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THE SMOKELESS COM])USTION OF COAL IN
BOILER PLANTS

By D. T. Raxpvarr and H. W. WEEKs.

NOTE.

The drawings used as a basis for figure 1 (p. 13) and figure 3 (p. 15) of this
report were supplied by Mr. A. Bement, of Chicago, and are slightly modified
from the form in which they appeared in the Peabody Atlas, edited by Mr.
Bement and published (Chicago, 1906) by the Peabody Coal Company.

The title line under figure 3, page 15, should read as follows: *‘Fioure 3.—
Chain-grate stoker serving a tile-roof furnace designed by A. Bement, with «
Babcock & Wilcox boiler.” :

Figure 27, page 105, represents a Dorrance furnace.

The drawings used as a basis for figures 29 and 30 (p. 106) and figure 31
(p. 107) were reproduced from the Peabody Atlas.

For the drawings used as a basis for other illustrations in this report the
authors are indebted to the kindness of the Westinghouse Machine Company,
the Underfeed Stoker Company of America, the Green Engineering Company,
the Murphy Iron Works, the Water Arch Furnace Company, the Detroit Stoker
and Foundry Company, Charles J. Dorrance, the Burke Furnace Company,
James McMillah & Co., G. 8. Calder, and the Hawley Down Draft Furnace
Company. .

tionable. Proper equipment, efficient labor, and intelligent super-
vision are the necessary factors. :

INVESTIGATION OF INDUSTRIAL PLANTS.

SCOPE AND PURPOSE.

In the investigation of industrial establishments a study was made
of the conditions in thirteen of the larger cities in Illinois, Indiana,
Kentucky, Maryland, Michigan, Missouri, New York, Ohio, and Penn-
sylvania, between 400 and 500 plants being inspected. Sufficient
information was collected to make the data from 284 plants of value

5



6 ’ SMOKELESS COMBUSTION OF COAL.

for this report. In nearly every city visited coal was supplied from
points both in and out of the State, so that although but nine States
were visited, the facts ascertained apply to coals from a greater
number.

The main purpose of the inspection was to obtaln a better knowledge
as to the influence on smoke production of furnace design and of the
condltlons under which combustion takes place.

SUMMARY OF CONCLUSIONS.

The results of this investigation are set forth in detail on later pages
of this volume. The general conclusions to be drawn can be summa-
rized in a few paragraphs.

Smoke prevention is possible. There are many types of furnaces
and stokers that are operated smokelessly.

Any one kind of apparatus is effective only if so set under boilers
that the principles of combustion are respected. The value to the
average purchaser of a manufacturer’s requirement on this point
lies in the fact that he is thus reasonably certain of good installation.
A good stoker or furnace poorly set is of less value than a poor stoker
or furnace well set. Good installation of furnace equipment is neces-
sary for smoke prevention.

Stokers or furnaces must be set so that combustion will be complete

before the gases strike the heating surface of the boiler. When partly
burned gases at a temperature of, say, 2,500° F., strike the tubes of a
boiler at, say, 350° F., combustion is necessarily hindered and may be
entirely arrested. The length of time required for the gases to pass .
from the coal to the heating surface pr obably averages considerably
less than one second, a fact which shows that the gases and air must
,be intimately mixed when large volumes of gas are distilled, as at
times of hand firing, or the gas must be distilled uniformly, as in a
mechanical stoker. By adding miming structures to a mechanical
stoker equipment both the amount of air required for combustion and
the distance from the grates to the heating surface may be reduced
for the same capamty developed. The necessary air supply can also
be reduced by increasing the rate of combustion.

No one type of stoker is equally valuable for burning all kmds of
coal. The plant which has an equipment properly des1gned to burn
the cheapest coal available will evaporate water at the least cost.’

Although hand-fired furnaces can be operated without objection-
able smoke, the fireman is so variable a factor that the ultimate solu-
tion of the problem depends on the mechanical stoker—in other
words, the personal element must be eliminated. There is no hand-
fired furnace from which, under average conditions, as good results
can be obtained as from many different patterns of mechanical stoker,
and of two equipments the one which will require the less attention
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from the fireman gives the better results. The most economical
hand-fired plants are those that approach most nearly to the continu-
ous feed of the mechanical stoker.

The small plant is no longer dependent on hand-fired furnaces, as
certain types of mechanical stokers can be installed under a guaranty
of high economy, with reduction of labor for the fireman.

In short, smoke prevention is both possible and economical.

PERSONNEL.

This investigation was carried out under the direction of D. T.
Randall, L. F. Beers and H. W. Weeks procuring most of the data.
Mr. V\reeks has also prepared a large portion of the report. In the
collection of the information much assistance was given by the city
smoke inspectors, by manufacturers of boiler-room equipment, and
by the owners of the plants visited, and to them especial thanks are
hereby extended for their active cooperation.

METHOD OF COLLECTING DATA.

On entering a city a list was obtained of the plants where mechan-
ical stokers or special devices for hand-fired furnaces were in-opera-
tion without smoke. Smoke observations were taken on the stacks
at these plants, or records at the smoke inspector’s office were reviewed
to determine the plants to be visited. The stack was always watched
at times when the plant was running under average conditions, and
always without™ the knowledge of the engineer or fireman. The
length of the observations varied from one hour to ten hours, although .
a one-hour record determined whether a stack was good or bad. The
observer usually checked this record by watching the stack during
several shorter periods while he was in the city.

During the visit to each plant an attempt was made to obtain data
enough so that the furnace and boiler setting could be duplicated.
All 1nformat10n except that in regard to drafts and furnace measure-
ments was supplied by the manager or the engineer in charge of the
plant. The engineer usually knew the approximate amount of coal
burned per day on heavy and light loads and the number of boilers
used to carry the load. Draft readings were taken to obtain the
drop in draft through the boiler and to learn the effective draft which
burned the coal. Special notice was taken of the methods of opera-
tion to determine whether in case the plant was duplicated the same
results could be expected if it was operated by the average fireman.

SIZES OF COAL.

The size of the coal which was being burned at the various plants
inspected is stated in the tables as run-of-mine, sized egg or nut, and
screenings, except for the Illinois plants, where the sizes are given
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as Nos. 1, 2, 3, 4, or 5. The standard for sizing coal is not uniform
over the whole State of Illinois, but in Williamson County washed
coal is passed over screens with round openings and is sized and num-.
bered as follows:

No. 1, coal passing through 3-inch screen and over 1§-inch screen.
No. 2, coal passing through 14-inch screen and over 1-inch screen.
No. 3, coal passing through 1-inch screen and over §-inch screen.
No. 4, coal passing through $-inch screen and over }-inch screen.
No. 5, coal passing through }-inch screen.

About half the washerles in Ilhn01s size coal according to the above
scheme.

DEFINITION OF BOILER HORSEPOWER.

To determine the percentage of the rated capacity being developed
it was necessary to assume the amount of coal each plant burned per
boiler horsepower per hour. To a mechanical engineer the term
“boiler horsepower” suggests two things—a measure of the rate of
work and a measure of the capacity of the boiler.

Rate of work.—The measure of the rate of work of a boiler is based
on an arbitrary unit of an evaporation of 30 pounds of water per
hour from a feed-water temperatlon of 100° F. into steam at 70
pounds gagé pressure. This unit is termed a boiler horsepowel and
was suggested as of possible value at a time when a good engine had
a water rate of about 30 pounds per hour. It became so widely
used that in 1885 it was adopted by the American Society of Mechan-
ical Engineers as a standard for conducting steam-boiler trials. The
revised code of the society defines it as follows: “The unit of com-
mercial horsepower developed by a boiler shall be taken as 344 units
of evaporation per hour—that is, 344 pounds of water evaporated
per hour from a feed-water temperature of 212° F. into dry steam
of the same temperature. This standard is equivalent to 33,137
British thermal units per hour. It is also practically-equivalent to
an evaporation of 30 pounds of water from a feed-water temperature
of 100° F. into steam at 70 pounds gage pressure.” The unit of
- evaporation is thus equivalent to 965:7 British thermal units.

Capacity of boilers—The measure of the capacity or rating of a
boiler is variable, there being no standard. Under a proper method
of rating the proposed rated capacity should be attained when using
average coal, giving average attention to firing, and using only part of
the available draft, yet obtaining good economy. To rate all boilers,
whether of the water-tube or fire-tube type or a combination of the
two, on the basis of 10 square feet of heating surface per boiler
horsepower is becoming a general practice, as this method comes
within the required conditions.
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DETERMINATION OF TOTAL HEATING SURFACE.

The determination of the total heating surface with sufficient
accuracy for ordinary purposes is not difficult. A short approximate
method for any boiler is to figure the heating surface in the tubes
and divide it by 0.85 for a return tubular boiler or by 0.90 for a
water-tube boiler. In case the return tubular boiler has an arch
over the top for gas passage, giving a so-called third return, it is
necessary to add from 100 to 200 square feet to the result to obtain
the total heating surface.

This short method may be proved by two examples, as follows:

(1) Take a return tubular boiler which is 18 feet long and 6 feet
in diameter, with 72 4-inch tubes. According to Kent, the square
feet per foot length for a 4-inch tube =1.047; then—

1.047 X 18 X 72 =1,357 square feet in tubes.
3.1416 X 6 X 18 =339 square feet in shell.
(3.1416 X 9) — (72 X 3.1416 X 0.172) X 2 =44 square feet in tube

sheets. :
Hence the total effective heating surface=1357 +?’ﬁ) +44=1570;
u i'g%=0.863+, hence approximately 85 per cent of the total

effective heating surface of a return tubular boiler is in the tubes.

(2) Take a Heine water-tube boiler having 116 tubes 3% inches
in diameter and 18 feet long and a 42-inch drum 21 feet 6 inches
long.- According to Kent, the square feet per foot length for a 34-inch
tube=0.916; then 0.916 X 18 X116 =1,912 square feet in tubes. The
approximate dimensions of the water legs are 6 feet 6 inches by 4
feet =26 square feet; the tube area in water legs=8 square feet; and
the heating surface in water legs=(26X2)—(8X2)=36 square
feet. The effective heating surface in (11'11111_3‘1—416—X—3—6—>—<H§—
118 square feet. Thus, the total effective heating surface=
1,9124+36+118=2,066 square feet; but ;géz
approximately 92 per cent of the total eﬁ'ectlve heating surface of
a Heine water-tube boiler is in the tubes. In ‘other types of water-
tube boilers the ratio was found to be lower; but 90 per cent may
be assumed as a fair average ratio.

=0.925+, hence

TESTS BY THE GEOLOGICAL SURVEY.
GENERAL STATEMENT.

During 1904 to 1906 coals from all parts of the United States were
burned at the government fuel-testing plant at St. Louis, in furnaces
which were in the main of the same design. Most of the tests®

a For descriptions of the plant and tests see Bull. U. S. Geol. Survey Nos. 261, 200, 323, and 332.
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were made on a hand-fired furnace under a Heine water-tube boiler.
The lower row of tubes of the boiler supported a tile roof for the
furnace, giving the gases from the coal a travel of about 12 feet before
coming into contact with the boiler surface. This furnace is more
favorable to complete combustion than those installed in the average
plant. A number of coals were burned in this furnace with little or no
smoke, but many coals could not be burned without making smoke
“that would violate a reasonable city ordinance when the boiler was
" run at or above its rated capacity. - Boilers having furnaces installed
under less favorable conditions will give off more smoke.

In 1907 the steaming section of the St. Louis plant was moved to
Norfolk, Va., where subsequent tests of this nature have been made.
The plant at Norfolk was equipped with two furnaces—one fired by
hand and the other by a mechanical stoker. Both were operated
under Heine boilers.

In the course of the steaming tests at St. Louis and Norfolk some
special smoke tests were made and the influence of various factors
in smoke production was noted. As the tests were made as far as
possible under standard conditions, with a minimum of variation in
boiler-room labor, the results bring out the importance of other fac-
tors such as character of fuel and’furnace/design.

SUMMARY. OF CONCLUSIONS.

A detailed discussion of these tests, with numerous tables, is
presented on pages 139-167 of this volume. A brief summary of the
general conclusions is as follows:

A well-designed and operated furnace will burn many coals with-
out smoke up to a certain number of pounds per hour, the rate vary-

-ing with different coals, depending on ‘their chemical composition.
If more than this amount is burned, the efficiency will decrease and
smoke will be made, owing to the lack of furnace capacity to supply
air and mix gases.

High volatile matter in the coal gives low efficiency, and vice versa.
The highest; efficiency was obtained when the furnace was run at
low capacity. When the furnace was forced the efficiency decreased.

With a hand-fired furnace the best results were obtained when
firing was done most frequently, with the smallest charge.

Small sizes of coal burned with less smoke than large sizes, but
developed lower capacities.

Peat, lignite, and subbituminous coal burned readily in the type
of tile-roofed furnace used and developed the rated capacity with
practically no smoke.

Coals which smoked badly gave efficiencies 3 to 5 per cent lower
than the coals burning with little smoke.

Briquets were found to be an excellent form for using slack coal
in a hand-fired plant. They can be burned at .a fairly rapid rate
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of combustion with good efficiency and with practically no smoke.
High-volatile coals when briquetted arve perhaps as valuable as low-
volatile coals when not briquetted.

A comparison of tests on the same coal washed and unwashed
showed that under the same conditions the washed coal burned
much more rapidly than the raw coal, thus developing high rated
capacities. In the average hand-fired furnace washed coal burns
with lower efficiency and makes more smoke than raw coal. How-
ever, washed coal offers a means of running at high capacity, with
good efficiency, in a well-designed furnace.

Forced draft did not burn coal any more efficiently than natural
draft. It supplied enough air for high rates of combustion, but as
the capacity of the boiler mncreased the efficiency decreased and the
percentage of black smoke increased.

Most coals that do not clinker excessively can be burned with 1
to 5 per cent greater efficiency and with a smaller percentage of
black smoke on a rocking grate than on a flat grate.

Air admitted freely at firing and for a short period thereafter
increases efficiency and reduces smoke.

As the CO in the flue gas increases the black smoke increases; the
percentage of CO in the flue gas is therefore, in general, a good guide
to efficient operation. However, owing to the difficulty of deter-
mining this factor, combustion can not be-regulated by it.

The simplest guide to good operation is pounds of coal burned per
square foot of grate surface per hour.

REPRESENTATIVE BOILER PLANTS BURNING COAL
-WITHOUT SMOKE.

GENERAL STATEMENT.

Bulletin 334, the preliminary report on smokeless combustion,
takes up information collected and conclusions reached while asser-
bling the data summarized in the present report and sets forth many
facts of general interest that are not discussed in the following pages.
This paper deals especially with the equipment of particular boiler
plants which were found to be burning coal without smoke, and with
the essentials of good furnace design. A brief summary of thegeneral
conclusions is presented on pages 171-172. The details on which
these conclusions are based are set forth in the following pages.

For the sake of clearness the important features of the equipment
of the boiler plants visited are stated in tabular form.

Although there were very few plants at which-all the items covered
by the tables could be ascertained, the more essential details—those
bearing directly on the subject of smoke prevention—were obtained
at nearly every plant. The density of the smoke is stated on a
percentage basis, 0 meaning a clean stack and 100 per cent meaning
dense black smoke.
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In the tables the furnace dimensions are checked by letters from A
to H, which refer to the dimensions indicated by the corresponding
letters on the illustrations showing typical installations of furnaces
under boilers of various types. These illustrations are intended to
show especially the average and the minimum travel of the gases
from the fire to the first cooling surface in the boiler, the height of the
furnace, and the length of the coking arch. '

In the illustrations some makes of boilers appear more frequently
than others. This does not imply any preference for certain models.
Boilers of widely differing patterns have shown equal efficiency in
steaming trials, and it is coming to be a general belief that among the
types of boilers ordinarily used at power plants peculiarities of tube
arrangement count for less than proper furnace design. This report
of what has been done to effect smokeless combustion emphasizes the
importance of furnace design and management and makes no com-
parisons between boilers. The illustrations show details of furnace
construction and the importance of certain features.

For convenience of treatment the following order is adopted in
discussing the equlpment of the various plants:

Mechanical stoker plants. - | Hand-fired plants.
(¢) Overfeed stokers. (a) Furnaces under water-tube boilers.
1. Chain grates. (b) Furnaces under return tubular
2. Front feed. boilers. '
3. Side feed. ° - 1. Down-draft furnaces.
(b) Underfeed stokers. * 2. Furnaces using steam jets.
3. Furnaces with miscellaneous
equipment. '

PLANTS WITH MECHANICAL STOKERS.

The use of mechanical devices for firing coal reduces labor in the
boiler ropm, but the main object of mechanical stoking is to feed a
steady, regulated supply of coal and air to the furnace. The ad-
vantages of feeding a fire steadily were seen in the early days of
steam engineering, but defects in design or faulty installation and
management kept mechanical stokers from coming into general use.
Within the last decade, Rowever, their use has greatly increased.
They are of two general types—overfeed and underfeed.

OVERFEED STOKERS.
CHAIN GRATES.

GENERAL DISCUSSION.

The earliest mechanical stoker was of the treadmill type, so called
because the arrangement of the grate bars as a traveling belt resembled
the apron of a treadmill. It was patented in England as far back as
1841. Improved in details of construction, this.type, under the
name chain grate, has come into extensive use in this country. The
coal is fed from a hopper, which extends the entire width of the grate



PLANTS WITH MECHANICAL STOKERS. 13

and has a plate at the back for regulatiﬁg the depth' of the bed of
coal, to a continuously revolving grate, the top of which is made to
move from front to rear by power applied to the front or rear sprocket

shaft. As usually installed, the surface of the grate is horizontal, but’

occasionally chain grates are given a slight incline. Back of the
“hopper and extending over the whole width of the grate is a fire-brick
arch. The length of this arch differs in plants equipped by different
makers, but the present tendency is to lengthen the arch and to pro-
portion its length and slope to the grade of coal to be used.

In operation, coal from the hopper begins to ignite as it passes
under the arch and the grates carry the burning coal toward the bridge
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Fi1GurE 1.—Chain-grate stoker and Babcock & Wilcox boiler with uptake in rear.

wall at a rate which permits complete combustion before the chain
passes the rear sprocket and the refuse falls into the ash pit below.
The majority of the stokers of this type are particularly adapted to
a free-burning coal high. in volatile matter, such as is mined in the
central and western fields, and give less satisfaction with the higher
fixed carbon coking coals of the Appalachian field. As they can burn
the poorest grades of noncoking coal with complete combustion,
they offer a valuable means of producing cheap power. At all the
plants visited where these stokers were in use small coal was burned.
* As has been said, the chief difference at present among chain grates
as put in by the various makers is in the length of the fire-brick arch.
In many water-tube boilers this arch is made short, and the gases
~ of combustion. are led to the tubes by the shortest path. A furnace
and boiler with stoker thus set are shown in figure 1. In this setting
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the distance of travel for the gases from the grates to the tube heating
surface, indicated by the line B, is reduced to a minimum and the
average distance from the fire to the first cooling surface encountered
(4) approaches a minimum.

This type of installation is common in the Middle West, where a
higher proportion of chain grates is in use than in any other section’
of the United States, but the short arch and the brief travel of the
gases to the first tube heating surface are featules unfavorable to
smokeless combustion.

A water-tube boiler of another make with furnace fed by chain
grates is shown in figure 2.
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FIiGURE 2.—Chain-grate stoker and Stirling boiler.-

A method of setting designed to lengthen the travel of the com-
bustible gases from the bed of coal and allow them to mix and be
completely burned before entering the boiler is shown by figure 3.
Here the type of boiler illustrated by figure 1 is baffled so that the
uptake is-in front; the fire-brick arch over the grates is. no longer
than in the other furnace, but it is supplemented by the bottom
baffling made of C tile supported by the water tubes, so that the
least distance from grates to tube heating surface is three times as
long as in the mounting shown in figure 1. The bottom baffling,
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though it can not, on account of its construction, become as hot as
the ignition arch, has slight chilling effect, and there is ample oppor-
tunity for complete combustion before the gases reach the first cooling
surface.

Comparatively few chain-grate stokers were found under tubular
boilers. An example of the usual setting is given in figure 4. Here,
while the ignition arch is short and the shell of the boiler has a cooling
effect, the average distance from the grates to the beginning of the
tube heating surface is so long that smokeless combustion can be

E —>

FIGURE 3.—Chain-grate stoker and Babcock & Wilcox boiler with uptake in front.

obtained with ordinary care in operation. In the journey from the
grate to the rear of the boiler the cooling effect of the boiler shell,
though not negligible, is much less than it is often thought to be,
inasmuch as the area exposed is not more than that of eight or nine
tubes.

DETAILED DESCRIPTION OF PLANTS.

‘In the course of the field investigation 57 plants, ranging from 300
to 9,600 rated boiler horsepower, at which chain grates were installed
were visited. The detailed information collected regarding these
plants is presented in Table 5 (pp. 19-32), but some of the more
important facts to be gained from a study of that table are summa-
rized here.
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The coals used, -all small sizes, came from five different States and
the average depth of fire in burning them ranged from 4.5 to 6 inches.
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F1GURE 4.—Chain-grate stoker and return tubular boiler.
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The kind of coal and the depth of fire are given in Table 1, which
incidentally shows that the chain-grate stoker has been found to work
remarkably well with Illinois coals. :
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TasLE 1.—Kind of coal and depth of fire at plants with chain grates.

* . | Number | Average Number | Average
Kind of coal. of depth of Kind of coal. of depth of
plants.e fire. plants.a | fire.
. " Inches. Inches.
Illinois 21 5 || Ohio .. 6 5
Indiana.... 8 5 || Pennsylvania.... .. 6 4.5
Kentucky. . 8 4 || Miscellaneous. ... 10 6

& Two plants burned both Indiana and Iilinois coal.

Forty of these plants maintained uniform loads; the remainder
had to carry variable loads. At 18 per cent of the plants the stokers
were under boiler units of 200 horsepower or less and at 69 per cent
they were under units of 300 horsepower or less. The average boiler
horsepower developed, the boiler being rated on 10 square feet of
heating surface per horsepower, ranged from 23 to 158, the average
being 93. The ratio of square feet of heating surface to square feet
of grate surface varled from 33 to 1 to 88 to 1, the average ratio being
50 to 1.

The height of the ignition arch at the front of the furnace ranged
from 0.9 to 1.1 feet, and the height above the grate at the rear of the
arch from 1.3 to 2.2 feet. In 16 plants out of 46 the forward ends of
" the stokers were some distance in front of the boiler. The average
height of the ignition arches above the grates is given in Table 2.

TaBLe 2.—Average height of arch at front and rear at plants with chain grates.

At front of furnace. | At rear of furnace.

: Number Number
Type of boiler. Average | of plants { Average | of plants
height |at which| height |at which

of arch. | meas- | ofarch. | meas-

ured. ured.

Feet, Feet.

Aultman & Taylor. .. ..o i 1.1 6 1.7 6
Babcock & Wilcox... ... o 1.1 13 1.5 13
Heine................. 1.1 6 1.6 5
Stirking.................. - .9 16 1.5 14
Miscellaneous water-tube 1 3 1.3 3
Return tubular 1.1 5 2.2 6

The coal as received burned per square foot of grate per hour of
average heavy load ranged from 11.4 to 39 pounds, the average
being 23.3 pounds.

Table 3 presents in more 1mpresswc form some of the particulars
recapitulated above. It was compiled to show that with chain-grate
stokers installed under 10 types of boilers (five different makes of
water-tube boilers are included under ‘“Miscellaneous’”) which were
run.at about their full capacity, at no plant was there any serious
emission of smoke; combustion being practically smokeless. As

74897—Bull. 373—09——2 -
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bearing. on the proper length of travel of the burning gases for coals
from different States, the least and average distances from grates to
tube heating surface are given.

TaBLE 3.—Summary of various observations at plants with chain grates.

Coal | Percent-| Distance
burned | age of ~|from grates
per rated to tube
square | boiler heating
Num- | Fur- | footof | horse- | surface. | .
Type of boiler. Kind of coal. bher of | nace |gratesur-| power smoke,
. plants. | draft. | face per | devel- .
hour, oped,
average | average |Aver-{Mini-
heavy heavy | age. |mum
load. load.a
Inch of
. water. | Pounds. Feet. | Fect.| Per ct.
Aultman & "Taylor.| Illinois, Ohio, and 7 0.23 19.4 8| 52| 3.2 4.4
I - Pennsylvania.
Babcock & Wilcox.| Illinois, Kentucky, 12 -.21 24.0 88| 52| 33 2.7
Ohio, and Pennsyl- ’
vania. :
Heine............ ... Tllinois................ 7 .22 21.2 113} 84| 6.4 6.5
Stirling.............. Tllinois, Indiana, Ken- 18 .19 23.5 94| 7.0 4.9 5.4
tucky, and Ohio.
Miscellaneous water- | Indiana, Kentucky, 5 .20 26.2 104 | 83! 55 7.5
ube. and Pennsylvania.
Return tubular..... Illinois, Kentucky, 8 .15 24.9 108 1 19.0 | 14.7 2.8
- Pennsylvania, and
Indiana.

e Boiler rated on 10 square feet of heating surface per-horsepower. .

The draft measurements at the plants with chain grates are summa-
rized in Table 4.

TasLe 4. —Summary of draft measurements at plants with chain grates.

Number | Average

Type of boiler. Measurement taken at— g{ {’J%ﬂ}ﬁ (1?131“01'

taken. water).
Aultman & Taylor............ FUrNace - . ..ot it 5 0.23
Rearof hoiler......._........... ... 6 .46
........ 3 .71
Babcock & Wilcox............ 12 .21
' ‘11 .34
’ 5 .57
Heine........coocooiiianae Furnace.... 5 - .22
Rear of boile 2 .58
. Base of stack 4 77
Stirling.. ...l Furnace. ... 18 .19
Rear of hoile 17 .47
Base of stack..........oooiiiil 7 .96
Miscellaneous water-tube. .. .. Furnace..........oooeiiiiiiiiiis 6 .20
Rearof boiler............................ 4 .41
Base of stack.......cooiiiiiiiiiiiis 2 .60
Return tubular............ .. Furnace. . ...ooovveiiiineiiaiiai.s 8 .15
Front tubg sheet....................... .. 4 .43
Base of StaCK. .. ooviui i 3 .81

Average furnace draft, 54 plants, 0.19 inch of water; range, 0.07 to 0.45 inch. Aver-
age draft at rear of boiler, 40 plants, 0.43 inch of water; range, 0.11to 0.94 inch. Aver-
age draft at front tube sheet, 4 plants, 0.43 inch of water; range, 0.25 to 0.61 inch.
Average draft at base of stack, 24 plants, 0.77 inch of water; range, 0.26 to 1.30 inch.
These figures show approximate average drafts as follows: Furnace, 0.20 inch of water;
rear of boiler, 0.45 inch; base of stack, 0.80 inch. These results give a drop in draft
through the boiler of 0.25 inch of water and a drop from boiler to stack of 0.35 inch.
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PLANTS WITH MECHANICAL STOKERS. 33

SUMMARY.

The chain-grate stoker was found in plants carrying uniform loads"
and in plants where loads were extremely variable. With a uniform
load and a proper setting there should never be any smoke with this
equipment, but when a variable load is carried a faulty method of
operation may cause the emission of dense smoke. In a chain-
grate plant having a variable load, with the fire carried up to the
water back, a sudden release of load will require a reduction of
draft. Too often the damper is nearly closed, so that the coal on
the grate and the fresh coal fed to hold the fire are burned with a
imited air supply, causing the stack to smoke badly.

Plants equipped with the chain grate can be made to carry a very
variable load with good results by changing the thickness of the fire,
the speed of the grate, and the position of the damper to suit the load.
The draft should not be reduced below a certain value, which can be
determined for each plant by gradually closing the damper and
watching the stack. In a plant where the maximui variations of
load are nearly the same, it might be necessary to vary only the speed
of the grate and the position of the damper. The damper regulator
is often the cause of a smoky stack, because it is usually set to choke
off the entire draft, a condition which is never necessary.

Both the speed of a chain grate and the slope of the ignition arch
are important. Too often the grate is run so fast that volatile
matter is being driven from the coal as far back as the center of the
grate; usually in this case there is not only a loss from incomplete
combustion of the gases but also losses from unconsumed carbon
in the ash and from injury to the grate. Live coals in the ash pit
will not only warp a grate but gradually burnit up. The grate should
not be run so fast that it will be hot when reentering the furnace:
In one plant where a high draft was carried a sloping arch was removed
and an arch built parallel to the grate. With the sloping arch the
stack smoked, but with the flat arch it was entirely clean.

With chain-grate equipment a plant may run very inefficiently
if the fire is carried only on the front half of the grate, as sometimes
happens. When coal is burned in this way with a proper setting, it
is because the fireman finds it the easiest way to catry a variable load
and have a clean stack, demanding less of his attention in operation.

At some plants the boiler is forced by firing considerable coal
through the inspection door. Although the desired result is accom-
plished by this practice, the plant becomes the equivalent of a hand-
fired plant and the stack will invariably smoke badly.

74897—Bull. 373—09—-3



34 SMOKELESS COMBUSTION OF COAL.
FRONT-FEED STOKERS.
GENERAL DISCUSSION.

Inclined-grate stokers were patented years ago. As’a result of the
competition between different makers and the consequent improve-
ment in details of construction, the present types have been evolved.
They have been installed at many places and handle a great variety
of coals. All those in extensive use have grates with mechanically
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Fi1GURE 5.—Front-feed stoker and Babcock & Wilcox boiler, usual setting. 1, Air space; steam jets
enter furnace at this point.

operated grate bars. From the difference in position of the hopper
supplying the grates, these stokers are conveniently divided into two
classes—front feed and side feed.

In the front-feed type the hopper is in front of the boiler, extending
from side to side. Immediately back of it is sprung a coking arch,
usually short. A reciprocating pusher feeds the coal to a dead
plate beneath the front of the arch, where it begins to ignite. The
construction and movement of the grate bars, which cause the burning
coal to move down the grate, vary in different makes of this type.

These stokers can force a fire quickly and are often given severe
treatment, but tests have shown that with the average setting, in
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FIGURE 6.—Xront-feed stokerand Cahall boiler. 1, Air space; steam jets enter furnace at this point.
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which the grates are placed close to the heating surface, more than
average attention is required to keep down smoke; consequently
such stokers should be so set that when the fireman pushes: green
coal down the grate there is sufficient space for the combustion of the
gases before they strike the tube heating surface. Failure to provide
such space usually results in a smoky stack.

To intensify the combustion most stokers of this type are fre-
quently set with an air space at the front of the ignition arch, through
which steam jets enter the furnace. The accompanying illustrations
show some boilers having stokers set in this manner. Figure 5
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FIGURE 7.—Front—i§ed stoker and Heine boiler. X, Point at which air and steam jets enter; Y, C tile
on lower row of tubes, forming a tile-roof l.‘urnaccA
represents a Babcock & Wilcox boiler with stack at the rear and
baffled so that the gases from the burning coal travel but a short
distance before they strike the bottom water tubes.

Figure 6 shows a stoker of the same make as installed at & plant
having Cahall water-tube boilers. Here the fire-brick arch back of
the hopper covers a larger proportion of the length of the grate than
in the setting illustrated by figure 5, and as the boilers are vertical
the furnace is in a Dutch oven the arch of which covers the space
between the ignition arch and the front tubes of the boiler. The
travel of the gases to the first heating surface is much lengthened in.
this setting and ample space is provided for combustion when forcing
the fire, :
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A Heine water-tube boiler, with uptake in the rear and a furnace
fired by a stoker of the front-feed type, are shown in figure 7. In
this installation the bottom baffling of tile on the water tubeslengthens
the course taken by the gases in reaching the first heating surface.
Ample space is provided for complete combustion when the boiler
is carrying heavy loads. '
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F1cURE 8.—Frount-feed stoker and Stirling boiler. 1, Air épace; steam jets enter furnace at this point.

Figure 8 shows the usual methods of placing a front overfeed
stoker beneath the arch that is part of the regular setting of the
Stirling boiler. Figure 9 represents a similar stoker, with longer
ignition arch, under a return tubular boiler.

DETAILED DESCRIPTION OF PLANTS.

Detailed information was collected at 32 plants, ranging in size
from 200 to 2,500 rated boiler horsepower, where front overfeed
stokers were used. This information is presented in condensed form
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in Table 9 (pp. 40-47), in which the same order of particulars is
followed as in Table 5. In Table 9 the grate area of the front over-
feed stokers includes the area of both the sloping grates and the
dump grates.

VIIIII//IIIIAPQLWII/[/

FiGURE 9.—Front-feed stoker and return tubular boiler. X, Point at which air and steam jets enter.

The different plants burned various sizes of coal, but at 11 plants
the stokers were handling run of mine. The depth of fire ranged
from 3.5 to 7 inches. The source of the coal and the depth of the fire
are summarized in the following table: :

TaBLE 6.—Kind of coal and depth of fire at plants with front overfeed stokers.

Average : Average
Kind of coal. g\ggggg dePth of Kind of coal. gg{gr'fg depth of
ire. fire.
Inches. Inches.
THinois. ... ... ... 10 4 Pennsylvania. ... .. ... .... 4 4.5
Indiana. ... .................. 3 4 Virginia.. ...l 1.
Kentucky.. 2 3.5 || West Virginia........ .. 2 5
Maryland. .. .................. 8 4 Miscellaneous. . .............. 1 7
Ohio. ... 1 5

At 40 per cent of the plants the stokers were under boiler units of
200 horsepower or less, and at 4 plants the stokers were in a Dutch
oven, this setting having been installed at two plants because the -
boilers were of a vertical water-tube type.. At 6 of the plants vis-
ited the boilers had a variable load and at2.6 a uniformload. The
least ratio of heating surface to grate surface that was determined was
28.4 to 1 and the highest 58.3 to 1, the average being 40 to 1. The
coal as received burned per square foot of grate surface per hour aver-
aged 15.6 pounds; the smallest consumption of coal per’ square foot
of grate surface per hour was 6.4 pounds, the largest 34.7 pounds.
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The percentage of the rated boiler horsepower developed on mean
heavy load (the boiler being rated on 10 square feet of heating surface
per horsepower) averaged 84, the lowest and highest values being 55
and 111 per cent, respectively. The percentage of boiler horsepower
developed by different makes of boilers, the coal consumption, and
the least and average distances from the grate to the tube heating
surface have been summarized for ready reference in Table 7.

TaBLE 7.—Summary of various observations at plants with front overfeed stokers.

Coal | Percent- |  Distance
“burned | ageof |from grates

per rated to tube
square | boiler | heating sur
. Num- | Fur- | footof | horse- face. Biack
Type of boiler. Kind of coal. ber of [ nace [grate sur-| power smoke
plants. | draft. | face per | devel- .
’ hour, oped,
average | average | Aver-| Mini-
heavy heavy | age. |mum.
load. load.o
Inch of .
water. | Pounds. Feet.| Feet.| Per «t.
Babceock & Wilcox. . .| Illinois, Maryland, 9 0.31 16.8 871 6.3| 5.8 7.5
Virginia and West
Virginia.
HMeine................ Illinois,  Kentucky, 4 .22 12.4 81] 50| 5.0 14.1
and West Virginia.
Stirling.............. Ilinois, Indiana, 5 .24 14.5 8| 7.1| 7.1 5.6
Maryland, and
Pennsylvania.
Miscellaneous watcr- | Indiana, Kentucky, 7 .32 19.7 91| 7.2¢( 5.7 7.7
tube. Maryland, and
Pennsylvania.
Return tubular_..... Tllinois, Maryland, 7 .21 13.2 78 1 17.6 | 15.6 5.2
and Ohio.

a Boiler rated on 10 square fect of heating surface per horsepower.

The average drafts, as determined at the furnace {ront, at the
rear of the boiler, and at the base of the stack, are given in the fol-
lowing table:

TasLe 8.—Summary of draft measurements at plants with front overfeed stukers.

Nl.llmlgcr gf Ager?ge
1 ’ . plants al raft

Type of boiler. ‘ Measurenment taken at— I which (inch of
taken. water).

Babcock & Wilcox............ s Furnace............oooooiiiiLL 8 0.31

Rear of boiler. . e 5 .36

Bascofstack...... .ol 6 .87

Heine.. ... ... ...l Furnace...... ...l 3 .22

Rear of boiler. . e 4 .48

Base of stack .. 3 .76

Stirling... ...l Furnace. .. - 5 .24

Rear of boi ! 4 .52

Base of stack 4 .69

Return tubular.......................... Furnace. .. .. 2l 7 .21

Front tube sheet. .. 4 .54

Base of stack. .~...................... 3 .66

MisceHaneous types..................o... Furnace..........oocoiiiiiiiiiiaan.n 6 .32

Rearofboiler......................... 4 .43

Base of stack......... [ 4 .76

Range of furnace draft, 29 plants, 0.09 to 0.62 inch; average, 0.26 inch. Range of
draft at rear of boiler, water tube, 17 plants, 0.25 to 0.74 inch; average, 0.44 inch.
Range of draft at base of stack, 20 plants, 0.38 to 1.30 inches; average, 0.76 inch. Aver-
age drop of draft from furnace to rear of boiler in water-tube boilers, 0.16 inch. Aver-
age drop from furnace to front tube sheet in return tubular boilers, 0.33 inch.
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PLANTS WITH MECHANICAL STOKERS.
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48 SMOKELESS COMBUSTION OF COAL.

SUMMARY.

A review of the remarks in the preceding table shows that with
the front overfeed type of mechanical stoker, success in smoke abate-
ment has been attained by one of three methods—the continuous use
of steam jets, a generous admission of air, or careful operation.

SIDE-FEED STOKERS. °

GENERAL DISCUSSION.

Like the front feed, the side-feed stoker has been in use for many
years, the first American patent for this type having been taken out
in 1878. Several firms now make such stokers, which differ chiefly
in the manner of feeding coal and getting rid of clinkers and ash. In
all the coal is fed from two magazines, one at each side of the boiler.
At the bottom of each magazine is a flat built-up iron and steel plate
called the coking plate; beneath this is an air duct and on it rests
the coal-feeding mechanism. Over this feeding device is a heavy
casting, the arch plate, on which rests a fire-brick arch extending
over the whole grate area and having along the upper side an air duct
connected with the fire space by small openings in the skew-backs
supporting the arch. These openings are designed to admit hot air
above the coal at a point where the volatile hydrocarbons are given
off. The movable grate bars and a clinker-breaking ‘device at the
bottom of the V-shaped space between the grates are actuated by a
small engine that forms part of the equipment.

Stokers of the side overfeed type are characterized by large coking
space per foot of grate area and an ample combustion chamber.
They have been installed ‘at both large and small plants, and are
successfully carrying both uniform and variable loads. In the field
investigation here reported no other type of stoker was found doing
as well under so great a variety of conditions. Its chief defect seems
to lie in the devices for getting rid of the ash. Though supposedly
automatic, they often.require the service of a fireman. This intro-
duces an element of varying value in the operation of the plant.

The two makes of this stoker that are most used formerly differed
in arch construction, one having only side arches over the coking
plates. As now installed, the arch in both makes extends over the
grate area and the two styles differ merely in the devices for dis-
tributing coal to the grate and for getting rid of refuse. One employs
for coal distribution a shaft rotating through a small arc to move
stoker boxes on the coking plates; as the boxes work forward, they
push coal toward the edge of the plates. Between the lower ends of
" the grates and supported by a bearing shaft is a hollow iron bar with
projections on its surface; this bar, when rotated, grinds up the
clinker. The other make feeds the coal by a screw and has heavy iron
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disks actuated by a reciprocating bar for crushing clinker. Both
these stokers are frequently set in Dutch ovens.

-
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Figure 10 shows the stoker first mentioned in a Dutch oven having
a chamber above the arch for heating the air admitted over the coal,
74897—Bull. 373—09——4
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F1GURE 11.—Side-feed stoker in Dutch oven aﬁd Cahall boiler.
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as set at a battery of Babcock & Wilcox boilers. This setting, with
its ample combustion chamber and fairly long travel from the grates
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FIGurE 12.—Side-feed stoker and Heine boiler. 1, C tile on lower Tow of tubes, forming a tile-roof furnace
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FIGURE 13.~Side-feed stoker in Dutch oven and Stirling boiler.

to the tube heating surface, allows nearly perfect combustion of the
hydrocarbons from the bed of coal.
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The other make of stoker as installed under a Cahall boiler is shown
in figure 11.  As the boiler is vertical, the stoker is placed in a Dutch
oven. In this setting also, the combustion chamber is large enough
to permit thorough mixing of the gases from the burning coal and a

" moderately long travel from the grates to the first row of water tubes.

A side-feed stoker set in a Dutch oven under a Heine boiler is
shown in figure 12.- The ignition arch extends over the grates, and by
baflling the bottom row of tubes the space between the back of the

Bo7==7 Lt

FIGURE 14.—Side-feed stoker and Stirling boiler. 1, Continuous screw for distributirg coal.

arch and the rear end of the baffling becomes a tile-roofed furnace.
The gases are given a long journey from fire to heating surface, and
the construction insures a smokeless fire under heavy loads and forced
feed. .

The chief difference in the two patterns of side-feed stokers under -
discussion are shown in the accompanying illustration of these stokers
under Stirling boilers. Figure 13 shows the stoker first mentioned
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