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PREFACE.

The fuel tests discussed in this paper were made under two Heine |
water-tube boilers by the boiler division of the United States Geolog-
ical Survey fuel-testing plant at St. Louis, Mo. These tests began
during the Louisiana Purchase Exposition, in 1903, and have been in
_ progress since that time. The coals tested have been collected from
all the prominent fields of the United States.

It has been the object to compare fuels by determining the evapo-
rative performance of the boilers when using the various coals. Care-
ful and complete observations have been made with each coal, so that
it should be possible for engineers to determine from an examination
of the records whether the conditions of the tests were favorable or
unfavorable for the character of the coals tested.

The results of tests by the several divisions of the fuel-testing plant
that have been published thus far appear in () Bulletins Nos. 261 and
290 of the United States Geological Survey, giving preliminary reports
of the operations of the plant; (b) Professional Paper No. 48 of the
Survey, giving complete and detailed information of the tests made
during the Exposition.

The steaming tests were in charge of D. T. Randall during the Expo-~
sition period and of Walter T. Ray since that time. These men have
been ably assisted by a corps of trained observers and computers, who
have been alert, patient, and painstaking.

As soon as a cons1der&ble number of tests were available, it seemed
desirable to begin a comparison of the various tests on the basis of
such usual factors as over-all efficiency, rate of combustion, tempera-
ture of escaping gases, evaporation per square foot of heating surface,
etc. It soon developed that many interesting and apparently valua-
ble results were brought out by these comparisons, and hence they
were extended. The discussions of facts led to a search for theories,
and the men of the division sought out available literature bearing on
the various subjects under discussion. Thus has accumulated the
material here presented. It is not the work of any one, but of all.

To Messrs. Walter T. Ray, Henry Kreisinger, and Harry W. Weeks
should be accorded especial credit for preparing the larger part of this
material. Except for the cooperation and careful work of the chem-
ical division, under the supervision of Dr. N. W. Lord, much of the
work here reported would not have been possible.
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8 PREFACE.

Many of the relations submitted have been worked out &t the sug-
gestion of different engineers who were interested in particular phases
of the work. Some repetition in the matter presented is perhaps
unavoidable on account of the nature of the subject. Possibly much
that is new has developed during the discussion, because never before
have 400 boiler tests been made under two boilers (exactly alike)
with coals and lignites from all sections of the United States and with
all tests fired by the same expert fireman.

Acknowledgment is gratefully made to the many engmeers of the
country for helpful suggestions and kind criticisms that have come
to me while endeavoring to dlrect the tests of this division so that
they would prove of the grea,test value to the industries of the nation,
and to those engineers whose problem is still -to furnish boilers- of
greater capacity and furnaces of higher economy. It must not be
forgotten that all discussion is based.on the results obtained in a sin-
gle furnace with one type of boiler, but many of the results should
have wide application in any furnace and under any type of boiler.

Helpful suggestions or criticisms from manufacturers or engineers are:

again invited.
In submlttmg this paper 1 desire to thank Dr. Joseph A. Holmes
expert in charge of the fuel-testing plant, for his uniformly courteous

.consideration of the plans and needs of the boiler division and for the

freedom which he has always allowed us in carrying on the work. We
have appreciated his confidence and can only hope that it has been
merited. :

L. P. BRECKENRIDGE,
Engineer in Charge of the Boiler Division.
UrBaNA, ILr., January 14, 1907.



A STUDY OF FOUR HUNDRED STEAMING TESTS.
By Liester P. BRECKENRIDGE.

INTRODUCTION.
By Warrer T. Ray.

Origin of the bulletin.—As the so-called ‘“boiler tests " made by the
fuel-testing plant at St. Louis, gradually accumulated, it became evi-
dent to the men making them that a great deal of incidental work
was assuming the shape of a considerable compilation of plottings and
calculations of various matters pertaining to the tests, and that cer-
tain details of the work were beginning to shed hght on the inner
reasons for the unreliability of tests of coals made under steam boilers.
Much research work was being done in the boiler room simultaneously
with the steaming tests proper, and of this work also certain details
shed light on the same unreliabilities.

It was originally intended to insert these results in the regular bulle-
tins of the fuel-testing plant, but the further the work went the less
of a basis for general conclusions it seemed to be. For this reason
publication was postponed until a-large amount of matter was on
hand. In order to avoid undue bulk, no account of most of the work
itself is given Many of the negative results obtained are presented,
however, on the general principle that negative results are usually
worth as much as positive results.

‘Scope of the work.—An especm]lv striking 1nstance of the value of
negative results was noted in an attempt to check up the readings of
an optical pyrometer used on the combustion chamber by calculating
the initial temperatures of the gases entering the boiler in each test,
so as to find whether the pyrometer read too high or too low when
sighted on flame. The basis used for the calculation was the effi-
ciency noted as ‘‘72*, efficiency of boiler, per cent’ in the code of the
American Society of Mechanical Engineers. The calculated tem-
peratures of combustion were ridiculous, and were very puzzling for
some weeks. - Meanwhile a study was made of some chapters in John
Perry’s book, ‘“The Steam Engine and Gas and Oil Engines,” relat-
ing to the manner in which fluids give up heat and momentum, and

: - 9



10 A STUDY OF FOUR HUNDRED STEAMING TESTS.

making application of these principles to steam boilers. A develop-
ment of these ideas and their -application to the apparatus used in
these tests constitutes what is believed to be the most valuable part
of this bulletin. It is thought that a fairly trustworthy separation
has been effected for most tests of the true boiler efficiency and the
percentage of completeness of combustion. Apparently the former is
constant, as the theory indicates, and the practlcal ”” boiler efficiency
differs from it by only a very few per cent, the main cause of the differ-
ence apparently being that as a rule all of the fuel is not burned.

All of this work has been done with the hope of discovering new
guldmg principles for use in forecasting the results of burning any
given fuel more accurately than can now be done from chemical analy-
ses and observation of physical characteristics. It is true that at
present the choice of coals in any market for any given use can be
narrowed down to perhaps 20 per cent of the coals considered by a
consideration of market price, freight charges, chemical analysis, heat-
ing value, and physical characteristics; but the ambition of the boiler
_ division is to work toward that completeness of knowledege whereby
about three-fourths of the 20 per cent can also be discarded after
laboratory investigations.

It is also the intention of the boiler division to study the principles
of fuel combustion to such advantage that much coal can be saved,
and that cheap fuels can be used in certain operations where higher-
priced ones are now considered necessary. Such savings will really
redound to the benefit of producers of the best fuels of all grades quite
as much as to the benefit of consumers. A number of new lines of
work are suggested in the text; several of these it is planned to take
up soon, and some of them may give data for determining the burning
qua,htles of fuels independently of the apparatus in which the process
takes place.

Perhaps the most 1mportant reason for doing the research work,
and for making so many comparisons of the -data obtained from all
tests, was the feeling that the testing of fuels under boilers is at best
only approximately comparative. In short, it was the feeling that
we were on the wrong track, without knowing of a better one, which
led us to do the research work.

This work was performed and the results were prepared for publi-
cation under the direction of Prof. L. P. Breckenridge, engineer in
charge of the boiler division, by the following men located at St. Louis:
Walter T. Ray, Henry Kreisinger, Harry W. Weeks, Charles H. Green,
Robert H. Kuss, Loyd R. Stowe, William M. Park, Ralph Galt,
Fred O. Pa,hmeyer Raeburn H. Post, George S. Pope Gllbert E -
Ryder, Fred J. Bird, Carl J. Fletcher, and Perry Barker.

Many of the opinions given in this volume are not shared by all the
authors; some of them represent a compromise. The responsibility
of selecting materials and deciding what views should be taken on
many points naturally fell on Mr. Ray, who was the engineer locally



RELATIONS 'OF TEST DATA. 11

in charge of steaming tests at St. Louis, and to him is to be charged
the fault of any unjustified expressions of opinion or mistakes in text
or figures.

It is realized that future work may show that some of the opinions
advanced herein are faulty, and consequently the right is reserved to
. change them. Nevertheless, this work as a whole expresses the best
present knowledge of the boiler division, and is given out for others

to think about. It should be distinctly stated that the chemical
_division of this plant is in no way responsible for anything herein,
although its members have been consulted on some points and have
very kindly made many suggestions.

Special attention is called to the ‘‘General conclusions,” page 174,
and to the paragraphsentitled ‘ Commercial considerations,” page 177.

RELATIONS OF TEST DATA.’
RATE OF COMBUSTION.

Fig. 1 should be considered in connection with fig. 2, the same tests
being classified in both charts according to the pounds of dry coal
burned per square foot of grate per hour. The figures in the small
circles indicate the number of tests considered in determining the
position of the points near which they are placed. In fig. 1 curve
No. 1is high for low rates of coal consumption, because it is hard to
keep down the air supply. Curve No. 2 shows the per cent of stack
loss. It drops at first because the air supply increases. (See curve
No. 1.) Itrises on the right because the gases leave the boiler at
higher temperature, as shown by curve No. 3. The coals of the tests
averaged on the left of the chart are in general of good quality and
slower burning than those in the center; those on the right are some-
what lignitic in character. This perhaps explains why curve No. 3 is
low in the center; the combustion-chamber temperatures were lower
there, hence the flue temperatures were also lower. But, after all is
© said, the reason is in doubt, because the maximum ﬂue—temperature
range is only 50° F.

On comparing the flue-temperature curves of figs. 1 and 3 a dlﬁ'er-
ence will be seen in the left-hand énds. With reference to this curve
in fig. 1, the coals toward the left end become better in quality and
higher in “fixed carbon,” so that although they burned slowly the
combustion-chamber temperatures were fairly high, and consequently
the stack temperatures were higher than in the center of the curve.
With reference to the analogous curve of fig. 3, the coals to the left
are both poorer and slower burning, and a larger air excess was used,
relatively, which made the combustion-chamber temperature lower;
consequently the flue temperature was lower. Further, the lower
curve of fig. 1 is perhaps drawn a little too high at the left end, and
that of fig. 3 a little too low.



12 A STUDY OF FOUR HUNDRED STEAMING TESTS.

Fig. 2 should be considered in connection with fig. 1. Little can
be said of curve No. 1 (fig. 2), except that it rises slightly with
increasing rates of combustion—about three to five times as much

4
24
N
23
22 ~
N NO. ]
\\
arf -
T~ —_"'—‘
M = N
2ot
19 4
I No. 2]
2
18 q @ ed )
) ~ = 1S T
“ I~ L+
:
© € )
&2q,
I~ NO. 3 i
] ]
©0qj ] |4
I~ -]
I —— |t
. ) 16 17 8 19 20 21 22 23 - 2% zs
z POUNDS, OF DRY COAL BURNED PER SQUARE FOOT OF GRATE PER HOUR .

Fi16. 1.—Relations of rate of combustion to pounds of dry chimney gases per pound of ** combustible’’
(curve No. 1); per cent of loss up the stack, from heat balance (curve No. 2); and flue-gas tempera-

- ture (°F.) taken under stack damper (curve No. 3). Classified on rate of combustion as basis;
tests 126-355. ' : .

as the broken line just below, connecting the CO averages. The ris-
ing of both is perhaps a consequence of decreasing air supply per .

an
@ NO. |

"
]
10} -
//
A

° A
s NO. 8

3 ———— Py
[ - @ @ p—

'@ (&) ® (g\\
A4 \\
d1@L @ 11—

@-1+® @@ 3]
R0,
», T

~ LA
\ A

o
PPted NO. 3 >
[ = ——
16 4L
[T s 6 ” e 19 2o . 2 RR2 F- 29 23

3
POUNDS OF DRY-COAL BURNED PER SQUARE FOOT OF GRATE PER HOUR.

Fi16. 2.—Relations of rate of combustion to per cent unaccounted-for loss (curve No. 1); per cent of
CO loss (curve No. 2); and per cent of loss up the stack (curve No.3). Classified on rate of coms
bustion as basis; tests 126-355. .



RELATIONS OF TEST DATA. . 13
, :

ound of ‘“ combustible,” as indicated by curve No. 1 of fig. 1. Curve
p : X g _
No. 3 of fig. 2 is a reproduction of curve No. 2 of fig. 1. .
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14 A STUDY OF FOUR HUNDRED STEAMING TESTS.

supposedly liberated per square foot of grate surface per hour. Had
it been practicable, the six curves concerned would have been
plotted on one chart. According to curve No. 1 the pounds of dry
chimney gases per pound of ‘ combustible” decrease rapidly at first,
but for the right-hand half of the chart they remain constant. The
left half of curve No. 2 shows a rapidly decreasing stack loss, which
might be expected to remain about constant on the right, inasmuch
as the pounds of dry chimney gases per pound of ‘‘combustible”
remain constant. One explanation of its rising is that the circula-
tion of water in the boiler fails to increase at as rapid a rate as the
demands on it, in consequence of which the boiler is increasingly less
efficient as a heat absorber, wherefore the gases escape at a higher
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temperature. This explanation would make curve No. 3 consist of

two portions, the upward slope of the left half, which is due to rise
of furnace temperature, being continued for the rlght half by the .
decreasing efﬁcwncy of the boiler.

For a comparison of the shapes of the ﬂue—tempemture curves of -
this chart and of fig. 1, see the text-on the latter (p. 11).

Fig. 4 should be considered in connection with fig. 3. In both of
these charts, as already stated, the same tests are classified on the
basis of heat supposedly evolved; and here the emphasis is on the
word “supposedly,” for fig. 4 implies by circumstantial evidence that
some of the fuel never burned. Curve No. 1, the per cent ‘“unac-
counted for,” rises about 5 per cent, and curve No. 3, the per cent
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of CO loss, rises nearly 0.5 per cent along the same range of heat
supposedly evolved. The implication is that the rise of CO loss is
merely an indication of greater losses not ascertained, due probably
to incomplete combustion.

Curve No. 4 in this figure.is the same as curve No. 2 of fig. 3, a
tentative explanation of which is given in the text relating to that
figure (p. 13). The arrows on the curves indicate which coordinate
scales are to be used with each curve. ‘

Fig. 5 is based on about two hundred tests of coals from all parts
of the country. It is not true to any great extent that the better
coals are represented more in some parts of the curves than in others;
therefore the following deductions are fairly reliable. The 10,000’s
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F16. 6.—Theoretical curves of factors afiecting heat absorption, based on furnace temperature.

of B. t. u. supposedly evolved per square foot of grate surface per
hour was calculated by deducting the heat loss in CO and in com-
bustible dropping through the grate from the heat value of the coal
fired. Curve No. 1 shows that within the usual working range the
capacity is very nearly a straight-line function of the heat supposedly
evolved in the furnace. Curve No. 2 is especially significant, show-
ing a decided falling off in efficiency 72%,# as the amount of heat sup-
posedly evolved increases. By reference to the lower curve of fig. 6
it will be seen. that the volume of the gases of combustion from 1
pound of carbon is nearly constant whatever the air excess used, pro-
viding this excess is within reasonable limits of operation. Therefore
the volume of gases passing through the combustion chamber per

o For definition of efficiency 72* see *“ Efficiencies” in the glossary (p. 181).
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second is almost entirely & function of the coal burned, or, as given
here, of the number of B. t. u. supposedly evolved per hour; whence
the velocity of the gases as they pass from the fuel bed to the boiler
entrance is proportional to the number of B. t. u. supposedly evolved.
The emphasis is on the word ““supposedly,” for it is likely that the
1ncompleteness of combustion increases as the time occupied by the
gases in traveling from- fuel bed to boiler decreases. This reduction
“of time for combustion is perhaps the reason for the common remark
that when & combustion chamber is “ worked too hard” its efficiency
decreases; it may mix a large volume of gases as thoroughly as it
does a fraction of the volume, but the tlme available for combustion
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Another proba,ble cause of the drop of over-all efficiency (efficiency
of furnace and boiler) is the fact that the circulation of the water
inside of the boiler does not keep up with the capacity. Fig. 7
shows that the circulation of water does not increase in proportion
to the capacity as it should. The consequence is that the water
does not take the heat fast enough from the metal of the boiler,
which therefore remains hotter at the higher capacities. When the
heat-absorbing surface is at higher temperature less heat is avail-
able for the boiler, and hence the over-all efficiency drops. (See
p- 137.)
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On comparing the curves of capacity rise of figs. 5 and 8 it will
be noticed that a given percentage change in B. t. u. supposedly
evolved is accompanied by a much greater change in capacity than
is the same percentage change in pounds of dry coal burned. The
explanation is that as the pounds of dry coal burned per square foot
of grate become less, the B. t. u. evolved do not on the average
become much less, because some high-grade coals burn slowly; vice
versa, some coals low in heating value burn rapidly. The capacity
curve of fig. 8 may well have less slope than that of fig. 5. In study-
ing the curves of fig. 8 it will also be noticed that when the pounds of
dry coal burned per hour are doubled, efficiency 72* falls 5 per cent;
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F16. 8.—~Relation of pounds of dry coal burned per square foot of grate to per cent-of rated capacity
developed (curve No. 1) and efficiency 72* (curve No, 2), Tests 126-355.

whereas, referring to fig. 5, when the number of B. t. u. supposedly
evolved is doubled, efficiency 72* falls 7 per cent, indicating both
more incompleteness of combustion and poorer heat absorption.
Curves determined by classification of various coals on the basis
of pounds of dry coal burned per square foot of grate per hour are
only approximate; those based on the heat supposedly (or osten-
sibly) evolved are of more value. The only correct classification
would be on heat actually evolved as a basis. However, this involves
the determination of the losses due to incomplete combustion of
hydrocarbons and of solid particles of carbon escaping in smoke, and
such determinations are very difficult to make, perhaps impossible.
8400—Bull. 325—07——2
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COMBUSTION-CHAMBER TEMPERATURE.

Fig. 9 shows variation of temperature with firing in the Heine
furnace. Variations of the temperatures in the fuel bed, over the
fire, and in the combustion chamber are given with two very differ-
ent coals. These temperatures were taken with the Wanner optical
pyrometer (fig. 10), which was standardized before and after each
series of observations. KEvery series of readings was taken without
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F16.9.—Variation of temperature with firing in Heine furnace.

disconnecting the pyrometer from the battery after the standardiza-
tion. Owing to the fact that only one pyrometer was available the
temperatures were not taken simultaneously. The chart (fig. 9)
shows clearly the three things following:

1. During and shortly after each firing the temperature over the
fire and to some extent the temperature in the fuel bed drops, and
the temperature in the combustion chamber rises. The explana-
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tion of this variation is that the distillation of ““volatile matter”
is a cooling process and is undoubtedly a partial cause of the drop
of temperature in the fuel bed and over the fire, but the volatile
_ matter distilled is carried into the combustion chamber, where it
burns, causing a rise of temperature there.

2. The peaks in.the curve for combustion-chamber temperature
and the depressions in the curve for over-firé temperature are wider
for Ohio No. 8, a coal high in volatile matter, than for. West Vir-
ginia No. 19, a coal low in volatile matter, indicating that the vola-
tllo matter is distilled off and burned in shorter time in the West
Virginia coal than in the Ohio coal.

. 3. Combustion-chamber temperature is much higher with Ohio

No. 8 than with West Virginia. No. 19, while.fuel-bed and over-fire
temperatures are higher with West Virginia No. 19 than with Ohi~

MAT GLASS SCREEN :

1AL

AMYL ACETATE
LAMP >

F16. 10.~Wanner optical pyrometer in position for standardizing.

No. This contrast indicates that most of the West Virginia No.
19 coal burns on the grate and only a little in the combustion cham-
ber, while the opposite is true of Ohio No. 8.

The two similar curves of fig. 11 are based on.all tests (126-355)
having combustion-chamber temperatures as read by the Wanner
optical pyrometers. Coals from all parts of the country are included.
To obtain the upper curve the tests were grouped according to
pounds of dry coal burned per square foot of grate per hour; to
obtain the lower curve they were grouped on 10,000’s of B. t. u. sup-
posedly evolved per square foot of grate per hour, the supposition
being that all of the potential heat is liberated, after deductlng for
the loss of combustible in ash and for CO loss.

The rise in temperature throughout the whole range, for a doub-
ling of the base values, is very nearly the same in the two curves.
A significant feature of both curves is that the combustion-chamber
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temperature rises with the amount of heat liberated in the furnace;
perhaps because conditions of combustion grow better at first, on
advancing from poor coals at the left to the better ones in the center.

Curves No. 1 in fig. 1 and No. 1 in fig. 3 show the direct cause of the
decreasing rise in combustlon-chamber temperature.
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The curves of fig. 12 are based on one class of coals—those from
Illinois and Indiana. The only striking showing is that the code
“boiler efficiency” (72%) is practically constant throughout the
whole range of furnace temperature. All these coals are apt to
evolve compounds difficult to burn, and thus it is that the lower the
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percentage of oxygen present the less complete the combustion, not-
withstanding the higher temperature resulting. With these coals,
therefore, the decreasing completeness of combustion in our appa-
ratus Wlth rise of temperature seems to offset the i 1ncreas1nrr efficiency
of the boiler as a heat absorber, which is only about 10 or 12 per
cent within the range 1,850° to 2,850° F., according to the chart on
page 141.

In this chart, as in all others, where capacity is shown as a function
of furnace temperature, the two rise together. This relation will be
clear on remembering that much heat is absorbed through the tile
roof of the furnace; and the greater the amount of coal burned the
less in percentage will this absorption amount to, so that the tem-
perature at the last point of combustion is higher.
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F16. 12.—Relations of comhustion-chamber temperature to per cent of rated capacity developed (curve
No. 1); efficiency 72* (curve No. 2); and per cent unaccounted for plus per cent of loss up the stack
(curve No. 3). Classified on basis of combustion-chamber temperature (°F.), Illinois and Indiana
coals being used.

Fig. 13 is a companion to fig. 14, both cha,rts being based on
combustlon-chamber temperature.

The arrows on the curves of fig. 13 indicate which coordinate scales
are to be used with each. These thirty analyses were made at inter-
vals of twenty minutes, on flue gases from the base of the stack, the
combustion-chamber gases having been diluted with .air by infiltra-
tion after entering the boiler. The curves of fig. 14 were computed
on analyses of samples (taken half-hourly during about sixty tests)
from the rear of the combustion chamber, through the water-jacketed
gas sampler (fig. 15) described on - page 154, so that these samples
were probably undiluted.
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As the temperature of combustlon rises the oxvgen percentage
drops in a straight-line ratio and the CO,-curve rises in nearly the
same way; but the CO curve rises sharply after about 2,500° F.
(1,370° C., the temperature indicated by curve No. 4 of fig. 14)
has been reached. Of course the composition of the gases as affected
by temperature probably varies from coal to coal. It should be
remembered that on the whole the optical pyrometer probably indi-
cated considerably lower temperatures than actually existed, because
when burning short-flaming coals, or when running at’ the lower
capacities, little flame was szlble and the instrument was pointed
at a side wall V1s1bly cooler than even the clay-tube tiles forming the
furnace roof.

A
1Iws. Nlo- ' 60
|
N
N /
0, M No. 2, A 50
/
2 g
/. H
/ - : 3
a Y i z
gas /,/ | N - 130 3
d N P4 5
g % H
g A % o
8 NO. 3 | N 208
5 i |+
13 A =
g 7
# —
10
85 L1111 |
60 T 1800 E] 2000 100 00 300 2400 300 00 £700 €800
TEMPERATURE. IN COMBUSTION CHAMBER OF)

T1G. 13.—Relation of flue-gas composition to combustion-chamber temperature: Curve No. 1, Oz; No.2,
COg; No. 3, CO. Determined by averaging individual readings; tests 151-181.

Curve No. 1 of fig. 14 shows a gradual decrease in the Orsat totals
as the temperature is raised, accompanied by reduced air supply.
As the temperature rises the volume of hydrocarbons might be
expected to increase, but their proportional volume would be so small
that they would not affect this curve.

Fig. 16 is a graphic representation of the relation, in our apparatus,
of combustion-chamber temperature to flue temperature for 212
tests, certain tests having doubtful readings being omitted. Both
temperatures rise together. It is noticeable that the curve is less
steep in the upper portion, which may be accidental, but indicates
that at higher furnace temperatures the boiler absorbs a slightly
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greater percentage of the heat available to it above steam tempera-
ture than at the lower furnace temperatures; that is, the true boiler
efficiencies are not always the same. But no reliable conclusion can
be drawn. The significance of the curve is general only. -

Fig. 17 shows a classification of 217 tests on many coals from
all parts of the United States based on temperature in the rear of the
combustion chamber. In general the poorer coals fall at the left of
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the chart. .The most interesting showing (curve No. 1) is that the
code “boiler efficiency” (72*) rises only 2 ‘per cent as the combustion-
chamber temperature rises from 1,800° to 2,700° F. This showing
is in accordance with other charts and with the theory of boilers "
deduced on page 114, all being to the effect that a rise of about 1,000°
F. in furnace temperature improves the efficiency of the boiler as a
heat absorber only about 10 per cent. Most of this gain, however, is
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offset by inc‘omplete’ness of combustion chargeable to the restricted
oxygen supply required to get the high temperatures.

SECTION ONAB

Fig 15.—Water-jacketed gas sampler.

Curve No. 2 shows a slight but persistent rise of CO, content in
flue gases with increasing furnace temperatures, as is reasonable; it
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ought to be more marked. Air infiltration through the settings
reduced the CO, percentage by 10 to 35 per cent in extreme cases.
Curve No. 3 shows a decided increase in the amount of steam
made as the temperature rises. Since capacity is the comparatwe
rate of absorptlon of heat by the boiler, it must necessarily increase
with the rise of combustion-chamber temperature, if the equation
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used in the derivation of Perry’s equation for true boiler efficiency,

given on page 110, is.true. The heat absorbed per second per unit

of heating surface is »
H=Cpv (T,-T,).

Expressing the values of p and v in terms of TI,A we have

H= %.CTI.C(l‘l —T,)=K(T,~T,).
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The latter equation states that the capacity varies directly as the
difference of the temperature of the furna,ce gases and the tempera-
ture of the steam.

As stated in the description of the baffle wall (p. 62), the con-
struction and location were so chosen as to have the stream of
gases leaving the furnace impinge against a solid part of the wall
and break into many smaller streams, thus effecting mixing. It
was intended to obtain a splashing effect. similar to that seen when
a stream of water is directed against a solid wall. That some such
effect was attained was indicated by the high temperature taken
through the opening just at the base of the bridge wall. This was
invariably the highest temperature in the whole combustion space.
Each of the temperatures given in the second column of the follow-
ing table is the average of ten readings taken with the Wanner
pyrometer at five different places in the furnace. Thesc readings
were taken successively through the side-wall openings from front
to rear, so that.the averages may be considered to represent simul-
taneous temperatures at all five places. Twenty-four readings were
also taken in the same way by an exposed platinum and platinum-
rhodium couple, connected to a galvanometer reading in degrees
centigrade, giving the average temperatures at four places, as
shown in the third column of the table.

Furnace temperature readings (lest 859).

Wanner | Galva-

Place. pyrometer.| nometer.

FUel DEA. . o ettt e 2,470 913
Overfire................ 2,586 |..........
Over bridge wall........ . 2,826 1,075
Base of bridge wall................... 2,989 1,280
Rear of combustion chamber 2,447 1,035

The temperatures taken with the thermoelectric couple have only
relative value, and are in fact much too low, the galvanometer hav-
ing been recently repaired so that the d1Vls1ons on the scale were
not true degrees centigrade. The couple used had an exposed junc-
tion projecting from the end of a §-inch iron pipe.

A. 8. M. E. CODE BOILER EFFICIENCY (72%).

Fig. 18 consists of two charts. In the upper chart 293 tests are
grouped according to efficiency 72%, the averages being plotted for
each group of the percentages of CO and CO,. All the higher
efficiencies have low CO values and the lower efficiencies high CO
values. The higher efficiencies have higher CO, values than the
lower efficiencies, of course, though not much higher. The CO
curve (No. 1) should be compared with curve No. 3 of fig. 19, which
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is based on the same tests. The implication is the same—that high
CO is a danger signal.

In the lower chart the same 293 tests are classified according to
the percentage of CO, in the flue-gas analyses. The points plotted
are the averages of the code ‘“boiler efficiencies” (72%). It is evi-
dent that when once the CO, content gets beyond 9 per cent at the -
rear of the combustion chamber only about 1 per cent more—at
most only 2 per cent—is to be gained by raising it higher. The per-
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centage of CO, in the furnace and boiler were really about 20 per
cent higher on the average than here mentioned because of an air
infiltration through the settings amounting to 10 per cent, or 50 per
cent of the volume present in the rear of the combustion chamber.
There is a general resemblance between curve No. 3 and the curve
in fig. 20 labeled ‘“‘Heat absorption as affected by combustion-
chamber temperature.” The latter curve is closely dependent
(theoretically) on the CO, content, and it probably is no mere coin-
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cidence that the two curves have much the same shape. The same
remark applies to the analogous curve of fig. 6 (p. 15).

Fig. 21 represents an attempt to find relations between per cent
of sulphur in coal (separately determined), per cent of clinker in
refuse, and “boiler efficiency” (72%). It is agreed that clinkering
is a consequence of the effects of high fuel-bed temperature on such
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of the mineral constituents in the ash as will form a fusible mixture.
It must be remembered that the fineness of subdivision and the dis-
tribution of the minerals throughout the coal are probably as impor-
tant as the temperature and chemical composition. Thus it is that
“sulphur”. (pyrites) in the form of little balls is nearly bharmless; in
the form of veins or Jayers it is liable to cause trouble; but in the
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form of “black sulphur,” so finely distributed as to be invisible, it
is most troublesome. From these remarks it is evident that the
boiler room is not the proper place to make a scientific study of
clinkering, but that it should be taken up in the laboratory along
the following lines: (1) Ash analyses; (2) experimental determina-
tion of fusmg points; (3) ascertaining the distribution of the ash
and its various constituents: throughout the coal.

To determine the fusing point of ash, all the combustible in the
ash should be burned out at the lowest possible temperature. The
ash could then be made into Seger cones, which could be heated in
a furnace and the temperature read with a pyrometer.
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The distribution of the ash might be determined by laboratory
washing processes. One method of doing this would be to grind the
coal to a certain fineness and float it successively on solutions of potas-
sium hydroxide of varying per cent dilution.

The chemical division, under the guidance of N. W. Lord, is carry-
ing on some of the above investigations, and the writer is indebted
to him for explanations of methods.

Notwithstanding the probability, implied above, that sulphur does
not have a great deal to do with the formation of clinker, it was
thought well to find out Whether in general it helps or hinders

efficiency.
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The upper half of fig. 21 contains tests classified according to
“boiler efficiency” (72¥). In curve No. 1 each point is the average
of the per cent of clinker in refuse for each group and in curve No. 2
of the per cent of sulphur in coal. According to curve No. 1, the
coals giving high efficiencies are apt to form a very slightly smaller
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Fi1c. 21.—Relations of efliciency 72* to per cent of clinker in refuse (curve No. 1); efficiency 72* to per
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fied on efficiency 72% hasis; Nos. 3 and 4 on clinker basis. Tests 89-401.

percentage of clinker, and according to curve No. 2 the high-efficiency
tests are likely to be made on coals low in sulphur, this relation being
rather marked. However, it must be remembered that high-sulphur
coals are usually high in ash also.
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The indications of the curves of fig. 21, regarding the effect of
sulphur, are at slight variance with those of fig. 28 (p. 43).

Careful records were kept regarding the appearance and distribu-
tion of the ash of each coal, but tlme has not been found to study
and classify the information.

The lower half of fig. 21 was obtained by classifying the same tests
according to the per cent of clinker in the refuse, which was done in
order to determine the effect of clinker on efficiency. In curve No. 3
the heavy line gives full weight to 16 tests on coals, some of which
were of lignitic character and formed no clinker, but gave rather low
efficiencies. Even considering this full portion of the.line, instead of
the dotted portion above it, the clinker hardly affects efficiency until -
it reaches about 45 per cent, above which there is a rapid lep
Curve No. 4 indicates that high percentage of clinker accompanies
high sulphur content; but it must be borne in mind that perhaps
sulphur of itself has little to do with fusibility of ash and that the
iron which is combined with a part of the sulphur is only one of the
factors in clinkering.

The classification of the relation of efficiency 72* to the sum of
the percentages of ash and sulphur, given in the following table, was
made by using 92 tests on coals from Tllinois, Indiana, and Kcn-
tucky, all of whlch are much alike. To be more certain, the work
was done in two ways—by classifying the tests in groups of efficiencies
and in groups of percentfwes of ash plus sulphur. The latter classi-
fication is not here given. The tests selected lay between Nos. 126
and 401 and were more comparable than 1f some earlier ones had
been included.

There was no special reason for using the sum of the percentages
of ash and sulphur except that it is sometimes stated without quali-
fication that ash and sulphur affect efficiency. The conclusion is
that the sum of ash and sulphur has no visible effect, on efficiency 72*.

Classification of average ash plus sulphiur on basis of efficiency 72% (Indiana, Illinois, and
western Kentucky coals).

‘ Efficiency 72*.

Up to | 57.5to ] 60.0 to| 62.5 to | 65.0 to| 67.5 to 70.0 -
57.5. | 60.0. | 625 | 65.0. | 67.5. | 70.0. |00 uP-

Numberof tests...........o..oo.ooo.. 1 5 8 28|. 29 -17

4
Average efficiency 72%. ... ... 55.93 1 58.921 61.39| 63.97| 66.16| 68.50 70.82
Average ash plus sulphurin drycoal........ (18.80 | 14.22| 15.93 | 16.65 | 16.60 | 15.41 15.86 -

It was early noticed that the second test on a coal was generally no
better as to over-all efficiency than the first. An inspection of the
first hundred tests or so confirmed this opinion. Only tests made on

- the same shipment of the same commercial grade of coal were com-
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pared; for instance, if the first test was run on a nut size and the
second on screenings, these tests were not used.
- It was usually the case that the man running the fire learned much
the first day which was beneficial to the later tests, but which was
more than offset by other factors. For instance, owing to the posi-
tion of the chutes that discharge coal into the boiler-room bins and
to the sloping bottoms of the bins the largést coal is obtained the
first day.

The following tabulation has been made on 196 tests and shows
that one test on a coal is sufficient:

Averages of five serves of lests for. effictency 72%.

First |Second| Third | Fourth| Fifth
tests. | tests. | tests. | tests. | tests.

Number of testsaveraged......... . .. .0 .. ... 77 77 32 8 2
Average efficiency 72%.......... ..., 66.05| 66.02) 65.87 | 64.99 67.76

The efficiency 72* is that of the furnace and boiler combined, figured
from pounds of ‘“ combustible’’ actually ascending from the grate.

MCISTURE IN COAL.

The two curves of fig. 22 are based on the same tests. The upper
curve is somewhat misleading, because the poorer coals contained
~ on the average more free moisture. Just what effect different per-
centages of free moisture would have in the case of the same coal,
reckoning above dry coal, is still undetermined. This line of inves-
tigation will be taken up in the future. This curve merely indicates
that coals high in free moisture should be suspected and watched,
especially When burning them in furnaces of this particular type.

The great variability of the lower curve suggests that ordinary
percentages of ash have little effect on efficiency, and that the best
efficiencies are obtained only with low ash. No doubt other appliances
and furnaces are available which would give better results on dirty
coal than have been obtained by hand firing on a plain grate.

ASH AND CLINKER.

In order to eliminate one nonuniformity in testing for the eﬁ?ect
of percentage of ashin coal as fired on efficiency 72*, only the coalsfrom
Illinois, Indiana, and western Kentucky were used. The subjoined
table shows that for the range of ash in these coals the efficiency
is almost constant.

Fig. 22, in which all the coals tested are classified, shows the effect
on efficiency 72* of percentage of ash in coal as fired."
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Classification of efficiency 72% on basis of per cent of ash (proximate analysis) in coal as
Jired (Indiana, Illinots, and western Kenlucky coals).

Per cent of ash.

4t06.| 6to8.]|8t010. (10 to 12)12 to 14.|14 to 16.{16 to 18.{18 to 20.

- Numberoftests..................... 3 10 22 22 19 11- 3 2
Average per cent of ash in coal as )

fired. . ... 5.68 7.26 8.99 | 10.86 | 13.14| 15.1L( 16.8L 18.81

Average efliciency 72%. ... ... .. 65.53 | 65.81 | 64.02 | (5.01| 65.65| 66.08| 67.03 65.27

The subjoined table indicates that very few coals burn without
clinker. Of the few which do, those high in sulphur are lignites.
Pennsylvania No. 7, of test 307, was exposed to weather for four and
& half months before it was tested. The same coal when tested
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(test 198) soon after it arrived at the plant formed clinker amounting
to more than one-half of the total ash. '
The temperatures at which the lignites were burned are rather low,
and it is probable that they might have clinkered with high tempera-
8400—Bull. 325—07

o
o



34 A STUDY OF FOUR HUNDRED STEAMING TESTS.

tures. The conclusion must not be drawn that some coals repre-
sented in this table did not clinker because they werelow in sulphur.

Coals burned without producing clinker.

Sulphur, Sulphur,
. Combus- se%)%- : Combus- sep:{-
tion- rately tion- rately
’Ill?gt Coal. chamber | deter- | ']I:?gt Coal. chamber| deter-
tempera-| mined in tempera-| mined in
ture.. | coal as . ture. coal as
fired. | 1 fired.
°F. Per cent. °F. Per cent.
172 | BrazilNo. 1........... 1,900 3.02 | 387 | New Mexico No.5..... 2,371 0.81
173 [..... Ao ol 1,858 4.53 1| 389 | New Mexico No. 3 B.. 2,225 .74
196 | Wyoming No.2 B..... 1,950 4.78 | 391 |..... {6 0 2,432 .69
210 |..... [ 1 P 2,200 4.37 || 392 | New Mexico No. 3 B
213 |..... [ 2,142 5.52 (washed)............ 2,420 .75
290 | Washington No. 1B . 2,047 .69 |l 396 | New Mexico No. 3 A... 2,333 .74
291 | Texas No.4........... 2,119 .80 || 397 [ New Mexico No.4 A... 2,336 .61
298 {..... L« 1 2,269 .79 398 | New Mexico No. 4 A
307 | Pennsylvania No. 7.. 2,220 2.36 (washed) ............ 2,534 .66

The curves of fig. 21 (p. 30) show that the efficiency as based on
the coal ascending from the grate (72*) is not influenced by the per
cent of clinker in refuse until the latter exceeds 45 per cent, after
which the efficiency drops 3 or 4 per cent. Inasmuch as clinker may
prevent fine coal from falling through the grate, the same classifica-
tion was made to learn how per cent of clinker in refuse affected code
item 73, which is the over-all efficiency of boiler and grate. This
cla551ﬁcat10n is given in the following table. There is only a slight
tendency for efficiency to decrease at the high clinker values, whence
the deduction can be made that although clinker may hlnder com-
bustion it saves almost enough fine coal to compensate for its bad
effects. However, it should be noted that the tests showing extremely
high clinker were few in number. '

~

Clussification of efficiency 73 on basis of per cent of clinker 1 refuse.

Per cent of clinker.

Under 130 t0 35./35 to 40.140 to 45.45 to 50. 50 0 55. |55 $0 60.60 to 65.| 65 up.

Number of tests._........... 30 13 12 44 47 55 36 .2 7
Average per cent of clinker in

refuse.....ooooiiiiiiiiii. 11 33 37 42 47 52 57 61 67
Average efficiency (item 73)..{ 62.95 | 65.19 ] 63.57 | 063.96 | 64.65-] 64.31| €2.95| 63.16 | 62.45

_Clinker is an interesting item, as it gets the blame for many things.
Figs. 21 and 23 treat some phases of the subject, but the subjoined
table has not been plotted.

The impression is general that iron causes clinkering. The tabu-
lation partially confirms the impression, as the percentage of iron in
dry coal increases in general with the clinker. Nevertheless iron is
only one cause of clinker, and its presence in considerable quantity
does not necessarily mean that a coal will clinker.
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Classification of per cent of iron on basis of per cent of clinker in refuse.

Per cent of clinker in refusg.
U 130 0 35.135 0 40,40 b0 45.(45 t0 50.J50 t0 55.J55 t0 60 OueT
Number of tests.............o........ 3 5 2 6 14 17 7. 5
Average per cent of clinker in refuse. . 12 32 38 42 47 52 57 63
Average per cent of iron in dry eoal..| 1.01 0.95 1.76 1.54 1.02 1.69 1.81| 2.34

The curves of fig. 24 present a classification of tests on the basis of
per cent of clinker in refuse. (See also discussion of fig. 28, p. 43.)
The table on page 41 was compiled with the object of ascertaining
whether any relation exists between the amount of clinker and the
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F16. 23.—Relation between ratio of per cent of iron in coal to per cent of ash in coal (proximate analysis)
and hoiler efliciency 72%,

average size of the coal and shows that there is very little such relation.
One significant feature shown is that the highest value of average
size of coal is grouped with the highest value of per cent of clinker,
and vice versa.

The curves of fig. 25 show a classification of coals on the basis of
carbon-hydrogen ratio. It may be noted that as the per cent of
clinker decreases the per-cent of CO loss decreases; in fact, the two
curves are nearly parallel. The efficiency 72* curve varies inversely
with the CO loss and clinker curves. The curve of average diameter
on this chart shows that the largest sizes of coal and highest values of
clinker are grouped together. The pounds of dry chimney gases per
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pound of “‘combustible’’ are almost of constant value. This relation is
a corroboration of the text relating to fig. 28 (p. 43) regarding incom-
plete combugtion and the decrease of efficiency 72* by the formation
of clinker. ‘

It is also likely that although the size of coal burned can not be
deterinined by the amount of clinker formed, it is possible to esti-
mate the amount of clinker that will result from burning different
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capacity developed (curve No. 3); and per cent of completeness of combustion (E;) (curve No. 4).
Tests 89-400. ’

sizes of the same kind of coal. With any one kind of coal the amount
of clinker formed is related to the distribution and the nature of the
ash. Generally the ash is distributed through the coal in thin or
thick layers. In coal which is crushed to small sizes these layers
become separated from the coal; and when such crushed coal is
thrown into the furnace, the particles of ash, being heavier than the
coal, soon pass down into the colder layers of ash and fuel near the



RELATIONS OF TEST DATA. 37

grate and are therefore not heated to a temperature high enough to
melt. In large-sized coal, on the other hand, the ash remains more
in the lumps of coal and is held near the top of the fuel Bed, ‘where the
temperature is usually above the melting point of the ash.

In plotting the curves of fig. 23 (p. 35) an attempt was made to
determine the effect on efficiency 72* of per cent of iron in coal as
fired. The ratio of iron in coal to ash in coal was taken as a basis,
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pounds of dry chimney gases per pound of ‘ ‘combustible;”” No. 7, average diameter of coal; No. 8, per
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because it seemed that there was a close relation between the two;
for instance, a large amount of ash and a high iron value would not
be expected to cause as much trouble as a high iron value and a low
percentage of ash. '

Since only about 60 iron determinations were available, it seemed
best to plot the individual points instead of average points. The
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slope of the band inclosing the points shows that the ratio of iron in
coal to ash in coal has perhaps a slight effect on efficiency 72*. This
effect is probably due to the formation of nonporous clinker.

- The relation of iron in dry coal to clinker in refuse was ascertained
by classifying the data on the basis of per cerit of clinker, the results
showing a large increase in per cent of iron as the per cent of clinker
increased. See text relating to figs. 24 and 28 (pp. 43—44) and table
on page 35. ,

L. H. Hartley Smith, writing to Power in 1905, called attention to
the fact that the refuse drawn from the ash pit and off the grate when
cleaning fires seemed to contain less carbon when the percentage of
clinker was high. An inspection of the data of a few of our tests
confirmed the observation, ‘and later the following tabulation was
made on about 370 tests. The probable explanation is that when
clinker forms on the grate it keeps fine coal from falling through.

Classification of per cent of combustible on basis of per cent of clinker in refuse.

TI Per cent of clinker.
Under: 30 to i 3510 , 40to | 45t0 | 50to | 65t0 | 60to |.n
3. | 3 0 8 50. 55. 60. 65. p-
Numberof tests............. } 38 ‘ 16 16 56| » 59 70 59 45 11
Averageper cent of clinker...! 10.9 ' 32.4 37.0 42.1 47.1 52.0 57.6 61.3 66.9
Average per cent of combus- :
tible in refuse.............. 25.65 | 28.29 | 24.10 ]‘ 23.70 | 21.757 20.43 | 18.53 | 19.40 | 15.52

Sulphur is an undesirable element in coal. It generally occurs in
combination with iron, as iron pyrites, and in combination with cal-
. cium, as calcium sulphate or gypsum. Pyrites can readily be recog-
nized by its heavy weight, bright brasslike color, and crystalline
structure. The calcium sulphate occurs in small, thin, white flakes,
more or less transparent. Of the two sulphur compounds, the py-

. rites is generally contained in larger quantity in coal, and is harmful

because it increases the tendency of the coal to clinker. The clinker-
ing is especially bad if the percentage of ash is small in proportion to
the sulphur. In such coals the pyrites and the ash fuse together
and form a thin layer of solid clinker, which effectively stops the
passage of air through the grate, thereby permitting the grate bars
to become heated from the hot fuel bed just above. The clinker
then melts down into the spaces between the bars and the sulphur
seems to combine with the iron of the grate. The heat warps the
grate bars, and the clinker has such corrosive action on the hot iron
that a set of grate bars is destroyed in the course of a few days.
When such clinkering occurs, any attempt to slice the fire fails, and
only slow and very difficult cleaning of the fires will remove the
clinkers. Ordinarily, with coals forming loose clinkers, the cleaning
of the fires took from seven to twelve minutes.

Virginia No. 4, West Virginia Nos. 14 and 15, and most of the
Kansas coals clinker badly because the ash is low in proportion to
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the sulphur content—0.3 to 6 per cent of sulphur and 3.5 to 10 per
cent of ash. When such coals are burned on a plain or a rocking
grate trouble with clinkers may generally be prevented by blowing
steam under the grate. The usually assigned cause of this effect is
that as the steam passes through the hot clinkers it is decomposed
into hydrogen and oxygen. This decomposition is a cooling process
and the heat needed to effect it is taken from the grate and the hot
clinker, thus keeping the latter cool and preventing the fusing of
the clinker into the grate.

The use of steam to prevent the clinkers from melting into the
grate was found to work satisfactorily with all the coals h1gh in sul-
phur and ash. However, for coals very low in ash this method
sometimes proved to be insufficient. In such cases crushed lime-

stone spread over the thin, clean fire bed immediately on starting

the test, prevented the clinkers from adhering to the grate, and was

-used f01 the second tests on West Virginia No 14 and \711 ginia No. 4
coals. The cleaning of the fires aftor the first tests on thcse coals,
when limestone was not used, took forty-five and thirty minutes,
respectively. On the second tests, when limestone was used, the
cleaning took eight and ten minutes, respectively.

To make a general statement, it may be loosely said that the tend-
ency of a coal to clinker varies dn ectly with the sulphur (iron pyrites)
and inversely with the ash in the coal.

The statements of this paragraph regarding the effect of sulphur
are at slight variance with those on page 34.

The curves of fig. 26 are based on 286 reliable tests, classified

according to each of the two items, per cent of ash (ultimate analy-
sis) in dry coal and over-all efficiency (item 73), the latter being the
ratio of the heat-put into the water to the potential heat in the coal
put on the grate. IExamination of the upper curve shows that the
ash affects the efficiency by only 2 or 3 per cent until the ash content
rises above 20 per cent,.when the efficiency fells rapidly; however,
not so many tests are represented in the last two- points of the curve
as in the others.
" The lower curve shows the same fact inversely—that is, the high-
efficiency tests are on coals low in ash. It indicates that an ash in-
crease of 1 per cent causes a drop in efficiency of about 2 per cent,
whereas the upper curve indicates a general drop of about 0.5 per
cent in efliciency for each per cent of ash, or only one-fourth as
much. The average, then, is about 1 per cent decrease in efficiency
for 1 per cent increase in ash. The five points at the left end of the
lower curve contain tests on clean lignites, and are therefore really
not comparable with the other points. These five tests are indi-
vidually given in the subjoined table.

o
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The two curves show that ash is undesirable; but even so, the com-
mercial choice of coals, so far as ash is concerned, is more a question
of market price, freight rates, labor costs, and storage capacity, and
‘of whether or not the present boiler plant is crowded.

| L
IR IGP AN
N
h
65
NO. |
il 15
Qo N~ i ()
< & | Y

9
£ oy Ng3| | 1A
E

o
).
Y}
Z o
o
0
i eof CLASSIFIED ON ASH BASIS|
b T
o

sof

sel
3 PER CENT_ASH IN._ORY COAL ] an
q 57 4 A 3 io 12 1o e e 20 22 20 b
8 16 @)
x 2N
14
0,5 (0
b
o
A VAl NO. 2
">’
Jn
g ¢ S ®
4 I~ 19

12
u N
< ) -

"
: i N
30 N
% CLASSIFIED ON EFFCIENCY BASIS] NE)
I
20
[
Z8
) Ol
0
[ ] EFFICIENCY ITEM 73.
& a8 30 s2 sa 56 | | sa]| | do]| [ ez Go G6 ce 0

Fig. 26.—Relation of per cent of ash (ultimate analysis) in dry coal to efficiency 73, classified on each

as a basis; tests 120-410.

Coals classed in first group of classification on basis of over-all efficiency (ilem 73).

Pe{] cent of
n— ash (ulti-
’1]:?5"' Coal. "m‘;':?"cy mate anal-
. ' e sis) in
ry coal.
303 | Texas No.4.._.................: 49.00 12.95
208 1. .. do....... 51.16 12. 86
401 | Rhode Island 40.91 16. 87
400 | Wyoming No. 6. 52,74 5.55
402 | Utah No.2........... 44.18 6.48

The table which follows shows that size has no evident influence on
clinkering, which is the same finding as stated under *Classification
~on basis of average diameter of coal” (p. 47). These two tables are

the converse of each other.
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Classification of average diameter of coal on basis of per cent of clinker in refuse.

Per ccnf of clinker.

Upto| 10to | 20to | 25to | 30to | 35 to | 40 to | 45 to | 50 to | 55 to | Over
10. | d0. | 25. 40. | 45.

30. 35. 50. 55. 60. 60.
Number of tests....... 15 4 4 6 14 13 46 43 53 42 28
Average per cent of
clinker in refuse...... V] 13 23 28 33 37 42 47 52 57 62

Average of average di-
ameter of coal,inches.| 0.89 | 0.83| 0.50| 0.60 ) 0.89| 0.8} 0.76 | 0.78 | 0.83 | 0.82 | 1.20

The curves of'ﬁg. 27 are plotted from the results of about 300 tests,
and differ from those of fig. 26 in being based on the per-cent of ash in
coal as fired instead of in dry coal. Thus the ash is always less than .
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- F16. 27.—Relations of per cent of ash in coal (proximate analysis) to: Efficiency 72¥ (curve No. 1); per
cent of rated capacity developed (curve No. 2); combustion-chamber temperatures (°F.) (curve No.
3); flue-gas temperature (°F.) (curve No.4); pounds of dry chimney gases per pound of *‘ combustible
{curve No. 5); carbon-hydrogen ratio in dry coal (curve No. 6); and per cent of completeness of com-
bustion (Ez) (carve No.7). Tests 89-401.

in the dry-coal percentage, but by -varying amounts, which perhaps
explains the greater irregularity of the code “boiler-efficiency’’ line
(72%), compared with the analogous line of fig. 26, based on over-all



492 A STUDY' OF FOUR HUNDRED STEAMING TESTS.

efficiency (code item 73). The tendency of the 72* line to fall is
“apparent.

A glance at curve No. 2 shows that ash has a worse effect on amount
of steam generated, the decrease of which is considerable, than on
efficiency.

Curve No. 3, combustion-chamber temperature, shows a steady
drop of a few hundred degrees due to increasingly poorer fuel-bed
conditions along with falling rates of steam generation.

Curve No. 4, flue-gas temperature, shows a slight drop on account
of lower furnace temperatures.

Curve No. 5, the pounds of dry ch.unney gases per pound of “com-
bustible,” shows a marked and steady rise which is the chief reason
for the decreasing—furna,ce and flue-gas temperatures just referred to.
It is usually hard to keep the fuel bed in good condition when a coal
is high in ash. <

Curve No. 6 gives the averages for each group of the ratios of the
carbon to the total hydrogen in the dry coal. This line drops, show-
ing that the coals become poorer. The coals in the left-hand groups
eontain less oxygen in their molecules, so that their hydrogen, though
decreasing in percentage, is available in larger amount. The fact
that on going totheright the carbon-hydrogen ratio decreases partly
accounts for the falling efficiencies shown by curve No. 1. (See p. 68.)

Curve No. 7, per cent of completeness of combustion® (E,), indicates
approximately the percentage of total heat liberated from the coal
which ascended from the grate. It rises decidedly toward the right
in spite of the poorer fuel-bed conditions. The explanation is that
inasmuch as the furnace temperature was almost always above the
ignition temperatures of all the combustible gases and smoke parti-
cles present combustion was retarded more on the left than on the
right, because less oxygen was present. For this reason more of the
possible heat was generated with the higher ash coals.

It is worthy of note that the high and low efficiencies (72*) in each
group (values not shown here) do not vary much between groups.
Commercially this similarity of highest efliciencies means that buy-
ing coal on the basis of per cent of ash shown by proximate analysis
of coal as fired is an uncertain matter so far as obtaining high effi-
ciency thereby is concerned. Classification of the tests made on Illi-
nois, Indiana, and western Kentucky coals on an ash basis shows no
more than the minor importance of ash above mentioned.

In making tests on sized coal, as given on pages 45 to 48, there would -
be an opportunity for research on the question of per cent of ash as
affecting the results of boiler trials. Coals of the same size could be
classified on the basis of per cent of ash and the effect of the ash thus
studied separately from the eﬂ’ect of size. It does not seem, how—

a See glossa Ty (p 181), under ‘ Efficiencies.”
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ever, that for the range of per cent of ash found in coal this investiga-
tion would be important, for it is not the amount of ash, but its com-
position and distribution, that affects the results of a steaming test.
With a knowledge of ash composition it could be decided how the
coal was to be burned. For instance, a coal which did not clinker
badly, but which burned leaving free ash, would be burned under
ideal conditions on a rocking grate no matter how high the per cent
of ash. A coal which clinkered badly at high temperatures should
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F1a. 28.~Relations of per cent of sulphur in coal to boiler efficiency 72* (curve No. 1); per cent of com-
pleteness of combustion (I23) (curve No.2); pounds of dry chimney gases per pound of *‘ combustible’”’
(curve No. 3); and combustion-chaniber temperature (°F.) (curve No.4) Tests §9-400.

be gasified at a low temperature, thereby avoiding an amount of clink-
ering that would stop up the air passages and also preventing clinkers
from adhering to the grate. It is a stady of ash composition along
with the manner of distribution of the ash in the coal that is needed.

The curves of fig. 28 present a classification based on per cent of
sulphur in dry coal. For the low sulphur values there is a wide
variation in efficiency 72%. As the per cent of sulphur increases, up
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to 5 per cent, there is a gradual drop in efficiency 72*%. There were
16 tests in which the per cent of sulphur was over 5.4. At the high
values of sulphur the efficiency 72* curve rises, probably because the
sulphur is in different form and also differently distributed. "A
curve through the average efficiency points shows a drop of 5 per
cent, with an increase of 5 per cent in the sulphur or, in other words,
every increase in the per cent of sulphur in dry coal decreases the
efficiency in equal amount.

Curve No. 2 shows the per cent of completeness of combustion (E,),
and is nearly parallel to the efficiency 72* curve.

Curve No. 3 shows the pounds of dry chimney gases per pound of
““combustible,” and rises slightly with the per cent of sulphur.

Curve No. 4 shows the combustion-chamber temperature, which,
except- for the high sulphur values, decreases as the per cent of
sulphur increases, indicating a value at the high sulphur values
about 300° F. higher than an average curve through the combustion-
chamber temperature points would indicate that it should be. The
curves of fig. 17 (p. 25) show that this increase of temperature nearly
accounts for the increase of efficiency 72* at the high sulphur values.

The curves of fig. 21 (p. 30) show that as the per cent of clinker in
the refuse increases the per cent of sulphur increases; also that all
the highest values for per cent of clinker are grouped \mth the higher
values for per cent of sulphur. The low per cent of values for sulphur
are grouped with the high values for per cent of efficiency 72*, and
vice versa. At the highest values for per cent of clinker the effi-
ciency 72* is lowest, and with high efficiency 72* the per cent of
clinker is the lowest. This relation was determined from two dif-
ferent classifications—one on per cent of clinker in refuse and one
on efficiency 72*. The classification on per cent of clinker in refuse
shows that efficiency 72* is more influenced by per cent of clinker
than the per cent of clinker is influenced by this efficiency. The
latter influence was determined by classifying on an efficiency 72%*
basis.

On referring to fig. 24 (p. 36), a classification on the basis of per
cent of clinker in refuse, it is to be noted that for all values of per
cent of clinker the combustion-chamber temperature and pounds
of dry chimney gases are about constant.

The general conclusion is that the per cent of sulphur does affect
efficiency 72* indirectly by the formation of clinker. Since the
amount of air used is a constant value, it is quite possible that the
decreasing value of efficiency 72* with increasing per cent of sulphur
is due to the effect of clinker on the distribution of the air supply.
Moreover, with the high values for per cent of clinker probably more -
of the air enters the furnace over the fire.
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AVERAGE DIAMETER OF COAL.

Preliminary to the discussion of the results produced by using coal
of different sizes it may be of value to state how the coal is received
at the fuel-testing plant and how the size is determined, and to sug-
gest how further research work might be done on the influence of
size. ‘ '
~ Nearly all of the coal tested was passed through a crusher, and
consequently coals of widely varying characteristics were reduced to
the same size. Therefore by classifying coals on a size basis, as we
have done,-we have averaged a good eastern coal with a poor-grade
western coal. While size shows, on the average, some few general
relations, it would seem that the best comparable data could be
obtained by taking one coal, say, run of mine, and after separating
the various sizes, making a series of tests on each size. Even such
tests would not be made on the same grade of coal, as the smaller
sizes are sure to be higher in ash; but nevertheless this side of the
problem is of commercial importance.

After the sample of the coal tested has been quartered and a part
sent to the chemist for analysis, the remainder is passed through a
revolving screen perforated its entire length with round holes ranging
from one-eighth to 1 inch in diameter. These holes are arranged in
strips or sets of rows, the width of which decreases as the size of hole
increases. The coal passing through each set of holes is weighed
separately and the data from the boiler room are reported, as follows:

Determination of average diameter of coal samples.

i Pouudls of coal];.hfough ¥
o tv f .

Ditmncter ; each seb of holes leeight of coal,
of holes etermining
(inches). | 4ceoan I}&g}gg‘f&g’ average size.

| basis. ‘ N
.2 3. 4.
3 2 0.4 | 2.6
Ey 14 14.3 ! 3.6
4 18 18.4 ] 6.9
P 12 12.2 6.1
3 27 27.6 ! 20.7
1 4 4.1 | 4.1
13 3 3.0 ! 4.5
98 100.0 |
i85 g4
J' 100.0

Column 2 shows that 98 pounds of coal was sized. No attempt is
ever made to weigh out exactly 100 pounds, so the weights must be
reduced to 100, as has been done in column 3, thereby obtaining the
percentages of the various sizes of coal. From the construction of
the revolving screen it follows that in an average diameter each of
the percentages has a ‘“weight of observation” proportional to the
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diameter which it represents. In getting average diameter, then,
column 3 is multiplied by column 1, obtaining column 4, and the
sum of this column of products divided by 100, therefore, gives the
weighted average size of the coal.

The classification plotted in the curves of fig. 29 was made on the
coals tested in tests 89 to 401, and shows that as the average diameter
increased from 0.35 to 1.26 inches (1) the capacity increased about 15
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F1c. 29.—Relations of size of coal to combustion-chamber temperature (°F.) (curve Nc. 1); flue-gas
temperature (°F.) (curve No. 2); per cent of rated capacity developed (curve No. 3); pounds of dry
chimney gases per pound of “combustible’” (curve No. 4); efficiency 72* (curve No. 5); per cent of
completeness of combustion (Ej) (curve No. 6); carbon-hydrogen ratio in dry coal (curve No. 7);
and ratio of carbon to available hydrogen (curve No. 8). Tests 89-401.

per cent (curve No. 3); (2) the highest efficiency 72* values were
obtained with the smallest sizes (curve No. 5); (3) there was practi-
cally no change in the per cent of completeness of combustion (curve
" No. 6); (4) there was a slight decrease in the pounds of dry chimney
gases per pound of ‘“ combustible” (curve No. 4); and (5) the carbon-
hydrogen ratio figured from the dry coal decreased considerably
(curve No. 7), showing that the good coals fall in the groups of small-
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est average diameter, this result being probably due to the fact that
some of the good coals broke up badly in transportation and in passing
through the crusher; (6) the combustion-chamber temperature
mcrea,sed about 400° F. (curve No. 1).

It should be borne in mind in considering these gencral results,
which are so different from the usual conclusmns, that they are only
tentative, because other conditions varied so widely. The study of
effect of size as above outlined is not specialized enough, for undoubt-
edly other factors than average size are influential—e. g., perhaps,
percentage of voids, as dependent on percentage of various sizes form-
ing average diameter, shape of pieces, etc.

In discussing the effect of average size of coal as based on these tests
it is well to remember that, none of the coal is really fine, for the lowest
sizes averaged about 0.3 inch. On the other hand, the largest sizes
averaged only 1.25 inches.

The tabulation headed *“ Classification of per cent of clinker on basis
of average diameter of coal,”’” which follows, was made to ascertain
whether the size of coal had any influence on its tendency to clinker.
About 300 tests were used, but they were on all kinds of coal, from
all parts of the country, and no such influence is indicated. (See
“Classification on basis of per cent of clinker in refuse,” p. 41.) *

Classification of per cent of clinker tn refuse on basis of average diameler of coal.

Average diameter (inches).

Below] 0.40 to| 0.50 t0] 0.0 to{ 0.70 to] 0.80 0] 0.90 to1.00 to|1.10 to! Over
0.40. | 0.50. | 0.60. | 0.70. | 0.80. | 0.90. | 1.00. | 1.10. | 1.20. ' 1.20.
Number of tests.............. 15 16 19 41 51 45 33 19 -8 21
Average diameter of coal .
(mchcs) .................... 0.35| 0.44| 0.56,( 0.65 | 0.75| 0.84| 0.94| 1.04| 1.14 1.25
Average per cent of clinker i’

refuse. ..ot 44 46 35 43 46 47 50 46 34 l 45

"Tig. 30 shows some of the many variations encountered when mak-
ing sizing tests. The seven tests from which this chart was plotted
were made on mixed bituminous coals, made up of several of the.
officially numbered coals, and accurately sized by passing through a
revolving screen. The per cent of sulphur and per cent of moisture
were about constant in the mixtures. The fact that the carbon-
hydrogen ratio of the dry coal used decreased as the coal became larger
(curve No. 1) seems to indicate that the tests were not run on uniform
mixtures of coals; perhaps certain coals were finer or coarser than
others before mixing. The coals were accidentally mixed in a general
heap, in consequence of a fire in the washer plant, and it was not
known just what they consisted of except that they came from the
so-called Illinois and Missouri coal basins.

A significant fact brought out by the chart is that the efficiency 72*
was about constant for all the sizes.
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Certain values varied as the size of the coal increased. Curve No. 1
shows that the carbon-hydrogen ratio in dry coal decreased, and
thereby tended to lower efficiency 72*. Curve No. 2 shows a slight
rise of efficiency 72*. Curve No. 3 shows a steady increase in the dif-
ference between the draft in the stack and that over the fire, for which
no explanation is offered. = Curve No. 4 shows an irregular but decided
increase in pounds of coal burned per square foot of grate per hour—a
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F1c. 30.—Relations developed on accurately sizing mixed bituminous coal: Curve No. 1, carbon-hydro=
gen ratio in dry coal; No. 2, efficiency 72*; No. 3, difference between draft in stack and draft over fire;
No. 4, pounds of dry coal burned per square foot of grate surface per hour; No. 5, per cent of rated
capacity developed; No.6, pounds of dry chimney gases per pound of *' combustible;”” No.7, percent
of ash in coal (proximate analysis). ’

direet consequence of the increase in size of the coal. It should be
borne in mind that the stack draft available was always about the
same. Curve No. 5 is of the same shape in detail as No. 4, and shows
an increase in the rate of steam production. Curve No. 6 is practi-
cally level, except at the left end, where it is high—perhaps because
the coal was so fine that it caked and allowed cracks to form in the
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fuel bed, or because the ash contained was high. Curve No. 7 shows
that much of the ash went into the fine coal. It is worthy of remark
that the finer and dirtier sizes gave nearly as high efficiency as the
larger sizes. ' :

The sole advantage of the larger sizes of coal over the smaller, so far
‘as shown by these few tests, was that a higher rate of steain production
was attained.

An attempt was made to determine the effect of }-inch size (in
Indiana, Illinois, and western Kentucky coals) on efficiency 72*, per
cent of CO loss, and combustion-chamber temperature; but the
results were negative, and emphasize the statements made on
page 47, that the study of the effects of the various elements of size
of coal has not been made in sufficient detail. It is also likely that
the effects of size are obscured greatly by other factors, such as cak-
ing, moisture, etc. The following table of results does not seem to
indicate much: '

Clézssiﬁcat'ion of qﬂéciency 72%, per cent of CO in flue gas, and combustion-chamber tem-

perature on basis of per cent of k-inch coal (Illinos, Indiana, and western Kentucky
coals). .

Per cent of §-inch coal.

0to 5. | 5to010. Il() t0 12./12 to 14.]14 to 16.|16 to 17.|17 to 18.

4 13 9 4 4 7 7

4.0 8.2 111 12.2 14.9 16.2 17.6 -
65.02 | 63.74 | 66.18 | 68.05 | €5.57 | 65.88 63. 88
0.11 0.27 0.19 0.19 0.30 0.18 0.17

Number of testse............
Average per cent of §-inch co.
Average efficiency 72% ... ..
- Average per cent of CO in flue gas.

Number of tests 6. . ..o..o..o.oveeeeoo .. 30 8 7 3 2 6 2
Average combustion-chamber temperature .
G 2 P SRR 2,612 | 2,483 | 2,367 | 2,302 | 2,240 [ 2,370 | 2,393
’ .

Per cent of §-inch coal.

18 to 19. | 19 to 21. | 21 to 23. | 23 to 25. | 2510 30./ 30 to 40.
Numberoftestse.. ... .. ... ... 4 9 6 6 6 5
Average per cent of 3-inch coal . 18.4 19.9 22.0 24.0 26.2 32.7
Average efficiency 72%_ ... ... .. .. 66. 74 64. 98 65. 84 656.92 | 66.67 65.84 -
Average per cent of CO influegas........... 0.24 0.26 0.16 0.13 0.14 0.27
Number of testse............................ 2 4 3 5 4 4
Average combustion-chamber temperature o
LG T 2,371 2,299 2,104 2,245 | 2,245 2,378

aFewer tests were used to obtain the average combustion-chamber temperature than for the other
averages, owing to the fact that the questionable results were eliminated.

The coals used for sizing came from Illinois, Indiana, and western
Kentucky. Not many tests are used here and the results would not
be expected to convey much information even had the coals come
from one locality; because, for example, from the State of Illinois it
is possible to obtain about as good and as poor bituminous coal as is
mined. The results, given in the table on the following page, show
a small increase in efficiency 72* and a large increase in combué-,
tion-chambeér temperature as the size of coal increases. .

8400—Bull. 325—07——4
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Classification of efficiency 72*, per cent of CO in flue gas, and combustion-chamber tem-
perature on basis of a'vcragc diameter of coal (Illinois, Indiana, and western Ken-
tucky coals).

Average diameter (inches).

Upto| 0.5to | 06t0 | 0.7t0 | 08t0 | 0.0t0 | 1.0%0 |45,
0.5. 0.6. 0.7. 0.8. 09.-| 1.0. 1.2, |22 up-

Number of testsa. _....... ... ... 9 4 16 22 15 70 3 8
Averagesof average dx(uncter(mches) 0.39 0. 58 0. 66 0.74 0.83 0.95 1.04 2.51
Avemge efliciency 72%. . _._......_ ... 64.83 | 67.69 | 65.75) 65.19| 65.00 ] 66.88 | 68.50 63. 68
Average per cent of CO in flue gas. . 0.18 0.31|° 0.16 0.23 0.20 0.34 0.15 0.11
Number of testsa. ..._....... O 7 2 7 14 11 5 3 4
Average combustion~chamber tem- .
perature (°F.) ... 2,080 | 2,406 | 2,258 | 2,357 | 2,405 | 2,412 | 2,542 | 2,576

1

o Fewer tests were used to obtain the average combustionchamber temperature than for the other
averages, owing to the fact that the questionable results were eliminated.

¢

Increasing the size of fuel by briquetting would seem from
theoretical reasoning to be a move in the wrong direction. Other
things being equal, it is self-evident that the more nearly the size of
a partlcle of coal approaches that of an atom the better, for then
each particle will burn instantly on coming in contact with two
atoms of oxygen. It is also self-evident that the-smaller the indi-
vidual particles of coal put into a furnace or-gas producer the less will
be the protecting effect of the surface coating of ash formed by the
burning away of the outer portions of the grains. -From a mathe-
matical standpoint it can be seen that the volume of a body increases
proportionately to the cube of its diameter, but the exposed surface
increases only as the square of its diameter, and in combustion it is
exposed surface that counts for rapidity. Therefore, to repeat, it
would seem that on this basis alone, artificially increasing the size
of fuels is, to speak generally, working in the wrong direction. It is
recognized that improved results are obtained by briquetting some
fuels, but that probably still better results can and will be obtained in
the future by devising furnaces and gas producers of such types as
will utilize fine coal better than coarse. So far the only step made
in this direction has been the burning of pulverized coal in furnaces.
Perhaps the slowness of development in this field is attributable to
the expense of grinding the coal, which has never had a fair trial
on a large scale, and also indirectly to the softening of the fire-brick
lining due to the fact that pulverized-coal furnaces are customarily
run too hot. The work done by the boiler division, and set forth on
pages 20, 23, 56, shows the error of the general impression that very
high furnace temperatures are necessary for very high over-all effi-
ciencies. Viewed from this standpoint, it is not improbable that in
the future the burning of fine and pulverized coal, perhaps even
without extreme pulverization, will increase largely. In cement
kilns, for instance, such coal has been a great success for the reason that
the lining of the kiln is protected by the material itself which it is
desired to melt. One reason for.the nonutilization of slack coal is
because too little attention has been given to this general subject.
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As indicating a right trend in this matter, attention may be called
to the success of the large power houses of the country in burning
fine coals, which a few years ago were used as railroad ballast or
thrown on dump heaps. The over-all efficiencies are in many cases
quite equal to those which could have been obtained with the stokers
and grates of a few years ago when using cleaner coals, of larger and
more uniform size. Perhaps in a few more years no complaint will
be heard against fine coal. Every engineer knows that, whereas egg
and lump coal used to be sought after, the large power houses now
put all their coal through crushers which reduce it to a ‘size which
a few years ago would have been thought almost useless.

PER CENT OF RATED CAPACITY DEVELOPED.

No attempt is made here to "discuss m detail the causes of the

showing of the following table, which is one of the most significant in

this volume. It indicates that for every capacity group the “boiler
efficiency” (72*) is independent of the combustion-chamber tem-
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F16. 31.—Relation of per cent of COy in flue gaées to per cent of completeness of combustion (Ea),
tests 89-401.

perature and practically constant throughout the whole range of tem-
perature. The suggested explanation is that as the temperature of
combustion rises the oxygen content of the gases decreases, which
reduces the completeness of combustion sufficiently (see figs. 13, p.
22; 14, p. 23; and 31) to neutralize the slight rise of boiler efficiency
due to higher initial temperatures. This same result is shown for all
tests grouped with regard to amount of coal burned (figs. 12, p. 21;
and 17, p. 25). '
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Classification of combustion-chamber temperature and efficiency 72* on basis of per cent
of rated capacity developed.

Per cent of rated capacity developed.
70 to 75. 75 to 80. 80 to 85. 85 to 90.
5 5 i i
B | a B | 4 25| L
o 2 ~ ] &~ w = @
-ﬂ: @ . g © § . k=l @ % . do |8
8|S & | E5 B |15 |8 & | i3 18| &
sE2lsl Tl g5 8| % (e85 |%l Lok %] %
28 1o @9 %E | & 1) 58 | = o 28 | Q
S92 | @ g S | 2 5 =X 4 S | 2 g
28 [S| 2 2g (32| 32 ag |2l 2 2g |5§ 2
e8 Bl & | g2 B & | g2 |B| & |98 |B| &
33 Q 3 Q
&) zZ| & &) z R o “ ] &) 4 =
1,870 | 1) 66.38} 1,880| 1! 60.89 | 1,961 | 1| 67.64| 2,067 | 6| 65.93
1,936 | 2| 64.07 | 1,967 | 2| 59.79 | 2,046 4| 62.33 | 2,140 [ 2 | 64.56
2,263 1 1| 65.04] 2,039{ 3| 66.35 ,163 | 31 67.68 ) 2,231 | 9 66.13
2,118 | 1| 65.95| 2,259 | 11 [ 65.79 | 2,354 | 81 64.83
2,247 | 1| 68.54| 2,325| 5| 67.39 | 2,421 | 5| 65.79
2,350 | 2| 63.68 | 2,419 5| 66.87 | 2,525 | 1|65.25
' 2,597 | 1| 66.82| 2,672 | 2| 65.94
a64.89 a64.12 266.06 a65.59
Per cent of rated capacity developed.
90 to 95. 95 to 100. 100 to 105. 105 to 110.
5 5. 5« 5.
27 2 2 an
ElS . g , g5 . g .
R 1] <L ] a2 2] a3 w
Ho | B . o |G So | B So |8
?E | & * PE | Q * ?H |2 % e | Q@ %
a3 = [l a3 =3 N a3 + N g3 + N
ek |5 w | S5 09| % | g8 (s % |88 s &
g2 1S v (88020 & [S58 12| & [S58 (S| &
38 | 3 g 38 |8 g 38 |8 g 38 | & g
2 g 2 & 2g |2 ) 28 |5 2 2g 15 2
g2 (5| & | g3 || & | g8 B| & | E% |B| £
o 4 2} o] 4 = [¢] Z = o] 4 =
2,050 | 2| 67.46) 2,248 | 6| 67.32] 2,256 | 2| 65.09 | 2,290 3 66.19
2,178 | 2| 65.88 2,368 7| 65.63 2,327 | 3| 66.46 | 2,345 | 3| 67.44
2,244 | 3] 69.23 ,457 [ 11| 65.83 | 2,474 | 4| 67.55 | 2,448 | 9| 65.03
2,350 1 12| 65.45| 2,554 | 6| 64.88{ 2,550 | 5| 66.10 | 2,534 | 1| 65.83
2,456 | 8| 65.88 ) 2,627 | 2) 65.80| 2,660 1} 65.22 ] 2, 5165.01
2,546 | 5| 69.41| 2,722 1| 68.06 | 2,89 | 2| 66.55| 2,708 | 1 | 64.61
2,637 1| 68.61 2,864 | 1| 73.64
2,708 | 1| 64.97
@ 66.60 265.95 ) a66.38 @ 65.88
a Average.
PYROMETRY.

For measuring the furnace and the combustion-chamber tempera-
tures, both a Wanner optical pyrometer and a thermoelectric couple
of platinum and platinum rhodium were used. -

The Wanner optical pyrometer (fig. 10, p. 19) was the more reli-
able and by far the more convenient to use. The working of this
instrument is based on the relation which exists between the tem-
. perature of a hot body and the intensity of the light which it emts.s
The instrument 1tself makes use of an incandescent lamp which is

a For the theoretical discussion of this subject see Waidner, C. W., and Burgess, G. K., Optical pyrom-
etry: Bull. No. 2, Bureau of Standards, U. 8. Dept. Commerce and Labor.
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standardized by comparison with an amyl-acetate standard lamp,
and consists of a photometer for comparing the light emitted by the
body whose temperature is to be measured with a steady light .of

“known intensity. The comparison light is a 6-volt incandescent
lamp, supplied by a storage battery, illuminating a ground-glass
surface. A beam of monochromatic (red) light from this source—
produced by -means of a direct-vision spectroscope and a screen, cut-
ting out all but a narrow band in the red—and a similar beam from
the hot body are passed into a photometric telescope, each beam
illuminating one-half of the telescopic field. The photometric com-
parison is made by adjusting to equal brightness both halves of the
telescopic field by means of a polarizing arrangement

One of the advantages of the optical pyrometer is that it is more
apt to take the average femperature of a strip across the furnace from
wall to wall. Furthermore, it gives temperature changes instantane-
ously and in absolute measure, which, even in case the flames appear
hotter than they really are, can hardly be in error more than 150° F.
This error is probably more than offset by the fact that the furnace
1s not, a perfect ‘“black body.”

The most serious source of error, except when special precautions
are taken, is the variation in brightness of the electric comparison
lamp due to variation in the current furnished by the three-cell stor-

- age battery, the percentage of change in light being of the order of six
times the percentage of change in current through the lamp. Break-
ing the circuit and then making it again may cause an apparent
change of more than 20° C. It has been found that for a series of
observations lasting from one-half hour to two hours it is better to
take all readings, after once standardizing the instrument, without
breaking the lamp circuit, mstead of breaking it after every single
reading.
~ Before standardizing the instrument the amyl-acetate standard
lamp should be allowed to burn from five to ten minutes to get a
steady flame. To supply the incandescent lamp a 20-ampere-hour
storage battery was used for most of the readings recorded in this
work. '

The thermoelectric couple used for pyrometric tests was connected
" either to a millivoltmeter equipped with a scale of temperatures or to -
a Callendar recording instrument. There were two of the latter
instruments; one was to be used with the thermoelectric-couple
pyrometer and the other with an electric-resistance pyrometer.
Owing to the fact that these pyrometers, as sold, do not stand the
furnace temperatures for any great length of time there was no
opportunity to give the recording instruments a fair trial, and there-
fore they are not considered in detail in this report.
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The thermoelectric couple as it came from the maker consisted of
a platinum and platinum-rhodium junction inclosed in a porcelain
tube of #-inch bore and g-inch outside diameter. However, this
porcelain tube could not stand the high temperature, and particularly
the slagging action of the furnace gases. The slag accumulated on
the surface of the tube and seemed to change the composition of
the porcelain. The tube partly melted, and then, after it had
been in the combustion chamber for two hours, broke off, although
there was nothing in the chamber to strike it. A water-jacketed
iron pipe, similar to the gas sampler shown in fig. 15 (p. 24), was
tried instead of the porcelain tube, the two Wwires being insulated
from each other and from the pipe by pieces of small glass tubing.
The thermoelectric junction projected 3 inches from the end of the
iron pipe, and was held in two. stems of penny clay pipes. This
arrangement lasted over a week in the combustion chamber and gave
fairly satisfactory -results. During this time the couple was con-
tinually connected to the Callendar recording instrument.

The records obtained with the thermoelectric apparatus had a value
only so far as the relative temperatures were concerned. For abso-
lute temperature the apparatus could not be depended on, because it
was impossible to apply any scale or rule.to the record when the mass
around the junction of the couple was one fused mass of slag. It was
also found that the variations in temperature shown by this couple
were lagging from six to eight minutes. A couple fitted with a water-
jacketed iron pipe had to be rigidly connected to a water supply.
~ On that account such an arrangement could not be used for measur-
ing temperatures in different parts of the furnace, and for this pur-
pose a plain }-inch iron pipe was used. The junction of the wires
was, as before, held in two clay pipestems, which projected about 2
inches from the end of the iron pipe. Clay pipestems had to be used
also for insulating the wires inside of the iron pipe for a length of
about a foot back from the end, on account of the high teimperature
to which the end was subjected. Even with this special arrangement
the thermoelectric couple could be exposed to the high temperature
of the furnace only long enough to get the projecting junction hot and
take the reading. This exposure usually lasted fifteen to twenty
seconds, after which the instrument had to be withdrawn and cooled
off. Even with this care the iron pipe lasted for only thirty to fifty
single readings, after which it became so burned that it had to be
replaced by a new one. This instrument also could be depended on
only for relative temperatures in different parts of the furnace.

After all the difficulties that are encountered in using a thermo-
electric couple for measuring furnace temperatures, this apparatus
measures only the temperature of a very small part of the furnace,
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where the instrument is inserted, and the temperature midway
between the side walls may be much higher than it is at points
reached by the couple, 8 inches from the walls.

Fig. 32 gives a comparison of the combustion-chamber temperatures
taken with the Wanner optical pyrometer with the rise in tempera-
ture of water from a water-jacketed gas sampler inserted in the rear
of the combustion chamber. A mercury thermometer was inserted
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F16G. 32.—Comparison of Wanner optical pyrometer temperatures in combustion chamber with rise in
temperature of water from u jacketed gas sampler.

into the water outlet of the gas sampler and was read simultaneously
with the optical pyrometer. The two curves agree very well, the
temperature of the water lagging slightly. The elevation of tem-
perature at A, B, C in the water-temperature curve is due to reduc-
tion of pressure in the water main caused by the taking of water into
the measuring tanks for feeding the boiler. But for this circumstance
the curve would run as shown by the dotted lines A, D, C.
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: SMOKE.

The curves of fig. 33 are plotted on the basis of per cent of black
smoke. Curve No. 1 indicates that the efficiency 72* rises a little
more than 1 per cent until about 20 per cent of black smoke is reached,
and then gradually drops. This drop in efficiency amounts to about
2.5 per cent within the range of 20 to 50 per cent of black smoke.
The drop in efficiency when there is little or no smoke can be explained
by noting that a greater amount of air was used for combustion of
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Fi6. 33.—Relations of smoke per cent to boiler efficiency 72* (curve No. 1); per cent of unaccounted
for loss taken from heat balance (curve No.2); combustion-chamber température (°F.) (curve No.
3); per cent of CO in flue gases (curve No. 4); per cent of oxygen (ultimate analysis) in dry coal (curve
No. 5); per cent of available hydrogen in ‘ combustible’” (curve No. 6); and per cen of fixed carbon
(proximate analysis) (curve No. 7). Series of 1905-6; black smoke taken as 100 per cent.

the coals producing little smoke, probably owing to the fact that
many lignites were included in these groups, the excess of air reduc-
ing the heat available for the boiler and causing a greater loss of
heat up the stack. . The loss up the stack decreases and the efficiency -
72* rises with reduction in the supply of air until the point is reached
at which the loss due to incomplete combustion becomes larger than
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the gain obtained by reducing the loss up the stack. Curves Nos. 3
and 4 support this explanation.

Curve No. 3 shows that the combustion-chamber temperature rises
in direct proportion with the per cent of black smoke. Rise in com-
bustion-chamber temperature always indicates 'a decrease in air
supply.

Curve No. 4 shows a gradual increase in CO in the flue gases. The
unaccounted-for loss, represented by curve No. 2, also rises as the
smoke increases. It is reasonable to say that the grea,ter part of the
increase in-the unaccounted-for loss is due to incomplete combustion
of hydrocarbon gases and to the escape of sohd particles of carbon-
forming smoke.

Curve No. 5 shows but a small increasein oxygen in coal,and there-

~fore does not indicate that oxygen in coal is a direct cause of smoke.

Curves Nos. 6 and 7 indicate that, excepting the first point at the
extreme left, good or bad coals have not been prevalent in any one
group. '

The direct cause of the smoke seems to be shown in curve No. 3
which indicates increased rate of combustion and decreased supply
of air.

The table which follows indicates that eastern coals are about as
apt to smoke as western. It should be stated here that if these
coals had been handled as suggested below most of them would
probably have burned entirely without smoke, and the remainder
with less smoke than they produced as actually handled.

Average per cent of black smoke produced by burning coals from certain localities under a
Heine boiler.

Numl ' Averaget\. . . Numb Average
s umber | per cen . umber | per cent
Locality. of tests. | of black Locality. of tests, gf black
- smoke. : smoke.
Alabama............... feeean 8 10.2 1 0
Arkansas. een 6 0 25 32.2
Brazil.... 2 0 Pennsylvama, 18 18.3
Florida. .. 1 54.8 || Rhode Island. 1 0
Tilinois. ... 35 18 Tennessee. . 29 14.6
Indiana........ 30 26 Texas... 3 8.7
Kansas......... 2 22.7 || Utah.. 3 2.8
Kentucky. 4 18.5 Vu‘glma ...... 10 - 36,1
Maryland. 3| 5.2 || Washington. . . 4 19
Missouri........ 7 17 West Vu‘glma P, 23 22.9
New Mexico.... 8 17.6 || Wyoming 8 14.7

The following table includes coals from many localities; some of
them are usually called “smoky coals.” It is quite probable that
most other coals which produced smoke could have been burned
smokelessly if the boiler division had not worked for the greater part
of 1905 under th: idea that very high temperatures are needed to
get good over-all efficiencies. - As shown elsewhere, extremely high
furnace temperaturesand a high degree of completeness of combus-
tion in the furnace are incompatible. More air should usually have
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been admltted through the smoke-preventer openings to the space
over the fire; this precaution might have prevented almost wholly
in most cases the formation of the smoke without affecting the over-
all efficiency of the outfit.

Coals burned under Heine boiler without producing smoke.

Test No. Test No.
Alabama No. 3................. 390 | North Dakota No.3............ 206
Alabama No. 4................. 378 | Pennsylvania No. 8............. 236, 237
Arkansas No. 7 A...........0.. 293,294 | Pennsylvania No. 8 (dried)..... 242
Arkansas No. 8 (washed)...... .. 308,309 | Rhode Island No. 1............. 401
Arkansas No. 10. .............. 340 | Tennessee No. H................ 352
Brazil No. L................ ... 172,173 | Tennessee No. 6................ 379, 381
Illinois No. 6 B (briquets) ... .. 813 | Tennessee Nos. 8 A and 8 B
Illinois No. 11 C (briquets) ..... 312 (washed)..................... 388
IMlinois No. 20.................. : 292 | Tennessee No. 9 (meshed bri-
IMinois No. 21......ooooia. .. 316 QUELS) seeeeiiie el 393
Ilinois No. 21 (briquets) ....... 318 | TexasNo. 4...oooooeo ... L. 291
Illinois No. 23 A (washed)...... 317 | West Virginia No. O 285, 289
Hlinois No. 26.................. 338,339 | West Virginia No. 19 (briquets) - 331
Indiana No. 7 B (briquets) .... 288 | West Virginia No. 21........... 297
Maryland No. 1 (washed)._..... 231 | Wyoming No. 2B.............. L0210
Missouri No. 5....ooooooaio.. 320 | Wyoming No. 3................. 211
New Mexico No.3B........... 389

COMBUSTION AND COAL.

“VOLATILE MATTER,” ‘‘FIXED CARBON,” “WATER OF COMPOSITION,’a AND
“ COMBUSTIBLE.”

There still lingers a trace of an old idea that coal consists of parti-
cles of carbon cemented together with a sort of natural bitumen.
The present tendency is to regard bituminous coal as a mixture of
dozens, or even hundreds, of ‘organic compounds, most of them de-
rived from cellulose and many of them containing nitrogen and sul-
phur organically combined. It is true that for most klnds of coal
group formulas can be devised which represent very closely the
chemical compositions of the respective groups as shown by ulti-
mate analyses; but it must be distinctly borne in mind that the
devisers of these formulas do not mean that any one coal under con-
sideration consists of one compound expressed by the formula pro-
posed. Such formulas are meant as collective only; in exactly the
same way as physiologists speak of the normal or average man,
whose height, weight, etc., bear certain accurate relations to each
other, although there is not in the world any one man who fits the
descrlptlon exactly.

When coal is heated, some or most of its constituent compounds are
always broken down more or less, but are broken down differently, .
according to the particulars of the distillation method. That por-

a For definition of “ water of composition,” see the glossary, p. 183.
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tion which is distilled off from coal when it is heated under certain
‘““standard” conditions is called ‘“volatile matter.” Butinasmuch as
the ‘“standard” conditions are seldom exactly alike, and inasmuch
as “volatile matter” is the product of a change, it is a mistake to
say that coal contains any stated percentage of ‘“volatile matter,”
or even that it contains ‘“volatile matter’” at all. The terms ‘“fixed
carbon,” “volatile carbon,” and ““water of composition” are equally
misleading. Coals do not literally contain these constituents in any

"more exact sense than cane sugar consists of “water” and ‘‘char-
coal,”’ although hydrogen and oxygen are contained in cane sugar
in exactly such proportions as form water and leave carbon when
the sugar is heated.

GRATE AND COMBUSTION SPACE.

Any furnace consists of the grate and the combustion space.
The combustion space extends from the top of the fuel bed to the
opening into the tube chamber, and its rear portion is termed the
““combustion chamber.” The function of the grate and fuel bed
is to distill the ‘“volatile matter” and partly to burn the “fixed
carbon’ of the coal. The function of the combustion space is to
burn the ‘“volatile matter.”” With coals high in “fixed carbon”
combustion is nearly complete a short distance from the top of
the fuel bed; with highly volatile coals the combustion is incomplete,
even at the rear of the combustion chamber. ‘

Samples of furnace gas collected at the top of the fuel bed are very
commonly rich in combustible ingredients. In the subjoined table
is given the chemical composition of gas collected at the top of the
fuel bed and also from the combustion chamber, determined from
samples collected with the water-jacketed sampler. The samplers
projected about 10 inches into the furnace, both being inserted
through holes in the side wall, the first sampler resting on the sur-
face of the fuel bed.

Analyses of samples of gas collected at top of fuel bed and rear of combustion chamber.

Collections: Time. COaq. 0. CO. Il CHy. | CnHan+2.
Test 362:
Top of fuel bod.................... { od| o8| 6| 22| &% 3¢ 02
\
Rear of combustion chamber...... { 13:%8 ﬁ:g gg g """"""""""""""
Test 364: ) . 20 .
-
Top of fuel bed. . .....eeeeeeenn. ... { 3% 531 8% =sf ¢ 9, 9
Rear of combustion chamber. ... .. { lg’gg igg g 6 g ““““““ RS MRS
Test 367: T L e
7.30 4.4 7.4 9.5 1.2 2.4 .8
Topoffuel bed. .. ................ 9.30 5.4 0 23.6 7.8 1.2 .2
: 11.20 5.2 .2 23.8 5.4 1.8 0
J 7.30 13.3 0 18 O
Rear of combustion chamber...... 9.30 15.5 .6 A T
| 30| 146 2 U |
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It is difficult to say whether the samples collected with the water-
jacketed sampler are really representative samples of the furnace
gases. Some constituents of the gas may decompose and reunite in
different ways when suddenly cooled by the water-cooled surface.
‘Chemical analyses of gas collected at the end of the combustion
chamber seldom show much CO or any H, and CH,.

Samples collected at the base of the stack show dilution of 25 to
30 per cent. The following table gives the chemical analyses of
some gas samples collected simultaneously at the base of the stack
and from the rear of the combustion chamber:

- Analyses of &amples of gas collectéd in test 305.

Place. Time, | COs | Oz | CO. | CH,. | Sum.
9.00| 13.4| 46|......|....... 18
030 150| 36 0| o4 19
10020 | 14.4| 34 o] o 17.5
1220 154 18 i) R 17.2
120 146| 3.2 1 17.8
AVETAZC -+ - oot ORI 45| 33 Y 17.8
Base of stack.. ) 900 100| 9.2 0| .o 19.2
DO.oennnno. 9.30| 10| 7.8 I I 18.8
Do...lllll 10,30 12| 7.6 Nl I 18.8
Do....o.. 12.30| 1L0| 7.9 0.t 18.9
Do .. 30| 10.5] 7.9 [\ 18.4
AVETAEe. ..ot 10.7 8.1 0fcun.... 18.8

The above analyses give 17.5 and 23.2 pounds of gas, respectively,
per pound of carbon.

If the flue-gas analyses determine the control of the fire, it is impor-
tant that the samples analyzed be collected before the gas is diluted.
As it is almost impossible to have a perfectly air-tight boiler setting,
it is perhaps best to take the sample from the combustion chamber.

VELOCITY OF COMBUSTION AT VARIOUS POINTS ALONG THE FLAME.

The chemical law of mass action for two reacting substances states
that, other things being equal, the number of new molecules of result-
ing compound (in the present case CO,) formed per second is propor-
tional to the product of the masses of the reacting substances present
per unit of volume (of gases in the present case), these.masses being
expressed in terms of gram molecules. (The gram molecule of a sub-
stance is the weight of the substance, in grams, numerically equal to
its molecular weight.) . There are two atoms in an ordinary molecule
of oxygen gas, each weighing sixteen times as much as an atom of
hydrogen. Therefore the molecular weight of gaseous <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>