unit and at several elevations. For the traverse shown,
the average MHVT temperature entering the super­
heater is 1465 F (note recirculation indicated by
lowest arrow). Other traverses for different ratings
and liquor-firing concentrations have shown similar
temperature and velocity patterns.

Fig. 9. Black-liquor recovery unit arranged with
cascade evaporator

In addition to creating a favorable pattern of gas
How, the nose baffle shields the bottom of the super­
heater loops from the radiant heat of the furnace. This
shielding reduces localized heat input to the tubes,
resultant tube-metal temperatures, and slag deposi­
tion. Shielding is of special importance at the outlet
loops of the superheater, where the steam temperature
is highest.

Temperature Leaving Superheater. The temperature
of the gas leaving the superheater has been reduced
to 1100-1300 F (MHVT values), which is well below
the temperature at which ash particles in tire gas are
fluid. Deposits formed below these temperatures are
readily blown from the tubes and may be satisfactorily
collected in hoppers beneath the boiler for return
to the chemical cycle.

When Superheat is Not Required for Power. Where
the generation of electric power is not required or
economically justified, the customary superheaters
normally used in recovery units are omitted. Under
these conditions the heat absorption by the furnace
walls and tire standard boiler screen is insufficient to
reduce tire gas temperature to a satisfactory point
for entry to the close-spaced tubes of the boiler sec­
tion. In such cases the standard unit can be modified
by bending the first several rows of the boiler section
forward into the superheater cavity. By this arrange­
ment, the gas temperature is reduced in the widely
spaced tubes within the superheater cavity and above
the superheater floor to a level suitable for entry to
the remaining closely spaced boiler section. When
steam at 175 to 200 psi is supplied from a recovery
unit for process only, 100 F superheat can be used
to advantage in reducing condensation loss in the
distribution lines.

Rated Capacity of a Recovery Unit

As the rate of liquor fired and completely burned
in a furnace of a given-size recovery unit increases,
the gas temperatures in the furnace and entering the
screen increase. The optimum capacity of the furnace
of a modern recovery unit has been exceeded when
the maximum temperature of the gas entering the
screen is so high that fouling of the screen and super­
heater cannot be controlled with sequential mechani­
cal soot-blowing equipment. It may also be said that
the peak capacity for that furnace has been exceeded
when the gas temperature reaches a level where the
fouling of the screen and superheater cannot be con­
trolled with a moderate amount of hand lancing in
addition to soot blowing.

The capacity of a pulp mill is based on the tons of
pulp produced per 24 hr. The object of a recovery
unit is to reclaim the chemicals used and to generate
steam by burning the liquor resulting from the pro­
duction of pulp. The capacity of a recover}7 unit,
within the limitations noted above, should be based
on its ability to burn completely, in 24 hr, the dry
solids contained in the liquor recovered from the pulp
produced in 24 hr. Since the proper measure of the
capacity of a recovery unit is the heat released in the
urnace, B&W has established as a unit of capacity

a heat input of 19,800,000 Btu in 24 hr. This unit,
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Fig. 10. Typical gas velocities and temperatures entering
superheater for a 275-ton recovery unit

known as the B &W-Btu Ton, corresponds to the heat
input from 3000 lb of solids having a heating value
of 6600 Btu per lb, which are fair averages for tire
liquor from a ton of kraft pulp.

Nominal Size of a Recovery Unit

The nominal size of a B&W recovery unit for the
conditions at a particular mill, where the solids con­
tained in the liquor from an average ton of pulp and
the heating value per lb of solids differ from the
standard values used in the unit of capacity, will be
greater or less in B&W-Btu Tons. The nominal size
of a recovery unit for a particular mill will, therefore,
be:

Nominal Size = > in B&W-Btu Tons19,800,000
where:

A = lb of solids recovered from each ton of pulp
B = Btu heating value per lb of solids
C = pulp output of mill in tons per 24 hr

Thus, for a mill producing 200 tons of pulp per 24 hr,
where the cook yields 3400 lb solids in the liquor
from a ton of pulp at a heating value of 6700 Btu per
lb solids, the nominal size of the recovery unit will
be 3400 X 6700 X 200/19,800,000 = 230 B&W-Btu
Tons.

A B&W recovery unit of nominal capacity as de­
fined above has a margin for overload, with attendant
comparable steam production. Higher overloads are
not precluded, but, if carried much beyond 15 to
20%, the steam production will not keep pace with
the liquor feed and will ultimately decrease because
°f the heat required to evaporate the water in the
liquor and to smelt and reduce the chemical ash.

Eoiler Section of Recovery Unit

The boiler section of a modern recovery unit is of 

two-drum vertical-tube design. Figs. 8 and 9 show
vo-pass and three-pass boiler gas baffling, respec-
vely When used, the gas baffles are arranged to

provide generous flow areas at the gas turns where
crossflow occurs, and adequate provision is made for
the inclusion of soot blowers. Cyclone steam sepa­
rators (see Chapter 9) are normally furnished in the
steam drum.

Economizer

When used, the economizer is either the horizontal
continuous-tube type (see Fig. 8) or the two-drum
vertical-tube type (see Fig. 3). The former lends it­
self to high feedwater temperatures of 350 to 450 F,
normal with high-pressure (1200 psi) application,
and the latter to low feedwater temperatures. Feed­
water entering the inlet header flows upward through
the economizer tubes and through multiple tubular
connections to the steam-and-water drum of the
boiler. An economizer is used to take advantage of
the greater temperature head existing between the
gas and feedwater than that between the gas and
saturated boiler water. The feedwater must be com­
pletely deaerated, and, to minimize external corro­
sion, tire feed temperature must not be less than about
260 F (see Chapter 11). This is mandator}7 because
of the high moisture and sulfur contents of recovery­
unit flue gases. Spacing of the economizer tubes is
designed for ease of cleaning with mechanical soot
blowers.

Gas Air Heater

The gas air heater, a very efficient means of absorb­
ing “low-head” heat, is a component of recovery units
when practical amounts of boiler and economizer
surface cannot reduce the gas temperature to a level
suitable for use in the direct-contact evaporator. It
is also furnished when feedwater conditions are be­
low the standards set for safe economizer use. When
liquor from the multiple-effect evaporators is deliv­
ered at a concentration of 50% solids or higher, the
heat balance of the recovery unit will frequently re­
quire a gas air heater. The trend toward higher steam
pressures in pulp-mill operation has increased justi­
fication of the gas air heater, since the temperatures
of the exit gas from the boiler-economizer combina­
tion increases as the saturated steam and feedwater
temperatures increase.

In the gas air heater, steel tubes are expanded into
steel tube sheets. Gas flows inside and air passes
around the outside of the tubes. The air flows parallel
to the gas in multiple horizontal passes, with steel
plate baffles directing the air flow. The gas air heater is
cleaned with specially designed soot blowers or by
shot cleaning (see below). The parallel-flow arrange­
ment protects the tubes against corrosion by assuring 
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that tube-metal temperatures are above the dew point
of the gas.

Soot Blowing

Prior to 1940, soot blowers were generally inef­
fective in recovery units. Application was difficult,
maintenance was high, and the results were not sat­
isfactory. Consequently, hand lancing was a neces­
sary part of the recovery-unit operation. Even after
mechanical soot blowers of improved design became
available for cleaning the rear boiler passes and the
economizer, cleaning of tire screen, superheater, and
front boiler passes still required the constant attend­
ance of hand lancers.

Increasing labor costs and the trend toward larger
units forced the development of automatic mechanical
cleaning devices to cope with the tenacious deposits
that form in the hot-gas regions of the recovery unit.
Even with the most effective known cleaning equip­
ment, surfaces must be arranged with due regard to
gas temperatures, gas velocities, and tube spacing,
in order to achieve a “self-cleaning” recovery unit.
First application of modern-type soot blowers in a
kraft recovery unit was made in 1946. There has been
rapid progress since that time, and at present, when
a recovery unit is operated at or near its rated ca­
pacity, no hand lancing is required to keep the gas
passages open. As load is increased on a unit, how­
ever, mechanical entrainment of ash and sublimation
of sodium compounds increase and invariably lead
to cleaning problems. In addition to excessive quan­
tities of ash in the flue gas, velocities and temperatures
at all points in the unit are increased, and ash deposits
become more difficult to remove.

Great care is taken in the design of all recovery­
unit heating surfaces to assure that such surfaces are
arranged for soot blower cleaning. Cavities are left
at optimum locations in screen, superheater, boiler,
and economizer banks to provide for insertion of soot
blowers. Gas temperatures are calculated to make
certain that velocities and particular tube patterns are
compatible with good cleaning characteristics. Even
building layout is to a considerable extent dictated by
the soot blowers. To take advantage of the superior
cleaning ability and the desirability of standardiza­
tion, retractable blowers, as required in the super­
heater, are generally used throughout recovery units.
When not in actual use, they retract outside the set­
ting to prevent damage or corrosion by the hot gases.
Thus, building clearances and platform elevations
are designed to avoid interferences with the retracted
blowers. Soot blowers are arranged for automatic
sequential operation, controlled from a panel at the
main recovery-unit panel board.

In spite of the great dependence upon mechanical
soot blowers, lance doors (Fig. II) are provided at
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Fig. 11. Lance-port and wall construction

KAOLITE-20
INSULATING
CASTABLE

HIGH-TEMP PLASTIC
INSULATION

BLOCK INSULATION

22^"ITTftl

strategic locations to allow for hand lancing when
required at high overloads or when soot blowers may
be out for repairs.

Both air and steam have been used as the cleaning
media in hand lances and soot blowers for recovery
units. For hand lances, air is generally preferred from
both safety and comfort standpoints. In soot blowers,
however, steam is more commonly used. Air, being
more dense than steam, is theoretically a better clean­
ing medium. In order to make air competitive, com­
pressors are generally sized to deliver less air than
would be the case with steam. Cleaning effectiveness
then is about equal. However, limited compressor
size is a serious disadvantage when upset furnace
conditions or high overloads make it necessary to
clean heating surfaces more often than is normal.
Under these circumstances, the virtually inexhausti­
ble supply of cleaning medium in the steam drum
may become most important. Another factor in the
almost universal use of steam for soot blowing is that
economics generally rules out the use of air for tire
icti actable soot blowers in the hard-to-clean areas
of the unit. Such blowers require large quantities of
500 psi air, so that a costly compressor plant is re­
quired. As a result, steam soot blowers are almost
universally used in modern recovery-unit installations.

Optimum Heat Balance

The design of the economizer and air heater is
subject to a practical limitation because of the high
moisture and sulfur contents in the products of com-

ustion from kraft black liquor. To prevent rapid
corrosion and failure as a result of condensation and
or mation of dilute sulfurous acid, the metal tem- 
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oerature of ordinary steel in contact with the gas must
Lt be below the dew point of the gas. This means
a) that tlie temperature of tire feedwater to the econ­
omizer should be above die dew point of the gas,
and b) diat the relative heat transfer rates on the
gas and air sides of the air heater tubes should be
controlled to keep die tube-metal temperature above
the dew point of the gas.

The heat in the flue gas between a practical exit
temperature from an economizer (650 F) or air heater
(450 F) and the optimum temperature leaving the
direct-contact evaporator (300 F for cyclone and
cascade evaporators and 180 F for a venturi scrubber)
is used in direct-contact evaporation for further con­
centration of the black liquor. Heat represented by
the temperature difference between these points is
used for the evaporation of moisture from the liquor
after it leaves the multiple-effect evaporators and
before it is fired in the furnace. Normally, therefore,
a recovery unit can be designed with a heat balance
in which all the heat is effectively used.

If the heat available in the gas from the economizer
or air heater is greater than that required to evaporate
the liquor from the multiple-effect concentration to
the firing concentration, the excess must be wasted
in some manner. This can be done a) through a higher
gas temperature to the fume collector, b) by reducing
the temperature of the gas through dilution with air,
c) by adding water to the direct-contact evaporator
to replace the excess evaporation, or d) by reducing
evaporation in the multiple-effect evaporators (least
objectionable in the loss of thermal efficiency). How­
ever, the last method is still undesirable, since mul­
tiple-effect evaporation is the most efficient way to
remove moisture from the liquor. Thermal efficiency
of the recovery unit is at a maximum when the dif­
ference between the total heat from combustion of
the liquor leaving the multiple-effect evaporators and
the total heat in the flue gas entering the fume col­
lector is absorbed in steam or in useful work in proc­
essing the chemical ash, without resort to any of the
foregoing wasteful procedures. Obviously, it does not
matter whether heat is used for final evaporation of
the liquor in the furnace or in the direct-contact
evaporator. If, however, a low exit gas temperature
is attained by diluting the liquor in the direct-contact
evaporator, then the exit temperature is no longer a 
measure of efficiency. ,

Where the maximum concentration of the blac'
liquor from the multiple-effect evaporators is limitec
to a rather low figure because of the characteristics o
the liquor or other considerations peculiar to a par
ticular mill, the necessary gas temperature for irec
contact evaporation to a concentration suitable tor
burning in the furnace may be obtained by using on y
a boiler or boiler-economizer combination, team
a pressure of 125 to 150 psi is then used in a steam

coi heater to preheat combustion air. In using this
steam there is little direct loss in thermal efficiency,
since the preheated air becomes an additional source
of heat input to the system, resulting in the generation
of a correspondingly greater quantity of steam.

Direct-Contact Evaporation

In the direct-contact evaporator the liquor and
gas are brought into intimate physical contact, and
there is a mass transfer of water vapor from the liquor
to the gas across the liquor-gas interface. While there
is a decrease in the temperature of the gas in the
evaporator, the combined heat of the gas and the
evaporated water leaving is nearly the same as the
total heat of the gas entering the evaporator. Any
difference may be accounted for by radiation loss
from, and air leakage into, the evaporator plus the
heat given up or absorbed by the remaining liquor.

In the design of the direct-contact evaporator,
adequate surface must be provided for the desired
heat and mass transfer. If liquor is splashed or sprayed
on hot metal, the quantity must be sufficient for con­
tinuous washing. The liquor must be agitated to pre­
vent local overconcentration. A further reason for
continuous agitation or movement of the liquor is
its acidification by the absorption of CO,-, which de­
creases the solubility of the dissolved solids. Because
of the decreased solubility and the increased con­
centration, there is a tendency for sludge to precipi­
tate. Gas velocity and flow pattern in the evaporator
must be such that liquor entrainment in the exit gas
is minimized.

The direct-contact evaporator used in the modern
recovery unit is of the cascade (Fig. 9), cyclone (Figs.
3 and 12), or venturi (Figs. 8 and 13) type.

Cascade Evaporator. In the modern cascade evapo­
rator (Fig. 9) there are from one to four wheels in
varying parallel and series configurations. The ar­
rangement and the amount of total contact surface
required depend upon the weight and temperature of
the gas and the weight of water to be evaporated.
Each wheel, made of two circular side plates con­
nected by tubes, is mounted on a heavy shaft, which
is rotated at low speed. The wheel is partially sub­
merged in a vat of liquor, so that the tubes alternately
dip into the liquor and emerge to present a wetted
surface to the gas stream flowing through the wheel
above the liquor level. The liquor is constantly agi­
tated by the paddle-wheel action of the rotating banks
of tubes. External flow channels are provided for
return circulation of the liquor as it is moved toward
one end of the vat by the rotation of the wheel. Each
wheel is driven by a constant-speed motor through a
.rear reducer and chain drive. Because of the high
starting load, an hydraulic coupling is generally used 
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between the motor and reducer. The concentrated
liquor is withdrawn through a screen in a flow box
mounted at tire side of the evaporator. The screen
is equipped with a moving arm for scraping lumps,
caused by precipitation or localized liquor drying,
into a separate chamber, where they are redissolved.

Cyclone Evaporator. The cyclone evaporator (Fig.
12) is a vertical cylindrical vessel with a conical bot­
tom. The gas is admitted through a tangential inlet
near the bottom. It flows in a whirling helical path to
the top and leaves the cylinder through a concentric
re-entrant outlet. Black liquor is sprayed across the
gas inlet. The liquor droplets mix intimately with the
high-velocity gas and are then thrown by centrifugal
force to the cylinder wall. Recirculated liquor flow­
ing down the wall of the cylinder carries the droplets
and any dust or fume thrown from the gas to tire
conical bottom, out through the drain, and into a
sump tank. Sufficient liquor from the sump tank is
recirculated to the nozzles at the top of the evaporator
to keep the interior wall continuously wet, preventing
ash collection or localized drying on this surface. By
adjusting the quantity of spray liquor at the inlet, it 

FLUE GAS
TO STACK

Fig. 12. Cyclone evaporator

is possible to control the evaporation to some extent
or, conversely, to control gas temperature drop.

Sodium Fume Particle Recovery

When char is burned in the furnace, an appreciable
quantity of sodium is sublimed. As the combustion
gases cool, the sodium vapor condenses and is en­
trained in the gas stream as a very finely dispersed
fume. Much of this fume is reclaimed by deposition
on the heating surfaces of the recovery unit and on
the wetted surfaces of the direct-contact evaporator.
The remainder, in suspension in the flue gas as very
fine solid particles, passes from tire unit. Although
some of these particles are as large as 10 microns
collection of the fume from the waste gas must gener­
ally be considered in terms of submicron size. The
quantity of sodium, largely as sodium sulfate, carried
out of the unit in the flue gas depends upon the serv­
ice conditions and care in operation, with probable
outside limits of 90 to 275 lb and a normal average
of about 150 lb per ton of pulp. This is not only a
costly chemical loss, which must be replaced with
make-up sodium sulfate (salt cake), but it is also a
nuisance as an air pollutant. Most alkaline pulping
mills are now collecting this fume from the flue gas.

Electrostatic Precipitator

The first equipment successfully used to collect
the fume was the electrostatic precipitator. Many
installations of this type are now in use, operating at
collection efficiencies between 85 and 95%. The equip­
ment operates on the principle that a particle, sus­
pended in a gas subjected to a sufficiently strong
electrostatic field, becomes charged electrically and
tends to migrate toward an oppositely charged col­
lection electrode to which it will adhere. The collec­
tion electrode is mechanically rapped periodically to
shake the particles loose to drop into a hopper or vat
of liquor.

To energize the precipitator, potentials of 50,000
to 100,000 volts are used and are adjusted so that a
bluish glow may be seen at the discharge electrode.
Potentials must be low enough to avoid sparking be­
tween discharging and collecting electrodes. Usually
t re electrical supply is provided by a separate unit,
which steps up the voltage of the alternating current
an then rectifies it to an interrupted but unidirec­
tional current.

The gas temperature, moisture content, velocity,
an time of retention within the area subject to the
electrical charge are important. Care should be taken

lat t ie gas temperature entering a precipitator is
not ess than 300 F, for otherwise local cold spots
icsu t in condensation, fouling, and rapid corrosion.
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Fig. 13. Schematic arrangement showing location of venturi evaporator-scrubber

Venturi Evaporator-Scrubber

The venturi evaporator-scrubber (see Fig. 13) is
a device which both collects the fume from the waste
gas and also provides contact of the gases with the
black liquor for concentration by evaporation. This
scrubber depends upon the collision of fume particles
with liquid droplets. In practice, the gas is accelerated
in a venturi section, and liquid is admitted through
steam-atomizing nozzles at the throat in a plane nor­
mal to the flow of the gas. The liquid is finely atomized
by the steam and high-velocity gas, and intimate
mixing results. The fume or dust particles collide
with and adhere to the liquid droplets. The mixture
of gas and liquid droplets then goes to a cyclone sep­
arator, where the droplets with their fume particles
are centrifugally removed from the gas stream and
drain to the sump tank.

Using black liquor as the scrubbing medium, the
venturi scrubber replaces both the direct-contact
evaporator and the fume collector. In this application,
the liquor is concentrated by cooling the gas to a out
180 F. The liquor is recirculated from the cyclone-
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separator sump to the venturi-throat nozzles at a con­
centration of 60 to 65% solids. Liquor is fed from this
svstem to the furnace for firing, as with the direct-
contact evaporators previously described, and make­
up liquor from the multiple-effect evaporators is
added to the system at the venturi throat to com­
pensate for the liquor fired.

The venturi scrubber is a simple piece of equip­
ment, easy to operate and control. Fume collection
efficiencies of 90 to 95% are continuously maintained.
A recovery unit equipped with a venturi scrubber
achieves a higher thermal efficiency, since its terminal
gas temperature is about 120 F lower than that per­
missible with an electrostatic precipitator. When
liquor is the scrubbing medium, there is good absorp­
tion of SO- from the flue gas.

Auxiliaries for Recovery Unit

Successful operation of a recovery unit depends
to a large extent upon the performance of its auxil­
iaries. All the smaller components must be designed
and selected with the same care and attention to
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reliability and continuity of service as the main com­
ponents. The auxiliaries, preferably and usually
supplied as a part of the recover}' unit, are descri e
below:

Auxiliary Oil or Gas Burners. These burners, for curing
the furnace refractory, preheating at start-up, and
emergency use in case of unstable furnace conditions,
are designed for quick and easy operation, are pro­
vided with safety devices for flame-failure protection,
and are interlocked for maximum safety.

Meters and Controls. Automatic controls are pro­
vided for boiler water level, furnace draft, direct-
contact-evaporator liquor level, black-liquor firing
temperature, and the combustion-air flows. Flue gas
is continually analyzed by an oxygen-combustibles
analyzer. Instruments are provided for recording
steam flow, total-air flow, primary-air flow, tertiary-air
flow, boiler water level, gas temperatures at various
points in the system, air preheat temperature, steam
temperature, and black-liquor flow. Gages are pro­
vided to indicate draft losses through the different
sections of the recovery unit, primary-air pressure,
secondary-air pressure, tertiary-air pressure, furnace
draft, induced-draft-fan suction, and steam pressure.

Fans. Because of the possible imbalance of the rotor
caused by deposits from fume-laden gas, the design
and selection of the induced-draft fan are particularly
important. Speed must be conservative, and straight
or nearly straight blades are preferable. A variable­
speed drive is often used in the form of a steam
turbine, if the mill steam balance warrants, or an
hydraulic or magnetic coupling.

Smelt-Dissolving Tank. This tank should be of heavy
construction and should be equipped for good agita­
tion. One or more side-entering agitators are gener­
ally used. The dissolving tank must be vented with
a vertical stack of sufficient size to carry off the vapor
formed in the tank. Green liquor is recirculated to
shatter-nozzles, to disperse the stream of molten smelt
before it enters the liquor in the tank. Steam jets are
also provided, to help break up the stream of molten
smelt and to reduce the noise resulting from the
drilling of the hot smelt by the cooler liquor.

Mixing Tank and Salt Cake Feeder. Careful attention
to detail is required in the design of this tank and
feeder, so that make-up salt cake may be fed at a
regular rate and be well mixed with the black liquor.
The mixing tank includes a mechanically scraped
screen, to assure that all material which passes to the
fuel pumps is of small enough size to pass readily
through the burner nozzle.

Pumps for Moving the Liquor. Pumps are very im­
portant components of the recovery unit. All liquors 
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encountered in the recovery cycle are to some extent
corrosive. As concentrations increase above 6oS solids
black liquor becomes more viscous at a rapid rate,
and, after salt cake is added at the mixing tank, it
also becomes highly abrasive. Centrifugal pumps of
special design are used in this service, and due atten­
tion must be given to suction heads, liquor concentra­
tions, and liquor temperatures.

Black-Liquor Piping and Heaters. Piping, fittings, and
heaters must be designed to withstand corrosion and
abrasion. Piping sizes must represent a compromise
between pressure drops with highly viscous fluids and
a tendency for sludge to precipitate when liquor
velocities are low. Black-liquor heaters are generally
of the direct-steam-injection type, since scaling on
surface heaters renders them ineffective, thereby
requiring standby or spare heaters.

Soda Process Recovery Unit

With few exceptions, the requirements and features
of the kraft recovery unit, as described above, apply
to the soda recovery unit. In the soda process the
digestion liquor is sodium hydroxide, NaOH, without
sodium sulfide, Na-S, which characterizes the kraft
process. The make-up chemical is sodium carbonate,
Na-CO3 (soda ash), instead of sodium sulfate, Na^SOi
(salt cake). Since sulfur is not present in the soda
process, there is no reduction of sulfur in the recovery­
unit furnace. Therefore, chemical make-up is added
to the recovered green liquor rather than to the black
liquor ahead of the furnace (as in the kraft process).
Consequently, the salt cake feeder and mixing tank
are not required. The dust and fume collected from
the boiler hoppers and the fume collector are in the
form of soda ash, and it can be added directly to the
green liquor after the furnace rather than to the
black liquor before burning.

In the furnace, the soda liquor does not form a
suitable reactive char for burning in a bed, and it is,
therefore, finely atomized and sprayed into the fur­
nace. The fine spray dehydrates in flight, and combus­
tion takes place largely in suspension. Combustion air
is admitted through ports around the furnace
periphery, as in the kraft operation, and the hottest
part of the furnace is just above the hearth. The ash,
sodium carbonate, collects in molten form on the
hearth and is tapped through the smelt spout or spouts.

Soda-liquor burning is subject to the same sub­
limation of chemical and mechanical carry-over of
particles as in the kraft process, but the handling of
hopper dust and recovered chemical from the fume
collector is somewhat different, since it is not neces­
sary to return the material to the furnace. Physically,
the design of the recovery unit is the same for soda
as for kraft liquors except that the oscillating spray

zZle is replaced by two or more steam-atomizing

Acid-Sulfite Process

Tjie acid-sulfite process for wood-pulp manufac­
ture differs from the alkaline processes in that an
cid liqu°r is used in the cooking of wood. Chips

are prepared in the same fashion as for the alkaline
processes and are then cooked in a digester, under
steam pressure, to dissolve the lignin binder that
holds the cellulose fibers together. Older sulfite mills
uSe a solution of the bisulfite of calcium or calcium­
magnesium, prepared from limestone or dolomite. In
recent years, however, increasing interest has been
paid to magnesium, ammonia, and sodium as bases
for the bisulfite cooking liquor.

Bisulfite Acid

In the preparation of the bisulfite acid for the sulfite
process, SO; is first produced by burning either ele­
mental sulfur or pyrites. The quantity of air used for
burning is controlled to minimize the formation of
SOa. The SO2 is cooled and passes to the absorption
towers. The number of towers may be two or more.
The towers are operated in series, and cool SO; is in­
troduced at the bottom of the first tower where it
passes upward through the packing countercurrent
to the flow of strong acid. The major portion of SO;
is absorbed in this first or strong-acid tower. The re­
maining SO- passes out the top of the strong-acid
tower and is introduced into the bottom of the second,
or weak-acid, tower where it again passes upward
through packing countercurrent to the downward
flow of weak acid or water.

The raw acid withdrawn from the base of the first,
or strong-acid, tower is further fortified with free SO;
relieved from the digesters to accumulators. Raw acid
from the absorption towers contains about 4% total
SO- by weight, of which 1.6-1.82 of the total weight
of the solution is combined SO-. Corresponding per­
centages of SO- in the cooking liquor range from 5.5
to 6.5 total, with approximately 1% combined SO;.

For the calcium-base digestion liquor, the base it­
self, relatively pure limestone, is used as packing in
the absorption towers in the acid-making system. For
other bases, dolomitic limestone, magnesium, am­
monia, or sodium as a slurry or solution is used. This
slurry or solution passes downward in the tower over
chemically inert packing material, and the SO., passes
upward to form a bisulfite of the base with an excess
of sulfurous acid.

Cooking Procedure

After charging the digester with chips, the cooking
acid is added, either hot or cold. The digester is 

I'Uin,? ri U r ° Pressure either directly or by recircu-
j & ?e. 1(luor through an external heat exchanger

ere 1 is heated and the liquor returned to the
igester. Because of the release of SO; as the temper­

fl ire increases, the excess gas must be released to
permit raising the temperature to correspond to the
pressure within the digester. Cooking time normally
v anes from 7 to 10 hr, and for most of the cooking the
pressure and temperature are approximately 90 psi
and 300 F, respectively.

At the completion of the cook, the gas and vapor
are relieved from the top of the digester, and the pres­
sure is reduced to 30-40 psi. At this pressure all the
contents are discharged to the blowpit through the
blow valve at the bottom of the digester. The blowpit
is an enclosed chamber approximately 2,’2 times the
volume of a digester. It is equipped with a false bot­
tom of perforated stainless steel plate and stainless
steel target, against which the chips from the digester
are blown. A vent, or vomit stack, is provided to re­
lieve the gas and vapor released from the digester
charge as it enters the blowpit. The liquor is drained
from the pulp through the perforated false bottom,
and the pit is then flooded several times with warm
water which also drains through the perforated plate
to wash the pulp. The waste liquor, commonly called
red liquor, and the wash water go to the sewer unless
the red liquor is to be burned. The pulp is hosed from
the blowpit through side doors and, after refining,
passes to the paper machine.

Sulfite Waste Liquor

The total pulp production by the three major pulp­
ing processes in the U.S. is divided approximately
as follows: the kraft process 70S, the sulfite process
25S, and the soda process 52. Reclamation of chemicals
and the production of steam from waste liquor are
well established in the kraft and soda processes. Cor­
responding progress in recovery of sulfite waste liquor
has lagged, however, for technological and economic
reasons. During the past 15 yr, pressure for finding a
better means for the utilization and disposal of waste
sulfite liquor has increased, both to improve the over­
all economy of the pulping process and to permit
compliance with stringent government regulations
regarding stream pollution. At current fuel costs in the
U.S., recovery of heat values alone from the waste
liquors is considered economically marginal. Much
effort has gone into development of processes to
salvage chemicals for re-use in cooking or to obtain
salable by-product compounds, such as alcohol, yeast,
vanillin, oxalic acid, adhesives, and plastics.

The problem of sulfite-waste-liquor disposal is of
considerable magnitude, since the weight of organic
solids in the waste liquor will roughly equal the
weight of cellulose pulp produced. As individual sul­
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fite pulp mills have production rates from 50 to 600
tons of pulp per day, it can be seen that large quan­
tities of waste liquor in dilute concentration are also
produced. The markets for by-product chemical com­
pounds are inadequate to provide more than isolated
relief from the problem, and the only universally
applicable solution thus far suggested is the use of
the sulfite waste liquor as a fuel in the mill where
it is produced.

Sulfite-Waste-Liquor Collection and Evaporation

The optimum arrangement of the equipment for
burning sulfite waste liquor will vary somewhat, de­
pending upon the base of the liquor and whether or
not chemicals are to be recovered. Collecting the red
liquor at the highest possible concentration, in order
to reduce the amount of evaporation necessary in
preparing tire liquor for burning, is of the utmost im­
portance, as the following will illustrate: Based on a
90% recovery, a pulp mill of 100 tons/day capacity
would produce about 9,000 lb of red liquor solids/hr.
The quantity and concentration of weak red liquor
collected and the quantity of water to be evaporated
to reach a solids concentration of 50% are given in
Table 1. It will be noted that more than twice the
quantity of water must be evaporated from liquor
collected at 8% solids than from liquor collected at
14% solids, which requires a much larger, more costly
evaporator installation and doubles the steam con­
sumption for evaporation.

Water Evaporation for 100-Ton Mill

Table 1

Concentration
of Red Liquor Weak Red Liquor Water Evaporated
as Collected, Collected, for 50% Solids,

% Solids Ib/hr Ib/hr
8 112,500 94,500

10 90,000 72,000
12 75,000 57,000
14 64,280 46,280
16 56,250 38,250

To effect the 90% recovery of the red liquor at a
concentration dictated by sound economics, the in­
dustry has adopted the multistage vacuum washers.
Economics of recovery-system operation demands a
liquor feed to multiple-effect evaporators of at least
10% solids.

The red liquor leaving the multistage vacuum
washers at 10-15% solids must be further concentrated
by evaporation of water in multiple-effect evaporators.
Development work during the past 10 yr has led to
a method for evaporating bisulfite waste liquor in the 

continuous uninterrupted manner essential to a
covery and burning process. For burning, the r
liquor should be concentrated to 60% solids. Ljqu
concentrations above 50% are desirable. Or

Sulfite-Waste-Liquor Recovery

The principal difference in burning the red liquo
of the four major bases is in the physical properties of
the base itself after combustion. When calcium-baSe
red liquor is burned, the calcium is present largely as
calcium sulfate entrained in the flue gas as finely
divided dust or fly-ash. When magnesium-base red
liquor is burned, the magnesium is present in the flUe
gas as a fine magnesium oxide ash. When ammonia-
base red liquor is burned, the ammonia disassociates
to nitrogen and hydrogen, the latter burning to water
vapor, thereby destroying the base. Compared with
the combustion of the calcium-base liquor, this is an
advantage, as tire calcium sulfate fly-ash must be
collected to avoid air pollution, and some means of
disposal must be provided. Of the three mentioned
magnesia-base ash is the only one which can be col­
lected and recombined to produce a new raw acid.

It is possible to burn sodium-base liquor either
alone or in combination with kraft black liquor in a
recovery unit of the kraft type. The base or ash of the
sodium-base red liquor would, in this case, be re­
covered as a smelt of sodium sulfide with some sodium
carbonate, which would be suitable as make-up
chemical for an associated or nearby kraft mill. The
regenerative cycle for sodium bisulfite pulping re­
quires a complex secondary recovery unit, using
secondary reactions to convert the recovered sodium
sulfide and sodium carbonate to sodium bisulfite.

Since sodium-base liquor must be burned in a kraft­
type recovery unit, its burning and recovery principles
will not be discussed in this section. Of the four
common bases discussed, then, the magnesium-base
recovery system, where the MgO ash is collected,
slaked with water, and used to absorb SO- from the
flue gas to produce magnesium sulfite raw acid, can
be seen to be the simplest and most economical system.

Burning Sulfite Liquor

While red liquor at concentrations of about 45%
solids has been successfully burned in refractory fur­
naces, higher concentrations are recommended to
assure stable combustion. In general 50% solids is con­
sidered minimum. The liquor must be sprayed into
the furnace in finely atomized form, so that it will
quickly absorb radiant heat to complete the evapora­
tion of water from the droplets. Radiation in the fur­
nace may be from hot brickwork or from the flame of
another fuel fired simultaneously. When burning red
liquor alone, large areas of uncooled brickwork are
desirable in that part of the furnace where the liquor 
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cooking acid. Heat from burning the liquor is ab­
sorbed by boiler surface before recovery of the
chemicals from the flue gases. High recovery effi­
ciencies for both heat and chemicals make the mag­
nesium process commercially profitable, particularly
in large mills. Furthermore, the elimination of stream
pollution is an important additional advantage ob­
tainable with the use of magnesium-base cooking.

Industrial interest in the improved pulp from a wide
variety of wood species has stimulated the develop­
ment of advanced pulping techniques using magnesia
base. The magnesia bisulfite (Magnafite) pulping
process is a simplification of the magnesium acid bi­
sulfite process, without the presence of “true free”
SO-. The combined and free SO.- (bv TAPPI defini­
tion) are equivalent. The Magnafite process produces
sulfite pulps of increased yield and higher strength.
from both coniferous and deciduous wood species.
with a much shorter cooking time than those produced
by the acid sulfite process. The single-stage Magnafite
process was followed by the development of multi­
stage magnesium-base cooking processes. It is now
possible to produce a wide spectrum of pulp grades

eDray is introduced. Turbulence of the •liquor-and-air mixture is essential for rapid and”^'
plete combustion. Preheated combustion air is neT'
jary to effect furnace stability. s neces‘

For the magnesium bisulfite process a hmh
bustion efficiency is required to minimize unb„;carbon in the recovered ash. A high degree offarb^
Jence is obtained by using two sets of burners loX'
opposite each other in the side walls of a ref aX

furnace. The atomized liquor is dried in nassinn r
the spray nozzles into the furnace, and a high
lence is developed when the two opposing stream, fair and liquor particles meet. This design of fnm? f
also suitable and efficient for burning
ammonia-base red liquor. or

Magnesium-Base Pulping and Recovery Process

Commercial experience has shown that chemicals
and heat may be efficiently and easily recovered when
magnesium is used as the cooldng-liquor base. In the
combustion of the waste liquor, the magnesium sub
fur compounds are disassociated to MgO and SO 1
both are reclaimed and used directly in making fresh 

STEAM
l-D FAN

VENTURI

LIQUOR]

MgO

0

DIGESTER

i
accumulator\ 1—
H-P ACCUMULATOR

SULFUR

FILTER AIR

flow ding™™ for I*"9 °"d
Fig. 14. Process

20-17

WOOD
CHIPS

SETTLING
TANK

SLAKING
TANKS

VACUUM
FILTER

WASH­
WATER

STORAGE

CYCLONE
SEPARATOR

HOT WATER
TO PROCESS

GAS
COOLER

RETENTION
TANK

ACID
STORAGE

ACID TANK
preparation

- RED LIQUOR
--MgO(OH)2
-ACID
— WATER

WASHERS
AND

KNOTTER

COLLECTION
TANK

HEAT
EXCHANGER

AIR HEATER
AND

MULTICLONES ECONOMIZER

j SULFUR
A BURNER

t
hot water
TO PROCESS

MULTIPLE­
EFFECT r~
EVAP

SO, ABSORPTION COOLING
TOWER

PULP' i -WATER
BLOW A
TANKrf=d

TO
RECOVERY

FLUEl

SO2 ABSORPTION

TOP RELIEF

JET
CONDENSER

COOLING
WATER

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 186 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/186

https://asbestosclaims.law/library/25273/186


Fig. 15. B&W MgO chemical- and heat-recovery unit

from high-alpha dissolving pulp to high-yield semi­
chemical grades from both hardwood and softwood
species.

Early interest in magnesia-base pulping was re­
stricted exclusively to benefits of the recovery process.
The improved pulping processes now available com­
bined with the commercially proven MgO recovery
process have intensified the interest of the pulping
industry in MgO pulping and recovery.

The classic MgO recovery process, illustrated in
Fig. 14, is applicable to all MgO pulping processes.

Certain design features, briefly described below, are
necessary to obtain optimum efficiency of heat and
chemical recovery from this process.
1. A combustion chamber with large areas of high-

alumina refractory.
2. Opposed firing to give highly turbulent furnace

conditions.
3. Internal-mix steam-atomizing stationary burners.
4. Open passes to cool by radiant-heat absorption the

furnace gases rapidly through the temperature

range at which the conversion of SO- to SO, is high,
and also to cool them to a temperature below which
any sodium and potassium impurities in the ash
are in a “sticky” or “tacky” state.

5. Wide spacing of boiler and superheater tubes to
facilitate cleaning with automatic retractable soot­
blowers.

6. Preheated air at a temperature of approximately
700 F to assist combustion.

Magnesium Oxide Ash

Following the heat-recovery unit, it is necessary to
separate the MgO ash from the flue gas. The ash is
collected in cyclone-type mechanical separators lo­
cated beyond the air heater (see Fig. 15). After
collection of the ash, to minimize evaporator-scaling
and boiler-cleaning problems it is desirable to elimi­
nate the sodium and potassium salts which enter the
system with the wood and, as impurities, with the
make-up chemicals. These salts are readilv soluble in
water and may be washed from the MgO shirty on a 
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qcUUm type of filter. The collected MgO ash is trans-
V ted to the filter by a combination screw conveyor
P°d hydraulic flume.

Magnesium Oxide Slurry

The washed MgO cake, free of contaminating salts,
. then mixed with the make-up MgO and pumped as
1 slurry to the MgO slurry tank. The flue gas, rela­
tively free of ash, passes directly to cooling towers
on its way to the absorption system (Fig. 14).

Magnesium oxide slurry, at a concentration of 10%
solids, is pumped from the slurry tank to the absorp­
tion system, where it is added at the suctions of the
recirculating pumps to insure complete mixing with
ffie absorbing liquor.

Sulfur Dioxide Absorption

Furnace flue gases, of 1 to 2% SO.» by volume, flow
from the recovery boiler and air heater to the me­
chanical ash collector and thence to the packed
cooling tower, where they are cooled to approximately
100 F by recirculated acid water that condenses the
water vapor in the flue gases and collects the small
amount of residual MgO ash not collected in the
mechanical separator. The recirculating coolant also
absorbs a portion of the SO,, to form a dilute bisulfite
acid. Cooling of recirculated weak acid is accom­
plished through heat exchangers to provide heated
process water for pulp bleaching and washing.

Subsequent to the cooling tower, the combustion
gases containing SO, pass concurrent with a flow of
circulating acid in each of the venturi throats, where
the circulating acid collects additional sulfur dioxide
in the production of the magnesium bisulfite acid. The
number of venturi stages required in series is depend­
ent upon the concentration of the product, magnesium
bisulfite raw acid, and the over-all SO, recovery effi­
ciency desired. A typical two-stage absorption system
is shown in Fig. 14. Absorption of sulfur dioxide, to
obtain an over-all SO- recovery efficiency of 957 for
the entire absorption system, can be obtained with the
two-stage venturi system for acid concentrations char­
acteristic of the magnesium acid sulfite process.

portion of the slightly acid circulating coolant
va er in the cooling tower is removed at a rate relative
o ie system flow of acid to the mill and fed to the
na or weak-stage venturi scrubber as make-up for
ie \ enturi stages. The acid flows between the succes­

sive venturi stages countercurrent to the flue gas flow
o yield an acid of the required raw-acid composition

in the collection tank of the first, or high-concentra-
tion, venturi.

Magnesium hydroxide slurry is added at a con­
trolled rate to the circulating acid in the venturis for
maximum recovery of sulfur dioxide. This rate of
magnesium hydroxide addition is controlled by pH
meters, which maintain a concentration of 0.5-0.77
magnesium sulfite (referred to as monosulfite) in the
acid sprayed into the venturi throats. Absorption is
effected by the monosulfite, which has a high affinity
for SO:. The maximum sulfur recovery before the flue
gases leave the stack is assured by maintaining the
optimum magnesium sulfite concentration in the acid
in each venturi.

The rate of magnesium hydroxide addition to the
first venturi is controlled to obtain an acid as near to
true bisulfite as possible. Theoretically, the absorption
in the first venturi stage can be controlled to react a
sufficient quantity of sulfur dioxide with the magne­
sium hydroxide to form the bisulfite with none or only
a small quantity of the sulfite salt. However, it is nec­
essary to maintain an excess of magnesium sulfite in
the acid at this point to obtain maximum over-all SO,
recovery. The final raw acid contains an excess 0.2-
0.37 sulfite, which, together with the magnesium
bisulfite, is in solution at a pH of 4 to 5.

The raw acid from the collection tank of the first
venturi flows to a settling tank, where insoluble ma­
terials, such as calcium silicate and inerts picked up
from the wood and make-up magnesia, settle out and
are periodically flushed to the sewer.

Economics

An analysis of the cost of chemicals per ton of air­
dry pulp produced with various bases is given in Table
2. This analysis indicates the range of chemical savings
possible in addition to the value of the steam gener­

Relative Cost of Base Chemical and Sulfur per Ton of Air-Dry Pulp

Table 2

Without Recovery

Base
Calcium carbonate
Magnesium oxide (acid bisulfite)
Anhydrous ammonia
Sodium carbonate

Base
lb

350
140
119
370

$
0.74
2.80
3.57
3.70

Sulfur,
lb $
270 4.38
270 4.38
270 4.38
270 4.38

Total Make-up
8

5.12
7.18
7.95
8.08

7ith Recovery Magnesium oxide (acidbisulfite) 20 0.80 50 0.81 1.61
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ated, when the base chemical and the S0_> are
recovered bv burning the red liquor in a recovery unit
for the magnesium bisulfite process, as describe
above. The savings in chemicals alone, when compar­
ing magnesium base with recovery to the relative y
inexpensive calcium base, is $3.51 per ton of pulp.
When comparing magnesium base with the more
expensive bases, the savings are greater.

Neutral Sulfite Semichemical Process

Semichemical Pulping

“Semichemical” covers pulping processes in which
the wood chips are partially cooked and the balance
of tire pulping is carried out by mechanical means.
The aim of the process is to produce pulp at yields ap­
proaching those for groundwood but still resembling
chemical pulp in its properties. The process was de­
veloped to produce high-yield low-cost pulp from
wood species not normally suitable for pulping by the
kraft or sulfite processes.

Hard woods, such as oak, gum, alder, chestnut,
aspen, and maple, have been used to produce semi­
chemical pulp. The cooking liquor may be alkaline or
acid, as previously discussed for full chemical pulping.
However, the term “semichemical pulp” as commonly
used generally denotes a pulp produced with a solu­
tion of sodium sulfite buffered with sodium carbonate
to a near-neutral pH, thus, the term “NSSC,” denoting
Neutral Sulfite Semi Chemical pulping.

Semichemical pulping has been under development
for almost thirty years. Early attempts to develop a
chemical recovery system utilizing NSSC waste liquor
were not successful. As a result of the absence of
chemical recovery, advancement of this pulping
process has been retarded.

The small amount of heat that can be recovered
from NSSC waste liquor per ton of pulp produced
limits the economic return and thus has retarded de­
velopment of recovery processes. As a result of the
high pulp yield, the organic and total solids in NSSC
waste liquor are low—1200 to 2100 Ib/pulp ton com­
pared with about 3000 Ib/pulp ton in soda and kraft
processes. Also the heating value of the solids is rela­
tively low—4300 to 5700 Btu/lb dry solids—because of
the high ehemical-to-wood ratio used in the NSSC
cook and because of the small amount of wood sub­
stances in the waste liquor. The heat in the waste­
liquor solids from the manufacture of one ton of NSSC
pulp is between 5,500,000 and 12,000,000 Btu, whereas
the kraft process averages 19,800,000 Btn/pulp ton.
Variations in the heat in the solids produced per ton
of pulp depend upon the cooking procedures, type of
wood used, yield, and grade of pulp produced. Thus,
while NSSC waste liquor can be burned in a conven-

Fig. 16. “Smelter” type of recovery unit

tional kraft recovery unit, the size of unit required
for a given pulp-production capacity is generally
from one third to one half the size required for the
same kraft pulp output.

The “smelter” type of recovery unit, designed for
economical burning of small quantities of black liquor,
is shown in Fig. 16. This type of unit is unconventional
in appearance, for it does not include the usual boiler
section and other heat traps. The flue gas leaving the
furnace passes directly to the venturi evaporator­
scrubber. This unit sacrifices some steam flow in favor
of lowering first cost, reduces operating labor, and
eliminates the problem of cleaning heating surfaces.

Flue gases at 900-1000 F enter the venturi to evap­
orate liquor from an initial concentration of 28-30%
solids to a burning concentration of about 60% solids.
The use of the smelter in the neutral sulfite recovery
system is incidental, but it is well suited to this appli­
cation because of the small amount of heat in the
waste liquor. Such smelters may also be applied to
small kraft installations.

Neutral Sulfite Recovery Process

The Mead Corporation developed a process for the
regeneration of the chemicals recovered from burning
NSSC waste liquor for re-use in cooking liquor.

The recovery process consists essentially of two
operations. The first stage includes the furnace, boiler
heat traps, and contact evaporator. The venturi
evaporator-scrubber is included not only to effect
reduction of flue gas temperature and evaporation of
liquor but also to collect the sodium compounds from

20-20

STACK

GREEN­
LIQUOR

STORAGE

GREEN
LIQUOR

GREEN­
LIQUOR

CLARIFIER

BLACK
LIQUOR

CYCLONE
SEPARATOR

SULFITING
TOWER

PRESULFITED-
LIQUOR

STORAGE

PRESULFITING
VENTURI

LIQUID
SULFUR

VENTURI
EVAPORATOR.

SCRUBBER

BLACK
liquor

CARBONATION
TOWER\

SMELT­
DISSOLVING

TANK

PRECARBONATION
TOWER

MAKE-UP
- Na2CO3
SOLUTION

COOKING
TO FURNACE uquOR

DREGS
WASHER

Fig. 17. Schematic diagram of the Mead recovery process

the flue gases and thus eliminate inert-salts contami­
nation of the cooking liquor produced in the second
stage. The latter consists of a group of packed towers
in which a water solution of the sodium sulfide and
sodium carbonate smelt, obtained from the recover}’
furnace, is first carbonated to convert Na:S to Na..CO»
and then sulfited to convert Na^COa to Na=SO2. Boilei
flue gas is used for both carbonating and sulfiting, and
the HsS driven from the liquor during carbonation is
returned to the furnace for burning.

Fig. 17 shows a schematic diagram of the i leac
recovery process. Flue gas from a conventional kratt
recovery unit flows through the venturi evaporator
scrubber and cyclone separator to the secondary a
sorption system. Part of the flue gas from the I-D ran
goes through the presulfiting venturi, the rest throng11
the sulfiting tower. The latter, being rich in -> 1S
partially diverted to the precarbonation tower the
remainder passing up the stack. The flue gas rom
the pre ulfiting venturi passes through the car ona ion
tower and, being rich in H=S, is returned to the tur­

nace to be burned to SO2.
On the liquor side of this system, smelt from the

furnace flows into a conventional dissolving tank and
is dissolved to form green liquor of approximated 50%
sulfidity. Sulfidity is defined as the percentage ratio
of the weight of sodium sulfide to the sum of the
weights of sodium sulfide, sodium hydroxide, and
sodium carbonate all expressed as NaO. The green
liquor then passes to a green-liquor clarifying svstein
and thence to the precarbonation tower, where it flows
countercurrent to the CO2-rich flue gas and reacts as
follows:

2Na.S 4- CO.. + ILO -> 2NaHS + Na.COa
From the precarbonation tower the green liquor
passes through the carbonation system, where the
precarbonated liquor again reacts with CO-rich gas
as follows:

2NaHS 4- CO.. 4- H-0 -> Na2CO, 4- ILS
Most of the sulfite sulfur is stripped from the liquor,
leaving a carbonate-bicarbonate solution. The gas
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leaving the carbonation tower contains about 5% ILS
by volume and is returned to the furnace for burning
to SO-. The portion of the sodium hydrosulfide that
has not reacted with the CO. is further passed through
the presulfiting venturi where, under a controlled
higher pH, the remaining hydrosulfide is stabilized,
with the hydrogen sulfide being stripped and returned
to the furnace. The reaction is as follows:

2NaHS + SOs + H,0 -> Na2SO3 + 2H2S
This step prevents the release of H.S in the ensuing
sulfiting-stage reactions. The net effect of the carbon­
ating step is to convert all sodium in the green liquor
to the carbonate and bicarbonate forms and to liber­
ate the sulfur in the form of ITS. The FLS-containing
flue gas is then returned to the furnace and burned
to SO-. In the sulfiting towers the S02 of the flue gas
is absorbed by the carbonated liquor, converting
some of the sodium carbonate to sodium sulfite, as
shown below:

1. SO- + h2o-*h2so3
2. H2SO3 + 2NasCO3 -> Na2SO3 + 2NaHCO3
3. H2SO3 + 2NaHCO3-> Na2SO3 + 2ILO + 2CO2

■up

Sodium is replenished >n the system by ?ddi
sodium carbonate to the carbonated liquor, and sulfJj
s replenished by burning sulfur in the furnace or fa' separate sulfur burner and introducing the result.

inff SO- into the flue gases ahead of the sulfiting tower.
Introduction of salt cake to the waste liquor prior to
incineration in the furnace could be considered as an
alternate method of chemical make-up.
‘ In an NSSC pulping cycle that includes the Mead
recovery system, the over-all heat and chemical re­
covery efficiencies are dependent upon many factors.
The most important, naturally, are the pulp-washing
and the liquor-solids collection. With a modern NSSC
mill and Mead recovery system, over-all chemical
recovery efficiencies of 80-90% of the sodium and
75-85% of the sulfur fed to the digesters could be

yide Mead recovery process alone, including fur­
nace venturi scrubber, and sulfiting and carbonating
towers will recover approximately 96% of the sodium
and 96% of the sulfur delivered to the recovery system
in the form of evaporated waste liquor and make-i
chemicals.
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21
OPERATION OF BOILERS AND RELATED EQUIPMENT

To obtain the best results from a boiler unit of any
given design, an active interest must be taken in
its performance. It is necessary to learn what

the unit is capable of doing under the most intelli­
gent operation. Control equipment, which will do at
all times and under adverse conditions what the op­
erators alone are unable to do, is a most important
factor in the approach to optimum results in opera­
tion. The almost unbelievable progress in the gen­
eration of steam during the last 40 years was made
possible, in very large measure, by the makers of in­
struments and automatic controls. Performance has
been constantly improved by eliminating the uncer­
tainty and inaccuracy of manual control in making
the many sensitive and delicate adjustments required
for the safe operation of a modern boiler unit. It
would, of course, be virtually impossible to operate
a modern unit by hand alone.

The gain in standards of personal safety, elimina­
tion of drudgery, and saving in fuel made possible
by this auxiliary equipment has been worth many
times its cost. It has also exerted a powerful influ­
ence in changing the dingy uninteresting boiler room
of four decades ago to the pleasant well-appointed
modern steam plant which is attracting a constantly
improving caliber of operating personnel. It has been
a vital factor in leading the manufacturers of steam­
generating and steam-using equipment to improve­
ments in size and in function unimaginable with hand
operation and with underdeveloped instruments.

Good boiler operation to obtain low maintenance,
only scheduled outages, and reasonable supervision
may be summarized as follows:

The most efficient use of the fuel, or the most Btu
output in steam for the least Btu input in fuel.

No external or internal corrosion or erosion of any of
the pressure parts.

No deposits of scale on the water-heating and steam­
generating contact surfaces.

A minimum of sludge or other foreign matter on the
water-heating and steam-generating surfaces.

No deposits of any type on the steam-superheating
surfaces.

A minimum amount of slag, ash, or other foreign ma­
terial deposited on the gas-contact surfaces or dis­
charged into the outside atmosphere.

No carry-over with the steam of foreign material,
which can be harmful to the equipment or to the
process which uses the steam.

A minimum amount of physical work and an increas­
ing amount of productive work for the operators.

Constantly increasing safety for the operators.
Maximum protection for the equipment.

Indifferent results from inadequate equipment can­
not fairly be charged to operation, but a wholesome
dissatisfaction on the part of the operators can be
made the starting point for bringing about improve­
ments in equipment necessary to obtain good results.

The two important prerequisites to good operation
are knowledge of the equipment and interest in it.
and one usually augments the other. A real interest in
boiler-room equipment will soon develop knowledge
and understanding. A better knowledge and under­
standing of the equipment will develop an interest in
its performance and in its operating records. Funda­
mentally, of course, there would be a tendency to
lose interest in the records of perfect operation. The
operator’s real interest in records is in their measure
of the degree of perfection he has attained, so that
he can tell what he is not carrying out as well as he
mi"ht or as well as others have been able to do under
similar conditions.
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The operating instruments, supplemented by rec­
ords or recordings of their indications, needed by an
operator vary over a wide range, depending upon the
size and type of equipment. With some exceptions, ob­
vious in specific instances, the information which
he wants to obtain from the instruments and other
sources may be listed in the approximate order of their
importance, as follows:

1. Water level.
2. Visual observation of the fire.
3. Pressure of steam and of feedwater.
4. Temperatures of superheated steam leaving the

major subdivisions of the superheater and of the
reheater.

5. Drafts or pressures of gases and air entering and
leaving the principal sections of the equipment
traversed.

6. Boiler-water conditions, including carry-over.
7. Operation or nonoperation of feed pumps, fans,

fuel-preparation and fuel-burning equipment.
8. Relationship of actual combustion air passing

tlirough the furnace to that actually needed, as
indicated by flue gas analyses, oxygen determina­
tions, or other means.

9. Temperatures of water, gas, fuel, and air entering
and leaving the principal sections of the equip­
ment traversed.

10. Feedwater flow.
11. Fuel flow.
12. Steam flow.
13. Knowledge of what operating functions are in­

terlocked, so that they cannot be performed in an
improper sequence.

14. Knowledge of what important operating functions
are being performed automatically.

Automatic control is virtually inseparable from in­
struments. The list of functions which should be
controlled automatically varies—somewhat as the list
of instruments varies—with the size of the plant, the
proficiency of the operators, the type of equipment,
and, therefore, with the savings which can be effected.
In general, the use of automatic control can be justi­
fied in the regulation of all the operating functions
that do not require an operator’s judgment and that
cannot be performed at less total expense by an
operator.

The functions which arc to be controlled automati­
cally cannot with safety be limited to some arbitrary
number. The selection should cover groups of related
operations. For instance, if the coal output from a
pulverizer is controlled automatically but the total 

combustion air is not, the fire may be put out bv
abnormally high excess air and be followed by
increase in fuel feed to the fireless furnace. In this
example, both functions or neither of the functions
should be automatically controlled. Systems that per.
mit the operator to disconnect one function normally
under automatic control should incorporate safe­
guards to prevent the dangers inherent in temporary
partial-hand partial-automatic control.

The grouping of the instruments and the automatic
control on the instrument and control panel, as well
as the location of the panel in relation to the boiler,
should be given careful consideration.

Grouping of instruments and controls for closely
related functions is important not only in time saved
for the operators but because a clear over-all view of
the situation, particularly in an emergency, may impel
corrective action which otherwise might not be taken.

Location of the instrument and control panel should
be determined from a mental dress rehearsal of the
entire plant operation. Bearing in mind that the fullest
measure of operator performance will depend upon
the fewest number of steps required in walking to
the panel, its location should be selected after taking
into account the anticipated number and qualifica­
tions of operators, their preferred location at the time
each operation is performed, and the location of the
equipment that will be in operation. Some panels are
designed for one or more related auxiliaries, some for
one complete boiler unit, some for two or more boiler
units, and others as master panels for entire gener­
ating stations.

In the operation of power-plant equipment, grad­
ualness in shifting operations is a primary requisite.
If, for instance, an emergency arises, such as a lapse
in good combustion which produces too rich a mix­
ture of combustible in the furnace with a profusion
of smoke, it is much more dangerous to shut down
and thereby permit the furnace atmosphere to be
diluted through the explosive range than to “hold
fast and gradually increase the air for combustion to
a normal safe excess. The handling of situations in­
volving low water and other temperature-stress condi­
tions should follow the same principle of gradualness.

When a new boiler has been completed, a certain
procedure should be followed in placing the boiler
in operation. The steps in this procedure are: (a)
drying-out the refractory setting; (b) “boiling-out”

with chemically treated water to remove any oil or
other deposits accumulated in the pressure parts
dining fabrication and erection; (c) “initial opera­
tion at moderate loads; and (d) “placing on line
in normal high-duty operation. All of these steps may
be taken separately, but it is common practice to
combine (a) and (b), and recently in many cases
(c) has been combined with (b). Chemical cleaning 
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(see page 21-31 ff) is sometimes used as a simnl
ment to, or as a substitute for, boiling-out PP G’

Upon completion of major repairs or alterations of
old units, some of the procedural steps noted are u °
ally required. Those which should be taken as nrZ
prerequisites in again placing the unit in serviL S
depend upon the extent of the repairs or alterations
and are easily recognized. ns
‘ The following rules covering the precede out.
lined above, are offered for the general guidance of
the operator and may be modified to comply with fl
requirements and preferences at different plants or o
meet the demands of the future.

Drying-Out, Boiling-Out, and Initial Operation

General
By consultation with tlie erector of a new boiler or

the repair supervisor for an old boiler and by his own
inspection the operator must verify the complete
ness and fitness of the unit for operation. This will
establish that the unit has been thoroughly cleaned
internally by mechanical means and that it has been
hydrostatically tested with all attendant adjustments
as outlined under Principles and Methods of Installa­
tion, Chapter 25.

e steam-drum manhole plates should be re-
move and the drum internals checked for tightness
an inspected, to determine that the boiler is in satis-

conc^^on f°r boiling-out. No part or section
s rould be closed until the man responsible for the
inspection is certain that all passages to which the
part permits access arc free and clear of all foreign
material except that which can be removed bv boiling­
out. All parts should be closed immediately after this
approval is obtained. The gaskets used for this closure
should be those intended for subsequent regular
service.

Auxiliary apparatus pertaining to the firing or feed­
ing of the boiler should be tried out as fully as pos­
sible, to make certain that it is in proper condition.
This procedure should include all fans and dampers
and the setting and trial of all interlocks. If an auto­
matic combustion-control system is used, the various
regulators should be set for remote hand control and
checked to determine that all can function as in­
tended. It is good practice to blow out the superheater
and all steam piping when the boiler is first brought
up to pressure, to make sure that no foreign material
gets into prime movers or process equipment. The
furnace and gas passages should be clean and free of
all combustible matter.
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Valves, Wafer-Level Gages, and Steam Gage

After the boiler is closed, the blowoff valves, water­
column and water-glass drains, and gage cocks should
be examined for proper operating condition and
closed; the vent valves, the water-column shutoff
valves, the gage-glass shutoff valves, and the valves
to the steam pressure gage should be opened; and the
economizer and boiler should be filled. The water
level showing in the glass should be checked by open­
ing and closing the gage-glass drain and noting the
movement in the glass. The reasons for any tendency
to sluggish movement should be thoroughly investi­
gated, and the difficulty should be corrected.

Water

The unit should be filled through the feed connec­
tions to the normal working level with water of the
same quality as that of the feedwater to be used for
regular service.

To avoid damaging temperature strains and exces­
sive localized heating or chilling of the drum, the
difference between the water and the drum tempera­
tures should be not more than 50 F. In most cases in
regular service, the temperature of the boiler drum
will be between 100 and 200 F, and a source of
150 F feedwater should be provided. Feedwater of
this temperature can be diluted with cold water be­
fore feeding, when tire drum is at a lower tempera­
ture than 100 F, such as may be the case in starting-
up a new boiler or on other infrequent occasions. If
hot water is used to fill the economizer and boiler,
extreme care must be taken to feed slowly and vent
sufficiently, so that no pressure is built up by the
attendant flashing into steam.

Care should be taken to use only properly treated
and deaerated water, so that optimum conditions -will
be in force from the start in limiting the formation
of scale, corrosion, and other difficulties caused by
improperly conditioned water.

To avoid excessively high levels when the water
swells on firing the unit, the water level should be
adjusted (except for Type H boilers noted below)
so that only 1 in. shows in the gage. For B&W Type
II boilers, the water level should be raised to the
center line of the gage glass to keep the temperature
of the top rows of steam-and-water circulators within
safe limits during the starting-up period. When rais­
ing pressure on the boiler, it is also important to
establish a steam flow through these circulators by
opening the drum vent and superheater drains. This
procedure applies to starting-up from cold or bring­
ing the unit up from bank.

To prevent water from being carried over into the
superheater and the steam line, with the danger of
undue temperature strains in the superheater and 

damage to the steam-driven equipment, extreme care
must be taken to avoid an abnormally high water
level. As precautionary measures, the water level
should never be allowed to rise to the top of the glass
during the starting-up period, and the boiler should
be blown down to one-half glass shortly before lme
pressure is reached.

Chemicals. The chemicals used for boiling-out are
completely dissolved in water before they enter the
unit. The dissolved chemicals are pumped into the
boiler through the chemical-feed connection or, as
a second choice, through the boiler vent without
passing through a dry pipe, dry pan, or scrubber.
For small units lacking a pumping system for this
purpose, the chemical solution may be poured
through the upper-drum manholes after bringing
the water level up to about half way between the
bottom of the drum and the manhole.

With all the water in the unit at the concentra­
tion noted below, a good cleaning job can be done
with any one of the four following combinations of
chemicals:

1. Trisodium phosphate (NaJPOr^H-O) 2500 ppm
Caustic soda (NaOH) 2500 ppm

2. Trisodium phosphate (Na3POrl2fTO) 5000 ppm
Caustic soda (NaOH) 500 ppm

3. Trisodium phosphate (NaJPOrl2H-O) 1500 ppm
Caustic soda (NaOH) 1500 ppm
Soda ash (Na-CO3) 1500 ppm

4. Caustic soda (NaOH) 3000 ppm
Soda ash (Na3CO3) 3000 ppm

In addition to the above combinations of chemi­
cals, some operators use sodium sulfate and sodium
sulfite, respectively, as precautionary measures to
prevent caustic embrittlement and oxygen corro­
sion. However, since the unit is not sufficiently sus­
ceptible to attack from either source because of the
relatively short duration of the boiling-out period,
the additional treatment is hardly justified.

Drying-Out the Setting

The refractories in the setting of the unit must be
dried out with a slow fire for a period ranging from
three days to one week, depending upon the size of
the setting, the thickness of the walls, and the con­
ditions under which the refractories were installed.
The fire should be sufficient to hold the water in the
boiler at such a temperature that a light vapor is
apparent at the open vent on the boiler drum. Water
in the boiler should be carried at the normal level,
and the superheater drains should be wide open.

Block-covered and stud-tube floors of slag-tap
furnaces are covered with chrome ore carefully ap- 
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lied to a thickness of 3 in. or more. This in turn
Phould be covered with not less than 3 in. of dry
canulated slag or stoker ash, free of tramp iron. The
lag or stoker-ash covering is provided chiefly as a

protection for the chrome ore surface against traffic
during erection and premature surface drying.

When boiling-out procedure is combined with
process of drying-out the refractory setting, the

fires should be operated for two or three days at an
extremely low rate, to warm the setting gradually,
and then increased to the minimum that will hold
the pressure required for boiling-out. The rate of
firing must be so regulated that the gas temperature
entering the superheater does not exceed 900 F.

For small low-pressure jobs it is often convenient
to fire with wood thrown on the grates or furnace
bottom. For higher-pressure and larger installations
it is impracticable to fire with other than the com­
bustion equipment and fuel to be used in regular
service.

The fuel-burning equipment should be placed in
service in accordance with instructions issued by
the manufacturer for the type of system installed
and with rigid observance of all the recognized
rules of safety applying to the fuel used. Of special
importance, when burning gaseous, liquid, or pul­
verized fuels, are the requisites to purge the setting
before lighting or relighting the first burner and to
use a torch for lighting the individual burners as they
are placed in service.

Precautions. To summarize, the following impor­
tant precautions should be taken before lighting the
fire:
1. Remove all structural timber from the furnace

and from the gas passages. A glowing ember may
ignite explosive gases, which can accumulate if
the combustion equipment is not operated with
care while firing at low rates during boiling-out.

2. Make connections so that all blowoff and drain
valves can be used effectively and without danger
to the personnel.

3. See that all dampers are in good working order
and so set on the shafts that their positions are
correctly indicated.

4. Make sure that the gage glasses and other means
of indicating the water level are in good working
order.

5. Make sure that the fuel-burning equipment, tem­
porary or otherwise, is in such shape that it can
be operated in strict accordance with all recog­
nized rules of safety applying to the particu ar
fuel used.

6- Make sure that the unit is filled with water and
chemicals in accordance with the foregoing in­
structions.
Before lighting any fires, completely purge the

se mg of all combustible gas bv circulating air
iroug■ i the setting for at least 5 minutes at the

ra e o approximately one fourth of the require­
ment for maximum capacity of the unit. For units
With dampered superheat control, both the super­
heater and gas by-pass dampers should be wide
open during the purging.
Firing
After the fires have been lighted, it is important

t at they be held continuously at the minimum rates
suitable for drying-out and boiling-out, respectively.

o avoid puffs or perhaps a serious explosion, it is
especially important to maintain stable combustion
conditions. Should the fire be accidentally or pur­
posely extinguished, it is absolutely necessary’ to
purge the setting for at least 5 minutes before
relighting.

With oil firing at very low rates in furnaces de­
signed for high capacities, vapor leaving the furnace
may condense in the colder parts of the setting. To
lessen the possibility of the occurrence of this con­
dition, steam or air atomizers should be used, or
temporary, relatively small, refractory furnaces should
be built around the oil burners in the regular furnace
to aid in supporting ignition and in completing the
combustion of the oil before the gases reach the
tube surfaces.

When gas firing is used, it is important to make
sure that the burners are operated at the gas pres­
sures required to maintain stable ignition. Every
precaution should be taken to insure the mainte­
nance of the required gas-pressure regulation or
control to absolutely prevent even temporary lapses
in stable ignition.

It is of critical importance to make sure that all
instruments and control equipment are in good work­
ing order before the unit is in operation. Instrument
accuracy should be checked as completely as pos­
sible. All circuits and signals — electrical, air, hy­
draulic, or other types —should be verified. Each of
the different pieces of equipment controlled from
these circuits should be started up or tried out
doubly to confirm that each of the controls is cor­
rectly installed. There have been many instances of
serious accidents traceable directly to the failure to
delay initial operation until the necessary instruments
and control equipment were in proper operating
condition.

As a final warning, there is no substitute for a
crood fireman. Operation of the firing equipment
should be entrusted only to experienced operators
who are fully familiar with the type of system in
use and who are keenly aware of the hazards in­
volved in firing at the low rates required. All too
often, the firing during drying-out and boiling-out
is looked upon simply as a routine to be endured
and completed with minimum inconvenience, and 
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consequently the new equipment is frequently
handled by inexperienced operators or men pressed
into service from the construction force. If such a
course is pursued, not only does the job of drying­
out and boiling-out, so important to subsequent
successful performance, suffer but the safety of per­
sonnel and equipment is seriously endangered.

Pressure and Duration of Boiling-Out

The firing rate should be gradually increased to
raise the pressure in the unit slowly to the boiling­
out pressure. The recommended pressure for boil­
ing-out is 501c of tire normal operating pressure.

Duration of the boiling-out period will vary with
tire amount of cleaning required. However, experi­
ence indicates that a period of 48 hr at the recom­
mended pressure and chemical concentration is
usually sufficient to clean a unit. A clear appear­
ance of the blowdown at the end of this time will
serve as a guide for ending the process, but the
subsequent internal inspection is the final step in
determining how thoroughly the boiler has been
cleaned and whether it will be necessary to repeat
tire process.

Protection of Heat Transfer Components

Economizers. For economizers with recirculating
connections (Fig. 4), the valves are kept open during
boiling-out and while pressure is being raised pre­
paratory to initial operation. When such units are
on the line and have taken water for approximately
5 minutes, these recirculating valves should be closed.
Before feeding water, if there is a possibility of
steam forming in the economizer inlet header while
the pressure is being raised, the header vent should
be kept open until it is certain that the accumulated
steam has been blown out. Economizers of this type,
designed for the high-gas-temperature zones, will
automatically induce circulation of the boiler water.
In economizers without recirculating connections,
suitable for low-gas-temperature zones, the only flow
during boiling-out is from economizer blowdown and
the water fed to make up for boiler blowdown. In
this type, part of the chemical solution for boiling­
out should be introduced into the feed line before
the economizer, to bring the concentration up to
that recommended for the water in the boiler proper.

Superheaters. Before lighting the fire, all super­
heater drains should be opened wide. For units with
dampered steam-temperature control, the superheater
dampers should be closed, except for a slight open­
ing to avoid gas pockets, while the dampers over the
by-pass section should be wide open.

During the boiling-out procedure, superheaters 

should not be flooded; in fact, the object is to keen
them clear of water at all times during the various
phases of the starting-up procedure insofar as drain-
ability permits, so that the superheater tube metal
will be cooled by some flow of steam through tire
tubes.

For nondrainable units, it may be necessary to
open the superheater dampers to provide the heat
required to boil any condensate out of the tubes
It may also be necessary to reduce the temperature
and increase the over-all firing time in order to boil
out the water trapped in the tubes. Obviously, there
will be no steam flow through a tube partially filled
with water until the water has been cleared, and
those portions of the tube not in contact with the
water will be subjected to excessive temperatures
and attendant danger unless the entering gas tem­
perature is held to safe limits to boil tire water out
of superheater elements.

Thermocouples installed in the outlet legs of the
superheater tubes, where they pass into the un­
heated vestibule, will read saturation temperature
until the tubes are cleared and there is a flow of
steam through them. The temperature of these out­
let legs rises sharply, immediately after this flow
is established, to superheated steam temperature
which, under normal rate of starting-up, will run
75 F or more above saturation. Experience indicates
that a thermocouple on each outside tube and one
on a tube near the center are sufficient, for the usual
installations, to judge the clearing of water from the
entire superheater. It may be necessary, for large
nondrainable superheaters with a relatively large
number of loops in series, to continue the starting-
up firing rates after the boiler is up to line pressure
and delivering steam.

Throughout the starting-up period, including dry­
ing-out, boiling-out, and bringing the unit on the
line, the firing should be regulated to keep the tem­
peratures of the superheater tubes within safe limits
for the tube metal and to avoid high stresses from
abnormal temperature differences between one part
and another. The tube-metal temperatures are nor­
mally kept below the temperature usually reached at
the maximum design capacity by bleeding steam
through the superheater-outlet-header drains, by­
passing gas around the superheater on units with
dampered superheat control (for superheaters of the
drainable type), and regulating the time of bring­
ing the boiler up to line pressure.

A direct method for determining the time is to use
thermocouples to measure the superheater tube
temperatures and gradually increase the rate of
firing, always keeping the temperature within safe
limits. An approximate method is to regulate the
firing to limit the temperature of the gas entering
the superheater to 900 F for steel tubes and 950 F for 
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alloy tubes. When rt is impossible to regulate the
firing to the minimum rates required, firing shouffi
be in intermittent periods of 10- to 15-minute dura
tion at 5- to 10-mmute intervals. To avoid momen­
tarily exceeding the gas temperatures just noted it
may be necessary to shorten the duration of and tn
lengthen the intervals between, firing periods.

For both boiling-out and afterward, whenever the
unit is being brought up to pressure for equipment
operation, the vent on the steam drum should be
closed when the boiler pressure has risen to 25 nsi
At this time also, all superheater drains except" those
in the outlet section of the outlet header should be
throttled sufficiently to reduce the amount of steam
waste, yet left open enough to keep the header
clear of condensate. However, periodic wide-open
blowing of all superheater drains is assurance against
stoppage of a continuously partially open valve
The superheater outlet drains should normally be
left wide open until the boiler is on the line7 al­
though it may be necessary to throttle these drains
to maintain the desired rate of pressure rise without
exceeding the permissible firing range.

The time required to place a boiler in service de­
pends upon its size and type. Some small low-pres­
sure boilers with superheaters may be placed in serv­
ice, with comfortable margins of safety, within 1 to
IM hours. See Protection of Drums, below, for large
high-pressure units with superheaters.

To serve as a schedule for the operators in ar­
ranging a starting-up program, test measurements
should be carefully translated into terms of avail­
able operating indices, such as time as a function of

steam pressure, firing-equipment speeds, gas tem­
peratures normally indicated, air pressures, drafts,
and valve openings and closures.

eheaters. Since they are not connected with any
supply of steam from tire boiler, reheaters, which
are in effect superheaters interposed between the
outlet of a high-pressure turbine and the inlet of a
ow-pressure turbine, require special consideration

during boiling-out. In some cases a temporary con­
nection is made from the boiler drum or the super­
heater outlet, so that some steam may be blown
through the reheater drains. If this is done, the re­
heater should be handled in the same way as the
superheater. In some of the latest installations,
however, the reheaters have been left isolated dur­
ing boiling-out and have been given no attention
except that the entering gas temperature has been
limited to 900 F.

Before lighting the fire, all reheater drains should
be opened wide, and care should be taken to see that
the reheater is drained as completely as its design
will permit. For units with dampered steam-tem­
perature control, the reheater dampers should be
closed except for a slight opening to avoid gas
pockets, while the dampers over the by-pass section
should be wide open. If the reheater is nondrain­
able, the water or condensate that has accumu­
lated in the tubes must be boiled out during the
firing period, and it may be necessary to open the
reheater dampers to provide the heat required for
this purpose. In boiling-out a nondrainable re­
heater, the procedure outlined above for nondrain­
able superheaters should be followed except that. 

Fig. 2. Sov,-„9S in building «= nttuded in this Scuihwthem
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instead of thermocouples on only three tubes, they
should be located every few feet across the reheater
as necessary to obtain representative coverage.

Reheater drains discharging to the condenser
should remain open until a load equivalent to 5 to
10% of the full rated steam flow of the boiler has
been reached. Reheater drains discharging to the
atmosphere should remain open until it is time to
start the vacuum pumps of the condenser, when
they should be closed to prevent air from being
drawn into the condensate system.

During the pressure-raising period, before there
is steam flow through the reheater, the firing rate
must be controlled, as noted above for superheaters,
to limit gas temperatures, with the additional limita­
tion that the temperature of the gas entering the re­
heater must not exceed 900 F until steam flow
through the reheater has been established. Usually,
the restrictions on firing rate necessary to protect
the superheater will provide adequate protection
for the reheater. A critically important difference
between the superheater and the reheater is the time
of establishing normal steam flow. In the super­
heater, normal steam flow starts with the unit up to
pressure and delivering steam through the super­
heater to the fine. In the reheater, normal steam
flow may correspond approximately to that of the
superheater or it may be completely unrelated. The
starting-up gas-temperature limitation for reheaters
must be adhered to, therefore, until normal steam
flow has been established through the reheater itself.

Protection of Drums

In the majority of installations, the time required
to place a boiler in service is limited to the time
necessary for the protection of the superheater and
the reheater against overheating. However, with
higher steam pressures and thicker boiler drums, the
time for both starting-up and shutting-down may be
determined by the time required to limit the thermal
stresses in the drums.

To comply with the limiting temperature differ­
ences determined by simple analyses of the thermal
stresses, various rules have been formulated in the
past, based on generally accepted operating prac­
tice. One rule widely used limited both the starting-
up and the shutting-down rates to a change in
saturation temperature not to exceed 100 F per hr,
in the belief that this rate would limit the differential
temperature of the drum-shell metal to not over an
assigned value of 100 F. Recent investigations in­
dicate that these rules are generally too conservative
and that heating and cooling rates may be much
greater than the old empirical value of 100 F without-
exceeding safe limits for the drum-metal thermal
stresses.

Based on stress analyses and supporting field data, 

it is now recommended that the principal criterion
for allowable rates of heating and cooling should be
the relation between the temperature drop, 2\t,„
through the drum wall at any location and the tem­
perature difference, Atm, between temperatures of
the outside surface of the drum at top and bottom
The limiting values in this relationship are giVen
in Chart At for drum-shell thicknesses up to 6J2 in
and for drum diameters of 60 in. and above.

A f„ = TEMP DIFF BETWEEN TOP AND BOTTOM OF DRUM. F

Chart At. Recommended guide for control of thermal
stresses in drums during starting-up and shutting-down

To determine the temperature differences during
the periods of starting-up and shutting-down, it is
necessary to establish continuously and accurately
the outside and inside surface temperatures of the
drum shell.

Temperature of the outside of the drum shell is
best determined by thermocouples (see Chapter
6). At least six thermocouples should be installed
outside at the following locations:
(a) At top center of drum.
(b) About 24 in. from (a), measured circumferen­

tially on the same circumference.
(c) At bottom center of drum.
(d) On a boiler or circulating tube about 6 in. from

drum shell.
(e) At top of drum near one end, outside the zone

of baffles and scrubbers.
(f) At bottom of drum, same circumference as (e).

Temperature of the inside surface of the drum
can be established as follows:
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The inside surface temperature of the portion of
the drum shell covered by water may be taken as the
^mperature of the water, and this may be con­
sidered to be the saturation temperature correspond­
ing to the pressure as long as the pressure still shows
on the steam gage. Before the pressure shows on the
gage (heating, during start-up) or after pressure has
dropped to zero (cooling, during shutdown), the
temperature of the water is estimated from the tem­
perature indicated by thermocouple (d) and from
the temperature and the amount of any feedwater
added.

During starting-up with pressure rising (pressures
above zero gage), the inside surface temperature of
the portion of the drum shell not covered by water
may be taken as saturation temperature correspond­
ing to the pressure. On the other hand, during
shutting-down with pressure decreasing, the inside
surface temperature of the portion of the drum shell
not covered by water may be assumed to be equal
to the temperature of the outside surface, since for
this condition the temperature gradient through the
drum shell is considered negligible because of the in­
sulating effect of a relatively low-conductivity steam
film in contact with the inner surface.

In starting-up before pressure begins to show on
the gage and during shutting-down after pressure
has dropped to zero, the temperature of the inside
drum-shell surface not covered by water may be
taken, in either case, as that of the outside surface.

For all values of At<» and established simul­
taneously in each case during start-up or shutdown,
that fall on or below the respective curves in Chart
At, tire drum thermal stresses are considered to be
within safe limits. By control of the rates of operation
to come close to but not above the respective curves,
large boiler units may be started up and shut down
in much less time than was formerly considered pos­
sible. Many high-pressure imits are now brought
up to 1000 psi in approximately 1 hr, and continued
practice has shown no ill effects. Field experience
has actually indicated a more uniform expansion of
pressure parts, since higher initial firing rates help
to promote circulation in all circuits.

By assigning an arbitrary conservative limit of
100 F for the value of At™, Chart At may also be
used to approximate the maximum allowable value
of Ait» for drum diameters less than 60 in. Extensive
calculations are required to establish more exact
values of the temperature differentials for smal er
drums and for all drums thicker than 6fi in.

In cold boiler rooms or for outdoor units, the
drum shell above the water level remains cool unti
steam is generated, and adherence to even the ”iax*
mum permissible values of the top curve in iar
At will rightly limit the rate of start-up.
the start-up can be accelerated by complete y nlo
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m warm boiler water, taking care to
p e\ en spilling over into the superheater by the use

' eve^ §a8e g’ass or a vent with a visible
'er ow connection, or both. Thermocouple (b)

can a so be used as an indication of water level,
since t lere is a sharp change in temperature as the
warm water approaches the top of the drum. If

ie water is not hot enough to warm the top of the
rum, it should be heated to the desired temperature
y firing the boiler under normal water-level con­

ditions. Heating the boiler water to 175 F is usually
sufficientjo warm the top of the drum to approxi­
mately 150 F and so comply with the temperature
differential requirements of Chart At during the
subsequent start-up.

During the filling of the drum bevond the range
of the operating gage glass and during the draining
of the drum back to operating level, the fires should
be extinguished.

As previously noted, to prevent harmful thermal
stresses from local temperature differences, it is
always good practice in filling boilers to keep the
temperature of the entering water at not more than
50 F above or below the temperature of the drums.

Accelerated Shutdown. The most effective wav to
cool down large boilers uniformly and quickly is
gradually to reduce the pressure to the minimum
value permitted by plant conditions as the load is
reduced. When firing is stopped, all pressure parts
will then be at a uniform reduced temperature. If
this procedure is not possible, the fires should be ex­
tinguished to allow the pressure to drop naturally.
The forced-draft fans can also be used to speed the
cooling down of large boilers. Whichever method is
used, the temperature differences should not exceed
the limiting values of the cooling curve in Chart At

The simplest way to keep the cooling-down rates
within permissible values is to allow the pressure
to drop until the temperature differential reaches
the limit set in Chart At Then, with the fires ex­
tinguished, the water level should be raised to the
top of the drum, avoiding overflow into the super­
heater. In this condition, with both the feedwater
and the fires shut off, the boiler will continue to
cool down. When temperature differentials again
reach the permissible limits in Chart At, feedwater
should be injected to make up for the small amount
of shrinkage from cooling. During the shutting­
down period, the drum should be vented to remove
anv steam which tends to collect at the top of the
drum.

Checking Steam Gage
As soon as steam is heard blowing from the vent,

the steam gage connection should be cheeked, to
see that it is clear, by closing the shutoff cock and
opening the drain valve. As soon as the line is clear, 
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tlie drain valve should be closed and the gage coc'
opened. Action of the gage needle should be watched,
as the pressure increases, to make sure that the gage
itself is functioning properly.

If the steam gage has not been set with a dead­
weight tester, it should be reset to allow for the
water leg in the gage line, using a test gage in
parallel. The setting should be made at a pressure
approximately equal to that at which the boiler is
normally operated.

Nonreturn Valve
During tire early stages of tire starting-up period,

after boiling-out, the drain on tire boiler side of tire
main steam stop valve should be opened and the
nonreturn valve stem raised slightly, so that the
steam piping to the main steam stop valve may be
gradually warmed with increasing boiler pressure.
If the nonreturn valve is equipped with a by-pass
line, tire by-pass may be used to warm up tire piping.

Blowing-Down
Each piece of equipment should be blown down

at least once every 8 hr during boiling-out. The total
amount of water blown down should be the equiva­
lent of a difference in level of one-half gage glass,
divided equally between all main blowdowns. If
necessary, water should be added between tire blow­
ing of individual valves to hold the level within safe
limits. At the end of the blowdown, the water should
be brought up to the normal working level and re­
plenished with chemicals to the recommended con­
centration.

Also, as previously suggested, all drain or bleed
valves, such as superheater drains that are being
carried only partially open, should be opened wide
during the blowdown periods for a short blow.

Procedure after Boiling-Out
General. After completing the boiling-out it has

been customary to cool the boiler unit slowly, to
drain, flush out, remove all foreign materials, and
prepare the equipment for its initial operation.

In many instances this procedure has been super­
seded by combining initial operation at moderate
loads with boiling-out. In this method, boiling-out
is completed in the normal way. Then, instead of
cooling down the boiler, the concentration of solids
in the boiler water is reduced to that desired in
regular operation by blowing-down and by feeding
properly treated feedwater. Boiler pressure is then
raised to full operating pressure, the safety valves
are set, and the unit is put into normal operation
at moderate steam output. The unit is operated at
this relatively low steam output for a week or ten
days and is then cooled and shut down for cleaning
and preparation for normal high-duty operation.

Safety Valves. The settings of all safety valves
should be checked, and adjusted if necessary, im.
mediately after reaching full operating pressure
while operating at model ate steam output subse­
quent to boiling-out. In general, the superheater
safety valves should be set to open, under any load
conditions, before the safety valves on the boiler
drum. For units of high rating, this may be qualified
to die extent of setting the superheater safety valves
so that the pressure drop through the superheater
will cause a valve on die boiler drum to open first
at a rating high enough so that, in spite of its un­
loading capacity, sufficient steam will flow through
the superheater to protect the elements from over­
heating. Such provision should be made only after
a careful study of the temperatures involved.

Any safety valve requiring attention that cannot
be given while die unit is hot and under pressure
can be taken care of during die subsequent final
preparation for regular service. Following any work
of this nature on safety valves, a careful check must
be made to be sure that all gags have been removed
and that the valves have been resealed.

Each safety valve should be checked, before tak­
ing the boiler off the line for an outage and after
the boiler is put back on the line following an outage,
either by raising the steam pressure until the safety
valve blows or by gently raising the valve from its
seat by hand.

Gage Glasses. During the initial period of opera­
tion it is particularly important that the gage glass
be clean and the water level clearly visible. If the
gage glass is found to be dirty during the inspection
following the boiling-out, die fittings should be dis­
assembled, cleaned, and repacked. Connections be­
tween the gage glass and the drum and all gage
fittings and water-column drains should be confirmed
free and clear. In the case of high-pressure gage
glasses, if the cleaning requires peeling off so many
sheets of mica that the remaining bundle is less than
standard thickness, the mica bundle should be en­
tirely replaced.

In general, water columns should be blown down
once every 8 hr by very gradual wide-open blowing,
and the manner in which the water leaves and re­
turns in the gage glass should be observed. If the
action of the water in the glass is sluggish, the gage
glass should be blown sufficiently to clear the ob­
struction. Because of the high maintenance cost in
g ass, mica, and fittings, full wide-open gage-glass
flowing is considered unnecessary unless the op­
erator believes that it is required by the action of
I ic water in the gage glass. For high-pressure

oilers with flat-glass gage glasses, maintenance
considerations may make it desirable to rely on the
fluctuations in indicated water level, without fre­
quent blowing-down of the water column, to show 
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whether or not the water-column and gage-glass con­
nections are clear.

Gage glasses should be kept clean and un­
scratched. Leakage at the gage-glass connections
will cause rapid deterioration and breakage. Leak­
age at the watei column or its drain connections will
cause a false level in the gage glass. The glass
should be well illuminated under all conditions.

When the high-pressure flat-type gage glass is
dismantled, particular attention should be given to
the mica sheets. As long as these are not allowed to
wear through, the glass should remain serviceable,
but the mica bundle should be renewed if necessary
to maintain standard thickness. A hooded light, lo­
cated near the base at the rear and shining upward
at an angle to the surface of the water, or various
special lighting arrangements are used to illuminate
this type of gage glass. The water level will appear
as a bright spot in a darkened column. There must
be sufficient indirect lighting at the glass to show,
at all times, the full length of the glass and the
location of the water level.

The difference in refractive index between water
and vapor (or air) is used extensively to indicate a
strong contrasting color distinction between the
water- and the vapor-filled portions of a gage glass.
In this bicolor gage, colored glass strips, properly
positioned between the source of illumination and
the gage-glass windows which act as prisms, show
the water-filled portions as a distinct green. The
vapor portion shows as a distinct red. Thus, an empty
gage glass appears red from top to bottom, and a full
glass appears green. The refractive principle is used 

to show contrasting shades of black and white in
other gage-glass assemblies.

Gasketed Joints. For handhole or manhole fittings
with seats inside, the internal pressure helps to com­
press the gaskets and hold the joints tight. Because
of high temperature, it is impractical and even
dangerous to pull up the fittings with the boiler
under full steam pressure. Gasketed joints of this
type in new boilers are pulled up during erection
under the hydrostatic test pressure of 1’j times
design pressure. The recommended practice after
erection, where handholes or manholes have been
opened or disturbed, is to renew the gaskets and
pull up the nuts with the wrench provided for the
purpose, under a hydrostatic pressure a few per
cent less than normal full steam-operating pressure.

Internal pressure tends to open the joints of
bolted safety-valve flanges, pipe flanges in drain
lines, etc. In a new boiler, joints of this type arc
pulled up before and during the hydrostatic test.
They should be retightened immediately after the
first raising and dropping of steam pressure, when
the pressure is zero but while the unit is still hot.
To obtain the desired temperature, it may be neces­
sary to blow out drain lines while the unit is first
up to full steam pressure, then shut the drains and
pull up the joints while the line is still hot.

Operating Company's Responsibility
The boiling-out, handling of gage glasses, pulling-

up of gasketed joints, checking of the setting of
safety valves, and any other preparations for regular
operation are usually considered the responsibility
of the operating company.
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Placing Boiler Unit on Line
In placing a boiler unit on the line and in normal

high-duty sendee, additional instructions, covering
items not previously mentioned or fully covered,
follow:

Boiler and Superheater
When the boiler pressure has risen almost to

line pressure, the by-pass around tire main steam
stop valve should be opened to equalize pressures
and temperatures in the piping; the main steam stop
valve should then be opened. The drains on the
inlet superheater header should be opened wide as
an added precaution to remove all condensate. As
the boiler reaches line pressure and is actually
steaming, the nonreturn-valve stem should be slowly
raised to full-open position. This procedure will
prevent the possibility of a surge in the flow of steam,
which would result from the sudden opening to full
capacity of a slightly sticking nonreturn valve were

Fig. 4. Radiant boiler with upflow economizer.
Note recirculator connection used in starting-up

the boiler cut in wholly automatically. When two
nonreturn valves are used in parallel on .a unit equip­
ped with a double-outlet superheater, it is important
to make sure that both valves are open wide and
functioning, immediately after the boiler pressure
reaches line pressure and before the fire is increased
to bring up the load. Overheating part of the super­
heater may result from neglect of this precaution.

After the boiler is on the line, all superheater
drain valves may be closed. The superheater drains
should be handled in the same general way when
the boiler is being brought on the line after having
been banked. When a superheater is being drained,
care must be taken to avoid back pressure in blow­
down lines to which the drains are connected. The
drains cannot function under back pressure, and
the resultant hammer may damage the superheater
and boiler.

On units provided with superheat-control dampers,
the gas dampers over the superheater should be
slowly opened, and the by-pass dampers should
then be regulated to give the desired steam tem­
perature.

During periods of normal operation, protection
of the superheater depends upon the flow through
it of sufficient steam at proper temperature. The
temperature is the important variable, since the
quantity is usually fixed at the total steam output of
the unit.

In low-steam-temperature units it is common
practice not to provide special means for the control
of superheat but to depend upon adjustment in
firing conditions to maintain adequately uniform
steam temperature. Excess air has a profound in­
fluence on such control, but care must be exercised
in its use. As superheats approach the higher limits,
it is mandatory to provide special means, such as at-
temperators or gas-control dampers, to maintain
within close limits the temperature of the steam
that cools the superheater tubes.

Economizer
Instructions noted above (page 21-6) should be

followed in handling the economizer.

Reheater
The reheater will go into normal operation in

tandem with the superheater if, in bringing the
boiler unit up to line pressure, the steam path is
open from the high-pressure throttle through the
high-pressure turbine, the intercepting valve, and
the low-pressure turbine to the condenser.

If the intercepting valve is closed while the boiler
unit is brought up to line pressure and the reheater
is isolated from the normal steam flow, it is very
important to hold the firing rate within the starting-
up range until the steam flow through the reheater
is properly related to the firing rate.
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During periods of normal operation, the reheater
is cooled by the steam that is directed through
it as a function of certain valve openings or arrange­
ment in the steam piping between tlie high-steam-
pressure section of the station or the high-pressure-
turbine exhaust and the low-steam-pressure section
of tlie station or the low-pressure-turbine inlet.
When steam is flowing through die reheater, it will
be protected against overheating if the final steam
temperature, as regulated by attemperator, gas by­
pass dampers, firing rate, burner adjustment, etc.,
does not exceed design limits. Control of tempera­
tures of superheated and reheated steam must be
coordinated, particularly during periods of load
change, since these temperatures are both affected
by operating variables, such as feedwater tempera­
ture, firing rate, and furnace cleanliness. Turbine-op­
erating considerations may require reduced steam
pressure during periods following start-up or pre­
ceding shutdown.

In an isolated single-boiler single-turbine station,
the steam flow during normal operation through the
reheater is related to the firing rate almost as de­
pendently as that through tlie high-pressure super­
heater, and the important variable of steam tem­
perature is controlled similarly to that of the high-
pressure steam.

In stations where each boiler-turbine unit is not
isolated and where the primary steam passing
through the high-pressure superheater is mixed with
that from other boilers, tlie amount of steam which
is directed through the reheater can become com­
pletely unrelated to tlie firing rate. In such plants
it is imperative to provide, in addition to tlie con­
trols for reheat steam temperature, safeguards against
subnormal steam flow through the reheater.

Attemperator
When the boiler is being brought up to pressure

and put on the line, and before passing steam
through any attemperator piping which has been out
of service, the drain valves should be opened suffi­
ciently to make sure that all condensate is removed.
To avoid wasting steam needlessly, the drain valves
should not be left open. The spray nozzle of a spray
attemperator should be inspected occasionally, to
make sure that it has not become enlarged by water
erosion.

Gasketed Joints
The procedure applying to gasketed joints, as out­

lined above, should be followed if it is found neces­
sary to renew gaskets or to tighten these joints.

Water Level
Normal water level in the boiler gage glass is at

its mid-point. In case of heavy concentration an
21-

high rating, the water should be at the lowest level
consistent with tlie assurance of constant feed and
the conditions for emergency feed supply. The boiler
should be fed only through connections provided
or approved by the manufacturer.

Gage Glasses and Water Columns
The procedure applying to gage glasses, as out­

lined above, should be followed as may be necessary.

Safety Valves
Before a new unit is considered ready for opera­

tion in regular service, the instructions noted above
should be followed in handling all safetv valves.

O j

Blowing-Down
Many plants use a chemical analysis of the water

from tlie boiler as a guide to determine the amount
and frequency of blowing-down. Where such analy­
ses are not made, the boiler should be blown down
at least once every 24 hr, and the amount of blow­
down will depend upon the class of feedwater and
the amount of steam generated.

In the ordinary sense, economizers, water-cooled
furnace walls, and stoker side-wall or bridge-wall
water boxes should never be blown down while the
unit is in active steaming sen ice. Blowdown valves
for this type of equipment serve only as drain valves
and should be padlocked while the boiler is in
service.

Intermittent blowing-down of the boilers should
be done only at reduced or moderate rates of steam­
ing, and preferably when the fires are banked. The
blowdown valves or any drain valve that permits
hot water or steam under pressure to flow into a
relatively cold line should be opened slowly and
gradually. For instance, in opening a drain line of
say M-in. wall thickness from a 1200-psi unit, at least
1 minute should be allowed from the time the hot
medium starts coining through until the line is
opened fully for tlie complete blow. Proportionately
less time is required for lower pressures and thick­
nesses. Completion of the desired amount of the
blowdown is determined by noting the water level
in the gage glass.

Unless otherwise specified by the valve manu­
facturer, the arrangements of the blowoff valves and
the sequence of operation should be:

For blowoff cock and cast-iron valve: Arrange
the valve in the outside position, with the pressure
over the seat. The valve should be opened first
and closed last.

For tandem steel valves: Arrange with the pres­
sure under the seat of the inner valve and over the
seat of the outer valve. The inner valve should be
opened first and closed last.

Use of continuous blowdown has increased be­
cause of the disadvantages of blowing-down in-
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termittently, such as variations in concentration and
the inadvisability of blowing-down large quantities
of water while the boiler is operating at high duty.
In using the continuous method, a small-size connec­
tion with a suitable regulating valve or orifice is
so located that blowing-down can be done without
adversely affecting boiler circulation. A small quan­
tity of water is discharged continuously, and the
quantity can be easily adjusted as called for by
routine chemical analyses. Continuous blowing-down
of furnace walls and stoker side walls or bridge-wall
water boxes is permissible and occasionally advisable,
provided the quantity is not great enough to inter­
fere with water circulation. This procedure, however,
should be adopted only with the approval of the
boiler manufacturer.

Soot Blowing
Cleanliness, internally and externally, is a very

important factor in maintaining the efficiency and
capacity of a boiler unit. Systematic cleaning should
be included as a regular feature in the operation of
all steam plants. Internal cleaning is done periodi­
cally when the boiler unit is taken out of service
for routine inspection and cleaning. The outer sur­
face of the tubes should be blown free of soot at
regular intervals during operation of the unit, using
soot blowers or hand lances.

The amount and frequency of cleaning the exter­
nal heating surfaces will depend upon the type of
operation and the fuel. Before blowing soot, the
supply lines to the blowing elements or the hand
lances should be thoroughly drained of water. Soot
blowers should be operated only while the burners
are in service at a sufficiently high rate of combus­
tion to insure a low oxygen content in the flue gases
and to prevent the fires from going out. When using
the soot blowers, it is best to operate the boiler be­
tween half load and full load. In operating at low
load the furnace will be cooler, and some unburned
combustible from the furnace may be deposited on
tubes or may collect in pockets. Agitation of these
combustibles during soot blowing at low load may
result in an explosion. It is, therefore, important
that all areas of the gas passes be thoroughly swept
with flue gas, thus purging any combustible gas from
pockets.

Before starting the soot blowers, the furnace draft
should be increased just enough, without an increase
in excess air, to prevent a positive pressure in the
furnace when the blowers are in operation. During
soot blowing, to maintain the proper relation be­
tween air flow and fuel, both should be controlled
by hand. The unit should never be operated with
hand control for fuel and automatic control for air,
or vice versa, since fuel and air will not change to­
gether and loss of ignition may result from a sudden
or wide variation in the automatic control.

Soot blowing should not be attempted when the
boiler is out of service until all sources of hot ma­
terials, in either the furnace or setting, which might
cause an explosion by igniting the dust blown into
suspension, have been eliminated. Under this condi­
tion (boiler cold), air should be used for soot blow­
ing. There is a possibility of external corrosion of
the pressure parts if steam is used.

When permanent soot blowers are installed, care
must be taken to maintain the proper positions of
the nozzles in relation to the boiler tubes. If the
nozzles become displaced so that there is a direct
impingement of steam on the tubes, erosion of the
metal will result. Also, in operating a soot blower
or steam lance, to avoid erosion no portion of the
heating surface should be blown steadily for too
long a period.

Boiler or superheater surfaces adjacent to furnaces
fired with slag-forming fuels should be cleaned at
intervals, using slag-cleaning equipment or blowers
installed for the purpose. The frequency of cleaning
should be as required for commercial efficiency, as
indicated by draft loss and exit gas temperatures.

Furnace-Floor Covering
If combination pulverized-fuel, oil, and gas-fired

furnaces with block-covered floors are to be op­
erated for extended periods on either oil or gas
alone, the floor blocks should be protected with a
layer of refractory tile or ash, to eliminate such
block maintenance as may result from high-duty
operation with no covering whatsoever on the blocks.
When plant conditions necessitate a shift from pul­
verized fuel to oil or gas without shutting down, it
is generally considered advisable to omit cleaning
the floor before the shift is made, so as to leave a
thin coating of ash for block protection. Short peri­
ods of operation with oil or gas alone do not justify
the trouble or inconvenience of providing protection
for floor blocks.

Abnormal Operation

Low Water
In the case of “low water” in a boiler, from what­

ever cause, the primary objective is to extinguish
the fire in the quickest possible manner. Should the
water in the glass drop from sight, any decision to
keep the boiler in operation, even for a brief period,
should be made by the person who is in responsible
charge and who is fully aware of the conditions ex­
isting at the time. In most cases it is exceedingly
dangerous to feed water into a hot boiler that has
suffered from low water.

Boiler-Tube Failures
It is well recognized that a boiler drum empty

of water yet under steam pressure, as would be the 
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case immediately following a tube rupture will be
subject to serious temperature stresses if the drum
metal is quenched by the flow of relatively cold
feedwater in direct contact with it. All drums thick
or thin, may be expected to withstand a certain
number of such temperature shocks without de
veloping incipient cracks, but it is impossible to
predict accurately how many shocks of whatever
violence may be withstood before actual rupture of
the metal will occur. In the protection of a boiler
unit, safety of the drum should be the primary con­
sideration of tire operator. The amount of damage
to the drum, resulting from the relatively low heat
capacity and low heat-emission capacity of any slag
remaining in the furnace or setting, is not serious
compared with the damage that can be caused by
feeding water into a hot boiler.

The above will apply to boilers fired by pulverized
fuel, oil, or gas, as well as any other type of fuel
which permits stopping the combustion almost in­
stantly.

In units served by stokers or any other type of
fuel-burning equipment where the combustion can­
not be stopped almost instantly, severe damage to
the furnace tubes and boiler structure may result
if the flow of feedwater is not continued for some
time after a tube rupture.

Accordingly, in case of a tube failure of sufficient
magnitude to require immediate removal of the
boiler from service, the procedure outlined below
for the two distinct classes is recommended:

1. For units fired by pulverized fuel, oil, or gas:
(a) Shut off the fire.
(b) Shut down forced-draft fans and primary-air

fans.
(c) Shut off completely any output of steam from

the boiler. It is of the utmost importance
that this action be taken as quickly as possi­
ble in order to prevent a sudden drop in
pressure with the corresponding sudden drop
in temperature of the water within the boiler.

(d) Shut off the supply of feedwater to the boiler.
(e) Adjust the flow of air through the unit to the

minimum permissible consistent with safety
from water or steam flowing into the boiler
room. This will prevent unnecessary and un­
even chilling of the pressure parts.

(f) After the pressure has dropped to zero the
subsequent or continued cooling should toi-
low the procedure of a normal scheduled
shutdown. The boiler should not be emptied
until the furnace has cooled to a temperature
at which one can enter and remain in the
furnace.

tion should be made to determine the
damage. Special care should be taken in the
examination of the drums, and the extent of
any incipient cracks found should be ac­
curately determined. Before the unit is re­
turned to service, all traces of any such cracks
in the drums should be eliminated, and
the drums as well as other pressure parts,
after necessary repairs, should be hydro­
statically tested and approved by the proper
authorities.

Shutting off the feedwater after dropping
the load, as recommended in (d) above, is
for the protection of the drums against tem­
perature shocks caused by the introduction
of relatively cold feedwater. By the time the
water level has receded to the point where
the furnace tubes are dry, there will not be
enough heat from slag or refractory, it is
believed, to do any damage to the pressure
parts.

2. For stoker-fired units or those with fuel-burningo
equipment where the combustion cannot be stop­
ped almost instantly:
(a) Shut off the supply of fuel and the supply

of combustion air. Also, use whatever means
are available to effectively smother the fire
without danger of subsequent explosion.

(b) Follow the procedure outlined in (c) of the
recommendations listed under 1. above for
units fired by pulverized fuel, oil, or gas.

(c) Try to maintain normal water level in the
damaged unit by adjusting the supply of feed­
water to the maximum allowable without
encroaching on the amount required by the
other boilers. Shut off the supply of feed­
water entirely just as soon as possible after
combustion is reduced to the point where
there is no longer any danger of seriously
overheating the pressure parts. This should
be possible within 15 minutes following the
rupture.

(d) Follow the procedure outlined in (e), (f),
and (g) of the recommendations listed under
1. above for units fired by pulverized fuel,
oil, or gas.

Where a tube leak is not of such magnitude that
immediate removal of the unit from service is neces­
sary but will be required in due course, the pro­
cedure outlined in 1. and 2., above, for emergency
cases should be followed as soon as other phases
of plant operation can be adjusted to anticipate
tlie outage.

(g) After the unit has cooled, a complete inspec-
In the recommended procedure outlined above, no

reference is made to operating pressure or drum
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thickness. While this procedure was developed
particularly for the protection of thick drums, it is
also applicable to low-pressure thin-drum units and
therefore should be used in all cases, superseding
older methods. However, before attempting to mod­
ernize the procedure for existing low-pressure units,
careful consideration should be given to the status
of personnel, equipment, and operating conditions.
Such a survey may indicate that the possible gain
in adopting this procedure for low-pressure units
may be negligible compared with the potential loss
from confusion in disrupting an old established
routine.

Emergency Shutdown—General Considerations
In the era of small low-pressure boiler units, it

was the custom during an emergency to simply shut
the unit down. If the emergency was of short dura­
tion, the unit could be restored to service almost
immediately, and the loss occasioned by tire brief
shutdown was ordinarily small.

With modem high-pressure high-temperature re­
heat units, a complete shutdown may be very costly,
not only because of the length of time necessary to
restore to service all the equipment involved but also
because of the dangerous confusion which may result
from deciding too quickly whether or not a complete
shutdown is necessary.

If, for instance, the electrical load is lost suddenly
from a reheat turbine unit and it is impossible to
determine immediately the expected duration of the
lapse, it is of great advantage to have controls which
will cut back the firing rate to a predetermined safe
minimum for the reheater tubes, exhausting the steam
generated through the boiler and superheater safety
valves. With the superheater protected partially by
the reduced firing rate and partially by the flow of
steam through the superheater safety valves, and
with the reheater protected simply by the low firing
rate, the necessary auxiliaries can be held in service
until a proper evaluation of the emergency can be
made.

Shutting-Down, Inspection, and Cleaning

Shutdown
Boiler units should be taken out of service at

regular intervals for internal inspection, cleaning,
and repair.

In shutting-down the fuel-burning, fuel-prepara­
tion, and draft equipment, while taking a boiler out of
service, the instructions for the type of firing system
used should be followed. To avoid possible damage
from overheating or an explosion during or subse­
quent to shutting-down, careful attention should be
given, before and after shutdown, to the condition
of the fuel equipment, particularly with reference to
temperature and cleanliness.

After the firing equipment and fans are out of
service, the dampers, including the superheater and
superheater by-pass dampers when fitted, should be
closed to permit the unit to cool slowly and uni­
formly. When feed to the boiler is no longer required
and the nonreturn steam valve has closed, the main
steam stop valve should be closed, and, for econo­
mizers with recirculating connections, the recirculator
valve should be opened. The pressure should be
allowed to drop naturally, without open vents or
other intentional means of taking steam from the unit
to hasten the lowering of the steam pressure. The
superheater drains, however, should be opened suf­
ficiently to keep all condensate out of headers. To
avoid brickwork difficulties and unnecessary stresses
in the pressure parts, cooling of the furnace should
not be hastened by allowing large quantities of cool
air to pass through tire setting. After the furnace
brickwork has lost its color, the use of a moderate
amount of induced or natural draft is permissible.

To prevent a vacuum from condensation of steam
within the boiler, tire steam drum vent valve should
be opened when the steam pressure has dropped to
about 25 psi. A vacuum within the unit may cause
future leakage of gasketed joints.

Since shutting-down large high-pressure boilers
by the foregoing procedure takes such a long time,
it is desirable, in many instances, to adopt other
methods, such as thermocouples distributed over the
pressure parts of the unit, to establish the maximum
allowable rate of cooling. Specific procedures for
alternative methods to accelerate shutdown are out­
lined above under Protection of Drums.

The boiler should not be emptied until the furnace
has cooled to a temperature at which one can enter
and remain in the furnace. If the heating surfaces
are to be cleaned externally, tire operation should be
carried out as completely as possible before the fire
has died out and should be finished by means of
air lances and scrapers after the unit has cooled off.

Boilers equipped with reheaters are shut down in
much the same manner as outlined above. The
principal additional precaution made necessary by
the reheater is that the reheater drains should not be
opened until after the intercepting valve on tire low-
pressure turbine has been closed, so that air will
not be drawn into the condensate system.

With the use of the reheat cycle in its high-tem­
perature form, it may be desirable, in shutting down,
to control the rates of temperature drop in the
different parts of the turbine and boiler equipment.
Exact procedures cannot properly be given as ap­
plicable to the many different plants. However, it
is appropriate to suggest that shutting-down the high-
pressure turbine, low-pressure turbine, superheater,
and reheaters be coordinated with the dropping of
pressure in the boiler proper, so that the rates of 
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change in temperatures of the heavy boiler sections
even though their absolute values are lower may
be coordinated with the rates of change of the higher
temperatures in the steam system. 6

Inspection and Cleaning — Internal
The interval between outages for routine inspec­

tion and cleaning is determined by experience with
the conditions of operation, water, and fuel.

Prior to entering the boiler for inspection or clean­
ing, particular care must be taken to guard against
steam or hot water entering the unit through open
drains or blowdown valves connected with similar
parts of other units under pressure at the time, or
through the careless opening of any steam or feed
valve to the unit. Serious and sometimes fatal cases
of scalding have resulted from neglect of these pre­
cautions.

So that the problem of water treatment may re­
ceive proper and immediate attention, the pressure
parts should first be examined internally for signs
of scale, oil corrosion, or other potential sources of
trouble directly attributable to the condition of the
water. Before the unit is returned to service, the
deposits should be removed by air- or water-driven
turbine cleaners or by chemical cleaning.

During the internal inspection, the physical con­
dition should also be noted to make sure that all
parts and appurtenances, such as feed connections,
steam separators, safety valves, drains, blowdowns,
and other fittings for taking steam or water to,
through, and from the complete unit, are in place
as designed, and that they can function as intended.
Particular care should be taken to see that the con­
nections to the water column, gage glass, and steam
pressure gage are in good condition and unob­
structed, and that these fittings are in a satisfactory
condition for the purpose intended.

Inspection and Cleaning — External
Extreme care must be taken, when entering the

setting of a coal-fired unit, to avoid injury from heavy
slag accumulations falling from the walls or roof. If
possible, such accumulations should be removed
before anyone enters the setting.

The external surfaces should be inspected for
signs of overheating, leakage, corrosion, wastage, an
any other distress which will impair the safety o t ie
pressure parts. The inspection should also C°ver
the condition of all supports and hangers, gas a es,
refractories, and safety appliances. Repairs siou
be made to insure safety as well as continuity o 

quired by the conditions. Since the cleaning of slag
from refractories will inevitably tear away the sur­
face to a damaging extent, only as little cleaning of
refractories or refractory-faced surfaces as is com­
patible with safety should be attempted with the
unit out of service.

When water or steam is used for washing ex­
ternal heating surface, the best time for this opera­
tion is just before the unit is put back in service.
The heating-up of the unit will thoroughly dry the
water out of all crevices, pockets, porous refrac­
tories, or other places where it might cause corro-

Fig. 5. Stirling boiler, built in capacities to
500,000 lb of steam per hr, for pressures to
1050 psi and steam temperatures to 950 F

sion. If water or steam washing is done at some
other time during an outage, the unit should be im­
mediately fired sufficiently to dry it thoroughly.
Where the sulfur content of the fuel is high, it is
advisable, before washing, to neutralize the acid
condition of the soot by wetting down the surfaces
exposed to the gases with an alkali solution.

The inspection should also include the fuel-burn­
ing equipment, especially those parts which are not
accessible when the unit is in service. Repairs or
replacements should be made, so that the equipment
will function properly and thus reduce the pos­
sibility of interruptions during subsequent operation.

A check of all soot blowers should be a regular
maintenance item during scheduled boiler outages.
Tubes in zones of soot blowers should be inspected
closely for any signs of metal loss caused by fly-ash or
steam-cutting. Direct impingement of steam on tubes
may result from the shifting of the soot blower 

service. , ..
To supplement the cleaning done whi e t ie uni

was in operation, such cleaning as is necessary an
to the extent permitted by access shou e
during the outage by brushing, scraping, air anci g,
water-washing, steaming, or any other means
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element or from growth of blower elements, which
may move the nozzles out of register with the spaces
between the tubes. High soot blower pressure may
cause polishing of tubes, especially on coal-fired jobs
where the fly-ash is highly abrasive. In this case, the
blowing pressure should be reduced. The pressure

Fig. 6. Integral-Furnace boiler (may also be top supported),
built in capacities to 350,000 lb of steam per hr, for
pressures to 1050 psi and steam temperatures to 910 F

can be reduced either by adjusting the orifice or
by installing a smaller orifice plate, depending upon
the type of head on the soot blower unit. In hot loca­
tions the steam nozzles of the elements may shrink;
they should therefore be checked for correct inside
diameter and enlarged if necessary.

Special Inspection — State or Insurance
In addition to routine operating inspections, a

thorough inspection concerned with the safety of
the unit should be made yearly at the time of the
visit of the insurance inspector or state inspector.
This inspection should include a most careful search
for any evidence of internal and external corrosion,
leakage of seams, leakage of expanded, screwed, or
welded joints, and overheating. The condition of
the structural supports should also be established 

at this time. It is well to bear in mind that the parts
which are most likely to be slighted, because of soot
accumulation or difficulty of access, may be the very
parts in which trouble will develop, and it may be
necessary to remove small sections of brickwork or
casing to make the inspection complete.

Idle Boilers
To minimize the possibility of corrosion, boilers to

be held out of service must be carefully prepared
for the idle period and closely watched during the
outage.

Protection of Internal Surfaces—Dry Storage
When it is known that a boiler is to be idle for

a considerable length of time and that a brief period
will be allowed for preparation to return it to service,
the dry-storage method is recommended. In this
method the unit is emptied, thoroughly cleaned in­
ternally and externally, dried, and then closed up
tight to exclude both moisture and air. Trays of
lime, silica gel, or other moisture absorbent may be
placed in the drums to draw off the moisture in the
air trapped by the closing-up of the boiler. To insure
against overflow of corrosive liquid after the moisture
has been absorbed, the pans should not be more than
three-quarters full of the dry absorbent. Particular
care must be taken to prevent water, steam, or air
leakage into the unit. Periodic inspections should be
made to insure that no corrosive action is taking
place, and at these times the absorbent should be
replenished as required.

The same general method of preparing the boiler
for out-of-service periods should be followed for
the superheater, economizer, and reheater sections.

Protection of Internal Surfaces—Wet Storage
Where boilers go into standby service but must

be available for immediate operation, they should
be steamed in service, so that boiler water condi­
tions may be stabilized and oxygen bubbles cleared
from the boiler surfaces. The boiler should be
brought down in rating slowly, and the water level
should be raised as high in the glass as is consistent
with safe operation while still unloading some steam
to the line. The hydrate alkalinity' should be built
up to a minimum of 400 ppm. Sodium sulfite in the
amount of 100 ppm will aid in preventing oxygen
corrosion.

When the pressure, as indicated by the boiler
vent, has practically disappeared but before there
is a vacuum as a result of cooling off, water should
be slowly fed to the boiler until it is completely full
and the superheater is filled by the spill-over. This
make-up water must be deaerated. The drain on
the boiler side of the main steam stop valve should
be wide open, so that any' water getting past the
nonreturn valve will not accumulate on the boiler 
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Treatment of Water for Steam Boilers

with the air. Reheaters should be taken care of in
tlie same manner as superheaters except that the wet­
storage method is never used. No unit should
be wet-stored when there is any probability that the
temperature will drop to the freezing point.

Protection of External Surfaces

The external surfaces of all pressure parts and
other metallic surfaces should be completely’ cleaned
of all ash and soot deposits. Other ash, cinder, or
fuel accumulations, such as on the grates, furnace
floors, shelf baffles, and in the cinder hoppers, should
be removed.

The settings should then be closed and kept
closed, but periodic inspection should be made
regularly to guard against sweating and corrosion
of the external surfaces of the pressure parts, par­
ticularly when the wet-storage method is used. In
this connection it may be found necessary to use
coke stoves, or similar heating devices, at con­
venient points to keep all metal surfaces above the
dew point, particularly during protracted spells of
damp weather accompanied by rising temperature.

F
eedwater and boiler-water treatment is consid­
ered generally as an undertaking for the chemist.

The problems involved are of course predominantly
chemical, but their- most effective solutions are so
interrelated with safety, mechanical design, power
plant operation, and cost that the best efforts of
tire operating and the design engineers also are es­
sential.

plant, internal treatment, principally with soda ash,
was used.

Ordinarily, the high limits of all the constituents
in the water were controlled by intermittent blow­
down to avoid priming.

Until about 1918, dissolved oxygen was considered
in the more general sense of air in the feedwater.
With the idea of heating the feedwater close enough
to the boiling point to drive off most of the air, feed
pipes were usually’ arranged to discharge above the
normal water level. Usually the protection afforded
the metal surfaces by deposits of sludge or scale
rendered the remaining air harmless. However, cor­
rosion often occurred at or near the feed inlets be­
cause of feeding unheated water.

Near the end of the period of water treatment
preceding 1920, surface condensers, because of their
superiority in most instances, had replaced jet con­
densers. Evaporators for make-up had come into
prominence, and, for central station work, the feed­
water-treating problem narrowed down to one of
treating the make-up to the evaporators and of con­
ditioning the boiler water so that it would render
nonscale-forming the small amount of condenser
leakage and evaporator carry-over entering the sys­
tem.

The clean boiler surfaces resulting from surface
condensate and evaporated make-up became very
vulnerable to attack from air not released from the 
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Early Development

Prior to 1900, boiler units were small, spares were
a recognized necessity, the knowledge of water
treatment was meager, and it was normal practice to
operate for a few weeks and then shut down for me­
chanical cleaning by men easily trained for the w oi k.

As greater duty was imposed upon boilers, the
formation of hard scale and heavy sludge caused
sudden failures, fatal accidents, forced shutdowns,
and far too costly maintenance. Thus it became ap­
parent that this early procedure was inadequate.

Operation with Treatment
Between 1900 and 1920, the use of external treat­

ing plants became fairly well established as tie es
means of handling feedwaters high in scale-forming
and sludge-forming materials. When the total slue g ,
including that resulting from the trea men ,
considered insufficient to justify an external treati g 

side of the stop valve. Filling should be continued
until there is a pressure of at least 10 psi against
the nonreturn valve. Close watch should be kept
to avoid building any undue pressure against the
nonreturn valve from leaking feedwater valves

Boiler connections should be checked for leakage
and frequent boiler-water samples should be taken
and analyzed. If the analysis indicates that the
hydrate alkalinity has dropped below 250 ppm, the
water in the drum should be lowered to the normal
operating level, chemicals should be injected to
bring the hydrate alkalinity back to 400 ppm, the
boiler should be steamed sufficiently to circulate the
added chemicals, and then the process of wet stor­
age should be completed as previously described.

Even with the above precautions, the possibility’
of corrosion must not be underestimated, and no
boiler should be held in wet storage without empty­
ing for periodic inspection.

Protection of Idle Superheaters and Reheaters
Superheaters during out-of-service periods, except

when the complete wet-storage method is used,
should always be kept dry and closed from contact

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 198 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/198

https://asbestosclaims.law/library/25273/198


feedwater in the steam space of the boiler. At about
the same time, the steel tube economizer made its
appearance and very rapidly forced the develop­
ment of deaerators, designed at first to remove air,
then most of the dissolved oxygen, and finally all
of tlie dissolved oxygen from the feedwater.

Fig. 7. Strip-chart recorder for a continuous record
of dissolved oxygen and pH values of boiler water

Caustic Embrittlement—Early Periods
As early as 1895 there was evidence of the peculiar

type of boiler-drum cracking predominantly in­
tergranular, later termed caustic embrittlement. Be­
tween then and 1912 an increasing number of boilers
developed this type of cracking. In 1912 a boiler
exploded at Bloomington, Ill., and cracking de­
veloped in the boiler at the University of Illinois.
At that time Isaac Harter, Sr., presented to S. W.
Parr of the University of Illinois the results of all
the research work which he had carried out for The
Babcock & Wilcox Co.® This research proved that
the drum plate failures were not from faulty ma­
terial, as generally believed, but were caused by
the use of waters high in caustic and low in other
materials, particularly sodium sulfate. The attention
of all boiler manufacturers, boiler users, and feed-
water-treatment specialists was focused on this dif­
ficulty by the research work carried on by S. W.
Parr and later by F. G. Straub. However, it was
not until the middle twenties that the majority of
those interested was convinced that the cause of the
trouble was not faulty material and poor workman­
ship.
“University of Illinois Bulletin 04, January 1917, by S. W.

Parr.

It was noted during the early investigations that
this embrittlement of boiler plate was probably
caused by hydrogen, but it was called caustic em­
brittlement because in boiler operation it was al­
ways associated with waters high in caustic. The
research also showed that the cracking developed
only in locations subjected to stresses approaching
the yield point and in the presence of caustic con­
centrations far beyond those in the main part of the
boiler water. High localized stresses were obviously
present in every riveted joint, and the customary
calking of the seams, on the outside only, permitted
boiler water to enter between the plates of the
joints, while extremely small leaks through the calk­
ing edges allowed an abnormal concentration of
boiler-water salts within the joints.

In 1923 B&W inaugurated inside calking to pre­
vent the entrance and concentration of boiler water
within the joints. This attempt to build immunity
against caustic embrittlement into the boiler struc­
ture proved successful and was particularly ap­
propriate at that time, because 530 psi was then be­
ing projected and the established preventive of
maintaining certain sulfate-alkalinity ratios! by water
treatment was based on experience at pressures not
much above 250 psi. Notwithstanding the adoption
of inside calking, the old sulfate-alkalinity ratios,
which had proved so effective at low pressures, were
continued as an additional safeguard and were ex­
trapolated from their necessary minima of 1 to 1
for pressures up to 150 psi, and 2 to 1 for pressures
of 150 to 250, to a new ratio of 3 to 1 for pressures
above 250 psi.

The Company does not know of any case of caustic
embrittlement failure in any completely inside
calked water-tube boiler drum nor, where the sul­
fate-alkalinity ratios have been maintained, in any
outside-calked water-tube boiler drum.

The acceptance of welded drums in 1930 carried
forward the success of the inside-calked drums by
completely eliminating not only the possibility of
caustic concentrations at the points of high stress
but also the high stresses themselves.

In the late thirties a peculiar form of tube failure
from intercrystalline cracking again raised the ques­
tion of caustic embrittlement, but, since the newer
problem involves several more recently developed
factors, it will be referred to later.

Summary of Developments Prior to 1923

By the early twenties the feed and boiler-water
situation in central stations had developed into the
general pattern of surface condensers, evaporators
for make-up, treated water for evaporators, feed­
water heaters which eliminated much of the dis-
I I his term evolved from the formerly used expression “sodium
sulfate to equivalent sodium carbonate ratio.” 
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solved oxygen, boiler waters treated with sodium
carbonate to maintain positive alkalinities and the
maintenance of sulfate-alkalinity ratios equal at least
to those noted above. Boilers were shut down for
cleaning the internal surfaces of sludge at reasonable
periods governed concurrently by the need for mak­
ing repairs to the equipment.

Boilers operating at high duty with high per­
centages of make-up containing more than 34 to 85
ppm (2 to 5 grains per gal by the term used until
the late twenties) of sludge-forming materials were
equipped with external treatment plants. Boilers
operating at low duty and boilers operating at high
duty with high percentages of make-up having total
sludge-forming materials of less than 34 to 85 ppm
were taken care of by internal treatment to maintain
255 to 340 ppm (15 to 20 grains per gal) of alka­
linity together with the sulfate-alkalinity ratios
already given.

Oil was kept out of the feedwater except in those
infrequent instances where the operators found from
experience that, because of some good fortune in the
combination of feedwater quality, oil composition
or blend, and limited heat inputs to the highest-duty
tubes, they were able to avoid the ill effects.

From Soda Ash to Sodium Phosphate
The results of the comprehensive research by

R. E. Hall® on the use of the various sodium phos­
phates instead of sodium carbonate for treating
boiler water, started in the latter part of 1922 while
the first 530 psi boiler units were being designed
and extending to 1926, had a profound effect on the
entire course of feed and boiler-water treatment.
Within a very short time soda ash was almost com­
pletely superseded by the sodium phosphates in the
treatment of boiler water. The two outstanding
advantages of the phosphate treatment are: 1) the
calcium phosphate precipitated as sludge is much
less soluble and much more flocculent than the car­
bonate, and 2) the phosphate radical does not
break down as the carbonate does, and therefore all
of it is available for the treatment of the hard scale­
forming constitutents. With the phosphate treat­
ment the alkalinities, which had been considered
so important in the prevention of corrosion, were
maintained by the addition of caustic rather than
by the hydrolysis of sodium carbonate to caustic.

In 1938 Whirl and Purcell! extended the use of
phosphate to maintain alkalinity, generally, wit i-
out the addition of caustic. With reference to alka­
linity, an optimum relationship was recognize
between phosphate concentration (PO, in ppm) and

“ Carnegie Institute of Technology Bulletin 24, published
1927.' .

1 Proceedings of the Engineers’ Society of Western Pennsyl­
vania, Civil Section, November 1942. 

pH value, where there is no free caustic other than
that produced by ionization of the sodium phosphate
— the hydroxyl ions being more abundant and there­
fore overbalancing the hydrogen ions. Plotting these
optimum values as a curve (see Fig. 8), they worked
out a control which permitted adherence to this
relationship. If the pH value rose above the curve,
indicating the presence of free caustic, it was de­
creased by adding either phosphoric acid or one of
the sodium hydrogen phosphates, depending upon
whether at the same time the phosphate concentra­
tion was too high or too low. On the other hand, if
the pH value dropped below the curve, it was in­
creased by adding caustic or trisodium phosphate,
or a combination of them, depending upon whether
at the same time the phosphate concentration was

Fig. 8. pH-phosphate relationship maintained for
“coordinated phosphate" treatment of boiler water

This treatment, known as the “coordinated phos­
phate” method, was developed primarily to produce
a boiler water which would not be embrittling, there­
by preventing further trouble in existing riveted
drums and also providing insurance against this
difficulty in newer units.

In 1942 relationships were developed for the use
of potassium phosphate instead of sodium phosphate.
The purpose was to establish the use of a reagent
of greater solubility at the higher temperatures and
one which did not have the inverse solubility char­
acteristics of some of the sodium salts at these tem­
peratures. Potassium salts are more expensive than
the corresponding sodium compounds, and while
the results have been successful in each of their
limited number of applications, the greater ex­
pense has not yet justified their widespread use.

Modern Development
for Natural Circulation

Boiler Design versus Water Treatment

In the late thirties, with the sharp increase in de­
mand for more power at greater efficiency, there 
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was a rapid development in high-duty, high-pres­
sure, high-capacity, and high-temperature boilers.
Tire fuller use of stage heating resulted in increased
pickup of copper and iron by the pure high-tempera­
ture condensate passing through the feed lines and
feedwater-heating systems. Increased difficulties from
tube overheating and corrosion led to greater activity
in boiler-water treatment and control. This also gave
further emphasis to tlie need of close collaboration
between the boiler designer and the water-treatment
specialist, so that the limiting conditions under which
each must work to correct these difficulties, by pro­
viding adequate circulation and water treatment,
would be thoroughly understood and appreciated.

Responsibility of Boiler Manufacturer
The boiler manufacturer’s responsibility is so to

design and build the boiler unit that, with the water
level showing in the gage glass, there will be ade­
quate circulation during operation to insure all heat­
absorbing surfaces being wetted on the water side.
Under these conditions and with the water-side
surfaces free of deposits, the rise in temperatures,
At, of these surfaces above the temperature of sat­
uration for the steam-and-water mixture will be
equal to the heat transferred through the tube wall
to the mixture in Btu/sq ft, hr divided by the boiling­
water film conductance in Btu/sq ft, hr, F.

Responsibility of Operating Company
The responsibility of the operating company and

its feedwater advisors is so to treat the feed and
boiler waters as to prevent the deposition of solids
on the water side of the heat-absorbing surfaces and
also to prevent internal corrosion within the unit.
The effect of a thin layer of solids in elevating tube­
metal temperature is discussed in Chapter 29 and
illustrated in Fig. 16 of that chapter.

If there is a uniform accumulation of flocculent
sludge so disposed that it points to no weak spot
in design or in treatment, then sludge should be
looked upon as a measure of feedwater quality and
as a limitation of operating periods between cleaning.

Coordinated Responsibility
If the boiler unit is relatively free of sludge, ex­

cept in some one or more isolated spots which cause
starving of certain tubes, then the implication is a
discontinuity in the rate of water flow which fosters
the build-up, and the problem is primarily one of
design — notwithstanding that by altering the chemis­
try of the water treatment the design weakness may
be overcome at less cost.

In instances where the feasibility of a projected
installation depends upon the cost of making the
water supply suitable for use in a boiler, the co­
ordinated efforts of the chemist and the boiler
designer are essential for best results. These in­

stances almost invariably call for closely evaluated
limits on what constitutes suitable water for given
designs of boilers and what rearrangement of boiler
designs or performances might be made to adapt
them to one of the several possible choices of water
treatment. If it is compulsory to use a high per­
centage of sludge-forming make-up, it is wise to be
conservative in the choice of die boiler and the in­
tensity of heat input.

In the subsequent practical solutions of the prob­
lems which arise in pursuing these projects, it is
most important for each of the two coordinators to
review very critically his previous conclusions, to
determine—in the light of the newly developed in­
formation—where readjustment of conditions under
his jurisdiction might currently be made or what
the final limits are to correction by readjustment.
By a fair assessment of the respective contributions
of the engineer and the chemist, the usual result will
be a coordinated answer to the problems involved,
many times accompanied by an advance in the art.

Application of Responsibilities
Boiling-Wafer Film Coefficient. In the era of low

pressures, the metal temperatures with clean tubes
were so low that the boiling-water film coefficient
was considered unimportant. In performance cal­
culations a boiling-water film coefficient of 2000 Btu
per sq ft, hr, F was commonly used, on the assump­
tion that it was very conservative and with the
knowledge that tire adoption of this figure resulted
in no harm. As pressures increased, it became neces­
sary to use a coefficient nearer its true value to obtain
the actual temperatures of the thicker-walled tubes.
As late as 1949 the usual practice was to use a
figure of 5000, knowing that it was conservative. In
the late thirties and early forties it appeared neces­
sary to establish a more accurate boiling-water film
transfer coefficient for varying amounts of circulation,
so that the responsibilities of design and water treat­
ment, respectively, could be truly evaluated.

Research was carried out in 1943 and 1944 on an
existing 1400 psi boiler of 500,000 lb of steam per
hr capacity. Five special tubes were installed, con­
nected to the furnace side-wall header and thereby
cooled by natural circulation. They were so ar­
ranged that entering velocities in the different tubes
varied from 1.4 to 12.0 fps. The lb of water per lb
of steam leaving the low-velocity tube was 4. Heat
inputs ranged between the approximate extremes of
80,000 and 180,000 Btu per sq ft, hr. Thermocouples
were installed to determine both the gas-contact
surface temperature and the steam-water-mixture
contact surface temperature. These tests showed that
the coefficient is above 20,000, which means that for
a heat absorption of 80,000 Btu per sq ft, hr, the 
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inside water-contact surface will be only 4 F above
the steam-and-water mixture flowing past it. As a
comparison, the temperature drop through tlie tube
wall of a 3/4-in. tube, h in. thick, is approximately
70 F at the same rate of heat absorption.

Circulation. Whether or not the circulation is
adequate can often be determined by inspection
without the assistance of measured tube tempera­
tures. When, for instance, in floor tubes heated on
the top, the circulation is insufficient to keep the top
part of the tube wetted and cooled by contact with
the steam-and-water mixture and the upper part
is in contact with steam alone, a distinct waterline
indicates this deficiency. If the water is completely
depleted from an area, the resulting difficulty is
usually indicated by water-level markings (see Fw.
9). Inclined tubes of sinuous-header boilers show the
same type marks if the circulation is inadequate.
Low-duty tubes, connected promiscuously to drums
which receive discharge also from high-duty tubes,
can show this same characteristic when the tubes
are inclined from the vertical only a small amount.
Even vertical tubes usually furnish their own evi­
dence of guilt if the through flow of water is inade­
quate. There are, of course, exceptions which require
the proof of measured metal temperatures, and means
are available to obtain them.

Fig. 9. Water-level markings, "ghost lines." The central
band indicates a complete depletion of water in top

interior half of tube

glass, the boiler design should be questioned. When
the failure is associated with deposits of scale on
the water-contact face of the tube, the water treat­
ment should be suspected. Nevertheless, in the lat­
ter class of failures, the charge of ‘"poor circulation”
is sometimes raised, and the finding of soluble
sodium salts in the scale lends an apparent plausi­
bility to these charges through the inaccurate use
of the terms "evaporation to dryness” and "film boil­
ing. In these allegations, however, no attempt is
made to determine what the circulation rates are,
nor is it possible to indicate what increased circula­
tion rates arc desirable or how even an absurdly
high increase in the circulation rates could change
the temperature of the tube surfaces appreciably.

Evaporation to Dryness. If a boiler or water-wall
tube exposed, for instance, to high gas temperature
in a modern high-duty furnace will function
satisfactorily for extended periods when free of
water-side deposits, it is safe to assume that the
temperature of the inside wall approximates the
saturation temperatures of the steam-and-water
mixture within it. If a deposit, even a few thou­
sandths of an inch thick, is allowed to form on the
inside surface, the temperature of the metal under
the deposit will rise perceptibly. Unless the deposit
is 1007 impervious, water will find its way into it or
through it to the tube. This seepage water will have
truly zero circulation, will be completely evaporated
by the elevated temperature of the scale or of the
tube, and will therefore leave in the scale, on the
tube side of it, or even on the tube itself, all the
solid materials it carried including, of course, the
soluble salts. This is evaporation to dryness.

Film Boiling. If the tube metal under the scale
is heated to the point where its differential above
saturation is many times the clean-tube differential
and the scale subsequently becomes dislodged
during operation before the tube cools, it is pos­
sible, under some combination of high heat input

The one defect in circulation which can well
elude visual diagnosis is the almost complete de­
pletion of water in a steam-water mixture in con­
tact with a tube. An “almost” complete depletion,
if water conditions are correct, will ordinal ily leave
no deposits and no characteristic evidence that the
cause of overheating the tube is inadequate circula­
tion. Fortunately these cases are extremely rare, as
the circulation rate at which overheating is possr) e
is well under 1 lb of water per lb of steam-far below
even the most daring design values.

When a clean and unobstructed tube fails from
overheating with the water level showing m lc 

and high tube-to-saturation temperature differen­
tial, for the exposed portion of the tube momen­
tarily to resist rewetting, and its heat is trans­
ferred to the water through a film of superheated
steam. This is film boiling.

Film boiling has an analogy in drops of water
spluttering on a hot flatiron without appreciably
cooling it and without wetting it. It cannot be pro­
duced in a high-pressure steam boiler unless the
contact of the tube with the boiling water within
it undergoes some lapse, caused either by artificial
insulation such as scale or by an almost complete de­
pletion of the water in the steam-and-water mix­
ture in contact with the tube. If scale is the cause,
the remedy is adequate water treatment. If water
depletion is responsible, the remedy is increased
water circulation.
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Sludge. Prior to World War II, tire generally ac­
cepted attitude with reference to sludge was: to
reduce to a minimum tire amount actually and
potentially entering the boiler; to condition what
did enter to give the most favorable type of precipi­
tate; to allow the precipitate to settle some place,
preferably at points of very low heat input; to re­
move that which settled near the blowdown open­
ing; and to ignore the indefinite remainder until the
next boiler shutdown.

During the war an apparently new difficulty was
experienced with sludge. With essentially identical
waters, water treatment, and boiler designs, tube
overheating occurred in some installations from
sludge baked so hard on the water contact surfaces
that it appeared almost like hard calcium sulfate
scale, while other installations developed a fluffy pre­
cipitate which caused no trouble. The circulation in
each case was known to be more than adequate,
and the essentially identical waters were treated in
exactly the same manner.

It was finally established that with some waters,
if sodium phosphate is injected directly into the in­
coming feedwater under relatively low pH condi­
tions, magnesium is precipitated within the boiler as
magnesium phosphate, and a sticky sludge forms.
On the other hand, if sodium phosphate is put into
the boiler water at a point far enough from the
feedwater inlet so that the treatment actually be­
comes part of the relatively high pH boiler water
and if the incoming feedwater is then treated with
this high-phosphate-bearing high-pH boiler water,
the magnesium will precipitate as hydroxide, and a
nonsticky sludge is produced.

This experience resulted in the eventual adoption
of standards for feedwater and for chemical feed
connections, which automatically permit treatment
of the incoming feedwater with boiler water prop­
erly fortified elsewhere in the boiler with treating
chemical.

Flame Impingement. "File heat input to the boiler
or water-wall tube at the point of flame impinge­
ment may be higher than that in other locations of
the same general temperature zone where there is
no flame impingement. The difference in heat input
under the two conditions is much less than ordi­
narily suspected.

When tubes containing internal deposits fail from
overheating in the flame-impingement zone and do
not fail in the nonirnpingemcnt areas, the difference
in heat inputs is naturally considered to be of critical
importance, and much effort is sometimes expended
in attempts to eliminate impingement. However, if
no correction is made to the water conditions which
permit this scale to form, these efforts are largely in­
effective. Furthermore, water conditions which per­
mit deposits to form in flame-impingement zones 

will permit them to form also in other zones, reducing
their margin of safety so that some otherwise minor
variation in operating conditions will cause delayed
failures of either the same general nature or of a
more subtle corrosive variety.

While the direct impingement of flame on boiler
or water-wall tubes should be avoided or corrected
to prevent unnecessarily increasing the duty on
these parts, it has come to be recognized by most
operators of modern high-duty boilers that the issue
of how much scale can be tolerated has changed to
one of whether scale of any thickness exists in the
tubes.

Naturally, all tube failures from overheating can
be avoided if tire application of heat is sufficiently
reduced, but this, of course, cannot be considered
as a solution of the difficulty when it is caused by
waterside scale, since it would unnecessarily re­
strict progress in future design and reduce the
capacity and efficiency of boiler units already in op­
eration. All parties concerned, therefore, agree that
deposits which limit heat input must be prevented
by proper water treatment.

Chemical Cleaning. During initial operation, large
amounts of mill scale and rust are dislodged from the
condensate and feedwater systems. This material ac­
cumulates in tire boiler. During the same period,
upsets in the water conditions may be experienced,
which can cause deposit formation on the internal
heating surface of the boiler. It is therefore recom­
mended that the load on a high-pressure boiler be
limited to 75% of full load during initial operation
and that the unit be removed from service for
chemical cleaning within a period of 3 to 6 weeks
after start-up. By this procedure and with proper
control of water treatment, the boiler is placed in
optimum condition for full-load extended trouble­
free operation.

Despite the most up-to-date control of water treat­
ment, the majority of operating experiences reveals
that deposits gradually form on the waterside of the
heating surfaces. Such deposits must be periodically
removed before they have reached sufficient thick­
ness to cause any damage. Chemical cleaning for the
removal of these deposits from boilers of modern
design has proved effective, safe, convenient, and
economical. Chemical cleaning is a refinement of
the procedure followed several decades ago, when
it was customary to turbine thick scale from low-
pressure low-duty boilers.

Insufficient Circulation. Much indecision prevailed
in the many cases of furnace floor tubes which
corroded internally on their upper portions receiv­
ing heat from the furnace. These tubes showed
stripes or water-level markings revealing clearly
that the water-and-steam velocity was below the
point at which the water separated from the mixture.
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with the demand for improved steam

Understandably, both boiler design and water
treatment were in question. In some cases boiler
circulation was increased without any measurable
decrease in the trouble. Emulating the attempted
cure for attack in floor tubes with poor circulation,
alkalinities were dropped, resulting, very promptly,
in greater attack. Just as impressively, the attack
lessened when the alkalinity was increased. In an­
other case where the dissolved oxygen in the feed
was appreciable, the operator claimed that increas­
ing the pH value resulted in more attack.

Many of the cases were cleared up entirely by
complete and continuous elimination of dissolved
oxygen in the water and by maintaining pH values
of between 11.0 and 11.5. Others were arrested by
periodic acid cleaning of the units.

The exact diagnosis of this intergranular attack
has not been made. Nevertheless the difficulty can
be avoided, perhaps by methods newly developed
and preferable to the old, but surely by the stead­
fast adherence to the proved principles of high pH
values, zero dissolved-oxygen values, and clean
boilers.

Silica Carry-Over with Steam. Of carry-over materials,
silica is the most objectionable impurity in boiler
water. Most other carry-over materials can be re­
moved from the turbine by washing, but silica
usually requires cleaning by mechanical or other
special means. Furthermore, because of the in­
creased solubility of silica in steam with increase
in pressure (see Fig. 10),° the quantity of silica in
the steam leaving the boiler drum increases with
pressure for a given quantity in the boiler water.
Therefore, with the demand for improved steam

The upper parts of the tubes were therefore cooled
by a slow-moving layer of steam, which became
heated by amounts varying from a few to as many
as 600 degrees above saturation temperature. ?

If the tubes failed in short periods from direct
overheating and blistering with little or no corro­
sion, the cause was rightfully considered to be poor
circulation, and the boiler designer was called upon
to increase the quantity or velocity of water to the
point where the entire surfaces of the tubes were
wetted and cooled.

If slow corrosion occurred, there was a tendency
improperly to consider the difficulty to be one of water
treatment. The chemists responded wholeheartedly
in these cases to a problem which was one funda­
mentally of boiler design and by decreasing the
caustic soda in the boiler water were able, in the
cases of slight attack, to arrest the corrosive action.
This chemical study and accomplishment led to a
movement to change the long-existing belief in high
alkalinity and reduce it to a minimum. That part
of the endeavor which brought forth the coordi­
nated phosphate control was obviously a step for­
ward in a new direction. On tire other hand, a
misguided component of this work, which proceeded
toward generally reduced alkalinities or pH values
with the more generally prevailing conception of
caustic and phosphate treatment, caused a great
deal of trouble and controversy, because the long
established treating relationships had been com­
promised for the sole purpose of neutralizing a
difficulty caused by an inadequate rate of water
flow through the tubes.

Intergranular Corrosion of Tubes. In the late thirties
a new type of tube failure developed in high-pres­
sure boilers. Patches of very hard iron oxide,
formed on the water-contact faces, were found to be
partly embedded in the tube metal. Beneath the
hard iron oxide, the unoxidized metal was seriously
interwoven with intercrystalline cracks. Between
the cracked area and the gas-contact face of the
tube, the metal was sound.

Samples checked at the Company’s research Lab­
oratory revealed copper in the intercrysta inc
cracks, the amount found being greatest neaier ie
water-contact face of the tube and decreasing o
practically zero adjacent to the good outside layer
of steel. Whether the copper played any part in
attack or simply followed into the crac'S a ei
has not been established. f„.llirpq

This tube deterioration resulted in several fail,
which took the form of pieces breaking loose
out any tube swelling or physical evi ence
heating. The attack occurred in a numb of dif­
ferent plants in different types of boilers
confined in all cases to the two general lo cations
high heat input and of expanded en s o

0 From B&W research paper, Selective Silica Carry-Over in
Steam, Transactions ASME, vol 78, May 1956. 
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Fig. 10. Effect of pressure and boiler-water pH on the
solubility of silica in steam
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purity, it is necessary to reduce the quantity of silica
in the boiler water in order to have as little silica
carry-over as possible.

In low-make-up installations, increased boiler blow­
down provides the necessary reduction in boiler-water
silica to afford a large measure of relief. Recent de­
velopments in external-treating plants, which enable
economical reduction of silica, have been a boon to
operators of high-make-up plants.

A means for silica reduction by internal treatment,
which has been moderately successful in a few
cases, is the precipitation of silica by magnesia within
the boiler under very carefully controlled conditions.
Magnesia, either present naturally or injected as an
additive, precipitates the silica as flocculent mag­
nesium silicate if the sodium phosphate residual is
kept verj' low to prevent the magnesia from forming
magnesium phosphate.

In some cases, using a practical method devel­
oped by water-treating consultants, it has been pos­
sible to maintain this delicate balance. The operator
is able, day in and day out, to keep the excess
sodium phosphate at 1 ppm, high enough to prevent
the formation of calcium silicate scale and low
enough to allow the silica to precipitate with mag­
nesia as magnesium silicate, leaving a residual silica
of 3 to 6 ppm in solution. It must be emphasized
that the control of the phosphate residual is critical,
since complete depletion of phosphate, unnoticed
through analytical errors, can lead to the formation
of hard calcium silicate scale and tube failures. In
general this method of silica control is not applicable
at pressures in excess of 1000 psi, in view of the low
silica values which must be maintained in the boiler
water.

For some low-pressure installations, where the de­
posit of silica in the turbine is not a problem, this
process has been reversed by adding silica to the
boiler water to precipitate magnesia as flocculent
magnesium silicate. This produces more turbidity
than magnesium phosphate or hydroxide, and it is
possible to remove the precipitated particles with
the continuous blowdown, thus preventing trouble­
some sludge accumulation in the boiler.

A recent development which promises to be an
important contribution to the prevention of siliceous
turbine deposits is the steam washer. The principle
of the steam washer involves the intimate contact
of the steam with condensate or feedwater of accept­
able quality in a countercurrent arrangement.

Early steam-washer arrangements suffered from
limitations in either capacity or washing efficiency.
Extensive research in the field and laboratory has
produced a washer capable of reducing the silica
at least 50%. This means that the silica in the steam
leaving the washer is less than one half of the silica
in the steam to the washer. A description of the 

washer and of its operation is given in Chapter 9
page 12.

Feedwater Conditions—Summary
The broad and general trend in feedwater treat­

ment has been to produce the purest water possible
at a cost that can be justified by the conditions at
the particular plant to be served, taking into account
all of tire factors involved. There has been a very
active development in external-treatment plants not
only in the improvement of the original types of
water softeners but also in the application of newer
methods of treatment.

The fundamental purpose of feedwater treatment
is to remove from the water, outside the boiler, bv
one means or another and within the cost limita­
tions noted, the maximum amount of foreign mat­
ter which is considered potentially detrimental to
the pressure parts. Among the impurities to be re­
moved are: scale and sludge-forming materials,
soluble salts, oil, dissolved or releasable gases, and
all other materials foreign to the water itself which
might damage the boiler unit or carry over with tire
steam.

However, it is now generally the aim in feedwater
treatment to make the water suitable for boiler use
contingent upon supplementary treatment within
the boiler.

Boiler-Water Conditions—Summary
The outstanding development in boiler-water treat­

ment during the late twenties and early thirties,
as noted previously, was the almost universal re­
placement of sodium carbonate with one or more of
the various sodium phosphates as water-treating
agents for the prevention of scale. With this im­
portant exception, the improvements in boiler-water
conditioning have been chiefly in the refinement
of control and in administration. The steps taken
to prevent difficulties from the most common and
most fundamental actions or objectionable impuri­
ties of the boiler water are summarized below:

Corrosion
Alkalinity. In the early periods of water treat­

ment, alkalinities were considered in terms of grains
per gallon. They are now generally thought of and
measured in terms of pH values. In using the free-
caustic treatment, the most common successful range
of pH values is from 11 to 11.5. Those using the
controlled phosphate treatment without free caustic
maintain pH values of approximately 10.5 to 11.2.
Some consultants advocate the same pH range as
the preferred practice when using caustic soda.

Dissolved Oxygen. The maximum permissible dis­
solved oxygen in the water entering the boiler proper
dropped from a value of several cc per liter before
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1920, through the temporarily recognized figure of
0.2 cc per liter, down to the present final require­
ment of zero. Mechanical deaeration alone will
sometimes produce a zero condition, but in many
cases even where this is so, sodium sulfite is main­
tained not only as a safeguard against lapses in op­
eration but also as a means of detecting such lapses.

It has usually been impossible to maintain large
excesses of sodium sulfite in boilers operating in the
higher-pressure ranges. Decomposition of sodium
sulfite at the higher pressures and concentrations
leads to the liberation of sulfur dioxide and hydrogen
sulfide in the steam. Accordingly, sodium sulfite con­
centrations in boiler water are limited to about 10
ppm at 1400 psi and 3 ppm at 1800 psi.

Hard Scale

For treatment within the boiler of the residual
hard-scale-forming materials, such as calcium sulfate
and calcium silicate, sodium phosphate has almost
completely superseded sodium carbonate.

The phosphate residuals maintained in various
plants cover quite a range. Probably good average
values, expressed as POi, are 20 to 40 ppm at pres­
sures up to 1500 psi and 5 to 20 ppm for pressures
above this. Compared with sodium phosphate it is
known that potassium phosphate has superior solu­
bility characteristics at higher temperatures.

The advantage which this could theoretically pro­
vide both in tire boiler and in the turbine suggests
the substitution of potassium salts for the correspond­
ing sodium salts as the internal-treatment chemicals,
particularly for tire higher pressures. The number of
installations employing such treatment has been too
few for the results to be conclusive.

Sludge
The limiting values of allowable sludge for cen­

tral station work have undergone little change be­
cause, at the end of the earlier period of water
treatment, surface condensers and treated evapo­
rated make-up reduced sludge to an almost negligible
quantity. With continuing improvement in con­
densers and evaporators, the problem of slue ge in
central station boilers has been practically elimi­
nated. While this improvement was important in
further increasing the purity of boiler water, no
sudden or outstanding change occurred.

In the early thirties, for industrial plants the older
allowable limit of sludge-forming materials permis­
sible in boiler feedwaters shifted from u ppm
34 ppm, and a few years later this lesser limit was
reduced to a very few ppm. The improve me i
of water treatment, the increasing objection o
cleaning, and the use of higher steam pressure
industrial work led to the conclusion that any siadg -
forming materials are bad and shoul e ep 

absolute minimum by the best methods of external
treatment available.

Even with the very few ppin of total sludge-form­
ing materials entering high-pressure industrial boil­
ers, in some instances it has been found necessary
to condition the sludge with organic sludge-dispersal
agents to minimize its adherence to boiler surfaces
and to permit its removal through the continuous
blowdown during operation. There are very success­
ful installations of boilers for pressures up to 1400
psi using 100% treated make-up for feed. Where
100% make-up plants for high-pressure and increased
heat-input duty are justified by economics, it is
now possible to provide a satisfactorily treated water.

Silica

The amount of silica allowable in the boiler water
received increasing attention primarily because of
turbine deposits. Since the activity of silica is to
some extent a function of other materials in the
water, its limits are related to these materials. The
important or controlling relationships have not been
too clearly developed, but the low limits generally
sought in central station work are now less than 5
ppm, and in some of the highest-pressure jobs less
than 1 ppm.

Total Solids
The quantity of total solids in a boiler water has

always had its primary limit in priming or carry-over.
For every combination of water and boiler design
there is some concentration at which the carry-over
rises rapidly. It is compulsory to stay below this
critical limit. In addition, good practice calls for
keeping the total solids just as low as economically
possible because, even though the value is below the
so-called priming limit, the carry-over ordinarily is
some function of the total solids in the water.

The ABMA has established certain arbitrary values
for the quantity of total solids in boiler water, which
are intended to give the operator all the latitude
needed and at the same time set a limit to the
boiler manufacturer’s responsibility. The ABMA limits
range from 3500 ppm for pressures below 300 psi to
1000 ppm for pressures above 1000 psi.

Control of Treatment
The most important factor in water treatment is

the rigid and constant control of the chemical limits
established as necessary and desirable. The finest
system of water treatment becomes dangerously in­
effective if the established limits are not maintained
vigilantly and consistently. Unsuspected lapses have
caused great difficulty as well as great confusion in
establishing the causes of the difficulty. The best
system is that which reduces these lapses to a mini­
mum or one which is laid out intentionally to make
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it possible to detect, even by intermittent records,
what has taken place between them.

Continuous records for dissolved oxygen are of
particular importance in systems not using de­
aerators under positive pressure, where it is possible
for air to enter the feedwater circuit through a leak,
when the heater-steam bleed points shift from posi­
tive to negative pressure.

The continuous blowdown has been almost uni­
versally adopted as indispensable to precise control.

Some companies have operated boilers without
any water treatment whatever. One organization
associated with a number of inland plants has been
able to operate at pressures up to 900 psi without
using any water treatment. Where operation with­
out water treatment has been a success, a perfectly
tight feedwater system has been maintained to ex­
clude practically all foreign materials and any access
of dissolved oxygen to the feed and boiler water.
Experience has shown, however, that even a very
small lapse in keeping the system tight against dis­
solved oxygen will cause far greater damage than
would be expected with a highly alkaline water.
Notwithstanding the potential and critical danger
from leakage into such a system, the effort to pro­
duce and maintain perfect purity is a bold step in
the constant endeavor throughout boiler history to
obtain better quality water for making steam.

The treatment of water for steam boilers has been
made a major endeavor by reliable manufacturers of
water-treating equipment and by competent water­
treating consultants. They are better prepared than
the boiler manufacturers to assist the operating com­
panies in the handling of water-treatment projects
and water-treating difficulties. The Babcock &
Wilcox Company does not seek opportunities to
enter this field, but it does intend to continue with
whatever analyses and research work it deems neces­
sary to enable its engineers to bring about improve­
ments in the design, manufacture, and operation of
its products.

Some Operating Suggestions
The purpose of feedwater and boiler-water treat­

ment is to keep the internal surfaces of the boiler
clean —not to keep out of trouble with a dirty boiler.
Treating feedwater will not correct circulation de­
ficiencies which cause tube failures.

Oxygen-free feedwater is of utmost importance.
Feedwater to the boiler should be deaerated to con­
tain less than 0.005 cc per liter, which is a usual
guarantee of deaerator manufacturers. Actual de­
aerator performance is frequently even better—0.002
ec or 0.003 cc per liter is not unusual.

Chemicals should enter the boiler drum to mix
with the high-pll boiler water, and the entering
feedwater should mix with the chemical-replenished 

boiler water. Continuous blowdowns should be
located to blow down boiler water which has passed
through the boiler circuits and therefore is high
in impurities.

Evaporator carry-over is responsible for many feed­
water problems, and the importance of pretreatment
ahead of the evaporator is now generally recognized.
Make-up from the evaporator should be checked by
conductivity equipment. This is just as important
as determining any condenser leakage.

Silica should be kept low in high-pressure boilers
to prevent (a) silica scale deposits in boiler tubes
and (b) carry-over of volatilized silica in the steam
to the turbine, where it is deposited as silica scale
on the turbine blades. Volatilization of silica in­
creases with temperature, particularly above 500 F,
and the danger of silica passing over to the turbine
increases as the boiler pressure increases. The ratio
of silica in the steam to silica in the boiler water in­
creases with increase in saturation temperature or
boiler pressure and decreases as the pH of the boiler
water increases (see Fig. 10).

The silica should be kept below 5 ppm for 900
to 1400 psi boilers, not over 3 ppm for pressures
between 1400 and 2000 psi, and not over 1 ppm for
pressures above 2000 psi.

While high-pressure boilers are being operated
with as much as 100% make-up and concentrations
in the order of 1500 ppm, most high-pressure boilers
operate with only 1 or 2% make-up and concentra­
tions considerably below 500 ppm, where silica con­
tent is controlled by per cent of blowdown.

In addition to its effect in reducing the ratio of
silica in the steam to silica in the boiler water, a
high pH, in the order of 11, will reduce the corro­
sive effect when small amounts of oxygen are pres­
ent in the water. The pH value of the feedwater
should preferably be maintained at between 8.5 and
9.0.

To protect against corrosion from oxygen that
may not have been completely removed, sulfite should
be fed to all boilers up to 1800 psi. As boiler pres­
sure increases, the danger of sulfite breakdown in­
creases, and for this reason it is pointless to attempt
to maintain a sulfite concentration higher than 10
ppm for 1400 psi boilers or 3 ppm for 1800 psi.

Ammonia and volatile amines are being used to
increase the pH of the condensate or feedwater,
thereby reducing iron pickup in the preboiler sys­
tem without increasing its total solids. The few parts
per million of ammonia required for this alkalinity
control is in contrast to some earlier experiences,
where relatively heavy concentrations of ammonia
(in the order of 100 ppm, originating from sewage
oi vegetable matter) picked up copper from heaters
and other components of the system.

Demineralization of feedwater by the use of cat­
21-28

ion and anion exchangers, which, if carried to the
extreme, can produce water with less than 1 nnm
of solids, is now widely recognized as an efficient
method of treatment. This method of getting pure
make-up and pure feedwater is being used in many
instances in place of evaporators. 7

Lignins are sometimes used in boilers where a high
per cent of make-up is required. They aid in keepin <r
the sludge in suspension, so that it may be removed
more readily through the continuous blowdown.

Under normal conditions adequate cleaning of
a new boiler is possible by a thorough boilingmut.
However, some users believe that acid cleaning of
a new boiler, followed by a good boiling-out, will
give a more uniform oxide protective coating on the
tubes. In service, to keep the internal surfaces clean,
acid cleaning is recommended. After acid cleaning’
it is always necessary to boil-out the boiler, prefer­
ably at half the operating pressure. Some operating
boilers require frequent acid cleaning, others ever}'
3 or 4 years, the period depending upon the amount
of deposits which collect on the tube surfaces. To
make the acid cleaning effective where there is oil
or organic matter in the deposits, it is necessary to
preboil-out and to follow with another boiling-out
after the acid cleaning. Iron oxide barnacles from
internal corrosion have been successfully removed
by a preboil-out, using 25 ppm of sodium sulfite fol­
lowed by the usual acid cleaning and final boiling­
out (see section on Chemical Cleaning).

A brief outline of recommendations for the treat­
ment of feedwater and boiler water for high-pres­
sure boilers from 900 to 2500 psi follows:
1. All water going to the boiler should be free of

dissolved oxygen.
2. For boilers of 900 to 1800 psi, sulfite should be

fed in gradually reduced amounts, according to
pressure, from 10 ppm for 900 psi to 3 ppm for
1800 psi.

3. The pH of the feedwater going to the boiler
should be maintained at between 8.5 and 9.

4. The pH of the boiler water should be kept be­
tween 10.8 and 11.5.

5. Phosphates in the boiler water should be main­
tained from 15 to 20 ppm for 900 psi with gradual
reduction for intervening pressures to 5 to 10 ppm
for 2500 psi.

6. Silica in the boiler water should be not over 5
ppm at 900 psi with gradual reduction to not
over 1 ppm at 2500 psi.

7. There should be supervisory chemical control
of feedwater and boiler water dm ing t re c a\
shift, 7 days a week, and supplementary con ro
by operators each night shift.

8. A constant watch should be maintained for con­
denser leakage and evaporator carry-over by tne
use of conductivity instruments.

The Present and the Future

Throughout the history of water treatment for
steam boilers, alkalinity is the golden thread in the
pattern of all successful results. Different type waters,
different boiler operating conditions, and different
methods of treatment have all permitted some lati­
tude in alkalinity limits, but the existence of alkali
in controlled quantities has always been necessary,
even when it has been present naturally and un­
obtrusively with unwanted impurities of waters not
artificially treated.

Because of the importance of alkalinity, it has
been common practice to provide excess or reserve
quantities. In the trend toward perfect purity of
boiler water, this excess or reserve is now under
scrutiny with the intent of reassessing the amount
of excess necessary. The “coordinated phosphate
control” system of treatment has been successful in
eliminating all excess alkalinity caused by what is
termed “free caustic.” A rigid control is of course es­
sential. Whether the goal of maximum purity will
be served by this system or by the more common
systems will be determined by the total chemical
used in one as compared with the other, when both
are given equal attention in development and con­
trol.

The advocates of no-treatment-at-all appear to
have made the greatest advance in the direction of
purity as well as of low alkalinity. In some of these
instances, 10 ppm of total solids have been main­
tained in the boiler water with pH values of less
than 10. However, the value of reserve alkalinity
is clearly demonstrated when, in using this system,
serious corrosion occurs because of a small inward
leak of an active impurity such as dissolved oxygen.

With purity as the goal in water treatment, it
would be well, in the light of past experience, to
maintain a wholesome respect for excess alkalinity
and to reduce it only after reliable assurance that
this decrease cannot lead to a difficulty far greater
than the saving realized by the increase in purity.

Much attention is now devoted to the solubility at
higher temperatures of the various materials found
in boiler waters. Reliable data are meager, and the
results of the search for accurate information about
the solubility of materials alone, as well as in rela­
tion to each other, should be of great value. It would
be well, in studying these solubilities at higher pres­
sures as well as temperatures, to make certain that
the laboratory boilers do not have the circulation
defects and the poorly proportioned compartments
that have in some instances produced unreliable
data because of the critically different concentration
in the zone of sampling and in the zone of gener­
ation.

Progress toward greater purity will always be ac­
companied by the discovery of unexpected or pre­
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viously dormant characteristics of the materials
which remain and which perhaps establish an en­
tirely new relationship. Water-treating chemistry
research is now approaching the gentler sloping
part of the curve representing improvements cor­
responding to the effort applied. Much effort is
necessary to produce small gains. Any claim of a
startling improvement which is not the result of a
corresponding effort in research and experiment
should be received with skepticism. With the purer
water, the safeguards against attack will have to be
observed with even more vigilance. The use of
these safeguards will probably offset part of the
gains in purity, but it will be wise always to con­
sider that the ultimate goal is too far away to be
reached by any simple improvement.

Steam purity is very close to perfection. The small
fraction of 1 ppm of foreign material which re­
mains is responsible for a disproportionate amount
of troublesome turbine deposit. This residual im­
purity is being attacked in two ways. One is to
remove it, while the other is to counteract it by ad­
ditions of other material to the boiler water or to
tire steam. Since die demand for greater purity is
not likely to be less exacting in die future than in
the past and also since absolute perfection has not
been achieved dependably without chemical help in
related fields, such as in the performance of the de­
aerator, it seems likely that the anticipated improve­
ment in steam purity will be accomplished with the
help of some chemical means. Furdiermore, the
increased purity of the condensate formed from the
purer steam can be expected to cause more active
dissolution of die condensate return system, unless
some chemical escort is provided.

Once-Through Boilers
The gain in cycle efficiency which can be realized

by increasing the operating pressure eventually re­
sulted in the utilization of pressures above the so-
called critical pressure. Since die two phases, steam
and water, do not coexist above the critical pressure,
natural circulation cannot be employed, and the boiler
design must be of the forced-flow type. Also, since
there are no phases to separate, a drum and steam­
separating equipment are unnecessary. Since there
is no recirculation of a more highly concentrated
liquid within the boiler, there is no boiler water as
we conventionally regard it, and, instead, the feed­
water and boiler water are identical.

The once-through principle has also been applied
below the critical pressure, and the water require­
ments for both cases are substantially the same.

Suitability of the feedwater for a once-through
boiler requires a more specific definition of the limits
of the individual constituents than is required for
a natural-circulation boiler. In order to prevent re­
duction of availability resulting from improper water 

conditions, the feedwater must be continuously
maintained at the highest purity obtainable with the
best practices in modern low-make-up central sta­
tions. To accomplish this, contamination of the feed­
water from all sources must be avoided, and any
chemicals added for treatment of the feedwater
should be completely volatile in the steam. Make-up
must be of the highest purity attainable with well-
designed and properly operated modem feedwater­
purification equipment.

To avoid contamination of the feedwater from
sources exterior to the cycle, condenser leakage must
be guarded against by proper condenser design and
by provision for sensitive detection of leakage. Con­
tamination of miscellaneous returns must also be
avoided.

Contamination from sources within the cycle by
the products of corrosion of the materials in the
cycle must also be minimized. This can be accom­
plished by maintaining oxygen and carbon dioxide
at very low values and by maintaining the feed­
water pH within limits which will provide satis­
factory protection to the materials in the cycle. This
level of pH usually lies within the range of 8.5 to
9.5 and can be obtained by the addition of an
alkaline volatile material, such as ammonia or’mor­
pholine.

A modern deaerator will reduce dissolved oxygen
in feedwater to less than 0.005 cc per liter (0.007
ppm). To achieve even lower values and to provide
against upsets in deaerator operation, supplementary
chemical deaeration employing hydrazine can be
used. Hydrazine, like ammonia and morpholine, is
a completely volatile material and does not con­
tribute to the dissolved solids content of the feed­
water.

Since the quantities of certain constituents, such
as iron and copper, in the feedwater may vary from
point to point in the feedwater cycle, the locations
at which the desired limits apply must be specific
and consistent. The limits which follow apply to the
feedwater entering the boiler and hold for all once-
through boilers regardless of pressure.

Recommended Limits
Feedwater

Total dissolved solids
Suspended solids
Hardness
Free caustic
Dissolved oxygen
Carbon dioxide
Total silica (as SiO..)
Total iron (as Fe)
Total copper (as Cu)
pH value-Adjust to

Entering Boiler
0.10 ppm max
zero
zero
zero
zero
minimum, preferably zero
0.01 ppm max
0.01 ppm max
0.005 ppm max

, > obtain 0.01 ppm iron maximum.
This will normally require a pH value within
tire range of 8.5 to 9.5, measured at 77 F.
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Second. Clean water is used to flush out loose
deposits, solvent adhering to the surface, and soluble
non salts. Any corrosive or explosive gases that
may have formed in the unit are displaced. The
unit is flushed to a positive overflow from the vents.

Third. The unit is boiled-out with soda ash solu­
tion to eliminate completely or to neutralize the
effect of any acid remaining and to release hydrogen
from the metal.

Fourth. The unit is flushed with clean water as
a final rinse to remove any remaining loose deposits.

The two generally accepted methods in chemical
cleaning are: (a) continuous circulation of the
solvent through the parts to be cleaned, and (b)
filling the unit with the solvent and allowing it to
soak for a prescribed length of time.

Circulation. In the circulation method, after filling
the unit the solvent is recirculated until cleaning is
completed. Samples of the return solvent are tested
periodically during the cleaning. Cleaning is con­
sidered complete when the acid strength of the
returned solvent reaches equilibrium, indicating
that no further reaction with the deposits is taking
place. Compared with soaking, since a solvent of
lower strength may be used and the solvent is
drained from the unit as soon as the reaction is
complete, the possibility of damage to the surface
cleaned is less in using the circulation method.
Also, the cost of chemicals will be somewhat less
because of the control testing of solvent strength.

The circulation method is particularly suitable for
cleaning forced-flow boilers, superheaters, and econo­
mizers with positive liquid flow paths to insure cir­
culation of the solvent through all parts of the unit.
A complete cleaning job cannot be anticipated by
this method unless the solvent reaches and passes
through every circuit of the unit.

Cleaning by the circulation method is aided me­
chanically by the constant change of solvent which
flows over the deposits on the surface. This feature
is of particular advantage when foaming may oc­
cur, as with deposits of a calcareous nature. The
continuously circulating solvent also carries disin­
tegrated undissolved materials through the unit. This
is especially helpful in preventing clogging of small
tubes.

Soaking. In cleaning by the soaking method, after
filling with the solvent the unit is allowed to soak
for a period of 4 to 8 hr depending upon deposit con­
ditions. To insure complete removal of deposits, the
acid strength of the solvent must be somewhat greater
than that required by the actual conditions, since,
unlike the circulation method, control testing during
the course of the cleaning is not conclusive, because
samples of solvent drawn from convenient locations

Advantages of Chemical Cleaning

Compared with the removal of scale and deposits
from internal heating surfaces by mechanical means,
the more important advantages of chemical cleaning
may be listed as follows:
1. Outage time is reduced. Usually a boiler can be

cleaned in less than 36 hours. More than 48 hours
are seldom required.

2. Extensive dismantling of the unit is not required.
The solvents can be introduced and discharged
through existing connections. The only dismantling
necessary is the removal of drum-manhole covers
and a few header-handhole closures for inspection.

3. The total cost is less.
4. Inaccessible areas, such as small tubes, short­

radius tube bends, and irregular surfaces, are
readily cleaned, since the cleaning medium has
access to all locations reached by steam or water.
The result is a better cleaning job. The more
thorough removal of scale will reduce the rate
of subsequent formation of deposits.

5. New equipment can be designed with complete
flexibility and simplicity for best economy, effi­
ciency, and over-all cost, since no compromise is
required to provide accessibility for cleaning.

General Procedures and Methods
In general, four steps are required in a complete

chemical-cleaning process for a boiler:
First. The heating surfaces are washed with an

acid solvent containing a proper inhibitor to com
pletely dissolve or to partially dissolve and disinte­
grate the deposits.

Chemical Cleaning of Internal Heating Surfaces
CHEMICAL cleaning of internal heating surfaces
V was first proposed where it was difficult or
impossible to clean by other methods. Because of
early experience with improper technique and
limited knowledge of cleaning solvents, this method
was at first subject to certain reservations With
progressive experience and development of materials
and procedures, much of the earlier uncertainty con­
cerning chemical cleaning has been resolved and
the process is now widely used with complete confi­
dence as the quickest, cheapest, and most efficient
method of cleaning these surfaces in boilers of all
sizes. It is, however, extremely important to use a
procedure of known reliability under careful control

The procedure outlined below is recommended
with the understanding that the user must depend
upon competent chemical supervision of his own
choice, supplemented by consultants on boiler-water
and scale problems. There are specialist companies
equipped to provide complete chemical-cleaning
service.
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may not truly represent conditions in all parts of the
unit.

The soaking method is preferable for cleaning
units where definite liquid distribution to all circuits
by the circulating method is not possible without the
use of many chemical inlet connections or where
circulation through all circuits at an appreciable
rate cannot be assured except by using a circulating
pump of impractical size. These conditions may
exist in large natural-circulation units with complex
furnace-wall cooling systems.

Advantages of the soaking method compared
with the circulating method are: simplicity of pip­
ing connections, assurance that all parts are reached
by a solvent of adequate acid strength, and less
chemical supervision during tire cleaning operation.

Solvents, Deposits, and Inhibitors

Solvents. For the removal of boiler deposits, vari­
ous solvents have been suggested or tried, including
many acids and a number of alkaline compounds.

In general, the use of alkaline compounds re­
quires considerable time and temperature, and,
while the attack on steel is nonexistent or negligible,
the surface will not be as clean as with tire acid
solvents.

On the basis of cost, availability, suitable in­
hibitors, and rapid removal of deposits, extensive
experience indicates that hydrochloric and sulfuric
acids are the most practical cleaning agents. Of
these two, hydrochloric acid costs less, is more effec­
tive in dissolving a greater number of the usual
constituents of boiler deposits, and is more readily
available and inhibited. In contrast to the reactions
of sulfuric acid, which produce relatively insoluble
sulfates, the reactions of hydrochloric acid form
readily soluble chlorides.

Pressure parts of alloy steels, particularly those
high in chromium, should not be cleaned with acid
solvents without competent chemical advice on the
type of acid and inhibitor and the conditions of ap­
plication in each specific case.

For deposits of certain characteristics, the solvent
may require additional reagents, such as intensifiers
to react with certain constituents or wetting re­
agents to promote solvent penetration of the de­
posit. The need for these auxiliary chemicals should
be decided by the chemist controlling the specific
cleaning operation.

times appreciable in boilers on return to service
For the most efficient and economical scale re­

moval, the deposit should be analyzed, and that acid
should be selected for the solvent that will most
effectively react with a deposit of this type. The
deposit is usually a mixture of several compounds
and the acid that will best dissolve tire different
major constituents is generally selected as the solvent
since the dissolution of the soluble components will
free any insoluble compounds present, which can
then be removed by flushing.

To avoid possible redeposition of other iron com­
pounds, hydrochloric acid is usually preferred in
removing iron oxide, even though sulfuric acid is
theoretically the better solvent. Hydrochloric acid
is more effective than sulfuric acid in dissolving
calcium and magnesium salts. Neither has any effect
on calcium sulfate, although scales containing up
to 75% of this compound have been successfully re­
moved by dissolving the soluble constituents.

No universal recommendation can be made for
silica or silicates, because some silicates react more
readily with hydrochloric acid, some with sulfuric
acid, and still others with a combination of strong
alkalies and heat. A preboil for several hours with
a 5 to 10% soda ash solution, before acid cleaning,
has been found effective in changing the silica scale
to a more acid-soluble form. In some instances, to
remove silica scale hydrofluoric acid has been in­
cluded in the solvent. Except under expert chemical
advice and supervision, this procedure is not recom­
mended.

Small amounts of oil in the deposit are removed
when the general deposit is dissolved and disinte­
grated. For higher percentages of oil contamination,
it may be necessary to use a wetting agent in the
solvent to promote penetration of the deposit. If
the deposit is predominantly oil or grease, boiling­
out with alkaline compounds must precede tire acid
cleaning. In new or repaired boilers with water­
soluble lubricants used in tube expanding, boiling­
out with alkaline compounds may be omitted.

Inhibitors. The following equations represent the
reactions of acids (in this instance hydrochloric)
with constituents of boiler deposits:

FeaO< -J- 8HC1 = 2FeCL + FeCL + 4H.0
CaCOs + 2HCI = CaCL + FLO + CO,

At the same time, however, the acids will also react
with and waste away the metal of the boiler, as
represented by the equation:

Fe -j- 2HC1 = FeCL + H,
unless means are provided to prevent or retard this
reaction without, of course, affecting the attack on
the deposits.

For this purpose arsenic compounds, barium salts,
starch, quinolin, pyridine, or other products have 

Deposits. Scale deposits formed on the internal
heating surfaces of a boiler unit come from the
water. In general, the constituents belong to one
or more of the following groups: oxides of iron;
carbonates, phosphates, and sulfates of calcium and
magnesium; silica and silicates. The deposits may
also contain various amounts of oil, which are some­

21-32

been added to the acid solvent as inhibitors to pre
vent or materially reduce this reaction with the
metal. A number of commercial inhibitors are sold
under trade names, and still others are made and
used by companies furnishing complete acid-clean­
ing service including the prepared solvents. If the
cleaning is done by tire operator’s own organization
rather than by a company specializing in this work
the use of commercial inhibitors offered by reputable
chemical concerns is recommended.

The effectiveness of acids in attacking boiler de­
posits as well as steel increases rapidly with rise in
temperature. However, the inhibiting effect de­
creases as the temperature rises, and at a certain
temperature, likely to vary for each inhibitor, the
inhibitor may be decomposed into compounds de­
void of inhibiting properties. It should also be
noted that not all inhibitors are effective with all
acids.

Important points in the use of inhibited acid
solvent may be summarized as follows: Selection of
the acid and auxiliary chemicals should depend upon
the type of deposit to be removed. The inhibitor
must be suitable for the acid selected. The tem­
perature of the solvent must not exceed that at which
the effectiveness of the inhibitor will be reduced or
destroyed. The limiting temperatures for the use of
the inhibitor should be obtained from tire maker.

Determination of Solvent Conditions

Deposit Samples. The preferred type of deposit
sample is a small section of tube with adhering
deposit. In any case a sample of the deposit, down
to the bare metal, representing the worst condition
in the unit, should be obtained. Selection of the
acid and auxiliary chemicals is then based on an
analysis of the sample by chemical, X-ray diffraction,
or other methods. After selection of the acid for
the solvent and the inhibitor suitable for this acid,
it is necessary, to insure complete removal of the
deposits, to determine the acid strength of the sol­
vent, the solvent temperature, and the length of
time required for the cleaning process.

Add Strength. Technically, the acid strength would
be in proportion to the amount of deposit in the
unit to be cleaned. However, since the determination
of the amount of deposit cannot be much more than
a rough approximation and the general average o
conditions observed falls within a fairly narrow range,
the acid strength of the solvent usually is set satis­
factorily by experience. It is therefore recommen e
that the acid strength of the solvent, as fed to the
unit, should be: , .

Three per cent when the unit is cleaned by the
continuous-circulation method, and

Five per cent when the unit is cleane y
soaking method.
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Commercial hydrochloric and sulfuric acids are
sold in two grades in carboys of either 13 or 12.7
gal. The principal specifications for each grade and
the dilution required for a 3 and a 5% solution,
respectively, are noted below:

Commercial Acid Hydrocloric Sulfuric
Degrees Baume 18 20 60 66
Specific gravity 1.142 1.160 1.706 1.835
Acid strength, % 28.0 31.5 78.0 93.0
Carboy contains, gal 13 13 13 13
Carboy contains, gal
For a 3% solution,

12.7 12.7 12.7 12.7

gal H;O/gal acid
For a 5% solution,

9.5 11.0 42.7 55.1

gal FLO/gal acid 5.3 6.2 24.9 32.3

Solvent Temperature. To aid in the acid attack on
the deposits, the temperature of the sob-ent should
be as high as possible without seriously reducing the
effectiveness of the inhibitor. Laboratory tests show
that most commercial inhibitors break down or lose
their effectiveness entirely above 160 F. Experience
indicates that, as the temperature rises above 140 F,
the corrosion rate increases. It is therefore recom­
mended that the temperature be limited to 140 F,
unless a higher temperature can be tolerated in a
particular unit and with an inhibitor safe at the
higher temperature.

If a higher temperature is used, care should be
taken to inspect the unit thoroughly after the first
cleaning and after each subsequent cleaning. In this
way the actual corrosion rate can be determined, and
it can be decided either to continue cleaning at this
temperature, if the rate is not damaging, or to reduce
the temperature for subsequent cleanings. In making
up the solvent to the required strength, it should be
heated by warm water to 140 F or to the temperature
decided upon after all conditions are known. The
temperature of the solvent should not be raised by
firing the unit.

Cleaning Time. When cleaning by the circulation
method, completion of the process is determined by
analyzing samples of the returned solvent for acid
strength and noting when the acidity reaches equili­
brium.

In using the soaking method, the length of time
the solvent is to be retained in the unit should be de­
cided upon beforehand. While the type and quantity
of the deposit and laboratory determination of the
reaction rate of the solvent on samples of the deposit
should apply in setting the length of time, a practical
guide in determining the solvent retention time for
tiie first few cleanings, using the acid strength noted
above, is given as follows:

a) For moderate thickness of relatively soft sludges
or for conditions that would otherwise require
turbining at not less than yearly intervals, the
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Fig. 11. Typical arrangement of connections in using
the circulating method in chemical cleaning of boilers

solvent retention time should be a minimum of
4 hours.

b) For thin coatings (“eggshell thickness”) of
relatively hard scale formation, the solvent re­
tention time should be 6 hours.

c) For deposits such as might result from a severe
upset in the feedwater-conditioning system, the
solvent retention time should be a maximum
of 8 hours.

The periods noted are for the actual retention of
the solvent in the unit. The surfaces are, of course,
also wholly and partially subjected to the solvent
during the time of filling and draining. In establish­
ing permanent schedules, the periods recommended
should be extended or shortened on the basis of
the results achieved for specific conditions during
the first few cleanings, as indicated by: visual inspec­
tion; test turbining of selected tubes, before and
after cleaning, in areas typical of the worst deposit
conditions; or examination of sample sections of
tubing cut out of the unit.

Preparation for Cleaning
Heat Transfer Equipment. All parts not to be cleaned

should be isolated from the rest of the unit. To do
this, connections to these parts may be broken and
blanked or plugged with wood or rubber. Where
arrangements permit, parts of the unit can be isolated
by completely filling with water.

Bronze or brass parts should be removed or re­

placed temporarily with steel. All valves should be
steel or steel alloy. Gage and meter connections
should be closed or removed from the unit.

All parts of the unit not otherwise protected by
blanking off or by flooding with water should be
covered by the inhibited solvent. Vents should be
provided wherever vapors might be pocketed, since
acid vapors from the cleaning solution do not retain
the inhibitor.

Cleaning Equipment. The cleaning equipment should
be connected as shown in Fig. 11 if the continuous-
circulation method is used, or as shown in Fig. 12
if the soaking method is used. Continuous circula­
tion requires sufficient inlet connections to insure
distribution and to promote circulation through all
circuits. It also requires a return line to the sump
tank from the highest point of the unit or from the
end of a continuous-tube heat transfer apparatus.
The soaking method does not require a return line,
but means should be provided, such as a rubber
hose, to carry the spill-over from the vent to a safe
location, and the pump discharge should be con­
nected to the lowermost inlet to the unit. Depend­
ing upon the volume of the liquid to be handled,
the pump discharge and the return or vent spill-over
lines, as the case may be, are usually of 1/2-in. to 3-in.
pipe size.

The filling or circulating pump should not be fitted
with any bronze or brass parts, and it should have
the capacity to deliver, in not over 2 hours at 100
psi, a volume of liquid equal to the content of the
vessel to be cleaned. For convenience in handling 

INHIBITED ACID-------
(INCL AUX CHEMICALS

IF REQUIRED)

WATER
STEAM |

31X4 zl

VENT
SPILL-OVER
TO WASTE

SUMP TANK

SAMPLE
(SOLVENT FEED)

Fig. 12. Typical arrangement of connections in using
the soaking method in chemical cleaning of boilers
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and mixing the solution, the sump tank should be
large enough to hold about 5% of the total volume
of liquid required to fill completely the vessel to be
cleaned. In practice, the capacity should be at least
300 gallons. An adequate supply of clean water and
steam for heating the solvent to the desired tem­
perature should be provided. Provision should be
made for adding the inhibited acid to the suction
side of the filling or circulating pump, as described
later in the procedure to be followed for each
method.

Cleaning Solutions. To determine the amount of
solvent required, an estimate should be made of the
content of the vessel to be cleaned, adding 2% to
allow for wastage and other contingencies. Com­
mercial acid suitable for the deposit to be removed
should be procured in the quantity required, when
mixed with water, to make a solvent of the amount
and acid strength desired.

An inhibitor suitable for the acid to be used should
be procured. In obtaining the manufacturer’s rec­
ommendation for the amount of inhibitor to be used,
care should be taken to make certain that this
recommendation is based on full knowledge of the
acid strength of the solvent and what it is to be used
for, to avoid any possibility of a higher corrosion
rate than can be tolerated when cleaning a boiler.
The amount of inhibitor specified for each carboy of
acid should be completely dissolved or suspended in
about 1 gal of acid removed from the carboy, taking
care not to let the solution heat. After pouring the
mixture of inhibitor and acid back into the carboy,
the contents should be thoroughly mixed.

In preparation for the neutralizing process, com­
mercial soda ash should be provided to make up a
solution sufficient to fill the unit completely in the
proportion of 10 lb of soda ash to 100 gal of water.
This will produce a solution strength of about Ik.

If the operator retains an organization specializing 

in acid cleaning of heat transfer equipment, the latter
ordinarily determines and supplies tire type of clean­
ing solvent and handling equipment best suited for
the conditions.

Circulating-Method Procedure

To reduce to a minimum die time required for
cleaning, the preparations indicated in Fig. 11 and
as noted above should be carried out as far as possible
before the unit is taken off the line. The unit should
be removed from service, allowed to cool in the
normal manner to about 150 F, and then drained.

Referring to Fig. 11, clean water, 4, with a
hydrogen ion value preferably no higher than pH 7,
is admitted to the sump tank and heated with steam,
3, to 140 F or to die temperature decided upon.
The circulating pump is started, the unit filled, and
the water circulated through the system, using the
return line, 7, to the sump tank until the return
levels off at the desired temperature. Inhibited acid,
2, is then added to the circulating warm water at
die pump suction until a sample of the solvent feed,
10, indicates that the solvent has reached an acid
strength of 3%, after which the process is carried on
in accordance with the schedule indicated in Fig. 13.

The addition of inhibited acid to the solvent is con­
tinued during the first period until the acid strength
of the returned solvent, sampled at 9, reaches a
maximum, as at A in Fig. 13. This sample should also
be tested for iron content. Should this test show a
rapid rise or an increase of iron content to If?, which
indicates an excessive attack on steel, the solvent
should be immediately drained from the unit. While
the iron content is not a positive check of the cor­
rosion rate, since it is affected by the amount of iron
oxide in the unit, it seems best to use it as a guide.
As the volume of the liquid increases and the level
in the sump tank rises because of the addition of
acid, it may be necessary from time to time, during 

Fig. 13. Approximate schedule for continuous
circulation of inhibited-acid solvent in chemical cleaning of boilers
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this and subsequent operations, to close the return
line, 7, and open the waste line, 8. The vent, 6,
should be opened now and then to release any acid
vapors. Occasionally, for short periods during the
circulation of the acid solution and the subsequent
circulation of other solutions, the full flow should be
circulated alternately through each of the circuits
controlled by valves 11, 12, and 13 in Fig. 11. This
is to make sure that the solution passes through
all circuits.

When the sample tests of the acid strength of the
returned solvent indicate the maximum concentra­
tion desired, as at A in Fig. 13, addition of the acid
should be discontinued, but circulation of the solvent
through tire system should be continued. The acid
strength and iron content of the returned solvent, 9,
should be checked periodically at about 10-min in­
tervals. It will be helpful, throughout die course of
the solvent application, to plot the actual solvent
conditions, as indicated in Fig. 13.

If the tests indicate a reduction in acid strength of
the returned solvent exceeding % of 1% and point to
a continued sharp decline, as at B in Fig. 13, and
diere is no evidence of a corresponding sharp in­
crease in iron content or that it exceeds 1%, the
solvent should be fortified by adding inhibited acid
to bring the acid strength of the solvent, 10, to 3%.
The addition of acid should be discontinued when
die acid strength of the returned solvent starts to
increase, as at C in Fig. 13. Circulation of die
solvent through the system should be continued
until the acid strength of the returned solvent levels
off, as at D in Fig. 13, indicating that the reaction of
die solvent with the boiler deposits has been com­
pleted.

No additional heat, in any way, should be applied
during the acid-cleaning operation.

When the reaction is completed, as indicated by
the acid strength of the returned solvent reaching
equilibrium, the unit should be flushed by closing
the return line, 7, and feeding warm clean water,
4, to the sump tank, with the line, 8, open to waste.
Flushing heated water through the unit should be
continued until the discharge shows no acid reac­
tion. The presence of acid can be determined by
adding a few drops of methyl red indicator to a
small sample of the discharged water and to samples
from all sampling points and vents on the unit. As
long as any acid is present, the samples so treated
will turn red. In addition to the test for acid reac­
tion and before any attempt is made to neutralize
with soda ash, a pinch of soda ash should be added
to a small sample of the discharged flushing water.
This will cause a greenish precipitate if soluble
iron salts are still present, and the flushing should
be continued. The soda ash solution should not be
introduced until repeated tests show that the greenish 

precipitate is no longer present.
The reason for making sure that soluble iron salts

are completely flushed out of the unit is that any
soda ash in excess of the requirement for the neu­
tralization of free acid will react with the iron in
solution to form gelatinous solids which tend to
adhere to metal surfaces.

When the above conditions have been met, the
return line, 7, to the sump tank should be opened
and tire line, 8, to waste should be closed. Circula­
tion of water through the unit should be continued,
with the temperature increased to as near 212 F as
possible, and soda ash should be added as described
below.

To neutralize completely any trace of acid, the
surfaces should be washed with a solution in the
proportion of 10 lb of soda ash to 100 gal of water
by gradually adding enough soda ash to the water
in the sump tank to fill the unit with a solution of
this strengdi. The solution should be circulated
through the unit until the return shows a strong
alkaline reaction, as indicated by a sample turning
red on the addition of a few drops of phenol­
phthalein. The same test should be made with sam­
ples from all sampling points and vents, to make
sure that the soda ash solution has reached all areas
previously reached by the acid.

After the circulation is discontinued and the soda
ash solution is lowered to the normal operating level,
the unit should be fired to raise the steam pressure
and to hold it for 2 hours at 50 to 100 psi. This
will aid in cleaning the surfaces and will also drive
off hydrogen from the metal. The unit should be
vented several times during this period to get rid of
the hydrogen liberated. When the pressure has fallen
to zero, the line, 8, to waste should be opened, the
return line, 7, to the sump tank should be closed,
and clean hot water should be flushed through the
unit for about 1 hour.

Following completion of the foregoing procedure,
the circulating system is shut down and the unit is
drained. It is then inspected, carefully observing
the precautions noted elsewhere, to determine the
effectiveness of the cleaning and any indications of
attack on the metal surface. In some cases the acid
cleaning may bring down undissolved heavy iron
deposits that may lodge in tubes with little slope.
These tubes should be cleared, as these deposits may
result in overheating and tube failure when the unit
is fired. After inspection, on finding conditions satis­
factory, the unit is prepared for service.

Soaking-Method Procedure

3 o reduce to a minimum the time required for
cleaning, the preparations for using the soaking
method, as indicated in Fig. 12 and as previously 
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noted, should be carried out as far as possible before
the unit is taken off the line.

The unit should be removed from service allowed
to cool to about 150 F in the normal manner and
then drained. If the unit has not been in service and
is cold, it should be filled and refilled with water of
not more than 50 F above the boiler temperature for
each successive filling until the boiler temperature
is 150 F or slightly higher, or the boiler may be fired
to this temperature and then drained.

Referring to Fig. 12, clean water, 4, with a hy­
drogen ion value preferably no higher than pH 7, is
admitted to the sump tank. The filling pump’ is
started, and the heating steam, 3, is adjusted to heat
the water to the unit to 140 F or to the temperature
decided upon for the specific conditions. Inhibited
acid, 2, is added to the water entering the pump,
the rate of acid feed being adjusted to bring the
solution to an acid strength of 5% at the sampling
point, 8. The unit is then filled to a positive over­
flow in the vent spill-over to waste. During the filling
operation, frequent checks should be made and
conditions adjusted so that the solvent fed to the
unit is held at an acid strength of 5% and the maxi­
mum temperature desired is maintained (see Fig. 

and the flushing operation is repeated until there is
no acid reaction from the discharged water.

Before any attempt is made to neutralize with soda
ash solution, care must be taken to make certain that
all soluble iron salts have been flushed out of the
unit. This condition should be determined by the
tests described above for the circulating method.
Flushing should be repeated until there are no in­
dications of soluble iron salts in the discharge water.

When the flushing operation is completed, the sur­
faces should be neutralized by washing with a soda
ash solution. Water is admitted to the sump tank,
soda ash is added in the proportion previously noted,
and the unit is completely filled with the solution.
The water level is then lowered to normal, and
the unit is fired and the pressure held at 50 to
100 psi for 2 hours, as outlined above for the circulat­
ing method. The neutralizing operation is followed
with another flushing, using clean warm water. The
unit should then be drained and inspected, following
the procedure outlined above for the circulating
method and observing the precautions noted below.
After inspection, on finding conditions satisfactory,
the unit is prepared for service.

Precautions and Measure of Results
Cleaning must not be considered a substitute for

proper water treatment. The rigid control main­
tained in well-operated plants to achieve the best
possible water treatment should not be relaxed be­
cause of the relative ease of cleaning by the chemical
method. Chemical cleaning ordinarily is not neces­
sary more often than once a year. Intervals between
cleanings should be extended or reduced as condi­
tions warrant. This is essential, since each time a
unit is chemically cleaned the metal surfaces are
depacified or stripped of their protective oxide coat­
ing, and, in addition, a slight amount of parent metal
is dissolved because none of the known inhibitors is
completely effective.

In handling acids, the recognized precautions of
using goggles, rubber gloves, and rubber aprons
should be observed. Acid should be poured slowly
into water; never pour water into acid.

Acid cleaning removes mill scale and products of
oxidation. A thorough visual inspection should be
made after cleaning to determine whether any parts
need replacement.

Undrainable pressure parts, such as pendent-type
superheater tube elements, require special attention
to make certain that they are cleared of all acid
solvent and loose deposits. Usually each individual
element must be separately flushed through a tightly
fitting hose connection, using a similar arrangement
at the discharge end to avoid spilling the flushing
discharge over into the other elements. A mixture of
compressed air and water as the flushing medium

When the unit is full of solvent under the condi­
tions noted, the filling pump is stopped, the shutoff
valve, 1, in the filling line is closed, and the vent,
6, is left open. The unit should then be allowed
to soak for a period of time suitable for the condi­
tions, as previously outlined. During this period,
samples, taken at 10- to 30-min intervals from chemi­
cal feed, continuous blowdown, water column or
other suitable connection to upper drum, and from
any convenient connection to lower drum or headers,
9, should be tested for acid strength and iron con­
tent. If the iron content increases to 1%, the unit
should be immediately drained for the reason noted
above in using the circulating method. The tests
for acid strength will indicate the time required.

After having held the solvent in the unit for the
prescribed length of time, the unit should be com­
pletely drained by opening the drain valve, 10.
During this test it is advisable to draw samples of
the discharged solvent at frequent intervals. Later
analysis of these samples for acid strength and iron
content, in conjunction with the original ana } sis
of the deposits, serves as a basis for estimating t re
quantity of deposits removed and as a gui e or
maintaining or modifying the solvent con itions or
future cleaning operations.

When the solvent has been drained from the unit,
the drain line, 10, is closed, the filling-hne vaIve ,
is opened, the pump is started, and the uni is
with warm clean water until it overflows throng1
the vent spill-over to waste. Then the unit is
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has also been used effectively.
The solvent should be introduced through connec­

tions located at the lowest points of the equipment
to be cleaned (see Figs. 11 and 12) and should rise
gradually in all components of the unit without cas­
cading or undue turbulence.

In riveted joints the solvent may enter seams, and
damage can occur without being detected. There­
fore, chemical cleaning of riveted drums is usually
avoided. This applies particularly to drums calked
on the outside.

The possibility of hydrogen gas being generated
during the acid cleaning of internal heating surfaces
should never be overlooked. The quantity of hydro­
gen released is a measure of the ineffectiveness of
tire inhibitor. A portion of the hydrogen will be ab­
sorbed by the metal, while the remainder will form
part of the atmosphere in the vessel. The portion
absorbed by the metal will be liberated gradually,
the time required decreasing as the temperature of
the metal increases. While the metal wastage indi­
cated by its generation may be inconsequential, tire
hydrogen is a source of two potentially dangerous
conditions—embrittlement of the steel and an ex­
plosive atmosphere in the vessel.

On the completion of acid cleaning, because of
the possibility of hydrogen embrittlement, the steel
should not be cold-worked (tubes rolled, flanges
tightened, seams calked, etc.) in any manner for at
least four or five days until the pressure boiling­
out has been completed or the boiler has been
brought up to steam pressure in the normal manner.

In opening a unit for inspection following an acid
cleaning, the possibility of an explosion from the
presence of free hydrogen in the atmosphere within
the unit must be recognized. There have been ex­
plosions of hydrogen atmospheres in boilers after acid
cleaning, and fatal injuries have resulted. At atmos­
pheric pressure and ordinary temperatures, the values
indicated for the inflammability of a mixture of
hydrogen in air lie in the range from 6.2% as the
lower limit to 71.4% as the upper limit. The ignition 

temperature of hydrogen in air, at atmospheric pres­
sure, is between 1076 and 1094 F.

It is imperative, therefore, because of the pos­
sibility of an explosion, to observe the following
precautions:

After an acid cleaning, no one should enter the
unit or get in the way of any openings to the pres­
sure parts unless the atmosphere within has been
cleared of explosive gases. Until this has been done,
open flames, flashlights, any other lighting equip­
ment, or anything that might produce a spark of
any kind must not be used within or near the open­
ings of pressure parts.

The following steps may be taken to clear the
atmosphere of explosive gases within the pressure
parts:

Following an acid cleaning, apart from other rea­
sons the unit should be thoroughly flushed with
warm water to a positive overflow from the topmost
vent, to make certain that all the atmosphere within
has been displaced. To warm the unit and thus ac­
celerate the liberation of hydrogen absorbed in the
metal, the temperature of the water should be held
as nearly as possible at 212 F by light firing or other 
means.

After the unit has been opened, air eductors, 
placed at locations such as open drum manholes,
should be used to circulate air through the unit for
the removal of hydrogen being liberated from the
metal. This procedure should be continued until 
analysis by a Burrell or other suitable instrument
shows that the air within is free of explosive gases.

Measure of Results. Determination of the type and
approximate amount of different kinds of scale and
impurities removed from a unit at a cleaning will be
possible if, at periodic intervals during the operation,
the spent cleaning solvent and the water solid matter
ejected are properly sampled and analyzed and a
record is kept of the total amount involved. This in­
formation will serve as a valuable guide for further
boiler-water treatment and the determination of the
required frequency of cleaning.

The Practical Significance of pH Values

T
he term “pH” is used to express the degree of
acidity or alkalinity of a solution. Acidity is com­

monly associated with a sour taste, while alkaline
or basic materials impart a somewhat bitter taste.

When substances such as acids, bases, or salts
are dissolved in water, ions are formed in the solu­
tion. These ions consist of electrically charged atoms
or groups of atoms which result from the partial or
complete dissociation of the solute molecules. The
formation of the ions is termed “ionization,” and the
extent to which it occurs can be expressed by an 

ionization constant,” which has a fixed value for a
given solution at a specified concentration and tem­
perature.

Though many different ions may be formed in
solution, the ones which establish whether the solu­
tion is acid or alkaline are the hydrogen (H+) and
the hydroxyl (Oil-) ions, respectively. When the
hydrogen ions exceed the hydroxyl ions in number,
the solution is acid. When they are equal, it is
neutral. Alkalinity or basicity denotes that the hy­
droxyl ions exceed the hydrogen ions.
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Acids and alkahes vary in the degree to which thev
form ions in solution. Those which almost coin
pletely ionize are called strong acids or bases Hy­
drochloric acid and sodium hydroxide are examples
of this type. Other acids and bases ionize to only a
small degree and are, therefore, called weak acids
or bases. Acetic acid and ammonium hydroxide are
typical examples.

Even pure water dissociates to a minute degree
into hydrogen and hydroxyl ions. It has been found
that pure water at 25 C always contains 1.0 X 10'7
gram equivalents per liter of hydrogen ions and
since pure water is neutral, an equal concentration
of hydroxyl ions. The product of these concentra­
tions is a constant equal to 1.0 X 10-“ at 25 C.
Thus, if the hydrogen ion concentration of a solu­
tion were 1.0 X 10’5 gram equivalents per liter, the
hydroxyl ion concentration would be equal to 1.0
X 10“ gram equivalents per liter. Since, for this
case, the hydrogen ion concentration is greater than
tire hydroxyl ion concentration, tire solution is acidic.

In order to express hydrogen ion concentrations
more conveniently than by tire use of decimals or by
negative exponents, the term “pH” was adopted.
Expressed mathematically, pH is equal to the nega­
tive logarithm to the base 10 of the hydrogen ion
concentration. This is expressed as:

Hydrogen ion concentration = 1 X 10'1 where
“x” equals the pH. A neutral solution, since it con­
tains 1 X IO” gram equivalents of hydrogen ion per
liter, has a pH value of 7. Since acid solutions
contain more than 1 X 10'7 gram equivalents of
hydrogen ion per liter, the pH values of these solu­
tions are less than 7. Conversely, alkaline solutions
have pH values greater than 7.

The commonly accepted range within which pH
values are expressed covers the scale of 0 to 14. The
extremes of this scale correspond to 10° and 10
gram equivalents of hydrogen ion per liter. Acidities
or alkalinities greater than those represented by
pH values of 0 and 14, respectively, are more con­
veniently expressed as per cent concentrations.

The following table is helpful in understanding
the relation between hydrogen ion concentration
and pH. °

Hydrogen Ion Concentration,
gram equivalents per liter

pH

1.0 10’ 00.1 10-1 10.01 IO’2 o
0.001 ACID 10-3 3
0.0001 10-' 4
0.00001 10"1 5
0.000001 10-° 6
0.0000001 NEUTRAL 10-’ 7
0.00000001 IO*9 8
0.000000001 IO-” 9
0.0000000001 10-1O 10
0.00000000001 ALKALINE 10-u 11
0.000000000001 10-“ 12
0.0000000000001 10-13 13
0.00000000000001 10-“ 14

Examples of acid solutions encountered in every­
day life are lemon juice with a pH value of approxi­
mately 2.0 and carbonated soft drinks with a pH
of about 6.5. On the other hand, a solution of 1
teaspoon of baking soda in a cup of water would
be alkaline and have a pH value of nearly 10.

Since the pH value of a solution varies with tem­
perature, it is the usual practice to measure and
report all pH values at 25 C. Notwithstanding the
scarcity of accurate values at elevated temperatures,
such data as are available indicate that pH decreases
with increase in temperature, the neutral point de­
creasing in like manner.

The pH value may be estimated conveniently by
the use of specially prepared papers containing dyes
which vary in color according to the pH. For feed­
water and boiler-water pH determinations, where a
higher degree of accuracy is required, it is usual
practice to employ an instrument which measures
the potential difference established between two
suitable electrodes and indicates this reading on a
scale graduated in pH units.
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Birthplace of the croloys

22
METALLURGY AND PROPERTIES OF MATERIALS

M
etallurgy is concerned with the extraction
of metals from ores and with the combina­
tion, treatment, and processing of metals into

useful engineering materials. As an art, metallurgy
has been of great importance to the progress of civi­
lization for at least 6000 years, beginning with the
production of the first metal. As a science, metallurgy
is only about 60 years old. Important technological
developments in modern industry have stimulated
its rapid progress and application since the early
1920’s. During this period, new theories were ad­
vanced, new practices were introduced, and new
and better alloys were developed. Without these ad­
vances in the theory and practice of metallurgy, the
present high standards of efficiency, economy, and
reliability of operation of steam-generating equip­
ment would not have been possible.

Main Fields of Metallurgy

Metallurgy is divided into two main fields: the
ferrous, which covers iron and iron-base alloys; and
the nonferrous, covering metals and alloys other
than iron or iron-base. In accordance with the close­
ness of its association with other sciences in the study
of metals, metallurgy also may be divided into the
fields of 1) process or chemical metallurgy and
2) physical and mechanical metallurgy or metallog­
raphy. Process metallurgy includes the numerous
mining and refining processes, such as reduction o
ores, refining of metals, and the manufacture of meta s
and alloys. Physical metallurgy is devoted to t le
study of the constitution and structure of meta s an
alloys, including all the factors and processes that
control the physical characteristics and mec lamca
properties. , .,

The principal pressure parts of a power boiler
the drums, headers, and tubes —are made rom er
rous alloys. The same is true for most of the other
parts of the boiler and its closely related auxllianes>
such as coal pulverizers, fuel-conveying systems, soot
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blowers, structural supports, economizers, air heat­
ers, casings, ducts, stokers, baffles, hangers, bolting,
steam piping, flanges, fittings, and valves. Nonferrous
metals are used only to a minor extent in boiler in­
stallations; in auxiliary equipment, such as water
heaters, deaerators, and attemperators; in the con­
densing system beyond the turbines; and in valves
and instrumentation. Consequently, the following dis­
cussion is confined to ferrous metals —their produc­
tion, fabrication, thermal treatment, and application
in steam boiler equipment.

It is the purpose of this chapter to present the
fundamental metallurgical concepts and practices
and to outline the metallurgical requirements for the
selection of materials for boiler construction.

Ores of Iron

Iron was first known in ancient civilization, prob­
ably 5000 years ago. Nevertheless, its great useful­
ness was not fully realized until the characteristics
of the metal itself and its effects when combined with
alloying elements were established by the applica­
tion of the science of metallurgy.

Although iron is one of the most common of
metals, metallic iron is very rarely found in nature.
It usually occurs in the form of mineral oxides
(Fe2O3 or Fe.Di), and as such it comprises about 6!?
of the earth’s crust. The principal ores of iron, in the
order of abundance and importance in this country,
are: hematite (FeXX), magnetite (Fe3O<), limonite
(2Fe203,3H20), and sideride (FeCOa).

Reserves of high-grade iron ores in the United States
have been depleted so rapidly that lower-grade ores
and imported ores are being smelted in increasing
amounts. The iron minerals in the lower-grade ores
are concentrated to yield a product of greater iron
content for smelting. The beneficiation of taconite is
one example of the concentration (usually by mag­
netic methods) of the iron minerals in large deposits
of low-grade ores in the Lake Superior region.
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However, it has been found expedient for blast
furnaces in the United States to smelt also foreign
ores, so that the reserves of domestic high-grade ores
will not be so rapidly depleted.

Substantial amounts of iron ore from the following
countries are smelted in American furnaces: Brazil,
Canada, Chile, Liberia, Mexico, Peru, Sweden, and
Venezuela. Ore is also imported from Angola, British
West Africa, Cuba, Dominican Republic, Iran, Italy,
Norway, Philippines, Surinam, and the United King­
dom. Much of the iron ore consumed in this country
at the present time is the red oxide of iron, hematite.
It is found chiefly in the Lake Superior region, in the
states of Minnesota, Michigan, and Wisconsin. In a
part of this region the ore is economically extracted
by open-pit mining. In locations where the ore is too
far below the surface, shafts are sunk and under­
ground mining is employed.

Iron ores are classified on the basis of their metal­
lic iron content and the percentage of undesirable
impurities, known as “gangue.” The most objection­
able of these impurities is phosphorus, because of its
harmful effects in steel and, especially, since it can­
not be removed in the reduction of the ore. An iron
ore containing phosphorus not in excess of 1 part to
1000 parts of iron is classed as a “Bessemer” ore. An
ore which contains phosphorus in excess of the 1:1000
ratio is classed as a “non-Bessemer” or “basic” ore.

Ores may be shipped as mined or subjected to
concentration processes, known as “beneficiation,”
prior to shipment. Beneficiation of ores includes dry­
ing to reduce the water content, roasting to reduce
the sulfur content, and washing to remove some of
the gangue materials. The iron ore, either as mined
or as improved by beneficiation, is shipped by rail
and boat to the blast furnaces, where it is smelted.

Manufacture of Iron

The first step in the production of iron and steel
is the reduction of the iron ore with coke and lime­
stone in the iron blast furnace. In this process, “re­
duction” is tire removal of the oxygen from the ore,
leaving a mixture of iron and carbon and small
amounts of other elements as impurities. The coke
is the reducing agent and source of heat, and the
limestone (CaCO.,) is the flux to promote fusion,
which, in the molten state, combines with impurities
of the ore, floats to the top, and can be removed as
slag. A blast furnace is a vertical steel-shell structure
90 to 100 ft high lined from bottom to top with fire­
clay brick. Carbon block linings are used in some
furnaces. The principal components of the blast­
furnace plant are illustrated in Fig. 1. Its product is
pig iron, which is an impure form of iron contain­
ing about 4% carbon and varying amounts of silicon,
manganese, phosphorus, and sulfur.

The pig iron tapped from the blast furnace may
be used directly as hot metal in certain steelmaking
processes, or it may be taken to pig-casting machines
and cast into standard-size pigs. It may also be taken
to a mixer, where iron from several blast furnaces is
mixed to produce more uniform or average analyses.

Cast Iron

Liquid pig iron tapped from the blast furnace
is sometimes used directly for metal castings. More
often, however, the iron is remelted in a cupola, air
furnace, or electric furnace, to adjust its composition
before it is used for castings. Pig iron that has been
so remelted is known as cast iron, a general term
applicable to a group of iron-carbon alloys contain­
ing carbon in excess of 2% (usually less than 4.5%) 

Fig. 1. Schematic outline
— external features of a
blast furnace and its com­

ponents
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and appreciable amounts of silicon. Compared with
steel, cast iron is decidedly inferior in malleability,
strength, toughness, and ductility. On the other hand,
cast iron has better fluidity, can be cast satisfactorily
into complicated shapes, and is less costly than steel.
The most important types of cast iron are the white
and the gray cast irons.

White Cast Iron

White cast iron is so known because of the silvery
luster of its fracture. In this alloy, the carbon is
present in combined form as iron carbide (Fe3C),
known metallographically as “cementite.” This car­
bide is chiefly responsible for the hardness, brittle­
ness, and poor machinability of white cast iron. These
remarks also apply to chilled iron, which differs from
white cast iron only in the method of manufacture.
Chilled iron is cast against metal chills that cause
rapid cooling at the adjacent areas, thus promoting
the formation of cementite. Consequently, a white
or mottled structure is obtained, which is character­
ized by high resistance to wear and abrasion. Elverite,
a type of chilled-iron casting developed by B&W for
use in pulverizers, cement and clinker grinders, and
in other wear-resistant parts, has long been noted for
its uniformity and high quality.

Gray Cast Iron

Gray iron is by far the most widely used of cast

Fig. 2. White cast iron—typical microstructure (250x)
reduced about %. Note iron carbide “Fe3C" (light
areas) and tertiary eutectic “Steadite" (mottled areas)

metals. In this alloy, the carbon is predominantly in
the free state, in the form of graphite flakes that form
a multitude of notches and discontinuities in the iron
matrix. The appearance of the fracture of this iron
is “gray” since the graphite flakes are exposed. The
strength of gray iron depends upon the size of the
graphite crystals and the amount of cementite formed 

Table 1

) estimated.Note: Values in (
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30
30,000

105,000
40,000

14

15,500
(13,500)
Excellent
Excellent

(50-200 F)
(50-500 F)
(50-800 F)

23
180

7.02
0.254

0.5-6.7
6.9-7.2
7.4-7.0

Mag
Yio-IA

°At 25% of tensile strength.

General Engineering Grades of Gray Iron — Mechanical and Physical Properties

Class
Tensile strength, psi (min)
Compressive strength, psi
Torsional strength, psi
Modulus of elasticity0, psi X 10'“
Torsional modulus, psi X 10'°
Impact strength, Izod AB

(1.2-in. diam unnotched), ft-lb
Brinell hardness
Endurance limit, psi:

Smooth
Notched

Damping capacity
Machinability
Wear resistance
Pressure tightness
Specific gravity:

g per cm3
lb per cu in.

Thermal coefficient of
linear expansion:
(in. per in., F) X 10"’

Magnetic properties
Pattern shrinkage, in. per ft
Coef of friction (against steel)

Fair

35 40 45 50 60 70 80
35,000 40,000 45,000 50,000 60,000 70,000 80.000

115,000 125,000 135,000 150,000 175,000 200.000 225,000
45,000 54,000 60,000 67,000 76,000 85,000 90,000

15 16 17 18 19 20 21
— 5.5 6.6 7.0 8.0 8.1 —

25 31 36 65 75 120+ 120+
200 220 240 240 260 280 300

17,500 19,500 21,500 25,500 27,500 29,500 31.500
(15,500)
Excellent

17,500 (19,500) 21,500 23,500 25,500 27.500
Excellent Good Good Good Fair Fair

Excellent Excellent Good Good Fair Fair Fair
Fair Good Good Excellent Excellent Excellent Excellent
Fair Good Good Excellent Excellent Excellent Excellent

7.13 7.25 7.37 7.43 7.48 7.51 7.54
0.258 0.262 0.267 0.269 0.270 0.272 0.273

_ 6.6-6.8 6.4-6.4 — — — —
7.1-7.3 6.8-7.0 — — — —
7.4-7.6 7.0-7.2 — — — —

Mag
%

Mag
%

Mag Mag
I's

Mag
1's-3h>

Mag
V8-%«

Mag

(0.19) (0.195) (0.20) — —
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together with the graphite. The strength of the iron
increases as the graphite crystal size decreases and
the amount of cementite increases. Gray cast iron is
easily machinable because the graphite carbon acts
as a lubricant for the cutting tool and also provides
discontinuities which break the chips as they are
formed. Modern gray iron having a wide range of
tensile strength, from 20,000-30,000 psi to 90,000 psi,
can be made by suitable alloying with nickel, chro­
mium, molybdenum, vanadium, and copper. Mechani­
cal properties of several engineering grades (ASTM
classes) of gray cast iron are given in Table 1.

Malleable cast iron is white cast iron that has been 
heat-treated to change its combined carbon (ce­
mentite) into free or “temper” carbon (nodules of
graphite). The iron becomes malleable because in
this condition the carbon no longer forms planes of
weakness.

Fig. 3. Gray cast iron—typical microstructure (50x)
reduced about %. Note graphite flakes (dark areas)

Ductile Cast Iron

The most recent addition to the cast-iron family is
the so-called “ductile cast iron.” It is a high-carbon
magnesium-treated ferrous product containing graph­
ite in the form of spheroids or impacted particles.
Ductile cast iron is similar to gray cast iron in melt­
ing point, fluidity, and machinability but possesses
superior mechanical properties. This alloy is espe­
cially suitable for pressure castings, and by special
procedures (casting against a chill) it is possible to
obtain a carbide-containing abrasion-resistant sur­
face with an interior of good ductility.

The structure of several types of cast iron used
in B&W equipment is illustrated in Figs. 2 and 3.

Cast iron was used to a considerable extent in
early steam boilers for both tubes and headers.
At present, this material is no longer used in the
pressure parts of modern power boilers but is util­

ized in related equipment, such as stoker parts
Bailey metal furnace-wall blocks, grinding rings of
coal pulverizers, etc. Typical B&W iron castings are
shown in Fig. 4.

Fig. 4. Typical B&W iron castings of crusher and
pulverizer parts in Elverite. Balls are steel (SAE-52100)

Manufacture of Steel

Steel may be simply defined as an alloy of iron
and carbon which contains not over 2.0% carbon and
is cast in an initially malleable mass. This is by no
means a complete definition of steel, but for all
practical purposes it is adequate. Since the early
1920’s, a great variety of steels has been developed for
widespread use. All of these steels are basically iron­
carbon alloys, but they differ appreciably in carbon
content and, in many instances, also in the amount
of other alloying elements present. In this way
several classes of steels have been produced, with a
wide range of physical characteristics and mechanical
properties suitable for the specific requirements of
many different industrial applications.

All modern processes in the manufacture of steel
start with pig iron. Pig iron is transformed into steel
by the oxidation of the impurities with air, oxygen, or
iron oxide, since these impurities, as compared with
iron, have greater affinity for oxygen.

Pig iron may be refined by oxidation alone(“acid”
process) or by oxidation in conjunction with a strong
basic slag ( basic” process). Carbon, silicon, and
manganese are removed by both processes, but phos­
phorus and some of the sulfur in the pig iron can
be removed only in the basic process. When phos­
phorus is oxidized to a phosphate, it will stay per­
sistently with the iron if the slag is strongly acidic
(high in silica) and therefore will not be removed.
However, if in addition to oxidizing conditions there
is also an abundance of a basic constituent (such
as calcium or magnesium) in the slag, then the latter
will hold the phosphate in combination and prevent
it from being again reduced and seized by the me­
tallic iron. The removal of sulfur is similarly facili­
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tated by oxidizing conditions and basic slag.
The principal methods of manufacturing steel for

subsequent rolling or forging are: basic open-hearth
basic electric, basic oxygen, and acid Bessemer. Steel
for castings can be made by the foregoing methods
and also by the acid electric and acid open-hearth
methods.

The furnace charge is molten pig iron in the
Bessemer process, steel scrap and pig iron in the
open-hearth processes, and selected steel scrap in the
electric-furnace process. Each of these requires raw
materials of particular composition and produces
a steel somewhat different in chemical analysis and
physical characteristics.

Bessemer Process

Purification of molten pig iron by the oxidation
of some of the impurities is the principle of steel­
making in the Bessemer process. Air is blown through
the charge until the silicon, manganese, and carbon
are oxidized. The resulting product is known as
blown metal, and the necessary additions, in order
to meet steel purification requirements, are made in
the ladle. Bessemer steel is characterized by its low
carbon and high phosphorus and sulfur content and
a considerable amount of nonmetallic inclusions and 

Such practice is called duplexing.
The basic open-hearth process is carried out in a

large regenerative furnace lined with basic refrac­
tories (magnesite, dolomite). Open-hearth furnaces
of recent construction have a capacity of at least
200 tons. A diagrammatic section through a typical
open-hearth furnace is shown by Fig. 5.

Fig. 5. Diagrammatic cross section, open-hearth furnace

nitrogen. The major tonnage of steel produced by
this process goes into the production of free-cutting
screw steels, sheet metal, wire, bolts, nuts, reinforc­
ing bars, and tin plate. Bessemer steel is not used
in high-pressure boiler parts, although killed0 Besse­
mer steel is now employed to a considerable extent
in the manufacture of butt-welded or continuous-
welded pipe for ordinary uses.

Open-Hearth Process

In addition to various types of carbon steel, a con­
siderable quantity of certain grades of alloy steel is
produced by the open-hearth process, notably in
SAE or AISI types, for engineering uses. In alloy­
steel boiler material, carbon-molybdenum steel for
boiler plate and superheater tubes or piping, and the
low chromium-molybdenum alloy tube materials up
to about 1M% chromium can be made by the basic
open-hearth process. It is usually preferable, how­
ever, to make the chromium-containing tube grades
by the electric-furnace process.

a) Basic
By far the greatest tonnage of steel in this country

(about 90%) is produced by the basic open-hearth
process. The tremendous importance of this method
is because of the fact that a uniformly good-quality
steel can still be produced, even though the furnace
charge (pig iron, scrap, iron ore, and limestone) is
varied widely to suit economic conditions. For in­
stance, scrap may be at a premium. The ability to
control oxidation of carbon in the bath permits use
of large quantities of molten pig iron directly nom
the blast furnace. Some steel plants have used up­
wards of 70% hot metal in the charge, although about
50% is nearer the average practice. In the open-hearth
it is also possible to complete the refinement o par­
tially refined hot metal from the Bessemer conver er.

A steel is said to be killed when it has been degassed ( mainly
deoxidized) prior to pouring, so that the hqui me.,.
quiet in the mold without the presence of gas to orm p

b) Acid
The acid open-hearth is essentially a melting proc­

ess, and, as in all acid processes, the removal of
phosphorus and sulfur is impossible. Consequently,
it is necessary to use a charge lower in these impuri­
ties to produce satisfactory steel. The smaller heats
usually made in the acid process and the higher cost
restrict the use of acid open-hearth steel to castings
and special products.

Acid open-hearth steels are cleaner than average
basic open-hearth steels. Transverse mechanical
properties are superior to basic open-hearth steels,
particularly in forgings. Forged seamless steam
drums of acid open-hearth steel were used in B&W
equipment prior to adoption of the fusion-welding
process for drum construction. A very small tonnage
of rimmed steel (see Fig. 6) is made by this process;
most of the production is killed carbon and alloy
steels.

in the ingot.
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SEMIKILLED STEEL
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Fig. 6. Schematic sections of ingots—three types of steel

Basic-Oxygen Process

Experiments in steelmaking begun during 1941 in
Germany culminated in the commercial production
of steel at Linz and Donawitz, Austria, during the
early 1950’s and later in Canada, the United States,
and other countries. Many modifications of the proc­
ess have been developed.

In tire United States the basic-oxygen process oper­
ates in a basic-lined cylindrical furnace with a solid
bottom and open top. The furnace resembles a Besse­
mer converter, since it is tilted to receive molten iron
and restored to an upright position during the refining
of the iron by a jet of high-purity oxygen, which
enters the furnace through the top. The refined steel
is considered the equivalent of basic open-hearth steel.

Electric-Furnace Process

Most high-grade alloy steels are manufactured in
the electric furnace. For these alloys, the electric­
furnace process offers the following important ad­
vantages over other steelmaking processes:
1. Any desired temperature can be obtained because

the control of temperature conditions is definite
with close limits.

2. Either oxidizing, reducing, or neutral conditions
may be maintained in the furnace at will. This
permits the addition of alloying elements to the
bath with assurance of complete deoxidation in the
furnace.

3. The bath is not subject to contamination by the
source of heat.

4. Sulfur, solid nonmetallic impurities, and occluded
gases are significantly eliminated.
Good Control of Composition

The higher temperature generated in the electric
furnace increases the fluidity of the metal, permits
rapid reaction in removing sulfur and phosphorus 

and permits recovery of oxidizable alloying elements
from the slag. The control of quality and compo­
sition is, therefore, better than in the open-hearth
process, but the cost is somewhat higher. An electric­
furnace heat ranges from 10 to 100 tons as compared
with 200 to 550 tons in the open-hearth. Steels of inter­
mediate chromium-molybdenum composition, such
as those used for superheaters, are generally made in
the electric furnace. The basic electric-furnace process
is always used for production of stainless, high-alloy,
and tool steels. The acid process is used essentially for
melting and finds application chiefly in steel foundries.

The rotary-piercing and the extrusion processes,
employed in the manufacture of seamless tubing and
pipe, are perhaps the most rigorous hot-forming oper­
ations in the entire metalworking industry. They re­
quire, therefore, the highest quality steel, not only to
withstand these rigorous forming operations but also
to obtain a satisfactory product suitable for the severe
conditions encountered in high-temperature service.

Quality Alloy Steel for Tubes—B&W Practice

To insure a uniformly high quality in alloy-steel
grades for tube production, an electric alloy-steel
plant, to produce high-temperature and corrosion­
resistant steels now commonly used by various in­
dustries for steam generation, oil refining, chemical
processes, and other kindred uses, was erected in
1942 and integrated with the B&W Tubular Products
Division’s seamless-tube mills at Beaver Falls, Pa.

This plant originally consisted of two 25-ton basic-
lined arc furnaces, a battery of soaking pits, an 8-ton
steam hammer, bloom-heating facilities, and a 24-in.
bar mill for the production of seamless tube-rounds.
After some ten years of operation, it became necessary
to expand these facilities in this same location by the
addition of one 50-ton and one 75-ton basic-lined arc
furnace, additional soaking pits, and a 1500-ton steam-
hydraulic forging press with manipulator. At the same
time, the heating facilities of the bar mill were in­
creased, and some additional building area was added
to take care of the bloom and bar-conditioning opera­
tions. By 1957 the demand for alloy steel for the Tubu­
lar Products Division became so large that a new
plant was designed in a new location, at Koppel, Pa.
Late in 1959 this new facility was put into operation.
It consisted of one 100-ton basic-lined arc furnace, a
battery of large soaking pits, and a 40-in. blooming
mill that served not only for the production of blooms
but also for the rolling of the larger-diameter rounds.
This new plant is about 5 miles from the original
steel plant and is operated in conjunction xvith it ex­
clusively for the production of alloy steel tube-rounds
for the Tubular Products Division of the Company.
Fig. 7 shows a schematic drawing of an arc furnace
typical of the type in operation in these facilities.

Practically the entire range of ferrous alloys has
been melted in these furnaces, from plain low-carbon
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Fig. 7. Electric furnace (50-ton capacity) used in the
production of Croloy steels

steel to 25% chromium-20% nickel stainless alloy, all
with double-slag ° practice and under rigid technical
control. Melt procedures are set up for each grade,
and no deviation is permitted after standard pro­
cedures have been established. This is important in
providing uniform piercing qualities and uniform
performance in service. The electric-furnace melt
for high-quality alloy tube steel call for thorough
degasification of the melt irrespective of composition.

order. Permanent hot-top equipment, a refractory-
lined short section fitted over or into the ingot mold,
is used with ample cropping to insure freedom
from piping.

Special Heating Cycles

To prevent thermal shock or stress-cracking, spe­
cial heating cycles are maintained for ingots of alloy
steel, particularly for the hardenable grades. Each
alloy has a certain thermal cycle which must be ad­
hered to in heating ingots for blooming and for bar­
mill rolling. To remove all surface defects, blooms
are subjected to careful conditioning before bar roll­
ing, with such additional conditioning of bars as may
be required to remove any remaining defects. Con­
ditioning is an important operation to remove such
surface defects as checks, slivers, etc. It is done by
grinding or scarfing, in which the surface where
defects appear is removed to sound metal. Super­
ficial scale and loose foreign matter are removed by
air jets and hand manipulation. All stainless grades
are turned in the round before being sent to the
tube plant.

To make a satisfactory seamless tube by the rotary
piercing process, the billet must have a dense outer
surface, free from longitudinal defects or radial
planes of weakness. Furthermore, it must have good
ductility over a broad enough range of high temper­
ature to permit piercing of hollows of commercial
length. Adequate allowance should be made for
any temperature build-up from friction during the
deformation in piercing. The billet must also be free
of pipe or center porosity and other defects that
might open up on the inside of the bar in the process. 

The Steel Ingot
Molten metal tapped from the steelmaking fur­

naces is poured from ladles into metal molds and
allowed to solidify preparatory to forging and roll­
ing. Such a casting is called an ingot.

All steel used in the production of wrought-steel
products, such as plate, tubing, and bars for boilers
or any other uses, is cast into ingot molds of suit­
able size and shape. Proper ingot practice is essen­
tial to insure a good quality product, free from
breaks, internal defects, or excessive segregation.

Ingots are cast in many sizes and shapes, estab­
lished by the research and experience of the steel
producer. The cross section of most ingots approxi­
mates a square or rectangle with round corners but
may be fluted to give additional hot strength to avoid
corner cracks. The greatest dimension is always ver­
tical, and all ingots are tapered. The exact cross
section and vertical height are carefully selected for
the job at hand. Steel of the rimmed and semikilled
types (see Fig. 6) is usually cast in ingots with big
end down, while killed steel is commonly cast in in-
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Samples Quickly Analyzed

Only killed (fully deoxidized) steels are made in
the plant. Alloying elements are recovered from the
second or finishing slag formed on the completion of
the oxidizing period. Samples of the molten steel
are taken from the bath and cast into small ingots,
which are rushed to the laboratory, about a mile
away, by means of a pneumatic tube system. These
samples are rapidly analyzed in the laboratory by
chemical methods and spectrography. The results
of the analyses are quickly reported to the melter
and guide him in making the necessary alloy addi­
tions to the bath to bring the steel to the specified
composition. To insure high quality, two or more sam­
ples are necessary in the course of making the stee .

Ingots are teemed into about 20-in.-squaie m0 s-
The ingot weights are calculated for each speci c
billet multiple to be produced against the tubing

’In double-slag practice, the slag is drawn off twice ^liri"o f
heat. After the first removal of slag, fresh fluxing reagerts arc
added, the heat is continued, and the newly onne o
drawn off before tapping.
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gots with a sink head or hot top, and with big end
up. This procedure is employed in the latter, case in
order properly to feed the so-called "pipe which
forms during cooling and confine it to the hot top,
which portion of the ingot is later sheared or cropped
in an amount sufficient to give good sound metal. A
bottom crop also is taken to ensure sound metal in
that area of the ingot.

All steels, irrespective of type, are subject to cer­
tain internal variations from natural phenomena
which occur as the steel solidifies in the mold. The
character and magnitude of such variations and their
effects depend upon the size of the ingots and may be
generalized as follows:

Primary pipe in the upper portion of the ingot is
caused by shrinkage of the metal in passing from the
liquid to the solid state during solidification. Since
the surface of the cavity becomes oxidized, rolling
at a welding heat will not close it. Consequently,
the pipe end of the ingot must be cut off and dis­
carded. Under certain conditions, a shrinkage cavity
known as secondary pipe is formed below the pri­
mary pipe but is not connected with it. Secondary
pipe is usually associated with the evolution and en­
trapment of gases in the ingot during solidification.
Because of its nature, however, it will normally weld
in the rolling process and does not materially affect
the quality' of the finished product.

Another phenomenon associated with rate of solidi­
fication is segregation or nonuniformity in chemical
composition within the ingot. Certain portions of the
solidified metal contain either more or less of the
elements originally contained in the liquid steel.
Segregation in varying degrees is found in all types
of steel ingots. The amount of segregation depends
chiefly upon the type and composition of the steel,
the teeming temperature, the ingot size, and the in­
herent segregating characteristics of the individual
elements of the steel. These phenomena have been
widely studied and controlled by special practices,
proper discard, and other measures indicated by the
intended end use of the product.

Steel Types

In most steelmaking processes, the primary re­
action is the combination of carbon and oxygen to
form a gas. If the oxygen available for this reaction
is not removed prior to or during casting by the
addition of silicon, aluminum, or some other deoxidiz­
ing agent, the gaseous products continue to evolve
during solidification of the metal in the mold. Proper
control of the amount of gas evolved during solidi­
fication determines the type of steel. If no gas is
evolved and the liquid lies quietly in the mold, it is
known as killed steel. With increasing degrees of
gas evolution the products are known as semikilled 

steel and rimmed steel. The efficiency of several of
the common deoxidizers in molten steel at 2900 F
(1600 C) is shown in Fig. 8.

% DEOXIDIZER USED AT TIME OF POURING

Fig. 8. Effect of several common deoxidizers in
molten steel at 2900 F

Rimmed Steel

In rimmed steel there is a marked difference in
composition across the section and from top to bot­
tom of the ingot. The outer rim is ductile, and the
amounts of carbon, phosphorous, sulfur, and non-
metallic inclusions in this rim are lower than the
average composition of the whole ingot, while the
amount of these constituents in the inner portion or
core is higher than the average in the ingot as a
whole. A marked evolution of gas during solidifica­
tion of the outer rim is responsible for the typical
structure of rimmed steel. When solidification be­
gins, concentration of certain elements in the liquid
core of the ingot increases, and at the core there is
also some additional segregation toward the upper
and central portions.

Rimmed steels normally contain less than 0.25%
carbon, under 0.60% manganese, and 0.01% silicon
maximum. Satisfactory rimmed steels do not retain
any significant percentages of highly oxidizable ele­
ments such as aluminum, titanium, or silicon. Aside
from the closing and welding of gas voids (blow­
holes), the structural pattern of the rimmed-steel
ingot persists through the rolling process to the final
product. Rimmed steel, which costs less to make than
either killed or .semikilled steel, is widely used as
structural plate material. It is used also in strip
form for production of electric-resistance-welded 
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tubing. The rimmed portion is
for welding by that process. particularly suitable

Capped Steel

The characteristics of capped steel and rimmed
steel are similar, but capped steel represents an in­
termediate step between rimmed and semikilled
steels. A deoxidizer may be added when the ingot is
cast to effect a controlled rimming action. Capped
steel is generally cast in big-end-down bottle-top
molds using a heavy metal cap. Capped steel Gen­
erally has a somewhat thinner rim, and the segre­
gation in the upper central portion of the ingot is
less than in rimmed steel. This method is not ordi­
narily used for steel containing more than 0.15%
carbon.

and is nearly comparable to copper in hardness. It
is strongly magnetic (ferromagnetic) and in this
respect differs from all other elements—although
nickel and cobalt are magnetic to a milder degree.

Like all other metals, iron is crystalline in struc­
ture. All crystalline bodies may be considered as com­
posed of atoms placed at the points of a space lattice
(see Fig. 9). The smallest component unit of this
lattice is known as a unit cell and is characterized
by a regularity of structure. A crystal is composed
of these unit cells, piled upon one another like bricks,
and reproducing at their comers the points of the
lattice. Different crystals have different tvpes of space
lattice. Analysis by X-ray diffraction shows that iron,
on solidification from a molten state, crystallizes in
the cubic space lattice.

Semikilled Steel

Semikilled steel has a variable degree of uniform­
ity in composition. This type of steel is only partially
deoxidized with silicon, aluminum, or both, to allow
the evolution of sufficient gas to offset, entirely or in
part, the shrinkage accompanying solidification. Since
pipe cavities are minimized, semikilled steel is usually
cast in big-end-down molds without hot tops. Most
semikilled steels contain between 0.15% and 0.25%
carbon, and approximately 0.05% silicon.

Killed Steel

Steel of the killed type is deoxidized almost com­
pletely, so there is essentially no evolution of gas
during pouring and solidification. Consequently, a
primary shrinkage cavity, known as pipe, forms dur­
ing solidification, and this affected part of the ingot
is discarded. Killed steel is usually cast in big-end­
up ingot molds with hot top to supply the shrinkage
cavity. There may be a secondary pipe in addition
to the primary pipe, but this is reduced by the gen­
eral use of big-end-up ingots.

Although killed steel has a more uniform composi­
tion than any of the other types, there are some
variations in composition from surface to center and
from bottom to top. All but a very few compositions
of steel can be killed, if sufficient deoxidizing ele­
ments may be added to inhibit gas formation. Prac­
tically all alloy steels are of the killed type, as are
most of the carbon steels containing more than 0.25,c
carbon. Such steels usually contain 0.10% silicon mini­
mum. For certain uses, however, some steels are
killed almost entirely with aluminum. B&W seamless-
steel boiler tubes are made exclusively of killed stee .

Typical appearance and location of blowholes and
pipe in rimmed, semikilled, and killed steels are i us-
trated in Fig. 6.

Atomic Structure of Iron

Pure iron at room temperature is highly ductile 

Fig. 9. Space-lattice diagrams of crystalline structure
(iron) showing arrangement of atoms in (a) body­

centered cubic and in (b) face-centered cubic

(b)

FCC LATTICE

Iron may exist in one of two forms of cubic space
lattice, body-centered or face-centered, so differen­
tiated by the manner in which the atoms are arranged
in each of them. Both are illustrated in Fig. 9. The
body-centered cubic form has an atom at each corner
and one at the center of the cell; the face-centered
cubic form has an atom at each corner and one in
the center of each of the six faces.

At room temperature, iron is composed of a body­
centered cubic lattice (see Fig. 10). In this form
it is known as “alpha iron” or “alpha ferrite,” and it
is soft, ductile, and magnetic. Upon heating above
about 1415 F, alpha iron loses its magnetism but re­
tains its body-centered crystalline structure. This
structure changes to face-centered cubic at about
1670 F, at which temperature alpha iron is trans­
formed to “gamma iron” and remains nonmagnetic.
Continuing upward in temperature, another phase
change occurs at 2570 F, when “delta iron” is formed.
The latter is identical in crystal structure (body­
centered) with that of the low-temperature alpha
iron. It is magnetic and is stable to the melting point.
There are no known phase changes in the liquid
form (above about 2800 F). On cooling very slowly
from the liquid state, the atomic rearrangements de­
scribed occur again, but in reverse order.
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Fig. 1 0. Allotropic transformations in pure iron

The modifications of atomic structure which occur
in iron during heating to and cooling from the melt­
ing point are called “allotropic” changes. The tem­
peratures at which these changes take place are known
as “transformation points” or “critical points.” The
range of temperature covered by the transformation
points is called the “critical range.”

Physical Metallurgy of Steel

The foregoing pertains to pure iron, which is diffi­
cult to obtain, is correspondingly expensive, and in
any case does not have suitable characteristics for
construction purposes. However, iron alloyed with
carbon and such other elements as manganese, silicon,
phosphorus, and sulfur represents steel, which is an
economic material of construction. Since carbon in
combination with iron is most effective in producing
desirable characteristics, it has been brought under
careful regulation in the manufacture of steel. Some 

of the effects of carbon in iron are illustrated graphi­
cally in the equilibrium diagram, Fig. 11.

Phase Changes in Steel

This diagram (Fig. 11) indicates the phase changes
in iron-carbon mixtures at various temperatures. No
reference is made to the time it takes, after the tem­
perature is changed, for these phase transformations
to reach the point of equilibrium shown. The addi­
tion of carbon to iron lowers the melting point (until
4.3% carbon has been added) and also, at the higher
temperatures, changes the melting point to a range
where solid and liquid coexist. The delta iron range
is restricted, and delta iron as a single phase is elimi­
nated in the presence of 0.1% carbon, although some
delta iron will still persist up to about 0.5% carbon.
Below the delta iron region, gamma iron will absorb
carbon up to compositions bounded by S-E, the limit­
ing solubility (solid-solution solubility). When gam­
ma iron contains in solution measurable amounts of
any second constituent, such as carbon, it is known
as “austenite.” The temperature at which austenite
exists by itself decreases as the carbon increases, along
G-S to the so-called “eutectoid point” (0.80% carbon,
1333 F), and then the temperature increases as the
carbon increases, since the austenite is unable to
absorb additional carbon except at higher temper­
atures.

Critical Points in Steel

Referring again to Fig. 11, the critical points in
steel lie along At, corresponding to line P-S at 1333 F,
and along As corresponding to line G-S at temper­
atures varying with composition. As they occur in
heating and cooling, these critical points are again
subdivided as Aci and Aa (heating), and An and An
(cooling), respectively. These designations have no
place in an equilibrium diagram since they are related
to time, another variable, the effect of which is shown
later. Below the temperature of 1333 F, carbon is rel­
atively insoluble in the “ferrite,” as alpha iron is
known when rendered impure by the addition of
other elements. The relative solubility of carbon in
ferrite as compared with its solubility in austenite
may be judged by comparing lines Q-P and S-E. This
difference in solubility of carbon in the one as com­
pared with its solubility in the other is the crux of
practically all steel heat-treating.

The data in Fig. 11 show the end points of the
possible transformation which are approached but
never attained short of an infinite time. Processes in
fabricating steel, however, may involve periods of
time from seconds (spot welding) to several days
(heat-treating large vessels). To evaluate the impact
of these processes on the internal transformation of
the steel, it is necessary to know the effect of time.
A typical isothermal transformation is illustrated in
the diagram, Fig. 12.
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Fig. 11. Equilibrium dia­
gram showing phase solu­
bility limits, carbon in iron

The symbols used in Fig. 12 are: A for austenite,
F for ferrite, and C for carbide. At temperatures below
about 600 F (the Ms line) this steel transforms to
“martensite,” a specialized form of ferrite and the
hardest constituent of heat-treated steels. The “nose”
of the curve in Fig. 12, at about 900 F, is of prime
significance. It is clear that the transformation at this
temperature is very rapid. Also, if this steel is to be
quenched to form martensite (for maximum hard­
ness), it must pass through the temperature range
about 900 F very rapidly to prevent the transforma­
tion of some of the austenite to pearlite, which is
much softer.

Alloying Elements
The effect of alloying elements on steel is indicated

by the changes in the equilibrium diagram resulting
from their addition to iron. Chromium first lowers
the melting point of iron and then raises it as the
allov becomes leaner in iron. On the addition of chro­
mium, the region of austenite (G-S-E-J-N in Fig. 11)
is diminished, and the austenite phase is eliminated
when the proportion of chromium reaches 13%. The
addition of carbon (making a three-component sys-
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Transformation in Steel
This diagram (Fig. 12) covers a specific composi­

tion of steel and indicates the time required for the
progress of transformation from austenite to feiritic
constituents at the various temperature levels. As an
example, a hypoeutectoid0 steel is heated to a tem­
perature (about 1600 F) where it becomes com­
pletely austenitic, and it is then quickly transferred
to and held in a furnace or bath at 700 F. From ig.
11 it is evident that eventually ferrite and carbide
should exist at this temperature, but Fig. - m ica es
how long this reaction takes. By projecting ie
intervals during the transformation, as indicated in
the lower portion of Fig. 12, to the top portion of the
diagram, it will be noted that the austenite contoues
to exist for 3 seconds before anything lappens,1
starts to transform, and at about 100 secon s 1 .
formation is 505 complete; and at 700 second the
austenite is entirely replaced by an agglomerate of
fine carbides in ferrite.

°A steel containing less than 0.80%q^0% carbon
it is known as eutectoid steel, and with more tna
it is known as hypereutectoid steel.
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TIME, SECONDS

Fig. 12. Typical isothermal transformation. Time required
in a specific steel at 700 F taken as an example

tem) changes these values considerably. At about
45% chromium and below about 1500 F, a nonmagnetic
compound known as “sigma phase” appears, which
renders the alloy brittle.

Nickel acts to widen the region of austenite, so iron
alloys containing more than 25% nickel are practically
austenitic at all temperatures. The action of all other
alloying elements can be classed as (a) like chromium
(ferrite formers), (b) like nickel (austenite formers),
or (c) to form compounds.

Fig. 13. Austenite, typical microstructure (500x)
reduced about %

in steel should be reduced to a minimum. The char­
acteristic appearances of the photomicrographs men­
tioned above may be defined as follows:

Austenite. A solid solution of carbon in gamma iron,
containing a maximum of about 2.0% carbon at 2090 F
and about 0.80% carbon at 1333 F. It exists in ordinary
steels only at elevated temperatures, but it is also
found at ordinary temperatures in some stainless steels
(18Cr-8Ni type). This structure has high ductility
and high impact strength, which it retains even down
to minus 320 F.

Ferrite. A commercially pure alpha iron containing
a small amount of carbon (0.04-0.05%) in solid solu­
tion. This phase is soft, ductile, and relatively weak.
Below about 40 F the impact strength is materially
reduced. The tensile strength of commercially pure
ferrite is of the order of 40,000 psi, the elongation is
about 40%, and the hardness is from 90 to 95 Brinell.

Microscopic Examination

The microscope is traditionally the tool of the
metallurgist for exploring changes in steel from alloy
additions and thermal treatment. The surface of sam­
ples is ground flat and then polished to a mirrorlike
finish. When the sample is placed under the micro­
scope, the metal reflects light back to the eyepiece,
and the discontinuities, which absorb some of the
light, appear dark. Customarily, the samples are
etched in mild acid solutions to bring out the char­
acteristic appearance of: austenite, Fig. 13; ferrite,
Fig. 14; pearlite, Fig. 15; or hard martensite in
quenched steel, Fig. 16.

To the metallurgist, the structures shown in these
photomicrographs are clear indices to the prior fab­
rication and to the mechanical properties. For good
quality it is obvious, of course, that foreign matter

Fig. 14. Ferrite, typical microstructure (1000x1
reduced about %
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Pearlite. A mixture, in lamellar form, of iron car
bide (cementite) in ferrite, which occurs on slow

Fig. 15. Pearlite, typical microstructure (lOOOx)
reduced about %

cooling above the nose of the curve in Fig. 12. This
condition is obtained by annealing or normalizing
and generally represents an optimum high strength
while retaining ductility and some machinability.

Cementite. Iron carbide, FeaC (cementite), a com­
pound containing 6.67% carbon, is very hard (about
650 Brinell) and is extremely brittle. The ordinary
occurrence of cementite is in slowly cooled hypereu­
tectoid steels (carbon content greater than 0.80%).

Martensite. A very hard constituent obtained by
the decomposition of austenite at low temperatures
by rapid cooling.

Fig. 16. Martensite, typical microstructure in
Quenched steel (500x) reduced about h

Specific Effect of Alloying Elements

Steel alloys are the chief structural materials of
modern engineering because of their wide range in
properties to suit almost every specific application.
These properties are affected directly not only by
the characteristics and the amounts of the elements
which, either alone or in combination, enter into the
composition of the steel but also by their reaction
as constituents under various conditions of temper­
ature, fabrication, and use. For example, chromium
increases resistance to corrosion and scaling; molyb­
denum increases creep strength at elevated temper­
atures; and nickel (in adequate amounts) renders the
steel austenitic. The specific effects of the most im­
portant elements found in steel are outlined in the
following:

Carbon. Carbon is not generally regarded as an
“alloying” element because steel would not be steel
without carbon. Nevertheless, it is appropriate in a
discussion of alloying elements to first note the specific
effects of carbon on the properties of steel.

In general, an increase in carbon content produces
higher ultimate strength and hardness but lowers
ductility and toughness of steel alloys. The curves
in Fig. 17 indicate the general effect of carbon on
the mechanical properties of hot-rolled carbon steel.
Carbon also increases air-hardening tendencies and
weld hardness, especially in the presence of chromi­
um. In low-alloy steel for high-temperature applica­
tions, the carbon content is usually restricted to a
maximum of about 0.15% in order to assure optimum
ductility for welding, expanding, and bending oper­
ations. To minimize intergranular corrosion caused
by carbide precipitation, the carbon content of aus-
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tenitic (18-8 type) alloys is limited in commercial
specifications to a maximum of 0.08%, or even less,
i.e., 0.03% in the newer extremely low-carbon grades
used in corrosion-resisting applications.

No generalization is warranted regarding the effect
of carbon on the long-time high-temperature (creep)
properties of low- and high-alloy steels. In plain-
carbon steels in tire normalized condition, the re­
sistance to creep at temperatures below 825 F ap­
pears to increase with carbon content up to 0.4%
carbon; at higher temperatures there is but little
variation of creep properties with carbon content.

An increase in carbon content lessens the thermal
and electrical conductivities of steel and increases
its hardness on quenching (see Fig. 18).

Fig. 1 8. Order of maximum hardness attainable in
steel with increase in carbon

Phosphorus. High phosphorus content has an un­
desirable effect on the properties of carbon steel—
notably on its resistance to shock and ductility when
the steel is cold-worked. This embrittling effect,
generally referred to as “cold-shortness,” results from
the tendency of phosphorus to enlarge the grain size
and cause segregation. The harmful effect of phos­
phorus increases as the carbon content increases.

Phosphorus is effective in improving the machin­
ability of free-cutting steels. This is related to its
embrittling effect causing breakage of the chips on
machining. In open-hearth (carbon) steels, phospho­
rus is limited to a maximum of 0.04%. In alloy steels
intended for boiler applications, the permissible phos­
phorus content is still less. Its presence is objection­
able for welding. Phosphorus has recently come into
prominence as an alloying element (up to 0.15%) in
proprietary low-alloy high-strength steels, where in­
creased yield strength and resistance to atmospheric
corrosion arc primary requirements. In certain acids
however, high phosphorus may increase the corrosion
rate.

Silicon. The usefulness of silicon is mainly because
of its qualities as a deoxidizer and degasifier, hence
it contributes to the production of sound steel. When
added in amounts up to 2.5%, silicon increases the
ultimate strength of the steel without decrease in
ductility. Silicon in excess of this amount causes
brittleness, and amounts higher than 5% make the
steel nonmalleable.

Resistance to oxidation and surface stability of
steel are increased by the addition of silicon. These
desirable effects partially compensate for the tend­
ency of silicon to lower the creep properties of steel.
Silicon increases tire electrical resistivity of steel and
decreases hysteresis losses. Silicon steels are, there­
fore, widely used in electrical apparatus.

Manganese. In addition to being an excellent de­
oxidizer and sulfur neutralizer, manganese improves
the mechanical properties of steel, notably the ratio
of yield strength to tensile strength at normal tem­
peratures. As an alloying element of steel, manganese
serves as an inexpensive means of preventing “red-
shortness” (brittleness), and it will improve rolling
properties, hardenability, and resistance to wear.
However, manganese increases the crack sensitivity
of weldments, particularly so with steels of higher
carbon content.

Unlike silicon, the effect of manganese is beneficial
on the creep properties of steel. It does not appear
to have any specific influence on the resistance to
oxidation or corrosion of steel.

Chromium. This element is the essential constituent
of stainless steel. Chromium has the effect of increas­
ing yield and ultimate strength, hardness, and tough­
ness of steel at room temperature. It also contributes
somewhat to the strength of steel at high temperatures.

Resistance of the steel to wear or abrasion and in­
crease in cutting ability are two of the outstanding
effects of the addition of chromium. A steady im­
provement is noted in resistance to atmospheric cor­
rosion and to attack by many reagents when the
chromium content of steel is increased above 12%.
The chemical properties of the steel, however, are
affected by the carbon content; and, generally, the
higher the chromium and the lower the carbon, the
more resistant the alloy will be to certain types of
corrosion. Chromium is also instrumental in increas­
ing the resistance to oxidation at elevated temper-
atuie and, therefore, is of prime importance in steels
intended for high-temperature service.

The addition of 1% or more of chromium may cause
appreciable air-hardening in the steel. Air-hardening
is a direct function of chromium and carbon content
up to about 12% Cr. Low-carbon alloy steels contain­
ing over 12/o Cr tend to become nonhardening, but
the impact strength is reduced and the ductility is
pooi. Chromium lessens both thermal and electrical
conductivities.
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Nickel. Increased toughness, resistance to corrosion
and hardenability are the principal benefits when
nickel (upwards of 5%) is added to steel. Nickel dis­
solves in the iron matrix in all proportions and, there­
fore, raises the ultimate strength without impairing
the ductility of the steel. Nickel is particularly eSec-
tive in increasing the impact properties-especially
at low temperatures. It is a useful element in car­
burizing steels, and it is used to improve core proper­
ties in steels for roller bearings.

Probably the most important use of nickel as an
alloying element is in combination with chromium
in amounts of 8% Ni or more. By the addition of nickel,
the high-chromium-iron-carbon alloys become aus­
tenitic in character. The various combinations of these
two elements produce alloys (18-8 type) with prop­
erties which cannot be obtained with equivalent
amounts of any of the elements alone. Such steels
are resistant not only to corrosion by the atmosphere
and other sources but also to oxidation at high tem­
peratures, and they possess greatly enhanced creep
strength.

Nickel has only a slight beneficial effect on creep
properties of low-alloy ferritic steels. It reduces the
coefficient of thermal expansion and diminishes the
electrical conductivity of steel.

Molybdenum and Wolfram (Tungsten). Addition of
molybdenum to steel increases its strength, elastic
limit, resistance to wear, impact qualities, and har­
denability. Molybdenum contributes to the “red-hard­
ness” of steel, that is, the steel can be heated to a
visible degree without materially lowering the hard­
ness. It also adds to the resistance of steel to soften­
ing on tempering and restrains grain growth. Making
chromium steels less susceptible to temper embrittle­
ment is another beneficial influence of molybdenum.

The principal use of molybdenum in improving re­
sistance to corrosion is in stainless steels of the 18-8
type. It improves the inherent resistance to corrosion
of these steels in reducing chemical media and also
increases their passivity under mildly oxidizing con­
ditions. Experience indicates that under certain con­
ditions molybdenum effectively reduces the suscep­
tibility of stainless steels to pitting. Molybdenum is
the most effective single alloying addition that in­
creases the high-temperature creep strength of steel.

Wolfram (also known as tungsten) is similar in be­
havior to molybdenum. However, of the two, molyb­
denum appears to be the more effective in increasing
strength for a given cost. Wolfram is an important
element in high-speed cutting tools and in cementer -
carbide tools.

therefore, is applied chiefly as an alloying element
in steel. Essentially7 a carbide-forming element which
stabilizes the structure especially7 at high tempera­
tures, it increases the strength, toughness, and hard­
ness of steel. Vanadium minimizes grain-growth
tendencies, thus permitting much higher heat-treat­
ing temperatures. It also intensifies the individual
properties of other elements in alloy steels. In steels
containing 0.5 to 1.0% molybdenum, small additions
of vanadium (0.1 to 0.5%) produce a pronounced
improvement in high-temperature creep properties
if these steels are given certain high-temperature
heat-treatments. Vanadium improves the cutting
properties of tool steels.

Aluminum, Titanium, and Niobium (Columbium). Alu­
minum is an important minor constituent of low-
alloy' steels. It is an efficient deoxidizer and is al­
most universally used in the production of killed
steel. When added to steel in appreciable quantities,
aluminum forms tightly7 adhering refractory oxide
scales and thus increases resistance to scaling. It is
difficult, however, to add appreciable amounts of
this element to steel without producing undesirable
effects. It is generally agreed that an excessive quan­
tity of aluminum has a detrimental effect on creep
properties, particularly7 in plain-carbon steel. This is
attributable to its grain-refining effect and, what is
even more serious, to the acceleration which it exerts
on spheroidization and graphitization of the carbide
phase.

In the amounts that it is customary to add, alumi­
num does not increase resistance to ordinary forms
of corrosion. Actually, because of its avidity for oxy­
gen, steels of high aluminum content generally contain
numerous alumina inclusions, which tend to produce
pitting corrosion under conditions favorable for cor­
rosive attack. Aluminum, however, increases resist­
ance to oxidation when applied to steel as a surface
coating, as in the calorizing process.

Titanium and niobium (also known as columbium)
are potent carbide-forming elements. In addition,
titanium is also a good deoxidizer and denitrider.
These elements are most effective in the chromium­
nickel austenitic alloys (18-8 type) where they react
more readily7 with carbon than does chromium, allow­
ing the chromium to remain in solid solution and in
the concentrations necessary to maintain the “stain­
lessness” (corrosion resistance) of the steel. Titanium
and niobium (or niobium plus tantalum) are some­
times used to reduce air-hardening tendencies and
to increase resistance to oxidation in steel contain­
ing up to 14% Cr. These elements seem to have a
beneficial effect on the long-time high-temperature
properties of chromium-nickel stainless steels. Both
niobium and titanium have been used in some of the
new “superalloys” to improve high-temperature
properties.

Vanadium. While it is to some extent a degasifying
and deoxidizing agent, vanadium is seldom used in
that capacity because of its high cost. ana rum,
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Copper. Addition of copper in small amounts im­
proves the resistance of steel to atmospheric corro­
sion and lowers the rate of attack in reducing acids.
Copper is not resistant to sulfur compounds at ele­
vated temperatures. Consequently, it is not ordinarily
used in low-alloy steels intended for high-tempera­
ture service. Copper is added (up to 1%) in low-alloy
constructional steels to improve yield strength and
resistance to atmospheric corrosion, and also in some
of the high-alloy steels to increase resistance to cor­
rosion by sulfuric acid. Copper, in amounts between
2.0 and 4.0®, also has been added in certain complex
high-alloy austenitic steels, in conjunction with mo­
lybdenum, titanium, and niobium, to cause precipita­
tion-hardening, thereby improving the creep- and
rupture-strength properties.

Some specific functions of alloying elements in steel
are given in Table A in the Appendix, page 22-Al.

Heat-Treating Practices

The properties of steel may be altered by various
thermal treatments that control its structure. These
include annealing, normalizing, spheroidizing, hard­
ening, and tempering, briefly described in the fol­
lowing:

Annealing. Depending upon the results desired, an­
nealing may be performed in several ways. Steel
may be annealed to meet specified requirements as
to softness and ductility, to refine its grain structure,
to remove internal stresses, to improve its machin­
ability, or to alter its microstructure.

In full annealing, the steel is heated at a pre­
determined rate to about 100 F above the upper limit
(locus of A>, Fig. 11) of the critical range; it is held
there for a suitable length of time, and then it is
allowed to cool slowly (at a controlled rate) in the
furnace. The microstructure of fully annealed hypo­
eutectoid steel (containing less than 0.80% carbon)
consists of ferrite and pearlite.

When a full anneal is not necessary to relieve
stresses set up in fabrication or to restore the duc­
tility and improve the drawing properties of work-
hardened steel, a “works” or “process” anneal is used.
This treatment, sometimes referred to as stress-re­
lieving, is carried out at temperatures below the criti­
cal range, usually between 1000 and 1300 F. By rule
of thumb, the material is field at that temperature
1 hr per in. of maximum thickness and is then allowed
to cool in still air.

Normalizing. This heat treatment is, in effect, a
special annealing process —except that the steel is
allowed to cool in still air from above the critical
temperature. Normalizing is sometimes used as a
preliminary step, before full annealing, to remove the

Fig. 19. Spheroidization in steel. Typical microstructure
(750x) reduced about %. The Fe3 C has been almost

completely agglomerated

effects of previous thermal treatments that may have
rendered the structure of the steel unsatisfactory.
Normalizing relieves the internal stresses caused by
previous working and, while it produces sufficient
softness and ductility for many purposes, yet it leaves
the steel harder and with higher tensile strength than
after full annealing. For the purpose of removing cool­
ing stresses, normalizing is often followed by tem­
pering (see below).

Spheroidizing. The usual object of spheroidizing
(another type of annealing) is to soften the steel
sufficiently to improve its machinability. Heating fine
pearlite for a long time just below the lower critical
temperature of the steel, followed by very slow cool­
ing, will cause spheroidization—an agglomeration of
the iron carbide (Fe.iC), which eventually becomes
rounded and assumes the globular or spheroidal
shape shown in Fig. 19. The properties of this prod­
uct are similar to those of coarser pearlite. This treat­
ment is most commonly applied to the higher carbon
(above 0.45% C) and hypereutectoid steels.

Hardening (Quenching). When steels of the higher-
carbon grades are heated to produce austenite and
then cooled rapidly (quenched), the austenite de­
composes into the constituent “martensite” (see Fig.
16). Martensite is formed at temperatures below
about 400 F, depending upon the carbon content and
the type and amount of alloying elements in the
steel. It is the hardest form of heat-treated steels and
has high strength and resistance to abrasion. Mar­
tensitic steels have poor impact strength and are diffi­
cult, if not impossible, to machine.
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Tempering. Normalizing some air-hardening steels
and liquid-quenching treatments impart the desired
degree of hardness to the steel but also make it brittle
The object of tempering, a secondary treatment is
to remove some of that brittleness by allowing certain
transformations to proceed in hardened steel. It in­
volves heating to a predetermined temperature al­
ways below the critical, followed by any desired rate
of cooling. Some of the hardness of the steel is lost
by tempering, but its toughness is increased, and
stresses set up by quenching are eliminated. The’usual
tempering range for carbon steels is 400 to 750 F;
the higher the tempering temperature the softer and
tougher the steel will become. Some steels may be­
come embrittled on slowly cooling from certain tem­
pering temperatures. Steels so affected are said to be
“temper-brittle.” To overcome this difficulty, steels
of that type are cooled rapidly (quenched) from
the tempering temperature.

Mechanical Working of Steel

Metals may be shaped directly by casting or formed
by mechanical working, which also imparts desirable
properties. Metals may be worked either hot or cold.
The initial working of the metal, as in forging, press­
ing, rolling, and piercing, is almost always a hot
operation, while subsequent working, as in drawing,
forming, and stamping, is usually a cold operation.
Any mechanical work applied to the metal below its
recrystallization temperature, which means at or
about room temperature in most cases, is cold work.
Mechanical work performed above the recrystalliza­
tion temperature of steel is hot work, and the simul­
taneous annealing which occurs at that temperature
prevents stress- or work-hardening. For satisfactory
plasticity, hot work is usually performed above the
transformation temperature range (A3), which varies
with the composition of the steel.

The temperature at which steel is mechanically
worked has a profound effect upon its properties.
Cold work increases the hardness, tensile strength,
and yield point, but its indices of ductility’—elonga­
tion and reduction of area—are decreased. The ex­
tent of the work-hardening, with progressive elonga­
tion of the grains in the direction of working, depends
upon the amount of cold work. If the work-harden­
ing caused by the necessary shaping operation be-
comes excessive, further work is impeded, anc tie
metal must be given some sort of heat-treatment o 
restore its ductility. r . L , ,

Hot-working improves the quality of the steel b
closing blowholes in the ingot and thus increases i
homogeneity and soundness. The crysta struc uie
refined (reduced in size), which increases ie
tility and toughness of the metal. Hot vor' oe
harden the steel during the deformation proc

is a rapid and comparatively inexpensive method of
production for tolerable dimensional accuracy and
surface appearance.

Obviously, there is a great variety of steel-work­
ing equipment for shaping and forming steel prod­
ucts used in industry. The following deals briefly
with the working of steel into plate, strip, tubing,
headers, etc., for boiler construction.

Methods of Hot-Working

Forging. Forging is the working of metal by inter­
mittent or continuous application of force. A forging
hammer works the metal by successive blows, while
in a forging press the pressure is applied slowly, and
the steel is thoroughly kneaded in even’ direction.

Steam hammers used in boiler works are of the
open-die type, but much forging of steel products is
done in closed dies by drop forging. Hydraulic or
steam-hydraulic presses are used to make large forg­
ings. Nozzles, drum heads, saddles, and other boiler
parts are usually formed on presses (see Chapter 24)
using suitably shaped dies.

At the B&W Tubular Products Division, ingots are
bloomed into square-section bars (blooms), which
are then (after reheating) rolled into rounds for the
manufacture of seamless tubin". When extra sec-o
tional thickness is required in a tubular element, the
tube is upset in mechanical forging presses.

Rolling. The quickest method of reducing steel to
shape is by rolling, and much the greater part of steel
tonnage is so worked. The cast or forged metal in the
form of ingot, slab, bar, billet, etc., is first brought to
the proper temperature throughout and is then passed
through rolls which revolve in opposite directions.
The flow of metal is continuous and almost entirely in
a longitudinal direction. The cross-sectional area is
reduced, the internal structure is refined by reduc­
tion in grain size and change in shape (compared
with cast or unworked metal), and the metal is shaped
to the desired form.

Production of Plates. Plate steels are very impor­
tant in boiler construction. The drum shell, drum
ends (heads), certain drum internals, and certain
structural supports are made from plate.

Plates are made from ingots of rectangular shape
by using a slabbing mill, which performs the same
function as a blooming mill but permits rolling the
wider sections desired in the initial operation in the
production of plates, sheet, and strip. After condition­
ing and reheating, the rough slabs are rolled to fin­
ished plates on either a sheared-plate mill or a Uni­
versal mill. Some extremely heavy plates may be
rolled directly from the ingot. Sheared plate is rolled
between straight horizontal rolls only and must be 
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Fig. 20. Rotary billet­
heating furnace used to
heat B&W tube-rounds

trimmed to the finished size on all edges. Universal­
mill plates are rolled between horizontal rolls and
vertical rolls and are trimmed on the ends only. Mills
of various designs are used for rolling plates.

For sheared-mill plates it is customary to roll the
ingots or slabs in both directions (cross-rolling) to
give uniform physical properties whether the test
sample is taken parallel or transverse to the greatest
dimension. On the Universal mill, plates are rolled
in one direction only, the vertical rolls producing a
straight, fairly parallel mill edge. The product of such
a mill cannot be expected to have uniform properties
in both directions. This metallurgical practice is im­
portant in the judicious selection of suitable quality
plate material for various parts of the boiler. Drum
plate, for instance, must be of higher quality and
uniformity than plate used solely for structural pur­
poses.

Tube Manufacturing

Many thousand feet of steel tubes of suitable size,
shape, and material are required for a large boiler
unit. These tubes are used in saturated surfaces in­
cluding furnace walls and floors, and in superheaters,
reheaters, economizers, and air heaters. Headers also
might be classed as tubes, since the process of manu­
facture is similar, but the size range (9>'( in. to 14 in.)
is beyond that ordinarily associated with tubes.

Seamless steel tubing is the generally used stand­
ard for high-pressure applications. This is chiefly be­
cause of wall-thickness requirements, which, in many
cases, are beyond the range suitable for manufacture
by the resistance-welding method. Resistance-welded
carbon-steel tubes may be used in boilers of mod­
erate pressure. Although lap-welded steel tubing is
now obsolete for boiler service, its use is permitted
by the ASME code.

Seamless Tubes

Seamless tubes are made by piercing from solid
rounds of carbon or alloy (Croloy) steels, without
weld or seam. Tubes for boiler application are fur­
nished either hot finished or cold drawn, depending
upon size, tolerance, and finish desired. Metallur-
gically the two are quite similar: the difference is
mainly in surface finish and the permissible tolerance
in dimensions. To obtain a smooth even surface and
close tolerances, stainless steel tubing, except in
special instances, is finished by cold-drawing only.
This process also permits control of grain size in
final heat-treating, which is important in high-tem­
perature application of austenitic stainless steels.

The production of seamless tubes requires special
tools, careful control of heating, and exactness in
procedure.

Centering and Heating. So that the piercer point
may be accurately centered in relation to the pierc­
ing rolls, the hot-rolled conditioned round or ma-
chined-turned round (if of stainless Croloy), of a
somewhat greater weight than the finished tube, is
first sent to a centering machine, where a shallow
hole is drilled in the center of one end. In some of
the highly alloyed stainless steels, a small diameter
hole may be drilled throughout the entire length of
the billet to ease the load in the piercing mill and to
preserve the piercer point.

The round, which may range in length from about
40 in. to 144 in. and from 3 in. to 8 in. in diameter,
is then heated to the proper temperature in a mod­
ern rotary-hearth furnace (see Fig. 20).

Piercing. Piercing is done in machines especially
designed for the purpose. The round is gripped be­
tween the faces of two revolving conical-shaped rolls
that rotate in the same direction. Each roll is directly 
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driven by its own motor. By the rapid rotation and
kneading action of the rolls, set at the proper amfle
the round, somewhat reduced in diameter, moves
forward spirally over the piercing point held firmly
in position. The piercing operation is illustrated dia- 

piercing point

PIERCING-POINT BAR
INLET

PIERCED BILLET

DIRECTION OF ROTATION

PIERCER ROLL

PIERCER ROLL

SOLID
TUBE-ROUND

direction of rotation

Fig. 21. Piercing operation (diagrammatic)
in B&W’s cone-type piercing mills

grammatically by Fig. 21. After piercing, the bar is
withdrawn from the inside of the tube, and the rough
pierced hollow may be reheated in a suitable furnace
to the correct temperature for rolling.

the approximate dimensions required. A powerful
ram forces the tube into the grooves of the rolls, the
rotation of which carries it forward over a plug and
bar, working the metal between the grooved surfaces
of the rolls and the plug (see Fig. 22). Five, six, or
even more passes with change of plugs may be re­
quired in rolling stainless Croloys. To make the wall
uniform and to avoid ribs or overfills, the tube is
turned 90 degrees after each pass through the rolling
mill.

Reeling and Sizing. After rolling, the tube is in a
semifinished condition, that is, of required wall thick­
ness and approximate diameter but with a somewhat
rough surface. Directly after rolling and while the
tube is still hot, it is conveyed to a reeling machine
(see Fig. 23), where it is forced spirally over a smooth
mandrel, or “reeler plug,” supported by a thrust bar
on the outlet side of the mill. In rolling over this plug,
light overfills and scratches are removed, and the
tube is smoothed and burnished. The tube is also
rounded and expanded a little in diameter, but the
wall thickness remains approximately constant or,
depending upon the pressure applied, is slightly re­
duced. After reeling, the tube is taken to a sizing mill.

Fig. 22. Rolling operation (diagrammatic)
in tube-rolling mill

isRolling. The function of the rolling
lengthen the tube and reduce the wa 

Fig. 23. Reeling operation (diagrammatic)
in reeling machine

The function of the sizing mill is to hot-size the
tube to its proper diameter. Its main elements are
several sets of roll stands with single-grooved rolls
set in tandem. Following the sizing operation, the
tube is annealed or heat-treated, if required, and
then straightened, cut to length, hydrostatically
tested, and finally inspected. Appropriate samples
arc secured for tensile, hardness, and deformation
tests, and the length, gage, and diameter of the tubes
are checked.

To produce smaller tubes in sizes below about
2 in., the tube, after reeling and reheating to a work­
ing temperature, is reduced in diameter or increased
in length in a reducing mill.

Cold-Drawing. Tubes requiring finer finish or closer
dimensional tolerances and tubes of special or smaller
sizes than can be obtained by the hot-finish process
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Fig. 24. Drawbench for
producing close-tolerance

fine-surface-finish
cold-drawn tubes

are cold drawn. Tubing to be cold drawn is made
in the same manner as hot-finished tubing. The cold­
drawing is a subsequent additional operation.

The cold-drawing is done on a sturdily constructed
drawbench fitted at its center with a heavy steel
holder for the die through which the tube is drawn.
The arrangement of the drawbench, tube die, and
mandrel is illustrated diagrammatically by Fig. 24.
The operation of annealing, pickling, lubricating, and
drawing is repeated until the tube is of the desired
size. Drawing reduces both diameter and wall
thickness.

In the final operations after cold-drawing, an ap­
propriate heat-treatment is applied to the tubes. De­
pending upon the particular analysis, this may be a
full anneal, normalizing and tempering, stabilizing,
or a quench treatment. Tubes are then descaled,
straightened, cut to length, tested, and examined by
inspectors familiar with the requirements for high-
quality pressure tubes.

Extrusion Process for Seamless Tubes

Certain sizes and types of tubes, usually of the
more “refractory” alloys for which rotary piercing is
not well suited, are now made by the hot-extrusion
process. This method of manufacture, based on the
Ugine-Sejournet hot-extrusion process developed in
France, was first used in the United States by B&W.
In this process a hollow billet is confined in a con­
tainer between the ram of the press and the die. A
mandrel extending from the ram passes through the
billet and the die. As the ram moves forward, the
metal is squeezed out between the die and the man­
drel, using a special glass lubricant.

Although the billet may be hollowed in the same
press, prior to extrusion, by forcing the mandrel
through the blank, this method is limited by the
strength and stiffness of the mandrel. In an alternate
method used by B&W, the billet is first pierced in
a separate press to an oversize hole. This permits
the use of a larger and stiffer mandrel, with less wan­
der at the far end of the pierced billet. Use of a
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larger diameter mandrel is important because, in
some cases, the ratio of extrusion mandrel length to
diameter may be about 30 to 1. Use of a separate
piercing press improves the concentricity of the final
tube, since it depends upon the concentricity of the
pierced billet prior to extrusion.

With present facilities it is possible to produce
tube hollows ranging in size from U-l-in. to 312-in. OD
0.160-in. to 0.600-in. wall thickness, and from 20-ft
maximum length for the heavier wall to 60-ft maxi­
mum length for the lighter wall. These hollows are
subsequently reduced by cold-drawing to finished
tubing of the desired size.

Electric-Resistance-Welded (ERW) Tubes

Electric-resistance-welded steel tubing is made by
forming flat strip into tubular shape (skelp) and
welding the edges together in an electric-resistance­
welding machine. A mill used for the continuous
production of electric-resistance-welded tubing is
shown in Fig. 25.

This tubing is widely used in stationary and marine
boilers. Within the size range in which it is produced,
it is equal to seamless carbon-steel tubing and is in
some respects superior. It is, therefore, being used
to an increasing extent by manufacturers of steam­
generating equipment. Compared with seamless
tubing, electric-resistance-welded boiler tubing has
a smoother surface, a more uniform wall thickness,
and less eccentricity. Because of softness and uni­
formity, welded tubes are easily installed.

The pressure tubing produced by electric-resist­
ance welding is mainly of carbon steel, and both
rimmed- and killed-steel strip are used. Rimmed steel
is used extensively in the lower-carbon grades be­
cause of its excellent welding characteristics. In rim­
med steels, B&W uses single-width strip to avoid
welding rim to core, as would be the case when
welding slit strip cut from wide strip. If the addi­
tional cost is warranted and killed steel is required
by the specifications, slit strip may be used because
of its more homogeneous structure.

-20

Fig. 25. B&W electric-resistance-welded-tube mill for continuous tube-length production

Electric-resistance-welded boiler tubing is com­
monly made in sizes from 21-in. to 4-in. diam, in gages
from 0.049 to 0.180 inch.

Hot-rolled strip, in coils, is used for most of the
tubing produced by this method. The first operation
is running the strip through a scale breaker under
tension onto a recoiler. After recoiling, following the
scale-breaking operation, the coil is backspun to open
the individual wraps. The coil is then pickled, rinsed,
and conveyed to the cold-rolling and sizing mill.

Cold-rolling is applied to the hot-rolled strip to
smooth its surface and to obtain a uniform dimen­
sional accuracy. Close control of the limits of thick­
ness requires the use of a magnetic gage, running on
the strip.

After cold-rolling, the strip is recoiled and the coil
is fed into a leveler for flattening. The ends are then
cut square and butt welded to the ends of the preced­
ing and following coils to form an endless strip.
Following the butt-welding operation, the moving
strip is slit to the exact width required for the tube to
be made. Width and thickness within close limits are
essential for uniformly perfect welding. For strong
and sound welds, slitting also provides fresh ecges,
eliminating rust and strip-edge damage.

The strip is folded into open-tube fonn (s'ep;
in a forming mill, preparatory to welding. In the
resistance welder, beryllium-copper roll-type, etc
rodes come in contact with the upper sur aces c,

rhe formed tube on either side of the st am, v 11 t*
pressure rolls located directly below the e ec r 

provide the pressure required to bring the edges of
the tubing into contact. The outside and inside flashes
(or upsets) formed in the welding operation are
removed by special tools. The inside weld bead is
trimmed within a specified height; the outside bead
is cut off. Both of these operations are continuous as
the tubing emerges from the welding mill.

On leaving the resistance welder, the tubing is
accurately sized and straightened in a three-pass
mill. As the welded tubing emerges from the sizing
mill, it is cut to required length. The transverse welds
at coil ends are not allowed as a part of the tube and
are cut out. The tubes are then completely normalized
in a controlled-atmosphere furnace to a uniform
structure throughout, and the surface is given a rust­
retardant oxide finish.

The tubes emerging from the normalizing furnace
are conveyed through rotary straighteners discharg­
ing to the cutoff machines, where each tube is cut
exactly to the required length. Coupons cut from
the ends of tubes are tested mechanically, according
to specifications. One coupon is flattened with the
weld at the flattened edge, another coupon is ex­
panded, and, if required, a third coupon is crushed
longitudinally. In these tests, to pass inspection the
coupons must not crack or split in the tube metal or
open at the weld.

Other machines then perform operations as re­
quired in trimming to exact length, chamfering ends
inside and outside, and reaming the inside bore at
the ends.
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Inspection and Testing

Immersed ultrasonic testing is now being used to
inspect the weld of electric-resistance-welded carbon-
steel tubing. Here the sound is beamed through water
into the weld of the moving tube a few feet bey ond
the welding head. Defects in the weld cause devia­
tions in the normal pattern shown on a cathode-ray
screen. Various alarm devices are connected into the
cycle to alert the mill operators of possible defective
material. In this case, ultrasonic testing is being used
as an added inspection tool to the normal quality­
control checks.

All tubes are subjected to hydrostatic pressure from
1000 to 6000 psi or as required by the specifications.
Hydrostatic pressure is maintained for several sec­
onds, and a shock stress is induced while under test
pressure by striking the tube with mallets.

After hydrostatic testing, the tubing is ready for
final inspection, including surface examination, mi­
crometer check of dimensions, and a length check.
The finished tubing, stamped with the Company’s
identification mark and the inspector’s symbol, is
then stenciled and bundled for shipping.

Quality and Metallurgical Control

To maintain a consistent standard of high quality
in electric-resistance-welded tubing, a chemical
analysis must be made of each heat of strip received.
To preclude mechanical difficulty in forming and
welding, camber and strip dimensions are also con­
stantly checked. Etch tests are made to determine the
amount of rim at strip edges of rimmed-type steel and
to detect laminated strip. After cold-running, frequent
hardness tests are also made to determine uniformity
for forming. Tension tests are made at intervals and
as required by specifications. Any defects or flaws in
the weld are revealed by use of the magnetic-particle
(Magnaflux) test.

Final inspection must include check of dimensions,
visual observation for surface defects, burn-in, bead­
trim height, scratches, and surface pits or slivers.

Air heater tubes are made essentially in the man­
ner described in the foregoing, except that the hot-
rolled strip is not sized by cold-rolling. Since the serv­
ice is nonpressure, these tubes are not subjected to
such rigorous or searching tests and are not generally
normalized following welding.

Electric-resistance-welded boiler tubes are made
to meet the requirements stipulated in specifications
issued by the American Association of Railroads,
American Bureau of Shipping, United States Navy’
United States Coast Guard Marine Inspection, the
American Society of Mechanical Engineers, and other
governmental or private authorities.

Large-Diameter Thick-Wall Pipe

Large-diameter thick-wall pipe, from 8%-in, to 2712- 

in. OD and wall thickness from % in.
ricated at the B&W Barberton Works
drawing (see Chapter 24).

Welding in Boiler Construction

Prior to 1930, riveted drums were used for prac
tically all water-tube boilers, although a few drums
necessary in early high-pressure applications, were
forged and turned from the solid ingot because of
the limitations of the riveted joint. Credit for the
development of fusion welding, which eliminated the
riveted drum joint, is noted in Chapter 24. In addi­
tion to this achievement of such far-reaching impor­
tance, B&W has contributed much to the improve­
ment of welding. Among these contributions are:

First to apply radiography to production inspec­
tion of welded pressure-vessel seams.

Constructed the first furnace for the over-all stress­
relief of welded boiler drums.

First to adopt alternating current for welding, in
the fabrication of boiler drums and other pressure
vessels, to avoid the troublesome magnetic interfer­
ence of arc blow.

Compounded the first electrode flux made entirely
of inorganic matter.

Manufactured the first covered electrodes for auto­
matic deposition. This electrode permitted complete
traverse of a longitudinal or circumferential seam
without breaking the arc, and it was the first elec­
trode that could be deposited with alternating or
direct current of either polarity.

Welding Processes

A weld has been defined as a localized coalescence
of metal, wherein coalescence is produced by heating
to suitable temperatures with or without the applica­
tion of pressure and with or without use of filler
metal0. In this section the more important welding
processes used in industry may be classified under
two broad divisions—pressure welding and fusion
welding.

Pressure Welding. The surfaces to be joined are
heated to high temperatures and welded by apply­
ing pressure. No molten filler metal is added to the
joint. Solid-phase welding of this type is exemplified
by the old-time blacksmith weld. In the construction
of boiler components, resistance butt welding of
superheater and economizer tubing and the studding
of various tubes fall into this category. Seam, spot,
projection, and flash-welding methods also are in this
category but are not used extensively in the manu­
facture of boiler components. If there is any molten

Welding Handbook,” third edition, 1950, American Weld­
ing Society.

,to 4 in, is fab.
by piercing and
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metal in the weld zone, the amount is usually very
small.

The source of heat energy for pressure-welding
surfaces may be electrical, oxyacetylene gas or a
forge. The weld is produced by bringing the abutting
heated surfaces together under pressure.

Attachment of studs, bolts, etc, to a tube or plate
surface may be considered as a special case of pres­
sure welding. In this method a small amount of molten
metal is produced between the stud and the tube or
plate surface by electric-resistance heating of the two
parts at their point of contact. The stud is then pro­
jected against the work piece by suitable force. In
this operation, control of timing, current values, and
push-up force are of paramount importance. Most of
the molten metal is ejected from the weld area, and
the actual weld is really a plane of fusion between
the stud and the tube or plate surface.

mg afforded by the combustion of some 30.7 of the
cellulose. In welding structural assemblies where
heedom from porosity is not an essential requirement,
the E-6012 and E-6013 type of electrode used for d-c
straight-polarity and a-c equipment, respectively, is
usually preferred because of greater speed. Rutile,
a natural titanium dioxide, is the primary constituent
of these electrode coatings and sen es as an excellent
arc stabilizer, permitting deposition of weld metal in
all positions at relatively' high current rates.

In boiler construction most of the work is done
in the downhand position, and for this purpose a
group of high-speed electrodes, referred to as the
E-6020 and E-6030 type, has been developed. Elec­
trodes of this type carry a very heavy all-mineral
coating, usually of the manganese-iron-silicate type,
and can be used at very high current values to pro­
duce X-ray-sound welds suitable for pressure work.

Fusion Welding. Of the many processes grouped
under the general heading of fusion welding, the
most generally used is arc welding. In arc welding,
the two most popular types are known as (a) the
open-arc method (using a coated rod), and (b) the
submerged-arc method. Both methods are extensively
used in boiler construction.

The original metal-arc-welding process was in­
troduced near the end of the nineteenth century. In
this process an arc is produced between a metallic
electrode and the work piece. The heat energy of the
arc then fuses not only the metallic electrode but also
the surface of the work in contact with the arc. At

A relatively recent addition to the group of coated
electrodes is a lime rod, classified as E-6015 for d-c
reverse-polarity' welding or E-6016 for a-c welding.
This type of electrode offers the highest degree of
protection against cracking and produces the clean­
est weld metal that can be attained by this process
of welding. However, it is not used extensively' in
boiler construction because its general welding char­
acteristics are inferior to the E-6020 and E-6030 type,
particularly in the production of porosity-free weld
metal in carbon steel.

Perhaps the most common electrode used in boiler
work is a carbon-molybdenum type (E-7015) with
minimum tensile strength of 70,000 psi in the stress-

first, using bare electrodes (unshielded arc), the
weld metal lacked ductility and was excessively por­
ous because of high oxygen and nitrogen content.

In the late twenties, flux coatings were developed
for metallic electrodes. To produce weld metal essen­
tially free from oxides and nitrides, the welding wire
was covered with fluxing ingredients and combustible
materials. In this way the molten metal was shielded
from the surrounding air during the period of heat
transfer through the arc, and undesirable oxides were
cleansed or fluxed from the weld puddle.

Suitable Electrodes. Specific electrodes have been
developed to enable the deposition of weld metal in
a variety of positions and under various conditions.
All of these coated electrodes have been classi ec y
the American Welding Society and the American
Society for Testing Materials, primarily' lic^ inS 0
usability' and the type of deposit produced, assi ca
tion is based on the tvpe of coating app ie 0
weld wire. For instance, for all-position welding ot
-X-ray quality' suitable for pressure work, the coatm s
of the E-60'10 electrode, used with d-c reverse p -
larity, and the E-6011 electrode, used with a-c equip­
ment, are of high-cellulose type, where the s°undness
of the weld metal depends primarily upon the sin 

relieved condition.
An increasing proportion of boiler components is

made of steels containing various amounts of alloy­
ing elements, from small amounts of chromium and
molybdenum up to the highly’ alloyed stainless steels.
For the welding of these alloy steels, electrodes are
produced that will deposit weld metal essentially
similar in composition to the parent metal. Electrodes
corresponding in analyses to the entire range of
Croloy steels (see addenda to Table D in the Ap­
pendix, page 22-A4) are available. Coatings on these
alloy-steel electrodes are of the lime type. The use of
lime-coated electrodes in chromium-alloy-steel weld­
ing will produce the cleanest and soundest deposits
obtainable.

Submerged-Arc Method. Another method of fusion
welding by using a submerged arc, is of recent origin
but is gaining rapidly in application in the produc­
tion of pressure vessels. Both open-arc (with coated
rods) and submerged-arc methods are essentially sim­
ilar in that the quality, soundness, and mechanical
properties of the weld metal depend to a large extent
upon a flux. The primary difference is that, in using
the open-arc method, the flux comes from the coat­
ing of the electrode and is deposited simultaneously 
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with the weld metal of the rod, while in using the
submerged-arc method, a bare rod fed from a coil
through a welding head to the work strikes the arc,
and the flux, supplied separately as a granular ma­
terial, completely submerges the arc area.

The electric-current value permissible with a cer­
tain size electrode is primarily a function of the
weight of flux used per pound of rod. The amount
of flux that can be economically applied to a rod by
an extrusion process is limited. A much greater
amount of flux can be used with the submerged-arc
method. The greatest advantage of submerged-arc
welding over open-arc welding is that greater current
values are possible. For instance, with fl-in.-diameter
wire, current values as high as 1500 amp may be
used in the submerged-arc method, compared with
a maximum of some 400 amp for a coated rod of the
same size. Current values in excess of 2000 amp may
be used successfully in submerged-arc welding with
larger wire, /fr-in. and fl-in. diameter. The amount
of flux molten in the submerged-arc method is
roughly 1 to Ifl times the weight of the molten metal,
while in the open-arc method the ratio of flux to
core wire seldom exceeds 25%.

In production, plates up to 2 in. thick may be
welded in two passes by the submerged-arc-welding
method. These welds are clean, sound, free from
defects, and have excellent physical properties. More­
over, the submerged arc may be used successfully
for multipass welding of plate up to and even in
excess of 6 in. thick.

Gas Welding. Oxyacetylene gas welding, another
fusion-welding process, finds relatively little applica­
tion in boiler construction in the United States. Com­
pared with metal-arc welding, particularly for thicker
materials, this process is expensive and slow. How­
ever, there are some applications, such as butt joints
in light-gage tubing, where gas welding is used to
advantage. In general, the use of gas welding in
boiler construction is limited to the plain carbon
steels.

Use of the atomic-hydrogen process of fusion weld­
ing is limited to light-gage materials, preferably not
over fl inch. This fact and the inherent slowness of
the process have restricted its use.

The inert-gas-arc process of fusion welding, in
which helium, argon, or a combination of helium and
argon supplies the shielding atmosphere, has some­
what the same limitations as the hydrogen arc and is
rarely applied in boiler construction. However, it
appears likely that a serious attempt will be made
to develop this process, which may open up a new
field in welding for boiler construction.

Brazing. The various methods of joining by the
brazing process are used rarely in boiler work, since
the strength of the joint, particularly at elevated 

temperatures, is usually too low.

Welding of a Power Boiler

In building a power boiler, thousands of pounds
of electrodes of many different types and sizes may
be used. The choice of electrode type and size de­
pends primarily upon the composition, thickness, and
joint design of the material to be welded. In all cases,
welding stresses in a joint must be kept within a safe
limit for good practice. Welds in structural members
brackets, supports, casing, and other components,1
where the finished part is subject to relatively low
service stresses, present few complications.

Preheating. Perhaps the most effective way to coun­
teract high stresses in deposited weld metal is to
preheat the parts to be welded. The proper pre­
heating temperature depends mainly upon the chem­
ical composition and thickness of the material to be
welded and to a lesser extent upon the welding meth­
od and type of electrode selected.

A joint in l-in.-thick high-alloy (austenitic) steel,
such as 25% Cr and 20% Ni, would not require pre­
heating, while a joint in (ferritic) intermediate Cro-
loy tubing of 2/2-in. OD and fl-in. wall thickness would
require a minimum preheat of some 300 F. A 4-in. OD
by fl-in. wall of SA-106 carbon-steel pipe would be
welded without preheat, while a drum plate of SA-
212 carbon steel 6 in. thick would be preheated to
about 400 F prior to and during welding. The most
severe preheat requirements are for high-carbon (1%)
alloy castings containing some chromium, molybde­
num, manganese, etc., where preheats as high as 1000
F are used.

Submerged-arc welding, compared with multiple­
pass open-arc welding, may be done at some 25%
lower preheat temperatures, since the cooling stresses
are less severe because the heat input per inch of
weld is substantially greater and consequently the
rate of cooling of the molten metal is slower. The
choice of proper preheat temperature also depends
to a marked degree upon the wide variation in the
behavior of weld metals deposited with different
types of electrodes. Weld metal deposited with lime-
coated mild-steel electrodes is practically unaffected
by high cooling rates of the weld, while hot rods
(E-6020—E-6030) are very sensitive to variations in
cooling rates.

Method of Welding. Automatic welding, using either
the submerged-arc or open-arc method, would be
selected in preference to manual operation wherever
the work can be done under an automatic welding
head. However, manual welding must be used for
certain types of joints not readily weldable automat­
ically, and, of course, if the work can be positioned
to permit its use, downhand weldine with the down­
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hand hot rod (E-6020 E-6030) would be preferable
AH other welding has to be done in position usint
all-position electrodes of the cellulose type ’ S

The above choice of welding method and opera­
tion applies to all carbon steels and carbon-molybde
num steels. While submerged-arc welding has been
used in some cases, the majority of welds in joining
Croloy steels is made manually with the open-arc
method. Stainless steel of the high-Cr-Ni type is
welded almost exclusively by the open-arc method
using stainless coated electrodes of the proper com­
position. However, light-gage tubes formed from
strip are welded in large quantities by inert-gas­
atmosphere arc welding.

Postheaf-Treatment. The postheat-treatment of weld­
ments is again a function of the composition and
thickness of the materials joined and, to a consider­
able extent, of the complexity of the structure. To
avoid cracking, where heavy plates are involved, it is
customary to stress-relieve tire partially welded joint.
Structural welding, on the other hand, is rarely heat-
treated. Welded joints subject to the internal pressure
of the boiler are postheat-treated, except plain car­
bon-steel or carbon-molybdenum-steel (C equal to
or less than 0.20%) tubing or piping of fl-in. or less
wall thickness and 4-in. or smaller diameter. All Cro­
loy steels of the low-chromium air-hardening grades
and most of the high-alloy steels are heat-treated
after welding. The postheat-treatment temperatures
may vary from 1150 to 1250 F for carbon and car-
bon-molybdenum steels to as high as 1950 F for some
of the high-Cr-Ni austenitic steels.

See Table B in the Appendix, page 22-A2 ff, for
recommended welding rod, preheating, and post­
weld heat-treatment for gas and arc welding of car­
bon and carbon-molybdenum steel and various fer­
ritic and austenitic Croloy combinations.

Weld Quality. To assure consistently high-quality
welds, all welding operators in the plant engaged
in boiler work must first prove their ability by proper
qualification tests in welding plates or pipes to meet
the requirements of the Welding Qualifications Sec­
tion of the ASME Boiler and Pressure Vessel Code.
As a routine check of the quality of the work, samples
of welds made during production should be taken
from tire job and tested in the laboratory.

To check mechanical properties of the deposi e
weld metal, all major welding on drums and other
critical components is run over to attached tes p a es
(see Fig. 5, Chapter 24), which are cropped an
subjected to thorough laboratory tests.

Nondestructive Testing. By Code requirement,^
welding and heat-treatment, all the mam sea .
some of the drum attachments must be exdI”* v rav
X ray or radiographed. By the use 0 pov er 

equrpment, even very minute flaws or defects in the
"e deposit can be detected and can then be cut
out and rewelded as required. One-million-volt and
--million-volt stations are included in the B&W X-ray
equipment for shop examination. In the field or where
inaccessibility precludes the use of X-ray equipment,
examination is made by gamma rays from isotopes
or radium. For the detection of flaws and defects open
to the surface but too fine to be seen, magnetic-particle
inspection (Magnaflux) and fluorescent-penetrant0
inspection (Zyglo) are also used extensively to assure
sound welds. The Magnaflux method is used only
for magnetic (ferritic) steels, and the Zyglo method
is used for nonmagnetic steels.

Mechanical Properties and Testing

Specifications standardizing all the conditions re­
lating to the test piece and the method of testing
have been formulated by the American Society for
Testing Materials and other authorities. Holding to
these specifications, it is possible to insure duplica­
tion of certain minimum mechanical properties that
determine the acceptability of a steel for a particu­
lar use.

Tensile Test. The tensile test, a gradually applied
unidirectional pull, determines the maximum nominal
load that a material can withstand before actually
breaking.

The relationship between stress (load per unit
area) and the corresponding strain (deformation)
in the test piece is illustrated in the stress-strain dia­
grams (a) and (b) of Fig. 26. The metal begins to
stretch as soon as the load is applied, and during the
period of the metal’s elastic behavior the strain is
directly proportional to the stress (Hooke’s Law,
elongation a load 4- area). Consequently, if the stress
is released at any point along O-A (in either diagram,
Fig. 26), tire test coupon will return to its initial di­
mensions. However, if the stress is increased beyond
the value A, the metal will no longer continue to be
perfectly elastic (there will be a permanent elonga­
tion), and the linear relationship (proportionality)
between stress and strain ceases. The value A is
known as the proportional lirrrit of the material, arrd
in this elementary discussion it may be considered
practically the same as the elastic limit, which may
be defined as the maximum unit stress that can be
developed just before permairent elongation occurs.
The exact location of these limits involves laborious
technicpies and requires extremely sensitive measur­
ing devices.
0 In this method a small quantity of fluid, carrying a fluores­
cent dve, is applied to the surface of the weld and adjacent
steel The liquid is drawn by capillary attraction into any
cracks or discontinuities appearing in the surface and it is
made visible by exposure to “black (near ultraviolet) light.
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Fig. 26. Stress-strain diagram; (a) mild steel
(b) high-tensile steel and nonferrous metals

The unit stress at which a ductile material sud­
denly continues to elongate without further increase
in load is known as its yield point (YP). Since the
true yield point for most metals is indefinite and, in
common with the proportional and elastic limits, is
difficult to determine with accuracy, these terms are
being supplanted by “yield strength.” Yield strength
(YS), which can be readily determined, is the unit
stress at which the permanent elongation of the metal
reaches an arbitrarily specified value, usually 0.1, 0.2,
or 0.5% of the gage length of the test piece.

If the loading is continued after the point of yield
strength has been reached, a test piece of homogene­
ous composition and uniform cross section will be
elongated uniformly over its length, with a corre­
sponding reduction in area. Eventually a constriction
or “necking down” will occur (in ductile material),
usually in the region of the middle third of the test
piece (Fig. 27). In other materials the necking down
may not be localized but may occur as a more or less
uniform reduction in area along the full gage length
to instant of rupture. In all cases with ductile ma­
terials, however, an appreciable increase in elonga­
tion occurs over the portion of reduced area. The
elongation before the specimen finally breaks will
increase with the ductility of the steel. The maximum 

Fig. 27. Tensile-test specimen before and after testing
(ASTM standard)

applied load in lb required to pull the specimen apart
divided by the area in sq in. of the original cross sec­
tion of the test piece is a value known as the ultimate
or tensile strength (TS).

Ductility of the metal is determined by measuring
the increase in length (total elongation) and the final
area at plane of rupture after the specimen has
broken. Ductility values are expressed as the per cent
change of the original length and/or area. In general
the strength of a metal decreases as the ductility in­
creases. Conversely, very strong metals are likely to
be hard and brittle, that is, lacking in ductility. To
suit the requirements of an intended application,
steels are mechanically worked or heat-treated to
develop varying combinations of these properties, as
noted earlier.

Hardness Test. Hardness may be defined as resist­
ance to indentation under static or dynamic loads and
also as resistance to scratch, abrasion, cutting, or
drilling. To the metallurgist, the property of hard­
ness is of considerable significance in its indication
of other important characteristics of the metal: heat­

ROCKWELL BALL, 100 KG

Fig. 28. Hardness-conversion curves. Approximate
relationship between Brinell, Rockwell C, Rockwell B,

and Shore Scleroscope testing systems
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treatment, machinability, wear resistance, and fab­
rication.

Hardness is usually determined by using the
Rockwell, Brinell, or Vickers (diamond pyramid)
hardness testers, all of which measure resistance to
indentation under static loads. A hardened steel ball
a spheroconical diamond, or a diamond pyramid is
impressed into the material to be tested for hardness.
The pressure is applied under a definite load and
for a specified time. For the Rockwell machine, the
hardness is read directly on a dial gage. Using the
Brinell and Vickers machines, the diameter and di­
agonals, respectively, of the impressions, measured
by means of a microscope, are converted to hardness
numbers by reference to tables.

In special cases where it is desired to determine
the hardness of microscopic constituents of the ma­
terial, such as ferrite, pearlite, sigma, delta, etc., a
microhardness tester (the Tukon machine) is used.
In this test operation, which is completely automatic,
the indentation is made by applying either a Knoop
or diamond-pyramid indenter under a definite load
and for a specified time. The diagonals of either type
indentation are measured by means of a microscope,
and the readings are converted to hardness numbers
(Knoop or Vickers, depending upon the type of in­
denter used) by reference to tables.

The approximate relationship between the several
hardness scales is given in Fig. 28.

Impact Test. Notched-bar impact tests are also im­
portant in the field of mechanical testing. These tests
determine how well a material is actually able to
equalize concentrated stresses, and they are some­
times taken as a measure of “toughness,’ a term diffi­
cult to define otherwise.

The two types of impact testing machines widely
used are the Charpy and the Izod. In the Charpy
test the specimen is a simple horizontal beam sup­
ported at both ends, while in the Izod test the speci­
men is treated as a cantilever beam. Standard impact
bars for both tests are illustrated diagrammatically
by Fig. 29. In both tests the bars are struck by a
single blow of a swinging pendulum. The energy a
sorbed by the specimen is related to the height of
rebound and can be read directly in ft- i on a ca i
brated dial or scale.

CHARPY SPECIMEN

Fig. 29. Method of striking
notched-bar impact

Charpy and Izod
specimens

Other Tests. Deformation tests are also made to
determine the ductility of steel. These include cup­
ping, bending, flattening, and flare tests. They fur­
nish visual evidence of the good ductility of tube
material.

Typical mechanical properties, at room tempera­
ture, of various B&W Croloy steels are listed in Table
C in the Appendix, page 22-A4.

High-Temperature Properties and Testing

Tensile- or yield-strength data determined at nor­
mal temperatures cannot be used as a guide to the
mechanical properties of metals at elevated temper­
atures. Even though such tests are made at tlie higher
temperatures, the data would be inadequate for
designing equipment for long-time sendee at elevated
temperatures. This is so because continued applica­
tion of load produces a very slow continuous deforma­
tion, which may be significant and measurable over
a period of time and may eventually lead to fracture,
depending upon the stress and temperatures in­
volved. This slow deformation of continuously stressed
metal, with time a very' important factor, is called
a »creep.

The importance of this phenomenon is now widely'
recognized, and extensive studies of creep character­
istics (including the stress-rupture time) at elevated
temperatures have been made and are constantly
under way, both by manufacturers and users of metal.
It is the consensus among engineers that the creep
and stress-rupture test data now available serve as
the basis for a much more rational approach to the
design of high-temperature equipment than was
possible using data from short-time high-tempera­
ture tensile tests. Thus, for temperatures exceeding
about 750 F, the S values (maximum allowable work­
ing stresses for ferrous materials in power boilers)
set by the ASME are based on long-time creep and
stress-rupture (creep to rupture) tests (see Creep
Test below).

Tensile Test

Although largely superseded by creep and stress­
rupture tests for design of high-temperature equip­
ment, the short-time tensile test is useful in indicat­
ing tlie strength properties of metals up to approxi­
mately 750 F. This test also provides information on
ductility characteristics helpful in fabrication.

The procedure used in conducting high-tempera­
ture tensile tests should conform to the requirements
(Spec E 21) of the ASTM. In this test, a suitable elec­
tric-resistance furnace maintains the standard tensile
specimen (see Fig. 27) at the selected constant tem­
perature during application of the load. A constant
pulling motion not exceeding 0.05 in. per minute is
used, because rapid rates of loading may produce
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Fig. 30. Tensile strength of various steels at
temperatures to 1500 F

inordinately high ultimate strength values. The tests
are usually made on normalized or fully annealed
material, corresponding to its actual condition as it
enters service.

The ultimate strength of carbon steel and a variety
of Croloys, determined by short-time tensile tests
over a temperature range from 100 F to 1300-1500 F,
is summarized in Fig. 30. In general, the results of
these tests indicate that strength decreases with in­
crease in temperature, although there is a region for
the Croloys (austenitic and ferritic) between 400
and 900 F where strength is fairly constant. Some
exceptions to the general rule are the increase in
strength over that at room temperature of plain-
carbon steel and certain low-alloy steels (with cor­
responding decrease in ductility) from 100 F to about
600-750 F, depending upon the material. The highest
strength usually occurs in the zone of 400-600 F.
What is termed the “blue-brittle” range, because of
the bluish oxide film that forms on steel at these tem­
peratures, occurs between 400 and 700 F. As the tem­
perature is increased beyond 600-750 F, the strength
of the carbon and some of the alloy steels falls off
from that at room temperature with a corresponding
increase in ductility.

Creep Test

It has long been known that certain nonmetallic 

materials, such as glass, undergo slow and continuous
deformation with time when subjected to stress. The
concept of creep in metallic materials, however, is
comparatively new and began to attract serious atten­
tion in the early 1920’s. Results of several investiga­
tions in the early twenties indicated conclusively that
rupture of a metallic material could occur when it is
subjected to a stress at elevated temperatures for a
sufficiently long time, even though the load applied
was considerably lower than that necessary to cause
fracture in the short-time tensile test at the same tem­
perature. Although there are still many gaps in the
present theory of metallic creep, the creep charac­
teristics established since 1930 for many metals and
alloys have proved of great practical value in indicat­
ing the fitness of these materials for continuous service
under stress at elevated temperatures. This informa­
tion has also been useful in the development of still
better alloys for such service.

In the United States the earliest attempt to in­
vestigate creep in a comprehensive manner was first
made by B&W, beginning in 1926, when a fellow­
ship was established at the Massachusetts Institute of
Technology under the direction of Prof. F. H. Norton.
Many steels now used successfully in power-generat­
ing units and in the petroleum-refining and chemical
industries were tested and proved in the course of
this investigation, using the best available equipment.
Extensive studies of the creep characteristics of metals
are now continuously under way in the Research and
Development Laboratory of B&W at Alliance, O.
This laboratory is completely equipped with modern
creep- and rupture-testing facilities (see Fig. 31).

The general method of creep testing is specified by
the ASTM (Spec E 22). A test piece is subjected to
a fixed static tensile load while it is maintained at
constant temperature. The deformation of the test
sample is accurately measured at regular intervals
during the test (see Fig. 32). The duration of the

Fig. 31. Stand of B&W creep-test machines in
laboratory at Alliance
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Fig. 32. Creep-test station showing specimen, heating
element, and telescopes for observing elongation

test may range from 1000 to 10,000 hr, or longer. A
diagrammatic plot of the observed length of the
specimen against elapsed time is generally of the
typical form illustrated by Fig. 33.

The curve representing creep is divided into three
stages. It begins after the initial extension (O-A),
which is simply the measure of deformation of the
specimen caused by the loading. The magnitude of 

Fig. 33. Typical creep-test (diagrammatic) specimen
held at constant load and temperature

this initial extension will, of course, depend upon the
test conditions, varying with load and temperature,
and will usually increase with temperature and load.
The first stage of creep (A-B), referred to as “primary
creep, is characterized by a decreasing rate of de­
formation during the period. The second stage of
creep (B-C), referred to as “secondary creep,” is
usually characterized by extremely small variations
in rate of deformation: hence this period is essen­
tially one of constant rate of creep. The third stage
of creep (C-D), referred to as “tertiary creep,” is
characterized by an accelerating rate of deforma­
tion leading to fracture. The important thing to the
engineer is that these stages of creep always occur
to greater or lesser degree. Just why they occur or
what the actual mechanism is to produce them is
not yet definitely understood.

In this country, to simplify the practical applica­
tion of creep data it is the custom to establish two
values of stress in lb per sq in. (for a material at a
temperature) that will produce two corresponding
rates of creep (elongation): one of 0.17 per 1000 hr
and the other of 0.017 per 1000 hr, or, as usually ex­
pressed, 1.07 per 10,000 hr and 100.000 hr, respec­
tively, as illustrated in the creep-test data for a num­
ber of metals of different composition given in Table
D in the Appendix, page 22-A4.

For any specified temperature, several creep tests
must be run under different loads (see typical curves,
Fig. 34). The creep rate during the period of sec­
ondary creep is determined from these curves and is 
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Fig. 34- Typical time-elongation curves for Croloy 2 'k
tested for three loads at 1000 F
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plotted against the stress. When these data are plotted
logarithmically on the same chart, the points for each
specimen usually lie in a straight line. Thus, for tests
of 2000 to 3000-hr duration it is possible by extra­
polation to obtain the stress for a creep rate of 0.1%
per 1000 hr and 0.01% per 1000 hr (see Fig. 35).

Fig. 35. Design-stress values for 2 'A Croloy at different
temperatures for creep rates in the range to 0.1 % per

1000 hours

The form of the creep curve depends upon the
chemical composition and microstructure of the metal
as well as upon the applied load and test tempera­
ture. The creep behavior of steel is influenced also
by various metallurgical factors, as noted below.
Tests of long duration provide the most reliable data,
both as to the accuracy of the observation and the
attainment of structural equilibrium.

Stress-Rupture Test

The stress-rupture test is essentially an overloaded
creep test continued to actual rupture of the speci­
men. The more descriptive names “creep-to-rupture”
and “creep-rupture” are now frequently used for this
test. The time for rupture at any temperature is
some function of the applied load. Since the modern
concept of this test was first formulated, in 1937 and
1938, it has rapidly gained favor as a necessary sup­
plement to the regular creep test in evaluating the
load-carrying ability of metals at elevated temper­
atures.

Generally, the equipment employed in making the
rupture test is the same as that used for the creep
test. However, while the elongation of a specimen
during a creep test usually varies from 5 to 250 micro­
inches per day, the elongation during a rupture test
may be 100 times greater, or even more. Conse­
quently, different instruments for measuring the
elongation of the specimen are required.

A logarithmic plot of stress versus time for fracture

of the specimen generally takes the form of the
typical curves shown in Fig. 36. In general, rapid
rates of elongation indicate a transgranular (ductile)
fracture, and slow rates of elongation indicate an
intergranular (brittle) fracture. As a rule, surface
oxidation is present when the fracture is trans­
granular, while visible intercrystalline oxidation may
or may not be present when the fracture is inter­
granular. Because of the discontinuities produced
by the presence of intercrystalline oxides, the time
to rupture at a given load may be appreciably re­
duced. The presence of intercrystalline oxidation is
indicated in Fig. 36 by the change in slope of the
curve for 1200 F.

The duration of the rupture test of a single speci­
men may be from a few hours to 10,000 hr, or longer.

Fig. 37. Stress at which fracture occurs, Croloy 2V4
22-30

A complete creep-rupture test of a given material
actually consists of a series of tests at constant tern
perature with each specimen loaded at a differ^
level. The time for rupture of each specimen is
noted. It is customary in the report of test data
to give the stress for fracture in 100, 1000 lOOnn
and 100,000 hr (see Fig. 37). Since ven' few tests
are carried on for more than 10,000 hr the values
for fracture times longer than this are ’ determined
by extrapolation. At the Alliance Research and De­
velopment Laboratory, it is the practice to load the
specimens so that one or more at each temperature
will run for at least 5000 hr, and usually for 10,000
hr or more. The longer testing times give greater
assurance that the material has reached structural
equilibrium and also materially improve the ac­
curacy of extrapolating the rupture strength for still
longer times.

Some Factors Affecting Creep

Creep of metals is a sensitive property and may
be profoundly affected by a variety of metallurgical
factors. These factors are difficult to control com­
mercially, and it is almost impossible to isolate anv
one factor in order to study its specific effects oh
creep. It is not surprising, therefore, that little
progress has been made in establishing general rides
regarding the creep behavior of metals.

Composition. It is generally recognized that the
most direct way to improve the creep properties of
a metal is by adding alloying elements. Carbide-
forming elements, such as molybdenum, tungsten,
and, to a lesser degree, chromium and vanadium,
effectively enhance the creep resistance of steels. In­
creased carbon content is beneficial up to a tempera­
ture range of approximately 900-1000 F; above this
range, however, variations in carbon content in most
wrought steels appear to have little influence. Man­
ganese and small additions of silicon have some effect
in improving the resistance to creep at the lower tem­
peratures. Aluminum, used as a deoxidizer in plain-
carbon steel or as an intentional addition in alloy
steels, greatly reduces creep strength at high temper­
atures. Nickel additions are beneficial when used in
sufficient amounts to produce an austenitic structure,
which is more creep resistant than ferrite. At the
higher temperatures, austenitic stainless steels (18Cr-
8Ni type) and certain special alloys have creep prop­
erties much superior to low- or high-alloy ferritic
steels.

Grain Size. At the higher temperatures, experi­
mental evidence strongly indicates that coarse­
grained materials usually exhibit greater resistance
to creep than fine-grained materials. Conversely, a
the lower temperatures, fine-grain structures appear 

° e slightly superior. However, there are many ex­
ceptions to this rule, and no satisfactory explanation
las been advanced to account for the specific effect
of grain structure on the creep behavior of metals.

Heat-Treatment. The creep characteristics of metals
are affected by heat-treatment, which controls grain
size and the stability of structure. When a metal is
exposed to elevated temperatures for a long period
of time, there is a tendency, under the stress and
heat to which it is subjected, for the initial structure
to attain a more stable state. For instance, lamellar
pearlite may revert during service to the more stable
spheroidized structure, which, in turn, brings about
rapid deterioration in the creep strength of steel.
Upon prolonged heating in the 900 to 1200 F range,
the carbide phase in plain-carbon and carbon-molyb-
denum steels may ultimately change to graphite,
which, when highly localized is believed to account
for certain failures noted in service. Obviously, there­
fore, the selection of the best type of beat-treatment
for a particular high-temperature application should
be based largely on the degree of stability that it
would impart to the structure initially and also
throughout the service life of the steel at elevated
temperatures.

In general, experience has shown that, for service
above approximately 950 F, annealing (or normaliz­
ing) is the most suitable treatment. Age-hardenable
alloys, intended for service in which creep resistance
is required, are usually subjected to a dual heat-treat­
ment. In the initial heat-treatment, the precipitating
phase is brought into solution; the final heat-treat­
ment is to insure stability of the precipitated phase
at the service temperature.

Surface Stability. Creep strength may be seriously
impaired by surface reactions at elevated tempera­
tures. By reduction in effective cross section from
progressive oxidation or corrosion of the metal, the
unit load is increased, and the rate of creep is acceler­
ated. Under certain conditions, highly concentrated
stresses may greatly accelerate and localize the mech­
anism of oxidation.

Surface stability may be enhanced by alloying addi­
tions of silicon, aluminum, chromium, or nickel.
Surface oxidation may also be decreased by applying
protective coatings to the metal.

Method of Manufacture. Minor variations in method
of manufacture have markedly modified the creep
behavior of steel. In general, the investigations made
would seem to indicate that steel melted in the elec­
tric furnace is somewhat superior to open-hearth
steel. This is probably because of less rigid controls
and, therefore, wider variations in deoxidation prac­
tice usually encountered in the open-hearth process.
It is also recognized that killed steel is more creep re­
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sistant than rimmed or similar nondeoxidized steel.
However, deoxidation per se does not insure superior
long-time high-temperature properties. For example,
at 850 F, steels deoxidized only with silicon and
having a coarse grain structure are much more re­
sistant to creep than steels deoxidized with large
amounts of aluminum and of fine grain size. The
detrimental effect of aluminum results from its po­
tency in causing grain refinement and also its accel­
eration of spheroidization and graphitization of the
carbide phase. Both of these characteristics tend to
lower creep resistance at elevated temperatures,
while a coarse grain size and stability of structure
tend to increase resistance to creep.

Steels Used in Boiler Construction

A considerable variety of both carbon and alloy
steels is used in boiler construction.

Plate Steels

Since the temperatures do not exceed the saturated
steam temperature, the significant mechanical proper­
ties of steel for steam drums are the tensile and yield
strengths as determined at room temperature rather
than the creep strength. Design is based on an allow­
able stress of JI of the minimum ultimate strength
to 650 F. For special requirements and the higher
temperatures, there are certain advantages in going
to higher-tensile-strength carbon-steel plate or to
alloy-steel plate. Above 650 F, reduction in working
stresses is mandatory for carbon steels and some
alloy grades of plate, while certain other alloy plate
materials may be used for temperatures to 750 F
without reduction in working stress. Use of flange­
quality plate is not permitted at temperatures ex­

ceeding 850 F nor in thicknesses exceeding 2 inches.
When made from plate, manway covers, handhole fit­
tings, lugs, braces, and other parts subject to pressure
must be of firebox or flange quality. Chemical com­
position and mechanical strength of several plate
grades of carbon and low-alloy steels, approved by
the ASME for construction of boilers and other pres­
sure vessels, are given in Table 2. For stationary
boilers, B&W mainly uses thoroughly deoxidized
(killed) carbon steel to SA-212 specification. If re­
quired by certain service conditions for saving weight
in marine work or because of design requirements,
other grades, including alloy-steel plate, may be used.
Typical microstructures of several plate steels are
shown by Fig. 38.

Tube and Pipe Steels

The principal heat-absorption surfaces of the boiler
are the steam-generating tubes, including water-wall
furnace tubing and the economizer. Ordinarily, these
sections of the boiler are made of hot-rolled low-
carbon steel tubing, although small-diameter tubes
or special sizes may be cold drawn and annealed.
Seamless and electric-resistance-welded tubes are
used interchangeably in generating tubes. However,
seamless tubes are supplied for high-pressure units
requiring a wall thickness difficult to form as skelp.
Some of the specifications for ordinary boiler tubes,
such as SA-83 and SA-178, do not stipulate whether
rimmed or killed steel is to be used. As explained
above under tube-manufacturing processes, the cur­
rent general practice of B&W is to use killed steel
for seamless tubes and rimmed steel for electric­
resistance-welded tubes.

Medium-carbon steel (0.35% C max) finds consid­
erable application for boiler and furnace-wall tubes,

ASME Spec
SA-212
SA-285
SA-3870

3A-212
SA-285
Sa-3870 

Composition and Properties of Plate Steels

Table 2

Chemical Composition
c

0.28-0.35
0.15-0.30

0.21

Mn
0.90
0.80
0.80

Note:

P S Si
nnS’not 0.04-0.05 0.15-0.30
0.035-0.05 0.04-0.05 _
0.035-0.04 0.04-0.05 0.15-0.30

Percentages are maximum unless range is given.

Cr

0.50-0.80

Mo

0.45-0.65

Tensile Strengthf
65,000-85,000
45,000-65,000
65,000-82,000

“Grade A.

Elong in 8 in.j
21-18
29-24

20

Mechanical Properties

Yield Strength!
35,000-38,000
24,000-30,000

40,000

IPounds per square inch.

Elong in 2 in.|
24-21
32-28
24-23

.------- r„ -jua.c men. Jin per cent.Note: The chemical composition and mechanical properties given in this table represent
a summary of the requirements for the various grades under the specifications noted.
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(a) carbon steel
SA-285

© MOLYBDENUM STEEL

0.5 MO
SA-204 GRADE B

© CARBON-SILICON STEEL

HIGH TENSILE STRENGTH
SA-212 GRADE B

© CHROMIUM-MOLYBDENUM STEEL

0.6 CR-0.5 MO
SA-387 GRADE A

Fig. 38. Typical structures of plate steels (1 OOx). White matrix, ferrite; dark areas, pearlite; with carbide phase appear­
ing in mottled areas (Widmanstatten pattern) in B, C, & D. Steel shown in A used principally in nonpressure parts.

Steels shown in B, C, & D used in pressure parts

since this grade will permit higher stress levels in the
zone of saturation temperatures from 540 to 685 F
encountered in service. The mechanical strength
properties are superior to low-carbon steel, and,
therefore, lighter-wall tubes may be used for equiva­
lent pressures.

The highest metal temperature of pressure parts
in the boiler is in the superheater. Consequently, it
must be made of material having superior high-
temperature properties and resistance to oxidation.
Carbon steel is a suitable and economical material
to about 850-950 F metal temperature depending
upon pressure. Above this range, alloy steels are re­
quired because of the low oxidation resistance and
the low allowable stresses of carbon steel. Sometimes
two or more alloys may be used in the construction
of the superheater. The lower alloy, such as carbon­
molybdenum steel, is used toward” the inlet section,
while the better materials, the so-called low and inter­

mediate chromium-alloy steels, are used toward the
outlet, where the steam and metal temperatures are
increasing. Stainless steel tubes are required in the
hottest sections of the superheater to meet the oper­
ating conditions of modern high-pressure (1800-4500
psi, or more) high-temperature (1000-1050 F, and
even 1150 F) central station boilers.

The B&W Croloy Steels. For many years B&W has
been active in the development of tubing alloys for
high-temperature applications. A considerable num­
ber of the presently accepted ASME standard steels
for superheater practice were developed originally by
B&W. These steels with the designation “Croloy,”
meaning chromium-containing alloy, are available in
a graded series of intermediate Cr-Mo alloys and also
in stainless Cr or Cr-Ni grades.

The intermediate Croloy steels (up to and includ­
ing Croloy 9M) are complex chromium steels with 
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varying contents of molybdenum. These alloy steels
are magnetic and have normal thermal transforma­
tions. They may be considered “ferritic” steels in that
their microstructure, in the annealed state, is com­
posed mainly of ferrite (alpha iron) and carbides.
In general, the behavior of these alloys is somewhat
similar to that of high-carbon steel, although they
are more ductile for a given strength because of the
absence of the equivalent amount of carbide. Heating
to or above their transformation temperature, re­
quired for forming and after welding, makes these
alloys so susceptible to air-hardening that an anneal­
ing or stress-relieving (tempering) treatment is neces­
sary to restore toughness and ductility following these
operations. Addition of carbide-forming (stabilizing)
elements, such as titanium and niobium, tends to
restrict air-hardening of the Croloys on heat-treating
at temperatures up to about 1700 F. Gradual harden­
ing will take place above these temperatures.

Stainless Croloys are usually classified as of aus­
tenitic or ferritic type according to chemical com­
position and metallurgical characteristics.

Austenitic stainless Croloys are low-carbon chro-
mium-nickel steels containing above 16% Cr with
sufficient nickel to provide an austenitic structure
at all temperatures. Moderate amounts of other ele­
ments, such as molybdenum, niobium, niobium plus
tantalum, titanium, and silicon, may be added for
special purposes. Austenitic Croloys are normally
nonmagnetic but may become slightly magnetic when
cold worked. These steels do not undergo transforma­
tions in the usual sense and therefore cannot be
hardened by heat-treatment. They can be hardened
and strengthened materially, however, by cold-work­
ing. Included in the austenitic group of stainless
Croloys are the widely known 18-8 type steels (18%
Cr and 8% Ni).

Ferritic stainless Croloys, usually referred to as
“high-chromium irons” or “straight-chromium steels,”
are iron-chromium alloys containing chromium in
excess of 11.5%. Compared with austenitic (chromium­
nickel ) Croloys, these steels are ferromagnetic, possess
less ductility, are notch sensitive, and are subject to
excessive grain growth on welding or other treatment
at high temperatures. Despite these features which
tend to curtail their utility to some degree, the high-
chromuim irons occupy an important place in in­
dustry in both corrosion- and heat-resisting applica­
tions. The 12%, 18%, and 27% chromium steels are rep­
resentative of the ferritic group of stainless Croloys.

Applications of Tube and Pipe Steels

The Croloy steels in widest use for superheater
tubing in boiler service have been: (a) 2% Cr and
0.5% Mo, (b) 211% Cr and 1% Mo, (c) 3% Cr and 0.9%
Mo, and (d) 9% Cr and 1% Mo. The most widely used
stainless steel is the austenitic 18-8 stabilized with 

titanium, niobium, or niobium plus tantalum. Th
chemical composition of these and other grades f
carbon and alloy steels for boiler and superheate
tubing and steam piping is included in the addenda
to Table D in the Appendix, page 22-A5.

Creep strength in the intermediate-alloy steels is
not proportional to chromium content and is some­
what better in those of lowest chromium content
Therefore it becomes necessary, depending upon the
anticipated metal temperatures, in choosing the on-
timum composition to have in mind both strength
properties and resistance to oxidation.

The selection of an appropriate and economical
material for construction of the superheater is de­
pendent upon a number of factors. Because of the
temperature drop through the steam film immedi­
ately adjacent to the inside surface, the metal of the
superheater tube will usually be from 50 to 150 F
hotter than the steam in the tube.

Dry steam is delivered to the superheater from the
boiler at saturation temperatures ranging up to 675 F
or more, depending upon the pressure at which the
boiler is designed to operate. As the steam passes
through the tubes, it may be superheated in some
cases to a final temperature of 1050 or 1150 F. Carbon
steels are reasonably resistant to scaling in steam and
in combustion atmospheres up to about 1000 F but
under high stress, may suffer accelerated oxidation
at somewhat lower temperatures. This attack gener­
ally takes the form of intergranular penetrations
which, since the effective wall thickness of the tube
is reduced, increase the unit stress and act as stress­
concentration centers. Carbon-steel tubing in the
superheater is therefore restricted to the moderate
temperatures and pressures, while alloy steels are
used for the more severe conditions.

To insure the long life required for satisfactory
superheater design, the metal used must meet the
following primary requirements at the anticipated
operating temperature: (a) resistance to corrosion
by steam, (b) resistance to corrosion by flue gas,
(c) resistance to creep, and (d) resistance to stress
rupture for a reasonable life period. To establish an
adequate margin of safety and length of service life,
these characteristics of the metal must be given due
consideration in design. Economy dictates that the
lowest alloy with properties suitable to the conditions
should be used, stepping up from carbon steel to
carbon-molybdenum steel and to the lower-chromium
alloy steels as the temperatures increase. For metal
temperatures approaching 1125 F, the lower-alloy
steels up to and including 3% chromium are usually
adequate. Chromium-molybdenum steel (9% Cr) and
the stainless steels are used at higher temperatures,
where conditions require either an increase in resist­
ance to oxidation or higher load-carrying character­
istics, or both.

As a general guide, where pressure stresses are 
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not excessively high, the temperatures in Table 3
may be recommended as a safe maximum for various
alloy steels. These temperature limits apply to the
surface in contact with the flue gas and are based
solely on the resistance-to-oxidation characteristics
of the metal.

Safe Maximum Tube-Metal Temperatures
(Oxidation-Resistance Basis)

Table 3

ASME Max Metal
Material Specification Temp", F

Carbon steel SA-210 950
Carbon molybdenum SA-209 grade Tla 975
Croloy Yz SA-213 (SA-335 P2) 975
Croloy IK SA-213 grade TH 1050
Croloy 2 SA-213 grade T3b 1080
Croloy 2K SA-213 grade T22 1100
Croloy 3M SA-213 grade T21 1125
Croloy 5 SA-213 grade T5 1150
Croloy 9M SA-213 grade T9 1200
Croloy 18-8 Ti SA-213 grade TP321 14001
Croloy 18-8 Cb SA-213 grade TP347 14001
“Of surface in contact with Hue gases.
ITemperature limit may be modified depending upon charac­
ter of fuel and other circumstances. It can be 100 to 200 F
higher in low-pressure proccss-steam superheaters fired with
low-sulfur fuel, but it should not exceed 1150 F when firing
vanadium-bearing oil.

Stresses used for calculation of tube and/or pipe
thickness should correspond to those given in Table
P-7 of the ASME Boiler and Pressure Vessel Code for
the respective materials. An abridgement of Table P-7
appears as Table E in the Appendix, page 22-A6 ff.

Steam Piping. The steam leads, or piping connect­
ing the boiler and turbine, are highly important com­
ponents of the power plant. Such piping should be
properly designed and erected to accommodate
thermal expansion and absorb vibratory stresses, and
it should be so supported that it does not produce
imposed stress on the boiler proper. While some me­
chanical joints are still used, it is now common prac­
tice to weld most of the joints between the boiler
and the turbine. Carbon-steel piping is used for
moderate pressures and for steam temperatures up
to 800 F.

Carbon-steel pipe has shown a tendency to graph­
itization in the region of the welds at temperatures
over 800 F, and it has been safe and prudent to
restrict its use in this service to a temperature limit
of this value". Consequently, at these higher tem-

’ Graphitization has been detected in carbon-steel tubes in
small amounts, but the experience has been that no failure.
have occurred, and consequently carbon steel is used for tub­
ing at somewhat higher temperatures (see under lube
Pipe Steels, above) than in the case of piping. 

peratures carbon-molybdenum steel has been com­
monly used for steam piping in many central stations.
Long-time service, however, indicates that piping
of this material also graphitizes, with a chainlike
formation in the heat-affected area of welds and
random formations in the body of the pipe proper.
This phenomenon, the effect of which has made it
necessary to reweld and replace a considerable
amount of piping in the power industry, has been
widely investigated. It has been found that the rate
and extent of graphitization in piping materials are
affected to some degree by steel-manufacturing prac­
tice. While it appears that graphitization is more
liable to occur in materials which have received a
considerable amount of aluminum during deoxida-
tion, recent investigations indicate that, at somewhat
longer time, it will also occur (at 900 to 950 F) in
coarse-grain normal steel in which little or no alumi­
num has been used.

For greater resistance to graphitization under pro­
longed usage, the current trend in steam-piping
materials is to use chromium-molybdenum steels.
Steels of 0.5% Cr-0.5% Mo and 1% Cr-0.5% Mo are now
commonly used in the range between 850 and about
1000 F, with a somewhat higher chromium content
preferable in the range of 950 to 1050 F. Steel of 1)1%
Cr-0.5% Mo has also been used to some extent. In
several recently designed plants, steels of 2'1% Cr-
1% Mo, 3% Cr-0.9% Mo, and, in some, even stainless
steels of 18-8 Ti or 18-8 Cb alloy have been used for
steam piping.

Steam piping of extreme wall thickness is made
by boring solid forgings. Where moderate wall thick­
ness is required, the piping, of seamless type, is made
by the rotary piercing process. Precise practices in
welding, hot-bending, and heat-treating are required
in fabricating air-hardening alloys containing chro­
mium, and metallurgical control is a predominant
factor in securing the results desired. The steels pres­
ently used for steam piping and the corresponding
nominal maximum steam temperatures are listed in
Table 4. Allowable stress values arc specified in Table
P-7 of the ASME Boiler and Pressure Vessel Code
(see Table E in the Appendix, referred to above).

Suggested Materials for Steam Piping

Table 4

ASME
Nom Max

Steam
Material Specification Temp, F

Carbon steel SA-106 800
Croloy Yz SA-335 grade P2 950
Crolov 1 SA-335 grade P12 1000
Croloy IK SA-335 grade Pll 1050
Croloy 2Y> SA-335 grade P22 1100
Croloy 18-8 Cb SA-376 grade TP347 1200
Croloy 16-13-3 SA-376 grade TP316 1200
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Forgings, Castings, Bolting, and Studs

A variety of parts for attachments, fittings, valves,
and flanges may be made from carbon- or alloy-steel
forgings and castings. While many of these parts are
joined integrally to drums, water feed lines, steam
lines, etc., by welding, there are also certain attach­
ments which are joined with studs or by bolting.
The material for bolts and studs must have high
mechanical properties, and it is usually conditioned
by normalizing and tempering or quenching and
tempering. The tempering temperature is at least
100 F higher than the operating temperature in serv­
ice. Furthermore, the material must be creep-resisting
to minimize the relaxation in service, which would
gradually loosen the fastening and necessitate re­
tightening. Considerable study has been devoted to
the subject of stresses and relaxation in bolts and
studs, and a variety' of bolting steels, suitable for
various temperature levels and stresses, has been
developed and is now in common use.

Heat-Resisting Alloys

High-alloy heat-resisting materials must be used
for certain boiler parts that are exposed to high tem­
perature and cannot be water cooled. These parts
are made from alloys of the oxidation-resistant, rela­
tively high-strength, chromium-nickel-iron type, many
of them cast to shape as metallic baffles, supports,
and hanger fittings. Oil burner impellers, soot blower
clamps, and hangers are also made of heat-resisting
alloy steels.

Deterioration of these parts is through conversion
of the surface layers to oxides, sulfides, and sulfates,
and in this condition they are referred to as burnt
or oxidized. Experience indicates that steels contain­
ing 25% Cr-12% Ni or 25% Cr-20% Ni give reasonably
good service life, depending upon location of the
part in the flue gas stream and upon the character­
istics of the fuel. Temperatures to which these metal
parts are exposed may range from 1000 to 2200 F.
Life may be shortened if exposed to flue gases from
fuel oil containing vanadium compounds. Sulfur
compounds formed from combustion of high-sulfur
fuels are also detrimental and will reduce life. These
may coreact in the presence of vanadium and cause
greatly accelerated rates of attack, especially when
the metal temperature of the part exceeds 1300 F.
In these circumstances, there may be some advantage
in using an alloy containing approximately 29%
Cr-9% Ni.

Grades of Steel in Boiler Construction

The grades of steel commonly used by builders in
boiler construction for tubes, pipe, plates, forgings,
castings, and in bolting are covered by ASME speci­

fications as listed in Table F in the Appendix, page
22-A10. Other steels in plate form, bars, and in
structural shapes, used for nonpressure parts of boilers
or for supports, are of usually accepted commercial
standards.

Materials used in boiler construction should be
obtained from selected vendors with long experi­
ence in the manufacture of the specific items required,
such as steel plate, tubing, pipe, sheets, forgings, and
structural steels.

Research and Development Facilities

For more than 50 years B&W has been actively
engaged in the investigation of the behavior of steel
under service conditions in the generation of power
and in various industrial processes. Extensive labora­
tory facilities for metallurgical research, development,
and control of quality in production are maintained
at Alliance, O., Beaver Falls, Pa., and Barberton, O.
A brief description of some of the equipment at these
laboratories follows.

Metallographic Facilities. A variety of metallographs
and microscopes (Fig. 39) are used by trained metal­
lurgists to study the structural characteristics of
metals. Microscopically observed characteristics, such
as grain size, segregation, mode of occurrence and
distribution of nonmetallic inclusions, and other het­
erogeneous conditions, have considerable bearing on
the mechanical properties of the metal. By metal­
lographic examination it is, therefore, possible to

Fig. 39. Microstructure of metals determined by
photography and direct observation
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predict with some assurance the probable behavior
of a metal undei specific conditions in service. This
method is useful also in determining the reason for
failure of metal parts in service, which may lead to
improvements or better operating control.

Heat-Treating. Accurately controlled electric fur­
naces are used for grain-growth studies, carburizing
tests, hardenability (Jominy) tests, experimental
heat-treatments, and for scaling and aging tests of
steels at various temperatures.

Melting. The laboratories are equipped with high-
frequency induction furnaces for melting experi­
mental heats of any combination of alloying elements
desired. The melts produced in these units are proc­
essed into bars and billets for experimental use in
determining the properties of various alloy combi­
nations. To study the suitability of these metals for
seamless tubing, sample billets are pierced in a special
piercing mill. The final product is subjected to a
series of carefully conducted tests designed to supply
preliminary information on working characteristics
and mechanical properties.

Mechanical Testing. The mechanical-testing labora­
tories are equipped with Brinell, Rockwell, Vickers,
and Tukon hardness testers, and complete facilities
for tensile, compression, impact, tensile-impact, and
fatigue tests on metals at various temperatures.

A Hounsfield tensometer for tensile tests is in oper­
ation at the laboratory in Alliance. This unit can be
operated by motor or by hand, and it can be used
in either the horizontal or vertical position. The load
capacity of the tensometer is 4480 lb. Specimens of
0.125-in. diameter and a minimum gage length of
0.447 in. can be tested in this machine (fitted with a
suitable heating element) at temperatures up to
1650 F.

At Beaver Falls, an automatic hot-twist test ma­
chine is used to evaluate high-temperature working
characteristics of steels. There are also dilatometers
for determining the critical transformation temper­
atures and the thermal expansion of metals.

Creep and Stress-Rupture Testing. The Research and
Development Laboratories in Alliance are equipped
with 36 stands for creep tests, 32 stands for creep­
rupture tests, and 60 for stress-rupture tests. If de­
sired, the 36 creep-test machines can also be used for
creep-rupture tests.

The temperature for 20 of the creep-test machines
is regulated by multiple-circuit electronic contro s.
These controls are actuated by the expansion 0
furnace tubes, and the temperature can be regu a e
to within plus or minus 1 F up to 1550 F. n iese
units a test bar of 10-in. gage length is used and it
is possible to measure an extension of less than w 

microinches (0.00001 in.). In the other 16 creep-test
machines, a temperature up to a maximum of 1800 F
can be maintained within plus or minus 2 F. The
gage length of the test specimen is 3 in., and an exten-
sion of 5 microinches (0.000005 in.) can be measured.

The four stress-rupture furnaces are of annular
design, and each contains 12 circular chambers for
test specimens. The four multiple units are usually
operated at different temperature levels up to 1500 F.
Each furnace can be maintained at the desired tem­
perature within plus or minus 3 F. There are 16
additional stress-rupture machines (single-station
units) at the Barberton Works.

The creep laboratory is air conditioned, and a
constant room temperature of S3 F, plus or minus 1 F,
is maintained at all times. A gasoline-driven motor­
generator set is available to earn' the full load of the
creep and stress-rupture equipment in the event of
a power outage.

In addition to the creep and stress-rupture tests
described above, equipment has been developed and
is being used for testing tubular materials in tubular
form, which more closely simulates the actual stress
conditions encountered in operation. This presents a
more realistic picture of the stress combinations pre­
vailing on a tube in service.

Other Testing Facilities. The application of X-ray
diffraction to metallurgical research problems and
inspection by radiographic methods are standard
procedures.

The Barberton Works Control laboratory utilizes
the most modern and up-to-date X-ray equipment,
including 1-million-volt and 2-million-volt stations, to
inspect all the main seams in boiler drums after weld­
ing and heat-treatment.

X-ray equipment for diffraction, spectrometric. and
fluorescence analyses (Fig. 40) is in constant use at
Beaver Falls and Alliance. These units provide unique

Fig. 40. X-ray equipment for diffraction, spectrometric,
and fluorescence analyses of metals for quick results
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facilities for rapid quantitative and qualitative identi­
fication of alloy components and compounds, de­
termination of the mechanism of alloy formation,
stress analysis, and related problems.

Two of the Company’s laboratories are equipped

Fig. 41. Light spectrograph for quick analysis of
a wide variety of metals and other materials

with light spectrographs for analytical work, while
in a third laboratory (Barberton Works) there is an
electron microscope for special studies of metal struc­
tures at extremely high magnifications (see Figs. 41
and 42).

Fig. 42. Electron microscope for extremely high mag­
nification (beyond 2000x) in the study of metal structure
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23
SELECTION OF STEAM-PRODUCING EQUIPMENT

1.

3.

b)

d)

e)

4.

23-1

T
he boiler designer must produce economically a
steam-generating unit that will satisfy the
needs of his customer. To produce the most

economical steam-generating unit requires close co­
operation between the designer and the user’s engi­
neering staff or consultants. This community of in­
terest exists whether the unit is small or large.

By coordinating the various components—boilers,
furnaces, fuel burners, fans, and controls—the boiler
manufacturer has produced a limited series of stand­
ardized steam-generating units, particularly in the
smaller capacities (up to about 50,000 lb of steam
per hr), burning oil or natural gas. Within the proper
scope of their application, these standardized units
(some sizes shipped assembled) are simple and eco­
nomical in performance. Beyond these limits, only
partial standardization of some component elements
is possible because of 1) the user’s individual re­
quirements and conditions for pressure, temperature,
capacity, and fuel, and 2) the incidence of continual
improvements as a result of the constant search for
better over-all economy. Since the steam plant is to
become the heart of the system it serves, with some
30 years of expected normal useful life, consideration
should be given to every established improvement
applicable to each new design.

The cost of fuel consumed throughout the life of
a steam-generating unit is so great that the savings
from even a slight increase in efficiency can easi y
amount to many times the investment requirec to
obtain this increased efficiency (see Evaluation be­
low). The time, effort, and cost to provide proved
features of better operation in keeping wit i p an
requirements and conditions are economica y jus
fied. As long as progress continues, this is v ‘}
(generally in the larger-size categories) prema me
standardization is contrary to the ultimate es i
forests of the owner. Each project, there ore, vai ■.
the attention and expense required to pro uc *
coordinated steam-generating unit wine i v i
a dependable steam supply with maximum ec

The requirements and conditions that form the
basis for the plant designer s selection of equipment
for a specific case can normally be outlined as
follows:

Steam Requirements
a) Pressure and temperature

At points of use
At outlet of steam-generating unit
Allowable variations
Predictable future requirements

b) Rate of heat deliver}’ (or steam flow)
To points of end use
To boilerhouse auxiliaries and feedwater

heating
To blowdown
From outlet of steam-generating unit
Variations—minimum, average, and maxi­

mum
Predictable future requirements

2. Boiler Feedwater
a) Source and analysis
b) Temperature entering steam-generating unit
Geographical Considerations
a) Available fuels—analyses, costs, and future

trends
Space limitations
Relation of new equipment to existing boil­

erhouse equipment
Restrictions of local laws and immediate

neighborhood, present and predicted
Elevation above sea level

f j Earthquake possibility
g) Foundation conditions
h) Kind and unit cost of energy for driving

auxiliaries
i) Climate
j) Accessibility for service
Operating Personnel
a) Experience level of workmen for operation

and maintenance
b) Cost of labor
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5. Evaluation
a) Of improved efficiency
b) Of auxiliary power required
c) Of various fixed charges
d) Of many of the above items
Considerable time and effort are required to

establish sufficiently accurate basic data with com­
prehensive consideration of engineering factors, judg­
ment in planning for future expansion or changes,
and evaluation of the tangibles and intangibles in­
volved, so that the experience and craftsmanship of
the boiler manufacturer can be applied to the full
benefit of the plant designer and the owner. The
user should, at the outset, decide who is to prepare
these data. Lacking adequate and capable personnel,
the services of consulting engineers are always
available. Before tire equipment can be selected, the
basis of operation and arrangement of the entire
steam plant must be planned, then construction
drawings must be prepared for the foundations,
building, piping, and walkways. Also the construc­
tion work must be coordinated and supervised.

In general, equipment selection cannot be reduced
to the application of simple rules or formulas.
Through cooperation with the boiler manufacturer,
discussion in detail of the items referred to above
will help in making intelligent decisions.

Pressure and Temperature

At points of use, the required steam pressure and
temperature may be from 2 psi and 215 F (saturated)
for heating, to 4500 psi and 1150 F for a large
turbine generator. Some general suggestions for
establishing tire end-use requirements and their effect
on the steam-producing equipment seem appropriate.

Steam for Process and Heating

The pressure of saturated steam (no superheat)
used for process heating is such that the correspond­
ing condensing steam temperature is somewhat above
the required temperature of the materials to be
heated. Generally superheat is of no value for this
kind of service and is often undesirable because of
its interference with temperature control. Reclaim­
ing or devulcanizing rubber, where the rubber in
a caustic solution is heated to 400 F by condensing
saturated steam at 250 psi (407 F) in the jacket of
the devulcanizer, is a typical example of process
heating with steam.

Pressures of saturated steam for comfort heating of
buildings range from 2 psi to as high as 80 psi in
the case of “space heaters.” It is seldom economical
to distribute steam through long lines at pressures
below 150 psi because of piping costs. Furthermore,
the usual requirements for steam within the boiler­
house for soot blowers, feed pumps, and other aux­
iliaries make it desirable to operate boilers at a 

minimum of 125 psi. Consequently few steam plants
of any size are operated at pressures below 125 psj
If the pressure required at points of use is lower'
it is common practice to use pressure-reducing sta­
tions at or near these locations. The central steam­
heating systems in New York, Rochester, Pittsburgh
Cleveland, and Detroit are examples of this practice"

Where relatively small amounts of steam at normal
plant-steam pressure but with superheat are required
it is usually better to use a separately fired super­
heater rather than to superheat the total plant-steam
supply.

The pressure required at the outlet of steam-pro­
ducing equipment for heating service usually ranges
from 125 to 250 psi, and superheat is not required.
For this service, boiler manufacturers have generally
standardized on a pressure of 250 psi for small
water-tube boilers.

It is customary American stationary-boiler practice
to hold the main steam-line pressure practically con­
stant for all loads, on the premise that this condition
satisfies all pressure and quantity requirements of
the steam-using equipment. Automatic combustion­
control apparatus is accordingly designed to function
on this basis. The main steam-line pressure is, of
course, lower than the pressure within the boiler
drum by the amount of the pressure loss through
the nonreturn steam-outlet valve, the superheater (if
used), and the boiler dry pipe. Since these losses vary
substantially as the square of the steam flow, the
internal boiler operating pressure will be at a maxi­
mum with maximum steam output. To avoid un­
necessary losses and maintenance from frequent action
of the safety valves, the first safety valve should be
set to relieve at not less than the maximum internal
boiler pressure plus about 5%. By law, the boiler
design pressure cannot be less than the safety-valve
relief pressure. The design pressure is thus estab­
lished from a determination of the pressure required
for the service.

Combination Heating and Power Service
Some manufacturing operations, as in paper and

textile mills, in the production of chemicals, and
in processing rubber, require mechanical or electrical
power as well as steam for process heating. For
such applications, studies are made of the relative
merits and costs of 1) a plant where the power is
purchased and steam is generated to supply the
heating requirements only, and 2) a plant where
steam is generated to supply both the power and the
heating loads. A sound appraisal of the relative
merits of the two alternatives requires a knowledge
of the steam and power requirements, ability to
correlate these requirements, economic studies, and
good judgment (see Chapter 10). The following
general summary may be of assistance:

1. The basic economic advantage in generating 
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steam to supply both power and heating require
ments is from the utilization of a much larger nor'
Hon of the heat supplied in the fuel, by reduction or
elimination of the loss to the circulating water in a
condensing plant. This loss can be as much as 60r/
of the heat supplied in the fuel, even in a modern
central station.

2. Despite this fundamental thermodynamic ad­
vantage, it is usually more economical to buy power
when it is available at reasonable rates from a de­
pendable source, except where:

a) Waste fuels and waste heat, such as bagasse,
blast-furnace gas, sawdust or hogged woodf and
hot gases, are available at low cost from the plant
process.
b) The steam-heating and power demands are
reasonably parallel and relatively large, i.e.,
50,000 lb of steam per hr or more.
3. Variations in process-heat and power demands

usually do not coincide. However, if the process­
steam requirement is always the larger, the exhaust
steam from a straight back-pressure machine can be
supplemented with a pressure-reducing and desuper­
heating system. If this is not the case, there are two
possible alternatives:

a) Use of an extraction condensing machine.
b) Generation of a part of the power in a straight
back-pressure machine and purchase of the re­
mainder of the requirement.
As an example of a by-product power installation

under favorable conditions, the cost of power gen­
erated in a plant of 10,000-kw capacity with 12%
fixed charges and fuel cost of 30£ per million Btu
will be in the order of 4 to 5 mills per kwhr.

The selection of steam pressure and temperature
for by-product power plants requires study. Ap­
proximate steam conditions at the turbine or engine
may range from 150 psi and 500 F in one type of
factory application to 1800 psi and 900 F in other
applications.

Power Generation
Steam engines and steam turbines are the alterna­

tive prime movers available for the generation of
mechanical or electrical power. Except for the small­
est isolated installations (below 500-hp capacity), t le
high-speed turbine predominates because of its com­
pactness, efficiency, and low-cost features. I low ex er,
since mechanical power in large amounts is sec om
required locally, it is usually more economical to buy
it as electrical energy from a central station. ie
present-day central stations can easily deliver a kwlir
for each 9000-10,000 Btu supplied in fuel, ine
economy of the central station is evident wien ns
heat rate is compared with a heat rate in ie or
of 50,000 Btu, or more, per kwhr required for a -
kw noncondensing engine or turbine- riven gen
tor set. Consequently, the bulk of the mec i 

and electrical power used in this country today, for
stationary sendee, is produced by relatively large
steam-driven turbine generators—from 10,000 to
450,000 kw in size. For such installations the highest
pressures, superheats, reheats, and vacuums are all
used to obtain maximum economy.

To determine the pressure and temperature that
give the lowest total power cost throughout the life
of a proposed steam power plant, it is necessary to
balance plant investment, fixed charges, fuel, and
other operating costs for the various alternatives.
The optimum may be steam at 400 psi and 700 F, as
for a 500-kw unit, or 4500 psi and 1150 F with re­
heat for the largest units. For the latter, with current
costs of money, equipment, fuel, and labor, the tend­
ency is to select the highest pressures and tempera­
tures that can be economically used with available
materials for superheaters, reheaters, piping, valves,
and turbine parts.

For optimum capacity and efficiency, it is good
practice to maintain constant steam pressure at the
turbine throttle. Consequently, the pressure at the
superheater outlet varies with load and is equal to
the pressure at the turbine plus the pressure drop
from the superheater outlet to the turbine. This
pressure drop is usually about 5% of the turbine
pressure at maximum steam flow. It must include an
allowance for the nonreturn valve, but in many
modern single-boiler single-turbine installations a
valve between superheater outlet and turbine throttle
is not required.

The design pressure for the steam-producing
equipment is determined by adding the following
items to the turbine throttle pressure:
1. Pressure drop through piping and nonreturn valve

at maximum flow.
2. Pressure drop through superheater and drum in­

ternals at maximum flow.
3. Ample allowance above drum operating pressure

at maximum steam output for boiler safety-valve
blowdown (about 5%).
Item 2 is wholly dependent upon the detail design

of the steam-producing equipment as determined
by the boiler manufacturer, and the plant designer
should specify that the boiler design pressure be 5%
above the maximum drum pressure.

The steam temperature specified at the super­
heater outlet is taken as equal to the temperature
required at the turbine, since the loss in temperature
from one point to the other is negligible. For opti­
mum performance it is desirable that the steam
temperature and pressure remain constant at all
loads. Steam temperature variation and control for
boilers are discussed in Chapters 12 and 13. Con­
trolled superheat prevails for turbine sizes above
30.000 kw. In steel-mill installations, where the alter­
nate firing with blast-furnace gas, oil, coal, or coke
breeze tends to produce widely different steam tem-
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peratures for a given steam flow, control is particu­
larly attractive.

For large turbine-generator units—80,000-kw ca­
pacity and up—using steam conditions above 1250
psi and 900 F, with a single boiler unit per turbine
generator, the so-called “reheat” cycle is now popular
because of the increased station thermal efficiency
over the nonreheat cycle (see Chapters 10 and 12). It
is standard practice to locate the reheater within the
boiler enclosure. The reheater, receiving steam ex­
hausted from an intermediate-pressure stage of the
turbine, raises the temperature, usually to the initial
turbine-inlet temperature, and delivers the steam
back to the low-pressure section of the turbine. For
installations of this type, the temperature and pres­
sure of the steam leaving and re-entering the turbine
and the load range over which constant temperature
of reheat steam is to be maintained are established
by the plant designer in cooperation with the turbine
and boiler manufacturers.

Rate of Heat Delivery

To insure prompt fulfillment of all steam demands,
i.e.,  the delivery of heat to all points of use at the
required rates, it is necessary to select steam-produc­
ing equipment of sufficient capacity, range of output,
and responsiveness. The demand may be steady, as
in most space-heating systems, or it may fluctuate
widely and rapidly, as in a heavy-forging plant. Many
steam-heating processes, as in the initial heating of a
liquid batch, require high peak flows of short dura­
tion. Rapidly changing rates of steam flow are usually
required for a steel-rolling mill in generating electric
power, which fluctuates with the load on the rolls.
The steam-flow requirements should, therefore, be
accurately established for:

Peak flow
Maximum continuous flow (usual steady

maximum flow)
Minimum flow
Rate of change in flow

The peak load will, of course, establish the top
capacity for the steam-producing equipment and all
of its auxiliaries. For widely fluctuating loads it is
advisable to establish the 15-minute peak. In most
systems, peaks of shorter duration can be met by the
“storage” of heat.

The range from minimum to maximum output is a
most important factor in selecting pulverized-coal,
oil, and gas-burning equipment. To maintain igni­
tion and smokeless combustion for these types of
firing, the range from minimum to maximum output
must also be considered in designing the furnace.
It is of somewhat lesser importance when underfeed
stokers are used.

The required rate of change in steam flow (load)
may materially affect the entire design of the steam­

producing equipment. Within a specified load range,
good response is easily obtained with well-designed
firing equipment for Cyclone Furnace operation,
pulverized coal, oil, gas, and with some stoker types.
A multiplicity of pulverizers and burners will widen
the available range, but, if there is a frequent change
in load, the manual operation of cutting in and cutting
out pulverizers and burners may be objectionable.
It is therefore important that the designer, manu­
facturer, and operator all understand what can be
done by full-automatic firing and what is required
beyond that.

To select equipment to produce steam at a mini­
mum total cost, it is also necessary to establish the
probable “capacity factor”—the ratio of the average
output to the rated output. The capacity factor
serves as a basis for the exercise of judgment in
establishing the value of incremental increases in the
efficiency of steam generation. Obviously, the first
cost necessary for high efficiency in a plant operating
at continuously high output could not be justified for
a plant operating only a few weeks per year, as in
some branches of the food-processing industry.

Boiler Feedwater

Raw water from surface or undersurface sources
invariably contains in solution some degree of trou­
blesome scale-forming materials, free oxygen, and
sometimes acids. The treatment of water for boiler
use must be based on quantitative laboratory analyses
of samples usually taken during the various seasons.
The latter requirement is particularly true for flow­
ing streams and small lakes, the maximum contami­
nation occurring at the end of extended dry seasons.

Dissolved oxygen will attack steel, and the rapidity
of attack increases sharply with rise in temperature.
Hence there should be no oxygen in the water within
a boiler. In modern deaerating feedwater heaters,
the oxygen content can be reduced to 0.005 cc/liter
(0.007 ppm) or less. In good operating practice, the
remaining traces of oxygen are removed by chemical
treatment in the boiler (see Chapter 21).

The temperature of the feedwater entering an
economizer should be high enough to prevent con­
densation and acid attack on the gas side of the
tubes. Dew point and tendency to corrosion vary with
the sulfur content of the fuel and with the type of
fuel-firing equipment (see Fig. 16, Chapter 11).

Availability of Fuel as a Factor

For the dependable and economical generation of
steam, the equipment must be suitable for burning
the fuel or fuels available at the particular site at
a reasonable cost. The usual fuels are wood refuse,
bagasse, digester liquor, peat, lignite, bituminous
coal, anthracite, natural gas, oil, blast-furnace gas,
coke, petroleum coke, and refinery gas (see Chapters
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ien a shift is made to the auxiliary fuel in a
m urning blast-furnace gas, there is a drop in

super leated steam temperature because of the lower
gas mass flow. Some type of steam temperature con-

° is therefore necessary when constant steam
emperature is desired, as with most turbines op­

erating at 850 F or higher.
Fuel Oil

Oil fuel has many of the desirable features of
natural gas—ease of handling, elimination of ash
hoppers and ashpits, and relative freedom from
stack-discharge problems. It does, however, require
fuel storage, heating, and pumping facilities. In
recent years, increasing difficulties have been experi­
enced with residue oils because of changes in the
sources of supply of crude petroleum and advances
in oil-refining techniques. Fuel oil with high sulfur
and vanadium content can cause very troublesome
deposits in superheaters and air heaters (see Chapter
18). To minimize trouble from these deposits, care
must be taken in the arrangement of the heating
surfaces, and adequate soot-blowing equipment must
be provided. In many instances provisions are made
for the water-washing of air heaters. Design of super­
heater supports also requires special attention be­
cause of the attack of ash deposit from oils of high
vanadium content.

Coal as Fuel
Coal is the most universally available and also the

most complicated and troublesome of the major fuels.
Its use involves storage and handling facilities,
crushers or pulverizers, ash-disposal equipment, and
frequently dust collectors. The boiler stack dis­
charge may or may not be troublesome, depending
upon the equipment installed and local conditions.
Ash hoppers and soot-blowing equipment are es­
sential components of the steam-generating unit.

The wide variations in the properties of coal and
coal ash are well known. The over-all design of the
steam-producing unit must be suitable for optimum
performance in burning the particular coals avail­
able, with proper allowance for reasonable devia­
tion from the coal analyses on which the design is
based. Coals with high ash-fusion temperatures
(see Chapters 2 and 18) are inherently suitable for
burning on most types of stokeis, and, vvhen pulver­
ized, in dry-ash-removal hopper-bottom furnaces.
Low-ash-fusion coals are satisfactorily burned on
chain-grate, spreader, and sometimes on underfeed
stokers? Low-ash-fusion coals in pulverized form
can require a furnace so large for satisfactory dry­
ash operation that slag-tap designs may be more eco­
nomical. These low-ash-fusion coals, in crushed form,
can also be burned economically in the Cyclone
Furnace with slag-tap ash removal. In any particular
instance, the final selections of burning method and 
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2, 3, and 20) Of these, b,tumi„„us coal>
and oil are the most important in steam produX’
for power and bitummous coal leads the other t,°

The cost of delivered fuel is constantly d,a„le
because of fluctuations m price and freight rates
seasonal variations in availability of natural gas and
temporary shortages of coal or fuel oil. Reliance on
a single ruel is possible for some users with de
pendable and abundant local sources. The majorih'
of users, however, particularly utility companies7
finds it advantageous to plan for the use of more
than one fuel because of cost fluctuations or to as­
sure continuity of operation should the normal sup­
ply be interrupted. “

Natural Gas

The operator who has an assured supply of
economical natural gas is fortunate. If natural gas
only is burned, fuel storage facilities, ash hoppers,
ashpits, and ash-handling equipment are unneces­
sary. Soot blowers can be omitted, dust collectors
are not needed, and there is no stack-discharge
problem. Control of heat input to the boiler furnace
is simple. No consideration of ash deposits is neces­
sary in arranging the heating surface for optimum
heat transfer and draft loss. The total enclosure
volume is at a minimum, and the adaptability for
outdoor service is increased. The sole disadvantage
of natural gas fuel is the potential hazard because
explosive accumulations of gas from faulty valves or
fittings or as a result of incorrect operation are not
readily detectable. With well-trained operators,
however, adequate safety precautions can be taken.

Blast-Furnace Gas

Blast-furnace gas, a by-product of blast-furnace
operation, is usually the principal fuel for steam
generation at steel mills. Its storage is impractical
because of the large volume per unit of heat value
(90 Btu per cu ft), and it is either burned immedi­
ately or wasted to the atmosphere. Since the sup­
ply varies with cycles of blast-furnace operation,
either oil, pulverized coal, or coke is commonly used
as a supplementary fuel. When the auxiliary fuels
are used, it is desirable to water-cool the furnace an
thus avoid excessive maintenance. Hot air s ion c
be used for combustion to maintain ignition o
blast-furnace gas in the water-coolec urnace.

In most modern plants using blast-furnace g. ,
precipitators are installed to eliminate non ore ,
lime, and coke particles, which, if came >
to deposit on the heating surfaces, "’ut\. '
difficult to remove during operation. Aux*h‘7 ?ive
verized-coal or coke-breeze firing is qm out
in removing these deposits. When ie water.
of service, the deposits are readily removed by
washing.
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boiler type are based on a combination of technical
factors, economics, engineering judgment, and some­
times personal preference. When a unit is to be
added to an established plant, integration of tire
new with the existing equipment must be considered.

If coal is to be the fuel for a prospective installa­
tion, a tabulation should be prepared of the analyses of
all the coals economically available. The equipment
that will satisfactorily bum the coals within this range
should then be selected, so that the owner is in a posi­
tion to buy coal with the maximum dollar economy.

Coal-Burning Equipment

Detailed descriptions of various types of fuel­
preparation and -burning equipment appear else­
where in this book. The following survey serves as
a summary of the principal points affecting the
choice of method and equipment when burning coal.

Stokers

The single-retort underfeed stoker is versatile for
a relatively wide range of bituminous coal classifica­
tions, but it operates best, particularly at low load,
with “free-burning” coal that does not tend to coke.
This stoker is flexible over a range of duty from
banked fire to full load. With reasonably careful
operation, there is no smoke or objectionable fly-ash
discharge from the stack. A deep ashpit is not re­
quired. The main disadvantage is in the labor
required to remove ash when burning coal with a
low ash-fusion temperature (below 2200-2300 F
ash-softening temperature on a reducing basis),
which tends to clinker.

The principal advantage of the spreader stoker is
that a wide variety of bituminous coal and also lig­
nite can be successfully burned. It is sometimes pre­
ferred where rapid load changes are involved. There
are two types of ash-removal equipment, the dump­
ing grate and the moving grate. The former requires
more manual labor, and the latter has the advantage
of lower carbon loss.

With the spreader stoker there is a carry-over of
coarse fly-ash and carbon particles through the
boiler and to the stack. It is therefore necessary in
most locations to install a fly-ash collector with the
added operating cost of higher induced-draft-fan
power. To reduce thermal loss, the collected ash is
continuously reinjected into the furnace to burn out
any remaining carbon. In selecting a boiler unit for
spreader-stoker firing, care must be taken in the ar­
rangement of tubes, supports, baffles, and other com­
ponents to avoid coarse-partiele erosion or sand­
blast action. Boilers with straight-through gas flow
are desirable for these conditions (see some B&W
boiler types below).

3 he chain-grate and the traveling-grate stokers 

are well adapted for free-burning coals with high
ash content. They are not sensitive to low ash-fusion
temperatures, and maintenance is low. Coking coals
should be avoided. A deep ashpit is desirable to
reduce the frequency of cleaning. With suitable fur­
nace arches, anthracite screenings and coke breeze
can be burned successfully on chain-grate or travel­
ing-grate stokers. Maximum burning rates approxi­
mating 34 lb per hr per sq ft of grate prevail. Fly-ash
collectors are required except in isolated locations.

The once-popular multiple-retort underfeed stoker
is seldom selected today for the higher steam
outputs because of the generally more economical
performance of pulverized coal for this duty. How­
ever, the underfeed stoker will burn many different
varieties of coal, and it has a wide load range. At
burning rates up to 40-50 lb per hr per sq ft of grate
area, it can be operated without smoke and ob­
jectionable fly-ash or carbon discharge from the
stack. A deep ashpit is required for this type of stoker.

At present, because of increased maintenance, the
temperature of the preheated air for all types of
stokers is limited to about 350 F. This condition tends
to curtail the over-all thermal efficiency of the unit
without an economizer.

For all types of stokers and their operation see
also Chapter 16.

Pulverized-Coal Firing

While pulverized-coal firing can be adapted to
small boilers, the disproportionately high incremental
costs of pulverizers and other auxiliaries tend to
establish a practical limit in steam output of not less
than 50,000 to 60,000 lb per hr for this type of firing.
There appears to be no presently recognizable upper
limit of size for the pulverized-coal firing of boilers.
The equipment can be designed to burn practically
any bituminous coal and lignite. Anthracite can be
successfully burned in pulverized form, but fuel
preparation and furnace and burner arrangements
require great care.

The over-all aspects of pulverized-coal firing, as
applied to boiler units, may be summarized as follows:
1. Almost any coal mined in the United States is

suitable.
2. Economically suitable for a very wide range in

boiler size.
3. Proper coal preparation, including the removal of

moisture, and the proper handling of the pulver­
ized coal (direct firing and drying within the pul­
verizer preferred).

4. Hot air for combustion and for moisture removal
(an air heater is required).

5. Handling of the ash refuse (slag from slag tap,
dry ash, and fine flue dust).

6. Wide flexibility in operation and high thermal
efficiency.

23-6

7. Dust collectors are required in most installations
For a more complete discussion of pulverized ™ ifiring see Chapter 17. P^enzed-coal

tion to match the existing footings and thus save
expensive foundation work.

Cyclone Furnace Firing

Cyclone Furnace coal firing has been established in
recent years as a method parallel to pulverized-coal
firing. At present, the range of coals suitable for this
method is somewhat more restricted, and the method
cannot be economically applied to quite as small a
boiler. However, burning crushed coal eliminates the
initial and operating costs of pulverizing equipment
The furnace and stack gases are substantially clean
so the additional costs of fly-ash collection systems
and ash erosion of equipment are reduced/if not
eliminated. These are attributes of a very high order.
Cyclone Furnace firing with coal, oil, or gas is cur­
rently suitable for boiler sizes ranging from 100,000
to more than 5,000,000 lb of steam per hr.

See Chapter 28 for a more complete discussion of
the Cyclone Furnace.

Space Limitations

New steam-producing equipment is frequently in­
stalled in an existing building. Boilers are made in
a variety of shapes (see outline of boiler types be­
low), and a careful study of space conditions and
possible arrangement of the equipment is necessary
for best over-all results. Space conditions sometimes
have a direct bearing on the selection of the type
of firing and number of steam-generating units for
a given steam demand. Often the space occupied
by an older inefficient boiler unit is entirely suitable
for a modern unit of high efficiency, with double the
steam output or more.

Restrictions, Local Laws, and Neighborhood

Restrictions by local laws and the nature of the
surrounding area affect the selection of equipment
mainly with reference to smoke or fly-ash discharge
rom stacks. Most towns and all cities will doubtless

sooner or later enact strict ordinances to limit the
allowable smoke and fly-ash discharge from boiler
stacks. Consequently, except for extremelv isolated
locations, equipment should be selected that can be
operated without smoke and without more than the
lecommended ASME fly-ash discharge of 0.85 lb of
ash per 1000 lb of stack gas (at 32 F and 29.9 in. Hg,
adjusted for 501c excess air). It is also well to dis­
charge gases from boilers through relativelv high
stacks (150 to 200 ft above grade) to aid in the dis­
persal of any sulfurous gases and fly-ash still present.
Sometimes stacks must be high enough to discharge
the gases above surrounding buildings. The height of
stacks in the vicinity of air fields mav be limited for
reasons of safety. Where earthquakes are prevalent,
it is important that the boiler-unit supporting struc­
ture be suitably braced and in accord with local laws
and regulations.

Elevation Above Sea Level
The site elevation materially affects draft loss,

stack draft, fan capacities, and motor capacities (see
Chapter 5). It also affects the suction head of fuel
oil pumps. The site elevation may even make it
impractical to employ stack draft.

Power for Driving Auxiliaries
Relation of New to Existing Equipment

If the pertinent facts are established and studied,
existing equipment can frequently be used for a new
steam-producing unit. For instance, in a natural-draft
plant, if there is an existing stack of sufficient area
to accommodate the additional load, the unit selected
should have a draft loss less than the available draft,
to save the expense of a new stack. Where super­
heaters are used and the new boiler is to be con
nected to the old steam main, the steam pressure
drop through the new superheater should be a ou
the same as through the old superheaters, since a
boiler drum safety valves (as required by most state
laws) are set to relieve at the same pressure, i 0 c
coal pulverizers and direct firing may e necessary
to relieve the older overloaded equipmen , so *
needed steam-generating capacity can e ms ;
without addition to buildings. If the new or
is to be erected on existing piling and the: condrfions
limit the allowable column loading, rlf«stribu-
frequently be designed for column- oa ino 

Power is required for driving feed pumps, fans,
stokers, and pulverizers. Feedwater heating is re­
quired for all steam plants. It is common practice
in industrial process-heating plants to use sufficient
steam-driven auxiliaries to provide enough exhaust
steam for the feedwater heater and to use motor
drives for the other auxiliaries. There arc instances,
however, where the demand for low-pressure exhaust
steam is great enough so that all the auxiliaries can
be economically steam driven and thus often avoid
the expense of purchased power. Sometimes both
motor and turbine drives are provided for each
auxiliary—particularly appropriate for "cold” start-up.

In the large electric-generating plant, motor drives
are generally used throughout for the auxiliaries.
With the high efficiency of the main turbine gener­
ator motor drives, even with allowances for trans­
mission and switching, arc more economical than
small turbines. Output control and response of the
driven auxiliary are also simpler and more effective
with motor drive.
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Climate as a Factor
To save building costs, boilers are frequently in­

stalled outdoors in many parts of the United States,
particularly where tire climate is mild, as in the
South. Farther north where the climate is moderate,
as in New Jersey, New York, and Washington, sav­
ings in building costs have been made by semiout-
door installations with overhead protection, which
have been quite satisfactory. Justification of outdoor
operation is less important in areas of cold climate, as
in Minnesota, Montana, and tire Dakotas.

Operating Personnel
The American boiler operator is able to handle

intelligently a vide diversity of power-plant equip­
ment, as demonstrated by the thousands of successful
plants operating with steam pressures and tempera­
tures up to 2500 psi and 1100 F. This is partly the
result of tire usual close cooperation between the
plant designer and the equipment manufacturer. How­
ever, there are cases where the operating personnel
is relatively inexperienced and likely to remain so.
In such cases it would be well to select simple and
conservative equipment, even at the sacrifice of some
efficiency.

Selection of Boilers and Related Equipment
Certain general guiding principles should be ob­

served in the selection of boiler units and their
auxiliary equipment. The most important of these
principles may be summarized as follows:
1. The user must establish his present and, as far

as possible, his future conditions and requirements
(see above).

2. The user should have a working knowledge of the
performance of the different components of the
integrated unit under various conditions, particu­
larly his own. Such knowledge should include an
appreciation of the basic physical laws, the vagar­
ies of fuels, the significance of the many different
arrangements of heat-absorbing surface, methods
of fuel burning, and handling of refuse. Guidance
in acquiring this perspective appears throughout
this book. Sec also section below on specific boiler
types.

3. A sound evaluation should be made of the costs,
to obtain benefits as outlined in the examples at
the close of this chapter.

When hypothetical conditions are assigned for
the selection of a steam-producing unit suitable for
a particular service, there is always the risk of the
omission of some dominant factor applicable to
an actual case. Subject to such limitations, the
following may serve as a simple example of the
selection of a steam-producing unit for a particular
service:

Example

Steam-Producing Units for a Hospital

Pressure and Amount of Steam Required (at points of use)

Heating (radiators) pressure, psi %
Load, winter peak, Ib/hr 20,000
Season for heating, months ’ g

Laundry pressure, psi jqq
Load, 8 hr per day, Ib/hr 43000

Sterilizer pressure, psi 95
Load, Ib/hr i;ooo

Kitchen pressure, psi 49
Load, Ib/hr 1^00

Steam to feedwater heater, pressure, psi 1
Load, peak, Ib/hr 1,400
Temperature of feedwater to boiler, F 212

Total steam from boiler
Summer peak, Ib/hr 6,320
Winter peak, Ib/hr 27,400

Other Conditions

Condensate return, % 80
Temperature, F 180

Make-up water—Zeolite treated
From softener, total solids, ppm 170

Available fuels
Bituminous coal, Ohio and Pennsylvania

In bunker, cost in $ per ton 8.50
Btu per lb as fired 12,500

Fuel oil #6
In storage tank, cost in $ per gal 10
Btu per gal 145,000

General Conditions of Location

No critical space limitations
No existing equipment
Clean stack required
Elevation, 500 ft above sea level
Good foundation conditions
No earthquakes
Reliable source of electrical energy
Severe winter climate
Reasonably well-trained personnel

Predictable Future Conditions

Size may be increased 50% in 10 yr
Both coal and fuel oil will be available

Number and Capacity of Boilers

For the present, two, each rated at 20,000 Ib/hr
In the future, one, rated at 20,000 Ib/hr

Boiler Steam Pressure and Output

Boiler output pressure, 100 psi
With reducing valves

Estimated total steam output
23-3

At present requirements, lb/yr
Derived as follows:

Heating—8 months (5840 hr)
at 10,000 Ib/hr avg, lb/yr

Laundry ) 3000 hr at
Kitchen > 6320 Ib/hr avg, lb/yr

Total steam, lb/yr

77,360,000

= 58,400,000

= 18,960,000

77,360,000
Fuel Cost Comparison per Year

Yearly efficiency burning coal, % 79
Yearly efficiency burning fuel oil, % 75 

„ . 77,360,000 X 1000 KFor coal, 12,500 x 200Q Q 7Q X 8.50 _ $37,580 

„ , , 77,360,000 X 1000 A,A
For £uel 011’ “Wo63TO75~ x °-10 = ?71’140
The estimated saving is $33,560 per yr if coal is used.

It is evident from the above example that, for a
complete installation of two boiler units, each pro­
ducing 20,000 lb of steam per hr with all necessary
auxiliaries included, at a cost of about $400,000 for
coal-fired and about $360,000 for oil-fired units, the
choice would be preponderantly in favor of the coal­
burning units if economics is the dominant factor
in selection.

For this service tire type II boiler without super­
heater and with a single-retort stoker is well adapted
(see boiler types below). At about 30 lb of coal
per sq ft, hr, the grate area of the stoker would be
70 sq ft. Normally the stoker would be steam driven.
The forced-draft fan could be motor driven or
driven by a turbine exhausting into a low-pressure
steam line. Two feed pumps, one motor driven and
one steam driven, would be preferred. A stack
suitable for the draft required for the three boilers
(one future) at full load would have a diameter of
7 ft 6 in. and a height of 150 ft above the operating
floor level.

The design of the above installation, it should be
noted, is based on a heating load with long peiiods
of extremely low-load operation. At this light duty,
the all-refractory furnace of the type II boiler wi
be effective in abating smoke during the low-oa
summer operation, and with the conservative ratrng,
of the units the furnace maintenance cost should be
low. Also, because of its simple design, wit ion
water-wall handholes and with few drum a es,
the boiler can be readily cleaned interna y.

In a location where the price of oil is yioriy a
vorable or where natural gas is an economical fuel,
the type FM boiler (see below) should be
sidered. If the type FM boiler is se lected care
should be taken to make sure that the burne 

automatic controls suitably cover the load range
without smoke.

Changes in or additions to the original conditions
will naturally affect the selection of the main unit
and components. For instance, in the above ex­
ample had the solid fuel been a free-burning (Mid­
western) coal, a spreader stoker probably would
have been selected in preference to the single-retort
stoker. If North Dakota (or Texas) lignite had been
the fuel, a chain-grate stoker (with a considerably
modified furnace with extensive ignition arches)
would have been considered.

Again, if in the example additional steam-produc­
ing capacity was to be installed in a plant operating
satisfactorily with straight-tube boilers burning oil
with an assured future supply, the most likely selec­
tion would not be as above but would be similar to
the existing units.

Some B&W Boiler Types and Attributes
Familiarity with various classes of steam-generat-

ing units and their components is essential for an
intelligent choice of equipment. The following in­
dividually descriptive outlines are intended to serve
as an introduction to a number of designs of boiler
units covering a wide range of output, application,
and performance characteristics. Many B&W boiler
types have been omitted from the descriptive out­
lines because of space limitations and because, in a
number of instances, they are in effect variations of
the designs shown. Some are illustrated elsewhere.

In the selection of steam-producing equipment, a
broad comprehension is necessary of matters relat­
ing to fuel preparation, fuel combustion, and the
heat transfer and performance of superheaters,
economizers, and air heaters, appearing elsewhere.

Boiler-Water Concentration
The maximum allowable boiler-water concentra­

tion (total solids in boiler water, ABM A recom­
mended values) in relation to the pressure at the
outlet of a steam-generating unit (applicable to the
boiler types in the following descriptive outlines)
is given below:

Maximum Allowable Boiler-Water Concentration

Pressure at Outlet of Total Solids,
Steam-Generating Unit, Parts per Million,

psi PPm
0 to 300 3500

301 to 450 3000
451 to 600 2500
601 to 750 2000
751 to 900 1500
901 to 1000 1250

1001 & higher0 1900
•Ed Note: The industry, as yet, has not established final
standards for supercritical operation.
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Draft Loss in Various Boiler Types
Draft loss through a boiler unit depends upon many

factors. Among these are: type of fuel, excess air,
manner of gas flow in gas passes, and arrangement
of convection surface of boiler, superheater, econo­
mizer, and air heater. In each case, the draft loss to
be expected must be calculated for the final ar­
rangement of the complete unit. Hence, specific draft 

loss data cannot be given in the following descriptive
outlines of boiler types. The general observation
however, may be made that with the usual operat­
ing conditions the smaller boilers have a draft loss
in the range from less than 1.0 to about 4.0 in. of
water, depending upon the type and size. The larger
higher-duty units operate with higher drafts. Approx­
imate values are given in some instances.

High-Temperature-Water (HTW) Generator

General Description Indicated Field of Application

Bent-tube unit, all-welded construction. Standard
unit (left above) shop assembled, steel cased, pres­
sure fired with oil or gas. Higher-capacity unit (right
above) field assembled, steel cased, suction furnace
for stoker firing.

Range in Size, Btu Absorption
Shop assembled, 10 million to 50 million Btu
per hr; field assembled, 50 million to 200
million Btu per hr and higher

Design Pressure
Lb per sq in., 450

Operating Pressure
Lb per sq in., to 410

Water Discharge Temperature
300 to 450 F

Fuel
Oil and gas for pressure firing; coal with all

types of stokers for suction firing
Operational Control

Manual, or automatic in varying degree;
safety interlocks

Furnace
Water cooled; pressure type for oil and gas,

suction for stoker firing
Dimensions Outside Setting (Std Unit), Approx

Smallest, 8 ft wide X 12 ft high X 14 ft
front to rear

Largest, 11 ft wide X 12 ft high X 27 ft
front to rear

1. For high-temperature water heating or for process
heating, where high economy or close tempera­
ture control are of prime importance.

2. Where low-pressure steam and domestic hot water
are required for local use at any desired location
in a system, generated in suitable heat exchangers.

3. Where high heat storage is desirable to provide
continuity and uniformity of temperature control
during peak loads, abnormal operation, and during
long periods of banked loads, as for overnight or
week-end shutdowns of plant operations.

General Comments

The high-temperature-water generator is not a
boiler, since no steam is formed other than the small
amount initially required to pressurize the system,
unless nitrogen is used for pressurization, in which
event no steam whatsoever is formed. The HTW
generator is actually a direct-fired forced-circulation
water heater designed for low pressure drop, ena­
bling operation with the system circulation pumps.

Units fired by gas or oil are readily converted to
stoker firing, and vice versa, without major altera­
tions. Foundation requirements are simple, a concrete
slab sufficing for oil or gas firing and the normal pro­
vision for ash removal with stoker firing. Relocation
can be accomplished without dismantling.
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Type H Stirling Boiler

General Description

Bent-tube boiler unit, generally field assembled.
Some small sizes can be shop assembled and shipped.
Usually without superheater, though superheater
may be fitted.

Range in Size, Steam Output
Lb per hr, to 50,000

Design Pressure
Lb per sq in., 160 to 300 (special above 300)

Operating Pressure
Lb per sq in., 15 to safety-valve setting

Steam Temperature
Saturation to approximately 175 F superheat

Fuel
Oil and gas; coal with all types of stokers;

bagasse and wood
Operational Control

Usually manual
Furnace

Refractory; frequently water cooled for oil
or coal firing

Dimensions Outside Setting, Approximate
Smallest, 6 ft wide X 15 ft high X 15 t

front to rear
Largest, 18 ft wide X 23 ft high X 1

front to rear

Indicated Field of Application

1. In the production of steam for heating, process,
or power needs within the output and specifica­
tions noted above, using any of the fuels listed.

2. Where utmost simplicity and minimum first cost
are prime factors.

3. Where use of low-cost fuels does not justify an
economizer or air heater. However, either or both
may be installed if warranted by the evaluation
of the saving in purchased fuel.

4. Where simple field erection methods may be fol­
lowed.

General Comments

The type H Stirling boiler is essentially simple
and inexpensive. It is particularly well suited for
moderate-duty senice and limited headroom. With
the aid of the all-refractory furnace frequently used,
good combustion efficiency can be maintained even
at very low rates of output-often an important ad­
vantage when used for heating service.

The standard baffle for this unit is in checker
form, which causes a tortuous flow of gas in the first
pass, acts as a gas distributor, and materially in­
creases the efficiency of the unit without appreciable
effect on draft loss.
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Type FM Integral-Furnace Boiler

General Description

Standard steel-cased bent-tube unit, shop assem­
bled and skid mounted. Forced-draft fan and burners
integral with unit. Sometimes referred to as a “pack­
age boiler.”

Range in Size, Steam Output
Lb per hr, to 60,000 in increments of

approximately 2000 lb per hr for smaller sizes
and 5000 lb per hr for larger sizes

Design Pressure
Lb per sq in., 250 for sat. service (standard)

to 1050 with superheater (special)
Operating Pressure

Lb per sq in., 15 to safety-valve setting
Steam Temperature

Saturation to 700 F
Fuel

Oil and gas, singly or in combination
Operational Control

Steam pressure, feedwater flow, fuel, and air
fully automatic; safety interlocks

Furnace
Water cooled; pressure type; welded casing

Dimensions Outside Setting, Approximate
Width and height, small sizes, 10 ft X 12/2 ft,

large sizes, 11 ft X 13/2 ft
Depth 7/2 to 25 ft, depending upon size

Recommended Maximum Allowable
Boiler-Water Concentration

(Usual drum arrangement, std bailies as required-
otherwise ABM A rules apply)

Operating Pressure,
psi

15-50
50 - 250

Total Solids,
ppm
1250
3500

Indicated Field of Application

1. In the production of steam for heating, process, or
power needs within the output and specifications
noted above, using oil and gas fuel singly or in
combination.

2. Where a boiler is needed quickly for either out­
door or housed location.

3. Where the boiler operators may be called upon
for additional duties.

4. Where space is at a premium and a compact unit,
including all auxiliaries, is needed.

5. Where removal of the boiler to another location
may be contemplated.

General Comments

Since 1950 a very large number of type FM boilers,
fired with gas or oil fuel, have been placed in service.
This unit, completely assembled, can be shipped
over any standard railroad in the United States except
for the largest sizes, which are shipped with the fan
unmounted and which may require special routing.
It can be delivered promptly to meet sudden new or
increased demands for steam. No special foundation
is required, and for outdoor locations a stub stack is
sufficient. For indoor locations, connection may be
made to a regular stack.
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Type FF Integral-Furnace Boiler

General Description

Standard steel-cased bent-tube unit, with water-
cooled furnace and drum cyclones. Smallest size may
be shop assembled. The unit is designed in a series
of 5 different heights between drums, with provision
for superheater. Fans are not integral.

Range in Size, Steam Output
Lb per hr, to 50,000 in increments of

2000 lb per hr, or less
Design Pressure

Lb per sq in., 160 to 600
Operating Pressure

Lb per sq in., 15 to safety-valve setting
Steam Temperature

Saturation to approximately 150 F superheat
Fuel

Oil and gas; coal with all types of stokers
Operational Control

Manual, or automatic in varying degree
Furnace

Water cooled except floor; nonpressure type
Dimensions Outside Setting, Approximate

Smallest, 7 ft wide X 13 ft high X 15 ft
front to rear

Largest, 17 ft wide X 23 ft high X 19 ft
front to rear

Indicated Field of Application

1. In the production of steam for heating, process, or
power needs within the output and specifications
noted above, using any of the fuels listed.

2. Where a boiler is needed quickly for either out­
door or housed location.

contemplated—because of the simplicity of con­
version with this unit.

5. M here considerable variation in fuel-ash charac­
teristics is anticipated.

General Comments
The FF Integral-Furnace boiler is one of the well-

standardized types widely used in industrial plants.
With suitable firing methods, oil fuel varying in
characteristics from bunker C to residual and bitumi­
nous coals of a wide range in per cent ash and
fusion temperature may be burned successfully. Pul-
verized-coal firing is not used for this unit.

The range in vertical height of unit (a series of
5 standard dimensions between upper and lower
drums), which in turn affects the other two dimen­
sions, permits a size selection for comparable per­
formance to suit man)’ existing space conditions of
headroom and floor area. The space conditions re­
quired for either spreader-stoker or chain-grate firing
are comparable.

No major changes in the boiler unit are involved
in converting from oil and gas to coal firing or the
reverse. The “saturated” surface components are
generally not affected. There are minor alterations
to brickwork to suit the new firing equipment, and,
if a superheater is present, it may be necessary to
add or remove some surface to meet changed com­
bustion requirements (chiefly excess air) of the new
fuel.

When fuel saving justifies the expenditure, econo­
mizers and air heaters may be added, as in most
boiler tvpes, to utilize low-level heat. However, of
the more than 1500 type FF boilers placed in service
in the period 1940-1960, less than 10 per eent were
equipped with air heaters or economizers. The pro­
portion of boilers equipped with these additional
heat traps will tend to increase as fuel prices rise.

3. Where space limitations require unusual propor­
tions not met by type FM.

4. Where future conversion to an alternate uc
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Type FP Integral-Furnace Boiler

SIDE VIEW THROUGH 3rd PASS.
OIL & GAS FIRED

PLAN VIEW SIDE VIEW THROUGH 1st PASS.
SPREADER-STOKER FIRED

General Description

Standard welded-steel-cased bent-tube unit, with
completely water-cooled furnace and drum cyclones.
Assembled in the field. The unit is designed in one
height (18-ft drum centers) and in 9 widths, with
or without superheaters. Fans are not integral.

Range in Size, Steam Output
Lb per hr, to 80,000 in increments of

approximately 5000 lb per hr
Design Pressure

Lb per sq in., 160 to 825
Operating Pressure

Lb per sq in., 15 to safety-valve setting
Steam Temperature

Saturation to approximately 850 F
Fuel

Coal with spreader, underfeed, or chain­
grate stoker; oil and gas

Operational Control
Manual, or automatic in varying degree

Furnace
Completely water cooled; nonpressure type

Dimensions Outside Settings, Approximate
Smallest, 8 ft wide X 28 ft high X 22 ft

front to rear
Largest, 17 ft wide X 28 ft high X 22 ft

front to rear

Indicated Field of Application

1. In the production of steam for heating, process, or
power needs within the output and specifications
noted above, using any of the fuels listed.

2. Where a boiler is needed quickly for either out­
door or housed location.

3. Where coal ash is particularly abrasive, and stoker
firing is preferable, in this size category, to pul-
verized-coal firing.

4. Where coal ash-fusion characteristics permit little
or no uncooled furnace area.

5. Where stoker firing is to be supplemented by
simultaneous oil and gas firing with auxiliary
burners through the side walls.

General Comments
The FP Integral-Furnace boiler is particularly well

suited for stoker firing. With its completely water-
cooled furnace, the rates of heat input and heat ab­
sorption may be somewhat higher than for the type
FF boiler. Travel of the gas through the boiler has
been arranged so that the abrasive particles are not
concentrated in streams.

Oil and gas firing, either singly or in combination,
is entirely suitable and may be used initially as an
alternate to stoker firing. Permanent conversion from
one fuel to another is as simple as for the type FF
boiler. Installation of oil and gas burners in the side
walls of a stoker-fired unit permits combination firing,
either simultaneously with coal or separately. When
firing oil and gas alone, the stoker must be protected
with a suitable tile or ash coating. The unit is not
designed for pulverized-coal firing. If the fuel saving
justifies the expenditure, economizers or air heaters
should be installed.

1 he type FP boiler is well suited for the produc­
tion of steam for both industrial and power require­
ments. A highly trained operating staff is not re­
quired for its successful operation.
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Type FO Integral-Furnace Boiler

General Description

Standard double-steel-cased bent-tube package
boiler, with water-cooled furnace and drum cyclones.
Shop assembled and skid mounted. Burners are in­
tegral, and forced-draft fan is floor mounted.

Range in Size, Steam Output
Lb per hr, 60,000 to 100,000 in increments of ap­

proximately 8,000 lb per hr
Design Pressure

Lb per sq in., 250 to 775
Operating Pressure

Lb per sq in., 15 to safety-valve setting
Steam Temperature

Saturation to approximately 750 F
Fuel

Oil and gas, singly or in combination
Operational Control

Steam pressure, feedwater flow, fuel, and air
fully automatic; safety interlocks

FurnaceWater cooled; pressure type; inner and outer
welded casing

Dimensions Outside Setting, Approximate
Width and height, all sizes, 12,ft X 15M ft
Depth 16 to 27 ft, depending upon size

Recommended Maximum Allowable Boiler-Mater
Concentration

In accordance with ABMA rules

Indicated Field of Application

1. In the production of steam for heating, process, or
power needs within the output and specifications
noted above, using oil and gas fuel singly or in
combination.

2. Where a boiler is needed quickly for either out­
door or housed location.

3. Where the boiler operator may be called upon
for additional duties.

4. Where space is at a premium and a compact unit,
including all auxiliaries, is needed.

5. Where removal of the boiler to another location
may be contemplated.

General Comments
The FO Integral-Furnace boiler is designed specif­

ically for pressure firing of fluid fuels, based on the
many years of experience accumulated with the FM
boiler. The larger capacities and the higher pressures
and temperatures for which the FO boiler is designed
dictated the development of an entirely new physical
arrangement. No special foundation is required, and
for outdoor locations a stub stack is sufficient. For in­
door locations, connection may be made to a regular
stack. The forced-draft fan can be located at any con­
venient place. When fuel saving justifies the expendi­
ture, an air heater may be added, as in most boiler
tvpes, to utilize low-level heat.
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Type FH Integral-Furnace Boiler

PLAN CROSS SECTION
SHOWING HORIZONTAL

GAS FLOW PATH

SECTIONAL SIDE VIEW,
OIL AND GAS FIRED

SECTIONAL SIDE VIEW
PULVERIZED-COAL FIRED

WITH ASH HOPPER

SECTIONAL SIDE VIEW,
PULVERIZED-COAL FIRED

FLAT FLOOR FOR ASH RAKE-OUT

General Description

Standard steel-cased bent-tube unit, with com­
pletely water-cooled furnace and drum cyclones. As­
sembled in the field. The unit is designed in 4 heights
and in several depths (front to back) for each
height. An air heater is usually specified, and there
may also be an economizer. Fans are not integral.
The gas flow is horizontal, similar to types FM and
FP. See Fig. 6, Chapter 21, for cutaway view show­
ing the principle of horizontal gas flow.

Range in Size, Steam Output
Lb per hr, 50,000 to 350,000 in small increments

Design Pressure
Lb per sq in., 160 to 1050

Operating Pressure
Lb per sq in., 15 to safety-valve setting

Steam Temperature
Saturation to approximately 910 F

Fuel
Pulverized coal; oil and gas, in combination or

singly
Operational Control

Manual to complete automatic combustion and
feedwater regulation

Furnace
Water cooled; pressure or nonpressure type

Dimensions Outside Setting, Approximate
Flat Floor

Smallest, 22 ft wide X 25 ft high X 14 ft
front to rear

Largest, 39 ft wide X 39 ft high X 40 ft
front to rear

Hopper Bottom
Smallest, 23 ft wide X 39 ft high X 16 ft

front to rear

Largest, 39 ft wide X 66 ft high X 40 ft
front to rear

Indicated Field of Application

1. Where pulverized coal, gas, or oil is to be used to
produce steam for power or process requirements
for a wide range in amount and conditions of
steam.

2. For either outdoor or housed location.
3. Where conditions of space and economics require

a compact unit to operate at high efficiency com­
parable to the larger specially built boilers.

General Comments

The FH Integral-Furnace boiler is particularly well
suited for pulverized-coal firing and is widely used
for maximum outputs from 50,000 to 350,000 lb of
steam per hr. With its furnace construction of touch­
ing tubes, except for refractory areas around the
burners, it is designed for moderately high-duty serv­
ice. Heat liberation rates may be correspondingly
high per sq ft of furnace area per hr for a coal ash­
softening temperature of 2600 F, oxidizing basis
(see Chapter 18 for a discussion of ash-fusion temper­
atures), with rates reduced for lower ash-softening
temperatures. The allowable heat liberation rates are
generally lower for the flat-floor than for the hopper­
bottom arrangement.

Standard superheaters, both inverted and pendent
types, are available to suit the specific application.
Where constant steam temperature is required over
a considerable load range, an attemperator is installed
in the lower drum (see Chapter 13). Air heaters are
invariably necessary to provide hot air for drying the
coal and as an aid in combustion, and they are also
usually justified by the fuel saving. With high fuel
costs, economizers are also sometimes justified when 
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, saving warrants the added investment.1 In the flat-floor arrangement, normally suited only
for outputs up to 100,000 lb of steam per hr, the ash
• periodically hand-raked through doors in the wall1S nosite the burners and is removed by a transport
s stem- For outputs above 100,000 lb of steam per

Iir or for low ash initial-deformation temperatures
(2300 F, oxidizing basis), the hopper arrangement is
better. With this design the ash is collected in a storage
hopper below the furnace hopper and is periodically
transported by pneumatic or hydraulic means to silos,
pits, or final disposal areas.

Type PFI Integral-Furnace Boiler

Largest, 29 ft wide X 41 ft high X 35 ft
front to rear

General Description

Standard bent-tube unit arranged with gastight
furnace and boiler for pressurized operation, with
completely water-cooled furnace and drum cyclones.
Maximum shop subassembly facilitates field erection.
The unit is designed in 3 heights and in several
widths for each height, with provision for a drain-
able-type superheater. Forced-draft fan is not inte­
gral. The gas flow is horizontal, similar to that of
type FH.

Range in Size, Steam Output
Lb per hr, 80,000 to 450,000 in spaced increments

Design Pressure
Lb per sq in., 160 to 1150

Operating Pressure
Lb per sq in., 15 to safety-valve setting

Steam Temperature
Saturation to approximately 910 F

Fuel
Oil and gas, in combination or singly

Operational ControlManual to complete automatic combustion and
feedwater regulation

Furnace
Membrane-wall construction; pressure type

Dimensions Outside Setting. Approximate
Smallest, 11 ft wide X 30 ft high X 27 ft

front to rear

Indicated Field of Application

1. In the production of steam for heating, power, or
process, within the output and specifications noted
above with oil or gas firing, or both.

2. For either outdoor or housed locations; bottom
supports for minimum space requirements; rein­
forced concrete or steel foundations.

3. Where economic conditions require high efficiency,
sustained operation, and a minimum of attention
and maintenance.

General Comments

The PFI Integral-Furnace boiler is particularly in­
dicated in areas where oil and gas fuels are com­
monly used. The completely water-cooled furnace
provides a gastight unit suitable for pressure opera­
tion with a forced-draft fan only, simplifying con­
trol and operation and reducing maintenance. The
unit is specifically designed to operate at high rat­
ings for maximum steam output within a minimum
of axailable space. Superheaters are completely
drainable and arranged with wide tube spacing to
provide a relatively constant steam temperature
over a wide load range. Air heaters are normally
provided and are justified by fuel saving.
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Stirling Two-Drum Boiler

General Description

Bent-tube boiler, partly standard, usually steel
cased, with one 42-in. to 72-in. upper drum vertically
above one 24-in. to 54-in. lower drum. The steam
drum is fitted with cyclone separators. The unit is
field assembled and is top supported, except in rare
instances. It may be built with or without a super­
heater, but a superheater is usually required.

The boiler generating tubes may be 2 in., 2% in., or
3 in. and are frequently swaged at ends to reduce
the required thickness of drum plate. Tubes of 211
in. swaged to 2 in. at ends and sidespaced at 3/(i
in. on centers are a typical arrangement. The water-
cooled furnace has 2-in., 2/2-in., or 3-in. tubes spaced
as required, usually touching.

When the ash is abrasive and for conditions re­

Operational Control
Manual, or automatic in varying degree

Furnace
Water cooled; pressure or nonpressure type

Dimensions Outside Setting, Approximate
Vary widely, from smallest, 6 ft wide X 8 ft

high X 12 ft front to rear with oil or gas
firing, to 40 ft wide for a 1,000,000 lb of steam
per hr unit for pulverized coal, with other
dimensions correspondingly large

Indicated Field of Application

1. In the production of steam for heating, process,
or power needs within the output and specifica­
tions noted above, using any of the fuels listed.

quiring low draft loss, the gas flows from front to
rear in a single pass. For oil or gas fuel, a multi­
pass arrangement is common. Furnace width varies
in 1-ft increments. There are several standard di­
mensions of furnace depth and between upper and
lower drum centers.

Range in Size, Steam Output
Lb pei- hr, to 1,000,000 (and higher, special) in

small increments

2. Where coal ash is particularly abrasive with stoker
and sometimes pulverized-coal firing.

3. Where fuel ash-fusion characteristics require a
water-cooled furnace.

4. Where simplicity of change to accommodate an­
other fuel and method of firing is essential because
of a possible future fuel source.

Design Pressure
Lb per sq in., 160 to 1050 (and higher, special)

Operating Pressure
Lb per sq in., 15 to safety-valve setting

Steam Temperature
Saturation to 1000 F

Draft Loss at Maximum Output
In. of water, from 1 to 8 or more, depending

upon size and conditions
Fuel

Coal, Cyclone Furnace fired or pulverized, or
with all types of stokers; oil and gas, singly
or in combination, as regular or supplemental
fuel; also waste-heat sources

General Comments

The range in steam output of the Stirling Two-
Drum boiler is greater than for any of the other units
considered in this series. Because of its range in out­
put and its ready adaptability for burning most fuels,
this unit is now widely used. It is particularly suit­
able for steam production with spreader-stoker firing
up to the limit of output possible in using a stoker,
in the order of 400,000 lb of steam per hr. In this
application, the single-pass gas flow (no turns) helps
to prevent concentration of abrasive particles and
consequent tube damage.

All tubes can be entered from the two drums for
inspection and cleaning.
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Where the additional cost is warranted to main­
tain a constant steam temperature at reduced loads,
the superheater is designed for control of tempera­
ture by an attemperator of either the submerged-
surface type installed in the lower drum or tire spray
type.

The water-cooled tubes in the side, front, and rear
walls of the furnace are variously spaced, as required
by the fuel characteristics, on from 6-in. centers to
touching.

Hopper bottoms are usually fitted for pulverized-

coal firing. A somewhat lesser height is required
for Cyclone Furnace firing and slag-tap ash removal
than for pulverized-coal firing and dry-ash removal.
In the larger units, particularly with Cyclone Furnace
or pulverized-coal firing, additional furnace surface
is frequently provided by installing an intermediate
or furnace division wall, as in the RB type of boiler
(see below).

An economizer or an air heater, or both, may be
installed if justified by an evaluation of the fuel
saving and performance.

Radiant (RB) Boiler

General Description and Comments

The Radiant boiler derives its name from the fact
that the heat absorption of the saturated surface is
largely by radiant energy transfer. With its consider­
able range in output, it is used in the larger industrial
plants and in utility stations. The various components
are pre-engineered with enough flexibility to adapt
the design to gradations of the various fuels and to
the steam conditions selected by the user. The de­
tails of construction are not subject to change with­
out considerable re-engineering.

This type of boiler generally finds application at
subcritical superheater outlet pressures above 1200
psi, at steam temperatures above 950 F (both with
and without reheat), and at a very wide range of
capacities. The usual fuels are coal, oil, and gas,
burned singly or in combination. The furnace is com­
pletely water cooled and may be designed for either
dry- or wet-ash removal. One or more division walls
may be used, depending upon the functional and
economic requirements of the design. Superheater
and reheater surfaces are pendent and/or horizontal. 
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Steam-temperature control is by gas recirculation.
Gas tempering is used to control gas temperatures
entering the superheater. Economizers and air heaters
are required to obtain an efficiency commensurate
with fuel costs. The physical size of the unit dictates
field assembly, although many component parts are
shop assembled.

Range in Size, Steam Output
Lb per hr, about 300,000 to an undetermined

maximum exceeding 10,000,000
Operating Pressure

Subcritical, usually above 1200 psi
Steam Temperature

As required, usually above 950 F
Fuel

Coal, Cyclone Furnace fired or pulverized; oil;
gas

Operational Control
Usually completely automatic, including feed­
water flow, combustion, and steam temperature

Furnace
Water cooled; pressure or nonpressure type
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Universal-Pressure (UP) Boiler

General Description

This type of unit, variously known as the Uni­
versal-Pressure boiler and the Once-Through boiler,
is applicable, functionally, to all commercial tem­
peratures and pressures, subcritical and supercritical.
Economically it is applicable to the larger sizes, to
the higher subcritical pressure region, and to the
supercritical pressure region.

The principle of operation is that of the “Once-
Through” or “Benson” cycle. The working fluid is
pumped into the unit as liquid, passes sequentially
through all the pressure-part heating surface, where
it is converted to steam as it absorbs heat, and leaves
as steam at the desired temperature. There is no
recirculation of water within the unit, and, for this
reason, a drum is not required to separate water
from steam.

Firing may be by oil, gas, or coal, the last either in 

pulverized form or crushed for Cyclone Furnace fir­
ing. The furnace is completely fluid cooled. It may
be designed for suction or pressure operation. Ash
removal may be either dry or wet. Furnace division
walls are used in the larger units to effect a reduc­
tion in building volume, building steel, and plat­
forms. Reheaters may be incorporated in the design
for the reheat cycle.

Steam temperature is controlled by the fuel firing
rate. Constant steam temperature can be maintained
to one-third load with any fuel. Feed-pump speed
and turbine throttle are used to control steam flow
and steam pressure. The complete system of control
is extremely simple and economical.

Indicated Field of Application
Same general field as Radiant boiler with quali­

fications as indicated in first paragraph of General
Description, above.
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Evaluation of Equipment Performance and Characteristics

C
osts related to the performance and character­
istics of equipment should be of continuing

concern to the engineer and user. Equipment at an
attractive initial cost, with high operating costs caused
by low efficiency or other reasons, is frequently ex­
pensive over the period of its life. However, an
increase in initial outlay can be justified in the long
run only if the value of the improved performance
is worth the extra expenditure. As a measure of
justifiable expenditures, monetary values may be
calculated for the performance and other characteris­
tics of the equipment. These values are the bases
for evaluations or cost comparisons.

Principal items of performance and other factors
usually considered for evaluation in the selection of
boiler units and related equipment are:
1. Efficiency.
2. Draft loss.
3. Air resistance.
4. Power required for fuel preparation

(example, coal pulverizers).
5. Building space.
6. Pressure drop, superheater and economizer.
7. Maintenance (sometimes).

At the current cost of fuel, very approximate
evaluations in capitalized costs for an improved
performance in the order of 0.10 per cent change in
efficiency, 1 in. of draft loss, 2 in. of air resistance, or
1 kwhr per ton of coal for pulverizing would justify
a capital outlay, in each case, of 1.0 per cent of the
cost of a complete boiler unit. On the basis of this
rough approximation, an initial expenditure in capital
cost of up to 1.0 per cent is justified, in each case,
for improved performance of the order indicated
in the first four items listed above. Building space
may be similarly evaluated in the general range of
from $1.00 to $2.00 per cu ft.

Superheater and economizer pressure drops should
be considered on the basis of power required to
operate feed pumps. The rough evaluation fre­
quently made of this item (which includes a demand
charge) is approximately $1.50 per 1000 lb steam
per hr of unit output, per 1 psi pressure drop.

More precise calculations for the evaluation of
efficiency and auxiliary power are demonstrated in
the examples below.

t'^ta Needed for Evaluation

-apitalization Rate

- apital evaluation of performance (i.e., what ex­

penditure is justified to avoid a penalty or to obtain
an advantage) is based on an acceptable capitali­
zation rate set by the user’s management. This rate,
for instance, might vary from a low of 10S to a high
of 307.

To make these capital evaluations for various
conditions of operation, it is necessary to know:
1. Fuel Cost per suitable unit, d/million Btu (MkB).
2. Heat Rate per kwhr, Btu/kwhr generated.
3. Purchased Power Cost, 0/kwhr.
4. Demand Charge, usually $/installed kw.

Fuel Cost

Fuel cost is the cost of fuel delivered to point of
use. This cost is used in evaluations of efficiency. It is
also used in evaluations of power for the auxiliaries,
when the power is produced within the plant.

Heat Rate

The heat rate of the plant is the fuel heat input
required to generate a kwhr. It is used in evaluations
of power for the auxiliaries, when the power is pro­
duced within the plant. When back-pressure tur­
bines are used where the quantity of low-pressure
steam for heating and processing is well above that
required to generate the power for the auxiliaries,
or when turbine-driven auxiliaries are used to pro­
vide exhaust steam, the thermal cycle is very ef­
ficient, the heat rate is low (4000-5000 Btu per kwhr,
see Chapter 10), and the cost of auxiliary power is
correspondingly low.

Purchased Power Cost

Purchased power cost is the cost of power re­
quired to operate the auxiliaries when the power is
bought from outside sources.

Demand Charge

Demand charge represents the capitalized cost
of any additional capacity in boilers, turbines, and
generators necessary to generate the power required
for the auxiliaries. The demand charge is not al­
ways used, but in many cases, especially in public
utilities, its application is common practice. Where
two or more different types of firing are used, the
demand charge is based on the firing with the larg­
est ratio of gas weight to heat input, since the maxi­
mum installed kilowatts to provide the greater fan
power are required for this condition.
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Fig. 1. Capitalization in dollars
per million Btu (MkB) absorbed
per hr for changes in boiler effi­
ciency. Base conditions: 8000
hr per year; fuel cost, 300 per
MkB; capitalization rate, 10 %
per year. Use equation (1) in
text for conditions other than

base

Efficiency and Fan-Power Evaluation
Capital evaluation curves for the unit and for fan

power, over a range in efficiency at average present-
day high-load-factor and three-shift operation with
expensive coal or oil fuels, are presented in Figs. 1

and 2, respectively. The basic conditions applying
to these curves are noted below in each case. For all
other conditions, the evaluation of unit efficiency and
fan power is established by use of the pertinent
equations listed.

Fig. 2. Fan-power capitalization
in dollars per in, of water head
per million Btu (MkB) absorbed
per hr by boiler unit, for differ­
ent gas temperatures and values
of boiler unit efficiency. Base
conditions are given in text pre­
ceding equation (2). Use equa­
tions (2) to (7) for conditions

other than base
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Capitalization of Boiler Unit Efficiency

For Base Conditions (Fig. 1)
(1 MkB = 1,000,000 Btu)

Factors
N = heat absorbed in MkB per hr (avg)
T = operating time, hr per yr
C = fuel cost, 0 per MkB
Y = capitalization rate, % per yr

Base

1
8,000

30
10

Capitalization of Boiler Unit Efficiency in Dollars

For Conditions Other than Base

W nr c* i nCapitalization = Value from Fig. 1 X— X —-— X —- X —-i 5 1 8,000 30 Y

Capitalization of Fan Power
For Base Conditions (Fig. 2)
(1 MkB = 1,000,000 Btu)

Factors Base

X = I-D fan head, in. of water at 1,000,000 Btu absorbed per hr 1
V = F-D fan head, in. of water at 1,000,000 Btu absorbed per hr 1
G = gas weight, lb per 10,000 Btu input 10
A = air weight, lb per 10,000 Btu input 8
N = heat absorbed in MkB per hr (avg) 1
M = heat absorbed in MkB per hr (peak) 1
B = barometric pressure, in. Hg 30
T = hr per yr at N input 8,000
R = heat rate, Btu per kwhr 12,000
C = fuel cost, 0 per MkB 30
Y = capitalization rate, % per yr 10
P = power cost, 0 per kwhr 0.36
D = demand charge, $ per installed kw 150

Gas and Air Weights
(lb per 10,000 Btu input)

Firing G A

Natural gas 8.8 7.5

Fuel oil 9.1 7.8

Cyclone 9.4 7.9

Pulverized coal 10.1 8.0

Stokers 11.3 9.0

Blast-furnace gas 16.0 6.6

(1)
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Capitalization of Fan Power in Dollars
For Conditions Other than Base

(Base Values from Fig. 2)

When fuel cost applies:

= I-D fan base value XXX ^>< |x|x g^j X 12000 X 30 X Y

= F-D fan base value XVX yx|xj X X X 30 X T

(2)

(3)

When power cost applies:

= I-D fan base value XXXyX^X jX X y (4)

AT A QQ rp p 10

= F-D fan base value X VX7-X-7X sTirin X 7Ftr X V
JL O JD OyUUU u.OO A

When demand charge applies: (add to either of above alternates)

_ I'D fan base value Y M G 30 D f M ]3
~ L3 X A X T X 10 X B X 150 X | N J

_ F-D fan base value v M A 30 D (M I3
~ L3 X X 1 X TX B X 150 X { N J 

(6)

(7)

Feed-Pump Power Evaluation

Formulas for capital evaluation of feed-pump

power required by superheater and economizer
pressure chop are given below for the following
conditions:

Capitalization of Feed-Pump Power
Factors Base

FWnrg = lb fluid pumped per hr (avg) 1,000
FW,..k = lb fluid pumped per hr (peak) 1,000

AP = superheater or economizer pressure drop, psi 1
T — hr per yr at avg MkB per hr input 8,000
R = heat rate, Btu per kwhr 12,000
C = fuel cost, 0 per MkB 30
Y = capitalization rate, % per yr 10
P = power cost, 0 per kwhr 0.36
D = demand charge, $ per installed kw 150

Capitalization of Feed-Pump Power in Dollars
When fuel cost applies:

= O.5XAPX-ro^X

When power cost applies:

= o.5xApx^x

When demand charge applies:

= 0.4 X AP X X

JL_X J* _c io
8,000 12,000 30 Y

10
8,000 0.36 A Y

J) fFWpe.kl3
150 X ( FW.,S J

(8)

(9)

(10)
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Calculation of Evaluations for Capitalization

Example No. 1

Evaluation for Two Boiler Units
Fuel cost, natural gas, oil stand-by, 0 per MkB 12
Capitalization rate, % per yr 10
Demand charge, $ per installed kw 150
Heat rate, Btu per kwhr 12,500
Building space evaluation, $ per cu ft 2
Average steam flow, lb per hr 500,000
Peak steam flow, lb per hr 700,000
Operating time at avg steam flow, hr per yr 8,000
Barometric pressure, in. Hg 30
Heat absorbed by steam, Btu per lb 1,121
Total heat absorbed at avg rate, MkB per hr 560.5
Total heat absorbed at peak rate, MkB per hr 785.0

Unit No. 1 Unit No. 2
(Base) (Alternate)

Boiler efficiency at avg rate, gas fired, % 82.0 81.5

Draft loss at avg steam flow, gas fired, in. of water 4.5 5.5

Air resistance at avg steam flow, gas fired, in. of water 4.7 5.6

Draft loss, at peak steam flow, oil fired, in. of water 9.5 11.5

Air resistance at peak steam flow, oil fired, in. of water 10.0 11.9

Boiler exit gas temperature, F 320 340

Excess air leaving boiler, gas fired, % 17 17

Excess air leaving boiler, oil fired, % 17 17

Stated price of unit, $ 900,000 (debit) 800,000 (debit)

Capitalization, in $, for:
Difference in efficiency (0.5%) Base 39,240

Fuel cost for I-D fan Base 7,400 (debit)
Fuel cost for F-D fan Base 3,360

Demand charge for I-D fan Base 55,700

Demand charge for F-D fan Base 27,300

Difference in building volume 7,000 (debit) Base

Evaluated price (net) $907,000 (debit) $933,000 (debit)

. In this example. under the conditions established lower first cost, is actually the more expensive on an
for fuel cost, capitalization rate, demand charge, heat 'aluateu oasis.
rate, and building space evaluation, Unit No. 2, of
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Detailed Evaluation of Items Capitalized in Example No. 1

Difference in efficiency:

Value from Fig. 1 for gain of 1% in eff (from 81 to 82%) = $350/N

Value for loss of 0.5% in eff (from 82 to 81.5%) = $175/N
To correct for conditions of Example No. 1, use equation (1)

12
Capitalization for difference in eff = 175 X 560.5 X

Fuel cost for operating fans:

Value from Fig. 2 for I-D fan at 320 F & 82% boiler eff = $23.0

Value from Fig. 2 for I-D fan at 340 F & 81.5% boiler eff = $23.5

To correct for conditions of Example No. 1, use equation (2)
8 8 12,500 12

For I-D fan, Unit No. 1 = 23.0 X 4.5 X 785.0 X 777 X ~tttx X ™
JLU JLZijUUU uu

o o 19 gon 19
For I-D fan, Unit No. 2 = 23.5 X 5.5 X 785.0 X 77 X 7^7777 X

iv XZ,UUU OU

Additional capitalization required for Unit No. 2

Value from Fig. 2 for F-D fan at 81.5 or 82% boiler eff = $12.5

To correct for conditions of Example No. 1, use equation (3)
7 1 19 tfnn 19

For F-D fan, Unit No. 1 = 12.5 X 4.7 X 785.0 X v X X —
8 12,000 30

For F-D fan, Unit No. 2 = 12.5 X 5.6 X 785.0 X — X J^° X —
8 12,000 A 30

Additional capitalization required for Unit No. 2

Demand charges for fans: (Based on oil firing)

Use Fig. 2, as before, and equations (6) & (7) to establish values

For I-D fan, Unit No. 1 = X 9.5 X 785.0 X — X — X F8^?
1.3 10 A 150 A (560.5/

For I-D fan, Unit No. 2 = X H.5 X 785.0 X — X — X P85^?
1-3 10 150 A (560.5

Additional capitalization required for Unit No. 2

For F-D fan, Unit No. 1 = — X 10.0 X 785.0 X — X — X f785-0]3
1-3 A 8 A 150 A [560.5/

For F-D fan, Unit No. 2 = — X H.9 X 785 0 x ~ v 150 v f785’0?
1,3 . . 8 150 [560.5/

Additional capitalization required for Unit No. 2

= $39,240

= $29,800

= $37,200

= $7,400

= $18,100

= $21,460

= $3,360

= $235,300

= $291,000

= $55,700

= $144,300

= $171,600

— $27,300
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Example No. 2

Evaluation of a Pulverized-Coal-Fired Unit-Arrangements A, B, C

(Base and Two Alternates)

Fuel cost, bituminous coal, 0 per MkB 34 6
Capitalization rate, % per yr 18
Demand charge, $ per installed kw 160
Heat rate, Btu per kwhr 13,000
Average steam flow, lb per hr 100,000
Peak steam flow, lb per hr 125,000
Operating time at avg steam flow, hr per yr 7,500
Barometric pressure, in. Hg 27.0
Heat absorbed by steam, Btu per lb 1,200
Total heat absorbed at avg rate, MkB per hr 120.0
Total heat absorbed at peak rate, MkB per hr 150.0

A
Base

No Air Heater
or Economizer

B
Alternate

Air Heater only

C
Alternate

Air Heater and
Economizer

Boiler efficiency at avg rate, % 77.5 82.0 83.5
Draft loss at avg steam flow, in. of water 6.8 9.6 10.0
Air resistance at avg steam flow, in. of water 5.0 7.3 7.3
Boiler exit gas temperature, F 550 400 350
Economizer pressure drop, psi — — 10.0
Capitalization in $ for:

Increase in efficiency Base 131,190 (credit) 173,360 (credit)
Fuel cost, I-D fan Base 2,900 1,900
Fuel cost, F-D fan Base 2,500
Demand charge, I-D fan Base 5,700 <debll) 3,800 (debit)
Demand charge, F-D fan Base 5,400 4,930
Fuel cost, feed pump Base Base 406
Demand charge, feed pump Base Base 834 J

Evaluated worth (net) Base $114,450 $158,990

A clear understanding of the net results in the
above example is important: With A at base cost,
alternate B at $114,450 additional cost over A, and
alternate C at $158,990 additional cost over A, all

lee arrangements offer investments of equal finan-
Cla* return, and no definite choice is indicated on
such grounds alone.

However, the selection of an alternate over the
base arrangement is economically justified if the
increase in bid price, attributable to the additional
equipment of the alternate, is less than its evaluated
net worth: The greater the difference, the greater
will be the return on the investment.

23-27

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 241 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/241

https://asbestosclaims.law/library/25273/241


Detailed Evaluation of Items Capitalized in Example No. 2

Increase in efficiency: from A to B — 77.5% to 82%, and A to C = 77.5% to 83.5%

Values from Fig. 1 for A to B = $l,680/N, and for A to C = $2,220/N
To correct for conditions of Example No. 2, use equation (1)

ForAtoB=1,680 xgoox-x-x12

Fuel cost for operating fans:
Values from Fig. 2 for I-D fans: A = $31.7; B — $25.2; C = $23.3

To correct for conditions of Example No. 2, use equation (2)
TTAr r A „„ 10.1 30 7,500 13,000 34.6 10
I-D £a„ for A = 31.7 X 6.8 X ISO X X X w X X X

I-D fan for B = 25.2 X 9.6 X ISO X i?? X — X— X —X —— X--A A A jo A 27 A g 00Q A 12,000 A g() A
I-D fan for C = 23.3 X 10.0 X ISO X X X 1W 316 10

z, 10 27 8,000 12,000 30 18
I-D fan for B, capital cost of fuel for additional power — $26,500 — $23,600
I-D fan for C, capital cost of fuel for additional power = $25,500 — $23,600

Values from Fig. 2 for F-D fans: A — $13.2; B = $12.5; C = $12.2
To correct for conditions of Example No. 2, use equation (3)

F D fan for A — 13 2 X 5 X 150 X * X x 1^. x 1^000 346 10
F-D fan tor A _ 13. X X X g X X 8QQQ X 12,000 X 3Q X lg

F D fan for B — I9 5 X 7 3 X 150 X - X — X y 13,000 34.6 10
F-D c n or - 1-. X ■ X X 8 x 27 x 8 000 x 12 000 X 30 X lg

F-D fan for C = 12.2 X 7.3 X 150 X | X X X ^22 x 2L2 x 12.zx zx g zx 27 zx 8 000 zx 12 000 A 30 A lg
F-D fan for B, capital cost of fuel for additional power = $9,900 — $7,160
F-D fan for C, capital cost of fuel for additional power = $9,660 — $7,160

= $131,190

= $173,360

= $23,600

= $26,500

— $25,500

= $2,900
= $1,900

= $7,160

= $9,900

= $9,660

= $2,740
= $2,500

Demand charge for fan power:
Values from Fig. 2 for I-D fans same as above

To correct for conditions of Example No. 2, use equation (6)
T ~ r r A 31.7 tka xz 10-1 xz 30 „ 160 fl50FI-DfanforA = —X 6.8 X ISO X X X X

I-D fan for B = Si? X 9.6 X ISO X — X — X — X (—I’
1.3 10 27 150 A (120)

I-D fan for C = ~ X 10.0 X 150 X — X — X — X !—!’
1.3 10 27 A 150 A |120f

I-D fan for B, capitalized demand charge for added power = $52,200 — $46 500
1-D fan for C, capitalized demand charge for added power = $50,300 — $46,500

~ $46,500

= $52,200

~ $50,300

= $5,700
= $3,800
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Values from Fig. 2 for F-D fans same as above
TO correct for conditions of Example No. 2, use equation (7)

13 2 o '
F-D fan for A = ~ X 5.0 X 150 X - X — v 160 xz I ISO]9

8 27 * 150 X —
19 5 “ J

F-D fan for B = -7- X 7.3 X 150 X - X — x 160 xz f 150l3
8 27 X 150 X ®

19 9 '
F-D fan for C = x 7.3 X 150 X - X — x 160 xz f 150)3

113 8 27 X 150 X

S fon tr c: ss
r ana cnarge for added power = $19,030 - $14 100

Fuel cost for added feed-pump power: (for economizer pressure drop)

To calculate for conditions of Example No. 2, use equation (8)

Feed pump for C = 0.5 X 10 X 1^222 v ^,500 xz 13,000 34.6 10
A 1,000 xwxlT66oX—Xlg

Demand charge for added feed-pump power: (for economizer pressure drop)
To calculate for conditions of Example No. 2, use equation (10)

Feed pump for C = 0.4 X 10 X 125,000 160 f125,000 2
1,000 x 150 xlwoo '

= $14,100

= $19,500

= $19,030

= $5,400
— $4,930

= $406

= $834
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Boiler shops are called upon to manufacture parts
AS SMALL AS AN OIL BURNER SPRAYER PLATE AND AS

LARGE AS A 104-FT 230-TON DRUM

24

PRINCIPLES AND METHODS OF MANUFACTURE

F
abrication of the pressure and nonpressure parts
and of the auxiliary equipment for modem
steam boilers involves a great variety of skills

and unique manufacturing techniques and requires
facilities for almost every metal-working and metal­
forming process. Inasmuch as the majority of boilers,
particularly in the larger industrial and utility ap­
plications, are specially designed to meet the cus­
tomer’s requirements, most of the pieces, subassem­
blies, and assemblies that make up the complete unit
must be individually designed and shown on separate
shop drawings. Thus, fabrication of steam boilers is
almost pure “job shop” in character, with only a
small segment that could be classified as a quantity­
production operation.

The brief sections of this chapter cannot hope to
give a complete picture of the many intricate
manufacturing processes. Their purpose is to show
some of the prominent equipment and procedures
which are necessary for the proper manufacture of
components of steam-generating equipment.

Drum Fabrication

The frontispiece for this chapter shows a large
steam drum for a utility boiler on the shop floor. In
this case, the drum is made up of three cylindrical
sections, or courses, and two hemispherical!}7 shaped
heads. The many large stubs and nozzles along the
length of the drum are connections to flow circuits
for the steam-generating and steam-superheating
surfaces of the boiler unit. The large nozzles along
the bottom of the drum and the push-outs shown
°n the hemispherical head are connections from
the drum to the downcomers, through which the
water is carried to supply the various circuits in
the generating system.

Fabrication of a drum of this type begins with the
pressing of flat plate into half cylinders or the roll­
ing of plate into full cylindrical shells. Fig. 1 shows
one the larger presses used for this purpose, and

ig 2 a close-up of the pressing operation in the
earty stages. A plate-rolling operation in a set of

Fig. 1. Large hydraulic press for forming heavy plate
into half cylinders for pressure vessels

Fig. 2. Template checking the contour of a drum plate
being formed into a half cylinder
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vertical rolls may be observed in Fig. 3. Rolling of
plate into complete cylindrical sections is the process
used for short vessels that can be made in a single
course. For large drums, the normal procedure is
to press plate into half cylinders or shells in lengths
up to 42 ft and to form a cylinder by longitudinally
welding two half shells together. The desired drum
length is obtained by circumferentially joining as
many such shells as are required.

Fig. 3. Checking the contour of a cylindrical section
rolled from heavy plate

Drumheads are formed from flat plate by hot-
pressing with suitable forming dies. This operation
is shown during its initial stages in Fig. 4. Drum­
heads are attached to the completed cylinder by
circumferential welds.

No single feature in the construction of boiler
drums and other pressure vessels has contributed
more to the increase in size and functional capability
of boilers than has the development of welding
techniques. Based on extensive research during the
years 1926-1928, The B&W Co. developed a weld­
ing process that consistently produced welds as
strong as the parent plate and chemically compar­
able to it. A practical nondestructive method of
testing to prove the weld was also developed. On
September 17, 1929, a proposed specification for
electric-arc welding of pressure vessels was sub­
mitted by the Company to the Boiler Code Com­
mittee of the ASME. In 1930 this committee issued
complete rules and specifications for the fusion weld­
ing of drums for power boilers. In the same year the
U.S. Navy also adopted specifications for construc­
tion of welded boiler drums for naval vessels.

Automatic techniques are used for the greater part
of the welding on a boiler drum. Fig. 5 shows a
double-submerged-arc welding machine in operation
on a longitudinal seam. The filler metal, in wire form,
is continuously fed to the arc area, which is com­
pletely covered by a granular flux to exclude air
from the weld-metal area. During the operation, the
electrode carriage moves along the seam from one
end to the other. Many passes may be required,
depending upon the plate thickness, the material
specifications, and the form of the welding groove.

Fig. 4. Hot-forming a drumhead from heavy plate in
a special press

Fig. 5. Welding longitudinal drum seam with double­
su mi.rged-arc machine. Note test plate at end of shell

For submerged-are circumferential welds, the
•'uni is mounted on a turning device and rotated 

while the welding head and the flux-applying equip­
ment are stationary. Prior to and throughout all weld­
in a operations, a preheat is applied to the weld area
t0° avoid detrimental stress conditions and metal­
lurgical transformations. This preheat is maintained
after welding until the vessel is stress-relieved.

In recent years advances in engineering designs
and the development of high-strength high-temper-
ature alloys have required new welding techniques.
The atomic-energy programs uncovered certain in­
adequacies of existing methods. This new field is
one in which the integrity of the system being
fabricated must be beyond question, since even a
minor weld failure could destroy the usefulness of
an entire plant.

What was formerly considered sound welding is
often unsatisfactory for nuclear application. Old
techniques and procedures had to be discarded and
new ones developed, especially for welding stain­
less steels. Thus today the use of an inert gas, such
as helium or argon, to protect the welding zone from
oxidation and at the same time eliminate slag entrap­
ment, is a commonplace production method. Other
developments that will contribute significantly to
the quality of the welded joint and appreciably in
crease the deposition rate of weld metal are currently
nearing productive applications.

Nozzles and stubs are formed by hot-forging from
a solid billet. Larger connections may be integral
with the heads, as shown in the frontispiece, formed
from rolled plate, or made of seamless tubing as are
those shown along the bottom of the drum in the
same illustration. Attachments to the drum are made
by hand welding.

Every drum fabricated must be subjected to a
stress-relief heat-treatment after all welding on the
drum has been completed, and in most cases several
heat-treatments are required during the course of
construction of the drum. In instances where the ap­
plication requires high impact strength, formed
heavy plate is water-spray quenched to cool it rap­
idly from 1600 to 600 F through the transformation
range. This heat-treatment is followed by normal
stress-relief, which consists of heating to 1150 F,
soaking for one hour per inch of thickness, and fur­
nace cooling to 600 F. Fig. 6 shows the withdrawal
of pressure-vessel parts from one of the large stress­
relief furnaces.

Every inch of every seam weld in a drum and
numerous other welds must be subjected to radio­
graphic examination. For this purpose extensive
X-ray equipment of a wide range of power, from
portable machines rated at 400,000 volts to the
->0' 1000-volt machine shown in Fig. 7, is provided.
Sur dementing the X-ray equipment are radioactive
iso. pes, <.1^ as cobalt-60, dye-penetrant methods of
ins action for locating fine surface defects, and mag­

fig. 6. Stress-relieved pressure vessels emerging from
heat-treating furnace for further fabrication

netic-particle methods for defects just slightly below
the surface of the material. Recently, rcflectoscopic
examination utilizing ultrasonic vibrations has been
adopted as standard testing procedure on all heavy
plate for pressure vessels.

Fig. 7. Registering 2-million-volt X-ray machine on cir­
cumferential seam of drum for radiographic examination
of weld. Film cassette is positioned on inner surface

Throughout the fabrication process of any pressure
vessel, all work is conducted under the strictest sur­
veillance of the Company’s Quality Control Depart­
ment to insure compliance with the ASME codes,
Company standards, governmental standards, and
customers’ requirements. All materials used for pres­
sure parts are certified as to specifications by wet
chemical analysis, spectroscopy, physical tests for
tensile, bending, and impact strengths, and metal­
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lurgical checks of the material. During the welding
of longitudinal seams, a test plate, from which test
coupons are later machined, is attached to one end
of the drum and welded as an extension of the drum
shell. Fig. 5 shows a test plate attached to a drum
in position. A laboratory examination of the test-plate
weld is made to check the quality of the drum weld.
Other tests are for ductility, tensile strength, sound­
ness, and chemical composition.

After all welding of pressure parts has been com­
pleted and found satisfactory, the vessel is hydro­
statically tested at 1J> times the design pressure, in
accordance with the ASME Boiler and Pressure
Vessel Code requirements. The vessel is then ready
for the finishing operations, which include installa­
tion of minor attachments and of the internals. Fig.
8 shows the internal-baffling arrangement for a large
steam drum partially preassembled on the shop floor.
This structure later will be knocked down and re­
assembled inside the steam drum for shipment with
the drum.

welds can be done quickly and economically und
controlled conditions in the Works.

Fig. 9. A large superheater header of low-alloy steel
in the final stage of fabrication

Fig. 8. Partially assembled internal baffling for a
steam drum

Headers as Terminal Pressure Vessels

Headers are used extensively in modern steam
boilers as a means for joining two or more boiler
circuits. Headers are of smaller diameter (under
about 24-in. ID) than drums and can be fabricated
from seamless tubing or hollow forgings. Access to
their interior is through handholes, whereas drums
have manholes for ingress and egress of individuals.
Fig. 9 shows a superheater header nearing comple­
tion of fabrication. Many bent tubes (stubs) and
tee connections have been shop-welded to the 20-in.
OD, 4/2 in. thick, 50 ft long superheater header
shown in Fig. 10. All welds to pressure vessels are
completed in the shop, so that stress-relieving of 

Fig. 10. Bent tubes (stubs) and tee connections (oppo­
site side) shop attached to a large superheater header

Complete facilities are available for the manu­
facture of large-diameter heavy-wall tubular stock.
This equipment consists of electric-arc furnaces for
producing the required ingots, an 8500-ton press
used for initial piercing of the ingots, a 1200-ton
drawbench for reducing outside diameters and wall
thicknesses and extending the lengths of the pieces,
a multiplicity of engine lathes for machining the
outside and inside diameters of the produced pieces,
and numerous types of special test equipment for
checking and controlling the quality of the finished
products. Some of these various items of equipment
are shown in Figs. 11, 12, and 13.
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Fig. 11. Tapping an electric-arc furnace preparatory to
casting ingots for large hollow forgings

Fig. 12. Cupped forging leaving piercer pot of vertical
press, ready for drawing into tubular stock

Fabrication of a large header, such as siown in
Fig. 9, begins with circumferentially welding ie
required pieces of pierced and drawn hollow - ore>^1»
stock to obtain the desired length. The en s o ie
header stock are then spun hot until closed, as s10'
in Fig. 14. To assure absolute tightness after sp
ning, the center portion of the closure is ri e
and replaced by a fusion-welded steel plug. 0
larger headers, when the outside diameter exce
the capacity of this spinning machine, tie en
die headers are closed with a forged hemisp ,
head in an operation very similar to that pre
described for drumheads.

Fig. 13. Huge drawbench converts 26,000-lb pierced
ingot into long hollow forging

Fig. 14. Header end closed by hot-spinning

Completion of the header includes drilling and
machining of tube and nozzle holes, fitting and
welding the nozzles, stubs, and other attachments,
heat-treating, cleaning, and finishing operations, all
of which are conducted under strict quality control.
Some of these operations are shown in Figs. 15, 16,
and 17.

While the majority of headers today are circular
in cross section, there are some applications where
square headers are suitable. The fabrication process
for these is similar to that described above, except
that, prior to closing the ends, the header stock is
changed to a square cross section by passing it
through a set of rolls while at forging temperature.
Also, the staggered, or sinuous, headers are still
popular for certain types of marine boilers. Fig. 18
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Fig. 15. Fusion welding nozzle connections to a
large header

Fig. 1 6. Shop assembly of two connecting headers

shows a group of such headers. Fore and aft nests
of sinuous headers are joined by straight tubes to
form the convection sections of boilers. This arrange­
ment gives convenient access for inspection and
cleaning of the tubes. The particular shape of these
headers is obtained by a forging operation in a
stagger press equipped with exterior forming dies
working against a collapsible sectional mandrel.

Fig. 17. Bank of radial drills used for fabricating headers

Fig. 18. Partially fabricated sinuous headers for
marine boilers

Tubes as Heat-Absorbing Surface

Tubes, in an almost endless variety of arrange­
ments, serve as the heat-absorbing surface and
provide flow circuits in today’s steam boilers. Tubes
range from 1 to 4f> in. in diameter and may be
plain or fitted with studs for extended surface, as in
the case of some furnace-wall tubes.

Functionally, tubes of a steam-generating unit may
be divided into two general classifications: tubes for
heating surface to heat water or convert water into
steam, and tubes for heating surface to superheat
the steam.

In smaller industrial boilers used principally for
heating or process steam, the majority of the gen­
erating surface is of the convection type. For power
boilers, on the other hand, the generating surface is 

-4 6

generally limited to the tubes forming the furnace
qnd setting enclosures. Heat transfer is by radiation
•ather than by convection in such units.

1 For the larger units, past practice was to fabricate
and ship each wall tube as an individual item. This
required a piece-by-piece field assembly during
erection. Today, preassembly of wall panels in the
shop to facilitate field erection is rapidly growing in
importance. The latest design of panel walls is a
“membrane” construction of furnace and setting
walls. This construction is shown for the major part
of the preassembled wall section, Fig. 19, where the

Fig. 19. Membrane-wall assembly of steam-generating
surface

space between wall tubes, from the top header
down to the lowest angles, is closed with a metal
filler piece continuously welded on both sides to the
adjacent tubes. The result is a gastight metal wall
surrounding the enclosed volume. A close-up view
of a membrane-wall panel is shown in Fig. 20.

fig. 20. Close-up view of membrane-wall assembly

This design eliminates the need for a pressure-
tight casing, and reduces the cost of field erection.
Walls of this type are assembled on a table in sec­
tions 10 ft wide and up to 90 ft long. The membrane
is then welded to the tubes by the submerged-arc
process, with a traveling head feeding a number of
electrodes simultaneously. The machine for this oper­
ation is shown in Fig. 21.

Fig. 21. Machine equipped with trolley carrying six
welding heads which operate simultaneously in fabricat­

ing a membrane wall

Where bends in the panel are required, wall sec­
tions of this type are bent to required radius and
degree after assembly of panels, using a multiple die

Fig. 22. Bending a membrane-wall panel between
special multiple dies
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which may encompass as many as 60 tubes. Fig. 22
shows a membrane-wall section being bent in special
multiple dies.

"While wall-type surface, such as described above,
is used to some extent for superheating purposes,
most convection superheaters use continuous-tube
sections. A typical section of the pendent type is
illustrated in Fig. 23. Convection superheater platens
are made from relatively short lengths of straight
tubes which are first bent and then welded together
to give the configuration shown. All of the bends are
formed cold except the inside hairpin bend, which
must be made hot.

Fig. 23. Pendent superheater platens ready for
finishing operations

Close return bends are made by first upsetting
a section of straight tube to increase its wall thick-

Fig. 24. Automatic buff-welding machine for making
continuous-tube platens. Note newly made weld and

other welds in completed portion

ness at the location for the bend and then hot-bend­
ing and sizing to the desired dimension. The pre­
pared ends of the resulting canes are joined by an
automatic butt welder to form the section. In addi­
tion to forming the weld, this machine also heat-
treats the weld (see Fig. 24).

To complete the platen, supporting lugs are fitted
and welded into position, a hydrostatic test at
times the design pressure is applied, and the section
ends are milled to exact lengths and beveled for
field assembly. The sections are then painted and
ready for shipment.

Structural Steel and Casings
As many as 4000 tons of structural steel may be

required for the support of a modern central station
boiler unit designed to produce 3 million lb steam
per hr. The structural framing for the unit may
reach a height of 290 ft from the column base to the
top steel. This is the equivalent of a 28-story build­
ing. The area enclosed by the framing may exceed
13,000 sq ft. Most of the structural material required
is readily available in standard mill shapes. How­
ever, in some cases the horizontal members that
directly support the heavy loads must be fabricated
from plate and standard-shape material.

Most boilers are enclosed with an inner casing of
light-gage flanged sheet metal applied on the outer
side of the wall tubes and welded to casing chan­
nels and buckstay supports in such manner as to
provide for expansion and contraction in the boiler
unit. Inner casing acts as a barrier to air infiltration
on suction units and prevents outward leakage on
pressurized units. It is not required with membrane­
wall construction, as explained above. The boiler
is insulated completely over the inner casing. On
some units metal lagging is applied to the outside
surface of the insulation to protect it from me­
chanical damage and to enhance the appearance of
the unit and its housekeeping. It also provides pro­
tection against the weather on an outdoor instal­
lation.

Fuel-Burning Equipment

The B&W Co. manufactures a great variety of
fuel-burning equipment for all types of fuel, includ­
ing oil, gas, coal, combinations of these standard
fuels, and many special fuels. This is one of the
principal areas where standardization of product
has been possible to a large extent and manufactur­
ing techniques in some cases approach those of mass­
production industries. One example is the manu­
facture of Cyclone Furnaces. Fig. 25 shows a num­
ber of these furnaces in the process of assembly on
the shop floor.
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Fig. 25. Cyclone Furnaces in the process of assembly

Cyclone barrels range from 5 to 10 ft in diameter
and are composed of semicircular-shaped tubes
joined to form a cylinder (see Fig. 26). Note the
detail of the throat area in this and the preceding
figure. Since large quantities of duplicate tubes are
required to form a cyclone, jigs, fixtures, and power-
operated equipment are used to minimize the
human effort for these repetitive operations.

to insure that ASME Code and Company standards
are met. Before shipment to the job site, plastic
chrome ore is applied to the stud tubes on the inside
of the furnace barrel and the outside is covered with
a protective skin casing.

The B&W coal pulverizer is another well-stand­
ardized product of the Company. Fig. 27 shows a
partially assembled coal pulverizer on the shop floor.

Fig. 27. B&W pulverizer nearing completion of
shop assembly

Fig. 26. Interior view of a Cyclone Furnace during
shop assembly

Cyclone Furnaces are completely shop assembled
^ erection frames that permit stress-relief of tie
finished product. This enables close quality control 
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The outer casing or housing of this pulverizer is a
steel weldment formed from rolled plate and other
standard shapes. The base of this machine is a large
gray-iron casting manufactured in the Company’s
foundry. Within this base, the main spiral bevel gear
and its driving pinion are mounted. During oper­
ation, these parts are completely flooded with lu­
bricating oil, and the need to maintain cleanliness
of this oil requires close manufacturing tolerances
to insure that the seal separating the driving and
grinding parts of the pulverizer shall successfully
prevent coal dust from entering the lubricating
system. The grinding rings arc cast of wear-resistant
alloy. Chill blocks, inserted in the mold at the
grinding surface of the ring, cause the rapid cooling
necessary to develop the required high wear-resistant
quality. Pulverizer balls are produced by hot-forg­
ing from billets of selected alloy steel (see Fig. 28).
After forging, the balls require heat-treatment to
insure proper hardness and wear characteristics.

There are many operations in the production of
a pulverizer. Some parts require machining, such as
the seals and gearing described above. Others too
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Fig. 28. Press used to forge pulverizer balls from
alloy-steel billet

hard for machining, such as the grinding rings of a
pulverizer, must be ground to the finished dimen­
sions. Pressing, rolling, welding, bending, shearing,
and drilling are examples of additional operations
required. Each pulverizer fabricated is shop assem­
bled and run-in prior to shipment.

Tooling

There are more than 2000 machine tools in the
shops of the Boiler Division of the Company. These
include practically every type of standard machine

Fig. 29. Machining the edge of a pressure vessel in
a vertical boring mil!

tool, such as vertical and horizontal boring mills,
milling machines, planers, drilling equipment, turret
and engine lathes, grinders, and slotters. In addition
to these standard tools, there are a number of tools
designed, and in many cases built, by the Company
to perform unusual operations. Some of these ma­
chines are shown in Figs. 29 through 32. As is
evident from examination of these illustrations, the
outstanding characteristic of the B&W shops is the
ability to fabricate heavy equipment.

Fig. 30. Gun drill makes extremely accurate holes
through 12-in. plate in less than 6 minutes

«ig. 31. Cold-bending a large-diameter heavy-wall
:uhe. Mote out-of-plane bend at end of tube
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Fig. 32. Machine for spot welding a thin sheet of stain­
less cladding to heavy steel plate for subsequent

fabrication into a lined pressure vessel

Nuclear Components
In recent years the increasing participation of the

Company in programs for the development of
nuclear-power applications has served to demon­
strate the need for additional tooling, new manu­
facturing methods, and an adequate site for the
assembly of components. Fig. 33 is an interior view
of the newly completed building that was specially
constructed for assembly operations. It is supplied
with filtered air and maintained at a positive pres­
sure to minimize the entry of dust.

Heat exchangers are an important part of a nuclear
power plant. They are built to exacting specifica-

f'9. 33. Facility for assembly of nuclear-application
components

tions. Figs. 34 and 35 show a U-shaped heat ex­
changer in the process of assembly. The multitude
of tubes must be properly positioned and assembled
for maximum fluid tightness. After the tube-expanding
operations shown in Fig. 35, the protruding tube
ends are trimmed and seal welded to the tube sheet.

Fig. 34. Installing tubing in a U-shaped heat exchanger
for nuclear application

Fig. 35. Expanding tubes into tube sheets of
heat exchanger shown in Fig. 34

The heaviest equipment and the vital part of a
nuclear plant is the reactor itself. Fig. 36 shows the
head of a nuclear reactor vessel in its final stages of
machining. Prior to forming, the interior of the
head was clad with stainless steel by the machine
shown in Fig. 32.
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Fig. 36. Head for a nuclear reactor vessel formed
from B&W clad plate

Certain components must be clad after they have
been formed. Fig. 37 shows a large flange for a
nuclear reactor being clad internally with stainless
steel by the submerged-arc automatic-welding proc­
ess.

Another heavy component of a nuclear reactor
pressure vessel is the closure head through which
the control rods must operate. Finishing operations
on such a head are illustrated by Fig. 38.

Fig. 38. Horizontal boring mill finishing the inside sur­
faces of control-rod holes in a closure head for a

nuclear reactor pressure vessel

Fig. 37. Applying stainless steel cladding to the inside
surface of a flange

General

Practically all of the various components manufac­
tured by the Company must be built to close toler­
ances. This is particularly true of equipment and parts
that are shop assembled, such as pulverizers, Cyclone
Furnaces, drums, and headers. It is also important
for the thousands of parts which are shipped to an
erection site remotely located from the manufactur­
ing base. Such parts as these must match other parts
in the field, as errors or inaccuracies require exten­
sive and costly correction and cause delay in tire
erection process. These considerations, as well as the
requirements of the ASME Code, various govern­
mental agencies, the customer, and insurance com­
panies, lead to emphasis on inspection and quality
control of the extremely heavy equipment which
characterizes the operations of The B&W Company.
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PRINCIPLES AND METHODS OF INSTALLATION

. few boiler types are small enough to permit ship-
ment completely assembled. Some marine and

JF^industrial boilers of moderate capacity are in
this class. They usually weigh less than 50 tons and
can be loaded on a single freight car. Larger in­
dustrial and central station units are shipped as com­
ponents in various stages of fabrication and sub­
assembly, as in Fig. 1. A large central station boiler
may weigh 5000 tons and require several months and
three hundred cars to ship the material to the site.
The field assembly of a high-capacity steam-gener­
ating unit requires efficient, well-engineered, and
well-organized erection methods to permit installa­
tion of the equipment within a reasonable time and
at a minimum cost without sacrifice of quality.

F|g- 1. Erection work starts on a central station boiler unit

The erection of a steam-generating unit represents
? pai-t of the investment and has a tremendous

ueu on its functional performance. The manu-
actuier must have an erection organization to de­

velop techniques that will complement the designer’s
skill and the fabricator’s craftsmanship. Boiler com­
ponents must be on the job site at tire right time with
the necessary tools, equipment, manpower, and su­
pervision for assembly.

Good staff work is essential in planning and coordi­
nating the installation of a steam-generating unit. Ac­
curate estimates are needed for: 1) determination
of the duration and cost of erection; 2) intelligent
planning of all phases of the job; and 3) sales pric­
ing purposes. Schedules coordinate shop fabrication
with field erection in such manner that time is util­
ized to best advantage.

Design details are reviewed as they are developed
to avoid difficult assembly operations. In order to
have adequate tools, equipment, and facilities avail­
able on the job when needed, preparations are made
well in advance of material shipments. Periodic visits
to the site are made by erection personnel to reserve
and arrange space for storage of material and parts
and to insure unrestricted access to the building for
drums and other large pieces. The Company main­
tains a corps of trained erection superintendents to
take charge of the many different types of projects.
As the job proceeds, liaison is maintained between
the field superintendent and the several other de­
partments of the Company whose efforts must be co­
ordinated for maximum effectiveness. A cost-control
system, with other staff functions, keeps manage­
ment continuously advised on progress and costs.

Time and Cost Estimates

There is no fixed relationship between boiler ca­
pacity in lb of steam per hr and cost of field assembly.
The factors that influence the design of boilers are
too numerous. The fuels to be burned determine the
furnace shape and volume, with consequent varia­
tions in size and weight of component parts. Higher
pressures result in greater tonnage of materials.
Higher temperatures require more field welds in
alloy tubes and pipes. Design improvements and 

25-1

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 249 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/249

https://asbestosclaims.law/library/25273/249


additions for increased efficiency affect installation
costs. Coal-fired boilers with soot blowers and ash-
and slag-removal devices cost more to build than oil-
or gas-fired units of similar capacity.

A breakdown of weights and quantities of com­
ponents must be available to estimate the field­
erection cost of a steam-generating unit. The basic
quantities are multiplied by man-hour units that
have been compiled from reports on similar boilers
erected during the previous five-year period. Man-
hour units on a tonnage basis are used for struc­
tural supports, drums, headers, tubes, casing, super­
heaters, economizers, and air heaters. Man-hour units
on other bases are applied to operations like welding,
stress-relieving, and tube expanding. The sum of the
various unit totals equals the man-hours of produc­
tive labor required. A further sum, usually a per­
centage, must be added for general operations, su­
pervision, field equipment, maintenance, and cleanup,
as these items cannot be charged to individual com­
ponents. This total can reasonably be tempered by
factors pertaining to site conditions, geographical
location, and available time for completion. Total
man-hours are multiplied by field-labor rates, with
additions for insurance, taxes, and other overheads, to
obtain dollar costs. Field-labor rates vary so widely
that it is preferable to use man-hour requirements
rather than dollars in comparative studies of erec­
tion costs.

While there is no definite relationship between
steam capacity in lb per hr and the cost of field
assembly of boilers, there is an approximate relation
between the kw capacity of the electric-generating
equipment and the erection cost of the boilers
serving it. This approximate relationship holds even
though the boilers may be of different types, reheat
or nonreheat, and designed for different temperatures
and pressures. Field-erection requirements for coal-
fired boilers vary from 1 to 1)4 man-hours per kw
capacity; for gas-fired boilers, from 21 to 1)1. These
requirements do not include allowances for struc­
tural supports, dust collectors, ash-removal equip­
ment, and power piping.

The elapsed time needed to erect a complete
steam-generating unit is largely a function of man­
hours. There is a limit, however, for any given size
of unit, to the number of men that can be used
during any given stage of erection. If more than the
optimum number are employed, the lack of adequate
places for them to work results in excessive costs.
Fig. 2 shows the number of weeks required for vari­
ous man-hour expenditures on single boiler units
and the maximum number of men that can be em­
ployed efficiently at peak operations. Fig. 3 shows a
manpower graph for a job of 100,000 man-hours em­
ploying 75 men at the peak of construction. These
schedules are based on single-shift operation with a

ESTIMATED MAN-HOURS IN THOUSANDS

Fig. 2. Graph showing number of weeks and number of
men required for boiler erection related to total man-hours

40-hour week. The erection period can be reduced
by multiple shifts or overtime. These procedures in­
crease total erection costs because of inefficiency
and higher wage scales.

Fig. 3. Manpower graph for boiler requiring 100,000
man-hours for erection

Erection Schedule
After- the sale of the boiler and following a study

of contract requirements, a field-erection schedule is
prepared and given to the Works to serve as the basis
for shop fabrication and shipment. This schedule
shows, in considerable detail, when each component
will be needed at the site. The projected sequence of
erection steps must make allowance for the expected
manufacturing time, the shipping characteristics, the
accessibility of the site, and the time available to
complete the assembly. Certain general sequences
are mandatory because of size, location within the
structure, and method of support of the parts. The
erection schedule, with additional information from 
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the engineering, purchasing, and fabricating depart-
ents is incorporated in a production schedule. This

^hedule must be distributed within the Company
S d the customer’s organization in order to coordi­
nate boiler erection with other plant construction
work.

Review of Design Details

The early design drawings are reviewed by erec­
tion personnel with representatives of engineering,
manufacturing, and shipping departments for maxi­
mum effective coordination. The dimensions of shop-
assembled components, such as furnace-wall panels,
burner casings, and duct work, are limited by clear­
ances on railroad and shipping rights of way. Shop
assembly reduces field work and, when supple­
mented by ground assembly at the job site, leads
to lowest construction costs. Design details are re­
viewed to assure the best shop- and field-assembly
requirements. Preliminary plans for hoisting heavy
members determine the lifting-lug and hanger re­
quirements. Within the limits of practical economics,
these attachments are generally made in the shop.
Otherwise, advance information is obtained to pro­
vide them as part of the tool equipment for the job.
During the design review, the locations of field welds
in tubes, pipes, and other pressure parts are deter­
mined. Such joints must be few in number, con­
sistent with size limitations, and so located as to
leave clearance for welding and stress-relieving
operations.

Selection of Tool Equipment
Many types of power equipment are needed for

unloading, hauling, and positioning the heavy assem­
bled sections and components of modern boilers. The
amount of material that can be handled manually is
almost negligible. Between 25 and 50% of the man­
power is employed on welding and stress-relieving
operations during various stages of construction.
Equipment for this work must be available when
needed. Construction buildings, trucks or flat cars
for moving material, and hundreds of hand tools and
hardware are necessary for general construction work.
The exact pieces of equipment furnished to a par­
ticular job are determined by economic considera­
tions. Where schedules are tight or job-site condi­
tions unusually severe, a greater outlay for equipment
niay be justified than under more favorable cir­
cumstances.

The B&W Co. has a large assortment of derricks,
(nobile cranes, winch trucks, hoisting engines, weld­
lug machines, air compressors, and other construc­
tion tools upon which to draw. With the exception
°f cranes, this equipment is shipped to and from the
Warehouse and maintenance center at Barberton, O.

Preparations at the Job Site
Details of storage, handling, and erection must be

thoroughly reviewed on the job site with the cus­
tomer and the contractor before starting shipment.
Provisions must be made for:
1. Adequate storage space near the site, varying from

a few hundred sej ft to several acres, depending
upon the size of the boiler. (The storage area
should be served by railroad tracks with a spur
leading to the erection area. Roadways must be
available for movement of material by trucks and
for access by movable cranes.)

2. An erection field office, tool and material room,
and a change room for the workmen (see Fig. 4).

3. Compressed air and electric power suitably located
at the boiler site.

4. Drinking water and sanitary facilities.
5. Stairways and walkways to permit safe access and

working conditions around the boiler.
6. A derrick (if required) on the roof for raising ma­

terial (see Fig. 5).
7. Omission or removal of structural members to give

necessary access for erection of large components.
8. Opening in buildings, such as hatchways in the

roof and large doors in the walls at ground level.o o

Fig. 4. Temporary field office used by erection force
during assembly of boiler unit

Some boiler installations are outdoors with no
permanent roof; others are in enclosed buildings. In
either case a decision must be reached concerning
the weather protection to be furnished by each con­
tractor on the job. Foundations for boilers and aux­
iliary equipment are usually designed and con­
structed by the customer or by an engineering firm
specializing in this type of work. Drawings indicat­
ing size and location of anchor bolts, conduits, open­
ings, and the loads to be carried are supplied by the
equipment manufacturers. All foundations must be
completed and checked for compliance with specifica­
tions and instructions before erection work is started.
This avoids subsequent costly delays, interferences,
and alterations.
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Fig. 5. Stiff-leg derrick located on roof of building
for handling boiler material

Material Handling and Storage

When shipments from manufacturing plants arrive
at tire job, a crew must be on hand to unload them.
The proper placing of parts and equipment in storage
is essential. Most of the material is stored outdoors,
with sufficient blocking to keep it out of dirt and
water. Large machine components, fans, pumps,
valves, and similar items may be stored outdoors if
waterproof coatings are applied to protect finished
surfaces. Welding electrodes, instruments, small fit­
tings, and similar items are moved into buildings or
waterproof sheds. The storage yard is divided into
numbered plots, and records indicate the location of
the various parts stored. A numbering system is also
used for inside storage bins. Fig. 6 shows a typical
material-storage yard.

Fig. 6. Boiler unit components in field storage convenient
for assembly at boiler site

Contents of freight cars and trucks are checked
against material lists. A material inventory must b
made before work is started to disclose any short
ages of components. This check should include minor
items. Shortages must be eliminated to prevent in­
terruption of the work. Planning is greatly simplified
if all material is at the job site before erection is
started. This is seldom achieved, so material arrival is
usually scheduled to satisfy assembly sequences and
to provide working points for the largest possible
working force. There must be a great many places
where men can work, with alternate places to move
when difficulties arise.

Derricks, cranes, hoists, welding machines, and
other tools are delivered with the early shipments of
material. These are set up for use as the organization
expands and as assembly operations develop.

Erection Procedure

A central station steam-generating unit usually is
composed of a drum, water-cooled furnace, two-stage
superheater, reheater, economizer, air heater, fuel­
burning equipment, fans, flues and ducts, soot blow­
ers, control equipment, and many other auxiliary
items (see Fig. 7). All of these must be properly

■ ig. 7. Side view of boiler unit indicating nomenclature
of components

sitioned, assembled, and supported to form a com­
plete unit. The procedure followed is of utmost im­
portance in conserving time, manpower, and money.

Structural Supports. Erection of the steel supports is
the first step in building the unit. This is done by
conventional methods using cranes and derricks.
Some members may be omitted temporarily to allow
access for drums, tube assemblies, and other large
nieces. The omission of members must not jeopardize
the stability of the structure. Stairways and walk­
ways are completed to the fullest possible extent to
nrovide safe access to all parts of the unit.
P Since many of the structural members govern the
location of boiler and auxiliary components, utmost
care must be taken in the alignment of supporting
steel with established center lines. After the struc­
ture has been aligned and plumbed with guy wires
and bracing, the members are rigidly connected with
high-tensile bolts or rivets. High-tensile bolts, tight­
ened by a procedure that insures full strength at each
connection, are increasingly preferred to rivets.

Drum. The drum is the first major boiler component
to be put in place after the structural steel has been
erected. The drums for the largest boilers built today
exceed 200 tons in weight and 100 feet in length. To
clear building steel, the drum is usually raised out of
level by as much as 60 degrees. Fig. 8 gives load and
hoisting-angle relationship. The tackle block attached
to the higher end carries considerably more than half
the weight of the drum. Drum rigging must be
absolutely safe, and details are worked out when tool
equipment is selected for the job. Fig. 9 shows a
typical drum-lifting arrangement using lugs which

PER CENT OF WEIGHT CARRIED BY LINE TO HIGHER LUG

Fig. 8. Load and hoisting-angle relationship as applied
to lifting symmetrically supported drum

were shop-welded to the drum. Attachment pieces
for the top of tackle blocks are located on temporary
steel members above the boiler structure. The tackle
blocks are of special design to permit simple linkage
connections at both top support and drum attach­

Fig. 9. Schematic arrange­
ment of lifting lugs and
tackle for hoisting heavy
drums (30 tons and over)

DETAIL OF DRUM-LIFTING LUG
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ment. The capacity of hoisting engine and the sizes
of tackle blocks and wire rope are determined with
ample factors of safety. The drum is thus brought to
the correct position at its specified elevation.

When the drum is in final position—sometimes over
200 ft above ground—it is suspended from top struc­
tural steel. It is connected by means of U bolts or
plate straps that permit linear movement of the drum
with temperature variations. Fig. 10 shows a typical
drum and structural-support arrangement. The drum
is used as a major anchor point for other boiler com­
ponents. For this reason accurate location is impor­
tant, and temporary bracing prevents movement dur­
ing erection of the remainder of the unit. The struc­
tural members, platforms, and stairways that were
omitted for clearance are then installed to complete
the structure.

Fig. 1 0. Typical arrangement of hangers and structural
supports for steam drum. Drum shown is 66-in. diam,

52 ft long

Downcomers, Headers, and Connecting Tubes. Large
pipe downcomers connecting the drum with lower
furnace headers are erected as access permits. These
pipes are shipped in the longest possible lengths to
avoid costly field welds. Large downcomers are often
placed in the boiler well while steel is being erected
and are moved to final location when convenient.
Otherwise, downcomers must be shipped in shorter

Fig. 11. Raising furnace-wall section into position. Buck­
stays and other parts were attached during ground

assembly

lengths and sufficient steel omitted to give them clear­
ance during erection.

Boiler furnace-wall, superheater, and reheater tubes
are usually supported from headers to which they are
connected. The headers are in turn supported from
overhead steel through hanger rods attached in a
manner that allows lateral expansion. Headers are
braced in position by temporary struts welded to
building steel. Placing of hanger rods and upper
headers usually begins when the drum is raised. The
upper ends of these rods rest on rocker washers,
which allow them to swing without bending as the
unit expands. The curved surface of the washer is
oriented for that purpose.

Tubes and pipes connecting the top headers to
the drum or to each other are now placed in posi­
tion, while unrestricted space is available for hoist­
ing them. During the same period, work is started on
the erection of furnace-wall tubes. When all tubes
for a wall are installed and aligned, exterior connec­
tions for buckstays, tie bars, doors, and soot blowers
are welded to them. Superheater, reheater, and
economizer surfaces are installed in the order dic­
tated by design features of the particular unit.

Io reduce cost and elapsed time of field erection,
a large percentage of furnace tubes are shop-assem­
bled into panels. These panels have sufficient tie bars 

attached to hold tubes in line. Where field n jpermit, these panels may be assembled on th 1H°ns
into complete wall sections with header. J ground
buckstays attached (see Fig. H). ’ Casuig> and

Tube Connections. Tubes are connected rheaders either by expanding them into hn? ,s Or
welding them to stubs installed in the k °r butt
Fig. 12). e shoPs (see

Fig. 1 2. Superheater headers showing shop-welded stubs

Design standards of The B&W Co. specify ex­
panded joints for all low-pressure boilers. Certain
special designs in this low-pressure range may call
for an expanded joint reinforced by seal welding.
Strength-welded stub-tube connections are specified
for all boilers designed for 1200 psi and above. Sim­
ilar stubs are used for all economizer headers and
for all superheater headers designed to operate at
850 F or higher regardless of pressure.

If the end of a tube is inserted into a hole in a
plate and is then plastically expanded by internal
pressure, removal of the pressure leaves the tube
bearing tightly against the plate. The result is called
an expanded joint. A tool for making such a joint
is shown in Fig. 13. The rolls being set at a slight
angle to the body cause the tapered mandrel to feed
inward when it is turned. The rolls then develop
the internal pressure which expands the tube. The
expanded joint presents a simple and economical
way of fastening tubes into low-pressure boilers.
Under direct axial loading, it is almost as strong as
the tube. It does not remain fluidtight, however,
when subjected to bending loads or wide tempera­
ture fluctuations.

The expanded joint can be made leakproof by a
seai weld between the tube and the tube sheet.
Thi. is done on low-pressure boilers where tubes aie
desy ied for unusual loading or temperature con­
ditio s. Seal welding is done only in accordance wit i

Fig. 13. Tube expander assembly at completion of
operation

design drawings following an approved welding
procedure.

Boilers designed for higher pressures and temper­
atures have tube connections made by strength weld­
ing. The ASME Code requires stress-relieving of
strength welds. Therefore, these connections are
made by welding tube stubs to the header or drum,
which is then stress-relieved in a furnace. The tube
stubs are prepared for field butt welding. The num­
ber of handhole openings is reduced to those re­
quired for inspection.

Field Welding. The welds that are made in erection
of a steam-generating unit can be divided into two
classes—those for assembly of plate and structural
materials, and those for assembly of tubes, pipes,
and other pressure parts.

Welding on plate and structural materials must
be neat in appearance and of sufficient cross section
for structural requirements. Operators performing
this work must have the ability to do the job at hand,
but as a rule no formal qualification tests are re­
quired. Inspection is usually limited to visual exam­
ination for defects and deficiencies in size of welds.

Welding that involves boiler pressure parts must
conform with requirements of Section I of the ASME
Boiler and Pressure Vessel Code. Paragraph P-112 of
the Code limits the size of welds that may be made
without stress-relief or radiographic inspection. Para­
graph P-102 outlines requirements of welds exceeding
the limits of paragraph P-112. The Code prescribes
qualification tests for procedures and operators, as
well as inspection requirements. These subjects are
discussed below (see page 25-9 ft).

Welding Schedule. Welds that must be made by
qualified operators and that require inspection under
the ASME Code arc listed on a welding schedule,
which gives the following information:
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1. Description of parts to be welded.
2. Material specification.
3. Diameter and thickness of material.
4. Type (socket or butt weld) and position (hori­

zontal or vertical).
5. Number of welds.
6. Welding process (metal-arc, oxyacetylene, tung­

sten inert-gas).
7. Type of electrode or filler metal.
8. Diameter of electrode or filler wire.
9. Preheat temperature.

10. Radiographic examination.
11. Stress-relief.
12. Welding-procedure specifications and process­

qualification references.

Types of Welds

Butt Welds in Tubes and Pipes

Tubes and pipes are usually shipped with ends
machined for butt welding and capped. Field prepa­
ration is limited to cleaning. Backing rings (see Fig.
14), made to fit accurately into a machined section of
the tube end, assist in producing a welded joint with
smooth internal surface and good strength character­
istics. When alterations are necessary, special tools
are available for remachining the welding edge and
backing-ring seat. Butt welds made without backing
rings are acceptable under the Code and are more
desirable in the high-heat-input zones of furnace
tubes. Omission of the backing ring makes alignment

Fig. 14. One form of backing ring frequently used for
butt welds, pipes, and round-header sections

of the tube ends more difficult and results in a
welding process which is more time-consuming. With
or without a backing ring, the two ends of a jOint
must be thoroughly cleaned, accurately aligned, and
welded in accordance with procedural specification.

Socket and Seal Welds

Socket welds of the type shown by Fig. 15(a) are
used for joining small valves and fittings. They pro­
vide a simple connection that is easily aligned and
welded. They are not suitable for use in heat-ab­
sorbing surfaces, and larger sizes of socket-weld fit­
tings are uneconomical.

Seal welding is used to make mechanical joints
fluidtight. The strength of tire connection may be de­
veloped by pipe threads or by the rolled joint. It is
desirable to use a counterbored fitting, Fig. 15(b),
and avoid welding directly onto pipe threads. The
throat of a seal weld is limited by tire Code to in.
minimum and % in. maximum, and no thermal stress­
relief is required.

Fillet Welds

A fillet weld is simply a weld between two sur­
faces at right angles to each other. Fillet welds used
to join attachments for insulation, refractory, and
casing to pressure parts must meet requirements
stated in paragraph P-186 of the Code. They should

'/it" IN. MIN

Z=NOMINAL PIPE-WALL
THICKNESS, IN.

(a) SOCKET WELD

(b) SEAL WELD ON THREADED JOINTS

Fig. 15. Sketch (a), typical socket weld for pipe 3 in.
and under in size. Sketch (b), typical seal weld for

threaded connection
25-3

y/elding Processes

-yhe direct-current metal-arc process is used for
ost field welding, and coated electrodes are used

Tor filler metal. Equipment and electrodes are avail­
able for an almost unlimited variety of applications.
Except for the small amount of work done by other
processes described below, all pressure-part welds are
made by the metal-arc process.

Oxyacetylene is used only for joining certain thin-
wall tubes of small diameter or in locations not ac­
cessible for metal-arc welding. The quality of weld
metal deposited is slightly inferior to that of the
metal-arc process, and the training of operators is
more difficult. It is not recommended for use on
alloy materials because of undesirable physical prop­
erties. The nature of the equipment and of the
process makes oxyacetylene welding valuable for
extremely close-quarters work encountered on some
repair jobs.

When tubes or pipes must be butt welded without
internal backing rings, the beveled ends are fused
together by a tungsten arc shielded with inert gas.
This is referred to as tungsten inert-gas welding.
The intense localized heat fuses the thin edges and
leaves a smooth internal surface almost free of oxide
film. After the ends are fused, the remainder of the
weld is completed with conventional arc welding.

Portable welding guns are available for attachment
of pins, studs, and a variety of shapes to steel sur­
faces. Welding energy is supplied from a d-c weld­
ing machine. The design of the gun and a timing
device make the process almost automatic, requiring
a minimum of operator training. For hand applica­
tion, maximum size is usually limited to the equiva­
lent area of a li-in.-diam stud.

Thermal Stress-Relieving

Paragraph P-112(c) of the Code states the limita­
tions of diameter, thickness, and material of welds
that must be stress-relieved by heating. Paragraph
P-108 specifies that the welded part shall be heated
uniformly to 1100 F or higher if required by material
characteristics, held at that temperature for one hour
per inch of thickness, and allowed to cool slowly in
still air to 600 F. In stress-relieving tubes or pipes,
the width of the heated band shall be at least three
times the width of the widest part of the welding
groove, but in no case less than twice the width of
the weld reinforcement.

The exact temperature to which a material must
be heated for adequate stress-relief and the length
of time at which this temperature must be held are
usually stated in welding specifications, and these
may be in excess of minimum Code requirements.
The Code states that the parts shall be heated uni­
formly and cooled slowly. In general practice, it is
considered safe to increase the temperature of pipe at
tire rate of 4000/DD deg F per hr and decrease it at
the rate of 400/thickness or 3000/OD deg F per hr,
whichever is lower (thickness and OD are in inches).
Stress-relieving temperatures are allowed to deviate
± 25 F from specifications.

To reduce the cooling rate of deposited metal and
avoid cracks in the weld, the base metal is preheated
before welding. The preheat temperature will vary
with the type of material and thickness, as called for
on the procedure specification.

The method of heating for preheat and stress-relief
is largely a matter of economies. There are several
ways in which pipe can be heated, and it is only
important that it be heated uniformly and that the
temperature be properly controlled. The following
paragraphs describe the methods usually employed
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every conceivable type of weld is almost unlimited,
ie number required in actual field practice is not

large. Procedure qualifications cover certain groups
of base or parent metals and a limited number
of weld positions. Other variables, such as filler met­
als, welding currents, and edge preparations, are usu­
ally limited within each procedure specification. The
Code requires that each manufacturer or contractor
set up his own procedure specification and make
tests to qualify these procedures.

In a matter of three or four working days, a com­
petent welder can make the test samples that will
qualify him for all of the welding necessary on a
boiler. The sample welds for operator qualification
are usually welded at the job site and sent to a labo­
ratory for testing. If the samples pass tests outlined
in Section IX of the Code, a certificate of operator
qualification is issued by the manufacturer or con­
tractor.

made strictly in accordance with job drawings,
1-ch indicate size and location for adequate

n2th and heat transfer. Random welding to boiler
Strre6ssure parts is to be avoided, particularly on head­
er's or drums.

Qualifications: Welding Procedures, Operators

All welding of pressure parts for power boilers
must be done by qualified operators following quali­
fied procedures. An operator qualification is proof
that the operator can deposit sound weld metal in
given positions, following an established procedure.
A procedure qualification certifies that designated
materials can be welded by following a specific tech­
nique. Section IX of the ASME Code states the vari-
a )les that require additional qualifications for the
operator and procedure. It also outlines tests that
must be made in each case.

Although tile number of process qualifications for 
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in field erection. The references to stress-relieving
equipment also apply to preheating.

Flame Heating

The simplest way to heat a weld to stress-relieving
temperature is with an open torch. This method does
not give the exact control of temperature that is
sometimes required. When properly used, torches
fired with butane or natural gas will produce uniform
heating of small tubes and pipes. The extremely high-
temperature flame of an oxyacetylene torch may re­
sult in severe overheating in spots and, therefore, is
not generally used for stress-relieving.

A muffle furnace (see Fig. 16) fired with gas or
oil will produce uniform heating with simple equip­
ment. Such furnaces are easy to make and are
widely used where natural gas is readily available.
The disadvantages of muffle-furnace heating are: a)
space required around the pipe, b) lack of flexibility
for clearing external connections on the pipe, and c)
the careful operation required to obtain uniform
heating.

tempera-

Electrical-Resistance Heating

Several types of electrical-resistance heaters can
be adapted to stress-relief work. Where a large num­
ber of small tubes is involved, commercial heating
elements can be bent to shape and fitted into canisters
(see Fig. 17). This arrangement is convenient fOr
heating tubes 2J-j in. and less in diameter to
tures under 1375 F.

Fig. 17. Electrical-resistance heating elements in hinged
canister for quick application to stress-relief and preheat

Fig. 16. Application of a gas-fired muffle furnace to
sfress-relieve the zone of and adjacent to a

butt weld

One of the resistance heaters widely used on larger
tubes or pipe is the wrap-around type of spiral-wound
alloy wire covered with short porcelain insulators.
Heaters of this type usually operate on 220 volts and
are made in capacities from 3 to 24 kw. One or more
such heaters may be used for stress-relieving a weld.
To reduce heat loss, insulation is applied over the
outside of coils after they have been wrapped around
the pipe. These heaters can also be mounted in
hinged canisters for application to a given size of pipe.

Wrap-around resistance heaters have a low initial
cost, and electrical connections are fairly simple.
They can be adapted to a variety of work and will
produce uniform temperatures that can be controlled
with exactness. On the other hand, deterioration is
fairly rapid when used on large thick pipe or at
temperatures above 1200 F. Other types of heaters
are more rugged and economical on large volumes
of work.

Electrical-Induction Heating
If an insulated conductor is wrapped around a pipe

and attached to a source of alternating current, the
pipe becomes the secondary circuit of a transformer
system. The currents induced in the pipe manifest
themselves as heat. The analysis of this phenomenon
is quite complex, but the practical application to
heating of pipe is simple. For safety and convenience,
60-cycle current at 20 to 90 volts is obtained through
a variable-voltage transformer. The conductor is a 
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nnoer cable covered with asbestos sleeving. The size
Cf conductor must be selected to induce the required
Otrrent at available voltages. A layer of heat insula-
u n is applied to the joint to be stress-relieved, and

1 cOnductor is wrapped over the insulation. No in­
flation is applied over the induction coil, which re­

mains fairly cool. The amount of heat applied is
ontrolled by varying the transformer voltage.

C Eqnipment re(luirecl for induction heating (see
pig 18) includes the transformer, copper cable for
the induction coils, and rubber-covered cables for
connecting the coils to the transformer. Transformers
and cables can be connected in multiple circuits so
that standardized equipment can be used for a va­
riety of work sizes. The initial cost of equipment is
high, but it is very rugged. Since heat is generated
within the body of metal, the induction process is
particularly valuable for heating large heavy-wall
pipe to a uniform temperature.

^9. 18. Application of high-capacity electrical-induction
heating equipment for stress-relief and preheat of

large thick-walled pipe

r conti oiling the rate of increase or decrease in
temperature.

Crayons are sometimes used for the rapid deter­
mination of surface temperatures. Each crayon is
. Or,^le. *-emPerature at or above which it
m eave a liquid smear on the heated surface. They
are available for the range of 125 to 2000 F in in­
crements of 50 F.

Codes and Inspections
ASME Code
Boilers built by The B&W Co. and most other

boilers built in the U.S. comply with the ASME
Boiler and Pressure Vessel Code. The rules of this
Code for the safe construction of boilers have no
legal status until adopted by a state, municipality,
oi other legally responsible body. To a considerable
extent the Code is administered by the National
Board of Boiler and Pressure Vessel Inspectors, which
is made up of the chief inspectors of the states and
cities that have legally adopted the Code.

Although the Code covers new boiler construction,
there are many types of repairs which it does not
cover. The National Board has formulated a National
Board Inspection Code, which makes suggestions
for uniform laws pertaining to inspection and in­
cludes Rules for Repairs by Fusion Welding. The
National Board Rules, like the ASME Code, have
legal status only when properly authenticated by
governmental authority. The adoption of both the
Rules and the Code has been general throughout the
country, and, with few exceptions, they are the bases
for all legal requirements.

The National Bureau of Casualty and Surety
Underwriters issues a booklet, Synopsis of Boiler
Rules and Regulations, listing the cities and states
that have laws covering installation and operation
of steam boilers. Other pertinent information in­
cludes names of administrative officials, fees, licenses,
and inspections required.

To comply with the Code, boilers must be erected
by or under the supervision of an organization au­
thorized to use the ASME power boiler stamp or the
ASME assembly stamp. The requirements for au­
thority to use these stamps are given in the Code.

Determination of Temperature

. preheating and stress-relieving, the temperature
usually measured with thermocouples and a poten-

hometer. Recording potentiometers can be used if
Permanent records of preheat and stress-relief tem-
Peratures are required. For both resistance and in-
uction heating, commercial equipment is available
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Inspection Requirement

A boiler manufactured and erected in accordance
with tire Code must be inspected at certain stages
by an authorized inspector. The term “authorized
inspector” refers to a person licensed by the state
or city in which the boiler is erected and who has a
National Board commission. Much of the inspection
work is done by insurance companies, whose in­
spectors comply with these requirements.

When the inspector is satisfied that construction
complies with the Code, he will sign data sheets per-

1
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taining to the unit and witness the stamping of the
boiler pressure parts. All stamping required by the
Code is usually done in the shops. Data reports per­
taining to shop fabrication are signed by the inspector
who followed that part of the work. The inspector
who covers field erection signs data reports pertain­
ing to assembly and witnesses any stamping required
by governmental authority. The field inspector must
be able to certify that all welding, as well as con­
struction and materials, conforms to the Code. He
is able to do this largely on certification of the manu­
facturer or contractor, whom the Code makes re­
sponsible for quality of welding.

The inspector must be given an opportunity to
assure himself that welding operators and welding
procedures have been properly qualified. He must
also have an opportunity to inspect the welding in
progress and satisfy himself as to its quality. The
number, time, and duration of these inspections are
usually determined by mutual agreement between
the inspection agency and the manufacturer before
the job is started. The authorized inspector must
witness the hydrostatic test on the unit, and field
data sheets are usually signed at that time.

Further inspections are required by the manu­
facturer or contractor to assure him that all work­
manship meets his standard of quality. Inspections
for the erecting organization are made by the job
superintendent, welding technicians, foremen, and
the welding operators, sometimes in company with
the authorized inspector. Frequent and sometimes
continuous inspections are made to insure that:

1. Each operator is qualified under the Code for the
welds he makes.

2. Procedure specifications are rigorously followed.
3. Each joint is accurately aligned and fitted before

welding is started.
4. Each weld bead is cleaned of slag and the weld is

free of slag porosity and undercutting.
5. The finished weld is of correct contour without

undercutting or overlapping.

Nondestructive Tests

Radiographic Inspection
Radiography makes use of short-wave radiations,

such as X rays or gamma rays, to penetrate opaque
substances. As applied to a weld in pipe, part of the
rays will penetrate the pipe and some will be ab­
sorbed, depending upon the thickness and density of
metal. If defects or discontinuities exist, there will be
a variation in the absorption of the rays. When these
variations are recorded on film, they produce an
image or X-ray shadow picture of the interior defect.
Such a shadow picture is called a radiograph.

Paragraph P-112 of the Code requires fusion-welded
circumferential joints in pipes, tubes, and headers
to be radiographed when their dimensions exceed
those given in 1, 2, and 3 below:
1. 16-in. nominal pipe size or IS-in. wall thickness

for parts to contain steam, and 10-in. pipe sjZe
Us-in. wall thickness for parts to contain water
In each case the welds shall not be in contact with
furnace gases.

2. 6-in. nominal pipe size or &-in. wall thickness when
welds are to be in contact with furnace gases but
not subject to radiation from the furnace.

3. 4-in. OD or 12-in. wall thickness when welds are
to be in contact with furnace gases and subjected
to radiation from the furnace.

4. The diameter and thickness limitations apply jn.
dependently.
Paragraph P-102(h) of the Code outlines proce­

dure requirements for making radiographs of welds.
It also sets standards for their acceptability.

In shops where fixed-position equipment is ap­
plicable, radiographs are usually made with X-ray
apparatus. A gamma-ray source is more practical for
field work, although it requires more exposure time.
A small piece of a radioactive isotope is often used
as a source. These isotopes are obtained from the
Atomic Energy Commission and are ordered to a
given intensity of radiation. The radiation desired is
such that it will make the required radiographs in
a reasonable length of time without danger to per­
sonnel working in the vicinity of the operation. For
field work The B&W Co. uses /s-in.-diam Js-in. long
pellets of cobalt-60 with radiation intensity of 500
millicuries when received. One piece of this mate­
rial, suspended in the center of a 24-in.-diam 1/2-in.-
wall pipe will produce a radiograph of proper ex­
posure in 45 minutes.

To facilitate handling and to avoid losing the
small piece of cobalt-60, it is kept permanently in
an aluminum capsule with cords attached for ma­
nipulation. When not being used for film exposure
it is kept in a lead container weighing about 200 lb.
At all times when the capsule is out of its lead con­
tainer it must be in the care of a technician who
has been thoroughly trained in radiography, includ­
ing procedures for protecting himself and others
from the harmful effects of the radioactive source.
Adequate barriers, shields, and warning signals must
be set up when the capsule is in use, to protect those
in the vicinity.

In making exposures with gamma rays, two films
are generally used in each film holder, or cassette,
which is placed on the side of the plate or pipe op­
posite to the radiation source (see Fig. 19). Both
films are studied to distinguish details in the picture 
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r the weld from minor film-process markings. A
d feet, being less dense than the remainder of the
Seld will permit more radiation to pass through,
Xus ’causing a darker image to appear on the film’
T]ie Code requires that welds shall be radiographed
vitli a technique that will determine size of defects

Xith thickness equal to or greater than 2/o of tire
base metal. In order to prove the effectiveness of tire
technique, a metal gage equal in thickness to 2% of
that of tlie base metal is included in the picture. Use
of this gage, known as a penetrameter, is also a
Code requirement.

Fig. 19. Position of gamma-ray source relative to
film and material to be examined

The more obvious weld defects can be seen on a
radiograph without difficulty. The detection of small
cracks and slag inclusions requires the services of
a technician with considerable training and experi­
ence. The man who makes the radiographs on the
job is usually qualified to interpret them. Defects re­
vealed by die film are chipped out and repaired.
Subsequent pictures are made until the welds are
acceptable. The films are then reviewed by a techni­
cian at the manufacturing headquarters of The B &W
Co. They are finally accepted at the job site by the
authorized inspector representing the state. Films are
held for a period of ten years after the boiler is
completed.

Magnetic-Particle Inspection

If an electric current is passed between two points
°n a plate, it will set up a magnetic field at right
angles to the path of the current. A crack or other
defect located on or near the surface will cause a
leakage field, forming local poles along the edges of
the defect. Magnetic powder, sprinkled on the sur­
face while the current is flowing, will be attracted to
sue a locations and clearly outline the defect. This
process is known as magnetic-particle inspection.

In welding heavy-wall pipe there is always the
possibility that small surface cracks may develop, 

which cannot be detected by visual or radiographic
examination. Although it is not a Code requirement,
it is desirable that welds of sufficient importance for
radiographic examination also be examined by mag­
netic-particle inspection.

In its simplest form, the equipment required for
this process is a source of low-voltage current, such
as a 300-amp welding machine, two conductors with
copper electrodes, and a supply of magnetic powder.
To prevent arc bums, a circuit breaker is installed
in series with one electrode.

The weld surface must be dry, and it should be
ground and polished before inspection is begun. The
copper electrodes are placed in good contact with
the metal, one on each side of the weld. The circuit
is closed preferably by a push button mounted in a
fixture that holds the two electrodes at proper spac­
ing. A light layer of powder is dusted on, and excess
powder is blown off. Any defects noted are marked
for repairs. The current is interrupted before the
electrodes are moved. By moving them in an oblique
pattern, as shown in Fig. 20, the entire weld can be
examined with a minimum number of moves.

Fig. 20. Positioning of electrodes oblique to weld for
optimum detection of weld defects on or near the

surface with magnetic-particle inspection

For optimum results with this type of inspection,
the operator must be trained by conducting tests on
sample welds with known defects. A procedure must
be established that can be duplicated on production
welds.

Handhole and Manhole Fittings
Handholes and manholes are provided in boiler

components for access to tubes that must be ex­
panded during erection and for subsequent inspec­
tion, maintenance, cleaning, and repairs. Gasketed
handhole fittings are used in headers designed for
pressures and temperatures up to and including 1200
psi and 850 F, respectively (see Fig. 21). For higher
pressures and temperatures a welded cup-type clo­
sure is used (see Fig. 22).
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Fig. 21. Gasketed handhole fitting used to close header
openings under conditions of moderate pressure

and temperature

When gasketed fittings are installed, it is important
to have all surfaces clean and free of burrs. The
studs, nuts, and washers should be lubricated with
a mixture of graphite and kerosene. Handhole fit­
tings should be tightened initially by applying a
torque of approximately 300 ft-lb. It is desirable to
retighten handhole fittings during hydrostatic test
of the boiler, applying the same torque as initially
used.

Welded-type handhole fittings are designed to
enter the header through a master opening. The
master cap is of similar design but shaped to enter
the header through the hole that it closes. In each
case the shoulder of the cap, which seats on a ma­
chined surface of the opening, provides the me­
chanical strength of the closure. The zs-in.-throat seal
weld of the cap on the outside of the header main­
tains fluid tightness of the joint. Headers with
welded stubs for tube connections usually have one
master handhole at each end for inspection.

Fig. 22. Welded handhole fitting used to close header
openings in higher-pressure boilers

Manhole openings in drums are either circular
or elliptical, depending upon design conditions.
Woven gaskets are used on manhole covers for units
of design pressure up to 500 psi, metallic gaskets
for higher pressures. Woven gaskets are coated with
a mixture of graphite and kerosene; metal gaskets
are installed dry. Manhole covers are usually at­
tached to the drum with a hinge bar. Although the
covers are interchangeable, the outside yokes are
fitted to the contour of the drum. The cover, yokes, 

and drumhead are match-marked to insure that all
parts will be replaced as originally fitted. Manhole
studs should be tightened when installed and again
under hydrostatic test pressure, with a torque of
about 400 ft-lb.

Assembly of Flanged Joints

The general precautions taken in the installation
of handhole and manhole fittings are followed in
tire assembly of flanged joints. However, nothing
is gained by tightening a flanged joint under pres°
sure. Sufficient and uniform tightening of flange
studs is of primary importance. A feeler gage can
be used to check the alignment of mating surfaces
and to obtain uniform pressure on the gasket.

Stress in the studs of a flanged joint must be
sufficient to resist internal pressure and exert a bear­
ing load on the gasket as determined by design.
Flanged joints on B&W boilers are designed for an
optimum stud stress of 30,000 psi. The stress in studs
may be measured as they are tightened, by check­
ing the elongation. An increase of 0.001 in. per in.
of stud length measured between centers of nuts
will produce 30,000 psi stress. This increase may be
measured with a dial indicator mounted in a frame,
as shown in Fig. 23.

Fig. 23. Dial-indicator type of calipers used for
measuring elongation in flange studs

If the surfaces of threads and nuts are smooth and
uniformly lubricated, a relationship between torque
and stress can be determined experimentally. This
will help to save time in checking stress, particularly
when a great many studs are involved.

Internal Cleanliness of Pressure Parts

Many problems can develop during operation be­
cause of dirt or other foreign matter in the boiler
circulating system. During the fabrication of drums,
tubes, headers, pipes, or other pressure parts, the 
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hoos take steps to insure that they will be clean
s mrnally- For boilers of welded-stub construction
JT ends of all tubes and pipe as well as the stubs
0 drums and headers are closed with metal caps and
1 aled with plastic tape. This makes it unnecessary
?e‘clean these components in the field. Inevitably
a re will be a few closure caps displaced during

loading and handling. In such instances the erec-
fon crew must examine the components involved
nd replace the closures at the earliest possible con­

venience. During assembly, care must be taken that
no foreign material enters the pressure-part system.

For boilers with expanded joints, caps are installed
only on tubes that might become filled with water
during outdoor storage. The pressure parts of such
boilers are searched before handhole and manhole
closure fittings are installed. Reasonably straight
tubes between headers or drums are probed by
passing a ball of correct size through them. Bent
tubes which would not clear themselves of loose
foreign material by gravity are probed by blowing
a tight-fitting sponge through them. Headers are
checked with a light and mirror immediately before
the extreme end handhole fittings are installed.

The use of oil on water surfaces of boilers must
be avoided. A water-soluble lubricant is used on
tube expanders and tools for machining tube ends.

Hydrostatic Testing
When all pressure-part connections have been

completed, the boiler is tested at 1/2 times the design
pressure. Before the test is applied, a final inspec­
tion is made of all welding. External connections are
completed, including all fittings within Code re­
quirements. Connections for flanged safety valves
are usually blanked. Welded safety valves are closed
with an internal plug furnished by the valve manu­
facturer.

Water for hydrostatic testing must be clean and at
a temperature of not less than 70 F nor greater than
100 F. Condensation on tube surfaces makes in­
spection difficult when the water is colder than the
ambient temperature. Nondrainable superheaters
and reheaters are filled with demineralized water or
condensate, if available. As the boiler is being filled
it is vented at every available connection, to allow
water to fill every circuit.

After the boiler is filled, hydrostatic pressure is
applied, usually by a pump made for testing pur­
poses. If a boiler feed or other high-capacity pump
is used, precautions must be taken to keep tbe pres-
SUle under control at all times. While water is being
Pumpet] into the boiler, continuous inspection is
niade to observe any leakage conditions that might
uced repair or become dangerous. During the hydro-
s atic testing of any vessel, safety precautions must

c observed and nonessential personnel kept from
tlle test area.

Test pressure must be held long enough to allow
minute leaks to be observed. Six to eight hours are
usua ly considered sufficient for a high-capacity

oi er. Following this holding period, pressure is
retained for an inspection period. During final in­
spection every area of the pressure system is viewed
or leakage and repaired if necessary, to make the

unit 100% tight.
Following inspection of the unit it is drained, and

all nondrainable parts are protected from freezing
if that possibility exists. The refractory, insulation,
and casing work are completed in areas left open
for test inspection.

Assembly of Nonpressure Parts and Auxiliaries

While pressure parts are being assembled and
tested, work is in progress on nonpressure parts and
auxiliary equipment. These include air heaters, fuel
equipment, fans, duct work, refractory, insulation,
and casing. These components require a large part
of the manpower used on the unit. They must be
scheduled to allow for access of large pieces and to
take care of items that must be assembled in a defi­
nite sequence. Thus, air heaters are finished in
time to allow for erection of flues and ducts. Pulver­
izers are located early enough for piping, drives, and
other auxiliaries to be completed.

Refractory Materials
The furnace and other wall areas of high-duty

boilers are made almost entirely of water-cooled
tubes. In order to control burner performance and
slagging characteristics, refractory materials proc­
essed from chrome ore are applied to wall areas in
furnaces. This material is applied to areas having
studs welded to the tubes, and the contour of the
refractory follows that of the studded surface (see
Fig. 24). It is available as plastic chrome ore for
hand application with wooden mallets or as Kro-
might-Gun for application with gunniting equipment.

Fig. 24. Application of plastic chrome ore to furnace
wall/ showing contour of studs welded to tubes
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One of several types of plastic refractory materials
is applied to the outside of tubes for insulation or
sealing purposes. When inner casing is to be applied
directly against the tubes, the refractory serves
principally as an inert filler material for the lanes
between tangent tubes. It has a binder which ce­
ments it to tire tubes, and it is troweled flush with
the surface of the wall (see Fig. 25). When casing
is to be applied as a jacket or enclosure over an
area of tubes, the refractory serves as a layer of
sealing material against air leakage. For this arrange­
ment it is generally applied in thicknesses of I to IM
in. over expanded metal lath fastened to the tubes
by studs welded on about 18-in. centers.

Fig. 25. Sketch showing application of refractory to
close-spaced tubes with inner casing

Smaller boilers have furnaces constructed of tubes
on wide-spaced centers backed with a layer of brick
or tile. Brickwork of this type is supported by the
pressure parts and held in place by studs welded to
the tubes. The brick is insulated and made airtight
by various combinations of plastic refractory, plastic
or block insulation, and casing.

The principal point of concern in the application
of refractory materials is to obtain high-quality
workmanship. Details of construction are clearly
outlined on drawings and instructions, which also
designate the exact materials to be used. These
materials must be applied to correct contour and
thickness, without voids or excessive cracking. Skilled
mechanics and close supervision are essential.

Insulation
The selection of type and thickness of insulation

applied to surfaces of a boiler unit is an essential
part of the design work. Specifications are written
and drawings made that indicate the materials to be
applied in each location and the method of attach­
ment.

Insulation standards for B&W boilers specify
either insulation blocks or insulation blankets re­
inforced with metal lath or wire fabric. Some plastic
insulation is used for irregular surfaces. The prime
requisites for all boiler insulation are that the ap­
plication be tight, free of voids, well anchored, and
reinforced where necessary. The finished job must
present a neat workmanlike appearance.

Expansion of insulation with temperature is neg­
ligible in comparison with expansion of boiler com­
ponents. In order to prevent large gaps from de­

veloping in the applied insulation, anchors must b
provided at relatively close intervals. The blocks a °
held to these anchors by means of lacing wires (^
Fig. 26). As the boiler expands, the space that dT
velops between blocks is minute and does not tend to
accumulate in one location.

Fig. 26. Section of furnace wall showing inner casing,
insulation, and hard finish

Ductwork with heavy stiffeners at frequent in­
tervals presents a difficult insulating job. This prob­
lem is usually solved by welding steel reinforcing
material over the outstanding ribs. Road mesh made
of 8-gage wire welded into 4-in. squares is fre­
quently used. When insulation is applied at an
appreciable distance from a hot surface with a long
vertical run, there is a tendency for circulation of
air to occur in the void. This increases heat transfer
into the insulation, which is undesirable. Where
vertical runs exceed 10 ft, horizontal barriers are
installed between the ductwork and insulation.

When insulation is applied on the outside of flues
and ducts, some type of finish is needed for protec­
tion from erosion as well as for appearance. In some
instances a plastic coating is applied, but the trend
is toward sheet-metal lagging.

Casing
The primary purpose of casing on a steam­

generating unit is to prevent air leakage. It is re­
ferred to as inner casing (Figs. 25 & 26) when it is
installed in close contact with the pressure parts.
So-called outer casing is installed outside of re­
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f actory and insulating materials.
tr The flanges of inner-casing panels are welded to

•zontal channel stringers welded to the wall tubes
about 5-ft vertical centers. Various design details

°n used for irregular surfaces, but the objective is to
tire casing in as close contact with saturated

ressure parts as possible. When the boiler goes into
deration, the casing will expand with the tubes
°dthout the need of slip joints. The flexibility of
casing flanges and corrugated panels takes care of
temperature lag between casing and tubes.

When inner casing is applied to furnaces designed
to operate under positive pressure, it is known as
pressure casing. For this type of operation, air test­
ing of tire entire unit is required during construction
to assure complete welding, with leakage brought to
an irreducible minimum. The air test is performed
by blanking the air and gas ducts and pumping the
boiler setting to a predetermined pressure. A check
of pressure drop within a given time interval will
determine acceptability of tire casing.

If tire unit is to operate under furnace suction, the
design of door and soot blower openings and other
penetrations can be greatly simplified, at the expense
of an extremely small air infiltration to the unit.

Insulation is applied over the outside of inner cas­
ing and is usually protected by sheet-metal lagging.
All B&W boilers designed for capacities above
100,000 lb of steam per hr have inner casing.

For smaller boilers that are equipped with neither
inner casing nor membrane walls, external casing is
used over refractory and insulation that has been
applied directly against tubes and other pressure
parts. The casing will operate at much lower tempera­
tures than the tubes and must have a number of
expansion and slip joints to compensate for tempera­
ture differentials. This type of casing can be applied
to boiler and furnace walls with tubes on wide spacing
backed with tile or brickwork and insulation. Since
external casing need not be closely fitted to contours
of tubes, it can be installed more easily than pressure
casing. The differential expansion requirements, how­
ever, present design difficulties on high-duty boilers.

Almost without exception, boiler casings today are
of welded construction. It is essential that the
strength of the weld equal the strength of the plate,
I iat the welds be free of cracks and pinholes, and
that they present a good appearance. With pressure
casing, all seams are checked for air leakage under
piessure by brushing them with soap solution. Non­
fl1 essure and external casings are given a thorough
Vlsual inspection.

Mechanical Equipment

The field installation of fans, stokers, pulverizers, 

feeders, and their driving motors followrs standard
methods for setting and alignment of machinery. In
most cases equipment manufacturers furnish special
instructions that apply to the alignment of bearings,
couplings, and other parts, on each specific piece of
apparatus.

Principal points of concern in erecting mechanical
equipment are: 1) accurate location to center lines
and elevation, 2) cleanliness and alignment of bear­
ings, 3) alignment of couplings, and 4) homogeneous
grouting between base plates and concrete foun­
dations.

There are many handbooks which cover these
general subjects, and lack of information on proce­
dure is seldom a matter of concern. Of more im­
portance is the assignment of mechanics who will
follow instructions in complete detail, with close
supervision to assure compliance with instructions.

Preoperation Inspection

After erection work is completed and the unit is
ready for operation, a final over-all inspection is
made. Preferably this is a joint inspection by rep­
resentatives of the erection and sendee, or operating,
organizations. Internal cavities of the boiler are
checked to see that all debris has been removed. Of
special importance is the removal of combustible
materials that might present an explosion hazard
during initial firing.

Tubes are given a final inspection for alignment,
particularly superheater tubes which might interfere
with soot blower operations. Movable connections
between tubes are examined for expansion clear­
ances and to see that all pin-and-clevis attachments
are properly anchored.

Externally all components of the unit are checked
for expansion clearances. Obscure corners are exam­
ined for any construction blocking or bracing that
might have been left in place. Points of particular
concern for expansion clearances are platforms and
walkways constructed adjacent to external members
that move with the boiler.

On most units construction schedules do not permit
completion of all insulation before the unit goes
into operation. It is important that work be com­
pleted on areas that will be inaccessible with the
unit in operation.

Tools and Equipment

The extensive erection and maintenance programs
carried on by The B&W Co. require a considerable
inventory of tools and equipment. This includes
everything usually associated with construction work,
from small hand tools to air compressors, large hoist-
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ing engines, and heaxy mobile cranes. A warehouse
is located in Barberton, in which is housed a main­
tenance and repair facility, adequate storage space
for equipment held in readiness for prompt shipment
to jobs, and a machine shop for the development of
tools unique to boiler erection or maintenance. In
many instances these special tools are not available
from any other commercial source of supply. Some
specific examples of this category include tools for
refacing handhole and manhole gasket surfaces, re­

moving seal welds from tubes and handhole closur
and preparing tubes for welding. es>

Trained personnel select and schedule the shi
ment of tools and equipment to jobs, and record'
are kept that permit the identification of pressure
parts for boilers of any age or type. This, together
with the fact that all special tools are retained in
stock even when they may be considered obsolete
by modern standards, makes possible the repair of
any B&W boiler ever built.
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RESEARCH AND DEVELOPMENT

R
esearch per se is instinctive in man to increase
his knowledge. It is an essential factor in prog­
ress, which accounts for its broad use in practi­

cally all phases of human endeavor. Knowledge is the
ultimate goal of all research. It is the foundation for
the development of processes and products beneficial
to mankind. Research represents the concentration of
intellectual and practical creative ability to the solu­
tion of specific problems.

In the early days man utilized his inventive genius
primarily to stay alive. Examples of fundamental im­
portance among the early inventions are the wheel
and the plow. With the advancement of civilization as
a result of invention, the needs of man increased, and
consequently inventions became more numerous and
more complex.

Development is the natural corollary of invention.
It results from keen observation and insight into natu­
ral phenomena. Diligent effort and much experimenta­
tion are necessary before most inventions are brought
to practical usefulness. Often this development is
achieved through considerable cost to those with faith
in the ultimate outcome and is successfully completed
only because of their determination to overcome the
many obstacles present.

Engineering Research

Engineering research had its origin in the application
of inventions to the improvement of military status. It
was not until the middle of the eighteenth century
Ont attention was diverted to peaceful applications.

nice then, the technical advances of industry have
oxer ted an increasing influence on social development.

°day, technological progress affects the welfare and
ostiny of mankind throughout the world.
Research is defined by Webster as “critical and ex­

haustive investigation or experimentation having for
s aims die discovery of new facts and their correct

,? erPretation, the revision of accepted conclusions,
Tories, or laws, in the light of newly discovered facts,

or the practical applications of such new or revised
conclusions.”

Research may be divided into three broad cate­
gories: 1) pure research, 2) background research, and
3) applied research and development. The bound­
aries between these classifications are neither simply
nor sharply defined. Study, however, reveals that each
category has a distinct function and requires different
treatment for maximum results.

Pure research, largely performed in universities and
government facilities, advances general knowledge
and understanding of natural laws. The results, with
subsequent applied research and development, im­
prove existing industries or create new processes.

In background research, accurate data on scientific
development are prepared and compiled for general
reference. This information is used extensively in both
pure and applied research to correlate previously col­
lected data that are pertinent to the particular field
under investigation.

Industry is primarily interested in applied research
and development. This differs from pure research in
several important respects. The aims of applied re­
search are normally immediate and explicit. Generally
the work can be planned and organized, character­
istics not present with pure research. The expense
involved in applied research and development is
heavy, but not as high as in pure research. Since in­
dustry in general must measure the expense in terms
of results, the economic justification for continuing
the effort in any particular field must be evaluated
carefully at all times.

Purposes of Industrial Research and Development

The recognized purposes of industrial research and
development are:
1. To improve the quality of products.
2. To develop new materials, processes, or devices for

existing or new markets.
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3. To develop new uses for existing materials, proc­
esses, or devices.

4. To abate dangers or nuisances.
5. To conserve natural resources.
6. To effect savings in cost of production or use.
7. To prevent or cure troubles of production or use.
8. To assist in standardization.
9. To improve customer or public relations.

10. To render special or unique service to tire country
in time of national crisis.

In the case of steam generation, die field for applied
research and development covers all phases of the
utilization of any and all fuels for the production of
heat, the containment and flow of fuels, the transfer
of heat to working media at high pressures and tem­
peratures, the discovery of new materials, and the im­
provement of existing materials of construction and
methods of manufacture.

The frontiers of this field of endeavor are constantly
advancing, and each step brings on new and more
difficult problems. The solution of these problems
requires the skillful use of scientific and technical
knowledge in coordinated efforts by qualified person­
nel of widely varied training and interest. Skilled per­
sonnel, adequate facilities and instrumentation,
planned and orderly procedures, and suitable working
space are all essential for optimum results in research
and development work (Fig. 1).

Projects Proposed for Research

There is no dearth of ideas for research projects.
Proposals emanate from all departments of the Com­
pany, from customer organizations, from related in­
dustries, and from fields of basic science. The eco­

nomic potentialities of all such projects and the
available facilities and personnel for handling them
satisfactorily must be evaluated. For each research
project selected, organization and control are neces­
sary to assure the procedure most beneficial to its
success. Plowever, serious restrictions on individual
enterprise and imagination must not be imposed.

Many of the proposals can be appraised by ana­
lytical study, calculation, and previous experience.
Sometimes an idea can be tested by a small-scale lab­
oratory demonstration to prove or disprove the validity
of its essential features. Where promising results are
obtained, a further trial in pilot-scale equipment may
be justified to coordinate the additional factors of size,
timing, and practical implementation.

It is important in any research investigation to make
systematic observations and to keep careful records.
Through the correlation of the data obtained, the
potential value of tire project or constructive ideas for
the solution of some of the difficulties may be revealed.
Furthermore, new avenues of approach to other
methods or apparatus may be suggested, which may
prove to be equal or superior to those initially fol­
lowed. Even negative results can be of value in avoid­
ing an expensive large-scale application of an
intriguing, but false, premise.

Unit Cost of Power Reduced

During the past half century, developments in the
electrical industry have resulted in a consistently
lower cost of power to the consumer. This reduction
in cost can be attributed almost entirely to improve­
ments in the technology associated with power
generation, to which the boiler industry has made
many important contributions, such as: the mechani­
cal firing of fuel to eliminate hand labor, heat traps to 

Fig. 1. Test area for pilot-plant experiments
of massive equipment. Various test arrange­
ments for the study of the feeding and com­
bustion of fuels appear at the left. A 2-ft
Cyclone Furnace (see Fig. 3 for more detail)
is shown in the left foreground. Equipment
for oil-burner testing is located in the back­
ground. Facilities for the study of heat trans­
fer and steam generation are shown at the
right. Supercritical-pressure heat transfer
and flow are under study in right foreground

26-2

improve boiler efficiency, water-cooled furnace walls
to reduce maintenance and to overcome unit-size limi
tations, and the suspension burning of pulverized coal
to increase the steaming capacity of the unit. Supple
menting these developments, meters and automatic­
control equipment have had a marked influence on
performance because of their use in obtaining
improved efficiency in the combustion of fuels. °

During tliis same period there was great progress
in the use of superheated steam. Steam temperahires
and pressures steadily increased as a result of the
knowledge from previous experience and from the
development of new materials of construction, weld­
ing methods, steam purification, and water chemistry.
At present, alloy materials are being systematically

Fig. 2. Creep and stress-rupture laboratory. A row of
stress-rupture machines for determining, under uniaxial
stress and controlled temperature conditions, the long­
time load-carrying ability of metals at high temperature.
A weighted lever arm maintains constant load on the
specimen for the duration of the test.

The specimen is placed in a cylindrical, insulated, h'gh-
temperature furnace, and a constant temperature wit in
±2 F is maintained by a magnetic temperature control
at the base of the machine. This very reliable and sturdy
control can operate for tens of thousands of hours without
repair or loss of accuracy. There are no electronic tu es
or moving parts. To insure high accuracy of tempera ure
control and to keep all of the sensitive equipment c ean
and in good operating condition, the
is air-conditioned and the temperature is held at i r

throughout the year

Fig. 3. Pilot plant of Cyclone Furnace used to study fuel
suitability and the effect of design modifications. Further
studies are made on larger-diameter units at the Research

Center and in the field

explored to learn more about their use limits, so that
their properties can be utilized more efficiently and
more economically in the construction of boilers and
other pressure vessels. A variety of alloy compositions
is being studied to develop new compositions that will
further extend the limits of operating temperatures
and pressures. By such means, improvements in steam­
cycle efficiency are realized, and the unit costs of
power production are further reduced.

All of these advances required the solution of diffi­
cult and, at times, frustrating problems during their
development. Prejudices and misconceptions from
lack of knowledge and experience frequently resulted
in obstructive or abortive modifications. However,
the great gains based on fundamentally sound ideas
have survived the rigorous test of time and point the
way to further advancement.

Continuous Research Necessary

There is still much to be learned concerning the
constitution and strength of all materials of construc­
tion, particularly metals; the effect of trace amounts of
certain elements in alloy compositions; the influence
of steel-mill processing and shop-fabricating proce­
dures on the microstructure of materials; and the
changes brought about over long periods of time by
temperature, stress, and contacting fluids. Direct
measurement of creep and stress-rupture properties
(Fig. 2) of existing materials and more rigorous anal-
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ysis and measurement of stress distribution in pressure
vessels and other structures help to reduce the “igno­
rance factor” of design and to establish more exact
use limits.

It is anticipated that dependence upon coal and its
derivatives as the principal source of energy will
steadily increase, with the probability that the quality
of the coal available, as defined by the ash content
and the ash-fusion properties, will deteriorate. When
this happens, difficulties will be experienced in all
methods of firing and in the transfer of heat to the
absorbing media. The comparatively recent develop­
ment of the cyclone principle of burning crushed coal
(Fig. 3) represents a striking advance in the utiliza­
tion of low-grade coal and is a notable example of the
fruits of engineering research.

Other products of recent engineering research may
be cited, such as improvements in devices for obtain­
ing and measuring steam purity; new processes for
coal gasification; recovery of pulp-mill chemicals and
by-product heat values; pebble heaters for elevating
the temperature of gases or vapors beyond the limits
of metallic heaters; utilization of waste materials for
their fuel and other values; and methods of alleviating
the difficulties imposed upon heat transfer equipment
by fuel ash. All of these recent developments are now
being improved by current active research effort.

Fig. 4. Differential Thermal Analyzer for studying the effect
of high-temperature reactions on boiler operation, per­
formance, and life. It enables a clearer understanding of
what takes place at various temperature levels within the
boiler and is helpful in determining the effectiveness

of adjustments

Fig. 5. Gas Chromatograph for qualitative and quantita­
tive analysis of gas samples and vapor mixtures. Con­
centrations as low as a few parts per million are measured

Application of Nuclear Energy

No statement regarding research, particularly as it
pertains to power generation, would be complete
without reference to atomic energy. For an insight
into the accomplishments as well as the research and
development work by B&W in the field of nuclear
energy application to the generation of power, see
Chapter 27.

Summary

Research in the power-generating field requires the
coordination of facilities and diverse technical talents
for the expeditious and economical solution of every
problem under investigation. At the Research Center
of The B&W Co. there are mechanical, electrical,
chemical, welding, and fuel engineers, stress analysts,
chemists, spectrographists, metallurgists, physicists,
and ceramists, all of whom are available for any re­
search problem under consideration. Coordination of
the efforts of such scientific and technical manpower
with the aid of modern diversified facilities is the
backbone of present-day industrial research.

26-4

Fig. 6. OH- and Gas-Burning Test Tunnel
for studying the performance of burners,
lighters, and flame-failure detection equip­
ment. The tunnel is instrumented for the
study of heat flux, heat absorption, flame
and metal temperatures, and combustion­
gas composition. Flame characteristics are
observed visually and can be recorded per­

manently by colored motion pictures

Fig. 7. The Testing of Nuclear Steam Boilers. Test facilities
at the Research Center for the study of materials and
processes used in the design, construction, and operation

of equipment for nuclear energy applications

Fig. 8. Section of the Radiochemical and
Radiometallurgical Laboratory at the Re­
search Center, where studies of radioactive
substances are made. The laboratory is
equipped with specially designed AEC-
approved hoods, for the protection of per­
sonnel, and exhausts suitably filtered to
prevent contamination of the surrounding
atmosphere. Wastes are accumulated in
special disposal tanks, and remote-handling
equipment minimizes the danger of con­

tamination
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The 62-inch-diameter 66-inch-hich reactor core for the n.s. savannah
PREPARATORY TO TESTS AT B &W*S CRITICAL EXPERIMENT LABORATORY

27

NUCLEAR POWER SYSTEMS

atomic nuclei are involved; the electrons may be neg­
lected. For this reason, the term nuclear energy is
frequently used as a more precise alternative to the
earlier name, atomic energy.

Nuclear Fission

At the heart of the reactor is a mass of fissionable
material, some of the nuclei of which split apart upon
absorption of neutrons. The fission products, or frag­
ments, emerge from this reaction at very high speeds
and carry most of the energy in kinetic form, which,
in turn, is rapidly converted to heat. After the self-
sustaining reaction has begun in an assembly contain­
ing sufficient fuel, more than a “critical mass” (see
Glossary of Nuclear Terms), it continues because an
average of 2.5 neutrons are emitted by each fissioning
nucleus and at least one of these is made to fission
one neighboring nucleus. The result is a chain reac­
tion, feeding on its own neutron yield, which con­
tinues as long as the critical mass of fuel is maintained.

Principal Reactor Parts

Reactors are usually composed of fuel, moderator,
coolant, control system, structural material, and
shielding.

Fuel. The fuel for a nuclear reactor is limited to one
of the three fissionable isotopes: U-235 (from ore),
U-233, and Pu-239 (both bred in reactors). It is con­
tained in the core of the reactor, where the major por­
tion of the heat is generated. Fuel elements must be
protected with a suitable jacket or cladding because
uranium and plutonium are very active chemically
and are readily attacked by air, water, and liquid
metals, which are the coolants commonly used. Clad­
ding also prevents the escape of fission products and
other toxic materials from the fuel element to the
coolant.

T
he discovery of a practical method for the release
of nuclear energy disclosed a new power source
of tremendous importance. The device in which

this energy is released is called a nuclear reactor,
which is, in effect, a furnace that generates heat by
the interaction of nuclear particles rather than by
chemical reaction. At present the only nuclear reac­
tion capable of sustained and large-scale production
of heat is fission, or the splitting apart of a heavy
nucleus upon absorption of a neutron.

A nuclear reactor is currently defined, therefore, as
an apparatus in which fission can be initiated and
maintained at a controlled rate in a self-supporting
chain reaction. It includes, among other things: fis­
sionable material (fuel), such as uranium-235, urani-
uin-233, or plutonium-239; a coolant to remove heat;
a control system; and usually a moderating material
to slow down neutrons. It often includes a reflector
to conserve escaping neutrons.

The heat generated by a nuclear reactor may be
transferred to a working fluid for use in conventional
power-plant equipment. Steam is of such dominating
significance in these operations that the boiler manu­
facturer is uniquely qualified to design and build re­
actors and their accompanying steam-generating ap­
paratus.

Characteristics of Atomic Nuclei

The operation of nuclear reactors depends upon
various types of interaction of neutrons with atomic
nuclei. An atom consists of a positively charged nu­
cleus surrounded by a number of negatively chai gee
electrons, so that the atom as a whole is electrica y
neutral. Chemical energy, such as that obtained from
the combustion of coal or oil, results from a rearrange
ment of the atoms caused by a redistribution o t e
electrons. In the processes taking place in a reactor,
leading to the release of atomic eneigy, on } e
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Moderator. The energy of most of the neutrons
emitted by a fissioning nucleus is extremely high, ap­
proximately 1 to 10 million electron volts (1 Mev =
1.52 X IO'10 Btu) compared xxdth its energy of about
Is ev when at equilibrium with its surroundings at
room temperature. Since neutrons are electrically
neutral they are very penetrating, especially at high
velocities, and the fast neutrons can easily escape
from the reactor. Those that do escape are lost and
useless. To improve utilization of neutrons, their speed
is often reduced by a “moderator,” which is a material
containing nuclei of low mass number, such as hydro­
gen or carbon. When neutrons strike the nuclei of the
moderator there is an elastic collision; they give part
of their energy to the moderator and bounce off at a
reduced speed. At this lower velocity the probability
of neutron capture by uranium atoms (resulting in
fission) increases, and the chain reaction is more
readily sustained.

Coolant. The heat generated in the reactor core at
any appreciable power level (Btu/hr) must be re­
moved. The function of the reactor coolant is to trans­
port the heat to the outside, where it may be used for
purposes such as the production of power. In a nu­
clear power plant, therefore, the coolant is the essen­
tial link between the reactor itself and the conven­
tional power-generating equipment, such as a steam
turbine. Ordinary (light) water, heavy water, carbon
dioxide, and liquid sodium are among the more fre­
quently used reactor coolants.

Control System. A fission chain reaction is not diffi­
cult to control. Some core configurations are self-regu­
lating, once temperature and power levels are set.
However, a separate control system is incorporated
in the reactor structure. It consists of rods or sheets of
neutron-absorbing material, mounted in the core so
that they can be moved in and out quickly and pre­
cisely. Boron, hafnium, and cadmium, which have
high neutron-absorption cross sections, are frequently
used as control materials.

Structural Material. In a heterogeneous reactor (solid
fuel elements) the fuel is contained and held in place
within the flowing coolant by means of structural
materials. These materials must have good mechan­
ical properties at high temperature and substantial
corrosion resistance. In addition, the structural ma­
terials in the core and reflector of a thermal reactor
should have low neutron-capture cross sections. Mag­
nesium, aluminum, and zirconium have low cross
sections, but stainless steel (with a slightly higher
cross section) is a frequently used reactor structural
material because of its outstanding mechanical and
corrosion-resistant properties.

Shielding. One additional feature is essential to
every nuclear reactor, although not an actual work­

ing part. This is the massive shielding that must com­
pletely surround the reactor to absorb penetrating
neutrons and gamma rays and thus protect the oper­
ating personnel. Neutrons are attenuated best by
water or other hydrogenous materials, such as paraffin
or polyethylene. Gamma rays are attenuated by very
dense materials. Ordinary concrete is an inexpensive
material that meets these requirements and is widely
used in conjunction with water or sheets of steel, lead,
or other metals. It is the shield that makes even a small
reactor look impressively large.

Reactor Types

At present the building or planning of reactors is
directed toward one of the following objectives: 1)
the production of heat and power, 2) the production
of plutonium, uranium-233, or radioisotopes, 3) the
production of neutrons for research, or 4) the experi­
mental development of reactors.

Reactors can also be classified (a) according to
type of fuel used: 1) natural uranium, which contains
0.7% U-235, 2) enriched uranium, which contains a
higher percentage of U-235, 3) Pu-239, or 4) U-233;
or (b) according to the energy of the neutrons at the
time they are captured by the fuel to induce fission:
1) fast, 2) thermal, or 3) intermediate.

In fast reactors, which have no moderator, neutrons
are captured by the fuel immediately after they are
generated. This type of reactor has certain advantages
in neutron economy but requires a large fuel inven­
tory. Losses are reduced by capturing some of the fast
neutrons in a breeding blanket (see below).

Thermal reactors contain sufficient moderator to
slow down the neutrons, so that they are in thermal
equilibrium with their surroundings when captured.
Since the probability of capture by fissionable mate­
rial is liigh in the thermal range, thermal reactors
generally require less fuel for a critical mass than do
other reactors of the same output.

Intermediate reactors contain a reduced amount of
moderator and, therefore, an increased amount of fuel.

A further classification of reactors can be made
according to the physical condition of the fuel: 1)
heterogeneous, or 2) homogeneous. Heterogeneous
reactors have solid fuel elements separated from
modelator and coolant in definite geometric patterns.
The fuel in homogeneous reactors may be: 1) aqueous
solutions of uranium salts, 2) solutions of uranium in
molten metals, 3) fused salt mixtures containing
uranium, or 4) molten plutonium with molten metal
diluents.

Another reactor classification distinguishes between
the bleeder and the converter, depending upon the
amount of new fissionable fuel produced by the ab-
soiption of neutrons in the fertile material, uranium-
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238 or thorium-232. A breeder reactor produces more
fissionable material than it consumes, whereas a con­
verter produces less than it consumes.

Many other classifications of reactors follow from
the numerous design parameters shown in Table 1.

Table 1

Reactor Design Parameters

Neutron Energy
Fast, thermal, or intermediate

Geometry
Heterogeneous or homogeneous

Fuel
Uranium-235, uranium-233, or plutonium-239

Fertile Material
Uranium, thorium, or none

Fuel Regeneration
Less than consumption (converter), more than
consumption (breeder), or no regeneration (burner)

Coolant
Pressurized water, pressurized heavy water, boiling
water, boiling heavy water, air, carbon dioxide,
steam, helium, nitrogen, sodium, sodium potassium
eutectic, diphenyl, terphenyl, lead, bismuth, or
fluid fuel

Moderator
Water, heavy water, graphite, diphenyl, terphenyl,
beryllium, or beryllium oxide

Structural Material
Aluminum, zirconium, stainless steel, or carbon steel

U.S. Atomic Energy Commission, the AEC’s National
Laboratories, the U.S. Maritime Administration, util­
ity companies, and industrial groups both here and
abroad have provided B&W an additional wealth of
information and experience.

Recognizing the expanding needs of the nuclear
field, B &W established a separate Atomic Energy Di­
vision in 1953 to develop new and improved reactors
and associated components. It has executed many con­
tracts, private studies, and laboratory developments
related to reactor systems and components, including
reactor plant-construction projects, conceptual design
and evaluation, and related reactor development.

In 1956, the first unit of the Company’s Nuclear
Facilities Plant (NFP) for the production of fuel
elements and cores was completed, and production
capacity has since been increased manyfold. It was
this country’s first privately owned and operated fuel­
element fabrication facility. Fig. 1 shows typical pow­
er, research, and test-reactor fuel elements manu­
factured at this plant, which also produces complete
reactor cores, special fuel elements, control rods, and
other component equipment.

Also in 1956 the first unit of B&W’s Critical Ex-

a) B&W FUEL ELEMENT FOR PRESSURIZED-WATER POWER REACTORS

b) B&W FUEL ELEMENT FOR N.S. SAVANNAH POWER REACTOR

Activities of The Babcock & Wilcox Company

B&W is engaged in most aspects of nuclear power
development. Activities extend from the design and
fabrication of complete power, test, and researci re­
actors to the development of experimental units an
the fabrication of component parts and fuel e emen s.

As a leading manufacturer of boiler equipmen ,
B&W has specialized since 1867 in harnessing ther­
mal energy for useful purposes. Boileis o its manu
facture provided steam for the first central power
station in the U.S. in 1881. B&Ws long0 sPe
cialized achievement in heat transfer, ui ow, Pty '
sure containment, and metallurgy let to its se ee i ,
in 1943, as a supplier of heavy components tor the 

rapidly broadened its interest to encompass ‘ -
aspects of nuclear reactor developmen an «
facture. Diversified projects foi the • 1 )’

Manhattan Project. .
When controlled fission became a rea i ,
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c) B&W FUEL ELEMENT FOR RESEARCH REACTOR

d) B&W CONTROL ELEMENT FOR RESEARCH REACTOR

e) B&W FUEL ELEMENT FOR MATERIALS-TESTING REACTOR

Fig. 1. Power, research, and test-reactor fuel elements
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Fig. 2. Hot-exponential facility for testing core materials
under conditions simulating operating temperatures and

pressures

periment Laboratory was put into operation. In this
facility, tire operating characteristics and perform­
ance of full-scale power-reactor cores are determined,
as a necessary verification of design calculations. This
is done through operational study, at virtually zero
power, of a mock-up of the proposed reactor core. Just
as wind tunnels furnish reliable and inexpensive pre­
views of the aerodynamic characteristics of the air­
craft, this facility enables B&W engineers and scien­
tists to analyze proposed reactor cores in action and
to make practical improvements before the design
of the reactor is finalized.

The Lynchburg Pool Reactor is used for a variety
of experiments and design checks. A hot-exponential
tank (Fig. 2), or autoclave, is coupled with this re­
actor to determine nuclear parameters of water-
cooled cores at operating temperatures.

Consolidated Edison Indian Point Station

In meeting the challenges and responsibilities of
providing electricity to nearly nine million people in
a 600-square mile area, which includes New York City
and most of Westchester Count)', Consolidated Edison
Company of New York, Inc. constructed one of the
nation’s first large-scale atomic power plants at Indian
Point, 24 miles north of New York City, on the Hudson
River (Fig. 3).

After considering several reactor types, Con Edison
in 1955 selected lor development a pressurizcd-water
thorium-uranium converter reactor. This concept was
proposed by The B&W Co., the contractor for basic
nuclear engineering and the designer and manufac­
turer of the major items of nuclear plant equipment.

Thorium in Power Reactors

The reasons for tire interest in the use of thorium
and the ultimate attainment of the thorium-uranium-
233 fuel cycle are many:

1. Thorium occurs quite abundantly in easily mined
deposits of monazite in a number of countries, no­
tably India, Brazil, and Australia.

2. Conversion of thorium makes a better nuclear fuel
for thermal reactors than does conversion of U-238.

3. Thorium metal has fair tensile strength, good me­
chanical-working properties, and machining char­
acteristics comparable to those of mild steel. The
oxide (ThO-) is very stable even at elevated tem­
peratures.

4. Thorium can be used in many forms as a fertile or
blanket material in power breeder reactors.

5. The operating temperature of thorium in reactors
is not limited by allotropic transformation as is the
case for uranium, where the alpha-beta phase
change still limits the performance of certain re­
actors.

Station Features

The general layout of the station follows that of
conventional steam plants. The station -will develop
an electrical output of 275,000 kw from 2,200,000 lb
steam/hr generated in the boilers at 405 psi and heated
to 1000 F in separately fired superheaters. The heat
rate of the steam cycle, exclusive of reactor efficiency,
is 10,700 Btu/kwhr.

Nuclear Boiler Plant

The nuclear boiler plant is comprised chiefly of 1)
the reactor and its heat transfer system containing
valves, piping, pumps, boilers, and pressurizer; 2)

Fig. 3. Indian Point Station during construction, July 1 961
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reactor safety and control system; 3) safety contain­
ment vessel and auxiliary equipment; 4) primary and
biological shielding; 5) reactor service facilities con­
taining laboratories and auxiliary equipment; 6) fuel­
element charging, discharging, and storage facilities;
7) coolant treatment and make-up systems; and 8)
waste disposal facilities for collection, storage, and
disposal of solid, liquid, and gaseous wastes.

The reactor operates at 1485 psi and is cooled by
the circulation of water in four coolant loops operat­
ing in parallel. Coolant in the amount of 52.8 X 10"
Ib/hr enters the reactor at 486.5 F and leaves at 519 F
to transfer the heat of the nominal reactor-plant rating
of 585,000 kw thermal (2 X 10” Btu/hr). The first
reactor core, composed of 120 fuel elements, will have
a life of approximately 500 full-power days.

Plant Layout

An aerial view of the Indian Point plant is shown in
Fig. 2. The concrete-shielded 160-ft-diam l-in.-thick
carbon-steel containment vessel eliminates the pos­
sibility of dispersing radioactive material in the un­
likely event of a system rupture. It houses the nuclear
reactor proper, all of the high-pressure high-temper-
ature coolant and auxiliary systems, and a 70-ton
gantry crane. Personnel are not permitted inside the
containment vessel during normal plant operation.

The concrete wall surrounding the sphere is de­
signed to attenuate the core gamma dose during full­
power operation and the water activation gamma from
the primary loops to less than iH milliroentgen equiva­
lent man/hr (10% of laboratory tolerance for humans)
at tire external shield surface. This affords adequate
protection to personnel in nearby locations.

A fuel-handling building, for storing and handling
both new and used fuel and control-rod elements, is
adjacent to the waste-disposal building which houses
the equipment for the chemical-process system. The
principal functions of this system are to 1) collect,
contain, and treat the various solid, liquid, and gaseous
wastes from the nuclear reactor plant and its auxiliary
system; 2) provide decontaminated water for re-use
in the primary-coolant system; 3) keep impurities to
less than one ppm total solids in the primary-coolant
water so as to prevent radioactivity build-up; and 4)
supply primary-coolant water of sufficient quality foi
mechanical seals on such apparatus as the control-roc
drives.

Reactor Core

The active portion of the reactor core approximates
a right circular cylinder 8.3 ft in height and .□ t.in
mean diameter. Its composition is determined by the

Fig. 4. Cutaway view showing core and internals of
pressurized-water internal-thorium-converter reactor

at Indian Point

requirements of heat transfer, structural integrity,
excess reactivity for adequate life, and the need for
an ample negative temperature coefficient, which
tends to slow down the fission process on rise in tem­
perature and thereby improve the stability of the
reactor from the standpoint of control.

Each of the 120 fuel elements (Fig. la) contains
195 fuel rods arranged in a square lattice. The rods
are stainless steel tubes loaded with fuel pellets. The
fuel-element can is made of Zircaloy-2 sheet.

Thorium-232, the fertile material, does not itself
undergo fission but absorbs neutrons to form Th-233.
This isotope of thorium decays to protactinium-233,
which in turn decays to the fissionable isotope U-233,
which then fissions to produce heat energy. During
the expected operating life of the Con Edison core-
500 full-power days—approximately 239 kg of the
fissionable isotope U-233 are produced.

Reactivity control of the reactor is accomplished
by a combination of (a) hafnium cruciform control
rods driven by electromechanical drives through the
bottom of the reactor vessel, (b) a soluble neutron
poison (boric acid) in the primary cooling system
when the coolant is below operating temperature and
(c) incorporation of a small amount (250 ppm) of
burnable poison (boron) in the stainless-steel fuel­
rod cladding.
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Fig. 5. N.S. Savannah, world's first nuclear-powered merchant ship,
launched July 21, 1959

Primary-Coolant System Components

The primary-coolant system consists of four paral­
lel loops which circulate demineralized light water
through the reactor vessel and the steam boilers. Each
loop consists of two canned-motor pumps, two swing
check valves, a steam boiler, and connecting piping.
The design conditions for all components are 1800 psi
and 650 F. The components of the primary-coolant
system are designed in accordance with applicable
sections of the ASME Boiler and Pressure Vessel Code
and the ASA Code for Pressure Piping. The principal
material of construction for all components coming in
contact with coolant water is type 304 stainless steel.

The general arrangement of the reactor pressure
vessel is shown by Fig. 4. Four inlet connections are
located in the bottom hemispherical head and four
outlet connections in the upper portion of the shell.
There are twenty-one penetrations for control-rod
nozzles in the bottom hemispherical head. The top
closure head is secured by studs. To assure tightness,
the closure head and vessel are seal welded to a semi-
toroidal-shaped stainless-steel seal. Concentric cylin­
drical stainless-steel thermal shields are mounted in­
side the pressure vessel to reduce thermal stresses in
the vessel wall during the reactor operation by absorb­
ing gamma radiation emanating from the core. Insula­
tion around the pressure vessel reduces the heat
transfer to the neutron-shield tank.

The steam boiler in each coolant loop consists of
a U-tube lower heat exchanger and an upper separator
drum with connecting risers and downcomers. The
tubes are rolled and welded into tube sheets clad with
stainless steel. The upper drum is located above and
on the center line of the heat exchanger and is con­
nected to it by risers and downcomers for natural
circulation of the secondary steam-water mixture. 1he
normal steady-state output of each steam boiler is 
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145,000 kwt (498 X 10” Btu/hr). Steam flow (satu­
rated) at the upper-drum outlet is 550,000 Ib/hr at
405 psi and 449 F.

A pressurizing system establishes and maintains
primary-coolant system pressure within prescribed
limits during warm-up, steady-state operation, load
changes, and shutdown. The pressurizing system con­
sists primarily of a pressurizer tank, heaters, surge
line, spray line, and spray head.

Nuclear Merchant-Ship Reactor

The first American nuclear merchant ship, the N. S.
Savannah, was built through the combined efforts of
the U.S. Maritime Administration and the U.S. Atom­
ic Energy Commission. Major requirements included
a conservative design, proven reactor concept with a
long-life core, use of commercially available materials
and equipment wherever practical, minimum capital
and operating expenditures, and dependable and safe
operation of the ship in normal commercial trade. The
power plant was also designed to permit continued
nuclear research, because it is basically a floating
laboratory and test ship built to prove the feasibility
of nuclear power for merchant ships. The B&W Co.
contracted to supply the nuclear propulsion plant, the
nuclear part of which it designed and built.

The N.S. Savannah (Fig. 5) is a single-screw
geared-turbine combination passenger-cargo vessel
595 ft long, with a beam of 78 ft, a draft of 29 ft-6 in.,
and a displacement of 21,800 tons. The ship, con­
structed by the New York Shipbuilding Corp, has ac­
commodations for 60 passengers and will cany7 about
10,000 tons of cargo. The designed sea speed is 20
knots.

I he reactor system is the pressurized-water tvpe, 

consisting of a single reactor with two main coolant
loops and two steam boilers. Primary water at a pres­
sure of 1735 psi generates saturated steam at 455 psi
at full power. This steam expands through the main
turbines to the condenser, where pumps return the
condensate through the feed system and to the boilers.
There are two 1500-kw turbine generators which
provide auxiliary power for all propulsive and ship
services. A low-pressure heat exchanger furnishes a
maximum of 7500 lb steam/hr for hotel services and
cargo heating.

For emergency take-home power, a 750-shp electric
motor has been installed that can be coupled to the
main gearing. Two 750-kw diesel generators designed
to start automatically upon failure of the turbine gen­
erators, provide sufficient power for the take-home
motor and other essential electrical loads. One oil-
fired package boiler, capable of supplying 7500 lb
steam/hr at 150 psi, furnishes emergency steam for
heating and fire protection.

Pertinent design data for the power plant are given
in Table 2.

Design Data for N.S. Savannah Power Plant

Table 2

Load Normal Maximum
Shaft power, shp 20,000 22,000
Shaft speed, rpm 106.7 110
Turbine inlet press., psi 455 435
Condenser vacuum, in. Hg 28.5 28.5
Feedwater temp, F 347 343
Total steam, Ib/hr 242,200 261.460
Total electric load, kw 1,900 1,900
Reactor heat gen, kw 63,500 69,000
Reactor press., psi
Reactor water flow, 10“ Ib/hr

1,735
8

1,735
8

Primary7 water mean temp, F 508 508
Reactor water At, F 22.8 24.8

The reactor is fueled by 7100 kg of uranium with an
average enrichment of 4.4%. The uranium oxide in t ic
form of pressed sintered pellets is contained in stain­
less steel tubes. Each of the 32 fuel elements (Fig. 1
contains 164 of these tubes. Individual stainless steel
boxes, which are semipermanently fixed to t ic o" er
support plate, surround each element and form c lan
nels in which the control rods move. These boxes
direct the coolant flow through the fuel elements anc
regulate the amount of coolant passing t iroiij, > K
channels. . .

The reactor is controlled by rods of cruci oim se c­
tion (see Frontispiece) macle of stainless^stcc . P 11 e'^
containing boron enriched to 907 in the - Js0 °PC
for increased neutron absorption and clad m plain
stainless steel sheets. The rods are actuated by top-
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Fig. 6. Machining N.S. Savannah reactor vessel in
Boiler Division plant at Barberton, Ohio

mounted electromechanical-hydraulic  drives. Zircaloy7-
2 followers, fastened to the bottom of the absorbing
rods, occupy the rod channels in the core as the rods
themselves are lifted out. Thus the control rods are
replaced by7 the Zircaloy followers rather than by7
water that would produce high power-peaking in the
adjacent fuel rods.

The principal nuclear requirements for the core
were (a) lifetime should be at least 52,200 megawatt-
days (mwd) and (b) the control rods should hold
down the core, when it is new and at room tempera­
ture, with approximately 37 in reactivity to spare.

A critical experiment with the actual elements was
carried out at the Lynchburg Critical Experiment
Laboratory before the elements were delivered to the
shipyard. Experiments to confirm the reactivity values
of the control rods were completed at the same time.
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Fig. 8. Flow diagram of N.S. Savannah propulsion system

The instrumentation and control system for the re­
actor follows conventional design practices. The safety
system provides for scramming the reactor under
specified conditions. In addition, a manual scram
switch is placed on the console.

The entire primary system is enclosed in a steel
containment shell (Fig. 7) which furnishes support
for both the primary and the secondary shielding. The
secondary or biological shield reduces the radiation
in crew and passenger spaces to a level less than the
maximum value permitted for occupational exposure
by the International Commission on Radiological
Protection and the National Committee on Radiation
Protection.

A flow diagram for the nuclear power plant of the
N.S. Savannah is shown schematically in Fig. 8.

Research Reactors

Development of nuclear reactors for industrial and
university research has proceeded in parallel with the
development of power reactors. B&W developed an
open-pool reactor design that provides a maximum of
experimental flexibility for scientific and research
workers.

A typical B&W pool reactor is shown in Fig. 9. A
cluster of fuel elements is suspended from a movable
bridge that spans an open concrete pool filled with
highly demineralized water. The concrete sides of the
pool are formed from high-density concrete to pro­
vide radiation shielding for reactor personnel. The 

Fig. 9. B&W open-pool research reactor
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water is the coolant for the fuel elements and the
moderator for neutrons. The core is sufficiently sub­
merged to provide radiation shielding for those work­
ing on or near the bridge.

The bridge is moved to one of several operating
positions, and the reactor is then started up and ope£
ated from a separate control room overlooking the
pool. Control rods, containing neutron-absorbing ma­
terial, are slowly withdrawn until the reactor becomes
critical and reaches the desired operating power level.
The power is maintained at a constant level by con­
tinuous manual or automatic control of these rods.
Thermal power up to 5000 kw (17.1 X 10" Btu/hr)
can be produced in a pool reactor, and at this power
approximately 4 X 10'3 fast and slow neutrons/cm2,
sec are available for neutron research at the core.

At all power levels above 100 kw (0.34 X 10"
Btu/hr), forced-circulation cooling is used. The pool
water is drawn down through the fuel elements and
through a header to a heat exchanger and then re­
turned to the pool. Below 100 kw the header is dis­
connected and the fuel elements are cooled by natural
convection of the pool water.

Three primary methods are provided for utilizing
the neutrons for research work. Dry watertight tubes,
6-in. and 8-in. in diam, extend radially through the
concrete pool walls to the core. Beams of both fast
and slow neutrons passing through the tubes are
available for many types of experiments in the work­
ing area around the outside of the concrete pool. At
another operating position, neutrons from the core
are passed through a 4' X 4' X 7' array of graphite
blocks, called a thermal column. Graphite has the
property of reducing the velocity of the fast neutrons,
and thus a large-volume source of slow (thermal)
neutrons is available within and in front of the thermal

(SSCR). The thermal characteristics of the SSCR are
identical in nature with those of a conventional PWR.
It has the same limitations with respect to burnout
and fuel melting and the same potential for thermal
efficiency.

The SSCR is a concept wherein reactivity control
is accomplished by varying the concentration of a
heavy-water light-water mixture in the primary cool­
ant loop. The addition of heavy water, D.O, changes
the relative number of neutrons at particular energies
(i.e., shifts the neutron spectrum), resulting in more
neutrons at slightly higher energies and more absorp­
tion in fertile material. This increased absorption in
the fertile material allows a larger amount of fission­
able material to be controlled (i.e., the reactivity of
the fuel lattice decreases with an increasing deu-
terium-hydrogen ratio because the “slowing-down
power” for D.O is only 137 of that of light water).

The SSCR is similar to pressurized-light-water
reactors already constructed and operating. Moreover
the SSCR incorporates not only many of the demon­
strated technological advances achieved to date in
conventional water reactor systems but has the added
advantages of improved neutron economy, longer core
life, and increased power density. Fig. 10 shows a
model of the nuclear portion of an SSCR plant
designed for 390,000-kw electrical capacity.

The heat source, or reactor core, for an SSCR is
shown in Fig. 11 with the closure head in place and
the drive mechanisms mounted above.

The Spectral-Shift Control Reactor should offer the
utility user the advantages of lower capital and fuel
costs with additional safety and flexibility.

Fig. 10. Design drawing of containment vessel housing an
SSCR nuclear boiler plant of 390-mw electrical capacity

column. Experiments can also be carried on within
the pool itself. Small samples to be irradiated may
be placed in containers and positioned close to the
fuel elements or sent through a pneumatic tube sys­
tem to a location at one side face of the core. Large
experiments may also be assembled on the floor of the
pool and irradiated after moving the reactor core to
a position adjacent to the experiment.
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‘pectral-Shift Control Reactor

Water reactors in 1963 enjoy the distinction of
having reached the most advanced state of develop­
ment of all reactor types. Statistically reliable experi­
ence will soon be available. Unfortunately, nuc ear
ower is economically feasible today only in irni cc
□cations—primarily those of high fuel cost, n an

effort to break this high-cost barrier, B&W has devel­
oped a variation of the pressurized-water icac oi
(PWR) known as the Spectral-Shift Control Reacto
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Development Activities

The achievement of economically competitive
nuclear power- requires the successful completion of
development programs directed toward the reduction
of both fuel and capital costs.

Reactor Cores

The Company is undertaking extensive develop­
ment and testing work to reduce fabrication costs for
oxide fuel elements and to confirm their high burn-up
and heat-release capabilities. Particular emphasis is
placed on core designs of Zircaloy-clad UO2 and
ThO2-UO2 for the Spectral-Shift Control Reactor and
on achievement of its potential for low fuel costs
through full utilization of the fissionable isotope,
U-233, formed in thorium by neutron capture.

High-Temperature Fuel Elements

As support for advanced reactor designs involving
high-temperature coolants, investigations of ceramic
fuels clad with graphite and high-temperature alloys
are being undertaken. Because of the elevated tem­
perature involved, factors of creep corrosion and rapid
chemical reactions between materials are of prime

Fig. 12. Shielded fuel-transfer cask on rotary
manipulator

Fig. 1 1. Cutaway view showing core internals of Spectral-
Shift Control Reactor for plant design shown in Fig. 9

importance and must be investigated along with the
effect of radiation. The low neutron-capture cross
section of graphite has stimulated special efforts to
prove its suitability as a core cladding and structural
material.

Control Elements

The safety of any reactor depends primarily upon
the speed and reliability of the control system which
acts to introduce poison into the core, thereby reduc­
ing the reactivity. Boron has been the most popular
choice for a poison material. However, since both
helium and lithium are produced when a boron atom
absorbs a neutron, undesirable dimensional swelling
and reduction in ductility occur. An alloy of stainless
steel and boron (about 2% of boron) was successfully
fabricated by the Company and in-pile tested under
expected operating conditions. Because of its high
cost and present unavailability, hafnium is rarely
used in commercial reactors even though it is an ex­
cellent control-rod material. The search is continuing
lor a material which is high in neutron-absorption
cross section, readily available, and which does not
exhibit the unfavorable irradiation behavior of boron.
lhe most promising recent developments have been
with the rare earth oxides, such as those of europium,
gadolinium, dysprosium, and samarium.
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Fig. 13. Transfer cask removing reactor internals

System Materials

The structural materials used for construction of
reactor primary systems must be developed and
selected on the basis of design and Code requirements
as influenced by the coolant being circulated and the
radiation and temperature environment.

Components
B&W supports a continual program of development

activities directed toward improvement of its nuc ear
products. A major share of this work is performer to
solve present and anticipated problems associatec
with nuclear components. Some of the major c ex e op
ment activities in this area include reactor-c osure
design, tube to tube-sheet welding, clad-nozz emann
facture, ultrasonic inspection, methods o ana } sis,
and steam separation.

Handling Equipment
During the course of the N.S. Savannah cont1.^

he Company developed, fabricated, anc teste unKl
nd practical refueling equipment. Fig. s io

s relded fuel-transfer cask on the rotary manipulator.
uel-handling equipment is operable when the ship

ras a list of 4°, a condition that simulates its worst
attitude at dockside during refueling operations.

The cask contains an integral fail-safe interlocking
hoisting mechanism which operates within a primary
and secondary cooling system. Panel controls permit
the operator to spray-cool the fuel element during
transit from the reactor to the cask and then to fill the
cask with water for transport. With an extension piece
added to increase its length, the same cask is used for
removal of control rods or fuel elements.

Fig. 12 shows the reactor-vessel-internals transfer
cask in place on the reactor-vessel-flange mock-up
during the removal of a 17,000-lb portion of the re­
actor internals, with the transfer cask operating at a
4° angle to the vertical. This 27-ft-high cask assembly
is so designed that the shield portion will telescope,
thus doubling the shield thickness to permit removal
of a smaller, but hotter, upper-grid-plate assembly.
An internal-hoist and tool-column assembly permits
handling of vessel internals with specified combined
ship motions of heave, roll, pitch, and drift.

Recognizing the disadvantages of the traditional
method of tightening the nuts on large studs or bolts
by first heating the latter to a predetermined tem-

Fig. 14. A 600-ton stud tensioner for the N. S. Savannah
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Fig. 15. A prototype manipulator unit

perature, the Company designed the stud tensioner
(Fig. 14), which performs tire equivalent operation
in % the time. The basic principle involved is one of
using force to stretch the stud elastically a predeter­
mined amount prior to tightening the nut.

The 600-ton-capacity unit shown tensions studs by
an hydraulic-powered drawbar to within 0.001-0.002
in. of the desired elongation. Completely powered in
all operations, a single control will (a) power-drive
the drawbar on and off a stud, (b) retract a stud
within the body of the tensioner to permit a welder
or seal-weld cutter to pass, (c) reinstall and tension
the stud, and (d) raise the tensioner for relocation to
the next stud. Air-powered trollies move this two-ton
tensioner around the reactor vessel.

In addition to the specific equipment described
above, B&W has developed special nuclear equip­
ment, such as control-rod drive-shaft seals, seal plugs,
and mobile manipulator equipment. The prototype
manipulator unit shown in Fig. 15 was designed and
built by B&W to provide information for the design
of an advanced robot mechanic to do various and
sundry divergent jobs, such as lift a ton, turn a key
in a lock, or accomplish a variety of jobs under condi­
tions of environment that prohibit direct access to
humans. Performance is controlled from a closed room
which precludes visual observation of the equipment.
A TV camera with autozoom lens is mounted on top
of the mobile manipulator truck to allow close viewing
of the manipulator arm and hand. The installation of 

another TV camera provides an over-all view of the
mock-up area.

The arrangement of the control center is shown in
Fig. 16. The section on the left supplies power for the
manipulator. The two handles on the extreme right
control the manipulator and the manipulator truck.
The two central handles control the crane.

B&W has also developed an improved command
system for its offerings in the robot field. This system
utilizes four electronic units, one for each of tire fol­
lowing; transmitter timer, transmitter coder, receiver
timer, and receiver decoder. The two receiver units
are of miniaturized design so that local shielding can
be readily provided for high-radiation-field use. These
basic units are assembled from standard electronic
component groups that are readily replaceable be­
cause of the unitized plug-in construction. A 60-
function receiver (60 completely independent com­
mands which can be individual and/or simultaneous)
occupies approximately half a cubic foot. Two types
of transmission systems are employed, depending
upon the application. An induction-loop transmission
system is preferred for operation in a defined area, but
a radio link can be used for greater range and flexi­
bility. The induction-loop system requires no FCC
licensing, and the unit is virtually interference-free.
This system has been prototyped and is now being
thoroughly tested.

Fig. 16. Operator's console and TV monitoring
equipment
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glossary
of Nuc

Atom. Chemically, the smallest electrically neutral
constituent part of an element that can engage in
chemical reaction. Physically, it consists of a positivelv
charged nucleus surrounded by a compensating number
of negative electrons in various orbits.

Atomic Nucleus. A composition of two kinds of nri-
mary particles, protons and neutrons. 1

Breeder Reactor. One that produces more fissionable
material than it consumes.

Breeding. The process whereby a fissionable species
is utilized as a source of neutrons to produce more nuclei
of its own kind than are used up. This is the function
of a breeder reactor.

Chain Reaction. A fission chain reaction where the
neutrons produced by the fission of an atomic nucleus
(two or more neutrons on the average) cause the fission
of other atomic nuclei, which in turn propagate the
fission reaction in the same manner. Not all the neutrons
released by the capturing nuclei produce new fissions,
because of leakage, absorption of impurities, and other
losses. A self-sustaining chain reaction requires that at
least one of the neutrons emitted in each average fission
be captured to produce another fission.

Converter Reactor. One that is similar to a production
reactor except that it utilizes tire fissionable material
produced to augment its lifetime.

Converting. The process whereby neutrons are used
to transmute thorium-232 into uranium-233, or uranium-
238 into plutonium-239. Less specific than breeding.

Critical. Term used to describe the condition of a nu­
clear reactor in which a fission chain reaction is being
maintained at a constant rate. A reactor in which the rate
of fissioning is more than that required for criticality is
said to be “supercritical,” and one in which the rate is
not sufficient to sustain a chain reaction is termed
“subcritical.”

Critical Mass or Size. The mass of nuclear fuel for
which a chain reaction proceeds at a constant power
level. This is related, among other things, to the volume
it occupies, or size.

Cross Section, Nuclear Cross Section. The effective
area of the target nucleus exposed to bombardment by
nuclear particles, used to express the probability of a
particular nuclear process or reaction.

Electron. An elementary particle orbiting about the
nucleus and balancing a proton positive charge.

Enriched Uranium. Uranium containing a higher than
the normal percentage of U-235.

Fission, Atomic. The splitting of the nucleus of a
heavy atom, as uranium or plutonium, into nuclei of
lighter atoms—the fission products.

Fission Products. Elements that result from atomic
fission. In addition to uranium and plutonium, these may
consist of more than 40 different radioactive elements-
barium, iodine, cerium, arsenic, silver, tin, cadmium,
'■nd others.

Terms

Fissionable Material. Any element or isotope, the
nuc ei of which can be caused by nuclear bombardment
o un ergo nuclear fission and to produce a fission chain

reaction.
Fuel Burn-Up. As a reactor continues to operate, the

ssionable material is gradually used up and the reac­
tivity will decrease accordingly. This is known as fuel

epletion, or bum-up, and amounts to a loss of about 1
gram of U-235 per megawatt-day of operation. Burn-up
is normally expressed in terms of megawatt-days per
metric ton of uranium metal or uranium oxide.

Half-Life. The length of time it takes a radioactive
element to decay to the point where one half of the
original material remains.

Heavy Water. Water in which the hydrogen of the
water molecule consists entirely of the heavy hvdrogen
isotope of mass two. It is used as a moderator in certain
types of nuclear reactors.

Isotope. One of a group of two or more nuclides having
the same number of protons (the same atomic number)
but different numbers of neutrons.

Moderator. A substance, such as graphite or heavy’
water, used in a reactor to slow down neutrons from the
high energies at which they are released in fission to
lower energies at which they cause fission more readilv.

Multiplication Factor, k. The ratio of the number of
neutrons produced by nuclear fission to the number of
neutrons absorbed in the reactor.

Neutron. An electrically neutral nuclear particle of
mass number 1.

Neutron Cross Section. A measure of the ability of a
material to interact with neutrons by scattering, captur­
ing, or being fissioned by them.

Neutron Flux. A term used to express the intensity of
neutron radiation, usually' used in connection with the
operation of a reactor.

Nucleon. A general term for a proton or a neutron.
Nuclide. An atomic species characterized by the con­

stitution of its nucleus, i.e., the numbers of protons and
neutrons and energy content.

Proton. A positively charged elementary particle of
mass number 1.

Reaction Cross Section. The effective area presented
by a target nucleus to a bombarding neutron under de­
fined conditions and for a given result.

Reactivity. The amount by which the multiplication
factor exceeds one is called “excess multiplication fac­
tor,” reactivity, or excess k and is usually expressed in
terms of per cent of the multiplication factor.

Thermal Reactor. One in which most of the fissions
result from the capture of thermal neutrons. In inter­
mediate and fast reactors, most of the fissions result from
the absorption of intermediate and fast neutrons, respec­
tively.
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Cyclone furnaces fire this eastern central station

28

the cyclone furnace

O
ver the years continued advances have been
made in the methods of burning coal. The
motivating factors were mainly economics,

growth of industry, and higher standards of living’
Economics demanded the efficient use of the cheapest
coals available. Growth of industry and higher living
standards required more steam-generating units of
higher capacities than those attainable with the older
types of equipment. In the early 1920’s intensive
work on pulverized-coal firing was started to over­
come the limitations of the stokers available at that
time. The advantages that pulverized-coal firing
offered were:
1. The use of the most economical size of coal avail­

able.
2. The removal of capacity limitations imposed by

stokers.
3. Improvement in response to load.
4. The ability'’ to burn all ranks of coal from lignite

through anthracite.
5. Ease of combination firing of oil and gas with coal.
6. An increase in thermal efficiency because of lower

excess air for combustion and lower carbon loss
than that with stoker firing.

7. A reduction in operating labor requirements.
Today, pulverized-coal firing is highly developed

and is considered an excellent way to burn many
types of coal, particularly the higher grades and
ranks. However, in its development and application,
experience has shown this method of firing to have
certain limitations and undesirable features, such as.
1. Large power consumption required for driving

pulverizers.
High maintenance costs for pulverizers.
Excessive fly-ash discharge from the stack (ap
proximately' 807 for dry-ash-removal furnaces
without dust collectors).

4. Erosion of boiler pressure parts by fl)-ash cn
28-1

trained in the flue gases (unless low gas velocities
are maintained).

5. Erosion of induced-draft fan blades and scrolls,
even when the fans are located after dust col­
lectors.

6. Lower availability and increased maintenance be­
cause of eroded components.

7. Relatively large furnace volumes required for good
combustion.
For a clear understanding of the last item, a brief

review of combustion and the functions of a furnace
may be helpful. Very simply, combustion of coal is
a chemical reaction in which carbon combines with
oxygen to form CO-. This gas tends to blanket the
coal particles and retard further combustion. To
maintain rapid combustion, the COj must be scrub­
bed away and every particle of coal brought rapidly
into intimate contact with additional oxygen.

Pulverized-coal firing requires that the coal be re­
duced from 1- or 2-in. diam lumps to a powder, so
fine that approximately 707 will pass a 200-mesh
screen, which requires a large amount of power. The
finely pulverized coal is then very intimately mixed
with combustion air in the burner; however, after
this initial mixing the tiny coal particles are merely
carried along in the air stream, and very little addi­
tional scrubbing by the air occurs. Thus, further con­
tact of oxygen with the coal must be largely by diffu­
sion. The furnace consequently has to be relatively
large to give the necessary retention time for oxygen
to diffuse through the blanketing COj layer to reach
the coal particles, and, at the same time, temperatures
must be sufficiently high to complete combustion.
After combustion, since the residual ash particles are
much smaller than even the original tiny pulverized-
coal particles, the former are easily carried along
with the flue gases from the furnace and through the
boiler setting.

At the same time the pulverized-coal-fired boiler
furnace also has the function of cooling the com-
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bustion gases, so that when they enter the convection
surfaces they are below the temperature at which
slagging occurs. This function conflicts with that of
maintaining the high temperatures necessary to com­
plete combustion. It would therefore be preferable
to separate these functions and use the boiler fur­
nace for cooling only. This would require a separate
small combustion chamber where high turbulence and
temperature may be maintained.

For many years engineers recognized this need and
actively explored basic changes in the design of fur­
naces and fuel-burning equipment to improve com­
bustion and furnace performance. In addition, sig­
nificant changes in the availability and use of coal
further increased the need for new designs. For ex­
ample, demands for the higher grades of coal have
depleted many seams, and many others have been
reserved for metallurgical and other uses. Mecha­
nization in coal mining has increased the ash content
of mined coal. Washing is widely used to lower ash
and sulfur contents; however, this is an added ex­
pense (see Chapter 15). The industrial growth of
the Western portion of the country, rich in reserves
of subbituminous and lignitic coal, is rapidly increas­
ing the consumption of these lower ranks of coal.
This has furthered the need for equipment fully
suitable for the lower grades and ranks of high-ash
low-fusion-temperature coal.

The Cyclone Furnace is an outgrowth of efforts by
many engineers to meet these needs and to overcome
some of the difficulties encountered with other firing
methods. It is a significant step in improving the
methods of firing fuels and bettering the functional,
design, and performance characteristics of boilers
and related equipment.

Principle of Operation

The Cyclone Furnace (Fig. 1) is a water-cooled
horizontal cylinder in which fuel is fired, heat is re­
leased at extremely high rates, and combustion is
completed. Its water-cooled surfaces are studded
and covered with refractory chrome ore. Coal
crushed in a simple crusher, so that approximately
95% will pass a 4-mesh screen, is introduced into the
burner end of the cyclone. About 20% of the combus­
tion air also tangentially enters the burner and im­
parts a whirling motion to the incoming coal. Sec­
ondary air with a velocity of approximately 300 fps
is admitted in the same direction tangentially at the
roof of the main barrel of the cyclone and imparts
a further whirling or centrifugal action to the coal
particles. The combustible is burned from the fuel
at heat release rates of 500,000 to 900,000 Btu/cu
ft, hr, and gas temperatures exceeding 3000 F arc
developed. These temperatures arc sufficiently high
to melt the ash into a liquid slag, which forms a
layer on the walls of the cyclone. The incoming coal

Fig. 1. The Cyclone Furnace, in the form of a horizontal
cylinder, is completely water cooled by connection to
the main boiler circulation. All combustion gases leave
through the re-entrant throat at the rear. Molten slag
drains from the bottom at the rear through a small open­

ing into the adjacent boiler furnace

particles (except for a few fines which are burned
in suspension) are thrown to the walls by centrif­
ugal force, held in the slag, and scrubbed by the
high-velocity tangential secondary air. Thus the air
required to burn the coal is quickly supplied, and
the products of combustion are rapidly removed.
Even though the release of heat per cu ft in the
Cyclone Furnace is very high, the total amount of
heat actually absorbed is relatively low. This is be­
cause of the small amount of surface in the cyclone
and the insulating properties of the covering slag
layer. Heat absorption rates range from 40,000 to
100,000 Btu/sq ft, hr, as shown in Fig. 2. This com­
bination of high heat release and low heat absorp­

HEAT AVAILABLE. BTU/LB OF WET GAS

Fig. 2. Heat absorption rates in the Cyclone Furnace
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tion insures the high temperatures necessary to com­
plete combustion and to provide the desired liquid
slag covering of the surface.

The gaseous products of combustion are discharged
through the water-cooled re-entrant throat into the
gas-cooling boiler furnace. Molten slag in excess of
the thin layer retained on the walls continually
drains toward the rear and discharges through the
tap hole (shown in Fig. 1) to the boiler furnace,
from which it is tapped into a slag tank and disposed
of in conventional manner.

The results of this method of combustion are that
the fuel is burned quickly and completely in the
small cyclone chamber and the boiler furnace is used
only for cooling the flue gases. Most of the ash is
retained as a liquid slag and tapped into the slag
tank under the boiler furnace. Thus, the quantity
of fly-ash is low and its particle size so fine that
erosion of boiler heating surfaces has never been
experienced even at high gas velocities.

Suitability of Fuels for the Cyclone Furnace

In the production of power, no one method of
burning fuel has proved suitable for all classifica­
tions of fuels under all conditions, and the Cyclone
Furnace is no exception; however, its range in use
of fuels is relatively broad. For example, of the
500,000 tons of bituminous and lignitic coal mined
in this country in 1950, approximately 70% is con­
sidered suitable for use. Further, the poorer and
cheaper grades of coal generally have fuel charac­
teristics which are well suited. These factors are of
considerable economic importance in the produc­
tion of power. In buying fuel for Cyclone Furnace
boilers, there are fewer restrictions in the selection
of coal, and full advantage can be taken of the com­
petitive fuel market and the fuel availability in the
area of the plant. Fuel oils and gases, along with
many other by-products from coal, petroleum, and
wood, are suitable for firing (see Operating Results').

ASH-SOFTENING TEMPERATURE, F
{REDUCING ATMOSPHERE)

COALS TESTED

’■ 2. 3. 4, CENTRAL PENNSYLVANIA
5, 6, 7

8, 9,10 WESTERN PENNSYLVANIA

II, 12, 13 NORTHERN WEST VIRGINIA

14, 15, 16 OHIO

17 SOUTHERN WEST VIRGINIA

18 VIRGINIA

19, 20, 21 EASTERN KENTUCKY

22, 23 WESTERN KENTUCKY

24, 25, 26, 27 ILLINOIS

28 INDIANA

29 TENNESSEE

30 TEXAS (LIGNITE)

31 NORTH DAKOTA (LIGNITE)

32, 33, 34 FRANCE

Fig. 3. Tests of coal suitability for the Cyclone Furnace (600 F combustion-air temperature)
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Fig. 4. Types of boiler furnaces used
with Cyclone Furnaces

The suitability of most solid fuels is dependent
upon the amount of moisture, the volatile matter,
and the quantity and type of ash. Based on experi­
ence with both commercial and experimental units,
it has been found that, for satisfactory combustion
of solid fuel, the ash must form a liquid slag layer
in the cyclone and the rate of deposit of fuel particles
in the slag layer must not exceed the rate of com­
bustion. With a normal combustion-air temperature
of 600 F, it has been found that the slag character­
istics will be suitable (see Fig. 3) if the slag formed
from the coal ash has a viscosity of 250 poises or
less at 2600 F. Also, the volatile matter of the coal
should exceed 15% on a dry basis, in order to obtain
the required high combustion rate. For coals of very
high moisture content it may be necessary further
to limit the coal ash-softening temperature and slag
viscosity. There is considerable give-and-take in
these characteristics, and an increase in the temper­
ature of the combustion air will generally permit ex­
tending these limits. Of the various criteria for es­
tablishing suitability of solid fuel for firing, the most 

significant is the viscosity of the slag formed from
the ash. For most coals the slag viscosity may be
calculated from the analysis of the ash and the ash­
softening temperature in a reducing atmosphere, as
discussed in Chapter 18. Ash content and ash quality
are not criteria in the case of liquid or gaseous fuels,
as a liquid slag coating of the furnace is not required
to burn them.

Design Features
Boiler Furnace

There are two general types of gas-cooling fur­
naces developed for the Cyclone Furnace, namely,
the screened furnace and the open furnace. These
are shown in Fig. 4. In unit (1) a water-cooled slag
screen divides the boiler furnace into lower and
upper sections and serves to remove an additional
amount of dust from the flue gases. In units (2a) and
(2b) the products of combustion from the Cyclone
Furnaces discharge directly into the boiler furnaces.
For smaller units, sufficient firing capacity is usually
attained with Cyclone Furnaces located in only one
wall (see 2a). For large units, furnace width can
often be reduced by installing them in both the
front and rear boiler-furnace walls (see 2b).

Cyclone Furnace Capacities
The size and number of Cyclone Furnaces depend

primarily upon the boiler size and the load flexibility
required. They are built commercially in sizes rang­
ing from 5-ft diam through 10-ft diam, with an
allowable range of maximum heat input per furnace
of approximately 100 miffion to 500 million Btu/hr.

Coal Preparation
There are two general types of coal preparation

and feeding arrangements (see Fig. 5), the direct
and the bin or storage systems. The latter is preferred
for most bituminous coals when the plant layout
permits. With this system coal is crushed in a central

Fig. 5. Bin-firing and direct-firing systems for coal prepa­
ration and feeding to the Cyclone Furnace (schematic)
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Fig. 6. Sizing of crushed coal fired in the Cyclone Furnace

preparation plant to a sizing suitable for firing, and
the crushed coal is delivered to the bunker. The
range of sizing of crushed coal required with either
system is given in Fig. 6. Because the crushed coal
is relatively large in particle size, the hazards as­
sociated with pulverized-coal storage systems do not
exist. The only precaution necessary is to provide
adequate venting of the bunkers to insure removal
of the small amounts of combustible gases released
from freshly crushed coal of certain types. With the
bin system the amount of equipment in the boiler
room is reduced, and short crusher outages can be
accommodated without interrupting boiler operation.

The second method of coal preparation is the
direct system, which has a separate hot-air-swept
crusher located between the feeder and the burner
of each Cyclone Furnace. The advantage of this
system is that the intimate mixing of coal and hot
air in the crusher helps to dry the coal. This im­
proves crusher performance and ignition with high-
moisture coals, such as lignite. It is also often easier
to accommodate the direct system in existing plants,
where the coal-handling equipment cannot readily
be adapted to the bin system.

Coal Feeders
The coal feeder normally used is a drag tyPe>

shown in Fig. 7. An angled cutoff plate is provided
at the coal discharge from the feeder to insure a
uniform rate of feed. This is necessary because t ic
coal is burned almost instantaneously when it reac ics
the Cyclone Furnace, and fluctuations in feed are
reflected in combustion. The rapidity of combustion
makes the Cyclone Furnace very responsive to load
demands, and it has been demonstrated that the
rating will change just as quickly as the coa - ee er

Fig. 7. Drag feeder for the Cyclone Furnace

speed. Belt feeders with continuous weighing des ices
have been used to serve the dual function of coal
scale and feeder.

Oil and Gas Burners

As mentioned above, the Cyclone Furnace is ex­
cellent for the burning of oil or gas. These fuels can
be burned at ratings and with performance equal to
those with coal firing. Streams of oil may be injected
either into the secondary-air stream or through the
front coal burner (see Fig. 8), where the oil is picked
up and atomized by the high-velocity air. Gas is
fired through flat ports located in the secondary-air
entrance to the cyclone. The gas burners and the
oil burners located in the roof may be left in place
when coal is fired, which permits switching from one
fuel to another by remote control without having to
remove the Cyclone Furnace from service. This fea­
ture makes the Cyclone Furnace well suited for
firing multiple fuels. For installations where a unit
may be operated for some time on oil or gas but
will later be converted to coal, it is possible to
arrange for firing oil or gas with air pressures well
below those required for coal, thus affording a con­
siderable saving in power during the period when
the alternate fuels are burned. For such installations,
40 to 50% of the total air is admitted as primary air 

Fig. 8. Oil and gas burners for the Cyclone Furnace
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compared with 15% for coal firing. With the lower air
pressure, atomizing oil burners are used.

Slag-Handling Equipment
Slag-handling equipment for a Cyclone Furnace

boiler is similar to that for a pulverized-coal slag-tap
boiler, except that since the per- cent of ash recovered
in the Cyclone Furnace is higher the capacity of the
slag-handling equipment must be correspondingly
greater. There are two principal types of handling
in use, as shown in Fig. 9. The first consists of one
or more large storage tanks located under the furnace
floor, into which slag is continuously tapped,
quenched, and allowed to accumulate. It is with­
drawn at intervals and discharged to a storage area,
where it is recovered for sale or other use. The
second type of slag handling is similar with the ex­
ception that a smaller storage volume is provided
under the furnace floor, and tire slag is removed
continuously as it discharges into the water-quench
tank. The advantages of the continuous handling
system are that less space is required under the
boiler furnace for the slag tanks and that no routine
operating labor is required.

BATCH REMOVAL
SYSTEM

CONTINUOUS REMOVAL
SYSTEM

Fig. 9. Slag-handling systems for Cyclone Furnace boiler

Combustion Controls

Automatic combustion controls for Cyclone Fur­
nace boilers are generally based on maintaining
equal feeder speeds (feeders are calibrated to give
equal volumetric flows for equal speed) and equal
total air flows to individual Cyclone Furnaces. The
air flows are measured by venturi meters in the air
ducts to each furnace. In this way, equal coal rates
and air flows are maintained to each cyclone, and
the over-all excess air is controlled with a boiler
meter based on steam flow-air flow in the usual
manner. Often oxygen recorders are used as operat­
ing guides to monitor the controls.

Operating Results

Fuels Burned
The first commercial Cyclone Furnace boiler was 

designed to burn Central Illinois coal and was in­
stalled at the Calumet Station of the Commonwealth
Edison Co., Chicago, in 1944. Since then this method
of burning has been incorporated in many units
throughout the United States and Europe. In this
country coals of the following range of constituents
have been burned in commercial Cyclone Furnace
boilers:

Moisture, % 2 to 40
Volatile matter (dry), % 18 to 45
Fixed carbon (dry), % 35 to 75
Ash (dry), % 35 to 75

As mentioned previously under Suitability, a num­
ber of by-products from petroleum and many waste
fuels, such as bark, can be successfully burned. The
petroleum products (coke and pitch) range in
volatile matter from as low as 5% for some petroleum
coke to as high as 60% for pitch. Because of the very
low ash content of these petroleum by-products, it
is usually necessary to add a slag-forming material
or to also burn coal with suitable ash characteristics
to provide the necessary slag coating of the cyclone
barrel. For the 5% volatile coke it is also necessary
to burn 5 to 10% auxiliary oil or gas to stabilize
ignition.

Coal chars resulting from the low-temperature
carbonization of bituminous or lignitic coals have 

Fig. 1 0. Cyclone Furnace unit with screened boiler fur­
nace. Maximum continuous steam output 1,523,000 lb
per hr, 1050 F, 2400 psi design pressure. Five 9-ft-

diameter Cyclone Furnaces per boiler
28-6

sufficient ash and volatile matter and are suitable
for firing, provided the ash viscosity characteristics
are suitable. Fig. 10 shows one of three units de­
signed for burning coal char of 15% volatile matter
content and bituminous coal.

Two units designed to burn bark and bituminous
coal in amounts up to approximately 50% by weight
of each are in operation in a large Southern paper
mill. To burn the bark successfully, it is necessary
to fire sufficient coal to supply the slag coating in
the cyclone and to maintain sufficiently high tem­
peratures to provide the necessary fluidity of the
slag. Preparation and feeding of bark are discussed
in Chapter 19.

Power Requirements

Since the only coal preparation is crushing, the
power required is low compared with that for
pulverizing coal. To offset this, the forced-draft-fan
power required is relatively high, the Cyclone Fur­
nace ah’ pressure drop being in the range of 20 to
40 in. of water compared with 2 to 10 in. of water
for pulverized-coal burners. The net result is that
power requirements for a Cyclone Furnace boiler
are comparable to those for pulverized-coal firing.
Fig. 11 shows the comparative power requirements

for a wide range of coals. It will be seen that, for the
low-grindability low-heating-value bituminous and
lignitic coals, the power required is substantially less
than that for a pulverized-coal-fired unit. However,
for high-heating-value high-grindability bituminous
coal, the power is greater.

Combustion Efficiency

The excess air required for satisfactory combustion
is less than 10%. However, where automatic controls
are used and particularly where there are several
Cyclone Furnaces for one boiler, excess air is usually
maintained between 10 and 15% to insure that no
individual cyclone is operating with insufficient air.
When operating with coal of suitable sizing and
with 10%. excess air, the loss in efficiency from un­
hurried combustible has been found to be less than
0.1% with most coals.

Ash Recovery and Dust Collectors

The results of dust-loading tests from a number
of operating Cyclone Furnace units are given in
Fig. 12. The dust loading of the flue gas is in die
range of 5 to 15% of the ash in the coal, compared
with about 80% for a dry-ash pulverized-coal-fired
unit. For many installations the dust loading for the
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(DRY-ASH) BOILERS

CYCLONE
FURNACE

BOILERS

------- PRIMARY­
AIR FAN

__ F-D _______ F-D _
FAN FAN

ALL
COALS

HEATING VALUE. BTU/LB (AF)

Fig. 11. Auxiliary power ~ '■ <
capacity pressure-fired Cyclone Furnace a

pulverized-coal units

CRUSHER
PULVERIZER ______________

luminous--------M LIGNITE

14.000 13.000 12.600 10.000 9.600 6.800

... 98 55 5° 50
100 65 58 03

requirements of typical high- 

2.1

Fig. 12. Fly-ash emission from Cyclone Furnace units
(test results)
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Cyclone Furnace without a dust collector is within
the ASME recommendation of 0.85 lb per 1000 lb
of flue gas at 150% total combustion air. This lower
dust loading is important not only from the stand­
point of reduced dust nuisance but also because of
the reduction in boiler cleaning requirements and
the elimination of erosion of convection heating
surface and induced-draft fans. Low dust loading
also permits the boiler to be designed for higher
gas velocities through the convection banks, result­
ing in better heat transfer.

It is common practice to equip pulverized-coal-
fired boilers with high-efficiency dust collectors to
eliminate the dust nuisance. This, however, does not
change the amount of fly-ash passing through the
boiler. The dust loading of a pulverized-coal-fired
unit with a dust collector is but little lower than that
of a Cyclone Furnace boiler operating without bene­
fit of dust collector. This comparison is illustrated in
Fig. 13 for a large central station Cyclone Furnace
unit and a pulverized-coal-fired unit arranged for
dry-ash removal. Both units are of 200-megawatt
capacity', each consuming approximately 1800 tons
of coal per day and producing 360 tons of ash. With
pulverized-coal firing approximately 290 tons per
day of fly-ash passes through the boiler to the dust
collector. The latter traps approximately 260 tons of
fly-ash per day, allowing 30 tons, or approximately
8% of the ash in the coal, to discharge to the atmos­
phere. Under similar operating conditions with the
Cyclone Furnace, only about 36 tons of fly-ash per
day', or approximately 10% of the ash in the coal,
passes through the boiler to the atmosphere. If a
smaller dust collector of only 80% efficiency were
added to the Cyclone Furnace unit, the amount of
dust discharged to the atmosphere would be 7 tons
per day, or 2% of the original ash in the coal. The

Fig. 13. Comparison of fly-ash emission from typical
large dry-ash-removal pulverized-coal-fired unit and

Cyclone Furnace unit

dust from the collector may be returned to the
Cyclone Furnace and recovered as slag, thus effect­
ing a complete elimination of fly-ash handling and
the near elimination of dust emission from the stack.

Typical Installations

Although Cyclone Furnace units were first used
in central stations, their use has been extended to a
wide variety of industries. Fig. 14 shows a unit in­
stalled in a large Northern industrial plant. The unit
incorporates the direct-firing system, and for maxi­
mum ash recovery, the boiler furnace is of the screen
type. Slag is collected in a large quench tank with
batch discharge to storage.

Fig. 15 shows a smaller unit installed in a South­
ern chemical plant. This unit incorporates the bin

Fig. 14. Cyclone Furnace unit with screened boiler fur­
nace, direct-firing system, and intermittent slag removal
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Fig. 15. Cyclone Furnace unit with open boiler furnace,
bin-firing system, and continuous slag removal

system for firing and the open boiler-furnace arrange­
ment. Slag is handled by a continuous removal sys­
tem. Both this and the preceding unit are designed
for pressure operation (without induced-draft fan).

The designs of Cyclone Furnace units have fol­
lowed the general trend of the power industry to
higher steam temperatures and pressures and larger
capacities. Fig. 16 shows a 175,000-kw-capacity Uni­
versal-Pressure once-through unit with opposed Cy­
clone Furnace firing for subcritical pressure opera­
tion at 2475 psi, 1050 F superheat, and 1000 F reheat.
Fig. 19 of Chapter 1 shows a Universal-Pressure
once-through unit with opposed Cyclone Furnace
firing for subcritical pressure operation at 2450 psi,
1053 F superheat, and reheat to 1003 F. This unit,
one of the largest in the world, serves a 700,000-kw
turbine.

Operation

Start-Up
The Cyclone Furnace can be started by the con­

tinuous firing of coal, oil, or gas. Coal is ignite )
a permanently installed gas-lighting torch oi a re­
tractable oil-lighting torch inserted into the tront
secondary-air port. With coal firing, tire usua oa
range for good operation of an individua urnace
is from 100 to 50% of rated capacity, depending upon
the ash characteristics; however, for s rort perro ,
such as start-up, loads of 20 to 25% can e
with some increase in unburned com us i , •
load range for continuous operation o ie. . >
Cyclone Furnace unit is from full to appr x', .
half load, again depending upon the as i c ‘ ,
istics and the furnace arrangement. For sho p

such as overnight load drops, lower ratings can be
carried by allowing the slag tapped from the Cyclone
Furnace to accumulate and solidify on the boiler­
furnace floor. When the load is increased, this slag
will melt and tap in the usual manner.

Operating Labor

Typical operating-labor requirements for a large
central-station Cyclone Furnace unit are tabulated
below. These are approximately the same as for an
equal-size pulverized-coal-fired unit, as the operat­
ing-labor requirements are primarily dependent upon
the extent of automation, and either type of firing
is well adapted to automatic control.

Position
Supervisory shift engineer
Fireman
Auxiliary equipment operator
Auxiliary equipment helper

Men per Shift
One for entire plant
One per boiler
One per two boilers
One per two boilers

Maintenance

The principal items requiring maintenance are the
coal crusher and the Cyclone Furnace burner.
Crusher maintenance includes replacement of ham­
mers and grid bars at yearly or less frequent intervals,
depending upon the arrangement and the type of
coal fired. In the burner, the coal is accelerated to

i
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Fig. 16. Universal-Pressure once-through boiler with open
boiler furnace and opposed Cyclone Furnaces
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the high velocity necessary to throw it against the
slagged surfaces of the cyclone barrel. This high
velocity causes erosion of the burner, which is mini­
mized by the use of tungsten carbide or other ero­
sion-resistant replaceable wear liners (Fig. 17).
Since these liners normally last a year or more, they
can be replaced or built up during regularly sched­
uled annual outages.

SECTION A-A FRONT VIEW

Fig. 17. Burner of Cyclone Furnace showing
replaceable wear liners

The high availability and low maintenance of the
Cyclone Furnace unit are evident from the outstand­
ing record of the boiler shown in Fig. 18, installed
in a Midwestern utility in late 1951. During the
years 1952 through 1955, this unit had an availability
of 98.4%, which included regularly scheduled annual
outages.

Summary

The Cyclone Furnace has made a significant con­
tribution to the steam-power industry by improving
combustion and furnace performance, by permitting
the economic utilization of the lower grades and
ranks of coal, and by alleviating the problems caused
by coal ash. Because of this, it has gained wide
acceptance in our country and abroad. This is shown
by the fact that in 1960 there were in service or

ECONOMIZER

COAL
FEEDER

TOTAL-AIR
DUCT

SECONDARY
SUPERHEATER

' ” "”1 PRIMARY I :
SUPERHEATER

AIR
HEATE

CYCLONE-0
FURNACE

SECONDARY
^FURNACEfj

> PRIMARY
Tfurnace

PRIMARY­
AIR DUCT

Fig. 1 8. Cyclone Furnace unit with screened boiler fur­
nace. Maximum continuous steam output 600,000 lb
per hr, 960 F, 1525 psi design pressure. Three 8-ft-

diameter Cyclone Furnaces per boiler

under construction in the United States 371 Cyclone
Furnaces serving 102 boilers with a combined ca­
pacity of 94 million lb of steam per hr. The cor­
responding figures for Canada, England, France,
Germany, and Japan combined were 169 Cyclone
Furnaces, 89 boilers, and 30.5 million lb of steam
per hr. Although the Cyclone Furnace is an impor­
tant advance in the art of fuel burning, engineers
are continuing their efforts to improve its perform­
ance and to develop new and even better methods
of burning fuel.

28-10

29

MARINE APPLICATIONS

S
ince the Industrial Revolution, the ingenuity of
many inventors and engineers has been devoted
to the application of steam boilers and engines

to ship propulsion. At first, because of low efficiency,
steam was only a supplemental form of power used
in dead-calm seas or in entering and leaving port,
but continued experimentation with design and pro­
duction techniques led to improvements which
brought new economy and ultimately doomed the
sailing vessel. Today the American Merchant Marine,
faced with low-cost foreign-flag competition, must
operate larger, more reliable, and more fully auto­
mated ships capable of high sustained speeds regard­
less of weather (Fig. 1). Modern marine-boiler de­
signs, by providing efficiency and dependable power,
make these ships possible.

Historical Development

Through the years marine boilers have evolved from
units which were little more than closed containers
holding water to the modern header type and the
integral-furnace two-drum type of boiler almost uni­
versally used today.

By World War II, most new merchant vessels were
equipped with boilers operating at pressures of 450
to 600 psi and temperatures of 750 to 825 F. Following
the war, conditions in world shipping placed a greater
emphasis on speed and efficiency, and the tendency
has been to increase both steam pressure and steam
temperature to provide power more economically. This
is accomplished through the use of the two-drum
integral-furnace type of boiler (Fig. 2).
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Fig. 2. Two-drum integral-furnace marine boiler

The trend to higher steam temperatures, coupled
with the firing of residual fuel oils rich in slag- and
corrosion-promoting constituents, resulted in design
changes that provided better access to superheaters
and thereby reduced the time required for cleaning
and maintenance. B &W pioneered the use of an access
cavity in the superheater bank and of superheater
tube supports that are replaceable without removal
of superheater' tubes.

Despite this advanced design, slag deposition
caused an excessive drop in average steam tempera­
ture between cleanings. To overcome this, mass-action
retractable soot blowers, which had enjoyed great 

success in the stationary-boiler field, were first in­
stalled in 1952, and later an additional cavity was
added to increase accessibility to the superheater.

Modern merchant ships (Fig. 3) with sectional­
header or two-drum boilers are designed for high
efficiency in order to minimize fuel costs. Conse­
quently, almost all installations have auxiliary heat ex­
changers, such as economizers, steam air heaters, and
gas air heaters. In addition, automatic feedwater con­
trols and automatic combustion controls regulating
wide-range oil burners have permitted reductions in
operating personnel and labor costs, the other big
factor in direct operating expense.

General Design Considerations

The selection and design of suitable steam-generat­
ing equipment for marine service follow the principles
and considerations enumerated for stationary units,
with some modification to meet the specific require­
ments for operation at sea.

Reliability is foremost in the list, since a ship at sea
has none of the system reserve which backs up the
usual land installation. Relatively simple steam cycles
permit the use, in a limited space, of equipment that
is readily accessible for operation and maintenance.
It must also be exceptionally rugged to absorb vibra­
tion and the dynamic forces resulting from rolling
and pitching in heavy seas or shocks which may re­
sult from accidental causes such as groundings and
collisions. In the case of naval vessels, the effect of
the detonation of explosives must also be considered.

Additional reliability is achieved through the care­
ful selection of materials to withstand the high tem­
peratures encountered in highly rated marine boilers
and the corrosive atmosphere of the ocean environ­
ment in which they operate. High-strength materials 
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Fig. 3. S.S. Export Ambassador, a post-WW II high-speed cargo ship

provide light-weight construction with the desired
ruggedness.

The ability to change power output rapidly over a
wide range of load and to operate for long periods at
high rating is another important requirement. Maneu­
vering a ship into and out of docks or in restricted
waters may require frequent reversals of power with
attendant fluctuations in boiler steam flow, oil flow,
steam pressures and temperatures, and drum water
levels. On the other hand, sustained high power out­
puts with high efficiency may be required on long
passages by cargo and bulk-carrier vessels (see Fi<?
4).  To satisfy these requirements the marine engineer
must consider 1) the performance characteristics of
oil burners and furnace to assure complete and smoke­
less combustion, 2) boiler circulation and steam­
separator performance to provide dry steam, and 3)
auxiliary heat exchangers, such as economizers and
air heaters, to give the desired efficiency.

and construction of marine boilers must satisfy any
special specification prepared by the owner and his
architect.

Many years of shipbuilding have established the
general requirements for the main propulsion plant
and auxiliary equipment. Operating experience has
established the fuel-input rates, steam flows and tem­
peratures, pressure-part details, materials, and design
arrangements as well as the operating procedures for
satisfactory service.

The boilers of almost all ocean-going steam vessels
built in the U.S. since World War I have been de­
signed for oil firing. The few boilers designed for coal
firing are usually larger and heavier than correspond­
ing units burning oil. Larger furnaces are required
to provide sufficient grate area and heating surface,
and hoppers must be arranged to handle fly-ash. The
use of heavy residual fuel oils, with ash rich in cor­
rosive slag-forming constituents, has led to the estab­
lishment of minimum clearances that must be rnain-

Fig. 4. S.S. Esso Gettysburg, cargo and bulk carrier

Naval combat vessels are usually designed for
maximum efficiency at a rate corresponding to cruis­
ing horsepower (about 35% of rated full power), since
they cruise at this power about 85% of their service
life. Even so, naval boilers are capable of sustained
operation at 120% of full-power rating without undue
maintenance.

Boilers and related equipment for marine service
are, in general, constructed in accordance with the
rules and regulations of the codes set up by severa
different authorities, such as the U. S. Navy, the .
Coast Guard and Maritime Commission of the De­
partment of Commerce, the American Bureau o
Ships, and Lloyds Register of Shipping. Boilers tor
nonself-propelled vessels may also have to conform
to the ASME Boiler and Pressure Vessel Code. Ln
addition to these general specifications, the design

tained between the oil burners and the adjacent
furnace surfaces to assure complete combustion and
to avoid deterioration of refractory. Their use has
also necessitated limitations on maximum metal tem­
peratures of superheater tubes and supports to avoid
vanadium corrosion at elevated temperatures. Like­
wise, the minimum temperatures of cold-end heat­
exchanger surface in economizers and air heaters must
be limited to avoid sulfur corrosion at or below the
dew point (see Fig. 16, Chapter 11). Slag and soot
accumulations also impose limitations on tube spac­
ings. However, if distillate fuels are used, these con­
siderations become less important, and it is possible
to decrease the over-all size of the boiler provided
other design criteria are not violated.

The restricted space in marine service has made it
necessary to use small tubes and relatively high rates
of heat input. Consequently good feedwater is essen­
tial, and evaporated and deaerated make-up feed­
water, with careful control of waterside chemistry in
the boiler, is essential for most marine installations.
Where it is impossible to provide these safeguards, it
is necessary to design for a more conservative rating
and to operate the boiler accordingly.

Steam temperature can be controlled through in­
herent design characteristics of the superheater and
through the use of control devices, such as attemper-
ators (desuperheaters) or gas by-pass arrangements.
Steam for auxiliary services, such as galley, space,
and cargo heating, deck machinery, salt-water evapo­
rators, and electric-generator-plant requirements, may
be obtained from auxiliary surface-type desuper­
heaters installed in the steam or water drum or from
spray or bucket types external to the boiler.

Although some smaller-capacity low-rating boilers
still continue to operate with natural draft, most units
are now fitted with forced- or induced-draft fans, or 

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 274 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/274

https://asbestosclaims.law/library/25273/274


both, to reduce size and weight. Insulated double
casings, now the rule in all modern constructions,
prevent flue gas leakage into the fireroom and provide
lower outer-casing temperatures and smaller radia­
tion losses than were previously obtained with single­
cased boilers.

A few of tire outstanding characteristics of repre­
sentative boiler types currently installed in new ships
are given below. In most instances, modifications of
the basic design concepts can be readily made to
satisfy the space or operating requiiements of a par­
ticular vessel design.

Two-Drum Marine Boiler, Merchant Type
Oil and Coal Fired

COAL FIRED
VERTICAL SUPERHEATER

OIL FIRED
HORIZONTAL SUPERHEATER

General Description

This integral-furnace type of boiler has a single gas
pass and an insulated welded double casing for pres­
surized operation. The furnace is water cooled by
closely spaced 2-in. OD tubes at the side, roof, and
rear walls and may also be equipped with a water-
cooled burner wall at the owner’s option. Supply tubes
coo] the floor. Steam-drum diameters range from 48
to 54 in. and water drums from 30 to 36 in.

An inclined or vertical saturated bank, composed
of 2 to 4 rows of 2-in. OD screen tubes and 17 to 24
rows of L’l-in. OD generating tubes, may be used,
depending upon space and performance considera­
tions. The superheater consists of either horizontal
or vertical Ifi-in. OD tubes and may be arranged with
one or two walk-in access cavities. The unit can be
operated alone or, as is usually the case, in conjunc­
tion with a steam air heater and an economizer or
air heater.

Range in Size, Steam Output
Lb per hr, to 200,000 in no fixed increments

Design Pressure
Lb per sq in., 150 to 1250

Operating Pressure
Lb per sq in., 100 to safety-valve setting

Steam Temperature
Saturation to 950 F

Fuel
Oil, light fractions to heavy residuals; coal, bitu­

minous, spreader- or underfeed-stoker fired
Operational Control

Manual, or completely automatic, including feed­
water flow, combustion, and steam temperature

Draft Loss at Maximum Output
In. of water, from 15 to 20 through all components

Dimensions Outside Setting, Approximate
Vary widely, from smallest, 7'-8" high X 5'-5"

wide X 5'-6" deep, to largest, 31'-5" high X
23'-6" wide X 18'-6" deep
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Indicated Field of Application

1. Chiefly for propulsion power and attendant re
quirements, although also used without a super
heater for auxiliary or heating service in the
smaller sizes.

2. Where space is at a premium and a compact
light-weight design is needed. 1

3. Where feedwater is of good quality and it is un­
necessary to inspect tubes visually.

4. With single superheater cavity when the slag­
forming characteristics of Bunker C oil are aver­
age, two cavities when more severe.

5. Where fly-ash carry-over from spreader or under­
feed stoker is average.

General Comments
This design is standard for vessels in which large

power plants must be installed in a minimum of space
and where weight-saving is a vital consideration.
Many possible variations in configuration permit ap­
plication under difficult space conditions. Mass-action
retractable soot blowers are recommended for the
superheater zones of oil-fired units. The additional
access cavity (when incorporated) facilitates rapid
water-washing, cleaning, inspection, and maintenance
of the superheater and the boiler bank.

Sectional-Header Boiler, Merchant Type
Oil and Coal Fired

OIL FIRED COAL FIRED

General Description

Standard straight-tube units are available from 7
to 35 sections in width, with 2-in. OD screen tubes
ahead of the superheater arranged in clusters of 2 or
4 tubes and clusters of nine 111-in. OD tubes in the
saturated bank. Superheaters have 1/1-in. OD tubes
arranged in 2 to 8 rows. Gas flow is upward through
a single gas pass. Steam drums are normally 48-in.
OD. Furnace side walls are cooled by spaced inclined
311-in. tubes. Boilers are usually double cased to the
top of the superheater and single cased above. Casing
is all welded. For increased efficiency, air heaters or
economizers may be included. Boilers may e m
stalled with steam drums either athwartship oi ore
and-aft, as space conditions permit.

Range in Size, Steam Output
Lb per hr, to 150,000 in no fixed increments

Design Pressure
Lb per sq in., 150 to 965

Operating Pressure
Lb per sq in., 100 to safety-valve setting

Steam Temperature
Saturation to 910 F

Fuel
Oil, light fraction to heavy residuals; coal, bitu­

minous, spreader- or underfeed-stoker fired
Operational Control

Manual, or completely automatic, including feed­
water flow, combustion, and steam temperature

Draft Loss at Maximum Output
In. of water, from 10 to 15 through all components

29-5

STEAM: Its Generation and Use (1963)
ACL Doc 25273 · Page 275 of 326

Published by AsbestosClaims.Law

asbestosclaims.law/library/25273/275

https://asbestosclaims.law/library/25273/275


Dimensions Outside Setting, Approximate
Smallest, ll'-ll" high X 7'-10" wide X 12'-4"

deep
Largest, 17'-10" high X 23'-10" wide X 18'-7"

deep

Indicated Field of Application

1. Chiefly used for propulsion power and attend­
ant requirements but may be installed for aux­
iliary or heating service.

2. Particularly well suited for vessels equipped with
steam engines or those which operate with large
percentages of make-up feedwater, since oil or
solid deposits can be observed and removed
readily.

General Comments

The header-type boiler has certain fundamental
advantages over other types. The generating tubes
are straight and of few sizes, which reduces the num­
ber of spares that must be carried. Each tube can be
cleaned and inspected easily and, if necessary, re­
moved and replaced independently of any other
without having to enter the drum. The time and cost
of erecting and maintaining this unit are much less
than required for a drum-type boiler. It is easy to
make an adequate check on the condition of the
equipment or the work done, since it is unnecessary
to enter the drum.

Two-Drum Boiler, Naval Type

General Description
This integral-furnace type of boiler is fitted with

high-strength low-weight stainless or low-alloy steel
casings, either welded or bolted. Furnace roof, side,
and rear walls are 2-in. OD touching tubes. Front
(burner) wall and floor are refractory. Steam-drum
diameters range from 46 to 56 in. and water drums
from 27 to 30 in. Two to four rows of 2-in. OD tubes
form the superheater screen. Cavity-type superheater
has 1-in. OD tubes up to 8 rows deep arranged for
complete drainability. Saturated boiler bank is usually
inclined and has from 18 to 23 rows of 1-in. OD tubes.
For maximum efficiency, boiler is fitted with stud­
tube economizer and, in some cases, steam air heaters.

Range in Size, Steam Output
Lb per hr, to 350,000 in no fixed increments

Design Pressure
Lb per sq in., up to 1400

Operating Pressure
Lb per sq in., up to 1200

Steam Temperature
Saturation to 1000 F

Fuel
Oil, Navy Special Type

Operational Control
Manual to complete automatic combustion and

feedwater regulation
Draft Loss at Maximum Output

In. of water, about 75 through all components
Dimensions Outside Setting, Approximate

Smallest, 14'-2" high X 15'-1" wide X 10'-6"
deep

Largest, 21'-5" high X 18'-11" wide X 16'-0"
deep
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Indicated Field of Application

1. Combatant naval vessels or specialized instal
lations.

General Comments

The nature of the construction and the ratine at
which these units operate limit their use to naval or
high-speed naval auxiliary vessels requiring maximum
power in minimum space. They are designed for
maximum efficiency at cruising speed. Some attain­
able efficiency is sacrificed to develop high power-
to-weight and power-to-cubic ratios. Construction
utilizes light-weight tubes, high-tensile drum plate,
and other expensive special features to minimize
weight.

Marine Boiler Design

The techniques used in the design of marine boilers
are similar to those applied to stationary units. Ref­
erence should be made to Boiler Design, Chapter 11,
page 11-10, and Selection of Steam-Producing Equip­
ment, Chapter 23, for an indication of general design
requirements. To these must be added specific re­
quirements, such as space conditions including major 

fireroom interferences and preferred boiler, burner,
and cold-end heat-exchanger types.

The type of fuel can have considerable bearing on
the design. Regardless of whether oil or coal is used,
its analysis and ash characteristics are particularly
important and should be specified so that the selected
arrangements of heat transfer surface will minimize
ash and slag deposition and corrosion.

The selection of a suitable boiler for a particular
application starts with the determination of the di­
mensions and arrangement of a furnace within which
the desired fuel-burning equipment can be installed
and the required fuel can be burned with good com­
bustion efficiency, without exceeding allowable fur­
nace heat-absorption rates. This is particularly neces­
sary for high-speed naval vessels, such as the frigate
shown in Fi<r. 5.o

The furnace arrangement and dimensions generally
establish the over-all size of the boiler tube bank, so
the first step in designing a new boiler is to make a
preliminary layout of a suitable furnace. To do this,
it is first necessary to ascertain the amount of fuel to
be fired. In the usual case, with oil as the fuel, it is
then possible to assume the type and number of
burners to be used, the possible draft loss allowable
through them for good combustion conditions, the 
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size and shape of the furnace, and the allowable fur­
nace heat-absorption rate.

Boiler efficiency, which determines the fuel input
rate, is defined as the ratio of the heat absorbed by
water and steam in the boiler, superheater, and econo­
mizer, and by air in the air heater to the total heat
input. Boiler efficiency may also be defined as the
heat input minus the various losses, all expressed in
per cent. The heat input is the higher heating value of
the as-fired fuel plus any externally added heat in the
air above the base temperature of 100 F, which would
be available, for instance, if a steam air heater were
used to raise combustion-air temperature above the
ambient. Ambient air is usually considered to be at
100 F, 40% relative humidity, and 29.921 in. Hg. Oil-
fired marine boilers are usually designed to operate
with 115% total air at the uptake. Radiation and un­
accounted-for losses and the manufacturer’s margin
are generally specified as 1.5%. Additional information
on this subject may be found in Principles of Com­
bustion, Chapter 4, pages 4-6 to 4-12, as well as in the
Appendix, pages 4-A7 and 4-A8.

Fuel input rates are determined from the relation­
ship:

_  w(h — h„) Wi(lh — hw)
Wf~

where:
Wf — weight of fuel, Ib/hr
w — weight of superheated steam, Ib/hr
Wi — weight of desuperheated steam, Ib/hr
h = enthalpy of superheated steam, Btu/lb
hi = enthalpy of desuperheated steam, Btu/lb

hu, = enthalpy of feedwater, Btu/lb
Qu — high heat value of fuel, Btu/lb
Eff = boiler efficiency, %

The type and the number of oil burners selected
depend upon the fuel rate and the allowable draft
loss. The number is usually not less than two, so that

Fig. 6. B&W Decagon mechanical-atomizing oil burner

Fig. 7. B&W Iowa mechanical-atomizing oil burner

at least one burner operates at all times, even when
changing sprayer plates or cleaning atomizers of the
idle burners. While there are many oil burners avail­
able, two types are sufficient for most marine applica­
tions. The B&W Decagon type, Fig. 6, is used for oil
capacities up to 1700 Ib/burner, hr in boilers of rel­
atively low capacity, and the B &W Iowa type, Fig. 7,
is for the higher-powered merchant and naval vessels
requiring up to 3100 Ib/burner, hr. Either of these
burners can be equipped with atomizers of the
straight-mechanical, return-flow, or steam-atomizing
variety, depending upon the owner’s preference and
the turn-down desired without changing sprayer
plates. While most vessels use only mechanical atom­
izers, there is a trend toward the installation of dual
systems to permit the use of wide-range steam atom­
izers during maneuvering and straight-mechanical
atomizers during steady runs at sea, where the saving
of evaporated water may be important. For ex­
tremely wide-range operation with a minimum of at­
tention, the Navy employs the return-flow type of
mechanical atomizer, with oil supply pressure in the
range of 600 to 1000 psi and a variable return pressure
to regulate the amount of fuel fired.

When burning heavy residual fuel oil, clearances
are required around the burners to prevent flame
impingement and carbon deposits (see Fig. 8). Due 

ALL-REFRACTORY FURNACE FURNACE WITH WATER.
COOLED SIDE WALLS

Fig. 8. Commonly accepted minimum burner clearances
for two types of furnaces when burning Bunker C oil
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Consideration must also be given to arrangement if
the front wall is to be water cooled, since the distance
between burners may have to be increased to provide
space for the wall tubes. In all boilers the burners
should be conveniently located for ease of operation
(Fig. 9). To assure adequate flame travel and com­
plete combustion of the fuel, the furnace depth of
both header- and drum-type boilers is usually limited
to a minimum of 6 ft, although both Diesel and bunker
oils have been burned successfully in furnaces 5 ft
or less in depth.

With the minimum width and height fixed by the
number of burners required and a selected minimum
depth, the preliminary design of the furnace is set,

Fig. 9. Burner front of two-drum boiler unit equipped
with high-pressure return-flow atomizers

provided that the heat absorption rates and the tem­
perature of the gas leaving the furnace do not exceed
acceptable values and any specified arbitrary crite­
rion, such as the heat release rate per cu ft of furnace
volume.

In the marine field the most widely used criterion
for comparing boilers, without regard to their simi
larity, is the hourly heat release per cu ft of furnace
volume. This ratio, which is not an important ^sign
criterion, owes its wide popularity to its simp ici v
and ease of application and is of value on y " en
used in comparing similar furnace designs, n a ver}
general way it reflects the relative time o re en
of the fuel in the furnace or the time require 

products of combustion to pass through the furnace.
It is important to realize that two boilers may be

esigned for identical heat release rates per cu ft of
furnace volume and yet have such entirely different
furnace contours and arrangements that the respec­
tive heat-absorbing surfaces may be in the ratio of 2
to 1 or, for that matter, almost any ratio. Since it is
tlie installed heating surface and not the furnace vol­
ume which absorbs heat, furnace gas temperatures
and furnace tube temperatures are more closely re­
lated to surface than to volume. A practical criterion
of furnace release rate per cu ft is that the firing equip­
ment maintain satisfactory combustion conditions
over the entire operating range. The availability of
suitable oil burners has permitted the installation (in
Naval vessels) of high-capacity fight-weight boiler
units with hourly heat releases of 200,000 Btu/cu ft
of furnace volume at cruising rates and over 1,000,000
at maximum evaporative rates with most satisfactory
results. For merchant ships, arbitrary limits of 65,000
to 75,000 Btu/cu ft, hr are commonly specified.

A more meaningful criterion, and one to which
marine engineers are currently paying more heed, is
the actual heat absorbed by the cold surfaces of the
furnace, expressed as the heat absorbed per sq ft of
radiant heat-absorbing surface. The considerations
enumerated under Furnaces, Chapter 7, pages 7-18
through 7-20, also apply to the marine furnace, with
particular emphasis on the determination of the fur­
nace exit gas temperature to assure satisfactory super­
heater design and to establish die heat absorption by
the furnace wall tubes for adequate circulation
margins.

The marine boiler operates with higher heat-input
rates per sq ft of both saturated and superheated sur­
faces than does the corresponding stationary boiler
designed for the same steam outputs. It has less heat­
ing surface and smaller over-all dimensions. Hence,
by the general equation for heat flow, q = US A tm
(see Chapter 7, Eq 1), the requisite heat transfer is
obtained in a marine boiler by increasing the com­
bined conductance, U, and the mean temperature
difference, A tm. Flame temperatures more closely ap­
proach the adiabatic temperature, and furnace exit
gas temperature is considerably higher than that en­
countered in larger boilers. Fig. 10a indicates the
effect of excess air on furnace temperature. Compari­
son of Fig. 10b with Fig. 19 of Chapter 7 shows, in a
relative way, that the average marine heat absorption
rates are usually considerably above those of station­
ary practice.

The effectiveness of the water-cooled surface in the
furnace is determined by applying the factors shown
in Fig. 16, Chapter 7, to the flat projected areas of the
furnace walls and tube banks facing the furnace.
Bare tangent tubes are used wherever possible in
furnace water walls. Where tubes must be spaced to
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Fig. 1 0. General effect of excess air (a), ratio of heat-absorbing to refractory surface (b), and firing rate (c)
on furnace heat absorption and temperature, based on 18,500 Btu per lb fuel oil
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facilitate construction, it is preferable to limit the
width of the exposed refractory areas between tubes
to one inch or less to avoid wastage resulting from
sodium compounds in the oil ash. The effect that tube
spacing, or the ratio of water-cooled surface to re­
fractory surface, has on furnace heat absorption is
shown in Fig. 10b. The heat absorption rate in the
furnace increases with increased firing rate. However,
furnace absorption as a percentage of the total boiler
absorption decreases with increased firing rate, Fig.
10c. At low firing rates, as much as 50% of the total
heat available may be absorbed in the furnace, while
at higher rates this may be reduced to as little as 15%.

Tube Temperatures

The wall temperatures of saturated boiler tubes
must be determined to provide adequate circulating
margins and to establish the tube-wall thicknesses
required by the boiler design pressure. In most in­
stances an estimate will suffice, since the tube-wall
thickness is usually such that the temperature drop
through it will not exceed 50 to 70 F. The heat trans­
fer rate (coefficient) across the boiling-water film in
saturated boiler tubes may be of the order of 20,000
Btu/sq ft, hr, F. However, in estimating tube tem­
perature it is good practice to use 2000 Btu/sq ft, hr,
F, since the use of a lower-than-actual heat transfer
coefficient across the film yields a somewhat higher
estimated tube temperature and results in the selec­
tion of more conservative tube thicknesses.

A typical example of normal saturated tube tem­
peratures is indicated in Fig. 11, where, with a fur­

nace-row screen tube operating at 665 psi and an ab­
sorption rate of 120,000 Btu/sq ft, hr, the use of a film
coefficient of 2000 will give a calculated drop of 73 F
through the water film. Consequently, with a satu­
rated water temperature of 500 F, the temperature of
the inside tube wall will be 573 F. The drop through
the tube wall will be 57 F, which is within the range
of 50 to 70 F previously noted. The outside wall tem­
perature for this example is 630 F. It is readily ap­
parent that there is considerable margin between the
normal outside wall temperature of tubes without
scale and the 950 F oxidation limit for carbon steel.
However, a very thin scale deposit on the inside will
cause the outside metal temperature to rise rapidly
and lead to early failure unless prompt measures are
taken to improve the boiler-water conditions and
eliminate scale. With adequate boiler circulation and
proper boiler-water conditions, heat input to furnace
tubes is limited only by the tube-metal temperatures
and thermal and pressure stresses.

Boiler Tube Banks

Based on the design and operating characteristics
of the furnace, the saturated bank, superheater, and
cold-end heat exchangers are derived through use of
the techniques in Temperature, Surface, and Draft
Loss Calculations, Chapter 11, pages 11-18 ff.

The saturated boiler tube bank, composed of mul­
tiple rows of tubes in which steam is generated, gen­
erally comprises two sections, a screen ahead of the
superheater and a so-called saturated bank behind it.
Both sections generate saturated steam but are con-
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_____ WATER-STEAM MIXTURE

73 F —TEMP DROP ACROSS WATER FILM
57 F = TEMP DROP ACROSS TUBE WALL

n the design of the superheater screen, due con-
si eration must be given to the effect of tube spacing
an le number of rows upon the desired steam tem­
perature and the maximum allowable superheater
tube-metal temperatures. It is customary to establish
t le spacing and the number of rows so that the gas
temperature entering the superheater and the radi­
ant penetration from the furnace will provide the

esired steam temperature with a superheater of
reasonable size and arrangement. Fig. 12 shows the
effect of radiant penetration on the performance of
the superheater over the designed load range of the
boiler.

HEAT INPUT—120,000 BTU/SQ FT, HR

---------WATER-STEAM MIXTURE

76 F = TEMP DROP ACROSS WATER FILM
362 F = TEMP DROP ACROSS INTERNAL SCALE

66 F = TEMP DROP ACROSS TUBE WALL

ASSUMED CaSO4 SCALE (0.024 in. thick) THERMAL
CONDUCTIVITY 10 BTU/SQ FT, HR, F/IN.

MAX TUBE TEMP (1004 F) IS ABOVE ALLOWABLE
OXIDATION TEMP LIMIT FOR SA-210 CARBON STEEL

Fig. 11. Diagrams showing how very thin scale on inner
surface of tube causes seriously elevated tube-metal

temperatures

sidered separately, since the tubes in the furnace rows
absorb proportionally more heat than the tubes at a
greater distance from the furnace. Their total heat in­
put is the sum of the heat transferred by radiation
and convection, where the convection to screen tubes
may be only 5 to 20% of the radiant transfer. Conse­
quently, to assure an adequate flow of water, the
furnace-row tubes are made larger in diameter, and
it is for this reason that marine boilers are designee
with two sizes of steam-generating tubes. General y,
in drum-type boilers the diameters of screen tubes
are 2 in. while those of the other generating tubes
are 1 or H» in. In header-type boilers the furnace-row
tubes are usually 2 in. and the other generating tu es
are Hl in. Circulation and the amount of heating sur­
face required to obtain the desired gas temperature
leaving the tube bank are the chief factors in e er
mining the tube size and the number of tube rows o
be installed, although resistance to gas flow is also a
factor.

FIRING RATE, PER CENT OF FULL POWER

Fig. 12. Typical curves showing effect of superheater
location and firing rate on superheat

The number of rows in the saturated bank is usually
established by an analysis of the economic advantages
of economizers and air heaters as compared with
boiler surface. The proper proportions of boiler sur­
face and additional heat-reclaiming surface beyond
the boiler bank are based on the efficiency desired.

Superheaters

Superheaters of the convection type are generally
used in marine boilers. While some radiant super­
heaters have been used, the difficulty of providing
adequate cooling during fast start-ups and under
maneuvering conditions has severely limited their
application. In the convection superheater there is
usually enough absorption by radiant penetration of
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the screen to give a flatter steam-temperature char­
acteristic than would be obtainable by convection
alone. The characteristic steam temperature curves of
radiant and convection superheaters are shown in
Fig. 1, Chapter 12.

With a properly designed screen between the con­
vection superheater and tire furnace it is possible to
maintain a high temperature differential between the
gas and the steam. The effect of this is to minimize
the amount of heating surface necessary to obtain the
desired steam temperature and to reduce the size and
weight of the superheater and, consequently, the
boiler unit as a whole. Superheater heating surface
usually consists of “hairpin,” or U-shaped, tubes con­
necting the headers, but continuous-tube superheaters
may be used in special designs.

Although a horizontal arrangement of superheater
tubes is mandatory in header boilers, either a vertical
or a horizontal arrangement may be used in drum­
type boilers. The horizontal arrangement can be
vented, drained, and readily cleaned by mechanical
or chemical means. However, complete draining and
venting is possible only with the vessel on an even
keel. Vertical superheaters have inverted loops and,
though drainable at all times, cannot be vented—a
disadvantage during start-up, hydrostatic testing, and
acid cleaning. For typical two-drum-boiler super­
heater arrangements, see page 29-4.

Superheater surface is usually arranged in from one
to four or more loops of in-line tubes, and the most
commonly used tube size is 111-in. OD. As the tubes
are relatively short, adequate strength is available in
the usual range of thicknesses to maintain proper
alignment with a minimum of supports. The number
of steam passes is selected to provide sufficient pres­
sure drop to obtain proper steam distribution and to
assure satisfactory tube-metal temperatures.

Good practice requires that the number of lanes
or gaps between passes be minimal and that all gas
and steam maldistribution be limited, insofar as pos­
sible, by the design of the superheater. However,
with various fuels and operating demands it is almost
impossible to maintain the conditions necessary for
perfect distribution. To provide a satisfactory margin
when calculating steam and tube temperatures, the
average gas-side heat transfer rate is increased and
the steam-side rate is reduced, to allow for probable
maldistribution of steam, which is a function of the
tube to header pressure-drop ratio. The resulting
“upsets,” as they are called, give the maximum cal­

terials are selected for tire maximum steam temper­
ature to which they are exposed.

To minimize leakage and eliminate delay and main­
tenance costs, it is tire usual practice to expand tubes
into the headers when steam temperatures are not in
excess of 800 F and to expand and seal weld when
steam temperatures are greater than this figure. Above
875 F use of rolled and seal-welded joints or joints
of the stub-welded type is necessary to provide sat­
isfactory service. Use of stub-welded joints is limited
to single- or double-loop superheaters by the space
requirements for welding. Where dissimilar metals
are used for tubes and headers, the tubes must be
“safe-ended” at the place of manufacture with a short
length of tubing, identical with the header material,
which is welded to the superheater tubes under
closely controlled shop-welding procedures.

In addition to being supported by the headers,
superheater tubes may also be supported at one or
more points by alloy castings dovetailed into brackets
welded to water-cooled support tubes. Fig. 13 shows
two widely used types that permit rapid replacement
should high-temperature oil-ash corrosion be expe­
rienced. With these designs it is not necessary to
remove the superheater tubes to effect replacement.
The number of supports exposed to the effects of the
gas can be substantially reduced, or in some cases
eliminated entirely, by locating them within the
double casing.

Fig. 13. Two widely used types of tube supports for
horizontal marine superheaters

In two-drum boilers, superheaters of the inverted-
loop vertical type have their headers beneath the
superheater, whereas the headers of the horizontal
design are at the front or the rear of the boiler, de­
pending upon the tube-renewal space available in
the fireroom. In header boilers, superheater headers
must be located at the boiler side, with tube-renewal
space provided on the opposite side of the unit.

culated steam and tube-metal temperatures for tubes
with less than average steam flow and more than
average gas flow. Tube materials are selected on the
basis of the calculated maximum mean wall temper­
ature anticipated in each pass, whereas header ma­

29-12

Superheater Slagging and High-Temperature
Corrosion

The use of higher steam temperatures and the
nature of the residual fuel oils burned in recent vears
have resulted, m many cases, in rapid slagging of
superheater surface and corrosion and wastage of
superheater supports. The heavy slag deposits come
from burning oils with an ash quantity of 0 05 to
0.20% or more by weight and containing, as major
constituents, vanadium, sodium, and sulfur. While
the exact mechanism of deposit formation is a matter
of conjecture, experience indicates that heavy de­
posits occur only with certain combinations of gas
and heat-receiving-surface temperatures. To some
extent deposits are a function of the chemical analysis
of the ash, which determines its melting point. Gen­
erally speaking, the melting temperatures average
about 1650 F but, depending on chemical composi­
tion, can be as low as 1000 F.

The heaviest slag accumulations occur on the fur­
nace side of a superheater, where the temperatures
of the gas and heat-receiving surface are both high,
while less slag forms at the bank side, where the gas
temperatures are much lower and the receiving­
surface temperatures are practically unchanged. In
the case of the saturated screen between the furnace
and the superheater, the gas temperature entering
the screen may be nearly 500 F higher than the gas
temperature entering the superheater, yet, with a
receiving-surface temperature about 400 F lower than
that of the superheater, very little, if any, slag is
deposited.

Satisfactory control of superheater slagging could
be achieved if it were possible to regulate closely the
gas and receiving-surface temperatures, thereby con­
trolling the temperature of the ash particles them­
selves. If an impinging slag particle is sufficiently
cooled to be in a solid state, it rebounds from the
superheater surface, but if it remains in a plastic or
semifluid state it has a much greater affinity for the
receiving surface, and rapid build-up becomes a
distinct possibility. Unfortunately, the usual space
allocated for a marine boiler does not provide the
latitude in design needed to obtain the gas and
receiving-surface temperatures required to control
the ash temperature. Any possible physical changes
to furnace, screen, or superheater do not result in
temperatures sufficiently low to solidify the ash be ore
it enters the superheater. Consequently, the esign
must have a high degree of tolerance for slag.

This is best achieved as follows: design for tu e
metal temperatures that will minimize high-temper
ature vanadium corrosion; use expendable an
replaceable superheater tube supports where\er sup
ports cannot be eliminated; install long retrac a e
mass-action soot blowers for in-service cleaning; an 

provi e access cavities to facilitate out-of-senice
water-washing. These features will reduce mainte­
nance costs and extend periods between outages.

viously, if the ash content of the oil were elimi­
nated, slag would not be a problem. To this end,
experimental work is under way in the marine field
on systems designed to remove ash from the fuel prior
to its introduction into the furnace. Also, the develop­
ment of suitable additives to neutralize the harmful
effects of the ash may someday eliminate the slag
problem and, as a consequence, reduce, if not elimi­
nate, high-temperature vanadium corrosion. If and
when this is accomplished, development of even
smaller and higher-duty superheaters will be possible.

Steam-Temperature Control

In the marine power plant, just as in the stationary
power plant, accurate control of steam temperature
is sometimes desirable. The trend toward fast high-
powered ships, operating with improved cycle effi­
ciencies, has resulted in higher steam temperatures
and greater changes in rating between the full-power
(normal design conditions) and the maximum rates of
operation. In some cases steam-temperature controls
may be required to assure that the allowable metal
temperatures of the main steam piping and the main
turbine or engine are not exceeded. Close control of
the maximum steam temperature permits the use of
less expensive alloys in the superheater and piping.
To alter the characteristic steam-temperature curve
of a particular boiler design, a single method or a
combination of the methods may be employed, as
shown in Chapter 13, Steam-Temperature Adjustment
and Control.

Gas by-passing has been widely used, chiefly in
two-furnace boiler designs (Fig. 7, page 13-6) in
which regulation of the firing rates in each of the fur­
naces provides control of steam temperature over a
wide range of load by changing the superheater ab­
sorption. By firing more or less oil in the superheater
furnace, the quantity and temperature of the gases
flowing across the superheater are varied until the
desired steam temperature is obtained. At the same
time, the firing rate in the saturated furnace is ad­
justed to hold the desired steam pressure. This is the
preferred method of supplying the close control re­
quired in very highly rated units generating steam at
temperatures of 950 F or above, where it is extremely
important to hold tube-metal temperatures at satis­
factorily low values to minimize high-temperature
oil-ash corrosion.

In two-drum or header-type boilers, steam temper­
ature is controlled, where required, through the use
of a drum-type surface atteinperator or “desuper­
heater.” With a control of this type, all of the gas
passes over the superheater at all times, but a portion 
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of the steam is passed through the attemperator,
which has boiler water as the coolant. Fig. 14 shows,
schematically, satisfactory piping arrangements for
control attemperators.

Fig. 14. Infernal attemperators—(a) interpass control,
(b) afterpass control

Steam for auxiliary use, such as fire, feed, and
ballast pumps, electric generators, cargo heating,
and tank cleaning, may be required at a lower temper­
ature than that delivered by the superheater to the
main engine. To satisfy these demands, auxiliary
desuperheaters are used, often in conjunction with
pressure-reducing stations. These auxiliary desuper­
heaters may be either the internal surface type in­
stalled in steam or water drums or the external spray
type, depending upon the quantity of steam required,
the availability of low-solids water (for the spray
type), and the owner’s preference.

Calculations on superheaters are illustrated in
Temperature, Surface, and Draft Loss Calculations,
Chapter 11. For additional general information on
superheaters and superheat control, refer to Chapter
12, Superheated Steam; Superheaters and Reheaters,
and Chapter 13, Steam-Temperature Adjustment and
Control.

Air Heaters and Economizers

Air heaters or economizers, and in some instances
both, are necessary if high boiler efficiency is to be
obtained. The temperature of flue gas leaving the
saturated boiler bank at full power (the design rate)
is a function of the saturation temperature corre­
sponding to the drum pressure at which the unit is
operating and would only approach saturation tem­
perature as a limit if an infinitely large boiler bank
were used. As this is a physical impossibility, space,
weight, and economic considerations usually result
in a bank sized to reduce the exit gas temperature to
within approximately 50 to 100 F above saturation
temperature. Gas temperatures in the range of 550
to 600 F are typical in merchant units operating at
about 600 psi at the superheater outlet. To reduce
the uptake temperature sufficiently to obtain accept­
able values of efficiency, air heaters or economizers
may be added, and whether either or both are used
depends upon the design of the power plant and its
desired performance characteristics.

Where the design includes a deaerating feedwater
heater and perhaps one stage of feed heating to
supply water at 240 to 280 F, an economizer can be
used, either alone or in conjunction with a steam
air heater, to provide reasonably high boiler effi­
ciency. In this range of feed temperature an econo­
mizer can be economically designed to reduce the
products of combustion to within 50 F of the inlet
water temperature at the normal rating. Thus, with
280 F feedwater a boiler efficiency of 87.8% can be
obtained with an economizer alone and about 88.0%
if a steam air heater is added.

Where the feedwater temperature to the econo­
mizer is higher, the maximum efficiency is limited,
since the temperature of the gas leaving the econo­
mizer cannot be lowered below that of the inlet feed­
water. Consequently, when additional stages of re­
generative feed heating (turbine bleeding) are used,
the inlet feedwater may be at a temperature of 300
to 450 F, and it would generally not be economical
to use an economizer unless it were followed by an
air heater, or an air heater alone can be used.

In either case, the cycle efficiency is increased
approximately 1% for each 100 F rise in feedwater
temperature through regenerative feed heating. The
attractiveness of the air heater stems from the addi­
tional efficiency contributed by it when the maximum
practical amount of regenerative feedwater heating
is used. At normal operating rates and an inlet air
temperature of 100 F, exit gas temperatures of 300
to 320 I are readily obtained, corresponding to 88.5 to
88.0% efficiency. Air temperatures leaving air heaters
are normally in a range of 300 to 450 F. "
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Air Heaters

The air heater is usually the least expensive form
of heat-recovery equipment that can be selected. The
air heater, unlike the economizer, is not a pressure
vessel; consequently it can be relatively simple in
design and fight in construction. Most air heaters in
marine service are of the tubular recuperative type
although the rotary regenerative type (see Chapter
11, page 11-18) has been applied successfully in
several instances and will become economically more
attractive when boiler efficiencies of 88.5% or higher
are required. Because of size and weight, regenerative
air- heaters must be installed in the fiddley over the
boilers, and suitable connecting ductwork is required.
These factors affect the size of hull structural mem­
bers, the over-all draft loss, and forced-draft fan
specifications.

Tubular air heaters in marine service are usually
of the type indicated in Fig. 20, page 11-17, in which
the tubes are horizontal, with air passing through
them and hot gases over them. They are supported on
boiler structural members and are integral with the
boiler casings. Air heaters of the vertical type, in
which gas passes up through the tubes and air crosses
the outside, are seldom used in marine practice be­
cause of their large space (height) requirements.

In-line tube patterns increase soot blower effec­
tiveness and facilitate water-washing, which more
than offset the slight advantage in heat transfer of
staggered arrangements. Tube diameters range from
Ifi to 2fi in. The common sizes are Ifi and 2 in., the
selection depending upon draft loss and heat absorp­
tion requirements. Large tubes reduce internal flow
resistance; small tubes provide more surface in a
limited space.

Corrosion of tubes and tube sheets may occur if
the metal temperatures of these parts fall below the
dew point of sulfur trioxide (SO3)-bearing flue gas.
Even small quantities of sulfur present in the fuel
can produce troublesome deposits and sulfuric acid
(I-LSO,) of sufficient strength to attack the steel.
Much effort has been devoted to the development of
practical means to overcome this difficulty, which
would not exist if it were possible to keep metal tem­
peratures above the dew point at all rates of operation.

Air heater corrosion can be reduced or piacticall}
eliminated by a combination of several means, m-
tially, the basic design should be selected so 11a ,
even with probable air and gas maldistribution, me a
temperatures are as high as possible. If the ue is ex
pected to have a medium to high sulfm cont1tn.’t
material more resistant than steel shoulc e sc ec c
for the tubes. Low-alloy copper-bearing stee s, on
nally developed for high strength under a mosp .
corrosion conditions, have been found to on as 
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nary steels by a factor of 2h to 1 and can be used at
somewhat greater initial cost. Increasing the tube-
'ia thickness will also provide longer life at slightly
uglier cost and with increased weight and fan re­

quirements.
Another factor to be considered in reducing corro­

sion is the air-flow pattern entering the tubes. Because
of turbulence, the local heat transfer rates at tube
inlets may actually be greater than the average and
may upset rates used in the basic design, with the
result that in operation the actual tube temperatures
are frequently below satisfactory values. When this
occurs, rapid failure of the tubes adjacent to the tube
sheet may result. To avoid such failures, inserts are
installed in the inlet ends of the tubes to provide
dead-air spaces, which reduce heat transfer in the
critical zone and raise tube-metal temperatures to
safe values. Insulation applied to the tube sheet re­
duces conduction of heat from the tube ends and
helps maintain satisfactory metal temperatures of
both the tubes and the tube sheet.

A by-pass damper may be used to control tube
temperatures and minimize corrosion either during
low-load operation or when low ambient-air temper­
atures are encountered (see horizontal air heater,
Fig. 20, page 11-17). By manipulating the dampers
so that a major portion of the combustion air by-passes
the air heater during lighting-off and low-load oper­
ation, the tube temperatures approach the temper­
ature of the surrounding gas.

While tube-metal temperatures could be increased
by recirculating a part of the hot air leaving the air
heater to the entering air pass to raise the inlet air
temperature, the space required for suitable air ducts
and the increased fan power required make this
means generally unfeasible in marine service.

The installation of a steam air heater provides a
more satisfactory way of increasing inlet air temper­
ature. With hotter air entering the air- heater, some
performance is sacrificed, since the uptake gas tem­
perature increases and boiler efficiency decreases as
the inlet air temperature is raised. However, this loss
may be more than offset, or at the very least mini­
mized, if bleed steam or exhaust steam is used for
heating. This, coupled with savings from reduced
maintenance costs, may justify continuous use of
steam air heaters for tube-metal temperature-control
purposes. Where the economies are not quite so fa­
vorable, the steam air heater is used during periods
of low load or low ambient-air temperature when
fuels of high sulfur content are burned.

Economizers

Two general classes of economizers are used in
marine service. They are nonsteaming and are almost 
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always arranged for counterflow of water and flue
gas to obtain the best possible heat transfer character­
istics. The first, a bare-tube type, is usually used
where high feedwater temperature makes the appli­
cation of both an economizer and air heater desirable.
Bare-tube economizers operate in a relatively high
gas-temperature zone and are normally designed to
reduce the gas temperature about 100 F, with the re­
mainder of the drop necessary to achieve the desired
efficiency obtained with an air heater. The second
and more important type employs extended surface,
either in the form of cast-iron or aluminum gill rings
or oval-shaped studs made of steel or low-alloy ma­
terial welded to the tubes, and the entire gas temper­
ature drop for the required efficiency is usually ob­
tained without a following air heater.

Bare-tube economizers utilize la-in. to 2-in. OD tubes
arranged in hairpin loops or continuous loops. In the
hairpin design, single or multiple rows of U-shaped
tubes are welded or expanded and seal welded into
two or more headers. With continuous-loop tubes,
the number of header connections is greatly reduced,
since several runs of straight tubing are connected by
a series of U bends and only two headers are required.

Extended-surface economizers also employ con­
tinuous tubes joined by welding at the return bends
and use only two headers. The tube-to-header joints
are either welded or expanded and seal welded to
eliminate seat leakage. There is a definite trend to­
ward the elimination of handhole fittings, except
those required for inspection, by externally welding
the tubes in sockets or stubs on the headers. The use
of suitable extended surface results in more compact
economizers for a given performance than would be
possible with bare tubes. A typical arrangement of
an extended-surface economizer with studded tubes
is shown in Fig. 15.

Fig. 15. Extended-surface stud-tube economizer

Economizers are generally designed, to reduce gas
temperatures by 200 to 300 F. Since in oil-fired boilers
the rise in temperature of the water passing through
the economizer is about % of the drop in temperature
of the gas passing over the economizer, the rise in
water temperature varies between 70 and 100 F. If
the inlet water temperature is 280 F, the exit water
temperatures normally will range from 350 to 365 F,
which is well below saturation temperature at a pres­
sure of 600 psi.

The possibility of sulfuric acid corrosion of econo­
mizer tubes must also be considered. The tube-metal
temperature of bare-tube economizers is essentially
the same as that of the water within the tube, since
the temperature drop through the tube wall is small.
This is also true for the tube metal of extended-sur­
face elements, but the tip temperature of the studs
or the gills is considerably higher. It is possible, with
a sufficiently high incoming feedwater temperature,
to avoid sulfuric acid deposits on the surface and
thereby eliminate tube-metal wastage. Where the
combination of the type of fuel to be fired and the
selected feedwater temperature indicates that cor­
rosion is a distinct possibility, cast-iron fin-type ex­
tended surface on steel tubes provides satisfactory
fife, as does the use of low-alloy copper-bearing steels
for both tube and stud materials of stud-tube econo­
mizers.

Frequently a by-pass line is provided for operation
of the boiler with the economizer out of service.
During such operation it is necessary to fire more fuel
to maintain the required evaporative rating (because
of decreased efficiency), and proportionally more air
must be supplied at an increased static pressure.
When the economizer is by-passed, more heat is
transferred to the steam because of the increase in
the ratio of gas to steam weight. This increase in steam
temperature is of primary importance and requires
more attemperation (if an attemperator is provided)
or a reduction in rating to prevent overheating of
superheater tubes or turbine. There is little danger
of metal oxidation in the economizer during by-pass
operation, since the gas temperatures entering the
economizer are usually less than 900 F.

With economizers, deaerating heaters should be
installed to remove all traces of oxygen from the feed­
water. If the latter contains dissolved oxygen, internal
corrosion of tubes and headers may be expected,
since oxygen is released within the economizer as
heat is applied.

All marine economizers are designed to be drain-
able and ventable. This coupled with the wide accept­
ance of chemical cleaning for internal surfaces of
boilers and superheaters (see Chapter 21), has made
it possible to eliminate the cleanout fittings formerly
required at each return bend to allow mechanical 
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cleaning. The elmunabon of these fltti _
were often leaky, and the use of all-welded
0Us-tube designs with a minimum number of £ i
hole fittings haveeffectively reduced
costs and provided increased reliability to the S
board power plant. 7 1UP’

As is the case with air heaters, care must be taken
to prevent soot fires m economizers. This is accom
plished by the reduction of soot deposits through
correct operating procedures, by the installation and
use of suitable soot blowers, and by the establish
ment of water-washing schedules to clean the unit
thoroughly at periodic intervals. Further information
on economizers will be found in Chapter 11, Boilers
Economizers, and Air Heaters, pages 11-11 through
11-14. s

Boiler Settings, Insulation, and Casing

As defined in Chapter 14, the “setting” of a boiler
is the enclosure that surrounds the pressure parts and
furnace. In marine practice this definition is extended
to include economizers and air heaters, and the “set-

and insulation.”
To provide a comfortable fireroom, an outer-casing

temperature of 130 F is usually specified and is
achieved through the selection and use of suitable
insulation and casing arrangements in conjunction
with suitable fireroom ventilation. A typical double­
casing arrangement of furnace refractory and insula­
tion at both boiler bank and uptake areas is shown in
Fig. 16. The air space between the inner and the outer
casing is pressurized with air at or near the forced-
draft-fan discharge pressure, to prevent leakage of
combustion gases into the fireroom. In addition, the
air space assists in maintaining the desired outer­
casing temperature.

For general considerations of the subject as well as
calculation procedures, see Chapter 7, Heat Transfer,

Fig. 16. Casing constructions

and Chapter 14, Boiler Settings, Insulation, and
Casing.

Circulation and Steam Separation

Thoroughly satisfactory circulation characteristics
and efficient steam separation are of prime impor­
tance in the successful operation of any boiler. In a
marine boiler rolling and pitcliing in a seaway or
undergoing rapid load variations, these factors take
on increased importance. In analyzing circulation,
the procedures outlined in Principles of Natural Cir­
culation, Chapter 9, pages 9-5 through 9-S, are ap­
plied to the design at the maximum anticipated rate
of evaporation to provide the necessary margins.

Generally, steam-drum diameters range from 48
to 54 in. for merchant vessels and from 46 to 56 in.
for naval units. The drum must accommodate the
desired number of tube rows and provide sufficient
space for steam separation, feedwater introduction,
distribution, and treatment, and water-level fluctua­
tion caused by sudden load variations.

Steam-drum baffling is usually kept simple in con­
struction and arrangement. Most header-type boilers
achieve primary steam separation by gravity behind
a vertical baffle (Fig. 17a) or an inclined baffle (Fig.
17b), sized to maintain steam velocities below the
critical velocity at which steam entrains water parti­
cles. A V-type baffle using a triple layer of perforated
steel plates is used in moderately rated drum-type
boilers. With relatively small clearances between the
plates it is installed (Fig. 17c) just below the normal
water level to break up steam-and-water jets issuing

BAFFLES IN DRUM-TYPE BOILERS

Fig. 17. Several arrangements of steam-drum baffling in
header- and drum-types of marine boilers
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Fig. 18. Cyclone steam separators—recommended for
high-rating drum-type marine boilers

Fig. 19. Compact arrangement of header boilers in a
typical fireroom

from the riser circuits. In more highly rated two-drum
boilers the duplex compartment baffle (Fig. 17d) is
more effective, since it separates the high steam-by­
volume mixture leaving furnace and screen circuits
from the low steam-by-volume discharge of the boiler
bank.

Cyclone steam separators (Fig. 18) are used in
boilers of high rating, where moisture carry-over is
liable to be encountered because of fluctuating water
levels or high boiler-water solids concentrations (see
Chapter 9). While the resistance to flow is increased
by either duplex compartment baffles or cyclone steam
separators, circulation is not impeded. Rather, the
circulating head is increased, because the water dis­
charged from these separators has a greater density
than that beneath plate baffles.

In header-type boilers (Fig. 19) external down­
comers and risers connect the steam drum with the
supply and the uptake headers, respectively, of the
side walls. Downcomers from the steam drum supply
water to the lower header of the rear furnace water
wall for distribution to the generating tubes. The
steam-water mixture from these tubes is discharged
into the boiler uptake headers, where it mixes with
that from the screen and boiler banks. Horizontal
circulator tubes connect the uptake headers with the
steam drum and convey the combined steain-water
mixtures of the rear wall and the boiler bank to the
drum. Each bank section consists of a downtake and
an uptake header joined by boiler generating tubes.
Water is supplied from the steam drum to each down­
take header by tube nipples joining them. A horizontal
header, or mud drum, connects the lower ends of the
downtake headers to equalize flow and to provide a
place for the accumulation and subsequent removal
of solids.

In most drum-type boilers, furnace water-wall sup­

ply headers receive water from the water drum
through horizontal supply tubes located below the
furnace floor. These tubes are spaced along the lengths
of the water-wall headers to assure even distribution
of water to the high-duty furnace tubes and, at the
same time, to provide cooling for the furnace-floor
refractory, thereby reducing brickwork maintenance.
Naval and other high-rated special designs have ex­
ternal downcomer tubes from the steam drum to the
lower wall headers. These are necessitated by in­
creased head requirements resulting from space and
weight restrictions, which often limit the length of
steam drums and, as a consequence, the number of
cyclone separators that can be installed.

Furnace side-wall tubes discharge directly into the
steam drum, since the tubes are arranged to form
the furnace roof. Rear water-wall tubes either ter­
minate in a header connected to the steam drum by
riser tubes or go directly into the steam drum. Similar
arrangements are used where front water walls are
installed.

In the normal conservatively rated drum-type
boilers, external downcomers are not required, since
adequate circulation can be maintained by the rear
rows of saturated boiler-bank tubes, where the gas
temperature is 850 F or less. At low rates the first
several rows of tubes act as risers, and the remaining
tubes serve as downcomers. As the firing rate in­
creases, the high-temperature gas zone moves deeper
into the tube bank, and the number of tubes acting
as risers increases, with a corresponding decrease in
the number of downcomer tubes. Excessive firing
Kites and rates beyond those contemplated in the
design may reduce the number of downcomers below
the minimum requirements. For highly rated units it
is necessary to install external or internal unheated
downcomers to supplement the number of bank tubes
acting as downcomers.

Calculation tends to be benefited by interposing a
convection superheater in the boiler bank, since the

29-18

Fig. 20. S.S. John A. France, bulk carrier

heat absorbed by the superheater reduces the temper­
ature of the gas flowing over the boiler tubes beyond
it and more boiler tubes act as downcomers over a
wide operating range. External downcomers are re­
quired in conservatively rated drum-type boilers only
in those parts where the tubes cannot perform this
function. Where downcomers are required to main­
tain adequate circulation in the boiler banks it is
customary to locate them out of the gas pass between
the inner and the outer casings, where they require
no insulation.

Review of Boiler Components

Upon completion of the preliminary design phase,
the estimated performance of all boiler components
must be reviewed and correlated by the designer. It 

is at this time, while assessing the performance of the
various components, that it may be possible to reduce
the size and weight of a particular design or to in­
crease its reliability and efficiency by making suitable
adjustments. Following this it is possible to develop
final design details to assure optimum performance
for merchant and naval vessels, such as those shown
in Figs. 20, 21, and 23.

To produce the best possible design for each instal­
lation, the designer must be free, within the limita­
tions imposed by the intended service, to apply his
knowledge and accumulated experience. The task of
developing thoroughly satisfactory and economical
boiler units is relatively easy to accomplish when the
ship owner, his naval architect, and the boiler designer
have a complete and mutual understanding of all the
problems involved.

Fig, 21. Cruise liner for South American trade, 1958
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The Future

Over the years, B &W marine boilers installed in all
types of ships have established enviable records of
reliability and efficiency. In World War II, boilers of
the two-furnace single-uptake type, Fig. 22, were
furnished to the Navy for all but two of the battle­
ships, all the cruisers both heavy and light, all of the
aircraft carriers except some of the smaller escort
class, and 90% of the destroyers. Two-drum single­
furnace boilers were furnished for 33% of the destroyer
escorts and numerous miscellaneous small craft. The
Company also manufactured the boilers for 30% of
the merchant vessels and designed the boiler units
installed in tire 2500 Liberty ships. This wartime rec­
ord is being extended through strict adherence to
sound principles of design and high standards of
workmanship in the modern two-drum and header­
type boilers.

In both naval and merchant service, the emphasis
on higher-powered vessels, capable of carrying more
passengers, cargo, or equipment at increased speeds,
has necessitated a complete review and thorough
appraisal of possible energy cycles and machinery
plants by the marine engineer. The success of the
nuclear submarine propulsion plant has led to the
construction of nuclear-propelled surface vessels, such
as the N.S. Savannah (Chapter 27, page 8). The
nuclear cycle, with its many safety and operational
requirements, appears at present to be limited in ap­
plication to specialized installations. Other cycles,

Fig. 22. Two-furnace single-uptake (controlled-superheat)
boiler

such as those using Diesel or free-piston engines and
gas turbines, cannot at present utilize as low-quality
untreated fuels nor can they operate as dependably
with a minimum of maintenance over long periods as
does the steam plant employing boilers and steam
turbines. In the foreseeable future, tire steam plant
will continue to be called upon to meet the major
requirements of America’s shipping.

Fig. 23. U.S.S. Saratoga, aircraft carrier
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INSTRUMENTS AND CONTROLS FOR STEAM POWER PLANTS

I
nstruments and controls are an essential part of
all boiler installations. They serve to assure safe,
economic, and reliable operation of the equipment.

They range from the simplest manual devices to the
complete automatic control of the boiler and all asso­
ciated apparatus. The subject of instrumentation and
control is consequently so diverse and extensive that
any brief treatment, as in this chapter, must be limited
to basic concepts and underlying fundamentals.

Test instrumentation is normally of a portable nature
and is employed in the early investigation of the exact
flow, pressures, and temperatures required to satisfy
the customer and equipment supplier that the con­
ditions of design and operation have been met. These
instruments require skilled technical operators, care­
ful handling, and frequent calibration. They are gen­
erally not suitable for long-term continuous commer­
cial operation.

Commercial instruments are those permanently in­
stalled and are expected to give satisfactory accuracy
for extended periods. The emphasis is on depend­
ability and repeatability. This often demands some
compromise in absolute accuracy. Commercial instru­
ments used in the power-plant field are the subject
of this chapter.

Why Measurements are Required

The boiler operator must be advised continually
and correctly about many factors, so that he can
adjust the firing rates and the distribution o ue an
air to the burners to effect the necessary ba ance e
tween input and output. In the last 50 years, progress
in instrumentation has resulted in a more Jccu^‘
and thorough presentation of information to ie op
ating personnel. Early in this century, 301 c_rs '
operated almost without benefit of instrumen ■
were small, pressures and temperatures w ere o ,
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firing was mainly by hand or by stokers. The develop­
ment and availability of more and better instrumenta­
tion not only paralleled the needs of the boiler
industry but also stimulated the development of larger
units. The rising cost of steam production has caused
both user and supplier to redouble their efforts to
improve the efficiency of the conversion of thermal
energy to power.

Fig. 1. Control panel for two medium-size industrial
boilers, with instruments included for indicating and
recording draft, steam pressure, water level, steam

flow, and operating temperatures
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Requirements of Boiler Instrumentation

All steam boilers should be provided with instru­
ments (see Fig, 1) to indicate or record the following
variables:

Steam pressure
Steam temperature (if other than saturated)
Water level
Feedwater pressure
Furnace draft or pressure

In addition to the above, units producing more than
10,000 lb steam/hr should also monitor:

Steam flow
Feedwater flow
Combustion-air flow
Component drafts or pressures
Feedwater temperature
Flue gas temperature
Fuel flow (if possible)
Fuel pressures (if involved)
Fuel temperatures (if involved)
Speed and amperage indicators for fans, pumps,

feeders, and other power-consuming auxiliaries

It is often desirable to include flue gas analysis and
smoke-density determination, as well as conductivity
measurement and hydrogen ion concentration in the
boiler water. The completeness of instrumentation is
generally proportional to the size and complexity of
the unit (see Fig. 2). A thorough study is necessary
to assure proper selection of the equipment needed to
indicate or record the essential data.

Benefits from Proper Instrumentation

The advantages of good instrumentation are:

1. Adequate presentation of all key factors indicates
readily any malfunctioning of the unit. Operators
can then make necessary adjustments before dam­
age to equipment or injury to personnel occurs.

2. Accurate presentation of information allows results
engineers to detect deterioration of unit perform­
ance and to determine the maintenance or opera­
tion procedures necessary to rectify the conditions.
Records of load and fuel consumption facilitate
the efficient distribution of steam load and monitor
the extent of capacity utilization.

3. Combustion guides enable personnel to maintain
optimum fuel-air ratios and minimize fuel con­
sumption.

Why Boiler Controls are Required

While it is possible to operate a steam boiler with
indicators and recorders alone, few units can be run
efficiently in this manner. Many of the dampers and
valves that control the flow of air, fuel, and water de­
mand substantial forces for their rapid manipulation.
Controls relieve the boiler attendant of these tasks
and permit him to devote his time to more rewarding
problems, such as burner pattern. Manual operation
is seldom relied upon because of the extremely flexible
control components and systems available.

Items Controlled

Fig. 2. Control console and vertical board for a central
station, with extensive instrumentation for manual, super­

visory, and automatic operation of equipment

While each steam-boiler installation should be ana­
lyzed for specific requirements, regulation is normally
provided for:

Fuel flow
Combustion-air flow
Feedwater flow
Furnace draft or pressure
Steam temperature

Regulation is added, in some installations for aux­
iliary firing, attemperation, gas recirculation, and air
heater protection.

Benefits Resulting from Boiler Controls

The advantages obtained by proper application of
controls are:
1. The ability to position remotely any of the regu­

lating devices in the system. It is difficult to main­
tain an adequate operating force to manipulate
satisfactorily all of the variables when changing­
load demands are to be met or when malfunction­
ing occurs.
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2. A more systematic method of operation for the
entire unit through the use of control centers

3. The reduction of production costs through lower
maintenance. b

4, Better supervision of operation.
5. The continuous maintenance of optimum plant

efficiency. 1 ‘
6. The detection, through system sensitivity of off

normal conditions that are difficult or impossible
with visual observation. Automatic correction re­
fines the accuracy of adjustment and improves both
efficiency and safety.

7. The release of operating personnel for observa­
tions and decisions rather than for routine adjust­
ments.

Boiler Instrumentation

Instrumentation components as applied to the boiler
must be designed for maximum dependability and re­
peatability. Equipment, used generally in the indus­
try, is as follows:

Temperature Measurement

Temperature measurement is of prime significance
on all modern large high-pressure boilers. Units are
designed to operate close to the maximum allowable
temperature limits of construction materials. Minor
temperature elevation above these limits can result in
severe damage to the equipment. It is necessary to ob­
tain accurate flue gas, feedwater, and air temperatures
for evaluation of boiler performance.

Mechanical Temperature Indicators and Recorders

The gas-filled bulb and capillary system is highly
reliable and low in cost. A hollow bulb is filled with
nitrogen or helium and connected by a capillary to a
pressure-sensing device, such as a Bourdon tube or
pressure helix. Movement of this sensor positions an
indicating pointer or recording mechanism. The bulb
is inserted at the location of the desired temperature
measurement. Any temperature variation in the bulb
changes the pressure of the gas-filled system. A pres-
sure change is reflected by an unwinding or recoiling
of the pressure-sensing unit in the receiver. This, in
turn, is calibrated to indicate actual temperature.

Electrical Temperature Indicators and Recorders

An electrical resistance element, made of platinum
wire wound around an insulator and contained in a
protective case, is placed in a thermometer we an
measures temperature by virtue of the change in the
electrical resistance of the wire.A second device is the thermocouple, whic i consis s 

o two electrical conductors of dissimilar materials
joined at their extremities to form a circuit. One junc­
tion, known as the “hot junction,” is placed at the
point of temperature measurement while the other is
maintained at a fixed lower temperature, such as an
ice bath. The temperature difference creates a voltage
recorded on a d-c instrument, which, in turn, actuates
a pen on a temperature indicator or chart.

Mechanical- and Electrical-Sensing Devices Compared

A careful study of accuracy, speed of response, de­
gree of reliability, and stability is essential for the
proper application of sensing devices. In general, the
mechanical devices demand less maintenance and
service and are less expensive than the electrical sys­
tems, which are more sensitive, more accurate, and
respond more rapidly to temperature changes. The
latter usually require more skillful maintenance.

Pressure-Measuring Devices

Required pressure measurements include high pres­
sures, such as those encountered in the steam lines,
and extremely low or negative pressures, such as those
experienced in a furnace or in a condenser.

Higher pressures are measured bv a Bourdon tube
or a pressure helix while lower pressures utilize a
diaphragm-operated unit in which the movement of
the diaphragm is opposed by a calibrated spring. The
readings often appear as multipointer indications on
the control panel.

Flow Measurement

The measurements of water flow to and steam flow
from the boiler are important and difficult to obtain.
These measurements are secured with a primary ele­
ment, such as an orifice or nozzle, installed in the
pipeline (Figs. 3 and 4). The installation must be
made carefully and a number of precautions observed
to assure accuracy. The primary element, installed
between flanges or welded in the pipe itself, furnishes
a differential pressure which is a function of the
flow rate.

A wide variety of indicating and recording devices
is available, but steam-boiler users normally choose
between the Ledoux Bell and a float-operated mech­
anism.

The Ledoux Bell (see Fig. 5), a mercury-sealed
device employing a parabolic bell, enables a direct
reading to be made of the flow rate, which is propor­
tional to the square root of the differential pressure.
It is one of the most stable instruments ever developed.

A float-operated device, basically a modified mer­
cury manometer using a metallic float to determine
level changes, indicates the differential pressure head.
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Fig. 3. Fluid flow through an orifice creates a pressure
differential used as an index of flow rate

To convert this to flow rate, additional equipment for
performing this calculation is required or a non-
uniform chart must be used.

As the complexity of instrumentation grows, other
secondary indicating, transmitting, and recording
devices are required.

boiler drum is essential to the safe operation of the
unit. It is important to keep this level within narrow
limits 1) to maintain correct circulation within the
boiler, 2) to prevent carry-over of water and solids
with the steam, and 3) to avoid operation with a
deficiency of water that might uncover metal surfaces
normally cooled by water.

In addition to the gage glass, always provided on
the boiler drum, it is often desirable to have some re­
mote indication of the water level. Two connections
are made to the end of the drum, one located at the
minimum level of measurement and the second at the
maximum. Connecting lines are run from these points
to a remote differential device, either float or bell
operated and mercury sealed. A recorder is used with
the differential device to produce a chart record.

The required calibration of any remotely located
instrument is a funtion of the location of the boiler
drum connections and the pressure in the drum itself.
Careful calculations are required to assure correct
calibration of any remote differential device. The
calibration is influenced by the density of tire water
inside the drum, which in turn is affected by the sat­
uration temperature at the drum pressure. Installa­
tions often utilize automatic compensation on this
differential device so that the correct reading is ob­
tained at any operating pressure.

Combustion Guides

Level-Measuring Devices

A knowledge of the exact level of the water in the

Fig. 4. Flowmeter installation

It is necessary to provide the operating personnel
with a device to allow manual or automatic propor­
tioning of the amount of air to the amount of fuel.
Extra fuel will be consumed, increasing the cost of
operation, if proper care is not taken in this one
item alone.

Excess air is the amount of air supplied over and
above that required for theoretically perfect combus­
tion. It is always necessary to supply some excess air
to assure complete combustion of all the fuel. Any
excess air not actually required constitutes a sub­
stantial loss, thus a higher fuel bill. Consumption of
additional fuel also results in higher fuel-handling
costs, higher refuse-handling costs if coal is the fuel,
and more maintenance and servicing on the equip­
ment involved.

Major Combustion Guides

Three basic types of combustion guides are applied
in the steam-generating industry. They are, in order
of frequency of application, steam-flow air-flow, fuel­
flow aii-flow, and gas analysis. Each has distinct ad­
vantages. The individual steam boiler and the fuel
properties must be studied to choose intelligently the
best guide for a particular unit. A combination is often
incorporated in the instrumentation system.
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PRESSURE-TIGHT
BEARING

H-P CONNECTION

L-P CONNECTION

AIR-FLOW

Fuel-Flow Air-Flow

Combustion-control engineers prefer to measure
the rate of admission of fuel and air prior to combus­
tion. Whenever this is possible, a fuel-flow air-flow
ratio guide can be established.

Fuel-Flow Measurement. The measurement of gaseous
fuels requires consideration of the physical proper­
ties of the gas, particularly temperature, pressure, and
specific gravity. 'Where widely changing properties
are encountered, automatic compensation should be
provided. The user must be willing to install a pri­
mary element in the gas supply line so that a differen­
tial can be produced to actuate the recording meter.
This can result in some unrestored head loss with
additional pumping costs. Less complex installations

; can sometimes use burner pressure as an indication
I of flow.

Metering of some liquid fuels is complicated by a
tendency toward solidification of the fuel in the meter
connecting lines and body, adding complexity and
cost to the installation.

When burning solid fuel, such as coal on stokers, a
measurement of the instantaneous rate of fuel con­
sumption is impossible. Where substantial quantities
of green fuel are present in or near the combustion
zone, an index or measurement of the instantaneous
rate of fuel consumption by fuel measurements can­
not be obtained. Steam-flow air-flow is consequently
used.

30-5

Fig. 5. A steam-flow air-flow combustion guide for main­
taining desired excess air. Fuel-flow air-flow device is
similar but may have different flow-measuring mechanism

Steam-Flow Air-Flow

To obtain an instantaneous indication of the effi­
ciency of fuel consumption, engineers apply the steam'
flow air-flow concept (Fig. 5) to this problem Since
the boiler efficiency at a specific load remains essen­
tially constant for a given excess air, the fuel con­
sumption can be determined from steam flow which
is established by the use of standard flow-measuring
devices. °

The air-flow indication or index can be established
by primary elements located in either the clean-air
side or the flue gas side.

Passes. Metering equipment capable of accurately
o a izing several flows must then be employed.

* Air density must be considered in both the calibra-
10n and operation of any air flowmeter. Either

manual or automatic temperature compensation
must be made to the air-flow indication for it to
reflect the mass rate of air flow.

Connections on Flue Gas Side. In many applications
it is satisfactory to make connections on the flue gas
Sv(r Connections are located so that they measure
differences in pressures resulting from the flow of
combustion products through a section of the main
boiler or air heater. Since the products of combustion
at a given flue gas temperature are proportional to
the amount of air supplied, connections on the flue
gas side can serve as an effective index of air flow.

The steam-flow air-flow meter is calibrated after
the unit is placed in operation and is based on results
obtained from a number of combustion tests. Proper
calibration enables a visual presentation of the rela­
tive correctness of the fuel-air proportioning. The
operators cannot read the excess air directly but are
able to achieve optimum firing conditions by main­
taining the correct relative positions of two meas­
urement pens.

Air-Flow Measurement. The measurement of com us
tion air supplied to a boiler is made difficult by sev era
factors:
1- A restricting device, similar to the primary elements

used in other flow measurements, must be ins a e
to meter the volume of combustion air. ie
restored head loss results in added fan pov er.

■■ On large and complicated units it is difficu Itto
one duct through which all of the com u

GUIDE U '
L NK

STEAM-FLOW
PEN

LEDOUX
BELL
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Gas Analysis

Gas analyzers may be used to ascertain correct fuel­
air relationships. Representative sample-point loca­
tions are determined by study of a continuous sample
of products withdrawn from each position. Either
chemical or electronic analysis of the gases is per­
formed, resulting in chart records of the oxygen and
combustibles present in the products of combustion.
Since there is an accurate correlation between the
percentage of oxygen in the flue gases and the quan­
tity7 of excess air supplied to the combustion zone,
the operator is furnished with a continuous and direct
reading of combustion efficiency. Several sample
points may be utilized and periodically analyzed so
that a good over-all average is maintained.

Gas analyzers are useful and applicable on all
boilers, particularly on large furnaces with compli­
cated burner arrangements and on divided furnaces.

Comparison of Combustion Guides

No combustion guide is infallible. Each has particu­
lar merits. The informed combustion engineer utilizes
tire advantages of one to overcome the disadvantages
of another.

The fuel-flow air-flow ratio guide proportions fuel
and air continuously during severe load swings. It
is, therefore, popular on gas- and oil-fired units. It
has the disadvantage of being in error for wide varia­
tions in heating value of the fuel. When the heating
value of gas changes, the theoretically correct fuel-air
relationship also changes. Hence, to maintain a given
excess air the proportions of air and fuel must also
be changed.

On major load changes, the steam-flow air-flow
device is momentarily in error, because the fuel con­
sumption is normally higher or lower than indicated
by the steam-flow load index. This guide is also
affected by changing feedwater temperatures, since
a variation of feedwater temperature demands more
or less transfer of heat to each pound of steam pro­
duced at the specified pressure and temperature. It
is necessary, when substantial changes are antici­
pated, to provide manual or automatic compensation.

A gas analyzer gives true excess-air determinations.
Some delay is introduced, since combustion must be
completed before a correct sample can be obtained.
If the sample is withdrawn close to the combustion
zone, this delay is not usually objectionable.

Considerable study may be required to locate
sample points that will give correct average excess-air
values. The dirty, hot, and corrosive conditions of the
flue gases at these points make periodic maintenance
necessary for continuous dependable sampling.

Types of Control Systems

Pneumatic, electric or electronic, and hydraulic-
actuated systems are all available.

Pneumatic Systems. During the last twenty-five years,
pneumatic systems have been used in the majority of
installations. The pneumatic systems are flexible in
application, serviceable by mechanical skills, and are
competitive with others in cost. For all power-plant
applications, the speed of response is adequate and
unaffected by moisture and dirt in the surrounding
atmosphere. Pneumatic systems can be serviced with
a minimum number of test devices, easily understood
and adjusted by instrument technicians, without
personal hazards.

Pneumatic transmission of information is not rec­
ommended for distances of more than 1,000 ft. Control
distances should not be more than 400 ft. Exceptions
to these limits may be made if additional time delay
can be tolerated. Pneumatic switching devices allow
direct connection of transmitter and final control
element without passing the signal through the control
console.

Electric or Electronic Systems. Electric or electronic
control has tire advantage of unlimited length of
transmission for control lines, and a supply of com­
pressed air is not required. Components, while more
complex, are also more compact. Although specially
trained service personnel are needed and initial costs
are higher, this type of control is selected by boiler
operators who consider the advantages sufficiently
important to outweigh the initial cost.

Hydraulic Systems. Hydraulic or liquid-operated
systems find favor on small-size units. They are sim­
ple, reliable, and easy to understand. They are com­
petitive in cost but do not offer the flexibility of
multielement-system operation. System leaks cannot
be tolerated, and care must be taken in installation
and service procedures.

Requirements of a Steam-Boiler Control System

The main requirements for a satisfactory boiler
control system are:
1. Adjustment of the furnace heat release to the

steam demand. Control components, that receive
their instructions from steam pressure, are called
upon to vary the firing rate. When boilers must
respond to rapid or major load changes, either
steam flow or first-stage turbine pressure may be
used in the control system so that the rate of firing
is proportioned to the load demand.

2. Regulation of the ratio of air to fuel for optimum
combustion efficiency. Too much excess air raises
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the stack losses and results in lower combustion
efficiency with increased fan power.

3. Maintenance of a constant furnace draft in the
combustion zone ( except in the case of pressurized
units), thus avoiding changes in the air infiltration
and upset of the combustion-guide calibration

4. Regulation of the supply of feedwater for a nre
determined water level. F

5. Maintenance of the final and reheat steam tem­
peratures within prescribed limits.

6. Provision of flexibility during operation, with con­
venient switch to manual ’ operation when occa­
sion demands.

7. Provision of interlock devices for protection against
major-equipment damage. Flame-failure devices
and purge interlocks are examples of auxiliary
equipment that contribute to safe operation.

Controls for Supercritical-Pressure Operation. The
above requirements also apply to Universal-Pressure
boilers for both subcritical and supercritical opera­
tion, although the method of control is different. The
rate of combustion is governed by steam temperature,
and the feedwater-control system maintains boiler
pressure. The absence of a steam drum eliminates the
need for water-level measurement.

Discussion of Control Components

sicrml ■ 6 Control'acti°n unit. The outgoing control
m ■ . -S S? moc^ed that the controlled variable is
refer 'w at«a const:ant value. This combination is

i 16 ° ProPortional plus reset” and is almost
ajs applied to boiler control systems.
ate or derivative action can be compared to an

or to anticipate. Where long measurement or proc­
ess e ays are encountered, it may be employed so

a tie final control element (a valve or a control
11'6 °vercorrects for a short period of time. This

allows the variable being controlled to return to the
desired value sooner.

Enable Centralized Control. These are the panel­
mounted components that permit the operator to
supervise performance. Transfer from manual to auto­
matic operation, and vice versa, is possible. Operators
may change conditions, such as steam pressure or
steam temperature, and alter the load distribution
among units.

Operate Dampers and Valves. The final element is
generally either a power-operated valve or a control
drive. In Fig. 6, an air-operated drive, receiving its
signal from the selector station, remotely adjusts the
flow of fuel to die furnace. A second drive adjusts the
amount of air supplied to the furnace.

While available boiler controls include pneumatic,
electric or electronic, and hydraulic-actuated systems,
the equipment performs tire same functions, which
are as follows:

Combustion-Control Systems

There are almost as many combustion-control sys­
tems as there are steam-generating units. Load de­
mands, operating philosophy, plant layout, and types
of firing must be considered before the ultimate selec­
tion of a system is made. The following examples
show a few of the systems and serve to demonstrate
some possible approaches to the problem. They do
not imply any particular recommendation for a con­
templated installation. Equipment advances, instru­
ment improvements, and individual needs call for
constant study and revision in application.

Combustion Control for Stoker-Fired Boilers. Stoker-
fired boilers are regulated by positioning fuel and
combustion air from changes in steam pressure. The
fuel or air may also be automatically readjusted to
maintain optimum excess air. Fig. 6 illustrates an ap­
plication to a spreader stoker.

A change in steam demand initiates a signal from
the steam-pressure controller that causes an increase
or decrease of both fuel and air. A combustion guide,
in this case steam-flow air-flow, compares the index
of the rate of fuel being burned (proportional to
steam flow) to a calibrated air-flow index and initi­
ates any required readjustments to the air damper so
that optimum firing conditions are maintained.

Furnace draft is regulated separately through the

Measure and Transmit. These devices, such as steam­
pressure recorders, convert a primary measurement
into an indication of the actual value. They also con­
vert this reading to a signal that is understood by the
other components of the system. Fig. 6 gives a dia­
gram of a simplified combustion-control system for
a medium-size boiler. The steam-pressure transmitter
establishes a pneumatic signal proportional to the
actual steam pressure.

Perform Control Actions. This group is referred to as
the “calculating” or “control-action units. T iey m
elude control actions of proportional band (gam;,
reset (integrating), and derivative (rate). T ie) a so
allow the addition, subtraction, and averaging o
control signals. .

Proportional band or gain relates to the sensi nity
of the initial control response. Pneumatic re aY
electronic operational amplifiers are genera y ,
ployed to allow adjustment of the contro sy
response, as dictated by the individua o
quirements. , . n_

Reset or integrating action is general y use i‘
junction with proportional band and is in ?
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Fig. 6. Diagram of combustion-control system for a spreader-stoker-fired boiler
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use of a furnace-draft controller and a power operator
that positions the uptake damper.

Combustion Control for Pulverized-Coal-Fired Boilers.
Steam pressure is used to initiate the master control
signal and operates through the other components to

adjust fuel and ah- in parallel. The efficiency of the
combustion process is monitored by the use of a
steam-flow air-flow ratio controller or an oxygen ana­
lyzer, or both, and the readjusting impulses to the
ah or fuel automatically maintain optimum excess
air (see Fig. 7).
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l-D FANFEEDER

PULVERIZER

Fig. /. Diagram of combustion-control system for o pulverized-coal-fired boiler
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Combustion Control for Cyclone Furnaces Tb
rinles involved in controlling Cvclone T? prin’
Seated by Fig. 8. T
include additional major and auxiliarysafe and satisfactory operation. P^ent for

The steam-pressure measurement initiate. ater signal which controls cyclone fuel flow (cTh
feeder speed) and cyclone air flows, simultaneouX’

in parallel to maintain required steam pressure and
approximate fuel-air ratio under any boiler load

Each feeder drive is adjusted so that all feeder.
run at the same speed for the same master signal On
multicyclone installations, individual cyclone air‘ flow.
are automatically compensated for temperature A
predetermined air flow is attained for each specific
value of the master signal. Proper fuel-air relation
ship is maintained in each Cyclone Furnace Each
cyclone air flow is continuously readjusted from total
steam-flow total-air-flow to maintain the desired total.
fuel total-air ratio.

orced draft is controlled primarily from air-duct
pressure. Since the duct-pressure set point is a func-
ion of the cyclone load, it is readjusted from the mas­

ter signal to hold the desired pressure at the cyclone
secondary-air dampers. On balanced-draft furnaces,
induced draft is controlled from furnace pressure to
hold a constant draft in the secondary furnace.

Additional features are often incorporated, such as
a bias loader on duct-pressure control, automatic or
manual compensation for the number of cyclones in
sendee, and an oxygen and combustible analyzer­
recorder to provide the operator with a check on the
fuel-air ratio of the individual Cyclone Furnaces. The
gas analyzer is an essential component of the instru­
mentation system.

Combustion Control for Gas- and Oil-Fired Boilers. Fig.
9 illustrates typical systems as applied to the burning
of gas and oil, separately or together. A study of the
diagram shows the similarities and differences when
compared with the other methods of firing.

COAL

HEATER

Furnace-fired boiler
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Fig. 9. Diagram of combustion-control system for gas- and oil-fired boilers

Feedwater-Control Systems

Feedwater-control systems are divided into four
major classifications, defined by the number of meas­
urements utilized in the over-all control action.

Single-Element, Self-Operated. Fig. 10 illustrates one
style of thermohydraulic feedwater regulator. Two
connections are made in the drum to allow installa­
tion of a “generator.” This generator adjusts the vapor
pressure within the closed hydraulic system, which,
in turn, furnishes operating power for the feedwater
valve. The lower the level of water in the drum, the
higher the resulting vapor pressure and the further
the feedwater valve is opened.

This type of regulator establishes a relation be­
tween water level in the drum and valve opening.
Hence, for each rate of steam flow, a slightly different
water level will be maintained. This control is not
applied to large high-capacity boilers or to those with
severely and frequently changing load demands.

Single-Element, Air or Electrically Operated. Consid­
erable improvement can be made in a single-element
system if compressed air or electronic control is em­
ployed. A level recorder is used, adding to it a trans­
mitting device and the components of a control system
(Fig. 11). The water flow into the boiler is regulated
from water-level measurement only. A cam in a posi­
tioner mounted on the feedwater valve provides a
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Fig. 11 • Single-element air-operated feedwater­
control system
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Fig. 12. Two-element air-operated feedwater­
control system

means for matching the valve-flow characteristic to
the system requirement.

This system has several advantages over the self­
operated type. It holds a constant level at all loads,
provides a means for remote manual control of level,
and may be converted into a two-element or three-
element system if operating conditions require it.

Two-Element Feedwater-Control System. This system
functions primarily from steam-flow measurements
but is readjusted from water-level measurement to
assure maintenance of the desired level (Fig. 12). The
steam flow anticipates changes in level and opens the
feedwater valve proportionately. A cam, in the posi­

tioning relay mounted on the feedwater valve, pro­
vides a means for matching the valve-flow character­
istic to the system requirement.

This system minimizes the effect of swell and
shrinkage within the drum. It responds quickly since
it does not wait for level to indicate a need for water­
flow change. Any boiler installation which has or an­
ticipates frequent changes in load should incorporate
the steam-flow element in the feedwater-control
system.

Three-Element Feedwater-Control System. This system
functions primarily from steam-flow and water-flow
measurements but is readjusted from the water-level

STEAM

OR INDICATOR
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measurement to make certain that the level is held
at tire desired location (Fig. 13). The steam-flow
element acts as a continuous load index and positions
the control valve immediately on load change. To
assure feedwater flow that is always proportional to
the steam-flow output, the water-flow measurement is
compared with the steam-flow measurement. If pres­
sure variations ahead of the regulating valve cause a
change in water flow, the flow ratio repositions the
control valve to maintain the proper flow before any
effect on level is experienced.

This system may be adjusted to permit the water
level in the drum to change during normal operation
in accordance with the “swell” or “shrinkage” cor­
responding to the load. This maintains a more nearly
constant weight of water in the boiler.

Steam-Temperature Control

The subject of steam-temperature adjustment and
control is covered in Chapter 13.

Package-Boiler Control

Control systems are often provided with shop-
assembled boilers of capacities up to 100,000 lb
steam/hr, as illustrated by Fig. 14.

Users should be certain that the system provided is

Fig. 14. Instrument and control panel for B&W package
boiler, with complete interlock protection equipment

adequate. Many of these units are purchased by small
industrial plants and must perform with a minimum
amount of attention. This accentuates the importance
of the automatic-control system and accompanying
safety devices. Improper or inadequate control can
eliminate savings that resulted from the selection of
the packaged unit. Emphasis on initial cost only may
result in less efficient operation of the installed unit
and a consequent greater total cost.

Installation and Service Requirements

It is important to make certain that meter and
control equipment is properly installed and serviced.
Supervision of installation and the required adjust­
ments should be performed by qualified and experi­
enced personnel. Adequate time for tune up should
be provided.

Experienced field engineers, employed by control
manufacturers, are available to assist customers. The
field adjustment of a complicated control system is
a job for an expert. Once done, maintenance can be
performed by trained plant personnel. A planned
maintenance program should be developed.

A boiler interlock may be defined as “a device that
is interrelated with another and has the facility of
initiating a control, trip, or alarm action should the
other device malfunction.” Typical factors requiring
interlocks on a boiler are forced- and induced-draft
fans, water level, furnace pressure, furnace combus­
tibles, fuel pressures, pilot and main flames, and
boiler feed pumps.

The problems of engineering an interlock system
fall into three categories: 1) What factors must be
interlocked? 2) How should they be interlocked?
and 3) What equipment is required to accomplish
the desired results? The equipment is of the utmost
importance, since the effectiveness of any system can
be seriously impaired if improper or unreliable equip­
ment is used.

An adequate interlock system for a boiler must
consider many factors, some of which are 1) type and
size of unit, 2) type of fuel, 3) number and type of
auxiliaries, and 4) type of installation—power or
process.

Since many factors must be considered in engineer­
ing each system, it is difficult to “standardize.” Each
installation requires some specific considerations. No
matter how well-engineered the system may be or
how large the dollar investment, its effectiveness
will be directly related to its reliability and its main­
tenance.

Until very recently, interlock systems for large
boilers were deficient in one important aspect—flame­
monitoring equipment. However, reliable flame de­
tectors are now available, designed to monitor radia­
tion in the ultraviolet portion of the spectrum (Fig.
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Fig. 15. Flamon detector for monitoring individual
burner of a boiler

eve oped and made available for application to tire
power industry. In a digital system, analog signals
representing temperatures, pressures, and other meas­
urements are converted to a pulse code, similar to the
j orse telegraph code. Thus the value of the variable
is represented by a number, the digits of which are
m pulse code. It is a discontinuous system in which
common equipment is sequentially connected to dif-
erent measuring elements. Individual measurements

are sequentially converted to pulses, stored, and later
manipulated as necessary. While digital instrumenta­
tion is expensive and complex, it is extremely versatile
and particularly well-suited to processing the large
masses of data obtained in power-plant operation.

Simplifying Information Display

A large boiler-turbine unit is normally equipped
with instruments that present more than 1000 pieces
of information. These are in the form of indications,
analog records, signal lights, annunciator points, and
position indicators. It is beyond the operator’s ability
to use this vast quantity of information intelligently

The development of this new flame detector por­
tends great advances in boiler automation, because
automation could not be realized until means were
available to assure the presence or absence of flame
on each individual burner, regardless of the type of
fuel being burned.

The Flamon detector has been satisfactorily ap­
plied to almost every type of gas and oil burner. Ini­
tial results on pulverized-coal applications have been
remarkably successful and indicate that, within a
short period of time, this detector will be available for
pulverized-coal burners. It should be emphasized that
these detectors cannot be applied or installed indis­
criminately. They require adequate application en­
gineering and considerable care in installation.

Manually or automatically initiated remote burner­
light-off-sequence control is an important considera­
tion today. Single-burner package boilers have utilized
a complete light-off and trip-sequence control for
years. Automatic ignition systems are currently being
engineered for gas- and oil-fired installations on large
utility boilers.

Recent Developments in Instrumentation

Nearly all power-plant control centers consist o
selected analog instrumentation. Analog instrumei
tion assigns a receiver to each transmitter or mea
mg element, and it continuously receives the mea
signal. The records or indications are continuous.

In recent years, digital instrumentation ra

Fig. 16. Digital data logger applied to a central
station unit
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or to identify important and key values under emer­
gency conditions. Digital scanning-logging equipment
can simplify the presentation of information and
make it more easily understood. Simple automatic
computations can reduce tire quantity of data pre­
sented to the operator to a few key variables essential
for efficient operation. Variable set points in the alarm
circuitry minimize the amount of numerical informa­
tion provided the operator. In many areas he needs
only to know whether or not the unit is within safe
limits.

Much of the data displayed in the control rooms
need not appear at all but can be received and acted
upon entirely within the information system. Some
of die decisions formerly made by operators are being
assigned to logic units within information and com­
puting systems.

Fault Monitors and Alarms

Fault monitoring can be made extremely flexible
by the continuous scanning of many variables and
tiieir comparison with established limits or set points.
As an example, set points can be established as func­
tions of one or more variables in the system, again
reducing the mental analysis that the operator must
perform. When the variables exceed tiiese limits, the
data-acquisition program can be automatically modi­
fied to route all associated key readings to special
read-out or recording devices. This presents a concise
and logical format of data which alerts the operator
to deviations in accepted performance requirements.
Alarms may be incorporated to accentuate the devia­
tions. Variables still within safe limits and not directly
associated with the existing malfunction continue to
be scanned within the system. The operator’s atten­
tion is therefore focused only on the existing mal­
functions.

Interlock and Limit Circuitry

Recent advances in the art of solid-state switching
permit the extensive use of interlock and limit cir­
cuitry. Human errors and misjudgment presently
contribute to considerable equipment damage. Logic
and sequence circuitry can be employed so that the
proper decisions may be automatically made under
emergency conditions.

Performance Computations

The continuing growth in size and complexity of
units has made the frequent analysis of performance
not only desirable but necessary. Many operating
companies are analyzing their performance-evalua­
tion programs and developing continuous-monitoring 

techniques that will allow detection of malfunctions
before substantial losses have occurred.

A number of performance-evaluation procedures
are practiced today. In some power companies, the
performance of each unit is checked periodically by
extensive heat-rate tests. Techniques and procedures
for performing such evaluations are covered under
ASME Power Test Codes. These tests require large
crews and test instrumentation to obtain useful in­
formation. Other utility companies periodically check
the major components that make up the cycle, using
less expensive techniques to discover any deterioration
of component performance.

An example of such techniques would be to con­
struct expected curves for flue gas exit temperature
for specific conditions of fuel, ambient air temper­
ature, and load. Deviation of flue gas temperature
from the expected values can be easily detected by
observation. Advisability of further and more exten­
sive testing can then be evaluated. Similar procedures
can be employed for every major component of the
entire steam cycle. Curves can be so constructed that
they will indicate directly tire existing loss in efficiency
or increase in heat rate.

An analog computer applied to a coal-fired unit is
illustrated in Fig. 17. Continuous computation of
boiler efficiency, gross and net heat rate, as well as
other items are either indicated or recorded. Correc­
tion of malfunctions or improper operation that con­
tribute to inefficiency is made by the operating per­
sonnel.

Fig. 17. Analog performance monitor installation for
determination of boiler efficiency and cycle heat rate

30-14

The Automatic Power Plant

The great majority of power plants is now essentiallv
automatic in operation between one-third mrl f n
load. This is provided by the conventional equipmen
discussed earlier m the chapter and does not reX
the application of any of the more recent develon
ments in instrumentation. Complete automation of n
unit requires the inclusion of instrumentation in arent
previously considered to be the exclusive resoonsi
bility of the human operator. 1

It is first necessary to develop reliable sequence
control subloops for all auxiliaries. For example a
complete gas- or oil-burner control can be achieved
from a single push button, with all sequence oper­
ations and interlock monitoring handled automat­
ically. The possibility of improper action under emer­
gency and start-up conditions is therefore minimized
and many of the benefits of full plant automation are
realized. The operator is still required to initiate a
specific subloop operation. The final integration of
the subloop controls results in the completely auto­
matic plant.

The problems encountered are often unique to an
individual unit. The advantages to be realized by
their solution are many:
1. Improved safety of equipment and personnel

through more complete instrumentation, simplified
display of information, and more extensive and
thorough supervisory control.

2. Reduced outages, reduced maintenance, and longer
equipment life.

3. More uniform start-up and shutdown procedures,
increasing both component life and safety.

4. Decreased operating costs through continuous
computation of plant performance and correction
of malfunctions soon after their occurrence.

5. More efficient use of available manpower during
both start-up and continuous operation.

6. Reduction of over-all system generating costs
through the ability to load units on the basis of
current heat-rate information.

The steps needed for the realization of the above
advantages are given below:

Steps to Full Automation

As shown in Fig. 18, step No. 1, Analog Display-
Control, is essentially contained in the conventional
control installation. The additional steps necessary
for complete automation are:

1. Centralize and simplify information display; use
analog and digital techniques to clarify informa­
tion, aid operator understanding, improve relia­
bility of interpretation, and save space (add Sec­
tion 2, Fig. 18).

2. Extend use of interlock and limit circuitry; use
digital solid-state components to extend super-

SEQUENCE OF STEPS
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visory controls; minimize effects of human error
(add Section 3, Fig. 18).

3. Provide performance monitoring; add computing
facilities to provide up-to-date calculations for
operation improvement and maintenance schedul­
ing (add Section 4, Fig. 18).

4. Increase use of automatic subloops; simplify and
standardize the starting, controlling, and stopping
of major plant components and subsystems (add
Section 5, Fig. 18).

5. Extend on-line controls; integrate subloops, inter­
locks, and limit controls with conventional controls
to secure automatic operation over full range, once
unit is on the line (add Section 6, Fig. 18).

6. Integrate all systems elements; add start-stop con­
trol to provide full automation, the ultimate goal
(add Section 7, Fig. 18).

The trend of boiler automation is clear, and the
future scope can be predicted with considerable con­
fidence. The achievement of these goals will be diffi­
cult. There are operating problems to be solved,
traditions to be overcome, and people to be trained
to accept new philosophies and approaches. Reliable
and adequate equipment is already available, Fig. 19.
Its application, through the cooperation of manu­
facturers and users, will make the automatic power
plant a complete reality.

Fig. 19. Two major areas of a fully automated system are shown here as the operating
panel and the equipment cabinets. Simplified-display and manual-control devices are
located on the operating panel, which is in a centralized control room. The equipment
cabinets, which may be outside the control room, provide plug-in racks for the analog
and digital solid-state electronic modules required to build up the necessary circuitry

30-16

appendix

Chapter 2. Source of Heat Energy—Coal

The following ASTM standards for testing coal, specifications, and definitions of terms are generally used
and should be followed m detail to produce comparable results. 7

ASTM Standards for Testing Coal

D492 Sampling Coals classed According to Ash
Content

D 271 Laboratory Sampling and Analysis of Coal
and Coke

D 1412 Test for Equilibrium Moisture of Coal at 96
to 97 per cent Relative Humidity and 30 C

D 197 Sampling and Fineness Test of Powdered
Coal

D 980 Sampling and Analysis of Coal for Volatile
Matter Determination in Connection with
Smoke Ordinances

D 409 Test for Grindability of Coal by the Hard-
grove Machine Method

D 440 Drop Shatter Test for Coal
D 441 Tumbler Test for Coal
D 410 Test for Screen Analysis of Coal

°D 431 Designating the Size of Coal from Its Screen
Analysis

D 310 Test for Size of Anthracite
D 311 Test for Sieve Analysis of Crushed Bitumi­

nous Coal

D 291 Test for Cubic Weight of Crushed Bitumi­
nous Coal

D 547 Test for Index of Dustiness of Coal and Coke
D 720 Test for Free-Swelling Index of Coal, Test

for Agglutinating Value of Coal (Proposed
Draft)

Specifications
“D 388 Classification of Coals by Rank
“D 389 Classification of Coals by Grade
D 166 Gas and Coking Coals

“Ell Sieves for Testing Purposes (Wire Cloth
Sieves, Round-Hole and Square-Hole Screens
or Sieves)

Definitions of Terms

D 121 Relating to Coal and Coke
“D 407 Gross Calorific Value and Net Calorific Val­

ue of Fuels
°D 493 Commercial Varieties of Bituminous and

Subbituminous Coals

“Approved as American Standard by the American Standards Association.
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Table 12

INTERNATIONAL CLASSIFICATION OF HARD COALS BY TYPE

CLASSES
(DETERMINED BY VOLATILE MATTER UP TO 33% VOLATILE MATTER AND BY CALORIFIC PARAMETER ABOVE 33% VOLATILE MATTER)

GROUPS
(determined by caking properties) CODE NUMBERS

SUBGROUPS
(DETERMINED BY COKING PROPERTIES)

group
NUMBER

ALTERNATIVE
GROUP PARAMETERS

THE FIRST FIGURE OF THE CODE NUMBER INDICATES THE CLASS OF THE COAL,
DETERMINED BY VOLATILE-MATTER CONTENT UP TO 33% VOLATILE MATTER
AND BY CALORIFIC PARAMETER ABOVE 33% VOLATILE MATTER.

THE SECOND FIGURE INDICATESTHEGROUPOF COAL.DETERMINED BY CAKING PROPERTIES.
THE THIRD FIGURE INDICATES THE SUBGROUP, DETERMINED BY COKING PROPERTIES.

SUBGROUP
NUMBER

ALTERNATIVE
SUBGROUP PARAMETERS

FREE-SWELLING
INDEX (CRUCIBLE.

SWELLING NUMBER)
ROGA INDEX DILATOMETER GRAY-KING

3 >4 >45

■ •
435 535 635 5 >140 >Gfl

334 434 534 634 4 >50-140 Gs-Ga

333 433 533 633 733 3 >0-50 Gi-G.

332 332
a b 432 532 632 732 832 2 ?0 E-G

2 21/2-4 >20-45

323 423 523 623 723 823 3 >0-50 Gi-G.

■
322 422 522 622 722 822 2 So E-G

■■
321 421 521 621 721 821 1

CONTRACTION
ONLY

B-D

1 1-2 >5-20
212 312 412 512 612 712 812 2 <0 E-G

in

211 311 411 511 611 711 811 1
CONTRACTION

ONLY
B-D

0 0-/2 0-5 IO
100

A | B 200 300 400 500 600 700 800 900 0 NONSOFTENING A

CLASS NUMBER -------------------->- 0 • 2 3 4 5 6 7 8 9 AS AN INDICATION, THE FOLLOWING
CLASSES HAVE AN APPROXIMATE
VOLATILE-MATTER CONTENT OF:

CLASS 6 33-41% VOLATILE MATTER
CLASS 7 33-44% VOLATILE MATTER
CLASS 8 35-50% VOLATILE MATTER
CLASS 9 42 -50% VOLATILE MATTER

CLASS
PARAMETERS

VOLATILE MATTER
(DRY. ASH-FREE) 0-3

>3
>3-
6.5

-10
>6.5-

10
>10-14 >14-20 >20-28 >28-33 >33 >33 >33 >33

CALORIFIC PARAMETER^- - — — — — — >13,950
>12,960-
13,950

>10,980-
12,960

>10,260-
10,980

NOTES: (I) WHERE THE ASH CONTENT OF COAL IS TOO HIGH TO ALLOW CLASSIFICATION ACCORDING TO THE PRESENT SYSTEMS,

IT MUST BE REDUCED BY LABORATORY FLOAT-AND-SINK METHOD (OR ANY OTHER APPROPRIATE MEANS).
THE SPECIFIC GRAVITY SELECTED FOR FLOTATION SHOULD ALLOW A MAXIMUM YIELD OF COAL WITH 5-10% OF ASH.

(II) 332a > 14-16% VOLATILE MATTER.

332b >16-20% VOLATILE MATTER.

* GROSS CALORIFIC VALUE ON MOIST, ASH-FREE BASIS (86 F/96% RELATIVE HUMIDITY) BTU/LB.

SOURCE: BUREAU OF MINES REPORT OF INVESTIGATIONS 5435, 1958

Table 12 (Continued)

STATISTICAL GROUPING OF HARD COALS

CODE NUMBERS

DILATOMETER GRAY-KING

635 >140 >Ga

434 634 >50-140 Gs-Gg

433 533 633 733 >0-50 G1-G4

432 532 632 732 832 E-G

323 >0-50423 523 623 723 823 Gj-Gx

>20-45 322 422 522 622 722 822 E-G

321 421 521 621 721 821 B-D

512412 712612 812 E-G

411

O.1/2 400 700600 800 NONSOFTENING

CLASS NUMBER

>20-28 >28-33 >33 >33 >33 >33

CALORIFIC PARAMETER >13.950

GROUP
NUMBER

SUBGROUP
NUMBER

VOLATILE MATTER
(DRY. ASH-FREE)

42-50% VOLATILE MATTER

CLASS
PARAMETERS

33-41% VOLATILE MATTER
33-44% VOLATILE MATTER

ALTERNATIVE
GROUP PARAMETERS

>10,260-
10,980

> 10.980-
12,960

>12.960-
13,950

CONTRACTION
ONLY

SUBGROUPS
(DETERMINED by coking properties)

ALTERNATIVE
SUBGROUP PARAMETERS

GROUPS
(DETERMINED BY CAKING PROPERTIES)

CONTRACTION
ONLY

CLASSES
(DETERMINED BY VOLATILE MATTER UP TO 33% VOLATILE MATTER AND BY CALORIFIC PARAMETER ABOVE 33% VOLATILE MATTER)

THE FIRST FIGURE OF THE CODE NUMBER INDICATES THE CLASS OF THE COAL,
DETERMINED BY VOLATILE-MATTER CONTENT UP TO 33% VOLATILE MATTER
AND BY CALORIFIC PARAMETER ABOVE 33% VOLATILE MATTER.

THE SECOND FIGURE INDICATES THE GROUPOF COAL,DETERMINED BY CAKING PROPERTIES.
THE THIRD FIGURE INDICATES THE SUBGROUP, DETERMINED BY COKING PROPERTIES.

FREE-SWELLING
INDEX (CRUCIBLE- ROGA INDEX

SWELLING NUMBER)

332 332
b

AS AN INDICATION. THE FOLLOWING
CLASSES HAVE AN APPROXIMATE
VOLATILE-MATTER CONTENT OF:

CLASS 6
CLASS 7
CLASS 8 35-50% VOLATILE MATTER
CLASS 9 - * -------- ---------

535 I

—Sc
534334

-ITa—|—Vb
333

435

B-D

NOTES: (I) WHERE THE ASH CONTENT OF COAL IS TOO HIGH TO ALLOW CLASSIFICATION ACCORDING TO THE PRESENT SYSTEMS,

IT MUST BE REDUCED BY LABORATORY FLOAT-AND-SINK METHOD (OR ANY OTHER APPROPRIATE MEANS).
THE SPECIFIC GRAVITY SELECTED FOR FLOTATION SHOULD ALLOW A MAXIMUM YIELD OF COAL WITH 5-10% OF ASH.

(II) 332a > 14-16% VOLATILE MATTER.

332b >16-20% VOLATILE MATTER.
* GROSS CALORIFIC VALUE ON MOIST. ASH-FREE BASIS (86 F/96% RELATIVE HUMIDITY) BTU/LB.

SOURCE: BUREAU OF MINES REPORT OF INVESTIGATIONS 5435, 1958
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Table 12 (Continued)

GROUPING OF AMERICAN COALS IN INTERNATIONAL SYSTEM OF CLASSIFICATION

CLASSES
(DETERMINED BY VOLATILE MATTER UP TO 33% VOLATILE MAHER AND BY CALORIFIC PARAMETER ABOVE 33% VOLATILE MAHER)

GROUPS
(DETERMINED BY CAKING PROPERTIES) CODE NUMBERS

SUBGROUPS
(DETERMINED BY COKING PROPERTIES)

GROUP
NUMBER

ALTERNATIVE
GROUP PARAMETERS

THE FIRST FIGURE OF THE CODE NUMBER INDICATES THE CLASS OF THE COAL,
DETERMINED BY VOLATILE-MAHER CONTENT UP TO 33% VOLATILE MATTER
AND BY CALORIFIC PARAMETER ABOVE 33% VOLATILE MAHER.

THE SECOND FIGURE INDICATES THE GROUPOF COAL.DETERMINED BY CAKING PROPERTIES.
THE THIRD FIGURE INDICATES THE SUBGROUP. DETERMINED BY COKING PROPERTIES.

SUBGROUP
NUMBER

ALTERNATIVE
SUBGROUP PARAMETERS

FREE-SWELLING
INDEX (CRUCIBLE­

SWELLING NUMBER)
ROGA INDEX DILATOMETER GRAY-KING

3 >4 >45

435 535 635 5 >140 >Ga

334 434 534 634 734 4 >50-140 Gs-Gs

333 433 533 633 733 IHHI; 3 >0-50 Gi-Ga

■ 332 332
a b 432 532 632 732 832; 2 SO E-G

2 2'/2-4 >20-45

Uh
323::- 523 623 723 823 3 >0-50 Gi-Ga

322 522 622 722 822 2 <0 E-G

III 321 :>■ ,4j11 521 .621 721 821 1
CONTRACTION

ONLY B-D

1 1-2 >5-20

m
212 312 ||5’i’2|gi 612' 712 8i 2||; 2 so E-G

211;::: •4lf / 51 1 ||i:6i’i||| 711 811
Rw

1
CONTRACTION

ONLY B-D

0 0-1/2 0-5 000
100

A | B 200 300 //500: 600| •- ||700|| 800 900 0 NONSOFTENING A

CLASS NUMBER -------------------- 0 1 2 3 4 5 6 7 8 9 AS AN INDICATION, THE FOLLOWING
CLASSES HAVE AN APPROXIMATE
VOLATILE-MAHER CONTENT OF:

CLASS 6 33-41% VOLATILE MATTER
CLASS 7 33-44% VOLATILE MAHER
CLASS 8 35-50% VOLATILE MAHER
CLASS 9 42 -50% VOLATILE MAHER

CLASS
PARAMETERS

VOLATILE MAHER
(DRY, ASH-FREE) 0-3

>3-10
>3- >6.5-
6.5 10

>10-14 >14-20 >20-28 >28-33 >33 >33 >33 >33

CALORIFIC PARAMETER^— - — — — — — >13,950
>12,960-
13,950

>10,980-
12,960

>10,260-
10,980

NOTES: (I) WHERE THE ASH CONTENT OF COAL IS TOO HIGH TO ALLOW CLASSIFICATION ACCORDING TO THE PRESENT SYSTEMS.
IT MUST BE REDUCED BY LABORATORY FLOAT-AND-SINK METHOD (OR ANY OTHER APPROPRIATE MEANS).
THE SPECIFIC GRAVITY SELECTED FOR FLOTATION SHOULD ALLOW A MAXIMUM YIELD OF COAL WITH 5-10% OF ASH.

(II) 332a >14-16% VOLATILE MAHER.
332b >16-20% VOLATILE MAHER.

(Ill) FROM INFORMATION AVAILABLE, AMERICAN COALS ARE REPRESENTED BY OPEN-FACED BLOCKS. THERE ARE
PROBABLY NO COMMERCIAL DEPOSITS OF AMERICAN COALS REPRESENTED BY DOHED BLOCKS.

* GROSS CALORIFIC VALUE ON MOIST, ASH-FREE BASIS (86 F/96% RELATIVE HUMIDITY) BTU/LB. '

SOURCE: BUREAU OF MINES REPORT OF INVESTIGATIONS 5435, 1958
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Appendix

Typical Analyses and Relative Cost of Fuel Oils

Grade of Fuel Oil No.l No. 2 No. 4 No. 5 No. 6

Weight, per cent
Sulfur 0.1 0.3 0.8 1.0 2.3

9.7
85.6Hydrogen 13.8 12.5 —

Carbon 86.1 87.2 —■
Nitrogen — 0.02 — 2.0
Oxygen Nil Nil —

0.12Ash Nil Nil 0.03 0.03

Gravity
Deg API 42 32 20 19 —
Specific 0.815 0.865 0.934 0.940 —
Lb per gal 6.79 7.21 7.78 7.83 —

Pour point, F
Viscosity

-35 -5 +20 +30 —

Centistokes @ 100 F 1.8 2.4 27.5 130 —
SSU @ 100 F — 34 130 — —
SSF @ 122 F — — — 30 —

Water & sediment, vol %
Heating value

Nil Nil 0.2 0.3 0.74

Btu per lb, gross 19,810 19,430 18,860 18,760 18,300
Relative cost per Btu 118 100 76 60 51
“Bomb calorimeter determination.

Range of Analyses of Fuel Oils

Heating value
Btu per lb, gross

(calculated)
“Estimated.

19,670-19,860

Grade of Fuel Oil No. 1 No. 2
Weight, per cent

Sulfur 0.01-0.5 0.05-1.0
Hydrogen 13.3-14.1 11.8-13.9
Carbon 85.9-86.7 86.1-88.2
Nitrogen Nil-0.1 Nil-0.1
Oxygen — _ -
Ash — __

Gravity
Deg API 40-44 28-40
Specific 0.825-0.806 0.887-0.825
Lb per gal 6.87-6.71 7.39-6.87

Pour point, F 0 to -50 0 to -40
Viscosity

Centistokes @ 100 F 1.4-2.2 1.9-3.0
SSU-@ 100 F — 32-38
SSF @ 122 F — —

Water & sediment, vol % — 0-0.1

19,170-19,750

No. 4 No. 5 No. 6

0.2-2.0 0.5-3.0 0.7-3.5
(10.6-13.0)“ (10.5-12.0)“ (9.5-12.0)“
(86.5-89.2)“ (86.5-89.2)“ (86.5-90.2)“

_ _ _ _
0-0.1 0-0.1 0.01-0.5

15-30 14-22 7-22
0.966-0.876 0.972-0.922 1.022-0.922
8.04-7.30 8.10-7.68 8.51-7.68

-10 to +50 -10 to +80 +15 to +85

10.5-65 65-200 260-750
60-300 — —

— 20-40 45-300
tr to 1.0 0.05-1.0 0.05-2.0

18,280-19,400 18,100-19,020 17,410-18,990

3-A2
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Andies of Natural Gas from United Slates Fields

Source of Gas

Analyses
Pa. So. Cal. Ohio La. Okla.

Constituents, % by vol
H2 Hydrogen .—

1.82
93.33

A n ’■z

CH,
C2H,

Methane
Ethylene

83.40 84.00 90.00 84.10
C2Ho
CO

Ethane
Carbon monoxide

15.80 14.80
0.2o

5.00 6.70

COa
N2
o2

Carbon dioxide
Nitrogen
Oxygen

0.80
0.70
0.50

0.45
0.22
3.40
0.35

5.00
O.SO
8.40

h2s Hydrogen sulfide — —t 0.18 —
Ultimate, % by wt

S Sulfur — — 0.34 _
h2 Hydrogen 23.53 23.30 23.20 22.68 20.85
C Carbon 75.25 74.72 69.12 69.26 64.84
n2 Nitrogen 1.22 0.76 5.76 8.06 12.90
o2 Oxygen — 1.22 1.58 — 1.41

Specific gravity (rel to air)

Higher heat value

0.636 0.636 0.567 0.600 0.630

Btu/cu ft @ 60 F & 30 in. Hg 1,129 1,116 964 1,002 974
Btu/lb of fuel 23,170 22,904 22,077 21,824 20,160

Properties of Raw Shale
Specific gravity, 60 F/60 F
Heating value, Btu/lb
Ash, %
Mineral CO.., %
Organic carbon, %
Hydrogen, %
Nitrogen, %
Sulfur, %

Modified Fisher Assay
Oil, %
Water, %
Spent shale, %
Gas and loss, %
Oil, gal/ton
Water, gal/ton

Properties of Colorado Oil Shale*

Green River Formation

2.16
2590
65.7
18.9
12.4

1.8
0.4
0.6

10.6
0.7

86.6
2.1

27.7
1.7

» Bureau of Mines.

Shale Ash Analysis
SiO., S
AI2O3, %
Fe2O3, %
CaO, %
MgO, %
SOa, %
NaO. %
KA %

Properties of Shale Oil
Specific gravity, 60 F/60 F
Heating value, Btu/lb
Carbon, %
Hydrogen, %
Nitrogen, %
Sulfur, %

3-A3

42.7
13.1
4.6

23.3
10.0

1.8
3.1
2.3

0.916
18,510

84.6
11.5
2.0
0.6
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Appendix

Analyses of Wood and Wood Ash

Column No.° 1 2 3 4 5 6

Wood Analyses (Dry Basis), %by wt
Proximate

Volatile matter 72.9 76.0 74.7 74.3 69.6 72.6
Fixed carbon 24.2 18.7 23.3 24.0 26.6 27.0
Ash 2.9 5.3 2.0 1.7 3.8 0.4

Ultimate
H2 Hydrogen 5.6 5.4 5.7 5.8 5.7 5.1
C Carbon 53.4 49.7 53.9 52.2 51.8 51.9
S Sulfur 0.1 0.1 trace trace 0.1 trace
N=+O= Nitrogen + Oxygen 38.0 39.5 38.4 40.3 38.6 42.6
A Ash 2.9 5.3 2.0 1.7 3.8 0.4

Heating value, Btu/lb 9030 8370 9120 8810 8740 8350
Ash Analyses, % by wt

Silica as SiO2 — — — 1.7 32.0 14.3
Iron as Fe2O2 — — — 3.2 6.4 3.5
Titanium as TiO2 — — — 0.0 0.8 0.3
Aluminum as A1.O3 — — — 3.2 11.0 4.0
Manganese as Mn3Ot — — — 3.9 1.5 0.1
Calcium as CaO — — — 60.8 25.3 6.0
Magnesium as MgO — — — 3.0 4.1 6.6
Alkalies as Na2O — —. — 10.4 10.4 25.0
Sulfate as SO3 — —■ — 3.0 2.1 7.4
Chloride as Cl — 0.4 trace 18.4
Carbonate as CO2 — — — 11.5 7.0 14.0
Undetermined — — — — —

Ash-fusion temperatures f t — — —- —

°Col No.
1
2
3
4
5
6

Kind of Wood
Southern pine bark
Oak bark
Oregon wood, hogged
White-fir bark, salt-water stored
Spruce bark, salt-water stored
Redwood bark, salt-water stored

Ash-Fusion Temperatures, F

Reducing Oxidizing

Initial Deform. 2180 2690 2180 2680
Softening 2220 2720 2220 2730
Fluid 2340 2740 2470 2750

Analyses—Typical Bagasse, Coke Breeze, and Fluidized-Bed Char

Analyses (As Fired), % by wt Bagasse Coke Breeze Fluidized-BedProximate
Moisture 52.0 7.3

Char
0 7Volatile matter

Fixed carbon
Ash

40.2
6.1
1.7

2.3
79.4
11.0

V. 1
14.7
70.4
14.2

Ultimate
h2 Hydrogen 2.8 0.3c Carbon 23.4 80.0s Sulfur trace 0.6 4.1n2+o2 Nitrogen + Oxygen 20.1 0.8
HO Moisture 52.0 7.3A Ash 1.7 11.0

Heating value, Btu/lb 4000 11,670 12,100
3-A4
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Analyses of Typical Gaseous Fuels Derived from Coal

Column No.”

Analyses, % by vol
1 2 3 4 5 6

H2 Hydrogen 57.4 47.9 2.4 2.4 34.0 14.0CH, Methane 28.5 33.9 0.1 0.1 15.5 3.0
C2Hi Ethylene 2.9 5.2 4.7
C2Ho Ethane — _
CO Carbon monoxide 5.1 6.1 23.3 26.6 32.0 27.0
CO2 Carbon dioxide 1.4 2.6 14.4 11.1 4.3 4.5
N2 Nitrogen 4.2 3.7 56.4 56.4 6.5 50.9
O2 Oxygen 0.5 0.6 — — 0.7 0.6
C0H0 Benzene — — — —- 2.3 _
HnO Water — — 3.4 3.4 — —

Specific gravity (rel to air) 0.344 0.413 1.015 1.000 0.666 0.857
Higher heat value

Btu/cu ft, gross @ 60 F & 30 in. Hg 528 590 — — 534 163
Btu/cu ft, sat. @ 80 F & 30 in. Hg —

°Col No.
1 and 2

3
4
5
6

83.8

Kind of Gas
Coke-oven gas
Blast-furnace gas (lean)
Blast-furnace gas (rich)
Carbureted water gas
Producer gas

94.3

Analyses of Typical Solid Fuels Derived from Oil

Analyses (Dry Basis),% by wt Delayet1 Coke Fluid Coke

Proximate
9.0

90.9
0.1

6.0
93.7

0.3

6.7
93.2

0.1

Volatile matter
Fixed carbon
Ash

10.8
88.5

0.7

Ultimate 9.9 1.5 4.7 5.7
Sulfur

14,700 15,700 14,160 14,290
Heating value, Btu/lb

3-A5

Elemental Analysis of Black Liquor*

, u Weight Percentage (Dry Basis)
Element b .g 3

Na 3.6
S 3.6
h2 42.6c 0.2
n2 31.7
02

Heating value. Btu/lb
’Average for Sulfate (Kraft) Process.

6600
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Chapter 4. Principles of Combustion

14

6 I------- 1------- 1--------1------------ 1------- 1------- 1------- 1------------ 1
0 1000 2000 3000 4000

TEMPERATURE, F (f,)

Fig. 1. Mean molal specific heat of gases between final
temperature (*2) and 80 F at std atmospheric pressure

Table 5
Moisture

Fuel,
Ib/lOkB

0.544
0.496

Moisture,
Ib/lOkB

0.51
0.93

Theoretical Air, Fuel, and Resulting
Per 10,000 Btu As Fired
Theoretical Air,”

Ib/lOkB
7.46
7.10

Fuel
Fuel oil
Natural gas
Coal (prox anal.) See Fig. 4 — —
Coal (ult anal.) See Table 6 — —

“Dry air. To obtain wt of wet air required, moisture in air
at standard conditions (0.0132 lb per lb dry air @ 60% relative
humidity and 80 F dry bulb) must be added.

Table 6
Formula for Calculating Theoretical Air0

In lb per 10,000 Btu of Fuel as Fired
Ultimate Analysis of Fuel on As-Fired Basis,

Per Cent by Weight
C — Carbon

H2 = Hydrogen
O2 = Oxygen

S = Sulfur
Btu/lb = Heat value of fuel

8C + 24I H2- ^1 + 3S

Theoretical Air,f lb = 144 X-------------——--------------
(per lOkB) Btu/Ib

“This formula should be used only when the exact ultimate
analysis and the correct heating value are given for the fuel.

IDry air. To obtain wt of wet air required, moisture in air
at standard conditions (0.0132 lb per lb dry air 60% relative
humidity and 80 F dry bulb) must be added.
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Appendix

CONDITIONS—ASSIGNED OR OBSERVED
AND MISCELLANEOUS

COMBUSTION CALCULATIONS—MOLAL BASIS
DATE_________________________________________
FUEL HilamuiaM Coal E

SOURCE Olua I

L
I

N

E

1

2

3

4

5

6

7

8

9

10

1 1

12

13

14

15

16

17

18

19
20

21

FUEL ANAL. AS FIRED (AF), % BY WT OR VOLFUEL, O-, AND AIR PER UNIT OF FUEL

SO2

6.00 6.006.0072.0

28

0.000.0 12

2.20

0.05

0.05

DM 0.44

700.0

0.0

X O2, LINE 12

3.45

37.17

0.3!.

47.07

6.05 7.47 37.32 3.49

PER
FUEL
UNIT,

LB

MOLES

FUEL
CON­
STIT­
UENT

TOTAL
MOLES

MOL.
WT

DIVI­
SOR

LINES 13 4- 14

O2, LINE 15

FLUE GAS (F.G.) COMPOSITION
MOLES PER FUEL UNIT (AF)

O2
MOLES
THEO
REQD

FUEL
CONSTITUENT

WET FLUE GAS
42.77

DRY FLUE GAS
39.23

o2
MUL-

Tl-
PLI-
ER

12

12

3.0

9.0

0.05

0.77

0.05

7.04

7.4/

4.4

76
"3.6

, 100 LB, SOLID OR LIQUID FUELS
FUEL UNIT/

' 100 MOLES, GASEOUS FUELS

C TO CO2

C TO CO

CO TO CO2

C UNBURNED,
LINE k

H2

S

O2 (DEDUCT)

N2
CO2....................

H2O....................

ASH

SUM

H,O IN AIR = MOLES DRY AIR X z-------- *
D — A • .

All? (WET) SUPPLIED = LINES 17 + 18

FLUE GAS CONSTITUENTS = LINES 1 TO 18 TOTAL

7.70

0.05
-d‘ii

6

2

32

32
28 '

44 ”

is” ”

•NOTE-FOR AIR AT 80 F AND 60% RELATIVE HUMIDITY, = 0.0212 IS OFTEN USED AS STANDARD.

37.77

40.22

O2 AND AIR, MOLES
FOR TOTAL AIR = 720%

(SEE LINE d AT RIGHT)

Oj (THEO) REQD = O2, LINE 12

O. (EXCESS) = T-^o100

O . (TOTAL) SUPPLIED =

N . SUPPLIED = 3.76 X '

AIR (DRY) SUPPLIED = O2 + N2

.5

.5

<? 72.0

i 76

Ji20'3.0

Aik'9.0

700.0

CO2 75.4 O2 3.6 CO 0.0 N2 37.0 %f

TOTAL AIRI (T.A.) ASSIGNED or by ORSAT X2(2 %

LINES f, fl, h FOR GASEOUS FUELS

WT, FUEL UNIT = 2(MOLES EACH X MOL. WT) LB

MOL. WT OF FUEL=LINE f 4- 100

SP WT OF FUEL © 80 F & 29.9" =

FUEL HEAT VALUE, BTU/LB 72,300/Q) FT
COMBUSTIBLE IN REFUSE, %"C" f 0.0%

CARBON UNBURNED, LB/100 LB FUEL

EXIT TEMP OF FLUE GAS, F- : 345 F
DRY-BULB (AMBIENT) TEMP,’ t',.......................... ■ 30 f

WET-BULB TEMP F

REL HUMID. (PSYCHROMETRIC CHART) %

B*, BAROMETRIC PRESSURE, IN. HG

SAT. PRESS. H;O AT AMB TEMP, IN. HG :

A*. PRESS. H:O IN AIR, LINES (o X q), IN. HG

CO2

22

23

24

25

26

27

28

29

30

31

32

33

DETERMINATION OF FLUE GAS AND COMBUSTIBLE LOSSES IN BTU PER FUEL UNIT (AF)
FLUE GAS CONSTITUENTS
Mc„ MEAN, I, to t! (FORK = 80 F, SEE FIG. 1)

IN DRY FLUE GAS = MOLES EACH, LINE 20 X Me, x'(fi-ff)

IN HjO IN AIR = MOLES H,O, LINE 18 X Me, X (I, - f,’j.....................................

IN SENS HEAT, H:O IN FUEL - MOLES LINES (5 + 10) X Mc, X (i2 - |,:)""

IN LATENT HEAT, H,O IN FUEL = MOLES LINES (5 + 10) X 1040 X 18

TOTAL IN WET FLUE GASES 

DUE TO CARBON IN REFUSE = LINE k X 14,550 

DUE TO UNBURNED CO IN FLUE GAS = MOLES C TO CO X 12x’ ’16,200

TOTAL
TOTAL FLUE GAS LOSSES + UNBURNED COMBUSTIBLE = LINES 28+29+30

uc*T vahic run hmit - 100 X LINE i FOR SOLID AND LIQUID FUELSHEAT VALUE OF FUEL UNIT - 394 x L(NE . x )00( Fo[( GASEOUS FUELS

734,740

7,230,000

STACK AND COMBUSTIBLE LOSS, % OF HEAT INPUT = 100 X LINE 31 -r LINE 32
70.43 %

NOTE; FLUE GAS ANALYSIS BY ORSAY. IF CO IS PRESENT IN FLUE GASES, A CARBON BALANCE IS USEO TO DETERMINE DISTRIBUTION OF C, THUS;
ALL C IN FUEL = C IN FLUE GAS CONSTITUENTS + C IN REFUSE. MOLES C IN FUEL = % C BY ANAL. 12.
MOLES C IN REFUSE = LINE k + 12. MOLES C IN CO, = (MOLES C IN FUEL - MOLES C IN REFUSE) X % CO, BY ORSAT + % CO + CO BY ORSAT.
MOLES C IN CO - MOLES C IN FUEL-MOLES C IN REFUSE-MOLES C IN CO,.

4-A5
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Conversion from Mold to Pound Units

-HJCE the weight of b S 3 1 u * moleculJar weight of the element or compound, and the vol-
5 time in cu ft o E a. mo y gas unde  the same condition of temperature and pressure is approximately
constant, the combustion calculations on the molal basis can be readily converted to lb units.

An examp e o conversion o units or t le combustion calculations on the opposite page is given be­
low. Reference in this form to gaseous fuels applies to combustion calculations for natural and blast-furnace
gases on following pages.

LL

d1

CO
AND MOL. WTe‘ FLUE GAS CONSTITUENT

74.74

7203.3 LB7266.7 LB DRY WT= S (LINE h1 WET) AND S (LINE h1 DRY) | WET WT

jl

k’

m

m1

o'

N

E

N

E

a

bl

MOLAL QUANTITIES-CONVERTED TO LB UNITS
SEE COMBUSTION CALCULATIONS-MOLAL BASIS FOR LINE REFERENCES

75.40

264.0

72.66 LB

LB

9l

h'

g1
h1

100 X LINE 20 -=- LINE s (WET)‘

100 X LINE 20 -i- LINE S (DRY)*

= LINE 20 X MOL. WT OF EACH, LB

72.03 LB

LB

29-60

30 63

00757 LB/CU FT

AIR (DRY) SUPPLIED PER UNIT OF FUEL = MOLES AIR, LINE 17 X 29, (MOL. WT AIR)

H2O IN AIR SUPPLIED PER UNIT OF FUEL = MOLES H:O, LINE 18 X 18, (MOL. WT H:O)

WET AIR SUPPLIED PER UNIT OF FUEL = LINES a1 + b1

(LINE c1 -P 100 FOR SOLID OR LIQUID FUELS
WET AIR SUPPLIED PER LB OF FUEL cl mE f FQR GASE0US FUEL$ 

co, + SO-
44 64

WET F.G., % BY VOL =

DRY F.G., % BY VOL =

WT OF EACH CONSTIT =

TOTAL WT FLUE GAS

wet cn.c (WET WT, LINE i1 4- 100, SOLID AND LIQUID FUELS 
wer Fme gas per ,b fuel >wet wf' M + U[)E t G<SEOUS FUH5

(DRY WT LINE il 4- 100, SOLID AND LIQUID FUELS
M¥ ™ {D“ + LINE F, GASEOUS FUELS

MOLECULAR WT OF WET FLUE GAS = WET WT, LINE 1' -i- WET MOLES, LINE s

MOLECULAR WT OF DRY FLUE GAS = DRY WT, LINE 11 ~ DRY MOLES,

SP WT OF WET FLUE GAS = LINE I1 4- 394 t (AT 80 F AND 29.92 IN. HG)

SP WT OF DRY FLUE GAS = LINE m' -r 394 t (AT 80 F AND^P^------------------

* FLUE GAS ANALYSIS AS CALCULATED, BASED ON TOTA w|TH ORSAT ANALYSIS WHE
THE CALCULATED VALUES, LINE g1, SHOULD AGREE S = 4 cu fT.

t VOLUME OF 1 MOLE OF ANY GAS AT 80 F AND 29.92 I

0.0773 LB/CU FT

LB

7766.4 LB a’

75.3 LB b>

7737.7 LB c1

77.32 LB d1

3.2

Oi N. H2O
32 28 18

3.30 74.40 3.76

3.59 37.07 ■

45.7 397.0 62 i

4-A6
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Appendix

COMBUSTION CALCULATIONS—MOLAL BASIS L

FUEL ANAL. AS FIRED (AF), % BY WT OR VOLFUEL, O2, AND AIR PER UNIT OF FUEL

I

SO2

b
69.6 5. SO

28

0.0912

d

f

g

0.99 h

12 \f00.0
i to. 6% J

k1.07

13

18

21 •NOTE-FOR AIR AT 80 F AND 60% RELATIVE HUMIDITY, = 0.0212 IS OFTEN USED AS STANDARD.

TOTALCO

209

TOTAL
32

33
72.63%

2

3

N
E

MOLES
FUEL

CON­
STIT­
UENT

FLUE GAS (F.G.) COMPOSITION
MOLES PER FUEL UNIT (AF)

TOTAL
MOLES

N

E

19
20

22

23

24

25

26

27

28

29

30

31

15

16

17

PER
FUEL
UNIT,

LB

MOL
WT

DIVI­
SOR

5

6

7
8

9

10

C TO CO2
C TO CO ’

CO TO CO?

C UNBURNED,
LINE k

O2
MOLES
THEO
REQD

FUEL
CONSTITUENT

DRY FLUE GAS
3S.52

WET FLUE GAS
92.00

O2
MUL-

Tl-
PLI-
ER

CONDITIONS—ASSIGNED OR OBSERVED
AND MISCELLANEOUS

s.o

"66

5. SO

"66/

p

q

9.9

1.6
"3.6

"6.9

2

32

32

28

12

12

2.20
"6.05

"66i

"6.05

H.
S ....................

O2 (DEDUCT)

N2
CO2................

H-O.................

ASH.................

SUM

CO2+SO2

9.7 10.2
DRY FLUE GAS = MOLES EACH LINE 20 X Me, X ((,-7,'j

H,O IN AIR - MOLES H,O, LINE 18 X Me, X (».->,')

SENS HEAT, HsO IN FUEL = MOLES LINES (5 + 10) X Afc/x(i,-ifj

LATENT HEAT, H,O IN FUEL = MOLES LINES (5 + 10) X 1040 X 18 '

395 F
'so 7

F
........%'

HjO

S.12

H,O IN AIR = MOLES DRY AIR X

AIR (WET) SUPPLIED = LINES 17 + 18

FLUE GAS CONSTITUENTS = ONES 1 TO 18, TOTAL

EXIT TEMP OF FLUE. GAS, 6 i

DRY-BULB (AMBIENT) TEMP, t(

WET-BULB TEMP

REL HUMID. (PSYCHROMETRIC CHART)

B*, BAROMETRIC PRESSURE, IN. HG

SAT. PRESS. HjO AT AMB TEMP, IN. HG :

PRESS. H2O IN AIR, LINES (°*q), IN. HG

O2

'666
2,620

n2
""66'

57.S96

O: AND AIR, MOLES
FOR TOTAL AIR = /20%

(SEE LINE d AT RIGHT)

O2 (THEO) REQD = O2, LINE 12

O . (EXCESS) = ^0100 X O2, LINE 12

O . (TOTAL) SUPPLIED = LINES 13 + 14

N2 SUPPLIED = 3.76 X Oj, LINE 15

AIR (DRY) SUPPLIED = O2 + N2

NOTE' FLUE GAS ANALYSIS BY ORSAT. IF CO IS PRESENT IN FLUE GASES, 6 CARLON BALANCE IS USED TO DETERMINE DISTRIBUTION OF C THUS.
ALL C IN FUEL - C IN FLUE GAS CONSTITUENTS + C IN REFUSE. MOLES C IN FUEL « % C BY ANAL. 12.
MOLES C IN REFUSE LINE k ’.2. MOLES C IN CO.- - (MOLES C IN FUEL ■ MOLES C IN REFUSE) X % CO, BY ORSAT + % CO + CO BY ORSAT
MOLES C IN CO • MOLES C IN FUEL-MOLES C IN REFUSE-MOLES C IN CO.-

7.S70

5,6SO

7.10
6.05.

-6.77

Moled Gj700 Hi [uel

G in {nel, 72 = 12=6.00

G in 6^, 1.1=12 = 0.09

G in GO2 + GO, 6.00 - 0.09 = 5.97

G in G02, 5.97*75.2 4- 15.5 =5.S0

G in GO, 5.97 - 5.SO = 0.17

732.679

75,570
73,960

767,699

1.2S0.000

CO, 75.2 O2 3.6 CO 0.3 S0.9 %t

TOTAL AIR (tIa.) ASSIGNED or by ORSAT ' 120 %

LINES f, g, h FOR GASEOUS FUELS

WT, FUEL UNIT = -(MOLES EACH X MOL. WT) LB

MOL. WT OF FUEL=UNE f 4- 100

SP WT OF FUEL @80 F & 29.9" = —^==
C.U rl

FUEL HEAT VALUE, BTU/ LB 12,300 / CU FT

COMBUSTIBLE IN REFUSE, %"C”

CARBON UNBURNED, LB/100 LB FUEL
= % ASH IN FUEL X 100%

DETERMINATION OF FLUE GAS AND COMBUSTIBLE LOSSES IN BTU PER FUEL UNIT (AF)

FLUE GAS CONSTITUENTS '

Mc„ MEAN, f, TO (FOR = 80 F, Stt FIG. 1)

IN

IN

IN

IN

TOTAL IN WET FLUE GASES

DUE TO CARBON IN REFUSE - LINE k X 14,550

DUE TO UNBURNED CO IN FLUE GAS = MOLES C TO CO X 12 X 10,200

TOTAL FLUE GAS LOSSES + UNBURNED COMBUSTIBLE = LINES 28+29+30

HEAT VALUE OF FUEL UNIT = 100 X UNE 1 EOR SOUD AND l!QU1D F0ElS
ntAi VAtut or fuel unii 394 * L|NE . x )00< FQR GASEOUS FUELS

STACK AND COMBUSTIBLE LOSS,,% OF HEAT INPUT = ICO X UNE 31 = LINE 32

DATE_________________________________________
FUEL Hiiununoni. Goal

SOURCE Oltia

FUEL UNIT/ 100 LB' SOUD OR LIQUID FUELS
I 100 MOLES, GASEOUS FUELS

.5

.5

75,709

"t',s76
5.6S0

"99,920

CO2

75,090

G 72.0

9.9

s 7.6

3.6

62 1.9

s.o

9-0

700.0

Appendix

COMBUSTION CALCULATIONS—MOLAL BASIS

FUEL, Q2,AND AIR PER UNIT OF FUEL

7.32S7.9 7.32

12

12

13

14

18

99.97\ 6.397.36 719

21

TOTAL
O2

\2.990

1040 X 18 PM///////////'

TOTAL

32

33

PER
FUEL

UNIT,

LB

MOLES
FUEL
CON­
STIT­
UENT

2.760
9.300

96,900

5

6

7

8

9

10

2

3

4

15

16

17

N
E

MOL.
WT

DIVI­
SOR

19

20

O:
MOLES
THEO
REQD

FUEL
CONSTITUENT

22

23

24

25

26

27

28

29

30

O;
MUL-

Tl-
PLI-
ER

N2...

76...
69.330

CO2
+

SO2

5.15
'6.09

6.02

'66o

10.3

"i.'i
"6.5
"6.7

12

12

28

2

32

32

28

44

X 12 X 10,200

.. UNES 28+29+3°...........

ANDUQU'DfUElS............

-r UNE 32

C TO CO2

C TO CO

CO TO CO2

C UNBURNED,
LINE k

H-

S

O; (DEDUCT)

N.

CO2

h2o"
ASH'

SUM

0.09
-6.02

6
O

6
o

co2+so2
" 6.5 /<?-/| 77

........'/5.600

O- AND AIR, MOLES
FOR TOTAL AIR = 7/9 %

(SEE LINE d AT RIGHT)

O2 (THEO) REQD = Oi LINE 12

O2 (EXCESS) = I7^i5-0X Oz, LINE 12

O2 (TOTAL) SUPPLIED = UNES 13 + 14..

N2 SUPPLIED = 3.76 X Oj, LINE 15

AIR (DRY) SUPPLIED = O2 + N2
H,O IN AIR = MOLES DRY AIR X =-A--

D — A
AIR (WET) SUPPLIED = LINES 17 + 18....................
FLUE GAS CONSTITUENTS = LINES 1 TO 18, TOTAL

,.  i ’̂,’f="80 F. SEEFIG. 11 ;
DRY FLUE GAS = MOLES EACH LINE 20 X Me, X (h-'i)

H-O IN AIR = MOLES H,O, LINE 18 X Me, X (>«- M

SENS HEAT, H:O IN FUEL = MOLES LINES (5 + 1°) xMe;*

LATENT HEAT, H2O IN FUEL = MOLES LINES (5 + 1°) X I- -

TOTAL IN WET FLUE GASES ...............................
DUE TO CARBON IN REFUSE =’llNEk X 14,550
due TO UNBURNED CO IN FLUE GAS = MOLES C TO CO

TOTAL FLUE GAS LOSSES + UNBURNED COMBUSTIBLE -

HEAT VALUE OF FUEL UNIT = 3,4 LINE i X^OO- f0R 3^+

stack AND COMBUSTIBLE LOSS, % OF HEAT INPUT--, ’° .

9'96
"t'.S9

U.S!
"99.9/

56.22
'""lJ9

57.91

- . _________________________________________ ___________________ _____  „alaNCE ,s user IO DETERMINE DSTR.BUTION Of C. THUS:

NOTE: HUE CAS ANAEVS.S BY ORSAT. ,f CO l^T CO, + CO BY ORSAT.

MOLES C IN CO = MOIES C IN FUEL-MOLES C IN

4-Ao

.5

.5

S7.920
"'2.766"

"6300"

9'6.9'06 "

795.7S0
6

........6"
795.7SO

7.S90.000

"'"66.69%

K n no >9 IS OFTEN USED AS STANUAKm.
•NOTE—FOR AIR AT 80 F AND 60% RELATIVE HUMIDITY, B  A

z-nuaiisTiRlF LOSSES IN BTU PER FUEL UNIT (AF)
DETERMINATION OF FLUE GAS AND CO------------------,  1 - |

FLUE GAS CONSTITUENTS

Me,, MEAN, t, TO I', (FOR t',

IN

IN

IN 

IN

7.32

.1000

HjO

FLUE GAS (F.G.) COMPOSITION

MOLES PER FUEL UNIT (AF)

CONDITIONS—ASSIGNED OR OBSERVED

AND MISCELLANEOUS
DATE

FUEL Quel Oil. ~G"

SOURCE Galil^utia

FUEL UNIT/100 **■ 50110 0R UQU'D FUELS
\oO MOLES, GASEOUS FUELS

L

1

N

E

FUEL ANAL. AS FIRED (AF), % BY WT OR VOL a

G S7.9

b

Jl2 70.3

7.2

9.H....9.6..
N2 0./

700.0
CO, O2 CO N- % ’ c

TOTAL AIR (TA) ASSIGNED or by ORSAT //9 % d_

LINES f, g, h FOR GASEOUS FUELS e

WT, FUEL UNIT = -(MOLES EACH X MOL WT) LB f

% MOL WT OF FUEL=UNE f 4- 100 9
i............. LINE g LB

SP WT OF FUEL @ 80 F 1 29.9 = -394- h

| FUEL HEAT VALUE, BTU/LB 7S.900 /CU FT.................

COMBUSTIBLE iN REFUSE, %"C" : %

i

J...
f CARBON UNBURNED, LB/100 IB FUEL )

%"C” ; 0.0
J =%ashinfuelx )00^%„c„ :

k

1 EXIT TEMP OF FLUE GAS, L .. .. 1

| DRY-BULB (AMBIENT) TEMP, 1/ m

| WET-BULB TEMP ............ F. n

REL HUMID. (PSYCHROMETRIC CHART) % 0

B‘, BAROMETRIC PRESSURE, IN. HG P
I SAT. PRESS. H,6 at AMB TEMP, IN. HG . ........ q
1 A». PRESS. H,0 IN AIR, LINES (0 X q), IN. HG r

TOTAL
MOLES

WET FLUE GAS DRY FLUt CrAO
60.00 53’66

1
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Appendix

COMBUSTION CALCULATIONS—MOL AL BASIS

FUEL, O-, AND AIR PER UNIT OF FUEL
FUEL ANAL AS FIRED (AF), % BY WT OR VOL

SO2

\t326.0\ f/0.5 t/0.5

12

'4/6.3 \20S.4 /04.2.5 203.4

2 VM4.4\ \32t0

3

4
30.0

9/3.9

TOTAL
MOLES

1/0.6 30.0 920.6 233./21

LINES (5 + 10) X 1040

LINES
32

TOTAL
33

/4.07%

HUE GAS (F.G.) COMPOSITION
MOLES PER FUEL UNIT (AF)

5

6

7

8

9

10

5

6

2

3

N
E

PER
FUEL
UNIT,

LB

MOLES
FUEL

CON-
STIT-
UENT

22

23

24

25

26

27

28

29

30

31

|18

19
20

MOL.
WT

DIVI­
SOR

X 10,200

28 + 294-30

CO2+SO2
9.55..........

O.
MOLES
THEO
REQD

FUEL
CONSTITUENT

DRY FLUE GAS
Z06/.2

O2

47,300<

O:
MUL­

TI-
FLI­
ER

N2

.... 7.0" '
/.443'500

CONDITIONS—ASSIGNED OR OBSERVED

AND MISCELLANEOUS

0.3

",
O./\

44,300
37360'0

3.90/300

9.6
"47.6

'"4.4\

2

32

32

2B

44
18 '

12

12

28

C TO CO2

C TO CO

CO TO CO2

C UNBURNED,
UNE k

Hs
' s..............
o. (DEDUCT)'

Nj
CO2.....................

H2O.....................

ASH.....................

SUM

ea44
9n e,JLi o

’Qatali

FLUE GAS CONSTITUENTS

Me,, MEAN, I. TO >( (FOR 1/

IN DRY FLUE GAS

IN H:O IN AIR = '

IN SENS HEAT, H:O IN FUEL

IN LATENT HEAT, H,O IN FUEL = MOLES

TOTAL IN WET FLUE GASES 

DUE TO CARBON IN REFUSE = LINE k X

DUE TO UNBURNED CO IN FLUE GAS -

2/4.4

30.0

244.4

9/3.9

Z/63.3

24.7
6/33.0

•NOTE-FOR AIR AT 80 F AND 60% RELATIVE HUMIDITY,—— = 0.0212 IS OFTEN USED AS STANDARD.

d — A
DETERMINATION OF FLUE GAS AND COMBUSTIBLE LOSSES IN BTU PER FUEL UNIT (AF)

....... * ' DENTS - ’

-0.3
"d"

o'
0....
o....

2/4.4

DATE

FUEL //alMal Qai

SOURCE Oali^afuua.

FUEL UNIT/100 LB' S0lid or LIQUID FUELS

100 MOLES, GASEOUS FUELS

2

/70.6

37.3

203.4

Malei 0 O <3/J ZOO Malei

e
35.3
25.2
//0.5

9663..??-3
62^/2.6
66 "6.3

1 NOTE: FLUE GAS ANALYSIS BY ORSAT. I? CO IS 1’HSSENI IN FLUE CASES, A CARBON BALANCE IS USED TO DETERMINE DISTRIBUTION OF C. THUS:

All C IN FUEL - C IN FLUE GAS CONSTITUENTS C IN REHISE. MOLES C IN FUEL » % C BY ANAL 12. •
MOLES C IN REFUSE - LINE k - 12. MOLES C IN CO, (MOLES C IN FUEL - MOLES C IN REFUSE) X % CO ■ BY ORSAT % CO + CO BY ORSAT.
MOLES C IN CO - MOLES C IN FUEL-MOLES C LN REFUSE-MOLES C IN CO,.

WET FLUE GAS
Z294.3

80 F, SEE FIG. 1)

= MOLES EACH LINE 20 X Me, X (I.— 7j

= MOLES H.O, LINE 18 X Me,. X (»:- I,') 

... .... = MOLES LINES (5 4- 10) X Mc/x (»,’-|')‘

| _ UAIC ■- X 10

.5

.5

O: AND AIR, MOLES
FOR TOTAL AIR = H4 %

(SEE UNE d AT RIGHT)

O2 (THEO) REQD = Oj, LINE 12

O2 (EXCESS) = T'^oq10^ O 2, UNE 12

O. (TOTAL) SUPPLIED = LINES 13 + 14

N. SUPPLIED = 3.76 X O2, UNE 15

AIR (DRY) SUPPLIED = O2 + Nj

H,O IN AIR = MOLES DRY AIR X
o — A

AIR (WET) SUPPLIED = LINES 17 + 18
FLUE GAS CONSTITUENTS = LINES 1 TO18, TOTAL

/OO.O\_________________________

CO2 O2 CO Nj %
TOTAL'AIR (T.A.j ASSIGNED or by ORSAT ’ ’ ’ "f/4 %

LINES f, g, h FOR GASEOUS FUELS

WT, FUEL UNIT = -(MOLES EACH X MOL WT) LB

MOL. WT OF FUEL = LINE f 4- 100 /S.04

SP WT OF FUEL @ 80 F & 29.9" =

FUEL HEAT VALUE, BTU/LB /CU FT /092

COMBUSTIBLE IN REFUSE, %“C" i <9.0%

CARBON UNBURNED, IB/l 00 LB FUEL..........
 % "C" '• 0.0= % ASH IN FUEL X i

EXIT TEMP OF FLUE GAS, t. : 304 F
DRY-BULB' (AMBIENT) TEMP,' tj.........................■ " SO F 1

WET-BULB TEMP F 1

REL HUMID. (PSYCHROMETRIC CHART) % <

BAROMETRIC' PRESSURE,' IN. HG

SAT. PRESS. H.O AT AMB TEMP, IN. HG (

A‘, PRESS. H.O IN AIR, LINES (o X q), IN. HG

/, 727.900
" "44. 3 '00

,.3™6°9..
3,90/300

6.052, tOO

............6

............ 6
6,052,100

43,024.300

14,550

.... MOLES C TO CO
TOTAL FLUE GAS LOSSES 4- UNBURNED COMBUSTIBLE = , — ,

uc.T vaiiic chci iiutr 100 X LINE i FOR SOUD AND LIQUID FUELSHEAT VALUE OF FUEL UN.T = 3„4 x l|u- . x w0 GA3EQUS

STACK AND COMBUSTIBLE LOSS, % OF HEAT INPUT = 100 X LINE 31 4- LINE 32

COj

236,600

HjO. TOTAL

4-A9

Appendix

L
I

N
E

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19
20

21

COMBUSTION CALCULATIONS—MOLAL BASIS date

FUEL, O;, AND AIR PER UNIT OF FUEL

CO2

SO2

7/4 28 25.5 Z2.75

12
!00.0\

6 3.0

d

f

9

h

2954 /00.0
4
k

%
P

8
/.30

36.53

PER
FUEL
UNIT,

LB

MOLES
FUEL

CON­
STIT­
UENT

TOTAL
MOLES

MOL.
WT

DIVI­
SOR

FLUE GAS (F.G.) COMPOSITION

MOLES PER FUEL UNIT (AF)

DRY FLUE GAS
167.56

WET FLUE GAS
172.36

O2
MOLES
THEO
REQD

O2
MUL­

TI.
PLI-
ER

FUEL
CONSTITUENT

CONDITIONS—ASSIGNED OR OBSERVED

AND MISCELLANEOUS

14.25
"3.56

Z596
"633

2

32

32

28

44

57.0
Z4.5

12

12

FUEL Hla.it ^}cau-acc Qai.

SOURCE fcWw, 2/J. l/a.

FUEL UNIT/100 LB* S0ud or uquid fuels

100 MOLES, GASEOUS FUELS

.5

.5

40.0 3.56\I24.O\ 4.30

[^2... 30

• eo " '2 '5 '5

eo6 "1'4.5
C TO CO2

C TO CO

CO TO CO2

C UNBURNED,
UNE k

H.

S

O2 (DEDUCT)

N2

CO2
H.O.....................

ASH

SUM

17.31
"66.97

34.73

o
o
0

9-
14.25

O2 AND AIR, MOLES
FOR TOTAL AIR =/25 %

(SEE LINE d AT RIGHT)

O2 (THEO) REQD = O2, LINE 12

O . (EXCESS) = "A'Jq100 X 02, LINE 12

O2 (TOTAL) SUPPLIED = LINES 13 + 14

N2 SUPPLIED = 3.76 X O2, LINE 15

AIR (DRY) SUPPLIED = O2 + N2
H2O IN AIR = MOLES DRY AIR X 5-^-7 *

D — A • •
AIR (WET) SUPPLIED = UNES 17 + 18
FLUE GAS CONSTITUENTS = LINES 1 TO 18, TOTAL

•NOTE-FOR AIR AT 80 F AND 60% RELATIVE HUMIDITY, jj-7-^ - 0.0212 IS OFTEN USED AS STANDARD.

CO2 O2 N. %t

TOTAL AIR (TA.) ASSIGNED or by ORSAT /25 %

LINES f, g, h FOR GASEOUS FUELS

wt, fuel unit=Kmoles each x mol wt)#5+ lb

MOLWT OF FUEL=UNE f -=-100 29.54

SP WT OF FUEL 80 F i 29.9"=^-5.975—
CU rl

FUEL HEAT VALUE, BTU/LB /CU FT5W.0

COMBUSTIBLE IN REFUSE, %"C" :<7-<9 %

CARBON UNBURNED, LB/100 LB FUEL )
or • v. m

= % ASH IN FUEL X ^2^ j

EXIT TEMP OF FLUE GAS, L : 525 F

DRY-BULB (AMBIENT) TEMP, I,’ 30 F

WET-BULB TEMP

REL HUMID. (PSYCHROMETRIC CHART)

I* BAROMETRIC PRESSURE, IN. HG

SAT PRESS. H2O AT AMB TEMP, IN. HG :

A* PRESS. H2O IN AIR, UNES (oXq), IN. HG

FUEL ANAL. AS FIRED (AF), % BY WT OR VOL

DETERMINATION OF FLUE GAS AND COMBUSTIBLE LOSSES IN BTU PER FUEL UNITjAF)

TOTAL

TOTAL

32 IS. 4 4 %

33

22

23

24

25

26

27

28

29

30

31

[ co2+so2
Qb'.i....

179,300

H?O
"S.2O

..Nr...,
'"7.65"

339.000

FLUE GAS CONSTITUENTS

Me,, MEAN, TO t', (FOR t',

IN

IN

IN

IN

TOTAL IN WET FLUE GASES
DUE TO CARBON IN REFUSE '= LINEk X 14,550 
DUE TO UNBURNED CO IN FLUE GAS = MOLES C TO CO X 12

TOTAL FLUE GAS LOSSES + UNBURNED COMBUSTIBLE = UNES

80 F, SEE FIG. 1)

DRY FLUE GAS = MOLES EACH, LINE 20 X Me,. X (h
HjO IN AIR = MOLES H2O, LINE 18 X Me, X (6- I,')

SENS HEAT, H:O IN FUEL
LATENT HEAT, H:O IN FUEL = MOLES LINES (5 4- 10) X 1040

= MOLES LINES (5 4- 10) X Me, X (*:

‘ X

X 10,200

  28+29+30

hpat 100 X LINE i FOR SOUD AND UQUID FUELS
HEAT value of fuel unit = 100 * ; x I00( f0R gaseous fuels............
STACK AND COMBUSTIBLE LOSS, % OF HEAT INPUT = 100 X UNE 31 4- LINE 32

f ‘------------------------------------------------------------------------- -- ------------------ c riers A CARSON BALANCE IS USED 10 DETERMINE DISTRIBUTION Of C. THUS.

N0TE: +.+co. 0^1.

4-A10

530,200
""6,570

"i6.950'

"'56.'/60

653.330
6
6

653.330

3.546.000

//.400
6,570

ib'.'95O

56,160
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Appendix

LOSSES PER 10,000 BTU FUEL INPUT 22

23 90 23BTU

24 24BTU
25 25BTU
26 26BTU
27 27BTU
28 28

10.1 29

3019.2

31 31

32 32BTU
33 33BTU
34

34BTU
35 LINE 26 35BTU

36BTU

37BTU

38
LINE BTU 39
FOR F 403513

29

30

36

37

38

39

40

QUANTITIES PER 10,000 BTU FUEL INPUT

COMBUSTION TEMPERATURE, ADIABATIC

10.300

~//5

UNBURNED FUEL, 10,000 X LINE h 4- 100

UNACCOUNTED 8, MFR MARGIN, 10,000 X LINE i 4- 100

RADIATION, 10,000 X LINE j 4- 100

LATENT HEAT, H2O IN FUEL, 1040 X LINE 18

SENSIBLE HEAT, FLUE GAS, LINE 17 X BTU FROM FIG. 2 @ LINE e AND LINE 20 = 9.91*50

TOTAL LOSSES, LINES (23 + 24 + 25 + 26 + 27)

TOTAL LOSSES IN PER CENT, LINE (28 4- 10,000) X 100

EFFICIENCY, BY DIFFERENCE, 100 —LINE 29

BTU

1021

HEAT INPUT FROM FUEL 

HEAT INPUT FROM AIR, LINES (15 + 16) X BTU FROM FIG. 3 @ LINE d TEMP =9-26x66

HEAT INPUT, TOTAL, LINES (32 + 33)

LESS LATENT HEAT LOSS, H.O IN FUEL,

HEAT AVAILABLE, MAXIMUM

LESS LINES (24 + 25) X 0.5*

HEAT AVAILABLE, LINE 36—LINE 37

HEAT AVAILABLE PER LB OF FLUE GAS,

ADIABATIC TEMPERATURE, FROM FIG. 2

33 4- LINE 17

LINES 20 & 39

BTU

%
%

NOTE: IT IS CUSTOMARY TO REDUCE THE MAXIMUM HEAT AVAILABLE, LINE 36, BY FROM <A TO <A OF THE UNACCOUNTED A MFR Mipriu p.ncON THE ASSUMPTION THAT A PORTION OF THESE LOSSES OCCURS IN THE COMBUSTION ZONE UNACCOUNKD & MFR MARG!N FLU- RADIATION LOSScS,

150
""10

3/2

999

101/

10,000

6/2

10,6/2

-3/2

f0,1 15

22

L COMBUSTION CALCULATIONS
L

1

N

E

BASED ON QUANTITIES PER 10,000 BTU FUEL INPUT N

E

1 FUEL— Gaal, l/iMfitua. CONDITIONS DATE a

2 ANALYSIS AS FIRED BY SPECIFICATION

3 ULTIMATE, % BY WT PROXIMATE, % BY WT TOTAL AIR % 120 b

4 C 10.3/ MOISTURE 2.90 AIR TEMPERATURE TO HEATER F 10 c

5 H2 9.91 VOLATILE 22.05 AIR TEMPERATURE FROM HEATER F 350 d

6 S 1.59 FIXED CARBON 61.50 FLUE GAS TEMPERATURE LEAVING UNIT F 210 e

7 O2 2.15 ASH 6.55 HjO PER LB DRY AIR ' LB 0.0/32 f

8 N, 1.31 100.00 9

9 h2o 2.90 UNBURNED FUEL LOSS % 0.9 h

10 ASH 6.55 UNACCOUNTED LOSS & MFR MARGIN % 1.5 i

11 100.00 RADIATION LOSS (ABMA), FIG. 20, CHAPTER 7 % O.l j
12 BTU PER LB, AS FIRED, 19,100 k

13 QUANTITIES PER 10,000 BTU FUEL INPUT 13

14 FUEL BURNED, 10,000 -- LINE 12 LB 0.11 14

15 TOTAL AIR REQUIRED, LINE b 4- 100 X VALUE FROM FIG
. 4 OR TABLE 5 OR \ =1.2x1.62

LB 9.19 15

16 H2O IN AIR, LINE 15 X LINE f = 9-19 x 0.0/32 LB 0.12 16

17 WET GAS, TOTAL, LINES (14 + 15 + 16) LB 9.91 17

18 H2O IN FUEL, (LINE 5 -- 100) X LINE 14 X 8.94 + (LINE 9 4- 100) X LINE 14; OR FROM TABLE 5 LB 0.30 18

19 H2O IN FLUE GAS, TOTAL, LINE 16 + LINE 18 LB 0.92 19

20 H2O IN FLUE GAS, TOTAL, IN PER CENT, (LINE 19 4- LINE 17) X 100 % 9.21 20

21 DRY GAS, TOTAL, LINE 17 —LINE 19 LB 9.55 21
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L

I
N

COMBUSTION CALCULATIONS
BASED ON QUANTITIES PER 10,000 BTU FUEL INPUT

.• FUEL__ Oil, Lexai, Oleauy

2 ANALYSIS AS FIRED

3 ULTIMATE, % BY WT PROXIMATE, % BY WT

C \ MOISTURE

H2 j VOLATILE

5 1 FIXED CARBON

O2 \ HhLwuah. ASH

N2 \
H2O j

ASH /

CONDITIONS

____________________ BY SPECIFICATION

TOTAL AIR

AIR TEMPERATURE TO HEATER

AIR TEMPERATURE FROM HEATER

FLUE GAS TEMPERATURE LEAVING UNIT

HjO PER LB DRY AIR

UNBURNED FUEL LOSS

UNACCOUNTED LOSS & MFR MARGIN
 

RADIATION LOSS (ABMA), FIG. 20. CHAPTER 7

12 BTU PER LB, AS FIRED, 11,500

DATE

% 120
F.......... 10"

f "500"

F.........350

LB 0.0/32

QUANTITIES PER 10,000 BTU FUEL INPUT

14

15

16

17

18

19

20

21

FUEL BURNED, 10,000 4- LINE 12 

TOTAL AIR REQUIRED, LINE b 4- 100 X VALUE FROM FIG. 4 OR TABLE 5 OR 6 = 1.2x1.96

HaO IN AIR, LINE 15 X LINE 1.95 X 0.0/32 

WET GAS, TOTAL, LINES (14 + 15 + 16) y

H2O IN FUEL, (LINE 5 4- 100) X LINE 14 X 8.94 + (LINE 9 4- 100) X LINE 14; OR FROM TABLE 5

H.O IN FLUE GAS, TOTAL, LINE 16 + LINE 18

H.O IN FLUE GAS, TOTAL, IN PER CENT, (LINE 19 4- LINE 17) X 100..........................................................................................

DRY GAS, TOTAL, LINE 17 —LINE 19 _________________________________________

L

I

N

E

b

d

f

g

h
I

j
k

13

14

15

16

17

18

19

20

|2I

22
LOSSES PER 10,000 BTU FUEL INPUT

23

24

25

26

27

28

29

30

31

32

33

34

35|

36|

37 j

38
391

401

UNBURNED FUEL, 10,000 X LINE h 4- 100

UNACCOUNTED & MFR MARGIN, 10,000 X LINE i 4- 100

RADIATION, 10,000 X LINE J 4- 100

LATENT HEAT, H2O IN FUEL, 1040 X LINE 18
SENSIBLE HEAT, FLUE GAS, LINE 17 X BTU FROM FIG. 2 @ LINE e

TOTAL LOSSES, LINES (23 + 24 + 25 + 26 + 27)

TOTAL LOSSES IN PER CENT, LINE (28 4- 10,000) X 100

AND LINE 20 9.61 *10

31

BTU 0 22
BTU 150 2_4

BIU 100 25

BTU 530 26

BTU 613 27

BTU 1953 28

% 19.5 29

% 15.5 30

26LINE

707/
3600

BTU

F38 4- LINE 17

LINES 20 & 39

EFFICIENCY, BY DIFFERENCE, 100—LINE 29 ______________
----------------------------------------------------------------------------------^^r^r^TBTU FUEL INPUT

COMBUSTION TEMPERATURE, ADIABATIC--------------------

HEAT INPUT FROM FUEL  d TEMP
HEAT INPUT FROM AIR, LINES (15 + 16) X BTU FROM FIG.

HEAT INPUT, TOTAL, LINES (32 + 33)

LESS LATENT HEAT LOSS, H2O IN FUEL,

HEAT AVAILABLE, MAXIMUM

LESS LINES (24 + 25) X 0.5*

HEAT AVAILABLE, LINE 36 —LINE 37

HEAT AVAILABLE PER LB OF FLUE GAS,

ADIABATIC TEMPERATURE, FROM FIG. 2

LINE

FOR 

.3 m -egg
ON THE ASSUMPTION THAT A PORTI 4 ) 2

T^T^ccounteda MFR margin plus radiation losses,

BTU 10.000 32

BTU 993 33

BTU 10.993 34

BTU -530 35

BTU 10.9/3 36

BTU -125 37

BTU 10.211 38

39

40
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DRY-BULB TEMPERATURE, F

PSYCHROMETRIC CHART
1

- RELATIVE H

1 1
JMIDITY = M^L

MOL

1
FRACTION O

i FRACTION A'

1

c H,O VAPOR

‘ SATURATION

1

N MOIST AIR

1 1

4^ y

11 i—

-

-

A // Zs>
-

--------- /X.

< A
A

-

AX'
A S'

-

AZ -

0 Z
1 s._____ I \ i_____ X__ i X, i ____ iX 1------------ -
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Chapter 6. Temperature Measurement

as e^tabHshed^y Leed71^NortVtan1ardfZed t1hernl0C0uPle wires
y ceeds & Northrup for four thermocouple pairs

90% Platinum-10% Rhodium
Degrees F

(+) to Platinum (-) Thermocoupl
Reference Junction, Zero F

e

400 500 600 700 800 900 1000 1100

Millivolts

F 0 100 200 300

0 0.000 0.313 0.687 1.108
5 0.014 0.331 0.707 1.130

10 0.028 0.349 0.727 1.152
15 0.043 0.366 0.747 1.174
20 0.057 0.384 0.768 1.197
25 0.071 0.402 0.788 1.219
30 0.086 0.420 0.809 1.242
35 0.101 0.438 0.829 1.265
40 0.116 0.457 0.850 1.288
45 0.132 0.475 0.871 1.310
50 0.148 0.493 0.892 1.333
55 0.164 0.512 0.913 1.356
60 0.180 0.531 0.935 1.379
65 0.196 0.550 0.956 1.402
70 0.212 0.569 0.978 1.425
75 0.229 0.588 0.999 1.448
80 0.245 0.608 1.021 1.472
85 0.262 0.627 1.042 1.495
90 0.279 0.647 1.064 1.518
95 0.296 0.667 1.086 1.541

100 0.313 0.687 1.108 1.565

1.565 2.048 2.549 3.067
1.589 2.072 2.574 3.093
1.613 2.097 2.600 3.120
1.636 2.122 2.626 3.146
1.660 2.147 2.652 3.173
1.684 2.172 2.677 3.199
1.708 2.197 2.703 3.225
1.732 2.222 2.729 3.251
1.756 2.247 2.755 3.278
1.780 2.272 2.781 3.304
1.804 2.297 2.807 3.331
1.828 2.322 2.833 3.358
1.852 2.347 2.859 3.385
1.876 2.372 2.885 3.411
1.900 2.397 2.911 3.438
1.924 2.422 2.937 3.464
1.949 2.448 2.963 3.491
1.973 2.473 2.989 3.517
1.998 2.498 3.015 3.544
2.023 2.523 3.041 3.570
2.048 2.549 3.067 3.597

3.597 4.136 4.686 5.247
3.624 4.163 4.713 5.275
3.651 4.190 4.741 5.303
3.677 4.217 4.769 5.331
3.704 4.245 4.797 5.360
3.731 4.272 4.825 5.388
3.759 4.300 4.853 5.416
3.786 4.327 4.881 5.444
3.812 4.355 4.909 5.473
3.839 4.382 4.937 5.501
3.866 4.410 4.965 5.530
3.893 4.437 4.993 5.558
3.920 4.465 5.021 5.587
3.947 4.492 5.049 5.616
3.974 4.520 5.077 5.645
4.001 4.547 5.105 5.673
4.028 4.575 5.134 5.702
4.055 4.603 5.162 5.730
4.082 4.631 5.190 5.759
4.109 4.658 5.218 5.788
4.136 4.686 5.247 5.817

1200 1300 1400 1500

5.817 6.399 6.990 7.592
5.846 6.428 7.020 7.622
5.875 6.458 7.050 7.653
5.904 6.487 7.079 7.683
5.933 6.516 7.109 7.713
5.961 6.545 7.139 7.743
5.990 6.575 7.169 7.774
6.019 6.604 7.199 7.805
6.048 6.634 7.229 7.836
6.077 6.663 7.259 7.866
6.107 6.693 7.290 7.897
6.136 6.722 7.320 7.927
6.165 6.752 7.350 7.958
6.194 6.782 7.380 7.989
6.224 6.812 7.410 8.020
6.263 6.841 7.440 8.050
6.282 6.871 7.471 8.081
6.311 6.900 7.501 8.112
6.341 6.930 7.531 8.143
6.370 6.960 7.561 8.173
6.399 6.990 7.592 8.204

* 0.00313 0.00374 0.00421 0.00457 0.00483 0.00501 0.00518 0.00530 0.00539 0.00550 0.00561 0.00570 0.00582 0.00o91 0.00602 0.00612

F 1600 1700 1800 1900 2000

0 8.204 8.826
5 8.235 8.857

10 8.266 8.888
15 8.297 8.919
20 8.328 8.951
25 8.359 8.982
30 8.390 9.014
35 8.421 9.045
40 8.452 9.077
45 8.483 9.108
50 8.514 9.140
55 8.545 9.171
60 8.576 9.203
65 8.607 9.235
70 8.638 9.267
75 8.669 9.298
SO 8.701 9.330
85 8.732 9.362
90 8.763 9.394
95 8.794 9.425

100 8.826 9.457

9.457 10.099 10.749
9.489 10.131 10.782
9.521 10.163 10.815
9.553 10.195 10.848
9.585 10.228 10.881
9.617 10.260 10.914
9.649 10.293 10.947
9.681 10.325 10.979
9.713 10.358 11.012
9.745 10.390 11.045
9.777 10.423 11.078
9.809 10.455 11.111
9.841 10.488 11.144
9.873 10.520 11.177
9.905 10.553 11.210
9.937 10.585 11.243
9.969 10.618 11.276

10.002 10.650 11.309
10.034 10.683 11.342
10.066 10.716 11.375
10.099 10.749 11.408

0.00622 0.00631 0.00642 0.00650 0.00659

2100 2200 2300 2400 2500
Millivolts

13.397
13.431
13.464
13.497
13.530
13.564
13.597
13.630
13.663
13.696
13.729
13.762
13.795
13.829
13.862

14.060
14.093
14.126
14.159
14.192
14.225
14.258
14.292
14.325
14.358
14.391
14.424
14.457
14.490
14.523
14.556

11.408
11.441
11.474
11.507
11.540
11.573
11.606
11.639
11.672
11.705
11.738
11.771
11.804
11.837
11.870
11.903
11.936
11.969
12.003

12.069
12.102
12.135
12.168
12.202
12.235
12.269
12.302
12.335
12.368
12.402
12.435
12.468
12.501
12.534
12.567
12.601
12.634
12.667
12.700
12.734

12.734
12.767
12.800
12.833
12.867
12.900
12.933
12.966
12.999
13.033
13.066
13.099
13.132
13.166
13.199
13.232
13.265
13.298
13.331
13.364
13.397

13.895
13.928
13.961

14.589
14.622
14.655
14.688

12.036
12.069

0.00661 0.00665 0.00663

13.994
14.027
14.060 14.721

0.00663 0.00661

2600

14.721
14.754
14.787
14.820
14.853
14.886
14.918
14.951
14.984
15.017
15.050
15.083
15.116
15.149
15.182
15.215
15.248
15.281
15.314
15.347
15.380

0.00659

2700

15.380
15.413
15.445
15.478
15.510
15.543
15.576
15.609
15.642
15.675
15.707
15.740
15.772
15.805
15.838
15.871
15.904
15.937
15.970
16.003
16.035

0.00655

2800

16.035
16.068
16.101
16.133
16.166
16.199
16.231
16.264
16.297
16.329
16.362
16.395
16.427
16.460
16.493
16.525
16.558
16.590
16.623
16.656
16.688

0.00G53

2900

16.688
16.721
16.753
16.786
16.818
16.851
16.883
16.916
16.948
16.981
17.014
17.047
17.079
17.112
17.144
17.177
17.209
17.242
17.274
17.307
17.339

0.00651

3000

17.339
17.371
17.403
17.436
17.468
17.500
17.532
17.565
17.597
17.630
17.662
17.694
17.726
17.759
17.791
17.823
17.855
17.888
17.920
17.952
17.984

0.00615

3100

17.984
18.017
18.049
18.081
18.113

0.00645

Average millivolts per degree F.
6-Al
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Appendix

Copper (+) to Constantan (-) Thermocouple

F mv
0 0.00
2 0.04
4 0.08
6 0.12
8 0.16

10 0.21
12 0.25
14 0.29
16 0.33
18 0.37
20 0.42
22 0.46
24 0.50
26 0.54
28 0.58
30 0.63
32 0.67
34 0.71
36 0.76
38 0.80
40 0.84
42 0.89
44 0.93
46 0.97
48 1.02
50 1.06
52 1.10
54 1.15
56 1.19
58 1.24
60 1.28
62 1.32
64 1.37
66 1.41
68 1.46
70 1.50
72 1.55
74 1.59
76 1.64
78 1.68
80 1.73
82 1.77
84 1.82
86 1.86
88 1.91
90 1.96
92 2.00
94 2.05
96 2.09
98 2.14

100 2.19
♦ 0.022

F mv
100 2.19
102 2.23
104 2.28
106 2.33
108 2.37
110 2.42
112 2.47
114 2.51
116 2.56
118 2.61
120 2.66
122 2.70
124 2.75
126 2.80
128 2.85
130 2.90
132 2.94
134 2.99
136 3.04
138 3.09
140 3.14
142 3.19
144 3.23
146 3.28
148 3.33
150 3.38
152 3.43
154 3.48
156 3.53
158 3.58
160 3.63
162 3.68
164 3.73
166 3.78
168 3.83
170 3.88
172 3.93
174 3.98
176 4.03
178 4.08
180 4.13
182 4.18
184 4.23
186 4.28
188 4.33
190 4.38
192 4.43
194 4.48
196 4.53
1S8 4.58
200 4.64

0.025

Degrees F
F mv

200 4.64
202 4.69
204 4.74
206 4.79
208 4.84
210 4.89
212 4.95
214 5.00
216 5.05
218 5.10
220 5.15
222 5.21
224 5.26
226 5.31
228 5.36
230 5.42
232 5.47
234 5.52
236 5.58
238 5.63
240 5.68
242 5.74
244 5.79
246 5.84
248 5.90
250 5.95
252 6.00
254 6.06
256 6.11
258 6.16
260 6.22
262 6.27
264 6.33
266 6.38
268 6.43
270 6.49
272 6.54
274 6.60
276 6.65
278 6.71
280 6.76
282 6.82
284 6.87
286 6.93
288 6.98
290 7.04
292 7.09
294 7.15
296 7,20
298 7.26
300 7.31

0.027
Average millivolts per degree F.

Reference Junction, Zero F
F mv

300 7.31
302 7.37
304 7.43
306 7.48
308 7.54
310 7.59
312 7.65
314 7.71
316 7.76
318 7.82
320 7.88
322 7.93
324 7.99
326 8.05
328 8.10
330 8.16
332 8.22
334 8.27
336 8.33
338 8.39
340 8.44
342 8.50
344 8.56
346 8.62
348 8.67
350 8.73
352 8.79
354 8.85
356 8.90
358 8.96
360 9.02
362 9.08
364 9.14
366 9.19
368 9.25
370 9.31
372 9.37
374 9.43
376 9.48
378 9.54
380 9.60
382 9.66
384 9.72
386 9.78
388 9.84
390 9.90
392 9.96
394 10.01
396 10.07
398 10.13
400 10.19

0.029

F mv F mv F mv
400 10.19 500 13.24 600 16.44
402 10.25 502 13.30 602 16.50
404 10.31 504 13.37 604 16.57
406 10.37 506 13.43 606 16.63
408 10.43 508 13.49 608 16.70
410 10.49 510 13.56 610 16.77
412 10.55 512 13.62 612 16.83
414 10.61 514 13.68 614 16.90
416 10.67 516 13.74 616 16.96
418 10.73 518 13.81 618 17.03
420 10.79 520 13.87 620 17.09
422 10.85 522 13.93 622 17.16
424 10.91 524 14.00 624 17.23
426 10.97 526 14.06 626 17.29
428 11.03 528 14.12 628 17.36
430 11.09 530 14.19 630 17.42
432 11.15 532 14.25 632 17.49
434 11.21 534 14.31 634 17.56
436 11.27 536 14.38 636 17.62
438 11.33 538 14.44 638 17.69
440 11.39 540 14.50 640 17.75
442 11.45 542 14.57 642 17.82
444 11.51 544 14.63 644 17.89
446 11.57 546 14.69 646 17.95
448 11.64 548 14.76 648 18.02
450 11.70 550 14.82 650 18.09
452 11.76 552 14.89 652 18.15
454 11.82 554 14.95 654 18.22
456 11.88 556 15.01 656 18.29
458 11.94 558 15.08 658 18.35
460 12.00 560 15.14 660 18.42
462 12.06 562 15.21 662 18.49
464 12.12 564 15.27 664 18.55
466 12.19 566 15.33 666 18.62
468 12.25 568 15.40 668 18.69
470 12.31 570 15.46 670 18.75
472 12.37 572 15.53 672 18.82
474 12.43 574 15.59 674 18.89
476 12.49 576 15.66 676 18.95
478 12.56 578 15.72 678 19.02
480 12.62 580 15.79 680 19.09
482 12.68 582 15.85 682 19.16
484 12.74 584 15.92 684 19.22
486 12.80 586 15.98 686 19.29
488 12.87 588 16.05 688 19.36
490 12.93 590 16.11 690 19.42
492 12.99 592 16.18 692 19.49
494 13.05 594 16.24 694 19.56
496 13.12 596 16.31 696 19.63
498 13.18 598 16.37 698 19.69
500 13.24

0.031
600 16.44

0.032
700 19.76

0.033
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Chromel (+) to Alumel (-) Thermocouple
Degress F Reference Junction, Zero F

900 1000 1100

Average millivolts per degree F.

F 0 100

o 0.00 2.20

5 0.10 2.31

10 0.21 2.42

15 0.31 2.53

20 0.42 2.65

25 0.53 2.76

30 0.64 2.88

35 0.75 2.99

40 0.86 3.11
45 0.97 3.22
50 1.08 3.34
55 1.19 3.45
60 1.30 3.57
65 1.41 3.68
70 1.52 3.80
75 1.63 3.92
80 1.74 4.04
85 1.85 4.16
90 1.97 4.27
95 2.08 4.38

100 2.20 4.50
* 0.022 0.023

F 1300 1400

0 30.01 32.33
5 30.13 32.45

10 30.24 32.56
15 30.36 32.68
20 30.47 32.79
25 30.59 32.91
30 30.70 33.02
35 30.82 33.14
40 30.94 33.25
45 31.06 33.37
50 31.17 33.48
55 31.29 33.60
60 31.40 33.71
65 31.52 33.83
70 31.64 33.94
75 31.76 34.06
80 31.87 34.17
85 31.99 34.28
90 32.10 34.39
95 32.22 34.51

100 32.33 34.62
0.0232 0.0229

200 300 400

4.50 6.77 8.99
4.61 6.88 9.10
4.73 6.99 9.21
4.84 7.10 9.32
4.96 7.21 9.44
5.07 7.32 9.55
5.19 7.43 9.66
5.30 7.54 9.77
5.42 7.66 9.88
5.55 7.77 9.99
5.65 7.88 10.11
5.76 7.99 10.23
5.87 8.10 10.34
5.98 8.21 10.45
6.10 8.32 10.56
6.21 8.43 10.67
6.32 8.55 10.79
6.43 8.66 10.90
6.55 8.77 11.01
6.66 8.88 11.12
6.77 8.99 11.24

0.0227 0.0222 0.0225

34.62 36.88 39.11
34.74 36.99 39.22
34.85 37.10 39.33
34.97 37.22 39.44

35.08 37.33 39.55

35.19 37.44 39.66

35.30 37.55 39.77

35.42 37.67 39.88

35.53 37.78 39.99

35.65 37.89 40.10

35.76 38.00 40.21

35.87 38.11 40.32

35.98 38.22 40.43

36.10 38.33 40.54

36.21 38.44 40.64

36.32 38.56 40.75

36.43 38.67 40.86

36.55 38.78 40.97

36.66 38.89 41.08

36.77 39.00 41-19

36.88 39-11 41-30

0.0226 0.0223 0.0219

500 600 700 800
Millivolts

H-24 13.53 15.86 18.20
11-35 13,64 15.97 18.31
11-47 13.76 16.09 18.43
11-58 13.87 16.20 18.55
11-70 13.99 16.32 18.67
H-81 14.11 16.44 18.78
H-93 14.23 16.56 18.90
12.04 14.35 16.68 19.02
12.15 14.46 16.79 19.14
12.26 14.57 16.91 19.26
12.38 14.69 17.03 19.38
12.49 14.80 17.15 19.49
12.61 14.92 17.26 19.61
12.72 15.04 17.38 19.73
12.84 15.16 17.50 19.85
12.95 15.28 17.61 19.97
13.07 15.39 17.73 20.09
13.18 15.51 17.85 20.20
13.30 15.62 17.97 20.32
13.41 15.74 18.08 20.44
13.53 15.86 18.20 20.56

0.0229 0.0233 0.0234 0.0236

1500 1600 1700 1800 1900 2000

Millivolts
41.30 43.45 45.57
41.41 43.56 45.68
41.51 43.66 45.78
41.62 43.77 45.88
41.73 43.88 45.99
41.84 43.99 46.09
41.95 44.09 46.20
42.06 44.20 46.30
42.16 44.30 46.41
42.27 44.41 46.51

42.38 44.51 46.61

42.49 44.62 46.72

42.59 44.72 46.82

42.70 44.83 46.93

42.81 44.94 47.03

42.92 45.05 47.14

43.02 45.15 47.24

43.13 45.26 47.34

43.24 45.36 47.44

43.35 45.47 47.55

43.45 45.57 47.65

0.0215 0.0212 0.0208

6-A3

20.56 22.93 25.30
20.68 23.05 25.42
20.80 23.17 25.53
20.92 23.28 25.65
21.04 23.40 25.77
21.15 23.52 25.89
21.27 23.64 26.01
21.39 23.76 26.13
21.51 23.88 26.25
21.63 24.00 26.37
21.75 24.11 26.48
21.86 24.23 26.60
21.98 24.35 26.72
22.10 24.47 26.84
22.22 24.59 26.95
22.34 24.70 27.07
22.46 24.82 27.19
22.57 24.94 27.31
22.69 25.06 27.42
22.81 25.18 27.54
22.93 25.30 27.66

0.0237 0.0237 0.0236

2100 2200 2300

47.65 49.69 51.68
47.76 49.79 51.78
47.86 49.89 51.88
47.96 49.99 51.98
48.06 50.09 52.07
48.17 50.19 52.17
48.27 50.29 52.27
48.37 50.39 52.37
48.47 50.49 52.46
48.57 50.59 52.56
48.67 50.69 52.66
48.78 50.79 52.76
48.88 50.89 52.85
48.98 50.99 52.95
49.08 51.09 53.05
49.19 51.19 53.15
49.29 51.29 53.24
49.39 51.39 53.34
49.49 51.48 53.43
49.59 51.58 53.53
49.69 51.68 53.63

0.0204 0.0199 0.0195

1200

27.66
27.78
27.89
28.01
28.13
28.25
28.36
28.48
28.60
28.72
28.83
28.95
29.07
29.19
29.30
29.42
29.54
29.66
29.77
29.89
30.01

0.0235

2400

53.63
53.73
53.82
53.92
54.01
54.11
54.20
54.30
54.39
54.49
54.58
54.68
54.77
54.87
54.96
55.06
55.15
55.25
55.34
55.44
55.53

0.0190
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Appendix

Iron ( + ) to Constantan (—) Thermocouple
Degrees F Reference Junction, Zero F

F 0 100 200 300 400

0 0.000 2.88 5.84 8.87 11.94
5 0.144 3.03 5.99 9.02 12.09

10 0.288 3.18 6.14 9.18 12.24
15 0.432 3.32 6.29 9.33 12.40
20 0.576 3.47 6.45 9.48 12.55
25 0.720 3.62 6.60 9.64 12.71
30 0.864 3.77 6.75 9.79 12.86
35 1.01 3.92 6.90 9.94 13.01
40 1.15 4.06 7.05 10.10 13.17
45 1.30 4.21 7.20 10.25 13.32
50 1.44 4.36 7.36 10.40 13.47
55 1.58 4.51 7.50 10.56 13.63
60 1.73 4.66 7.66 10.71 13.78
65 1.87 4.80 7.81 10.86 13.94
70 2.02 4.95 7.96 11.02 14.09
75 2.16 5.10 8.11 11.17 14.24
80 2.30 5.25 8.26 11.32 14.40
85 2.45 5.40 8.42 11.47 14.55
90 2.59 5.54 8.57 11.63 14.70
95 2.74 5.69 8.72 11.78 14.86

100 2.88 5.84 8.87 11.94 15.01
* 0.0288 0.0296 0.0303 0.0307 0.0307

F 1200 1300 1400 1500

0 36.96 40.38 43.88 47.40
5 37.13 40.56 44.06 47.58

10 37.30 40.73 44.23 47.75
15 37.47 40.90 44.41 47.93
20 37.64 41.08 44.58 48.10
25 37.81 41.26 44.76 48.28
30 37.99 41.43 44.94 48.46
35 38.16 41.60 45.11 48.63
40 38.33 41.78 45.29 48.81
45 38.50 41.95 45.46 48.98
50 38.67 42.13 45.64 49.16
55 38.84 42.30 45.82 49.34
60 39.01 42.48 45.99 49.51
65 39.18 42.65 46.17 49.69
70 39.35 42.83 46.34 49.86
75 39.52 43.00 46.52 50.04
80 39.70 43.18 46.70 50.22
85 39.87 43.35 46.87 50.39
90 40.04 43.53 47.05 50.57
95 40.21 43.70 47.22 50.74

100 40.38 43.88 47.40 50.92
* 0.0342 0.0350 0.0352 0.0352

‘Average millivolts per degree F.

500 600 700 800 900 1000

Millivolts
15.01 18.08 21.15 24.23 27.33 30.46
15.16 18.23 21.30 24.38 27.49 30.62
15.32 18.39 21.46 24.54 27.64 30.78
15.47 18.54 21.61 24.69 27.80 30.94
15.62 18.69 21.77 24.85 27.96 31.10
15.78 18.85 21.92 25.00 28.11 31.26
15.93 19.00 22.07 25.16 28.27 31.42
16.08 19.15 22.23 25.31 28.42 31.58
16.24 19.31 22.38 25.47 28.58 31.74
16.39 19.46 22.54 25.62 28.74 31.90
16.54 19.61 22.69 25.78 28.89 32.06
16.70 19.77 22.84 25.93 29.05 32.22
16.85 19.92 23.00 26.09 29.21 32.38
17.00 20.07 23.15 26.24 29.36 32.54
17.16 20.23 23.31 26.40 29.52 32.70
17.31 20.38 23.46 26.55 29.68 32.86
17.47 20.54 23.61 26.71 29.83 33.02
17.62 20.69 23.77 26.86 29.99 33.18
17.77 20.84 23.92 27.02 30.15 33.34
17.93 21.00 24.08 27.17 30.30 33.50
18.08 21.15 24.23 27.33 30.46 33.66

0.0307 10.0307 0.0308 0.0310 0.0313 0.0320

1600 1700 1800 1900 2000
Millivolts

50.92 54.44 57.96 61.48 65.00
51.10 54.62 58.14 61.66 65.18
51.27 54.79 58.31 61.83 65.35
51.45 54.97 58.49 62.01 65.53
51.62 55.14 58.66 62.18 65.70
51.80 55.32 58.84 62.36 65.88
51.98 55.50 59.02 62.54 66.06
52.15 55.67 59.19 62.71 66.23
52.33 55.85 59.37 62.89 66.41
52.50 56.02 59.54 63.06 66.58
52.68 56.20 59.72 63.24 66.76
52.86 56.38 59.90 63.42 66.94
53.03 56.55 60.07 63.59 67.11
53.21 56.73 60.25 63.77 67.29
53.38 56.90 60.42 63.94 67.46
53.56 57.08 60.60 64.12 67.64
53.74 57.26 60.78 64.30 67.82
53.91 57.43 60.95 64.47 67.99
54.09 57.61 61.13 64.65 68.17
54.26 57.78 61.30 64.82 68.34
54.44 57.96 61.48 65.00 68.52

0.0352 0.0352 0.0352 0.0352 0.0352

1100

33.66
33.82
33.99
34.15
34.32
34.48
34.65
34.81
34.98
35.14
35.31
35.47
35.64
35.80
35.97
36.13
36.30
36.46
36.63
36.79
36.96

0.0330

2100

68.52
68.70
68.87
69.05
69.22
69.40
69.58
69.75
69.93
70.10
70.28
70.46
70.63
70.81
70.98
71.16
71.34
71.51
71.69
71.86
72.04

0.0352

6-A4

Appendix

logarithmic mean temperature difference
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Appendix

LOGARITHMIC MEAN TEMPERATURE DIFFERENCE
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Temp
F
t

32
35
40
45
50
60
70
80
90

100
110
120
130
140
150
160
170
180
190
200
210
212
220
230
240
250
260
270
280
290
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700
705.4

Appendix

TABLE 1. SATURATION: TEMPERATURES

Chapter 10. Steam and Other Energy Cycles
Note: The following steam tables and Mollier chart- 8. ' 7
Properties of Steam (Copyright, 1936 hv U'e Kcn abstracted from ThermodynamicBeto. to this book fX- tSSjfr” ‘"‘“A"1 by ,Oh" ‘

T 4 _ 7 UeS °Utilde the range of the abstract and for other data.

Abs Press.
Lb

Sq In.
P

0.08854
0.09995
0.12170
0.14752
0.17811
0.2563
0.3631
0.5069
0.6982
0.9492
1.2748
1.6924
2.2225
2.8886
3.718
4.741
5.992
7.510
9.339

11.526
14.123
14.696
17.186
20.780
24.969
29.825
35.429
41.858
49.203
57.556
67.013
89.66

118.01
153.04
195.77
247.31
308.83
381.59
466.9
566.1
680.8
812.4
962.5

1133.1
1325.8
1542.9
1786.6
2059.7
2365.4
2708.1
3093.7
3206.2

Specific Volume
Sat.

Liquid

0.01602
0.01602
0.01602
0.01602
0.01603
0.01604
0.01606
0.01608
0.01610
0.01613
0.01617
0.01620
0.01625
0.01629
0.01634
0.01639
0.01645
0.01651
0.01657
0.01663
0.01670
0.01672
0.01677
0.01684
0.01692
0.01700
0.01709
0.01717
0.01726
0.01735
0.01745
0.01765
0.01787
0.01811
0.01836
0.01864
0.01894
0.01926
0.0196
0.0200
0.0204
0.0209
0.0215
0.0221
0.0228
0.0236
0.0247
0.0260
0.0278
0.0305
0.0369
0.0503

Evap

3306
2947
2444
2036.4
1703.2
1206.6
867.8
633.1
468.0
350.3
265.3
203.25
157.32
122.99
97.06
77.27
62.04
50.21
40.94
33.62
27.80
26.78
23.13
19.365
16.306
13.804
11.746
10.044

8.628
7.444
6.449
4.896
3.770
2.939
2.317
1.8447
1.4811
1.1979
0.9748
0.7972
0.6545
0.5385
0.4434
0.3647
0.2989
0.2432
0.1955
0.1538
0.1165
0.0810
0.0392

0

Sat.

Vapor

v<r
3306
2947
2444
2036.4
1703.2
1206.7
867.9
633.1
468.0
350.4
265.4
203.27
157.34
123.01
97.07
77.29
62.06
50.23
40.96
33.64
27.82
26.80
23.15
19.382
16.323
13.821
11.763
10.061
8.645
7.461
6.466
4.914
3.788
2.957
2.335
1.8633
1.5000
1.2171
0.9944
0.8172
0.6749
0.5594
0.4649
0.3868
0.3217
0.2668
0 2201
0.1798
0.1442
0.1H5
0.0761
0.0503

Sat.

Liquid
hr

0.00
3.02
8.05

13.06
18.07
28.06
38.04
48.02
57.99
67.97
77.94
87.92
97.90

107.89
117.89
127.89
137.90
147.92
157.95
167.99
178.05
180.07
188.13
198.23
208.34
218.48
228.64
238.84
249.06
259.31
269.59
290.28
311.13
332.18
353.45
374.97
396.77
418.90
441.4
464.4
487.8
511.9
536.6
562.2
588.9
617.0
646.7
678.6
714.2
757.3
823.3
902.7

10-Al

Enthalpy
Sat

Evap
hfa

1075.8
1074.1
1071.3
1068.4
1065.6
1059.9
1054.3
1048.6
1042.9
1037.2
1031.6
1025.8
1020.0
1014.1
1008.2
1002.3

996.3
990.2
984.1
977.9
971.6
970.3
965.2
958.8
952.2
945.5
938.7
931.8
924.7
917.5
910.1
894.9
879.0
862.2
844.6
826.0
806.3
785.4
763.2
739.4
713.9
686.4
656.6
624.2
588.4
548.5
503.6
452.0
390.2
309.9
172.1

0

Vapor
hff

1075.8
1077.1
1079.3
1081.5
1083.7
1088.0
1092.3
1096.6
1100.9
1105.2
1109.5
1113.7
1117.9
1122.0
1126.1
1130.2
1134.2
1138.1
1142.0
1145.9
1149.7
1150.4
1153.4
1157.0
1160.5
1164.0
1167.3
1170.6
1173.8
1176.8
1179.7
1185.2
1190.1
1194.4
1198.1
1201.0
1203.1
1204.3
1204.6
1203.7
1201.7
1198.2
1193.2
1186.4
1177.3
1165.5
1150.3
1130.5
1104.4
1067.2
995.4
902.7

Entropy
Sat.

Liquid Evap

Sat.

Vapor
st St! so

0.0000 2.1877 2.1877
0.0061 2.1709 2.1770
0.0162 2.1435 2.1597
0.0262 2.1167 2.1429
0.0361 2.0903 2.1264
0.0555 2.0393 2.0948
0.0745 1.9902 2.0647
0.0932 1.9428 2.0360
0.1115 1.8972 2.0087
0.1295 1.8531 1.9826
0.1471 1.8106 1.9577
0.1645 1.7694 1.9339
0.1816 1.7296 1.9112
0.1984 1.6910 1.8894
0.2149 1.6537 1.8685
0.2311 1.6174 1.8485
0.2472 1.5822 1.8293
0.2630 1.5480 1.8109
0.2785 1.5147 1.7932
0.2938 1.4824 1.7762
0.3090 1.4508 1.7598
0.3120 1.4446 1.7566
0.3239 1.4201 1.7440
0.3387 1.3901 1.728S
0.3531 1.3609 1.7140
0.3675 1.3323 1.6998
0.3817 1.3043 1.6860
0.3958 1.2769 1.6727
0.4096 1.2501 1.6597
0.4234 1.2238 1.6472
0.4369 1.1980 1.6350
0.4637 1.1478 1.6115
0.4900 1.0992 1.5891
0.5158 1.0519 1.5677
0.5413 1.0059 1.5471
0.5664 0.9608 1.5272
0.5912 0.9166 1.5078
0.6158 0.8730 1.4887
0.6402 0.8298 1.4700
0.6645 0.7868 1.4513
0.6887 0.7438 1.4325
0.7130 0.7006 1.4136
0.7374 0.6568 1.3942
0.7621 0.6121 1.3742
0.7872 0.5659 1.3532
0.8131 0.5176 1.3307
0.8398 0.4664 1.3062
0.8679 0.4110 1.2789
0.8987 0.3485 1.2472
0.9351 0.2719 1.2071
0.9905 0.1484 1.1389
1.0580 0 1.0580

Temp

F
t

32
35
40
45
50
60
70
80
90

100
110
120
130
140
150
160
170
180
190
200
210
212
220
230
240
250
260
270
280
290
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700
7054
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Appendix

TABLE 2. SATURATION: PRESSURES

Abs Press. Specific Volume Enthalpy
Lb Temp Sat. Sat. Sat. Sat.

Sq In. F Liquid Vapor Liquid Evap Vapor
P t yr Vp hr hr» h»

1.0 101.74 0.01614 333.6 69.70 1036.3 1106.0
2.0 126.08 0.01623 173.73 93.99 1022.2 1116.2
3.0 141.48 0.01630 118.71 109.37 1013.2 1122.6
4.0 152.97 0.01636 90.63 120.86 1006.4 1127.35.0 162.24 0.01640 73.52 130.13 1001.0 1131.1
G.O 170.06 0.01645 61.98 137.96 996.2 1134.2
7.0 176.85 0.01649 53.64 144.76 992.1 1136.9
8.0 182.86 0.01653 47.34 150.79 988.5 1139.39.0 188.28 0.01656 42.40 156.22 985.2 1141.410 193.21 0.01659 38.42 161.17 982.1 1143.3

14.696 212.00 0.01672 26.80 180.07 970.3 1150.4
15 213.03 0.01672 26.29 181.11 969.7 1150.820 227.96 0.01683 20.089 196.16 960.1 1156.330 250.33 0.01701 13.746 218.82 945.3 1164.140 267.25 0.01715 10.498 236.03 933.7 1169.750 281.01 0.01727 8.515 250.09 924.0 1174.1
60 292.71 0.01738 7.175 262.09 915.5 1177.670 302.92 0.01748 6.206 272.61 907.9 1180.680 312.03 0.01757 5.472 282.02 901.1 1183.190 320.27 0.01766 4.896 290.56 894.7 1185.3100 327.81 0.01774 4.432 298.40 888.8 1187.2

120 341.25 0.01789 3.728 312.44 877.9 1190.4140 353.02 0.01802 3.220 324.82 868.2 1193.0160 363.53 0.01815 2.834 335.93 859.2 1195.1180 373.06 0.01827 2.532 346.03 850.8 1196.9200 381.79 0.01839 2.288 355.36 843.0 1198.4
250 400.95 0.01865 1.8438 376.00 825.1 1201.1300 417.33 0.01890 1.5433 393.84 809.0 1202.8350 431.72 0.01913 1.3260 409.69 794.2 1203.9400 444.59 0.0193 1.1613 424.0 780.5 1204.5450 456.28 0.0195 1.0320 437.2 767.4 1204.6
500 467.01 0.0197 0.9278 449.4 755.0 1204.4550 476.93 0.0199 0.8422 460.8 743.1 1203.9600 486.21 0.0201 0.7698 471.6 731.6 1203.2700 503.10 0.0205 0.6554 491.5 709.7 1201.2800 518.23 0.0209 0.5687 509.7 688.9 1198.6
900 5.31.98 0.0212 0.5006 526.6 668.8 1195.41000 544.61 0.0216 0.4456 542.4 649.4 1191.81100 556.31 0.0220 0.4001 557.4 630.4 1187.81200 567.22 0.0223 0.3619 571.7 611.7 1183.41300 577.46 0.0227 0.3293 585.4 593.2 1178.6

1400 587.10 0.0231 0.3012 598.7 574.7 1173.41500 596.23 0.0235 0.2765 611.6 556.3 1167.92000 635.82 0.0257 0.1878 671.7 463.4 1135.12500 668.13 0.0287 0.1307 730.6 360.5 1091.13000 695.36 0.0346 0.0858 802.5 217.8 1020.3
3206.2 705.40 0.0503 0.0503 902.7 0 902.7

Entropy
Sat.

Liquid Evap
Sat.

Vapor
*r sr»

0.1326 1.8456 1.9782
0.1749 1.7451 1.9200
0.2008 1.6855 1.8863
0.2198 1.6427 1.8625
0.2347 1.6094 1.8441
0.2472 1.5820 1.8292
0.2581 1.5586 1.8167
0.2674 1.5383 1.8057
0.2759 1.5203 1.7962
0.2835 1.5041 1.7876
0.3120 1.4446 1.7566

0.3135 1.4415 1.7549
0.3356 1.3962 1.7319
0.3680 1.3313 1.6993
0.3919 1.2844 1.6763
0.4110 1.2474 1.6585
0.4270 1.2168 1.6438
0.4409 1.1906 1.6315
0.4531 1.1676 1.6207
0.4641 1.1471 1.6112
0.4740 1.1286 1.6026
0.4916 1.0962 1.5878
0.5069 1.0682 1.5751
0.5204 1.0436 1.5640
0.5325 1.0217 1.5542
0.5435 1.0018 1.5453
0.5675 0.9588 1.5263
0.5879 0.9225 1.5104
0.6056 0.8910 1.4966
0.6214 0.8630 1.4844
0.6356 0.8378 1.4734
0.6487 0.8147 1.4634
0.6608 0.7934 1.4542
0.6720 0.7734 1.4454
0.6925 0.7371 1.4296
0.7108 0.7045 1.4153
0.7275 0.6744 1.4020
0.7430 0.6467 1.3897
0.7575 0.6205 1.3780
0.7711 0.5956 1.3667
0.7840 0.5719 1.3559
0.7963 0.5491 1.3454
0.8082 0.5269 1.3351
0.8619 0.4230 1.2849
0.9126 0.3197 1.2322
0.9731 0.1885 1.1615
1.0580 0 1.0580

Internal Energy Abs Pfess
Sat. Sat. Lb

Liquid Evap Vapor Sq In.
Uf Ufa P

69.70 974.6 1044.3 1.0
93.98 957.9 1051.9 2.0

109.36 947.3 1056.7 3.0
120.85 939.3 1060.2 4.0
130.12 933.0 1063.1 5.0
137.94 927.5 1065.4 6.0
144.74 922.7 1067.4 7.0
150.77 918.4 1069.2 8.0
156.19 914.6 1070.8 9.0
161.14 911.1 1072.2 10
180.02 897.5 1077.5 14.696
181.06 896.7 1077.8 15
196.10 885.8 1081.9 20
218.73 869.1 1087.8 30
235.90 856.1 1092.0 40
249.93 845.4 1095.3 50
261.90 836.0 1097.9 60
272.38 827.8 1100.2 70
281.76 820.3 1102.1 80
290.27 813.4 1103.7 90
298.08 807.1 1105.2 100
312.05 795.6 1107.6 120
324.35 785.2 1109.6 140
335.39 775.8 1111.2 160
345.42 767.1 1112.5 180
354.68 759.0 1113.7 200
375.14 740.7 1115.8 250
392.79 724.3 1117.1 300
408.45 709.6 1118.0 350
422.6 695.9 1118.5 400
435.5 683.2 1118.7 450
447.6 671.0 1118.6 500
458.8 659.4 1118.2 550
469.4 648.3 1117.7 600
488.8 627.5 1116.3 700
506.6 607.8 1114.4 800
523.1 589.0 1112.1 900
538.4 571.0 1109.4 1000
552.9 553.5 1106.4 1100
566.7 536.3 1103.0 1200
580.0 519.4 1099.4 1300
592.7 502.7 1095.4 1400
605.1 486.1 1091.2 1500
662.2 403.4 1065.6 2000
717.3 313.3 1030.6 2500
783.4 189.3 972.7 3000
872.9 0 872.9 3206.2

Appendix

Abs Press.
Lb/Sq In.

(Sat. Temp) 200

V 392.6
1 h 1150.4

(101.74) s 2.0512

v 78.16
5 h 1148.8

(162.24) s 1.8718

v 38.85
10 h 1146.6

(193.21) s 1.7927

v
14.696 h

(212.00) s

v
20 h

(227.96) s

v
40 h

(267.25) s

v
60 h

(292.71) s

v
80 h

(312.03) s

TABLE 3. SUPERHEATED VAPOR

300

452.3
1195.8
2.1153

90.25
1195.0
1.9370

45.00
1193.9
1.8595

30.53
1192.8
1.8160

22.36
1191.6
1.7808

Temperature, F
600 700 800400 500

512.0 571.6
1241.7 1288.3
2.1720 2.2233

102.26 114.22
1241.2 1288.0
1.9942 2.0456

51.04 57.05
1240.6 1287.5
1.9172 1.9689

34.68 38.78
1239.9 1287.1
1.8743 1.9261

25.43 28.46
1239.2 1286.6
1.8396 1.8918

631.2 690.8
1335.7 1383.8
2.2702 2.3137

126.16 138.10
1335.4 1383.6
2.0927 2.1361

63.03 69.01
1335.1 1383.4
2.0160 2.0596

42.86 46.94
1334.8 1383.2
1.9734 2.0170

31.47 34.47
1334.4 1382.9
1.9392 1.9829

900

750.4 809.9
1432.8 1482.7
2.3542 2.3923

150.03 161.95
1432.7 1482.6
2.1767 2.2148

74.98 80.95
1432.5 1482.4
2.1002 2.1383

51.00 55.07
1432.3 1482.3
2.0576 2.0958

37.46 40.45
1432.1 1482.1
2.0235 2.0618

1000 1200 1400

869.5 988.7 1107.8
1533.5 1637.7 1745.7
2.4283 2.4952 2.5566

173.87 197.71 221.6
1533.4 1637.7 1745.7
2.2509 2.3178 2.3792

86.92 98.84 110.77
1533.2 1637.6 1745.6
2.1744 2.2413 2.3028

59.13 67.25 75.37
1533.1 1637.5 1745.5
2.1319 2.1989 2.2603

43.44 49.41 55.37
1533.0 1637.4 1745.4
2.0978 2.1648 2.2263

11.040 12.628 14.168 15.688 17.198
1186.8 1236.5 1284.8 1333.1 1381.9
1.6994 1.7608 1.8140 1.8619 1.9058

18.702 20.20 21.70 24.69 27.68
1431.3 1481.4 1532.4 1637.0 1745.1
1.9467 1.9850 2.0212 2.0883 2.1498

7.259 8.357 9.403 10.427 11.441
1181.6 1233.6 1283.0 1331.8 1380.9
1.6492 1.7135 1.7678 1.8162 1.8605

12.449 13.452 14.454 16.451 18.446
1430.5 1480.8 1531.9 1636.6 1744.8
1.9015 1.9400 1.9762 2.0434 2.1049

6.220 7.020 7.797 8.562 9.322 10.077 10.830 12.332 13.830
1230.7 1281.1 1330.5 1379.9 1429.7 1480.1 1531.3 1636.2 1744.5
1.6791 1.7346 1.7836 1.8281 1.8694 1.9079 1.9442 2.0115 2.0731

100 h
(327.81) s

v
120 h

(341.25) s

v
140 h

(353.02) s

v
160 h

(363.53) s

180 h
(373.06) s

v
200 h

(381.79) s

220 h
(389.86) s

240 h
(397.37) s

4.937 5.589 6.218
1227.6 1279.1 1329.1
1.6518 1.7085 1.7581

6.835 7.446 8.052
1378.9 1428.9 1479.5
1.8029 1.8443 1.8829

8.656 9.860 11.060
1530.8 1635.7 1744.2
1.9193 1.9867 2.0484

4.081 4.636
1224.4 1277.2
1.6287 1.6869

3.468 3.954
1221.1 1275.2
1.6087 1.6683
3.008 3.443

1217.6 1273.1
1.5908 1.6519
2.649 3.044

1214.0 1271.0
1.5745 1.6373
2.361 2.726

1210.3 1268.9
1.5594 1.6240

2.125 2.465
1206.5 1266.7
1.5453 1.6117
1.9276 2.247
1202.5 1264.5
1.5319 1.6003

5.165 5.683
1327.7 1377.8
1.7370 1.7822
4.413 4.861

1326.4 1376.8
1.7190 1.7645
3.849 4.244

1325.0 1375.7
1.7033 1.7491
3.411 3.764

1323.5 1374.7
1.6894 1.7355
3.060 3.380

1322.1 1373.6
1.6767 1.7232

2.772 3.066
1320.7 1372.6
1.6652 1.7120
2.533 2.804

1319.2 1371.5
1.6546 1.7017

6.195
1428.1
1.8237

5.301
1427.3
1.8063

4.631
1426.4
1.7911
4.110

1425.6
1.7776

3.693
1424.8
1.7655

3.352
1424.0
1.7545

3.068
1423.2
1.7444

6.702
1478.8
1.8625

5.738
1478.2
1.8451
5.015

1477.5
1.8301

4.452
1476.8
1.8167

4.002
1476.2
1.8048

3.634
1475.5
1.7939

3.327
1474.8
1.7839

7.207
1530.2
1.8990

6.172
1529.7
1.8817
5.396

1529.1
1.8667

4.792
1528.6
1.8534
4.309

1528.0
1.8415

3.913
1527.5
1.8308

3.584
1526.9
1.8209

8.212
1635.3
1.9664
7.035

1634.9
1.9493

6.152
1634.5
1.9344

5.466
1634.1
1.9212
4.917

1633.7
1.9094
4.467

1633.3
1.8987

4.093
1632.9
1.8889

9.214
1743.9
2.0281

7.895
1743.5
2.0110

6.906
1743.2
1.9962
6.136

1742.9
1.9831
5.521

1742.6
1.9713

5.017
1742.3
1.9607

4.597
1742.0
1.9510

1600

1227.0
1857.5
2.6137

245.4
1857.4
2.4363

122.69
1857.3
2.3598

83.48
1857.3
2.3174

61.34
1857.2
2.2834

30.66
1857.0
2.2069

20.44
1856.7
2.1621

15.325
1856.5
2.1303
12.258
1856.2
2.1056

10.213
1856.0
2.0854

8.752
1855.7
2.0683

7.656
1855.5
2.0535

6.804
1855.2
2.0404

6.123
1855.0
2.0287

5.565
1854.7
2.0181

5.100
1854.5
2.0084
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Appendix

TABLE 3. SUPERHEATED VAPOR
(Continued)

Abs Press.
Ib/Sq In.

(Sat. Temp)

V
260 h

(404.42) s

280 h
(411.05) s

300 h
(417.33) s

350 h
(431.72) s

400 h
(444.59) s

450 h
(456.28) s

500 h
(467.01) s

550 h
(476.94) s

600 h
(486.21) s

700 h
(503.10) s

800 h
(518.23) s

900 h
(531.98) s

1000 h
(544.61) s

1100 h
(556.31) s

1200 h
(567.22) s

1-100 h
(587.10) s

500 600 700

2.063 2.330 2.582
1262.3 1317.7 1370.4
1.5897 1.6447 1.6922

1.9047 2.156 2.392
1260.0 1316.2 1369.4
1.5796 1.6354 1.6834

1.7675 2.005 2.227
1257.6 1314.7 1368.3
1.5701 1.6268 1.6751

1.4923 1.7036 1.8980
1251.5 1310.9 1365.5
1.5481 1.6070 1.6563

1.2851 1.4770 1.6508
1245.1 1306.9 1362.7
1.5281 1.5894 1.6398

1.1231 1.3005 1.4584
1238.4 1302.8 1359.9
1.5095 1.5735 1.6250

0.9927 1.1591 1.3044
1231.3 1298.6 1357.0
1.4919 1.5588 1.6115

0.8852 1.0431 1.1783
1223.7 1294.3 1354.0
1.4751 1.5451 1.5991

0.7947 0.9463 1.0732
1215.7 1289.9 1351.1
1.4586 1.5323 1.5875

0.7934 0.9077
1280.6 1345.0
1.5084 1.5665

0.6779 0.7833
1270.7 1338.6
1.4863 1.5476

0.5873 0.6863
1260.1 1332.1
1.4653 1.5303

0.5140 0.6084
1248.8 1325.3
1.4450 1.5141

0.4532 0.5445
1236.7 1318.3
1.4251 1.4989

0.4016 0.4909
1223.5 1311.0
1.4052 1.4843

0.3174 0.4062
1193.0 1295.5
1.3639 1.4567

Temperature, F
800 900 1000

2.827 3.067 3.305
1422.3 1474.2 1526.3
1.7352 1.7748 1.8118

2.621 2.845 3.066
1421.5 1473.5 1525.8
1.7265 1.7662 1.8033

2.442 2.652 2.859
1420.6 1472.8 1525.2
1.7184 1.7582 1.7954

2.084 2.266 2.445
1418.5 1471.1 1523.8
1.7002 1.7403 1.7777

1.8161 1.9767 2.134
1416.4 1469.4 1522.4
1.6842 1.7247 1.7623

1.6074 1.7516 1.8928
1414.3 1467.7 1521.0
1.6699 1.7108 1.7486

1.4405 1.5715 1.6996
1412.1 1466.0 1519.6
1.6571 1.6982 1.7363

1.3038 1.4241 1.5414
1409.9 1464.3 1518.2
1.6452 1.6868 1.7250

1.1899 1.3013 1.4096
1407.7 1462.5 1516.7
1.6343 1.6762 1.7147

1.0108 1.1082 1.2024
1403.2 1459.0 1513.9
1.6147 1.6573 1.6963

0.8763 0.9633 1.0470
1398.6 1455.4 1511.0
1.5972 1.6407 1.6801

0.7716 0.8506 0.9262
1393.9 1451.8 1508.1
1.5814 1.6257 1.6656

0.6878 0.7604 0.8294
1389.2 1448.2 1505.1
1.5670 1.6121 1.6525

0.6191 0.6866 0.7503
1384.3 1444.5 1502.2
1.5535 1.5995 1.6405

0.5617 0.6250 0.6843
1379.3 1440.7 1499.2
1.5409 1.5879 1.6293

0.4714 0.5281 0.5805
1369.1 1433.1 1493.2
1.5177 1.5666 1.6093

1200 1400 1600

3.776 4.242 4.707
1632.5 1741.7 1854.2
1.8799 1.9420 1.9995

3.504 3.938 4.370
1632.1 1741.4 1854.0
1.8716 1.9337 1.9912

3.269 3.674 4.078
1631.7 1741.0 1853.7
1.8638 1.9260 1.9835

2.798 3.147 3.493
1630.7 1740.3 1853.1
1.8463 1.9086 1.9663

2.445 2.751 3.055
1629.6 1739.5 1852.5
1.8311 1.8936 1.9513

2.170 2.443 2.714
1628.6 1738.7 1851.9
1.8177 1.8803 1.9381

1.9504 2.197 2.442
1627.6 1737.9 1851.3
1.8056 1.8683 1.9262

1.7706 1.9957 2.219
1626.6 1737.1 1850.6
1.7946 1.8575 1.9155

1.6208 1.8279 2.033
1625.5 1736.3 1850.0
1.7846 1.8476 1.9056

1.3853 1.5641 1.7405
1623.5 1734.8 1848.8
1.7666 1.8299 1.8881

1.2088 1.3662 1.5214
1621.4 1733.2 1847.5
1.7510 1.8146 1.8729

1.0714 1.2124 1.3509
1619.3 1731.6 1846.3
1.7371 1.8009 1.8595

0.9615 1.0893 1.2146
1617.3 1730.0 1845.0
1.7245 1.7886 1.8474

0.8716 0.9885 1.1031
1615.2 1728.4 1843.8
1.7130 1.7775 1.8363

0.7967 0.9046 1.0101
1613.1 1726.9 1842.5
1.7025 1.7672 1.8263

0.6789 0.7727 0.8640
1608.9 1723.7 1840.0
1.6836 1.7489 1.8083

10-A4

Appendix

Abs Press.
Lb/Sq In.

(Sat. Temp)

v
1600 h

(604.90) s

v
1800 h

(621.03) s

v
2000 h

(635.82) s

v
2500 h

(668.13) s

v
3000 h

(695.36) s

v
3206.2 h

(705.40) s

v
3500 h

s

V
4000 h

s
V

4500 h
s

v
5000 h

s

v
5500 h

s

TABLE 3. SUPERHEATED VAPOR

(Concluded)

Temperature, F
900 1000 1200700

0.3417
1278.7
1.4303

0.2907
1260.3
1.4044

0.2489
1240.0
1.3783

0.1686
1176.8
1.3073

0.0984
1060.7
1.1966

0.0306
780.5

0.9515

0.0287
763.8

0.9347

0.0276
753.5

0.9235

0.0268
746.4

0.9152

0.0262
741.3

0.9090

800

0.4034
1358.4
1.4964

0.3502
1347.2
1.4765

0.3074
1335.5
1.4576

0.2294
1303.6
1.4127

0.1760
1267.2
1.3690

0.1583
1250.5
1.3508

0.1364
1224.9
1.3241

0.1052
1174.8
1.2757

0.0798
1113.9
1.2204

0.0593
1047.1
1.1622

0.0463
985.0

1.1093

0.4553
1425.3
1.5476

0.3986
1417.4
1.5301

0.3532
1409.2
1.5139

0.2710
1387.8
1.4772

0.2159
1365.0
1.4439

0.1981
1355.2
1.4309

0.1762
1340.7
1.4127

0.1462
1314.4
1.3827

0.1226
1286.5
1.3529

0.1036
1256.5
1.3231

0.0880
1224.1
1.2930

0.5027
1487.0
1.5914

0.4421
1480.8
1.5752

0.3935
1474.5
1.5603

0.3061
1458.4
1.5273

0.2476
1441.8
1.4984

0.2288
1434.7
1.4874

0.2058
1424.5
1.4723

0.1743
1406.8
1.4482

0.1500
1388.4
1.4253

0.1303
1369.5
1.4034

0.1143
1349.3
1.3821

0.5906
1604.6
1.6669

0.5218
1600.4
1.6520

0.4668
1596.1
1.6384

0.3678
1585.3
1.6088

0.3018
1574.3
1.5837

0.2806
1569.8
1.5742

0.2546
1563.3
1.5615

0.2192
1552.1
1.5417

0.1917
1540.8
1.5235

0.1696
1529.5
1.5066

0.1516
1518.2
1.4908

1400
0.6738
1720.5
1.7328

0.5968
1717.3
1.7185

0.5352
1714.1
1.7055

0.4244
1706.1
1.6775

0.3505
1698.0
1.6540

0.3267
1694.6
1.6452

0.2977
1689.8
1.6336

0.2581
1681.7
1.6154

0.2273
1673.5
1.5990

0.2027
1665.3
1.5839

0.1825
1657.0
1.5699

1600
0.7545
1837.5
1.7926

0.6693
1835.0
1.7786

0.6011
1832.5
1.7660

0.4784
1826.2
1.7389

0.3966
1819.9
1.7163

0.3703
1817.2
1.7080

0.3381
1813.6
1.6968

0.2943
1807.2
1.6795

0.2602
1800.9
1.6640

0.2329
1794.5
1.6499
0.2106
1788.1
1.6369
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Appendix

MOLLIER CHART

ENTROPY, BTU/LB. F
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1100 1100
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1000 1000
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Appendix

Some Thermodynamic Properties of H2O
in the Subcritical and Supercritical Regions
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Appendix

Tables of Measurement

Length and Area
1 statute mile

1 yard (yd)

1 foot (ft)

1 inch (in.)
100 ft per min
1 square mile

1 acre

1 square yard

1 square foot

1 square inch

= 1760 yards
= 5280 feet
= 1.609 kilometers
= 3 feet
= 0.914 meter
= 12 inches
= 30.48 centimeters

1 kilometer (km)

1 meter (m)

= 1000 meters
= 0.621 statute mile
= 100 centimeters (cm)
= 1000 millimeters
= 1.094 yards
= 3.281 feet
= 39.37 inches

= 25.40 millimeters
= 0.508 meter per sec
= 640 acres
= 259 hectares
= 4840 sq yards
= 0.4047 hectare
= 9 sq feet
= 0.836 sq meter
= 144 sq inches
= 0.0929 sq meter
= 6.45 sq centimeters

1 micron

1 meter per sec
1 sq kilometer (km2)

1 hectare (ha)

1 sq meter (m2)

1 sq centimeter (cm2)

1 nautical mile = 6080 feet = 1.853 kilometers
1 nautical mile per hour = 1 knot

= 0.001 millimeter
= 0.000039 inch
= 196.9 ft per min
= 100 hectares
= 0.3861 sq mile
= 10,000 sq meters
= 2.471 acres
= 10,000 sq centimeters
= 1.196 sq yards
= 10.76 sq feet
= 100 sq millimeters
= 0.1550 sq inch

1 U.S. long ton

1 U.S. short ton

1 pound (lb)

1 ounce (oz)

1 grain

= 2240 pounds
= 1016 kilograms
= 2000 pounds
= 907 kilograms
= 16 ounces
= 7000 grains
= 0.454 kilogram
= 0.0625 pound
— 28.35 grams
= 64.8 milligrams
= 0.0023 ounce

Weight
1 pound per foot
1 metric ton

1 kilogram (kg)

1 gram (g)

1 kg per meter

= 1.488 kg per meter
= 1000 kilograms
= 0.984 long ton
= 1.102 U.S. short tons
= 2205 pounds
= 1000 grams
= 2.205 pounds
= 1000 milligrams
= 0.03527 ounce
= 15.43 grains
— 0.672 pound per ft

1 U.S. gal = 8.33 lb

1 cubic foot
1 cubic meter — 0.01602 cubic foot

= 1.0 kilogram

= 16.02 cu ft per lb
= 0.0624 lb per cu ft
= 0.437 grain per cu ft
= 0.0584 grain per U.S. gal
= 58.4 grain per U.S. gal

= 0.0624 m3 per kg
= 16.02 kg per m3
= 2.288 grams per m3

Density
1 m3 per kilogram
1 kilogram per m3
1 gram per m3

1 cu ft per lb
1 lb per cu ft
1 grain per cu ft
1 grain per U.S. gallon = 17.11 grams per m3

= 17.11 milligrams/liter

Water at
1 cubic foot = 62.3 lb

1 gram per liter

62 F (16.7 C)
1 lb = 0.01604 cu ft

Water at 39.2 F (4 C)
Maximum Density

— 62.4 pounds 1 pound
= 1000 kilograms 1 liter

1 kg per cubic meter = 1 gram per liter — 1 part per thousand
1 gram per cubic meter = 1 milligram per liter = 1 part per million

10-A8
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1 cubic yard

1 cubic foot

1 cubic inch
1 imperial gallon

1 U.S. gallon

1 U.S. barrel (petroleum)

Volume

= 27 cubic feet
= 0.765 cubic meter
= 1728 cubic inches
= 28.32 liters
= 16.39 cu centimeters
= 277.4 cubic inches
= 4.55 liters
— 0.833 imperial gallon
= 3.785 liters
= 231 cubic inches
= 42 U.S. gallons
:= 35 imperial gallons

1 cubic meter (m3)

1 liter

1 board foot

1 cu ft per min
1 m3 per hour

= 1000 liters
— 1.308 cubic yards
— 35.31 cubic feet
= 1000 cu centimeters
— 0.2200 imperial gallon
= 0.2642 U.S. gallon
= 61.0 cubic inches
= 12 in. x 12 in. x 1 in.

thick
= 144 cubic inches
= 1.699 m3 per hour
= 0.589 cu ft per min

Pressure
1 atmosphere = 760 mm (29.92 in.)

mercury with density
13.595 grams per cm3

= 14.696 pounds per
square inch

= 1.033 kg per sq
centimeter

= 1013 millibars
1 atmosphere (metric) = Ikgpersqcm

= 10,000 kg per m2
= 10 m head of water
= 14.22 lb per sq in.

1 bar (megadyne per sq cm) — 1000 millibars
= 750.1 mm head of

mercury
= 1.02 kg per sq centi­

meter
= 14.50 lb per sq in.

1 lb per square foot = 0.1924 in. of water
— 4.88 kilograms per m2

1 lb per square inch =

1 ton per square inch =
1 inch head of water =
1 foot head of water =
1 m head of water =
1 in. head of mercury —
1 m head of mercury =

1 kilogram per m2 =

1 kilogram per cm2 =

1 kg per mm2 =

2.036 in. head of
mercury
2.309 ft head of water
0.0703 kilogram per cm2
0.0690 bar
1.406 kilograms per mm2
5.20 pounds per sq ft
0.433 pound per sq in.
0.1 kg per cm2
0.491 pound per sq in.
1.360 kg per cm2
1333 millibars
1 mm head of water
0.2048 lb per sq ft
735.5 mm of mercury
0.981 bar
14.22 lb per sq in.
0.711 ton per sq in.

In these conversions,
(16.7 C), millimeters

millimeters, and

inches and feet of water are measured at 62 F
and meters of water at 39.2 F (4 C), and inches,
meters of mercury at 32 F (0 C).

— 778.26 foot-pounds (778)
= 107.6 kilogram-meters
= 0.2520 Calorie

Heat, Work, and Power
The British thermal unit (Btu) or the kilogram-Calorie (Cal) were originally

defined as the heat required to raise the temperature of 1 pound or 1 kilogram
of water by 1 F or 1 C, respectively. Recently the International Calorie has been
defined as 1/860 International kilowatthour. The Btu is derived from the
International Calorie from the relation 1 Cal per kg = 1.8 Btu per lb. I he
differences are less than 0.05 of IS and are therefore, for the purposes of these

tables, negligible.
1 British thermal unit (Btu)

1 Btu per lb
1 Btu per cu ft
1 Btu per sq ft
1 Btu per sq ft, F
1 Btu/hr, sq ft, F/ft

= 0.556 Calorie per kg
= 8.90 Cal per cu meter
= 2.712 Cal per sq meter
= 4.88 Cal per sq m, C
= 1.488 Cal/hr, sqm, C/m
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Appendix

Heat, Work, and Power (Cont’d)

1 Btu/lir, sq ft, F/in.

1 therm
1 Calorie (Cal)

1 Cal per kilogram
1 Cal per cu meter
1 Cal per sq meter
1 Cal/sq meter, C
1 Cal/lir, sq m, C/m

1 electrical unit
1 foot-pound (ft-lb)
1 kilogram-meter (kg-m)
1 kilowatt (kw)

1 horsepower (hp)

1 metric horsepower

1 Idlowatthour (kwhr)

1 horsepower-hour
1 metric horsepower-hour
1 lb per horsepower-hour
1 kg per metric hp-hour
1 boiler horsepower

100% boiler rating

= 0.1240 Cal/hr, sq m, C/m

= 100,000 Btu
= 3088 foot-pounds
= 427 kilogram-meters
- 3.968 Btu
= 1.8 Btu per pound

— 0.1124 Btu per cubic foot
= 0.3687 Btu per square foot
= 0.2048 Btu/sq ft, F
= 0.672 Btu/hr, sq ft, F/ft
= 8.06 Btu/hr, sq ft, F/in.
= 1 Idlowatthour
= 0.1383 kilogram-meter

= 7.23 foot-pounds
— 738 foot-pounds per sec
= 102 kilogram-meters per sec
= 1.341 horsepower
— 1.360 metric horsepower
= 33,000 foot-pounds per min
= 550 foot-pounds per sec
= 76.04 kilogram-meters per sec
= 0.746 kilowatt
= 1.014 metric horsepower
= 32,550 foot-pounds per min
= 542 foot-pounds per sec
= 75 kilogram-meters per sec
= 0.735 kilowatt
= 0.986 horsepower
= 3412.75 Btu (3413)
= 860 Calories
= 2545.1 Btu (2545)
= 632 Calories
= 0.447 kg per metric hp-hr
= 2.235 lb per horsepower-hr
= 10 sq ft of boiler heat­

ing surface
= 34.5 lb per hour evapo­

ration from and at 212 F
= 3348 Btu (i.e., 3.45 lb

evaporation from and at
212 F) per sq ft heating
surface per hour

10-Al 0
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Chapter 18. Fuel Ash Effects on Boiler Design and Operation

Determination of Ash-Fusion Temperatures

The standard laboratory procedure for the deter­
mination of the fusibility of ash, quoted below, ap­
pears in Standards on Coal and Coke (D271), pub­
lished by the American Society for Testing Materials:

Fusibility of Ash

Apparatus

33. (a) Furnace— Any gas or electric furnace con­
forming to the following requirements may be used:

1) Capable of maintaining a zone of uniform tem­
perature in which to heat the ash cones,

2) Capable of maintaining a reducing atmosphere
surrounding the ash cones during heating, in which
the ratio by volume of reducing gases to oxidizing
gases is as specified in Section 36 (b),

nace gases by a glazed porcelain tube and so placed
in the furnace that the hot junction is in the immedi­
ate vicinity of the cones. The pyrometer equipment
shall be checked frequently by mounting small pieces
of pine gold and nickel in the same manner as the
cones. With a strong reducing atmosphere, 1452 C
shall be obtained for the melting point of nickel, and
1063 C for gold. The pyrometer equipment shall also
be standardized from time to time through the tern-
perature range for which it is used, by a suitably
equipped standardizing laboratory, such as that of
the National Bureau of Standards.

If temperature measurements are made by sight­
ing an optical pyrometer through the glass window
of the observation tube, the following corrections
shall be added to the observed temperatures to cor­
rect for absorption of light by the glass window:

3) Capable of regulation so that the rate of tem­
perature rise shall not be less than 5 and not more
than 10 C per min, and

4) Provided with means of observing the ash cones
during heating.

(b) Cone Mold.—The cone mold shall be suitable
for making ash cones % in. in height and K in. in width
at each side of the base, which is an equilateral trian­
gle. A suitable mold, made from metal, is shown in

Correction, Deg C
to be Added

5
8

10
13
16

Observed
Temperature, C

800
1000
1200
1400
1600

Preparation of Ash
34. Spread out a 50 to 100-g portion of the coal or

coke sample passing a No. 60 sieve on a 6-in. fireclay
roasting dish. Completely convert the sample to ash
in a muffle furnace at a temperature of 800 to 900 C.
Transfer a 5 to 10-g portion of this ash to an agate
mortar and grind it so that it will pass a No. 200
(74-micron) sieve. Then place the ash in a silica or
porcelain capsule, ?«in. in depth and IK in. in diame­
ter, and ignite it for a period of 2 hr in a current of
oxygen at a temperature of 800 to 850 C to insure
complete and uniform oxidation of the ash.

Preparation of Cones
35. (a) Moisten the ignited ash with a solution of

dextrin (10S) containing salicylic acid (0.1%) as a
preservative and work it into a plastic mass with a
spatula. Mold the plastic material into triangular
pyramids (cones) K in. in height and ,'i in. in width
at the side of the base. One side of the cone shall be
perpendicular to the base. Make the cones by firmly
pressing the plastic material with a steel spatula into
a mold of the dimensions specified. A suitable mold
is shown in Fig. A. Strike off the surface of the mate­
rial smooth, remove the cones from the mold by ap-

18-Al

(c) Pyrometer.—Temperature measurements shall
be made with a thermocouple of platinum and plati-
num-rhodium used in conjunction with a high-resist­
ance millivoltmeter or potentiometer; or with an
optical pyrometer of the disappearing-filament type,
which has been calibrated to be accurate to 10 C up
to 1400 C and to 15 C from 1400 to 1600 C. If a ther­
mocouple is used it shall be protected from the fur-
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plying pressure at the base, and place them in a suit­
able location to dry.

(b) AAflien dry, mount the cones in a refractory base
composed of a mixture of equal parts by weight of
kaolin and calcined alumina, or of kaolin and alun-
dum cement, or on a base of refractory brick. In using
a mixture of kaolin and calcined alumina or of kaolin
and alundum cement, moisten the mixture to make it
workable. Spread part of the mixture on a sheet-iron
plate, mount the cones to not over Is in. in depth in
vertical positions in small holes made in the base, and
press the base material into the holes around the
bottom of the cones to fill the crevices and to make
the cones stand firmly. Usually a number of cones
may be mounted in one base as shown in Fig. B. When
a piece of refractory brick is used as the base, spread
a layer of wet alundum cement about M in. in thick­
ness on the base and push the cones down into it.

Fig. B. Typical form of fused cones

(c) Dry the mounted cones on a hot plate or in a
drying oven, and ignite at a dull red heat in an open
muffle furnace to remove the carbonaceous material.

Method of Heating

36. (a) The mounted test cones shall be placed
in the furnace at a temperature of not over 800 C.
If the furnace temperature is below 800 C, it may
be rapidly increased to 800 C; then the rate of heat­
ing shall be controlled to give a rate of temperature 

increase of not less than 5 and not more than 10 C
per min. This rate shall be maintained until the end
of the test.

(b) A mildly reducing atmosphere shall be main­
tained surrounding the cones during the heating. The
ratio by volume of reducing gases to oxidizing gases
in this atmosphere shall be between the limits 20 to
80 and 80 to 20. Hydrogen, hydrocarbons, and carbon
monoxide shall be considered as reducing gases, and
oxygen, carbon dioxide, and water vapor shall be
considered oxidizing gases. Nitrogen is inert. (For
information concerning the effect of various atmos­
pheres, see U.S. Bureau of Mines Bullet in 129,1918.)

Softening Temperature

31. The softening temperature is defined as the
temperature at which the cone has fused down to a
spherical lump, as shown in cone 3 of Fig. B. Cone
2 has almost reached the softening temperature; cone
4 has passed the softening temperature.

Note: Critical points other than the softening tem­
perature, that may be observed during the test, and
that may be of value are as follows:

Initial-Deformation Temperature. The temperature at
which the first rounding or bending of the apex of
the cone takes place, as shown in cone 1 of Fig. B.
Such bending must not be confused with a shrinking
or warping of the cone.

Fluid Temperature. The temperature at which the
cone has been spread out over the base in a flat layer,
as represented by cone 5 of Fig. B.

In the above procedure, formal emphasis is placed
on the softening temperature, and in practice the de­
termination of this value may be duplicated by dif­
ferent laboratories with the greatest certainty. De­
termination of the last or fluid temperature is the
least likely to be duplicated with certainty.

18-A2
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Chapter 22. Metallurgy and Properties of Materials

Table A
Specific Functions of Alloying Elements in Steel

(Abstract of data published by ASM)

Element Solid Solubility
Principal FunctionsIn Alpha Iron In Gamma Iron

Al

Cr

30% ±

Unlimited

1.1%
(Increased by C)

12.8%
(20% with 0.5% C)

(a) Deoxidizes efficiently, (b) Restricts grain growth bv
forming dispersed oxides or nitrides, (c) Alloying ele-
ment in nitriding steel.

(a) Increases corrosion resistance and hardenabilitv. (b)
Adds some strengdr at high temp, (c) Resists abrasion
and wear (with high C).

Co 80% ± Unlimited (a) Contributes to red-hardness by hardening ferrite.
Mn 15 to 18% Unlimited (a) Counteracts brittleness from sulfur, (b) Increases

hardenability inexpensively.

Mo 32%
(Less with lowered

temperature)

3%
(8% with 0.3% C)

(a) Raises coarsening temp of austenite, (b) Deepens
hardening, (c) Raises hot and creep strengths, red-hard­
ness. (d) Enhances corrosion resistance in stainless.
(e) Forms abrasion-resisting particles.

Ni 25% ±
(Irrespective of C)

Unlimited (a) Strengthens unquenched or annealed steels, (b)
Toughens pearlitic-ferritic steels (especially at low tem­
peratures). (c) Renders high-chromium iron alloys aus­
tenitic.

P 2.5%
(Irrespective of C)

0.5% (a) Strengthens low-carbon steel, (b) Increases re­
sistance to corrosion, (c) Improves machinability in free-
cutting steels.

Si 18.5%
(Not much changed

by carbon)

2.0% ±
(9% with 0.35% C)

(a) Used as general purpose deoxidizer, (b) Alloy for
electrical and magnetic sheet, (c) Improves oxidation re­
sistance. (d) Increases hardenabilitv of steels earning
nongraphitizing elements, (e) Strengthens low-alloy steels.

Ti 6%±
(Less with lowered

temperature)

0.75%
(1% ± with 0.2% C)

(a) Fixes carbon as inert particles:
(1) Reduces martensitic hardness and hardenability

in medium-chromium steels.
(2) Prevents formation of austenite in high-chro­

mium steels.
(3) Prevents localized depletion of chromium in

stainless during long heating.

W

V

32%
(Less with lowered

temperature)
Unlimited

6%
(11% with 0.25% C)

1.5% ±
(4% with 0.2% C)

(a) Forms hard abrasion-resistant particles in tool steels.
(b) Promotes red-hardness and hot strength.

fa) Elevates coarsening temp of austenite (promotes
fine "rain), (b) Increases hardenability (when dis­
solved). (c) Resists tempering and causes marked sec-
ondary hardening.

22-Al
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Table B

Recommended Arc-Welding Procedures for Various Steel Combinations

Type of Steel
Plain

Carbon
Carbon-

Mo
Croloy Croloy

1&1J1
Croloy

2
Croloy

211 &3M
Croloy
5&5Ti

Croloy
5 Si

Plain carbon 1,2-a-A 1,2-a-B 1,2-a-B 2-b-C 2-b-C 2-b-C 2-b-C O
Carbon-molvbdenumf 1,2-a-B 3,4-a-B 3,4-a-B 4-b-C 4-b-C 4-b-C 4-b-C ft
Croloy £ 1,2-a-B 3,4-a-B 3,4-a-B 5-b-C 5-b-C 5-b-C 5-b-C ft
Croloy 1 2-b-C 4-b-C 5-b-C 5-b-C 5-b-C 5-b-C 5-b-C 5-b-CCroloy 111 2-b-C 4-b-C 5-b-C 5-b-C 5-b-C 5-b-C 5-b-C 5-b-CCroloy 2 2-b-C 4-b-C 5-b-C 5-b-C 6-b-C 6-b-C 6-b-C 6-b-CCroloy 2’1 2-b-C 4-b-C 5-b-C 5-b-C 6-b-C 7-b-C 7-b-C 7-b-CCroloy 3M 2-b-C 4-b-C 5-b-C 5-b-C 6-b-C 7-b-C 7-b-C 7-b-CCroloy' 5 2-b-C 4-b-C 5-b-C 5-b-C 6-b-C 7-b-C 8-b-C 8-b-CCroloy 5Ti 2-b-C 4-b-C 5-b-C 5-b-C 6-b-C 7-b-C 8-b-C 8-b-CCroloy 5Si ft ft ft 5-b-C 6-b-C 7-b-C 8-b-C 9-b-CCroloy 7 ft ft 5-b-C 6-b-C 7-b-C 8-b-C 9-b-CCroloy' 9M ft ft ft 5-b-C 6-b-C 7-b-C 8-b-C 9-b-CCroloy 18-8S 13,16-a-N 13,16-a-N 16-a-N 16-a-N 16-a-N 16-a-N 16-a-N ft
Croloy 18-8Ti or CbTa 13,16-a-N 13,16-a-N 16-a-N 16-a-N 16-a-N 16-a-N 16-a-N ft
Croloy' 18-8Cb 13,16-a-N 13,16-a-N 16-a-N 16-a-N 16-a-N 16-a-N 16-a-N ft
Croloy 18-8Si 13,16-a-N 13,16-a-N 16-a-N 16-a-N 16-a-N 16-a-N 16-a-N ft
Croloy 16-13-3 13,16-a-N 13,16-a-N 16-a-N 16-a-N 16-a-N 16-a-N 16-a-N ft
Croloy 25-20 13,16-a-N 13,16-a-N 16-a-N 16-a-N 16-a-N 16-a-N 16-a-N ft

Type of Steel
Plain carbon
Carbon-molybdenumf
Croloy ’4
Croloy 1
Croloy 1’1
Croloy 2
Croloy 2’1
Croloy 3M
Croloy 5
Croloy 5Ti
Croloy 5Si
Croloy 7
Croloy 9M
Croloy 18-8S
Croloy 18-8Ti or CbTa
Croloy 18-8Cb
Croloy 18-8Si
Croloy 16-13-3
Croloy 25-20

may adversely

Croloy'
7

Croloy
9M

Croloy
18-8S

Croloy
18-8Ti

or CbTa
Croloy
18-8Cb

ft ft 13,16-a-N 13,16-a-N 13,16-a-Nft 13,16-a-N 13,16-a-N 13,16-a-Nft 16-a-N 16-a-N 16-a-N5-b-C 5-b-C 16-a-N 16-a-N 16-a-N5-b-C 5-b-C 16-a-N 16-a-N 16-a-N6-b-C 6-b-C 16-a-N 16-a-N 16-a-N7-b-C 7-b-C 16-a-N 16-a-N 16-a-N7-b-C 7-b-C 16-a-N 16-a-N 16-a-N8-b-C 8-b-C 16-a-N 16-a-N 16-a-N8-b-C 8-b-C 16-a-N 16-a-N 16-a-N9-b-C 9-b-C ft ft
10-b-C 10-b-C ft ft 0
10-b-C 11-b-C ft ft 0

ft
0

ft 12-a-O 12-a-O 12-a-O
0

12-a-O 15-a-O 15-a-O
0

12-a-O 15-a-O 17-a-O
ft 12-a-O 15-a-O 15-a-O
ft 12-a-O 15-a-O 15-a-O

13-a-O 13-a-O 13-a-O
“Joints marked arc not recommended, since heat-treatment

affect the properties of one of tile base metals involved.
t 5s% molybdenum.

Croloy
18-8S1

13,16-a-N
13,16-a-N

16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N

ft
ft
ft

12-a-O
15-a-O
15-a-O
12-a-O
12-a-O
13-a-O

Croloy
16-13-3

13,16-a-N
13,16-a-N

16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N

ft
ft
ft

12-a-O
15-a-O
15-a-O
12-a-O
14-a-O
13-a-O

Croloy
25-20

13,16-a-N
13,16-a-N

16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N
16-a-N

o
ft

13-a-O
13-a-O
13-a-O
13-a-O
13-a-O
13-a-O

22-A2
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Electrodes

1. E-6010 (SA-233)
2. E-6015 (SA-233)
3. E-7010 (SA-316)®
4. E-7015 (SA-316)’
5. Croloy lAf (SA-316) E-7015
6. Croloy 2Af (SA-316) E-9015
7. Croloy 211Af (SA-316) E-9015
8. Croloy 5Af (E-502-15)
9. Croloy 5Si

Key to Designations in Table B

10. Croloy 7
11. Croloy 9M
12. E-308-15 (SA-298)
13. E-310-15 (SA-298)
14. E-317-15 (SA-298)
15. E-347-15 (SA-298)
16. Inconel 132 or “A”
17. E-348-15 (SA-298) CbLowTa

Preheating

a. 150 F
b. 300 F

Postwelding Heat-Treatment

A. 1150 F
B. 1200F
C. 1350 F
N. None
O. See note (4)

0 Should contain 11% molybdenum.
f Croloy “A” special low-carbon electrodes available from
Champion Rivet Co. or Metal & Thermit Corp. If higher-
carbon commercial chromium-molybdenum electrodes are used,

then the preheat temperature should be 100 F higher, and
the welds should be stress-relieved immediately after welding
and before the weld has cooled to room temperature.

Notes on Welding Procedures

Electrodes
Commercial equivalents of electrodes made of Croloys

’2 to 9M inclusive should be of similar analysis, with a
“15” type coating.

Preheating
The preheat temperatures listed are minimums for base

materials to Is-inch thickness. Heavier sections or assem­
blies welded under restraint should be preheated up to
400 F or higher.

Postwelding Heat-Treatment
(1) The entire weldment, or a circumferential band 6

times the wall thickness on each side of the joint but in
any case not less than 2 in. wide, should be he ate o
within plus or minus 25 F of the temperature iste . or
1 hr per inch of maximum section thickness, u 110
less than 30 minutes. To retard cooling and to assure .
uniform rate of cooling, insulating wrappers should d

applied to the joint.

(2) Weldments comprised of Croloys 5Si, 7, or 9M
should be heated immediately after the weld has been
made and before it has cooled below' the minimum pre­
heating temperature. These welds should be cooled, how­
ever, to the Mf temperature so as to permit the marten­
site transformation.

(3) (a) Postheating is not required for carbon-steel
tubing or piping of less than 2-inch wall
thickness.

(b) Postheating is not required for carbon-mo-
lybdenum (C = 0.257) tubing or piping of
less than ’a-inch wall thickness.

(4) Whether these weldments need heat-treatment
depends upon the service intended and should be estab­
lished accordingly. Where required, the recommended
heat-treatment may be:

(a) A solution quench from within range 1900-
2050 F.

(b) A stabilizing treatment consisting of heating
to 1600-1650 F, followed by air cooling.
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Table C

* %% molybdenum.

Note: These properties are for fully annealed steels at room temperature.

Mechanical Properties of Steels Listed in Table B

Type of Steel

Ultimate
Strength,

psi

Yield
Strength,

psi
Elongation,

% in 2 in.
Hardness,

Brinell
Charpy,

ft-lb

Plain carbon 59,750 42,450 46 117 46
Carbon-molybdenum0 63,800 49,000 47 141 53
Croloy /2
Croloy 1

62,000
69,200

43,000
34,600

50
40

140
130

52
46

Croloy IK 74,200 55,100 42 153 53
Croloy 2 69,450 46,200 44 140 52
Croloy 2K 69,900 45,080 49 147 54
Croloy 3M 69,100 40,100 53 146 53

Croloy 5 69,800 38,600 47 139 46
Croloy 5Si 87,925 59,100 40 172 60
Croloy 9M 73,460 43,470 41 145 46
Croloy 18-8S 90,800 42,100 67 146 84

Croloy 18-8Ti 84,700 48,500 60 153 74
Croloy 18-8Cb 86,240 46,450 58 142 50
Croloy 16-13-3 84,500 43,660 70 142 78
Croloy 25-20 85,160 43,960 53 134 74

Chemical Composition of Steels in Table D

Type of Steel C Mn S P Si Cr Mo Ni
Carbon steel, rimmed 0.10-0.20 0.80 0.045 0.04 trace — _
Carbon steel, killed 0.10-0.20 0.30-0.60 0.045 0.04 0.25 — _ —
Carbon—0.50% Mo 0.10-0.20 0.30-0.80 0.045 0.04 0.10-0.50 — 0.45-0.65 —
Croloy K 0.10-0.20 0.30-0.60 0.05 0.04 0.10-0.30 0.50-0.70 0.45-0.65 —
Croloy IK 0.15 0.30-0.60 0.03 0.03 0.50-1.00 1.00-1.50 0.45-0.65 —

Croloy 2 0.15 0.30-0.60 0.03 0.03 0.50 1.75-2.25 0.45-0.65
Croloy 2K 0.15 0.30-0.60 0.03 0.03 0.50 2.00-2.50 0.90-1.10 —
Croloy 3M 0.15 0.30-0.60 0.03 0.03 0.50 2.75-3.25 0.80-1.00 —
Croloy 5 0.15 0.30-0.60 0.03 0.03 0.50 4.00-6.00 0.45-0.65 —.
Croloy 5Si 0.15 0.30-0.60 0.03 0.03 1.00-2.00 4.00-6.00 0.45-0.65 —

Croloy 7 0.15 0.30-0.60 0.03 0.03 0.50-1.00 6.00-8.00 0.45-0.65 —.
Croloy 9M 0.15 0.30-0.60 0.03 0.03 1.00 8.00-10.00 0.90-1.10 —
Croloy 18-8S 0.08 2.00 0.03 0.03 0.75 18.00-20.00 _ 8.00-11.00
Croloy 16-13-3 0.08 2.00 0.03 0.03 0.75 16.00-18.00 2.00-3.00 11.00-14.00
Croloy 25-20 0.15 2.00 0.03 0.03 0.75 24.00-26.00 — 19.00-22.00

Note: Percentages are maximum unless range is given.
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Table E
Maximum Allowable Stress Values, Pounds per Square Inch

ASME
Spec Grade

PLATE STEELS
Carbon Steel

Nominal
Composi­

tion

Spec
Min

Tensile Notes
—20

to 100 300 400

SA-30 Flange — 55,000 (i) — — —
SA-30 Firebox A — 55,000 (i) — —— ——
SA-30 Firebox B — 48,000 (i) — — —

SA-129 A. B, C — 44,000 — — — —

SA-201 A C-Si 55,000 (1) — — —
SA-201 B C-S 00,000 U) — — —

SA-212 A C-Si 65,000 (i) — — —
SA-212 B C-Si 70,000 (1) — — —

SA-2SS A — 45,000 (1) (6) — — —
SA-2S5 B — 50,000 (1) (6) ---- —— —
SA-2S5 C — 55,000 (1) (6) ---- — —
SA-299 — C-Mn-Si 75,000 (1) — — —

Low-Alloy Steel
SA-202 A Cr-Mn-Si 75,000 — — — —
SA-202 B Cr-Mn-Si 85,000 — — — —

to SA-203 A, D 2^ & 3J^Ni 65,000 — — — —
< SA-203 B, E 2)5 & 3J?Ni 70,000 —— —— —— —
b> SA-203 C 2><Ni 75,000 — — — —

SA-201 A C-k-Mo 65,000 (2) — — —
SA-204 B C-JSMo 70,000 (2) — — —
SA-204 C C-^Mo 75,000 (2) — — —

SA-225 A Mn-V 70,000 (1) __ — —
SA-225 B Mn-V 75,000 (1) — — —

SA-302 A MCr-^Mo 65,000 — — — —
SA-302 B !Cr-J4Mo 60,000 — — — —

SA-387 A Mn-J4Mo 75,000 (2) — — —
SA-387 B lln-'iMo 80,000 (2) — —— ——
SA-357 — 5Cr-J<)lo 60,000 — — —

High-Alloy Steel
SA-240 S ISCr-8Ni 75,000 (7) 18,750 16,000 15,450
SA-240 S ISCr-SNi 75,000 18,750 15,000 13,650
SA-240 M 18Cr-10Ni-2Mo 75,000 — 18,750 17,900 17,500
SA-240 T 18Cr-8Ni-Ti 75,000 —— 18,750 17,000 15,800
SA-240 C 18Cr-8Ni-Cb 75,000 — 18,750 17,000 15,800

For metal temperatures not exceeding deg F
-20

to 400> 500 650 700 800 900 1000 1100 1200 1300 1400 1500

13,750 13,750 13,750 13,250 10,200 __ __ __ __ — —

13,750 13,750 13,750 13,250 10,200 5,000 ■ ■ — — — —

12,000 12,000 12,000 11,650 9,000 5,000 — — — —

11,000 11,000 11,000 — — — — — — — —■ —

13,750 13,750 13,750 13,250 10,200 5,000 1,600 — ,— — —— —

15,000 15,000 15,000 14,350 10,800 5,000 1,600 — — — —

16,250 16,250 10,250 15,500 11,400 5,000 1,600 — — — — —

17,500 17,500 17,500 16,600 12,000 5,000 1,500 — — — —

11,250 11,250 11,250 10,900 8,300 5,000 — — — — —— —

12,500 12,500 12,500 12,100 9,400 5,000 — — —• —— —— —

13,750 13,750 13,750 13,250 10,200 5,000 —■ — — — —

18,750 18,750 18,750 17,700 12,000 5,000 1,600 — — — — —

18,750 18,750 18,750 17,700 12,000 6,000 1,600 — __ __ — —

21,250 21,250 21,250 19,800 12,000 5,000 1,600 —— — __ ---- —

16,250 16,250 16,250 15,500 11,400 6,000 1,600 — — __ ----
17,500 17,500 17,500 16,600 12,000 5,000 1,600 ——• -
18,750 18,750 18,750 17,700 12,000 5,000 1,600 — — — —

16,250 16,250 16,250 16,250 15,650 12,600 6,600 — — — — — M

17,500 17,500 17,500 17,500 16,900 12,750 6,600 — — — — §

18,750 18,750 18,750 18,750 18,000 13,000 6,600 — — — ----

17,500 17,500 17,500 16,600 12,000 6,000 1,600 — — —— __ PS

18,750 18,750 18,750 17,700 12,000 5,000 1,600 — — — ---- —

16,250 16,250 16,250 16,250 15,650 12,500 6,600 — — — — —
15,000 15,000 15,000 15,000 14,750 13,100 7,500 2,800 1,000 — — —

18,750 18,750 18,750 18,750 18,000 13,000 6,600 — — — — —
20,000 20,000 20,000 20,000 19,100 13,250 6,600 — — — — —
15,000 14,500 13,700 13,400 12,800 11,500 7,300 3,300 1,500 — — —

15,100 14,850 14,800 14,550 14,000 12,500 7,500 4,500 2,450 1,400 750
— 12,500 11,200 10,800 10,000 9,400 8,800 7,500 4,500 2,450 1,400 750
__ 17,200 17,050 17,000 16,750 16,000 14,000 10,400 6,800 4,000 2,000 1,000

15,200 14,850 14,800 14,550 14,100 13,500 10,300 5,000 2,200 1,200 750
— 15,200 14,850 14,800 14,550 14,100 13,500 10,300 5,000 2,200 1,200 750

PIPE & TUBES
Seamless Carbon Steel
SA-53 A — 48,000 (1) (3) —- — — 12,000 12,000 12,000 11,650 9,000 6,000 — — — — — __
SA-53 B — 60,000 (1) (3) — — — 15,000 15,000 15,000 14,350 10,800 6,000 — — — — — —
SA-83 A — (47,000) (1) (3) (12) — — — 11,750 11,750 11,750 11,450 9,000 6,000 1,600 — —— __ __
SA-83 B — (40,000) (12) — — — 10,000 10,000 10,000 9,700 — — — — — — — —
SA-106 A — 48,000 (1) — — — 12,000 12,000 12,000 11,650 9,000 6,000 1,600 _ _ — __ —
SA-106 B — 60,000 (1) — — — 15,000 15,000 15,000 14,350 10,800 6,000 1,600 — — — — —
SA-192 A — (47,000) (1) (12) — — i— 11,750 11,750 11,750 11,450 9,000 6,000 1,600 __ — ..-- __
SA-210 —— — 60,000 (1) — —- — 15,000 15,000 15,000 14,350 10,800 6,000 1,600 — — — —

Table E (Continued)
Maximum Allowable Stress Values, Pounds per Square Inch

ASME
Spec Grade

Nominal Spec
Composi- Min

tion Tensile Notes
-20

to 100 300

For metal temperatures not exceeding deg F

1100 1200 1300 1400 1500
-20

650 700 800 900 1000400 to 400 500

Seamless Alloy Steel
SA-209 T1 C-MMo 55,000 (2) — — — 13,750 13,750 13,750 13,750 13,450 12,500 5,500 — — — — —

SA-209 Tla C-HMo 60,000 (2) — — — 15,000 15,000 15,000 15,000 14,400 12,500 5,500 ---- - — —— — —
SA-209 Tib C-HMo 53,000 (2) — — — 13,250 13,250 13,250 13,250 13,000 12,500 5,500 — — — — —

SA-213 T5 5Cr-^Mo 60,000 — — — — 15,000 14,500 13,700 13,400 12,800 11,500 7,300 3,300 1,500 — — —

SA-213 T7 7Cr-)4Mo 60,000 — — — — 15,000 14,500 13,700 13,400 12,500 9,500 5,000 2,500 1,200 — — —

SA-213 T9 9Cr-lMo 60,000 — - —- — 15,000 14,500 13,700 13,400 12,800 12,000 8,500 3,300 1,500 — — ——

SA-213 Til iy(Cr-PiMo 60,000 — — — — 15,000 15,000 15,000 15,000 15,000 13,100 7,800 4,000 1,200 — — —
SA-213 T12 lCr-J4Mo 60,000 — — — — 15,000 15,000 15,000 15,000 14,750 13,100 7,500 2,800 1,000 — — —

SA-213 T5b 5Cr-H Mo-Si 60,000 — — — — 15,000 14,500 13,700 13,400 12,800 10,900 5,500 2,500 1,200 — — —
SA-213 T3b 2Cr-J^Mo 60,000 — — — — 15,000 15,000 15,000 15,000 14,700 12,500 6,200 2,750 1,200 — — —

SA-213 T21 3Cr-lMo 60,000 — — — — 15,000 15,000 15,000 14,800 13,900 12,000 7,000 4,000 1,500 — — —
SA-213 T22 2KCr-lMo 60,000 — — — — 15,000 15,000 15,000 15,000 15,000 13,100 7,800 4,200 2,000 — — —
SA-213 TP304 18Cr-8Ni 75,000 (7) 18,750 16,000 15,450 — 15,100 14,850 14,800 14,550 14,000 12,500 7,500 4,500 2,450 1,400 750
SA-213 TP301 18Cr-8Ni 75,000

75,000
18,750
18,750

15,000 13,650 — 12,500 11,200 10,800 10,000 9,400 8,800 7,500 4,500 2,450 1,400 750
SA-213 TP316 16Cr-13Ni-3Mo 17,900 17,500 — 17,200 17,050 17,000 16,750 16,000 14,000 10,400 6,800 4,000 2,000 1,000
SA-213 TP321 18Cr-8Ni-Ti 75,000

75,000
— 18,750 17,000 15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300

10,300
5,000 2,200 1,200 750

SA-213 TP347 18Cr-8Ni-Cb — 18,750 17,000 15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 5,000 2,200 1,200 750

SA-312 TP304 18Cr-8Ni 75,000 (7) 18,750 16,000 15,450 — 15,100 14,850 14,800 14,550 14,000 12,500 7,500 4,500 2,450 1,400 750
SA-312 TP304 18Cr-8Ni 75,000 18,750 15,000 13,650 — 12,500 11,200 10,800 10,000 9,400 8,800

14,000
7,500 4,500 2,450 1,400 750

bj SA-312 TP316 16Cr-13Ni-3Mo 75,000 — 18,750 17,900 17,500 17,200 17,050 17,000 16,750 16,000 10,400 6,800 4,000 2,000 1,000
d SA-312 TP321 18Cr-8Ni-Ti 75,000 — 18,750 17,000 15,200 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300 5,000 2,200 1,200 750
d SA-312 TP347 18Cr-8Ni-Cb 75,000 — 18,750 17,000 15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300 5,000 2,200 1,200 750

SA-335 Pl C-MMo 55,000 (2) — — — 13,750 13,750 13,750 13,750 13,450 12,500 5,500 — — — — —

SA-335 P2 J4Cr-14Mo 55,000 — — — 13,750 13,750 13,750 13,750 13,450 12,500 6,250 — — —— — —_

SA-335 P3b 2Cr-PiMc 60,000 — — — — 15,000 15,000 15,000 15,000 14,700 12,500 6,200 2,750 1,200 — — —

SA-335 P5 GCr-J’zMo 60,000 — — — — 15,000 14,500 13,700 13,400 12,800 11,500 7,300
5,500

3,300
2,500

1,500 — — —

SA-335 P5b GCr-I^Mo-Si 60,000 — — — — 15,000 14,500 13,700 13,400 12,800 10,900 1,200 — — —

SA-335 Pll l>4Cr-J4Mo 60,000 — — — — 15,000 15,000 15,000 15,000 15,000 13,100 7,800 4,000 1,200 —- —- —

SA-5135 P12 ICr-PiMo 60,000 — — — — 15,000 15,000 15,000 15,000 14,750 13,100 7,500 2,800 1,000 —— — —

SA-335 P7 7Cr-J4Mo 60,000 — — — — 15,000 14,500 13,700 13,400 12,500 9,500 5,000 2,500 1,200 — — —

SA-335 P9
SA-335 P21
SA-335 P22

9Cr-lMo 60,000 — — — — 15,000 14,500 13,700 13,400 12,800 12,000 8,500 3,300 1,500 —- — ——
3Cr-lMo 60,000 — — — — 15,000 15,000 15,000 14,800 13,900 12,000 7,000

7,800
4,000
4,200

1,500 — — —
2J(Cr-lMo 60,000 — — — — 15,000 15,000 15,000 15,000 15,000 13,100 2,000 — — —

Electric-Resistance-Welded Carbon Steel
SA-53 A
SA-53 B

__ 48,000 (1) (8) — — — 10,200 10,200 10,200 9,900 7,650 It,250 — — — — — —
— 60,000 (1) (8) — — — 12,750 12,750 12,750 12,200 9,200 It, 250 — — — — — —

__ 48,000 (1) (8) — — — 10,200 10,200 10,200 9,900 7,650 It,250 — — — — — —
SA-135 A
SA-135 B — 60,000 (1) (8) — — — 12,750 12,750 12,750 12,200 9,200 It,250 — — — — — —

__ (47,000) (1) (3) (11) (12) — — 11,750 11,750 11,750 11,150 7,650 It,250 1,300 — — — —— —
SA-178 A 40,000 (8) — — 8,500 8,500

15,000
8,500 8,200

14,350
—— — —— —— —— —— —— ——

SA-178 B
SA-178 C — 60,000 (1) (3) (11) — — — 15,000 15,000 9,200 It,250 1,300 — — — — —

SA-226 —
(47.000) (1) (H) (12) — — — 11,750 11,750 11,750 11,450 7,650 It ,250 1,300 — — — — —

Electric-Resistance-Welded Alloy Steel
SA-249 TP301 18Cr-8Ni 75,000 (7) (8) 15,950 13,600 13,150 —— 12,850 12,600 12,550 12,350 11,900 10,650 6,400 3,850 2,100 1,200 650

18Cr-8Ni 75,000 (8) 15,950 12,750 11,600 — 10,650 9,500 9,200 8,500 8,000 7,500 6,400 3,850
5,800

2,100 1,200 650
SA-249 TP304 16Cr-13Ni-3Mo 75,000 (8) 15,950 15,200 11,900 — 14,600 14,500 14,450 14,250 13,600 11,900

11,500
8,850 3,400 1,700 850

SA-249 TP316
18Cr-8Ni-Ti 75,000 (8) 15,950 14,450 13,450 — 12,900 12,600 12,550 12,350 12,000 8,750 4,250 1,850 1,000 650

SA-249 TP321
SA-249 TP347 18Cr-8Ni-Cb 75,000 (8) 15,950 14,450 13,450 — 12,900 12,600 12,550 12,350 12,000 11,500 8,750 4,250 1,850 1,000 650
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TableE (Continued)
Maximum Allowable Strees Values, Pounds per Square Inch

ASME
Spec Grade

Nominal
Composi­

tion

Spec
Min

Tensile Notes
-20

to 100 300

Elect ric-Resistance-Welded Alloy Steel
SA-250 T1 C-MMo 55,000 (2) (8) — —
SA-250 Tla C-W Mo 60,000 (2) (8)

SA-250 Tib C-HMo 53,000 (2) (8)

Lap Welded
SA-53 steel — 45,000 0) —
SA-72 wrought iron —— 40,000 (9)

SA-83 steel — (45,000) (9) (12)

SA-83 iron — — (9)

Butt Welded
SA-53 steel __ 45,000 (10) — —
SA-72 wrought iron — 40,000 (10)

Alloy Steel

Automatically Welded Austenitic Stainless Steel
SA-312 TP304
SA-312 TP304

18Cr-8Ni
18Cr-8Ni

75,000
75,000

(7) (8)
(8)

15,950
15,950

13,600
12,750

SA-312 TP316 16Cr-13Ni-3Mo 75,000 (8) 15,950 15,200

SA-312 TP321 18Cr-8Ni-Ti 75,000 (8) 15,950 14,450

SA-312 TP347 18Cr-8Ni-Cb 75,000 (8) 15,950 14,450

FORGINGS
Carbon Steel
SA-105 I __ 60,000 (1) (3) — —

SA-105 II — 70,000 (1) (3) — —

SA-181 I — 60,000 (1) (3) — —
SA-181 II — 70,000 (1) (3) — —

SA-266 I — 60,000 (1) — —
SA-266 II — 70,000 (1) — —
SA-266 III — 75,000 (1) —

SA-182 Fl C-J4Mo 70,000 (2) — —
SA-182 F12 lCr-J£ Mo 70,000 — — —

SA-182 F5 5Cr-J4Mo 90,000 — — —

SA-182 Fll IJ^Cr-HMo 70,000 — — —

SA-182 F9 9Cr-lMo 100,000 — — —

SA-182 F22 2)<Cr-lMo 70,000 — — —

SA-182 F304 18Cr-8Ni 75,000 (7) 18,750 16,000

SA-182 F304 18Cr-8Ni 75,000 — 18,750 15,000
SA-182 F316 18Cr-8Ni-Mo 75,000 — 18,750 17,900

SA-182 F321 18Cr-8Ni-Ti 75,000 — 18,750 17,000
SA-182 F347 18Cr-8Ni-Cb 75,000 — 18,750 17,000
SA-336 Fl C-^Mo 70,000 (2) — —■
SA-336 F2 lCr-J4Mo 70,000 — — —
SA-336 F5 5Cr-IiMo 80,000 —— — —
SA-336 F22 2 JICr-lMo 80,000 — — —
SA-336 F8 18Cr-8Ni 75,000 (7) 18,750 16,000
SA-336 F8 18Cr-8Ni 75,000 — 18,750 15,000
SA-336 F8m 18Cr-8Ni-Mo 75,000 — 18,750 17,900
SA-336 F8t 18Cr-8Ni-Ti 75,000 — 18,750 17,000
SA-336 F8c 18Cr-8Ni-Cb 75,000 — 18,750 17,000

For metal temperatures not exceeding deg F

400
-20

to 400 500 650 700 800 900 1000 1100 1200 1300

13,750 13,750 13,750 13,750 13,450 12,500 5,500 __ __ __
___ 15,000 15,000 15,000 15,000 14,400 12,500 6,500 —— ——. —

— 13,250 13,250 13,250 13,250 13,000 12,500 5,500 — — —

9,000 9,000 9,000 8,750 __ __ __ __ __
__ 8,000 8,000 8,000 7,800 — —— —— ---- — —
__ 9,000 9,000 9,000 8,750 — — — ---- — ------

— 8,000 8,000 8,000 7,800 — — — — — -----

6,750 6,750 6,750 6,500 __ __- ___ —- —— __ _

— 6,000 6,000 6,000 5,800 — — — — — —

13,150 12,850 12,600 12,550 12,350 11,900 10,650 6,400 8,850 2,100
11,600 — 10,650 9,500 9,200 8,500 8,000 7,500 6,400 8,850 2,100
14,900 — 14,600 14,500 14,450 14,250 13,600 11,900 8,850 5,800 3,400
13,450 — 12,900 12,600 12,550 12,350 12,000 11,500 8,750 4,250 1,850
13,450 — 12,900 12,600 12,550 12,350 12,000 11,500 8,750 4,250 1,850

1400

1,200
1,200
1,700
1,000
1,000

1500

650
650
850
650
650

__ 15,000 15,000 15,000 14,350 10,800 5,000 1,500 — — — — —
— 17,500 17,500 17,500 16,600 12,000 5,000 1,500 — — — —

_ - 15,000 15,000 15,000 14,350 10,800 5,000 1,500 — — — — —
— 17,500 17,500 17,500 16,600 12,000 5,000 1,500 — — — — —

_ 15,000 15,000 15,000 14,350 10,800 5,000 1,500 — — — — —
— 17,500 17,500 17,500 16,600 12,000 5,000 1,500 — — — — —
— 18,750 18,750 18,750 17,700 12,000 5,000 1,500 — — — — —

— 17,500 17,500 17,500 17,500 16,900 12,750 5,500 —
—— 17,500 17,500 16,800 16,150 14,850 13,100 7,500 2,800
— 22,500 21,600 19,000 17,500 14,500 11,500 7,300 3,300
— 17,500 17,500 16,800 16,150 15,000 13,100 7,800 4,000
— 25,000 24,000 22,000 21,200 17,700 13,100 8,500 3,300
— 17,500 17,500 17,500 17,500 17,500 14,000 7,800 4,200

15,450 — 15,100 14,850 14,800 14,550 14,000 12,500 7,500
13,650 — 12,500 11,200 10,800 10,000 9,400 8,800 7,500
17,500 17,200 17,050 17,000 16,750 16,000 14,000 10,400
15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300
15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300
— 17,500 17,500 17,500 17,500 16,900 12,750 5,500
— 17,500 17,500 16,800 16,150 14,850 13,100 7,500 2,800
— 20,000 19,200 17,300 16,500 14,500 11,500 7,300 3,300
—— 20,000 20,000 20,000 20,000 18,000 14,000 7,800 4,200

15,450 — 15,100 14,850 14,800 14,550 14,000 12,500 7,500
13,650 — 12,500 11,200 10,800 10,000 9,400 8,800 7,500
17,500 — 17,200 17,050 17,000 16,750 16,000 14,000 10,400
15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300
15,800 — 15,200 14,850 14,800 14,550 14,100 13,500 10,300

1,000
1,500
1,200
1,500
2,000
4,500
4,500
6,800
5,000
5,000

2,450
2,450
4,000
2,200
2,200

1,000
1,500
2,000
4,500
4,500
6,800
5,000
5,000

2,450
2,450
4,000
2,200
2,200

1,400
1,400
2,000
1,200
1,200

1,400
1,400
2,000
1,200
1,200

750
750

1,000
750
750

750
750

1,000
750
750

Table E (Concluded)

Maximum Allowable Stress Values, Pounds per Square Inch

ASME
Spec Grade

Nominal
Composi­

tion

Spec
Min

Tensile Notes

CASTINGS
Carbon Steel
SA-95 — — 70,000 (1) (5)

SA-216 WCA — 60,000 (1) (5)

SA-216 WCB — 70,000 (1) (5)

Alloy Steel
SA-157 C9a 18Cr-8Ni 70,000 (5) (7)

SA-157 C9a 18Cr-8Ni 70,000 (5)

SA-217 WC1 C-HMo 65,000 (2) (4) (5)

SA-217 WC4 Ni-Cr-J'SMo 70,000 (4) (5)

SA-217 WC5 Ni-Cr-lMo 7Q,000 (4) (5)

SA-217 WC6 IJaCr-J^Mo 70,000 (4) (5)

SA-217 WC9 2I$Cr-lMo 70,doo
90,000

(4) (5)

SA-217 C5 5Cr-J4Mo (4) (5)

SA-217 C12 9Cr-lMo 90,000 (4) (5)

SA-351 CF8 18Cr-8Ni 70,000 (5) (7)

SA-351 CF8 18Cr-8Ni 70,000 (5)

For metal temperatures not exceeding deg F
-20 -20to 100 300 400 to 400 500 650 700 800 900 1000 1100 1200 1300 1400

17,500 17,500 17,500 16,600 12,000 6,000 1,500 — — — — —

15,000 15,000 15,000 14,350 10,800 6,000 1,500 —

— — — 17,500 17,500 17,500 16,600 12,000 5,000 1,500

17,500
17,500

15,600
14,250

15,000
13,100

16,250

14,600
12,200
16,250

14,200
11,500
16,250

14,050
11,300
16,250

13,600
10,900
15,650

13,000
10,400
12,500

12,100
9,850
5,500

7,500
7,500

4,500
4,500

2,450
2,450

1,400
1,400

750
750

17,500 17,500 17,500 17,500 17,000 14,000 6,250 —

17,500 17,500 17,500 17,500 17,000 14,000 7,800 —

17,500 17,500 17,500 17,500 17,000 14,000 7,800

17,500 17,500 17,500 17,500 17,000 14,000 7,800 —

22,500 22,500 22,500 21,600 19,000 13,600 7,300 3,300 1,500 —

__ 22,500 22,500 22,500 22,000 19,400 15,000 8,500 8,300 1,500

17,500
17,500

15,600
14,250

15,000
13,100

— 14,600
12,200

14,200
11,500

14,050
11,300

13,600
10,900

13,000
10,400

12,100
9,850

7,500
7,500

4,500
4,500

2,450
2,450

1,400
1,400

750
750

of

(5)

(6) (12)

(3)
(4)

(7)
(8)
(9)

(10)

(ID

See note 7, Table P-7, ASME Code.
These stress values include a joint efficiency factor of 0.85.
These stress values include a joint efficiency factor of 0.80.
These stress values include a joint efficiency factor of 0.60.
Above 700 F these stress values include a joint efficiency
factor of 0.85. When material to this specification is used for
pipe, multiply the stress values up to and including 700 F
by a factor of 0.85. When material to this specification is
used for boiler, water-wall, superheater, and economizer
tubes that are enclosed within a setting, the stress values
above 700 F up to and including 850 F may be divided by
a factor of 0.85.
Tensile value in parentheses is expected minimum.

GENERAL NOTE: Stress values shown in italic are permissible, but use
these materials at these temperatures is not current
practice.

NOTES: (1) Upon prolonged exposure to temperatures above about
800 F, the carbide phase of carbon steel may be converted
to graphite.

(2) Upon prolonged exposure to temperatures above about
875 F, the carbide phase of carbon-molybdenum steel may
be converted to graphite.
Only killed steel shall be used above 900 F.
These stress values apply to normalized and tempered ma­
terial only.
To these stress values a casting quality factor as specified in
paragraph P-27, ASME Code, shall be applied.
Flange quality in this specification not permitted above
850 F.
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Appendix

Table F
Index of Specifications for Ferrous Boiler Materials

Boiler Tubes
ASME Material OD Wall Thk
Spec Min Max Min Max

SA-83 Lap-welded steel 6" 0.035" 0.320"
SA-83 Seamless steel s'// 6" 0.035" 0.320"
SA-83 Lap-welded iron 6" 0.035" 0.320"
SA-178 ERW steel O'// 5" 0.035" 0.320"
SA-178 Open-hearth iron 5" 0.035" 0.320"
SA-192 Seamless (h-p) 7" 0.085" 1.000"

Pipe
ASME Material Nom Size Wall Thk
Spec Min Max Min Max

SA-53 Welded & seamless X' 8"
12"

0.068" 0.875"
0.500"

SA-106 Seamless carbon (h-t) X' 24" 0.068" 1.750"
SA-135 ERW steel X' 30" 0.068"
SA-1580 Seamless alloy (h-t) X' 24" 0.068" 1.750"
SA-206 Seamless

C-Mo alloy (h-t) X' 24" 0.068" 1.750"
SA-2801 Seamless

Cr-Mo alloy (h-t) 6" 0.187" 1.562"
SA-312 Austenitic stainless X' 12" 0.049" 0.500"
SA-315J Seamless

Cr-Mo alloy (h-t) X' 16" 0.187" 1.562"
SA-335 Seamless ferritic (h-t) 16" 0.187" 1.593"

ASME Corresponding
Grade B&W Grade

S
P11 Croloy 1’4
P3a Croloy 151
P3b Croloy 2

« \ P5a Croloy 5
jP5c Croloy 5 (Ti or Cb)
I P8a Croloy 18-8S
\P8b Croloy 18-8Ti
t — Croloy Is
j — Croloy 1

Castings
ASME

MaterialSpec Used For
SA-48 Gray iron Iron castings
SA-95 Carbon steel I Valves, flanges, and

i fittings in h-t service
SA-157 Alloy steel ,1 Valves, flanges, and

1 fittings in h-t service
SA-216 Carbon steel '1 Fusion welding in

1 high-temp service
SA-217 Alloy steel JI Fusion welding in
SA-351 Stainless steel

1 high-temp service
Stainless steel castings

ASME
Forgings

MaterialSpec Used For

SA-105 Steel o| Forged or rolled pipe
flanges, forged fittings,
valves, & parts for h-t

SA-182 Alloy steel i Forged or rolled pipe
flanges, forged fittings,

SA-266
SA-336

valves, & parts for h-t
Carbon steel
Alloy steel Seamless drum forgings

Seamless drum forgings

Boiler and Superheater Tubes
ASME Material OD
Spec Min Max

SA-209 Seamless C-Mo J2" 5"
SA-210 Med-C seamless J2" 5"
SA-2130 Seamless alloy J2" 5"
SA-226 ERW (h-p service) J2" 5"
SA-249 Welded alloy M" 5"
SA-250 ERW C-Mo alloy J»" 5"

ASME Corresponding
Grade B&W Grade
/T12 Croloy 1
/ Til Croloy 14
I T14 Croloy 2
1 T22 Croloy 24
1T21 Croloy 3M
)T5 Croloy 5

0 / T13 Croloy 5Si
]T7 Croloy 7
/T9 Croloy 9M
/ TP304 Croloy 18-8S
I TP321 Croloy I8-8T1
1 TP347 Croloy 18-8Cb
\TP316 Croloy 16-13-3

Wall Thk
Min Max

0.035" 0.500"
0.035" 0.500"
0.035" 0.500"
0.085" 0.360"
0.035" 0.320"
0.035" 0.320"

Plates—Boilers & Other Pressure Vessels
ASME
Spec

SA-201

SA-202

SA-203

Material

C-Si steel,
fusion welded,
usual tensile range
Cr-Mn-Si alloy

Nickel steel

SA-204 Molybdenum steel

SA-212 High-tensile C-Si

SA-285 Carbon steel,
low & inter tensile

SA-299 High-tensile C-Mn-Si

SA-301 Cr-molybdenum

SA-302 Mn-molybdenum

Quality &
Grade

(Flange, A, B
< Firebox, A
(Firebox, B

i
 Firebox,
all grades

{
Flange,
all grades
Firebox, A, B
Firebox, C, D, E

{
Flange,
all grades
Firebox, A, B
Firebox, C

{
Flange,
all grades
Firebox,
all grades

(Flange, Firebox,
)all grades
Flange, Firebox

{
Flange,
all grades
Firebox,
all grades

(Flange, A, B
) Firebox, A, B

Max
Thk

2"
12"
8"

2"

2"
6"
4"

2"
6"
4"

2"

6"

2"
2"

2"

6"
2"
4"

ASME
Bolting and

Material
Nuts

Spec Used For
SA-193 Alloy steel Bolting in h-t service
SA-194 Carbon & alloy steel <l Nuts for bolts in liigh-

1 press. & temp service
SA-306 Med-carbon steel 1| Bars subject to mechanical

1 property requirements
22-A10

glossary

Symbols and Abbreviations

SYMBOLS

a — acceleration, ft/sec2 or ft/hr2
A — area, usually cross-sectional, sq ft

b — width dimension, in. or ft
B — barometer reading, in. of mercury

c — specific heat, Btu/lb, F — hotter fluid
c' — specific heat, Btu/lb, F — colder fluid
cp — specific heat, Btu/lb, F — at constant pressure
c„ — specific heat, Btu/lb, F - at constant volume
C — a coefficient

Cc — coefficient of contraction
Cj — drag coefficient
Cq — coefficient of discharge, = C, X Cp

Cq0 — coefficient of discharge, with zero approach
velocity

C„ — coefficient of velocity

d — diameter, in.; depth of duct, in.; differential
operator

d„ — equivalent diameter, in.
d{ — internal diameter, in.
d0 — external diameter, in.
di — throat or orifice diameter, in.
D — diameter, ft

Do — equivalent diameter, ft
Dt — internal diameter, ft
Do — external diameter, ft

E — energy, Btu or ft-lb

f— friction factor (Moody) = 4f
f — friction factor (Fanning)
F — force, lb; also used for factor
Fa — arrangement factor, depending upon geometry
Fo — correction factor
Fj — depth factor
F« — emissivity factor

Fi.y — laminar flow factor
F— physical properties factor
F, — surface factor
Ft— temperature factor

g — gravitational acceleration, 32.2 ft/sec or
4.17 X 10s ft/hr

G — mass flow, Ib/sq ft, hr = w/A = pV

G-1

h — enthalpy of superheated steam, Btu/lb
ba — enthalpy of air, Btu/lb
bf — enthalpy of saturated liquid, Btu/lb

bt,j — enthalpy of evaporation, Btu/lbb„ — enthalpy of saturated vapor or flue gas, Btu/lb
bw — enthalpy of feedwater, Btu/lb 

bac — head lost accelerating fluid, ft-lb/lb = ft
bb — head lost in bends, ft-lb/lb = ft

btn — head lost at entrance, ft-lb/lb = ft
h,, — head lost at exit, ft-lb/lb = ft
bf — head lost in friction, ft-lb/lb = ft
7i* — head lost at change of section, ft-lb/lb = ft
7ip — pressure head = pv, ft-lb/lb = ft
h, — head lost through separator or baffle, ft-lb/lb

= ft
bo — velocity head = W/2g, ft-lb/lb = ft
h: — elevation head = Z, ft
h— sum of downcomer head losses, ft-lb/lb = ft
h’r — sum of riser head losses, ft-lb/lb = ft

H — net head causing flow = A/ip + Ah:, ft-lb/lb
= ft

Hff — total head of fluid flowing = /ip + hr, ft-lb/lb
= ft

HSP — static pressure head as measured by Pitot-static
tube, in. of water

HIP — total pressure head as measured by Pitot tube,
in. of water

H„ — head as measured by manometer, in. of water

k — conductivity, Btu/sq ft, hr, F/in.; reactivity,
% of multiplication factor (nuclear)

K — a factor
Kf — fouling factor

K,.c — Reynolds number factor

I — length, in.
li — tube pitch transverse to flow stream, in.
Ill — tube pitch longitudinal to flow stream, in.
L — length, ft

N — a number
N„ — number of velocity heads in bends
Nc — number of velocity heads for entrance and exit

Nno — Reynolds number = pVD/p. = GD/p

p — pressure, Ib/sq in. or Ib/sq ft (absolute)
p' — pressure, in. of mercury (absolute)
p, — critical pressure of expansive fluids, Ib/sq in.

or Ib/sq ft (absolute)
pr — partial pressure, atmospheres

Ap — pressure drop, Ib/sq in. or Ib/sq ft
Aps — pressure drop in bends, Ib/sq in. or Ib/sq ft
Ap, — pressure drop from entrance and exit, Ib/scj in.

or Ib/sq ft
Ap/ — pressure drop from friction, Ib/sq in. or Ib/sq ft

P — contact perimeter, in. or ft

m — mass = W£/g, slugs
A/ — molecular weight of element or compound
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Glossary

SYMBOLS

q — rate of heat flow, Btu/hr
Q — heat in fluid, Btu/lb; heat of chemical reaction;

thermal current, Btu/sq ft, hr; volume rate of
flow, cu ft/sec, cu ft/min, or cu ft/hr

Qn — high heat value of fuel, Btu/lb
Qi — low heat value of fuel, Btu/lb

r — radius, in. or ft
R — over-all or combined resistance of heat flow

path = 1/17, sq ft, hr, F/Btu
R, — heat flow resistance caused by fouling,

sq ft, hr, F/Btu
R — universal gas constant — 1544

R„ — specific gas constant = 1544/M

s — entropy, Btu/lb, F
S — maximum allowable stress values, Ib/sq in.;

surface area, sq ft

t — temperature, F — of hotter fluid, or at a point
t' — temperature, F — of colder fluid

At — temperature difference, F
Atm — logarithmic mean temperature difference, F

T — absolute temperature, R = F + 460

u — internal energy of fluid, Btu/lb
V — over-all or combined conductance = 1/R,

Btu/sq ft, hr, F
Uc — convection conductance general, Btu/sq ft, hr, F

Uca — convection conductance of air, Btu/sq ft, hr, F
Uc — convection conductance in crossflow,

Btu/sq ft, hr, F
U<.„ — convection conductance of gas, Btu/sq ft, hr, F
Un — convection conductance in longitudinal flow,

Btu/sq ft, hr, F
Uc, — convection conductance of colder fluid,

Btu/sq ft, hr, F
Ud — conduction conductance, Btu/sq ft, hr, F
Ulc — free-convection conductance, Btu/sq ft, hr, F
U„ — over-all gas-side conductance = Ur„ + Uc„,

Btu/sq ft, hr, F
Ur — radiant conductance, Btu/sq ft, hr, F

Urn — radiant conductance of gas, Btu/sq ft, hr, F

v — specific volume, cu ft/lb
V — velocity, ft/sec, ft/min, or ft/hr

VL — total volume, cu ft

w — lb water formed in burning one lb fuel
w — weight rate of flow, Ib/sec or Ib/hr

W — radiant flux density, Btu/sq ft, hr
WyP — feed-pump work, ft-lb
W„ — work, ft-lb
WL — total weight, lb

x —length dimension (usually horizontal), in. or ft

y — depth dimension (usually vertical), in. or ft

Z — elevation above datum, ft

a — absorptivity; area ratio — small to large

B — degrees of included angle

y — specific weight, Ib/cu ft = 1/v = pg

A — a difference

e — average height of roughness projections, in.;
emissivity of surface, between 0 and 1.0

k — ratio = cp/c„

p. — absolute viscosity of fluid, lb (mass)/ft, hr also
lb, sec/sq ft

3.1416

2tt — number of steradians in a hemispherical solid
angle

p — mass density, lb (mass)/cu ft — slugs/cu ft;
reflectivity

a — Stefan-Boltzmann constant, 1.73 X 10"°
Btu/sq ft, hr, Tl

t — shear stress; transmissivity

cf> — a function

w — solid angle intercepted by one body as seen from
another, measured in steradians

SUBSCRIPTS

a — actual; air; arrangement

b — bank; bend; boiler; bulk
B — bottom

c — contraction; convection; critical or acoustic
ca — convection air
cc — convection crossflow
eg — convection gas
ci — convection inside
cl — convection longitudinal flow
co — convection outside
cs — convection colder fluid

CF — colder fluid

d — conduction; depth; downcomer; drag
D — developed

G-2

SUBSCRIPTS

Glossary

e - enlargement; entrance and exit; equivalent
en — entrance 1
ex — exit

f— friction; resistance
f - film; fouling; saturated liquid

ic — free convection
ff — fluid flowing
fg — evaporation
F — fuel

FP — feed pump

g — gas; sat. vapor

H — high heat value
HF — hotter fluid

i — ideal; inner; inside; internal
I — inertial

k — change of section; work

L — low heat value; total
LF — laminar flow

m — logarithmic mean
mi — manometer fluid
M — molecular weight

o — external; outer; outside

p — particle; pressure; projected
pc — pure coal
pp — physical properties

q — discharge
qo — discharge with zero approach velocity

r — partial; radiation; riser
rg — radiation gas
R — refractory

Re — Reynolds
s — separator; steam; surface or colder fluid

si — superposed fluid
SP — static pressure

t — orifice; throat
tio — tube wall
T — temperature; top

TP — total pressure

v — velocity; volume

w — feedwater; water

x — elevation G-3

e — emissivity

x - summation
i’d — summation downcomer
xr — summation riser

1 — perpendicular; transverse

Il — parallel

ABBREVIATIONS

A — ash
ABMA — American Boiler Manufacturers Association

abs — absolute
a-c — alternating-current

AEC — Atomic Energy Commission
AF — as-fired

a.m. — ante meridiem
amb — ambient
amp — ampere
anal. — analysis
API — American Petroleum Institute

approx — approximately
ASA — American Standards Association

ASME — American Society of Mechanical Engineers
ASSN — association

ASTM — American Society for Testing Materials
atm — atmosphere

attemp — attemperator
aux — auxiliary

avail. — available
avg — average

B&S — Brown & Sharpe wire gage
B&W — Babcock & Wilcox

bbl — barrel
BCC — body-centered cubic

bd — board
bet. — between
blip - brake horsepower

bitum — bituminous
blr — boiler

blr-hp — boiler horsepower
blr-hpu — developed boiler horsepower

Btu — British thermal unit
BWG — Birmingham Wire Gage

C — carbon; centigrade degrees
C-A — chromel to alumel
Cal — calorie
cc — cubic centimeters
cf — compare

CF — colder fluid
cfm — cubic feet per minute
cfs — cubic feet per second
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Glossaby

ABBREVIATIONS

cir — circular
— center line

cm — centimeter
ends — condensate

Co. — company
coef — coefficient

col — column
comp — compound
cond — condenser
conn — connection

constit — constituent
cont — continuous

cont’d — continued
corp — corporation

cu — cubic
cyl — cylinder

d-c — direct-current
def — definition
deg — degree

den. — density
dept — department
dev — developed

diag — diagram
diam — diameter

diff — difference

e — Napierian log base = 2.718
ea — each

econ — economizer
Ed. — editor
elf — efficiency

e.g. — for example
elong — elongation

emf — electromotive force
eng — engine
ent — entering
Eq — equation

equiv — equivalent
ERW — electric-resistance-welded (tubes)
evap — evaporation; evaporator

F — fahrenheit degrees
FB — firebrick
FC — fixed carbon

FCC — face-centered cubic;
Federal Commerce Commission

Fee — furnace
F-D — forced-draft

If —following (pages)
F.G. — flue gas
Fig.-figure
fob — free on board

fpm — feet per minute
fps — feet per second

ft — feet
ft-lb — foot-pound
F.T. — fluid temperature (ash)

g — gram
ga - gage

gal — gallon
gen — generator

gpm — gallons per minute
gr — gravity

guar — guaranteed

ha — hectare
HF — hotter fluid
Hg — mercury
hp — horsepower

h-p — high-pressure
hp-hr — horsepower-hour

hr — hour
HR — heat rate

HRT — horizontal-return-tubular (boiler)
ht — heat

h-t — high-temperature
humid. — humidity

HVT — high-velocity thermocouple

I-C — iron to constantan
ID — inside diameter

I.D. — initial-deformation temperature (ash)
I-D — induced-draft
i.e. — that is

IFB — insulating firebrick
illus — illustration

in. — inch
Inc — Incorporated
incl — include
insp — inspection
inter — intermediate
IPS — international pipe size

JR — junior

k — kilo; thousand
K — Kelvin degrees

kB — thousand British thermal units
kg — kilogram

km — kilometer
kw — kilowatt

kwhr — kilowatthour
kwt — kilowatt thermal

lb — pound
1g — length; long

liq — liquid
log — logarithm
1-p — low-pressure
1-t — low-temperature

Ltd — Limited
lv — leaving

m — meter
M — moisture; thousand

mag — magnetic
G-4

abbreviations

GLOSSARY

max — maximum
med — medium

MEP — mean effective pressure
Mev — million electron volts

MHVT - multiple-shield high-velocity thermocouple
min — minimum; minute

MkB — million British thermal units
Mm — mineral matter

mol. wt — molecular weight
mp — melting point

mph — miles per hour
mr — milliroentgen

M.T. — million tons
mult — multiply

mv — millivolt
mw — megawatt

mwd — megawatt days

S. — south
sat. — saturated; saturation

SBV — steam by volume
SBW — steam by weight

sec — second; secondary
sect — section
sens — sensible
SH — superheater
slip — shaft horsepower

spec — specification
sp gr — specific gravity
sp ht — specific heat

sp vol — specific volume
sp wt — specific weight

sq — square
S.S. — steamship

SSCR — spectral-shift control reactor
SSF — Seconds Saybolt Furol

nat — natural
natl — national
No. — number

nom — nominal
NP — National Pipe (thread)

SST — stainless steel
SSU — Seconds Saybolt Universal
S.T. — softening temperature (ash)
std — standard
SX — Sectional Express (boiler)

NRTS — National Reactor Testing Station
N.S. — nuclear ship

NSSC — Neutral Sulfite Semichemical
nv — thermal flux (nuclear)

T.A. — total air
TC — thermocouple

temp — temperature
theo — theoretical

OD — outside diameter
OP —Open-Pass (boiler)
oz — ounce

thk — thick; thickness
thru — through

tot — total
tr — trace

PC — pulverized coal
p-c — pulverized-coal

PCE — pyrometric cone equivalent
PCO — plastic chrome ore

pH — negative log of hydrogen ion concentration
p.m. — post meridiem

pp-pages
ppm — parts per million

press. — pressure
pri — primary

proj — projected
prox — proximate

psi — gage pressure
psia — absolute pressure

PWR — pressurized-water reactor

TS — tensile strength
TTD — terminal temperature difference

ult — ultimate
undeter. — undetermined

UP — Universal-Pressure (boiler)
U.S. — United States

U.S.S. - United States Ship
U.S.S.R. — Union of Soviet Socialist Republics

vel — velocity
VM — volatile matter
vol — volume
vs — versus

R - Rankine degrees
R,, — boiler rating

RB — Radiant boiler
recirc — recirculating

reg — registered; regulating
rd — relative

rem - roentgen equivalent, man
reqd — required

rev — revolutions
rpm - revolutions per minute

whp _ Water horsepower
WR — water rate

wt - weight

vd - yard
yp — yield point
yr — year

YS - yield strength

G-5
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INDEX

Abbreviations, see Glossary, G-3 ff
Absorptivity, 7-6
Acid, cleaning, see Chemical cleaning

process, pig iron, 22-4; steel, 22-5
sludge, 3-4

Acoustic velocity, 8-4
Adiabatic temperature, 4-7
Air, composition (table), 4-4

distribution, stoker, 16-3, 16-13, 16-15 ff;
burners, 17-19 ff

enthalpy, 4-A4
excess, see Excess air
-flow measurement, 30-5
heaters, see Air heater
horsepower, 5-8
infiltration, 4-4, 4-10,14-1 ff, 14-11, 16-3,16-7
required for combustion (table), 4-2
resistance, oil burners, 29-7 ff
specific volume (table), 5-2
specific weight (table), 5-2

Air heater, calculations, 11-21, 11-27 ff
corrosion, 11-17, 20-9, 29-15
leakage, 11-16
marine types, 11-17 ff, 29-15
plate type, 11-18
recirculation, 29-15
recovery unit, 20-9
recuperative, 11-15
regenerative, 11-15
separately fired, 11-19
soot fires, 29-17
stationary types, 11-14
steam coil, 11-18
tube sizes, 11-16, 29-15
tubular, 11-16 ff, 29-15

Alarms, 30-14
Alcohol as fuel, 3-4
Alkaline process, pulp, 20-2 ff
Alkalinity, 21-18, 21-20, 21-26, 21-29
Allowable stress in steels, ASME, 22-A6 ff
Aluminum in steel, 22-15
American Bureau of Ships, 29-3
Analog performance monitor (illus), 30-14
Asbestos cement, conductivity (graph), 14-9
Ash, analysis, 18-2, 18-16 ff

cenospheres, 18-3
deposition, 18-11
effect on steam temperature, 13-2

Ash, erosion, 18-9, 28-1, 28-3, 28-8, 28-10
fuel oil, 18-15 ff
-fusion temperature, 18-2 ff, 18-A2
in commercial fuels, 18-1
particle size, 8-24 ff
pulverized-coal, 18-7
stoker, 16-5, 16-14 ff, 18-7
wood, analysis, 3-A4

ASME, allowable stress in steel, 22-A6 ff
code requirements, 24-2,24-4, 24-12,25-7 ff, 25-15
specifications, boiler materials, 22-A10

Aspect ratio in ducts, 8-15, 8-17; graph, 8-18
Asphalt, 3-4
ASTM, ash-fusion determination, 18-Al

coal-testing standards, 2-Al
Atomic, energy, 27-1

structure of iron, 22-9 ff
Attemperators, 11-8, 13-1, 13-7 ff, 21-13, 29-13 ff
Austenite, 22-11 ff
Automatic, control, 21-2

power plant, 30-15
Automation, steps to, 30-15 ff
Auxiliary power, 10-18
Axial-flow fans, 5-10

Babcock, George Herman, 1-5
Backing rings, welding, 25-8
Baffles, drum, 9-10 ff, 29-17 ff

gas, 23-11 ff
Bagasse, analysis, 3-A4

as fuel, 3-4, 3-9, 19-5
Bailey, E.G., 2-5
Bailey Meter, 4-12, 16-6
Barometric pressure (table), 5-4
Basic open-hearth process, steel, 22-4 ff

-oxygen process, steel, 22-6
Beneficiation, 22-2
Berthelot’s second law, 4-1
Bessemer process, steel, 22-2, 22-5
Bisulfite liquor, pulp, 20-15
Blackbody, definition (footnote), 6-3, 7-6
Black liquor, concentration, 20-2 ff

piping and heaters, 20-14
pulp, 20-2
pumps, 20-14
recovery unit (illus), 20-4, 20-7 ff
smelt tank, 20-14
spray nozzle (illus), 20-4

Blast-furnace gas, analysis, 3-A5
as fuel, 3-11,19-4
dust loading, 3-11, 19-4
washing, 3-11, 19-4

Blowdown, 13-2, 21-10, 21-13
Blue-brittle range, steel, 22-27
Boiler, bent-tube, 1-7, 11-4, 23-10 ff

calculations, 11-20, 11-22
carbon monoxide (CO), 19-1 ff
circulation, 8-19, 9-1 ff, 21-23, 29-18 ff
cleaning, 21-16 ff
coil, 1-2
controls, facing 13-1; 21-3, 30-6 ff
cross-drum, 1-6, 11-4
design, 11-10, 29-7
drums, see Drum
early water-tube, 1-2 ff
efficiency, 29-8, 4-A11 ff
electric, 1-1
explosions, 1-1, 1-3, 14-7
fire-tube, 11-1
flash, 1-4
forced-circulation, 1-9 ff, 9-2 ff, 28-9
gas-tube, waste-heat, 19-13
header-type, 11-3, 29-5, 29-18
heating surface, 11-1, 11-9
high-capacity, 11-7, 23-18 ff
horizontal-return-tubular (HRT), 11-1
horsepower, 11-9
H-type, 11-5
inspection, 21-16 ff
instrumentation, 21-1 ff, 30-2 ff
Integral-Furnace, 11-5, 23-12 ff
load range, Cyclone Furnace, 28-9
long-drum, 11-4
marine types, Chapter 29
material specifications, 22-A10
Meter, 4-12,16-6
natural-circulation, 9-2 ff
nuclear steam, 26-5, 27-1, 27-4, 27-7 ff
once-through, 1-9 ff, 9-1 if, 28-9
Open-Pass (OP), 11-8
operation, 21-1 ff
package-type, 23-12 ff, 23-15
porcupine, 1-3
Radiant (RB), 1-8, 11-8, 23-19
rating, 11-9
reheat, 1-7 ff _scale, 7-18, 21-17, 21-27, 21-31, 29-10 ff
Scotch marine, 11-1 ff, 29-3 „
sectional water-tube, 1-4, 11-3, -4- , - o
selection, Chapter 23
settings, Chapter 14, 29-17
shell-type, 1-3, 11-1 ff

Index

Boiler, shutdown, 21-9, 21-16
size, output, 23-10 ff
space occupied, 23-7 ff
standard and reheat, 1-6 ff
standardization, 23-1
start-up, 21-5, 29-11
stationary types, 23-11 ff
Stirling, 1-7,11-6,19-6 ff, 23-11 23-18
straight-tube, 11-3
supports, 11-9
supercritical pressure, 1-9 ff, 28-9
swell, 9-10
topping unit, 1-7
Two-drum, marine, 29-4; naval, 29-6 ff-

Stirling, 11-7, 23-18 ff
Universal-Pressure (UP), 1-9 ff, 23-20, 28-9
wagon, 1-3
waste-heat, 19-11 ff
-water concentration, 21-27; ABMA, 23-9
-water treatment, 21-19 ff
water-tube, 11-2 ff, 19-1 ff, 23-11 ff, 29-1 ff

Boiling, film, 7-16, 9-1, 21-23, 29-10
nucleate, 9-1
point, definition, 7-15

Bomb calorimeter, 2-12, 4-3
Boring mill (illus), 24-10, 24-12
Bottle gas, 3-5
Bradford breaker, 15-8
Breeder reactor, 27-2 ff; definition, 27-13
Brick, brickwork bonds (illus), 14-2 ff

expansion, 14-3, 14-6
loads, 14-3
sectionally supported (illus), 14-5
settings, 14-1 ff
tests and properties, 14-9 ff

Brown stock, pulp, 20-2
Btu, equivalent, kwhr, hp-lir, 10-7

input method, combustion, 4-9
Buckstays, 14-7; illus, 14-8
Bunker fires, 15-17
Burner, clearances, 17-20, 29-8 ff

gas and oil (illus), 19-3, 28-5
movable, 13-7
multifuel, 19-4
performance, 17-16 ff
selection, effect on steam temperature, 13-6
types, 17-18 ff

Butane, 3-5
Butt welds, 24-8, 25-8
By-product fuels, gaseous, 19-1

liquid, 19-5
solid, 19-5

By-product power, 10-21
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Calorific value, coal, 2-12; fuel, 4-1 ff
Calorimeter, bomb, 2-2, 4-3

throttling, 8-19 ff
Capitalization rate, 23-21
Carbon, black, 3-3

dioxide, see CO2
disulfide, 3-11
fixed, see Proximate analysis
in steel, 22-4, 22-13 ff
loss, combustion, 16-6, 17-16, 17-21, 4-A5 ff
monoxide, see Boiler, carbon monoxide

Carbureted water gas, 3-11
Carry-over, 8-21
Cascade evaporator, pulp, 20-11
Casing, inner, 14-5, 24-8, 25-16 ff

pressure, 25-17
steel, 14-4 ff, 25-16 ff

Cast iron, 22-2 ff
Catalytic cracking unit (illus), 3-5, (diag), 19-1

operation, 19-1 ff
Caustic embrittlement, 21-20
Cavity radiation, 7-21, 11-26, 14-10
Cement kiln, rotary (illus), 17-7

waste gas, 19-13 ff
Cementite, 22-3, 22-13
Central stations, early, 1-6
Chance-Cone, coal cleaning, 15-6
Char, 3-10; analysis, 3-A4
Charpy test, 22-27
Chemical cleaning, 21-24, 21-31 ff, 29-16 ff
Chemical-recovery processes, 20-2 ff
Chilled castings, 22-4, 24-9
Chimney action, 5-3
Chord holes, thermometry, 6-14 ff
Chromium in steel, 22-14
Cinder return, 16-12 ff
Circuitry, interlock and limit, 30-14
Circulation, balance, boiler, 8-19, 9-5 ff

criteria, 9-4, 21-23 ff
forced, 9-2 ff
losses, 9-5
multiple circuits, 9-7 ff
natural, 9-2 ff
ratio, 9-6

Cleanliness, surface, 11-32
CO boiler, 19-1 ff

operation with supplementary fuel, 19-2
CO-, -excess air conversion, 4-11; graph, 4-12

in atmosphere, 2-1
in combustion, 4-1 ff
in hydrosphere, 2-1
properties, 4-2, 4-Al, 7-5

Coal, analyses, 2-6, 2-8
-ash analysis, 18-2

Coal, ash content, 15-2 ff
ash-fusion temperatures, 18-2 ff
bulk density, 15-4
bunker design, 15-16
-burning equipment, 23-6 ff; Chapters 16, 17, 28
char, analysis (table), 19-10; sizing (table), 19-10
characteristics for firing (table), 17-2
classification by grade, 2-12
classification by rank, 2-6; table, 2-7 ff
-cleaning methods, 15-3 ff
consumption by industries (table), 2-4, 17-1
cost per ton (table), 2-3
crushers, 15-7 ff, 28-5
dedusting, 15-6
drying, 15-6,17-2
dustproofing, 15-7
feeders, 28-5
fields of U.S. by states, 2-3
flow in chutes, 15-15
formation, 2-5
free-swelling index, 2-13
freezing prevention, 15-7
grindability, 2-10, 2-13, 17-2, 17-12 ff
-handling equipment, 15-11 ff
impurities, 15-2
international classification (table), 2-A2 ff
moisture, 2-12, 15-3, 17-2
oxidation in storage, 15-13, 16-5
preparation, 15-1
production, 2-3 ff
pulverizer types, 17-7 ff
reserves, world, 2-2; U. S., 2-3 ff
sampling, 2-5 ff
screens, 15-9 ff
seam thickness, 2-5
size degradation, 15-10, 15-13
sizing, 2-12, 15-4 ff, 16-2 ff, 28-1, 28-5
spontaneous combustion, 15-2
storage, 15-13 ff
suitable for stokers, 16-4, 16-17
-testing standards, 2-Al
transport system, 15-10, 17-5
use by utilities (table), 2-4
weathering, see Coal, oxidation in storage

Cobalt-60, 24-3, 25-12
Codes, ASME, 25-7 ff, 25-15

requirements, 24-2, 24-4, 24-12, 25-7 ff, 25-15
rules for construction, 25-7
rules for inspection, power boilers, 25-11
rules for repair, 25-11
synopsis of rules and regulations, 25-11

Coke, analysis, 3-A4
as fuel, 3-10 ff
breeze, 3-10
delayed, 3-11

1-3

Coke, fluid, 3-12
from coal, 3-10
from petroleum, 3-4, 3-H

Coke-oven gas as fuel, 3-10
Cold-shortness in steel, 22-14
Combustible losses, 4-A5 ff

with pulverized-coal firing, 17-21Combustion, air, Btu method, 4-9, 4^4
-air control, 20-6
air required, 4-9
calculations, general, 4-6; examples, 4-A5 ff
calculations, mole method, 4-8
calculations, weight method, 4-7
chamber, 1-6
chemical reactions (table), 4-3
complete, 4-1
constants (table), 4-2
control, 16-6, 16-9, 16-14, 16-18, 20-7 23-2 <’8-630-7 ff ’ ’ ~ ’

definition, 4-1
guides, 30-4 ff
principles, 4-1
process, 28-1
theoretical air, 4-9

Compressed liquid, T-s diagram, 10-7
Compressor, energy equation, 10-3
Condensation, film and dropwise, 7-15
Conductance, air and gas film, 7-8, 11-20 ff, 11-27

boiling-water film, 7-18, 21-22, 29-10
combined, 7-2, 7-12, 11-20 ff
convection, gases (graphs), 11-30 ff
film, 7-3, 7-18; graph, 12-6, 21-22
radiation (graphs), 11-24
steam film, 7-18, 11-26
water film, 7-18

Conduction, fluids, 7-4
steady state, 7-2 ff
unsteady state, 7-5

Conductivity, gases and vapor (table), 7-5
liquids (table), 7-5
refractories, 7-14; graph, 14-9
steels (graph), 7-2
various materials (table), 7-2
various refractories (graph), 14-9

Contact perimeter, 8-9
Continuity equation, 5-3, 8-3Contraction, enlargement, in flow channels, 8-15 it

Control, automatic, 13-10
instruments, 13-10 ff
system types, 30-6

Controls, 21-1 ff, Chapter 30 1 11 31
Convection, arrangement factor, 7-11, gn‘P

conductance, gases (graphs),
crossflow, 7-11; graph, 11-3

Index

Convection, depth factor (graph), 7-11
forced, 7-1, 7-9
free, 7-1, 7-8
heat transfer, 7-8
long flow, 7-10; graph, 11-30
physical properties factor, 7-11; graph, 11-30 ff
surface, waste heat, 19-12

Conversion, hardness scales, 22-26 ff
molal to lb units, 4-A6
pressure to ft of head, equation, 8-2
tables, various, Appendix 10-A
temperatures, 6-1
viscosity units (table), 8-13

Converter reactor, 27-2 ff; definition, 27-13
Coordinated phosphate treatment, boiler water, 21-21,

21-29
Coordination curves, pulverizers, 17-3
Copper, in steel, 22-16

reverberatory furnace, 19-16
pickup in feedwater, 21-25

Corrosion, air heater, 11-17, 18-14, 29-15
casing, 14-11 ff
economizer, 11-14, 18-14, 23-4, 29-16
high-temperature, 18-15, 18-17, 29-13
intergranular, 21-25
low-temperature, 18-14, 18-18
oxygen, 21-20, 21-25 ff, 29-16

Creep, factors affecting, 22-31
in steels, 22-28 ff
stress data, 22-A5
test apparatus (illus), 22-28, 26-2
time-elongation curves, 22-29

Critical conditions, water, 9-1; footnote, 12-2
Critical pressure ratio, fluids (table), 8-4
Croloy steels, 22-33 ff, 22-A10
Cross-drum boiler, 11-4
Crude oil, 3-4
Curve ratio, 8-15, 8-18
Cycle, Brayton, 10-4 ff

Carnot, 10-3 ff
Diesel, 10-4 ff
Otto, 10-4 ff
Rankine, 10-6 ff
reheat (resuperheat), 10-9
steam regenerative, 10-9 ff

Cyclone evaporator, pidp, 20-12
Cyclone Furnace, Chapter 28

capacities, 28-4
coals, 28-3, 28-6; preparation, 28-4 ff
combustion efficiency, 28-7
crushed-coal sizing (graph), 28-5
fabrication, 24-9
firing systems, 28-4 ff
oil and gas fired, 28-5
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Cyclone Furnace, operation, 28-2, 28-9
suitability of fuels, 19-10, 28-3 ff
test results, 26-3, 28-3, 28-7

Cyclone steam separators, 9-10 ff, 29-18

Deaerators, feedwater, 21-20, 21-28
Demand charge, 23-21
Density, conversion, Appendix 10-A

gases (table), 4-2
steam (graph), 9-3
water (graph), 9-3

Dew point, 11-11, 11-14, 11-17, 11-27, 14-11 ff, 19-15,
20-10 ff, 21-19, 23-4, 29-15

Diatomaceous earth, 14-8
Diesel oil, 3-4
Differential thermal analyzer (illus), 26-4
Diffusion, 7-15
Digital data logger (illus), 30-1
Diphenyl air heaters, 11-19
Discharge coefficient, 8-6 ff
Disengaging surface, 1-5, 9-9 ff
Dissociation, gas, 4-7
Distillation, fractional, 3-4
Dolomite, 22-5
Doors, access, 14-13

inspection, 14-12
Double-slag process, 22-7
Draft, balanced, 5-2

definitions, 5-2 ff
differential, 5-3
forced, 5-2
induced, 5-2
loss, 5-3, 8-18 ff, 11-23, 11-29, 23-10
natural, 5-4
stack, 8-19

Drawbench (illus), 24-5 ff
Drum, baffles, 9-10 ff, 29-17 ff

erection, 25-5 ff
fabrication, 24-1 ff
protection, 21-8
structural supports, 25-6
thermal stresses (chart), 21-8
welding, 24-2 ff

Drumhead fabrication, 24-2
Dry-ash boiler unit, 11-8
Ductile cast iron, 22-4
Ductility, 22-26
Dulong’s formula, 4-3
Dust, collector performance, 8-22, 28-8

emission, 28-1, 28-7
loading, waste gases, 19-12 ff
particle size, 8-22

Economizer, blowdown, 21-6
by-pass, 29-16
calculations, 11-21, 11-23
corrosion, 11-14, 18-14, 23-4, 29-16
marine types, 29-16
recirculating connections, 21-6; illus, 21-12
soot fires, 29-17
stationary types, 11-11, 20-19
steaming, 11-13

Efficiency, effect of feedwater temperature, 10-11 ff
engine, 10-12
evaluation, 23-22
thermal, 10-4 ff

Electric furnace, 22-6 ff
Electron microscope (illus), 22-38
Electrostatic precipitator, 8-22, 19-4, 20-12
Elevation, effect on draft loss, 11-23, 23-7
Elverite, 22-3
Emissivity, definition, 7-6

various substances (table), 7-6
Endothermic reaction, 3-11; footnote, 4-3
Energy, equivalency, matter, 27-2

general equation, 10-1
internal, 10-1
intrinsic, 10-1
kinetic, 10-1
nuclear, 27-1
potential, 10-1
production, U.S., 2-5
solar, 2-1

Enthalpy, air, 4-A4
flue gas, 4-A2
water and steam, 10-2; tables, 10-Al ff

Entrainment, 8-20 ff
Entropy, 10-3; tables, 10-Al ff
Equipment selection, 23-1 ff
Equilibrium diagram, iron, 22-10 ff
Equivalent, diameter, definition, 7-11, 8-9

length, heat flow path, 6-16, 7-4
Erection, Chapter 25

material handling and storage, 25-4
mechanical equipment, 25-17
planning and coordination, 25-1
preparation at job site, 25-3
procedures, 25-4 ff
schedule, 25-2
time and cost estimates, 25-1 ff

Erosion, 5-17,18-9; ash, 23-16, 28-1, 28-3, 28-8 28-10
Ethane, 3-5
Eutectoid point, ferrous metals, 22-10
Evaluations, 23-21 ff
Evaporation, 7-15 ff
Evaporator, make-up feed, 21-28

pulp, 20-2,20-11 ff
1-5

Excess air, combustion, 4-7 ff
-CO2 conversion, 4-11; graph, 4-12
effect on ash properties, 18-4 ff
effect on steam temperature, 13-2- dia? n dformulas, 4-11 ’ 5’ *
O2, Ns, COs relationship (graph), 4-H

Exit loss from stacks, 5-5
Exothermic reactions (footnote), 4-3
Expanded metal lath (illus), 14-5, 14-9
Explosion, doors, 14-8

furnace, 14-7
Extrusion process, tubes, 22-20

Fan, calculations, 5-15 ff
capacity, 5-14 ff
characteristics (graph), 5-10
drives, 5-12
output control, 5-12 ff
performance, 5-9, 10-15 ff
power evaluation, 23-22, 23-24 ff
requirements, 5-14 ff
safety factors, 5-13
selection, 5-15
system resistance, 5-11
testing, 5-11
types, Chapter 5

Fanning equation, 5-5, 8-9
Fault monitors, 30-14
Feed-pump power, 23-24

-control systems, 30-10 ff
Feedwater, heaters, 10-13 ff

make-up, 10-18, 21-19 ff, 23-4
temperature, effect on steam temp, 13-2
treatment, 21-19 ff

Ferrite, 22-11 ff
Film, boiling, 7-16, 9-1, 21-23

conductance, 7-3, 7-8, 7-18, 11-25 ff, 12-6, 21-22
Firebrick, insulating, 14-9

terms and illus, 14-2 ff
Fire clay, 14-2
Fire-tube boiler, 11-1
Fissionable material, 27-1

detectors, 30-12 ff
"’lame, heating, 25-10

impingement, 17-20 ff, 21-24
Flanged joints, 25-14

■ lash and fire points, 19-5
Flow work, 10-1
Flue gas, enthalpy, 4-A2 ff

partial pressure (graphs), 11-28
sampling, 4-11, 6-18, 30-6

Fluid, definition, 8-1
volume and weight, 8-3

Fluid flow, coefficients, 8-6 ff

Index

Fluid flow, coils, 8-17
continuity equation, 5-3, 8-3
tirag coefficient 8-6
ducts, 8-17
entrainment, 8-20 ff
expansive fluid, 8-2 ff 10-3
friction, 8-3
incompressible fluid, 8-2 ff 10-3
nozzles, 8-3 ff, 10-2 ff
pipes, 8-7 ff
shock losses, 8-15 ff, 9-5
stacks, 5-5
tube banks, 8-15 ff
valves and fittings, 8-13; table, 8-12

Fly-ash, discharge, 8-22, 23-7, 28-1, 28-7 ff
erosion, 28-1
particle size, 8-22
sintering, 18-13

Foaming, 9-8
Forced-draft fans, 5-14
Forest areas of the world, 3-4
Forging of steel, 22-17, 24-5, 24-9 ff
Fouling factor (graph), 11-32
Foundations, 25-3
Friction factor, crossflow gases (graph), 11-33

flow in pipes and ducts, 5-6, 8-7 ff
F-type boilers, 11-5 ff, 23-12 ff
Fuel, available at site, 23-4 ff

Btu value, see Heat of combustion
common (table), 4-2
consumption by electric utilities (table), 2-4
costs, 3-9
-flow' measurement, 30-5
fossil reserves, U.S., 2-2
gaseous by-product, 19-1
gaseous, from coal, 3-10, 3-A5
liquid by-product, 19-5
liquid-mixture compatibility, 19-5
mechanism of burning, 17-16
miscellaneous, 3-10, 19-1 ff
properties and utilization, 3-/ ff
residues, 18-1
solid by-product, 19-5
use, 2-2 ff; graph, 3-1
wood, 3-4 ff, 3-A4

Fuel oil, additives, 18-19 ff, 29-13
analyses (table), 3-A2
ash analyses, 18-16
commercial standards, 3-A2
costs, 3-9
gravity, 3-7; tables, 3-Al ff
specifications, 3-7, 3-Al
storage, 3-6
transportation costs, 3-6
viscosity (table), 3-Al ff
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Fuller-Kinyon pump, 17-5
Furnace, Bailey block, 14-4

billet-heating (illus), 22-18
black-liquor, 20-3 ff
close-spaced tubes, 14-5
Cyclone, Chapter 28
cylindrical, 19-3
design, 18-5
division wall, 13-6, 23-19 ff
dry-ash-removal, 18-7 ff, 28-1, 28-7 ff
Dutch oven, 19-6 ff
effectiveness factor (graph), 7-20
electric-arc (illus), 24-5
exit temperature, 4-7, 7-18, 7-20, 20-7
explosions, 14-7
function, 28-1
heat loss (graph), 7-22, 14-8
magnesium bisulfite, 20-17
platens, 11-8,11-11, 19-16
pressure-operated, 5-16, 14-11, 23-12, 23-15 ff,

25-17, 28-7, 28-9
screens, 20-7, 28-4, 28-10
slag-fuming, 17-22
slag-tap, 14-4, 18-7 ff
stress-relieving (illus), 24-3
stud-tube, 14-4 ff, 20-5
temperature contours (illus), 7-18
vibration, 14-8
walls, marine, 29-9 ff, 29-17 ff; membrane, 24-7;

panel, 25-6 ff; sectional, 14-3
Ward, bagasse, 19-6
water-cooled, 1-8, 14-3 ff, 19-3, 19-15, 20-4 ff,

23-10 ff, 29-17 ff

Gage glass, 1-3, 21-4,21-10 ff
Gas, analyses, 4-6

chromatograph (illus), 26-4
constant, specific, 5-1; universal, 5-1, 6-2
definition, 8-1
dissociation, 4-7
expansion properties, 6-2
laws, 5-1, 6-2
molal specific heat, 4-Al
recirculation, 1-9, 13-4 ff
sampler, see Flue gas sampling
specific weight and other properties (table), 4-2
temperature measurement, 6-17 ff, 30-3
tempering, 13-5 ff, 18-6
velocity, recovery units, 20-10
washers, 3-11, 19-4

Gaseous fuels from coal (tables), 3-A5
Gaskets, 21-11 ff, 25-13 ff
Gasoline, 3-4
Gauss’s theorem, 6-20

General energy equation, 8-1, 10-1
Graphitization in steel pipe, 22-35
Gravity acceleration constants, 8-13
Green liquor, pulp, 20-3
Grindability, 2-13; index, 17-13

Hall, R. E., 21-21
Handholes, 14-13, 25-13 ff
Hardness, Brinell, 22-27

conversion data, 22-26
Rockwell, 22-27
Vickers, 22-27

Harter, Isaac, 21-20
Headers, cylindrical (illus), 24-4, 24-6

sinuous (illus), 24-6, 29-5, 29-18
Heat, absorption rates, furnaces, 7-19, 7-21, 28-2;

marine boilers, 29-9 ff
-balance losses, 4-7 ff, 4-11, 4-A11 ff
balances, 4-7 ff, 4-11, 4-A11 ff, 10-12,10-16 ff
conductance, 7-1 ff, 14-9 ff
energy distribution by fuels, 3-1
equivalent, kwhr, hp-hr, 10-7
flow, general equation, 7-2; in series, 7-4!
flux density, 7-8
losses, inherent, 4-10; avoidable, 4-11
mechanical equivalent, 10-2
of combustion, 4-1; table, 4-2
of vaporization, 9-1
rates, 10-7 ff, 23-21
-release rates, furnace, 18-5 ff
-resisting alloys, 22-36
sink, 10-4
source, 10-4
values, high and low, 4-3 ff

Heating, electrical-induction, 25-10 ff
electrical-resistance, 25-10
flame, 25-10

Heat transfer, applications, 7-17
cavities, 7-12
conduction, 7-1 ff; unsteady state, 7-5
convection, 7-1, 7-8; banks, 7-17
fluidized bed, 7-14
furnaces, 7-18
insulation, 7-21
modes, 7-1
porous materials, 7-13
radiation, 7-1, 7-6 ff, 18-5
waste gases, 19-11

Hero’s engine, 1-1
High-temp-water generator, 23-10
Hooke’s law, 22-25
Horizontal-return-tubular (HRT) boiler 11-1-

illus, 11-2
Horsepower, boiler, 11-9

1-7

Hot-forming of steel plate, 24-1 ff
Hot-spinning header end (illus), 24-5
Hot-working of steel, 22-17
H-type boiler, 11-5
Hydrazine in feedwater, 21-30
Hydrogenation, 3-4
Hydrogen sulfide, 3-5, 3-11
Hydropower in U.S. (table), 2-5; graph, 3-1
Hydrostatic test, during erection, 25-15’

tubes, 22-22

Ignition, stability, 17-16 ff
temperature, 4-4; table, 4-5

Impact tests, 22-27
Induced-draft fans, 5-15
Ingot, drawing (illus), 24-5

piercing (illus), 24-5
steels (illus), 22-6

Interlock systems, 30-12 ff
Instrumentation, boiler, 21-1 ff, Chapter 30

commercial, 30-1
electrical, 30-3
flow-measuring, 30-3 ff
level-measuring, 30-4
mechanical, 30-3
pressure-measuring, 30-3
temperature-measuring, 30-3
test, 30-1

Insulation, application, 14-8
block, 14-8 ff, 25-16
calculation, 14-9
furnace, 14-8 ff, 25-15 ff
plastic, 14-9, 25-15
various materials used, 14-8 ff

Integral-Furnace boiler, 11-5 ff, 23-12 ff
Intertube radiation, 7-13, 11-33
Iron, allotropic transformations (illus), 22-10

alpha, 22-9
atomic structure, 22-9
carbide, 22-3
carbon in, 22-10 ff
cast, properties (table), 22-3
castings (illus), 22-4
delta, 22-9
ductile cast, 22-4
equilibrium diagram, 22-11
gamma, 22-9
malleable, 22-3
oxides in ash, 18-4 ff
pig, 22-2

' ion ore, 22-1; basic, 22-2
beneficiation, 22-1 ff
Bessemer, 22-2, 22-5
gangue, 22-2
phosphorus in, 22-2

Index

Isentropic, compression, 10-4 ff
expansion, 10-4 ff

Isothermal, compression, 10-4 ff
expansion, 10-4 ff

Isotope, 25-12, 27-1 ff
Izod test, 22-27

Joule’s equivalent, 10-2

Kaolin, clay, 14-3
Kelvin, temperature scale, 6-1
Kerosene, 3-4
Kraft, process, 20-2 ff

pulp-mill flow diagram, 20-3

Laboratory, chemical (illus), 26-5
critical experiment (illus), facing 27-1; 27-3 ff
metallurgical (illus), 22-28, 26-5

Laminar flow, 8-17
Liquid, definition, 8-1
Liquid-ash removal, see Slag-tap boilers
Log mean temperature difference, boiling, 11-20

counterflow, 7-12, 11-20
graphs, 7-Al ff
parallel flow, 7-12, 11-20

Losses, circulation, 9-5
combustible, 4-A5, 17-16, 17-21
dry gas, 4-7, 4-A5
friction, 5-5, 8-3, 9-5
moisture, in air, 4-A5 ff; in fuel, 4-A5 ff
turbine, 10-12 ff

Magnaflux tests, 22-22, 22-25, 24-3, 25-13
Magnesite, 22-5
Magnesium bisulfite process, pulp, 20-17 ff
Magnetic-particle inspections, see Magnaflux tests
Manganese in steel, 22-14
Manholes, 25-13
Manipulator unit (illus), 27-12
Manufacturing, methods, 24-1

requirements, 24-1
Marine boiler, design criteria, 29-9 ff

early history, 29-1 ff
fuels, 29-3
general design, 29-2 ff
location in ship, 29-5

Martensite, 22-11 ff
Mass density, 7-10
Mass flow, gas, 11-11, 11-22 11-27, 1--/

in Fanning equation, 8-9, 9-b
steam (table), 12-4,12-6
steam film conductance (graph). 12-6
-velocity head relationship, gas and air (graph),

8-18
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Mass transfer, 7-15
Material storage, erection, 25-4
Mead recovery system, 20-20 ff; diag, 20-21
Mean, effective pressure, 10-4 ff

radiating length, gases (graph), H-28
Membrane wall, 24-7
Metallography, 22-1
Metallurgy, Chapter 22
Methane, 3-4 ff
Mev, Btu equivalent, 27-2
MgO recovery unit (illus), 20-18
Mineral wool, 14-8 ff
Moisture, air (footnote), 4-9, 4-Al; chart, 4-A13

coal, 2-12, 15-3, 17-2,17-5 ff
losses, heat balance, 4-A5
pitch and tar, 19-5
steam, 9-8 ff

Mole in combustion, 4-5 ff, 4-A5 ff
Molecular weights, fuels (table), 4-2
Mollier diagram, 10-A6
Molybdenum in steel, 22-15
Moody friction factor, 5-6, 8-9, 9-6
Mud drum, 1-5, 11-3
Mullite, 14-8

Natl Bd of Boiler and Press. Vessel Insp, 25-11
Natl Fire Protective Assn, 3-6,17-14
Natural gas, analyses, 3-A3

as fuel, 3-8 ff
costs, 3-9
production, 3-3
reserves, 3-2 ff
sour, 3-5
storage, 3-6
transmission lines, 3-2 ff

Neutral sulfite semichemical process, 20-20 ff
Neutron, capture, 27-2

definition, 27-13
moderator, 27-2

Newcomen’s engine, 1-1 ff
Nickel in steel, 22-15
Niobium in steel, columbium, 22-15
Nitrogen, in air (table), 4-3

in coal, 2-6, 2-8
Nozzle flow, 10-2 ff
N.S. Savannah, 27-6 ff
Nuclear, assembly facility (illus), 24-11

boiler plant (illus), 27-4, 27-7 ff
containment vessel, 27-5, 27-8; illus, 27-7
control system, 27-2, 27-7, 27-10
energy, 27-1
facility for material testing (illus), 2,7-4
fission, 27-1
fuel elements (illus), 27-3

Index

Nuclear, fuels, 27-1
glossary, 27-13
heat exchanger (illus), 24-11
merchant-ship reactor, 27-6 ff
plate-type fuel element, 27-3
power plant (illus), 27-4
reactor, components, 27-1 ff; definition, 27-1
rod-type fuel element, 27-3
test facilities (illus), 27-4

Nucleate boiling, 9-1
Nucleon, 27-13
Nuclide, 27-13
Nusselt number, 7-10

Oil, conversion from other fuels, 16-5, 16-20, 23-12
costs, 3-9
field distribution, U.S., 3-2
spraying of coal, 15-6

Oil shale, analyses (table), 3-A3
costs, 3-10
refining, 3-5
reserves, 3-3

Once-through boiler, 1-9, 9-2, 13-1, 21-30; illus, 1-10,
28-9

Open-hearth process, 19-13, 22-5
Open-Pass (OP) boiler, 11-7
Open-pool reactor, 27-8 ff
Operation, initial, 21-3

low-load, 23-9
stokers, 16-7 ff
with various fuels, 23-5 ff

Optical pyrometer, 6-3
Ore roaster, waste gas, 19-14
Orsat gas analyzer, 4-6, 4-11 ff
Outdoor installations, 14-12, 23-8
Overfire air, 16-3, 16-8, 16-10 ff
Oxygen, corrosion, 21-20, 21-25 ff, 29-16

in air (table), 4-3
in feedwater, 21-20, 21-28, 23-4
required for combustion (table), 4-2; 4-4

Package boiler, 23-12 ff, 23-15
control, 30-12

Papermaking, 20-1
Parr, S. W., 21-20
Parr formulas for coal, 2-6 ff
Partial pressure of gases (graphs), 11-28
Particle, separation, 8-21

size, 8-22
Pearlite, 22-13
Pebble heater, 11-19
Petroleum, coke, 3-4, 3-11

imports, 3-1
pitch, 3-12

Petroleum, production, 3-2
recovery, 3-2
reserves, 3-1 ff

pH values, significance, 21-38
Phosphorus, in iron ore, 22-2

in steel, 22-14
Physical properties, factor, 7-11, 11-30;

gases (table), 8-11
liquids (table), 8-11
pig iron, 22-2
steel alloying elements, 22-Al

Pipe, large-diameter thick-wall, 22-22
standard sizes (table), 8-14
steam, 22-34 ff

Pitch and tar, definition, 19-5
petroleum, 3-12
suspended matter, 19-5
viscosity, 19-5

Pitot tube, 5-2, 8-3
Plastic chrome ore, 25-15
Plate bending, 24-1 ff
Platens, tube arrangement, 11-8, 11-11
Potentiometer, 6-7, 6-11 ff
Power required by auxiliaries, 23-21 ff, 28-7
Prandtl number, 7-10
Preheated air, advantages, 11-15

with pulverized coal, 11-15, 17-2,17-6, 17-12 ff
with stokers, 11-15, 16-5

Preheater, see Air heater
Press, hydraulic (illus), 24-1
Pressing steel plate, 24-1
Pressure, casings, 14-11

critical, 8-4, 9-1, 12-2
drop, calculation, 9-6 ff, 11-26
loss, reheater and superheater, 12-4 ff
operation, 5-16
-volume diagram, 10-6

Pressurized-water reactor, 27-3 ff
Primary air, 17-3, 17-12 ff
Priming, 9-8Process steam, 10-1, 10-20 ff, 23-2 ff, 23-21
Producer gas as fuel, 3-11
Products of combustion (table), 4-2
Propane, 3-5
Proportional limit, 22-25 ff

drums, 21-8
Protection, external surfaces, 21-19

internal surfaces, 21-18
Proton, 27-1
Proximate analysis, 2-6
Psychrometric chart, 4-A13
Pulp products, 20-1
Pulverized anthracite, 17-5
Pulverized coal, advantages, 28-1

Index

Pulverized coal, air distribution, 17-19 ff
air mixture, 17-3,17-15, 17-17
ash, 18-7
bin system, 17-4
burners, 17-15 ff
combustible loss, 17-16,17-21
cost of preparation, 17-15
development, 17-4
direct-fired, 17-6 ff
disadvantages, 28-1
drying, 17-2,17-12
fineness, 17-2, 17-12 ff, 28-1; chart, 17-14
for smelting and refining, 17-21, 19-15
ignition, 17-16 ff
power consumption, 17-11
preparation, 17-2
sampling, 17-13 ff
sizing, 28-1
systems, 17-4 ff
transport, 17-5
use by industries (table), 17-1
velocity in pipes, 17-15

Pulverizer, assembly, 24-9
balls, 22-4, 24-10
capacity factor (graph), 17-12
characteristics, 17-7 ff
design fundamentals, 17-2 ff
exit temperature, 17-12
gears, 24-9
requirements, 17-2
size range (B&W), 17-9 ff
types, 17-7 ff

Pump, energy equation, 10-3
performance, 10-14 ff
various types, 10-14 ff

Pyrites, 15-3, 18-2
Pyrometric, cones, 6-2

paints and crayons, 6-2, 6-21, 25-11

Radiant (RB) boiler, 11-8, 11-10, 23-19
Radiation, absorptivity, 7-6

cavity, 7-21, 11-26
conductance (graphs), 11-24
emissivity, 7-6
gas, 7-7
intersolid, 7-6 ff
intertube, 7-13, 11-33
loss (graph), 7-22
penetration, 7-17; graph, 7-20
pyrometer, 6-4
reflectivity, 7-6
transmissivity, 7-6

Radiographic inspection, 22-22 ff, 24-3, 25-12 ff
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Reactor, coolant, 27-2, 27-6
core, facing 27-1, 27-5
design parameters (table), 27-3
fuel-transfer cask (illus), 27-10 ff
pressure vessel (illus), 27-5
shielding, 27-2, 27-5, 27-8
types, 27-2

Realization ratio, 10-18
Recirculation, air, 11-17

gas, 11-19, 13-4 ff
Recovery unit, air heater, 20-9

alkaline process, 20-2 ff
auxiliaries, 20-13 ff
boiler section, 20-9
furnace construction, 20-5
heat balance, 20-10 ff
kraft process, 20-2
Mead process (diag), 20-21
nominal size, 20-9
NSSC process, 20-20 ff
salient features, 20-3 ff
smelter-type (illus), 20-20
sulfite process, 20-15 ff
superheater, 20-7

Red liquor, pulp, 20-16
Red-shortness in steel, 22-14
Refinery gas, 3-4
Reflectivity, 7-6
Refractory, conductivity, 7-14; graph, 14-9

plastic, 14-9, 25-15
porosity, 7-14
shrinkage, 14-9

Regenerative cycle, 10-9 ff, 12-1
Reheat, cycle, 10-9

dual, 1-9 ff
heat-balance diagram, 10-18
temperature control, 21-13

Reheat steam, 10-9, 12-1 ff, 21-7, 21-12 ff
temperature control, 13-9

Reheated steam, advantages of, 12-2
use of, 12-1 ff

Reheater, allowable stress (table), 12-7
cleaning, external, 12-9; internal, 12-8
development of, 12-5
design, 12-7
operation, 21-12 ff
radiant (illus), 12-3; 13-1
supports, 12-8
tube materials, 12-7
tube sizes, 12-9
tube spacing, 12-9

Relative humidity (chart), 4-A13
Repairs by welding, see Codes
Research, categories, 26-1

Index

Research, organization and facilities, 26-2
reactors, 27-8 ff

Reverberatory furnace, waste gas, 19-16
Reynolds number, 7-9

-friction factor relationship, 8-10; graph, H-33
gases (graph), 11-28
in circulation calculations, 9-6
in stack calculations, 5-6
-tube arrangement relationship, 11-23, 11-29

Rheolaveur launder, coal, 15-5
Rigging in erection, 25-5
Rolling steel, plate, 22-17 ff, 24-2

tubing, 22-19
Rotary piercing, 22-6 ff, 22-18 ff
Rules for inspection, power boilers, see Codes

Safety valve, blowdown, 23-3
first, 1-1
setting, 21-10, 23-2

Scale in boiler tubes, 7-18, 21-17, 21-27, 21-31, 29-10 ff
Scotch marine boiler, 11-1; illus, 11-2
Seal welds, 25-8
Settings, Chapter 14, 29-17

outdoor (illus), facing 3-1; 14-12
Shale oil costs, 3-10
Shell-type boiler, 11-1
Silica contamination, 9-12, 21-25 ff
Silicon in steel, 22-14
Sintering of ash, 18-4, 18-12 ff
Skelp, 22-20 ff
Slag, convection surfaces, 11-10, 29-7, 29-13

-fuming furnace, 17-22
-handling equipment, 28-6
screen, 11-10 ff, 20-7, 28-4, 28-10
tank, 28-6
-tap boiler unit, 11-8, 18-7 ff, 23-18 ff
-tap operation, 18-9 ff
utilization, 18-11
viscosity, 18-7 ff, 28-3 ff

Sludge, 21-24, 21-26 ff
Smelter furnace, waste gas, 19-15
Smog, definition, 5-8
Smoke Regulating Ordinance, ASME, 5-8; 23-7
Socket welds, 25-8
Soda process, pulp, 20-14
Sodium, fume recovery, pulp, 20-12 ff

in fuel oil, 18-17
Solid, definition, 8-1
Soot blowers, 18-4,18-18 ff, 21-14, 21-17 ff

recovery units, 20-10
waste-heat boilers, 19-15 ff

Space heaters, 23-2
Spalling, 14-6
Specific gravity, coal and impurities, 15-4

fuel oil (table), 3-Al ff; API, 3-7
1-11

Specific heat, air (graph), 11-24
gases (graphs), 11-24, 4-Al
steam (graph), 7-8

Specific volume, gases (table), 4-2
saturated water (tables), 10-Al ff
steam (tables), 10-Al ff

Specific weight, gases (table), 4-2
steam (graph), 9-3
water (graph), 9-3

Spectral-shift control reactor, 27-9 ff
Spectrograph, analysis, steel, 22-7; illus, 22-38
Spheroidization, 22-16
S.S. Esso Gettysburg (illus), 29-3
S.S. Export Ambassador (illus), 29-2
S.S. John A. France (illus), 29-19
S.S. Santa Rosa (illus), 29-19
S.S. United States (illus), 29-1
Stack, calculations, 5-6

diameter and height, 5-6
discharge, 8-22, 16-6, 28-1, 28-7 ff
draft, 5-5 ff, 8-19
effect, 5-3; table, 5-4
friction, 5-5; graph, 5-6 ff
maintenance, 5-17

Stanton number, 7-10
Steam, calorimetry, 8-19 ff

condensers, 10-13
contamination, 9-10 ff
cycles, 10-10
-drum baffles, 9-10 ff, 29-17 ff
early history, 1-1
engine, first, 1-1; first noncondensing, 1-3
feedwater heaters, 10-13 ff
-film temperature drop, 12-7
flow, peak, 23-4
for power generation, 23-2 ff
for process, 10-20 ff, 23-2 ff
gage, first, 1-3; 21-4, 21-9
generation, 9-1 ff
governor, 1-3
indicator, 1-3per cent by volume and weight (graph), 9-3

purity, 9-8 ff, 29-18
quality determination, 8-19 ff
reheaters, 1-7 ff, 12-5role in nuclear power, 27-1, 27-4, 27-7, 27-9
scrubbers, 9-8, 9-10 ff
separation, 9-8 ff
separators, see Cyclone steam separators
silica in, 9-11 ff
specific heat (graph), 7-8
specific volume, 10-Al ff
specific weight (graph), 9-3
tables, 10-Al ff
temperature adjustment, 13-2 ff

Index

Steam, temperature control, 12-2, 13-3 ff, 21-13,
23-3 ff, 29-13

temperature-control instruments, 13-10
temperature, factors affecting, 13-2,13-4 ff
temperature regulation, 13-2, 29-13
temperature tolerance, 13-1
turbine condition line, 10-12 ff
turbine energy equation, 10-2
use, 23-1 ff
viscosity, 8-14
washing, 9-11 ff

Steel, allowable stress, 22-A6 ff
alloying elements, 22-11 ff; table, 22-Al
annealing, 22-16
basic-oxygen process, 22-6
Bessemer process, 22-2, 22-5
blue-brittle range, 22-28
capped, 22-9
chemical composition (table), 22-A4
cladding, with stainless (illus), 24-11 ff
cold-shortness, 22-14
critical point, 22-10
Croloys, 22-33 ff
definition, 22-4
electric-furnace process, 22-6
eutectoid point, 22-10
grades, 22-36, 22-A10
grain size, 22-17 ff, 22-31 ff
hardening, 22-16
heat-treating, 22-16 ff
high-temperature properties, 22-27
ingot, 22-7 ff; types (illus). 22-6
killed, 22-5 ff
mechanical properties (table), 22-A4
mechanical working of, 22-17 ff
microscopic examination, 22-12
normalizing, 22-16
open-hearth process, 22-5
oxygen-blown process, 22-6
phase changes, 22-10
plate, 22-17 ff, 22-32
red-hardness, 22-15
red-shortness, 22-14
research and development, 22-36 ff
rimmed, 22-5 ff
semikilled (illus), 22-5; 22-9
structural fabrication, 24-8
tempering, 22-17
tube and pipe, 22-32 ff
types, 22-8

Stefan-Boltzmann law, 6-3, 7-6
Stevens, John & John Cox, 1-3
Stirling boiler, 1-7, 11-6, 19-6 ff, 23-11, 23-18
Stoker, air temperatures, 16-5

arches, 16-2
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Stoker, chain- and traveling-grate, 16-1
grate construction, 16-2,16-8,16-10
operation, 16-7,16-9,16-14,16-19
spreader, 16-10
vibrating-grate, 16-8

Stokes’s law, 8-22, 9-9
Straub, F. G., 21-20
Streamline flow, 7-9
Stress, allowable in steels, 22-A6 ff

relief, 24-3,25-9 ff
rupture, 22-30 ff; illus, 26-3

Stud tensioner (illus), 27-11
Studs, for flanges, 25-14

on tubes (illus), 20-5, 25-15, 29-16; 24-6,29-16
welding of, 25-9

Subscripts, see Glossary, G-2 ff
Sulfate-alkalinity ratio, 21-20
Sulfidity, 20-21
Sulfite process, pulp, 20-15 ff
Sulfur, distribution in coal (table), 15-3

in fuel, 11-14; in iron, 22-4; in oil, 18-17
organic, 2-11,15-3
pyritic, 2-11,15-3

Supercritical, operation, 1-9, 9-1
sp vol, enthalpy, with temp (graphs), 10-A7

Superheated steam, advantages of, 12-2
use of, 12-1 ff

Superheater, allowable stress (table), 12-7
by-pass, 29-13
calculations, 11-21,11-25
cleaning, external, 12-9; internal, 12-8
convection and radiant in series (graph), 12-2
design, 12-5
development of, platens, 24-8
pendent, 11-8,12-3,12-8
radiant, 12-2 ff, 13-1; illus, 12-3
separately fired, 12-2,13-2 ff
tube, materials, 12-7; sizes, 12-9; spacing, 12-9
types, marine, 12-3, 29-4 ff, 29-11 ff
types, stationary, 12-2; illus, 12-3

Supports, boiler, 11-9,14-7,24-8, 25-5 ff
earthquake bracing, 23-7
superheater, 12-8, 25-6, 29-12

Surface, cleanliness, 11-32
disengaging, 1-5
heating, 11-9 ff
stability, metallurgy, 22-31

Sweat cooling, 7-14
Swell, boiler water, 21-4
Swelling index, coal, 16-5
Symbols, see Glossary, G-l ff

Tables, various conversion, 10-A8 ff
Tar and pitch, definition, 19-5

Index

Temperature, absolute zero, 6-1
adiabatic, 4-7
casing and insulation, 6-21 ff, 14-9 ff
centigrade, 6-1
coal pile, 6-22
cold-face, 7-22
color scale (table), 6-3
control laboratory, 26-3
conversion, 6-1
critical, 9-1
difference, log mean, 7-12; graphs, 7-Al ff
-entropy diagram, 10-3 ff
exit gas, 4-7, 7-18 ff, 20-13, 29-11, 29-14 ff
Fahrenheit, 6-1
fixed point, 6-1
fluids in pipe, 6-13
gradients, 6-15 ff
hot-face, 7-22
ignition, 4-4; table, 4-5
international scale of, 6-1
measurement, 6-2, 25-11, 30-3
recorders, 6-12
safe maximum for steel (table), 22-35
thermodynamic scale, 6-1
tube wall, 6-14 ff, 29-10
various waste-heat gases (table), 19-11

Temper-brittle, 22-17
Tensile test, 22-25 ff
Tensometer, 22-37
Test block specifications, fans, 5-13
Test, boiler, see Heat balance losses

coupons, 24-4
facilities, 26-2 ff
plate (illus), 24-2

Thermal conductivity, effect of pore size (graph), 7-14
steels (graph), 7-2
various materials (table), 7-2

Thermal probe (illus), 7-18
Thermocouple, application (illus), 6-11; 6-22 ff

cold junction, 6-6
electrical properties, 6-10, 6-Al ff
-emf relationship, 6-11; tables, 6-Al ff
error (graph), 6-18
high-velocity (HVT), 6-18
hot junction, 6-6
installation, 6-11, 6-14 ff; illus, 6-23
lead wires, 6-6 ff, 6-16
materials, 6-9
multiple-circuit, 6-7
multiple-high-velocity (MHVT), 6-18 ff
principle of the, 6-6
sensitivity, 6-8
-wire resistance and size (table), 6-10

Thermodynamic laws, 10-1, 10-3
1-13

Index
Thermometer, bimetallic strip, 6-3

calibration, 6-1
gas, 6-2
industrial, 6-5
liquid, 6-3
liquid-in-glass, 6-5
resistance, 6-4
stem correction, 6-5
wells, 6-13

Thermopile, 6-7
Thorium reactor, 27-4 ff
Throttling calorimeter, 8-19 ff
Titanium, in fuel ash, 18-20, 3-A4

in steel, 22-15
Total air, 4-8 ff, see also Excess air
Total solids, boiler water, 21-27 ff; table, 23-9
Transmissivity, 7-6
Tube, arrangement factor, 7-11; graphs, 11-31

-bank depth factor (graph), 7-11
banks, 11-10, 11-20, 29-10 ff
bending, 24-7, 24-10
cold-drawn, 22-19 ff
electrical-resistance-welded (ERW), 22-20 ff
-expanding operations, 24-11, 25-7
extrusion process, 22-6, 22-20
foreign matter in, 25-15
“ghost lines” (illus), 21-23
-hole drilling, 24-5; illus, 24-6
manufacture, 22-18 ff
mill, pulverized coal, 17-7
reeling, 22-19
-rounds, piercing, 22-18 ff
“safe-ended,” 29-12
seamless, 22-18 ff
sizes, 7-17,11-13 ff, 23-18, 29-4 ff, 29-11 ff
spacing, 7-17, 11-11, 29-11
steels, alloy, 22-6 ff
stubs (illus), 25-7
studded (illus), 20-5, 25-15; 24-6, 29-16
testing, hydrostatic, 22-22; ultrasonic, 22-22
-wall temperature, 6-14 ff, 29-10
wastage, 17-20, 29-16

Tungsten in steel, 22-15
Turbine, efficiency, 10-12 ff

topping, 1-7
Turbulent flow, 7-9

inside tubes, 7-10
outside tubes, 7-11

U'gine-Sejournet process, 22-20
Ultimate, analysis, 2-6

strength, steels, 22-A4
Universal gas constant, 5-1, 6-2 _ QUniversal-Pressure (UP) boiler, 1-9 ff, -3--°, - '
Upset, gas and steam flow, 29-12

U.S.S. Dewey (illus), 29-7
U.8.S. Saratoga (illus), 29-20

Vanadium, in fuel oil, 3-8,18-15 ff
in steel, 22-15

Vapor, 9-1
definition, 8-1
pressure, 6-2,10-1

Vegetation, as fuel, 2-1
wastes, as fuel, 3-4, 3-12

Velocity, acoustic, 8-4
allowable in pipes and ducts (table), 8-10
boiler circulation, 9-1 ff
flue gas, 8-22; table, 18-10
head, 8-2 ff, 9-5 ff
pressure, 5-2
pulverized coal in pipes, 17-17

Vena contracta, 8-6, 8-15
Venezuelan crude oil, 3-8
Ventilation, boiler room, 14-9 ff, 29-17
Vents, 17-4 ff
Venturi evaporator-scrubber, 20-13
Viscosity, common fluids, 8-11 ff

flue gas (graph), 7-10
fuel oil, 3-7 ff, 3-Al ff
pitch and tar, 19-5
slag, 18-7 ff, 28-3 ff
steam, 8-12
units (table), 8-13

Volatile matter, see Proximate analysis
heating value, 2-10 ff

Waste gases, cement kiln, 19-13 ff
open-hearth furnace, 19-13
ore roaster, 19-14
reverberatory furnace, 19-16
smelter furnace, 19-15
zinc-fuming furnace, 19-15

Waste heat, 19-11 ff
Waste-heat, boiler surfaces, 19-12, 19-15

boiler types, 19-11 ff
Water, -borne logs, 3-5, 3-9

column, 1-3, see also Gage glass
gas as fuel, 3-11
rate, 10-6 ff
reclamation system, 10-16
seal tanks (illus), 19-3
specific gravity, 10-14
specific volume, 10-Al
specific weight (graph), 9-3
-steam mixture, 9-2 ff; graph, 9-3
treatment, boilers, 21-19 ff
washing, boilers, 18-13; economizers, 11-13

Watt, James, 1-3,16-1
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Welds, butt, 24-8, 25-8
fillet, 25-8
in field, 25-7
nondestructive tests, 22-25, 24-3 ff, 25-12 ff
quality of, 22-25
seal, 25-8
sockets, 25-8
testing of, 22-25

Welded drums, 24-2 ff
Welding, arc, 22-23

automatic, 22-24 ff; illus, 24-2
butt, 24-8, 25-8
development of, 24-2
electrodes, 22-23, 22-A3
fusion, 22-23
heat-treatment in, 22-24 ff, 22-A2 ff
operator qualification, 25-9
oxyacetylene, 22-24
pressure, 22-22 ff
procedures, 25-9; tables, 22-A2 ff
processes, 22-22, 25-9
schedule, 25-7 ff
submerged-arc, 22-23 ff

Index

Wheatstone bridge, thermometry, 6-4
White liquor, pulp, 20-2
Wilcox, Stephen, 1-5 ff
Willans fines, 10-13
Wood, as fuel, 3-4 ff, 3-9

ash, 3-A4
-refuse burning, cyclonic, 19-10; pile, 19-7;

thin-bed, 19-9
transportation, 3-6 ff

Wood wastes as fuel, 3-12, 19-7 ff
Work-hardening of steels, 22-17

X-ray tests, see Radiographic inspection

Yield, point, 22-26
strength, 22-26; data, 22-A4

Zinc-ftiming furnace, 17-21 ff, 19-15
Zyglo testing, 22-25
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