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PREFACE

Publication No. 127, of the Carnegie Institution of Washing-
tion, entitled, "Superheated Steam in Locomotive Service", is a pub-
lication of 144 pages, dealing with a research which was carried
on in the laboratory of Purdue University, during the writer's
connection with that University. It presents, in tabulated and
graphical form, the full record of observed and derived results.

In this Review, the text of the original publication has been
freely quoted, and the conclusions and arguments by which they
are sustained, appear as given in the orginal publication. This
Review, therefore, takes the form of a resum6 of the research and
its results, the complete record of which is available elsewhere.

Acknowledgments are due Mr. F. W. Marquis for the editorial
work incident to this Review.

W. F. M. Goss
April, 1912



SUPERHEATED STEAM IN LOCOMOTIVE SERVICE

I. INTRODUCTION

1. A Summary of Conclusions.-The results of the study con-
cerning the value of superheated steam in locomotive service, the
details of which are presented in the succeeding pages, may be
summarized as follows:

1. Foreign practice has proved that superheated steam may
be successfully used in locomotive service without involving
mechanism which is unduly complicated or difficult to maintain.

2. There is ample evidence to prove that the various details
in contact with the highly heated steam, such as the superheater,
piping, valves, pistons, and rod packing, as employed in German
practice, give practically no trouble in maintenance; they are
ordinarily not the things most in need of attention when a loco-
motive is held for repairs.

3. The results of tests confirm, in general terms, the state-
ments of German engineers to the effect that superheating mate-
rially reduces the consumption of water and fuel and increases
the power capacity of the locomotive.

4. The combined boiler and superheater tested contains 943 sq.
ft. of water-heating surface and 193 sq. ft. of superheating surface;
it delivers steam which is superheated approximately 1500. The
amount of superheat diminishes when the boiler-pressure is in-
creased, and increases when the rate of evaporation is increased,
the precise relation being

T= 123 - 0.265 P+7.28 H

where T represents the superheat in degrees F., P the boiler-pres-
sure by gauge, and H the equivalent evaporation per foot of
water-heating surface per hour.

5. The evaporative efficiency of the combined boiler and
superheater tested is

E= 11.706 - 0.214 H

where E is the equivalent evaporation per pound of fuel and H is
the equivalent evaporation per hour per foot of water-heating
and superheating surface.
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6. The addition of the superheater to a boiler originally de-
signed for saturated steam involved some reduction in the total
area of heat-transmitting surface, but the efficiency of the combi-
nation, when developing a given amount of power, was not lower
than that of the original boiler.

7. The ratio of the heat absorbed per foot of superheating
surface to that absorbed per foot of water-heating surface ranges
from 0.34 to 0.53, the value increasing as the rate of evaporation
is increased.

8. When the boiler and superheater are operated at normal
maximum power, and when they are served with Pennsylvania or
West Virginia coal of good quality, the available heat supplied is
accounted for approximately as follows:

Per cent
Absorbed by water ..... ..... .............. .... ................... 52
Absorbed by steam in superheater ...................................... 5

Utilized........................... .. .... ..... ......................... 57
Lost in vaporizing moisture in coal .......... ................. ... ........ 5
Lost in CO ................... .............. .. ............. ....... ..... 1
Lost through high temperature of escaping gases................. ......... 14
Lost in the form of sparks and cinders.............................. ......... 12
Lost through grate........................ .. ........ .... ............... 4
Lost through radiation, leakage, and unaccounted for ..................... 7

9. The water consumption under normal conditions of run-
ning has been established as follows:

Boiler- Corresponding
pressure Steam perpressure i. h. p. hr.

lb. lb.

120 23.8
160 22.3
200 21.6
240 22.6

The minimum steam consumption for the several pressures is
materially below the values given. The least for any test was
20.29 lb.

10. The coal consumption under normal conditions of run-
ning has been established as follows:

Boiler- Coal Consumed
pressure per i. h. p. hr.

lb. lb.

120 3.31
160 3.08
200 2.97
240 3.12
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11. Neither the steam nor the coal consumption is materially
affected by considerable changes in boiler-pressure, a fact which
justifies the use of comparatively low pressures in connection
with superheating.

12. Contrary to the usual conception, the conditions of cut-
off attending maximum cylinder efficiency are substantially the
same for steam superheated 1500 as for saturated steam. With
superheated steam, when the boiler-pressure is 120, the best cut-
off is approximately 50 per cent stroke, but this value should be
diminished as the pressure is raised, until at 240 lb., it becomes 20
per cent.

13. Tests under low steam pressures, for which the cut-off
is later than half stroke, give evidence of superheat in the exhaust.

14. The saving in water consumption and in coal consump-
tion per unit power developed, which was effected by the super-
heating locomotive, Schenectady No. 3, in comparison with the
saturated-steam locomotive Schenectady No. 2, is as follows:

Saving in Water Consumption Saving in Coal Consumption

Locomotive Locomotive
Boiler- , Boiler-
pressure Saturated Super- pressure Saturated Super-

Steam heating p
a n  

Steam heating Gain

lb. lb. lb. per cent lb. lb. lb. per cent

120 29.1 23.8 18 120 4.00 3.31 17
160 26.6 22.3 16 160 3-59 3.08 14
200 25.5 21.6 15 200 3.43 2.97 13
240 24.7 22.6 9 240 3.31 3.12 6

15. The power capacity of the superheating locomotive is
greater than that of the saturated-steam locomotive.

II. FOREIGN PRACTICE IN THE USE OF SUPERHEATED

STEAM IN LOCOMOTIVE SERVICE

2. The Use of Superheated Steam in Locomotive Service.-In
the year 1898, the first superheating locomotives, two in number,
were placed in service upon the Prussian State Railway. As
might have been expected in machines of new design, a number
of difficulties were encounterea in their operation, but one by one
these were overcome. Special forms of pistons, of piston-valves,
and of rod packing, designed better to withstand exposure to
steam of high temperature, were introduced. In 1899, the two
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original superheating locomotives were followed by two super-
heating express locomotives, and in 1900, by two superheating
tank locomotives, the superheaters of all being of the same design.
While these six trial engines were by no means perfect, they
served to show that highly superheated steam might be gener-
ated and successfully employed in locomotive service. As a re-
sult of the experience thus gained, the Prussian State Railway
has, since 1900, made large purchases of the new type of engine.
So rapidly has their use increased that in April, 1907, there were
682 in service and 467 in the process of building, or covered by
orders; while in the whole Empire of Germany there were 1320
locomotives of the new type running or on order. The locomo-
tive builders of Germany draw their support from many different
countries. While building superheating locomotives for the Em-
pire, they have stimulated interest in and created a demand for
the new type in other countries. Thus, Belgium, Russia, Austria,
Sweden, Switzerland, Italy, France, Holland, England, Denmark,
Spain, Greenland, Canada, and South America all have their
German-designed and German-built superheaters, and at the time
just quoted, April, 1907, the total number of superheating loco-
motives in service or on order for all countries approached close-
ly to 2000. This rapid extension of a new practice expresses the
degree of confidence which many engineers have in its value. In
fact, the introduction of the superheater has become a world-wide
movement, and as such it is entitled to the respect and the
thoughtful attention of American engineers.'

3. Types of Superheaters.-The original Schmidt locomotive
superheater was of the smoke-box type, and practically half of
the superheating locomotives now (1907) in operation on the Prus-
sian State Railway are of this design. The later introduction of
the Schmidt fire-tube type of superheater has, however, proved
so satisfactory that the manufacture of the earlier smoke-box type
has in recent years been discontinued. All of the superheating
locomotives of the Prussian State, now under construction, are
to be equipped with this later type. Other forms of superheaters
have been proposed and one of these has been used experi-
mentally, but the practice of superheating in Europe as it exists
to-day implies the use of the Schmidt fire-tube superheater. The
introduction of this superheater (Fig. 1 and 2) requires that the

1 Supplementing the statements of this paragraph, which were formulated in 1907, it may
be stated that the number of superheating locomotives in Europe is now (1911) reported as 7000
and that the number in this country, in service or under order, is approximately 2000.
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upper part of the boiler be fitted with from two to four rows of
large smoke-tubes which are expanded into the fire-box and front
bube-sheet of the boiler, in a special manner. These tubes have
an inside diameter ranging from 4 to 5.25 in., which diameter is
reduced somewhat near the fire-box end. Inserted in each of
these large tubes is a superheater element or section consisting
of a set of pipes bent in the form of a double U and connected at
the smoke-box end to a header, the whole arrangement being
such as to form a continuous double-looped tube. Each particle
of steam in passing from the boiler to the branch-pipes has to
traverse some one of these elements, making four passes in the
movement 1.

The ends of each element extend into the smoke-box, where
they are bent slightly upward and are expanded into a common
flange which is secured to a steam-collector by a single central
bolt. Two slightly different methods are employed in arranging
the pipe-ends in the smoke-box. By the first method, the pipes
are bent upward only (Fig. 2), as already described, in which
case the flange-joints are horizontal, and the flanges are fastened
by vertical bolts, the heads of which are movable in slots in the
bottom of the collector casting. By the second method (Fig. 1)
the pipes are carried forward and are bent upward and back-
ward in such a manner as to connect with vertical flanges secured
by horizontal studs to the steam-collector. Both methods have
been extensively used, the latter being the one which has been
finally selected by the Prussian State Railway. The construction
of the steam-collector and the manner in which connection is
made with the steam-pipes and with the branch-pipes is best
shown by the figures.

By the construction which was adopted, the gases of combus-
tion are divided, one part passing through the ordinary boiler-tubes
and the other through the larger tubes. In the larger tubes, a por-
tion of the heat is given up to the water surrounding the tubes,
and a portion to the steam contained in the superheating elements
inclosed. The flow of heat through the large tubes is controlled
by dampers hinged or pivoted below the steam-collector in the
smoke-box. As long as the throttle of the locomotive is closed,
these dampers are kept closed, either by a counterweight or by a
spring, but, as soon as the throttle is opened, they are opened

'In the original arrangement, each element consisted of two separate single-loops, but
it has been found that the double looping of the superheating pipes, by increasing the velocity
at which the steam travels, results in the better protection of the tubes against overheating
and in the more effective superheating of the steam.
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simultaneously by means of a piston working in a small automatic
steam-cylinder. Thus, while getting up steam or while standing
at stations, under any conditions, in fact, for which no steam is
passing the loops of the superheater to keep them cool, no gases
of combustion can pass through the large smoke-tubes to heat
them. This arrangement provides against the overheating of
the superheating pipes. It is only when the throttle is open, and
when, as a consequence, steam is passing through the super-
heating pipes, that the dampers which control the circulation of
the heated gases open and permit them to have contact with the
superheating elements.

The limited number of the superheating elements and their
small diameter provide a comparatively small area through
which the steam must pass from the boiler to the engine-cylinders.
The degree of restriction constitutes one of the important elements
in the design of the Schmidt superheater. It has been found
that the superheating surface is made more effective as the flow
of the circulating steam is made more rapid; the statement by a
German authority being that for constant-temperature differences,
the rate of heat transmission varies as the square root of the ve-
locity of the steam. By maintaining high velocities through the
superheating pipes, therefore, two important results are accom-
plished: first, a higher degree of superheat is obtained than
would otherwise be possible; and, second, the protection of the
superheating elements against overheating is made more com-
plete. The degree of restriction employed in the Schmidt super-
heaters is such that when the engine is working at full power
with the throttle wide open, the drop in pressure between the
boiler and the valve-box is approximately 15 lb. It is stated
that under these conditions the velocity through the super-
heating tubes varies from 325 to 400 ft. per sec.

The superheaters thus described have an abundant capacity.
Locomotives fitted with them are provided with a dial thermom-
eter showing the temperature of the steam in the valve-box.
After starting, this temperature steadily rises until it exceeds
300° C. (572 0°F.), after which the dampers controlling the circu-
lation of heat through the superheater-tubes are partially closed
by means of mechanism which connects with a hand-wheel in the
cab. This manipulation of the dampers is such as will check the
rising temperature before the maximum safe limit of 3500 C.
(662° F.) is reached.
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It is said that there is now no difficulty in designing, for any
locomotive, a superheater which will give with certainty any
desired degree of superheat within limits which are practicable.
Rules governing all portions of the design have been formulated
and are strictly adhered to by the Wilhelm Schmidt Company,
Limited, in working out the details of their design. Such rules
have not yet been published.

4. The Maintenance of Superheating Loco-motives.-From such
inspection in shops and roundhouses as could be had, and from
the testimony of those concerned in the handling of locomotives
at terminals, it appears reasonably certain that no special dif-
ficulty is experienced in the maintenance of those details which
are peculiar to a superheating locomotive. This statement ap-
plies especially to the superheater itself. In a repair-shop, a
boiler was inspected from which the superheater had been drawn
bodily and laid upon blocking beyond the boiler. All of the
ordinary small tubes of the boiler were being cut out in prepara-
tion for retubing. The superheater, meanwhile, had been judged
to be in good condition, and it was to go directly back to its
place without having any work done upon it. Even those Ger-
man engineers who are not friendly to the superheating locomo-
tive frankly say that there is no difficulty in maintaining the
present type of fire-tube superheater.

With respect to the care bestowed in freeing the large flues
containing the superheating tubes from deposits of fuel and ash,
the superheating locomotive requires additional labor. The ex-
tent of this depends, however, upon the nature of the fuel used.
The fact that solid matter entering the large tubes from the fire-
box comes upon the ends of the loops of the superheater, as up-
on an obstacle set in their path, naturally leads to such a result.
With some grades of fuel little or no difficulty arises, while with
other fuels it is difficult to get a locomotive over its division.
Roundhouses, therefore, which handle superheating engines, are
equipped with long pipe-nozzles through which a blast of air is
delivered for the purpose of clearing the large flues. Upon at
least one division inspected, an equipment of these nozzles was
carried upon locomotives. In certain roundhouses a set of small
tools from 3 to 6 ft. long, with sharp cutting-edges, usually at
right angles to the axis, which could be inserted from the fire-
box, was in use for the purpose of cutting out the deposits in the
tubes. A round of inspection gives abundant evidence that the
stopping-up of flues is a serious matter. Engineers friendly to
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the use of superheating locomotives admitted that there are coals
which are serviceable in other classes of locomotives which can
not be used by the superheating locomotives.

In the matter of maintaining valves and valve-gears, much
has already been said. There appears to be no difficulty in main-
taining lubrication in the presence of superheated steam, and it is
repeatedly asserted that the wear of piston-rings and of valve-
parts in the superheating locomotive is of less consequence than
the similar wear which occurs in compound and simple engines
using saturated steam.

It will be remembered that in Germany the natural competi-
tor of the superheating locomotive is the compound, and that in
passenger service the compound is of the four-cylinder type.
This fact is often mentioned as important from a roundhouse poinu
of view, since it is easier to wipe the superheating locomotives
after a run than the compounds, a statement which, of course,
grows out of the fact that there are fewer parts to receive atten-
tion. Whether the superheating passenger engines are on the
whole easier to maintain than the balanced compounds is a mat-
ter concerning which little definite information can be obtained.
It is admitted everywhere that the absence of balance for recip-
rocating parts in the superheating engines tends to increase the
cost of maintenance, and it is not unlikely that the newness of the
type also operates to its disadvantage. The compounds, on the
other hand, with their duplication of parts and their higher boiler-
pressures, demand attentions which are peculiar to their type.
In Berlin, where superheating is in the ascendancy, it is gener-
ally agreed that the problems of maintaining the superheating
engine are far more simple than those of maintaining the com-
pound, while in Hanover, which is the home of the balanced com-
pound, opinions are likely to be the reverse of this.

5. The Economy Resulting from the Use of Superheating Loco-
motives.-The degree of economy attending the operation of the
superheating locomotive is probably not definitely understood in
Germany. There are as yet no locomotive-testing plants in the
Empire, and while the results of many road tests are reported,
they are upon a comparative rather than upon an absolute basis.
As the superheating locomotives are all of recent design, there
are no simple locomotives using saturated steam whose perform-
ance can fairly be compared with them. Partisan advocates of
the superheating locomotive not infrequently claim for it a say-
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ing in water of from 30 to 40 per cent and in coal from 25 to 35
per cent when compared with the simple locomotive, and some
data are presented in support of such claims. It is also claimed
that the superheating locomotives consume 25 per cent less water
and 10 per cent less coal than the four-cylinder balanced com-
pounds. Such statements, of course, reflect partisan opinions.
One who is a close student of these matters and whose position is
such as to make him quite independent in opinion believes that
the saving in water could be taken at from 20 to 25 per cent and
in coal at from 15 to 20 per cent, as compared with the consump-
tion of simple locomotives.

When comparisons are made between the performance of a
superheating locomotive and that of the compound, partisan advo-
cates of the superheating claim an advantage for their type of
machine. Conservative experts give the opinion that the per-
formance of the superheating locomotives is without question
equal to that of the compound. Others, whose opinions are per-
haps entitled to equal attention, affirm that it is better, but how
much better they are not willing to say. The performance sheet
of a division operating balanced compounds and also superheat-
ing locomotives in the same service shows that the coal used per
1,000 kilometers run by superheating locomotives varied from
12.1 tons to 14.4 tons and for the balanced compounds from 8.9 to
14.2 tons. Upon the basis of these statements, it would appear
safe for the American engineer to assume that the superheating
locomotives are as economical in their use of water and fuel as.
are the highest types of compounds. This applies to a practice
which involves locomotives using a high degree of superheat on
the one hand, and a well-perfected type of compound on the
other.

6. Concerning the Trend of Foreign Practice with Reference ta
Superheating in Locomotive Service.-In the development of this
chapter, attention has been given thus far to the single type of
locomotive which may properly be referred to as the Garbe type.
Taking now a more general view of the tendency manifested in
Europe with reference to superheating, mention may be made of
several significant facts. First, it should be noted that while it
is the opinion of the officials of the Prussian State Railway that
success in superheating depends in large measure upon the adop-
tion of those details in the design of machine parts which are
peculiar to their special type, this view is not shared by the loco-
motive builders of Germany or by engineers not connected with
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railway service. While, therefore, the high character of the de-
tails of the Garbe engine from the designer's point of view is un-
questioned, it is probably true that the superheater may enter as
a detail into the design of any well-considered locomotive without
disturbing other details.

Among certain foreign engineers, the plan of combining the
superheater with the compound engine has been favored, and a
considerable number of locomotives have been constructed on
this plan. In favor of such an arrangement, it is urged that the
presence of the superheater will serve to reduce the coal con-
sumption of the compound to the extent of approximately 7 per
cent. Against it are urged the objections that the two systems
are in the main antagonistic; that the compound, to work effect-
ively, must be supplied with steam at high pressure, whereas it
is counted as one of the advantages of the superheating locomo-
tive that without sacrifice of its efficiency, it may employ much
more moderate pressures. The American engineer is likely to
concur in the opinion that the saving which can result from the
combination is too small to justify the complication incident to
the presence of both systems.

It is an interesting fact that in France, the birthplace of the
balanced compound, there is to-day an extremely active interest
in the practice of superheating as developed in Germany. A
commission representing the leading railways of France has,
after a careful investigation, made a report most favorable to the
new practice. While it is not likely that superheating locomo-
tives will, in France, be allowed to take the place of the highly
developed types of balanced compound common in that country,
and while it is not likely that superheating will be employed to
any considerable extent in connection with the compounds, there
are still in the freight and switching service of France many
simple engines, and the hope is expressed that the superheater
may be the means of improving them. Meantime, in Belgium,
where the advantage of the balanced locomotive is well under-
stood, and the objections of combining the superheater with the
balanced compound engine are appreciated, practice is involving
a four-cylinder balanced simple engine with the superheater, an
arrangement which gives promise of very great success.

7. Arguments Favoring the Adoption of Superheating. -These,
as based upon results derived from German experience, may be
set forth as follows:
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1. The advantages of superheated steam may be had in
practice without involving undue complication in mechanism and
without involving a degree of attention in maintenance in excess
of that demanded by a simple engine.

2. The superheating locomotive will perform its service ef-
ficiently while employing a comparatively low steam-pressure, a
condition which tends to reduce cost in maintenance. The pres-
ence of the superheater does not necessitate any qualification of
this statement.

3. Superheating will materially reduce the consumption of
water, which in bad-water districts constitutes a matter of im-
portance.

4. The superheating locomotive will reduce the fuel con-
sumption probably to that required by a first-class compound
engine.

5. As to power and capacity, the superheating locomotive
is to be compared with the compound rather than with the simple
engine. It may be forced to limits of power far beyond those
possible with simple engines.

6. In operation the degree of superheat increases with in-
creased rate of power, which tends to conserve the steam supply
as the demand for power is increased.

III. TESTS TO DETERMINE THE VALUE OF SUPERHEATING

IN LOCOMOTIVE SERVICE

8. Conditions Suggesting Tests.-The fact that the efficiency of
a steam engine may be improved by superheating the steam sup-
plied it, is a matter which has long been understood and appre-
ciated and the effect of such highly heated steam upon the process
of heat interchange, which goes on in the engine cylinder, has been
so carefully traced that the precise manner in which the improve-
ment is brought about has been made a part of the common know-
ledge of the engineer. But the process of producing superheated
steam is one which consumes heat and involves apparatus which
has been expensive in first cost and difficult to maintain. Against
the thermodynamic gain, therefore, which may be secured by the
use of superheated steam is to be set the cost of fuel necessary to
produce the superheating and the interest and maintenance charges
arising from the presence of the superheater. Costs resulting
from these accounts are in large measure functions of the design
of the superheater and of the materials which enter into its con-
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struction, so that the wisdom of adopting the superheater in any
branch of steam-engine practice is a matter which involves very
much more than the fundamental thermodynamic theory-a fact
which greatly complicates the task of the present-day student in
this particular field of research. In recent years, the problem of
superheater design has received generous attention, and materials
possessing qualities hitherto unobtainable have been made avail-
able to the designer, so that a practice which a quarter of a cen-
tury ago was generally regarded as of doubtful expediency has
gradually been advanced to a position of great promise.

Attention has been called to the extensive use of superheated
steam in the locomotive practice of Germany and to the influence
of this practice upon that of other European countries and of
America. In America, especially, there are evidences of a strong
professional interest which is doing much to secure for our country
a more general introduction of superheating locomotives. Under
the stimulus of these developing conditions, it was natural that the
energies of the locomotive-testing laboratory of Purdue Univer-
sity should have been turned in the direction of superheated
steam. The University's locomotive, designed originally for
work under high steam pressure, was converted into a super-
heating locomotive, and with the aid of many friendly influences
h as since been subjected to an elaborate series of tests, the results
of which define the performance which is to be expected from
such a machine. This performance, when compared with that of
a normal locomotive using saturated steam, should aid in making
up an estimate of the gain to be secured by the use of the super-
heater in locomotive service.

9. The Means Employed.-The locomotive laboratory of Purdue
University, established in 1891 for the instruction of students and
for research, has been many times described 1. The locomotive,
which for a number of years had been operated upon this plant,
is of the single-expansion American type, having a boiler designed
to carry working pressures as high as 250 lb. per sq. in'. In
preparation for a new program of tests, this locomotive was fit-
ted with a Cole superheater, the boiler and other parts being re-
built, so far as was necessary, to make the reconstructed machine
a normal superheating locomotive which, from the time of
reconstruction, has been known as Schenectady No. 3.

I "The Purdue University Locomotive Testing Plant;" also Locomotive Testing Plants"
(A. S. M. E.),

2 "For complete description with drawings of this looomotive, see High-Steam Pressures in
Locomotive Service, Publication No. 66, Carnegie Institution of Washington.
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FIG. 3. OUTLINE ELEVATION or LOCOMOTIVE

10. The Principal Characteristics of Locomotive Schenectady No.
are as follows:
T ype ... ................................. .. ......................... ..... ...... 4-4-0

T otal w eight (pounds) .................................. ............................... 109.000
W eight on four drivers (pounds)............................... ....................... 61,000
Valves (type, Richardson balance):

M axim um travel (inches) ..... ................................. .............. 6
Outside lap (inches) ........................................ ................ ...... 1

Inside lap (inches) ............ ............. ................... ........... 0
Ports:

L ength (inches) ............................. .............. ..................... 12

Width of steam-port (inches)................................... ............... 1%
W idth of exhaust-port (inches) .............................................. ... 3

T otal wheel-base (feet) ................... ........... ....... .......... .......... ..... 23

Rigid wheel-base (feet) ............................................................ 8%

Cylinders:
Diameter (inches) .......... ..... ......... ............................. . .. 16

Stroke (inches) .............................................. .................... 31

Drivers, diameter outside of tire (inches)..................... ..... .... .......... 69,

Boiler (type, extended wagon-top):
Diameter of front-end (inches).................................... ........ 52

Length of fire-box (inches) ............. .............. ........................ 72i',
Width of fire-box (inches) ................ .... ......... .................. 34¼

Depth of fire-box (inches) ...... ..... ..... ....... ..... ............... ....... 79

Num ber of 2-inch tubes..... ...................... .... ....................... 111

Num ber of 5-inch tubes........................................................ 18

Length of tubes (feet) .............. ............................ ......... 11.5

Heating- surface in fire-box (square feet).......................... ............. 126

Heating-surface in tubes, water side (square feet) ..... ...................... 897

Heating-surface in tubes, fire side (square feet) ....... ....................... 817

Total water-heating surface, including water side of tubes (square feet)...... 1,023

Total water-heating surface, including fire side of tubes (square feet) ........ 943

Superheater; type. Cole return tube:

Outside diameter of superheater tubes (inches)---............................ 114

Number of loops .................. .. ..................... . . ..... ............ 32

Average length of tube per loop(feet)......................................... 17.27

Total superheating surface based upon outside surface of tubes, surface

of headers neglected (square feet)............................. .......... 193

Total water and superheating surface, including water side of boiler tubes

(square feet) .......................... ....................... .......... .. 1,216

Total water and superheating surface, including fire side of boiler-tubes

(souare feet) ...................... . . . . ...... .......................... 1,136

Total water and superheating surface, accepted for use in all computations

(square feet) ................ ...... .. ..... ............. ... ...... . ... 1,216

3
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Ratio of heating-surface based on water side to that based on tire side........ 1.074
Thickness of crown sheet (inch) ............... ... .............. ...... ,
Thickness of tube-sheet (inch)..... ............. .. .......................... .
Thickness of side and back sheet (inch)....................... ................ 1
Diameter of radial stays (inches).............................. ................ 1Y
Driving-axle journals:

Diameter (inches) ............................. .......... ............ 7Yi
Length (inches) ....... ................. .... ...... ..... ........... 8%

11. The Cole Superheater, as applied to the locomotive, is
well shown in Fig. 4. It consists chiefly of a series of return-
tubes extending inside of certain of the flues which make up a por-
tion of the water-heating surface. To make room for the super-
heater, the upper central portion of the usual, flue-space is taken
by sixteen 5-inch flues, which are reduced to a diameter of 4 in.
for 7 in. of their length at the fire-box end and increased to a
diameter of 5 1 in. at the front tube-sheet. They have a length
between flue sheets of 138 in. In each of these sixteen flues, there
is an upper and a lower line of superheating tubes. Each line ex-
tends from a steam-pipe header in the smoke-box back into its
flue to a point near the back tube-sheet, where it meets and is
screwed into a return-pipe fitting of special design. From the
second of the two openings in this fitting, a similar pipe extends
forward through the flue and into the smoke-box to a second head-
er, from which branch-pipes lead to the cylinders. All together,
there are 32 of these loops. In 13 of the flues, the lower loops
are 116 I in. long, extending into the flue within 2 ft. 5 in. of the
back of the tube-sheet. In the other 3 flues the loops are, re-
spectively, 3 ft.. 2 ft., and 1 ft. shorter than the normal. The
upper loop in each flue is, in all cases, approximately 9 in. short-
er than the lower loop. The headers to which the pipes of the
superheater connect at the smoke-box end are of cast steel. They
have walls three eighths of an inch thick and are cored in such a
manner that all steam passing the throttle-valve must traverse
some one of the several loops. In its passage from the boiler, the
steam leaves the dry-pipe C, Fig. 4, and passes into the headers
through the openings D in the top part of the tee-head. It then
flows downward through the passage in one side of this header and
passes back toward the fire-box through the 8 tubes which are
joined to it. At the castings which form the return bends, its di-
rection is reversed and it passes back through the return tubes to
the passage in the other side of the header. It then passes up-
ward into the lower half of the tee-head E, and from there into
the branch steam-pipes.
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12. A Comparison of the Dimensions of the boiler as set forth
above with those of Schenectady No. 2, follows. The exhibit shows
the extent of the change brought about by the installation of the
Cole superheater.
Number of 2-in. flues displaced by sixteen 5-inch flues, necessary to give place to the

superheater ........................ .............. .. ................................ 89
Reduction in water-heating surface (square feet).......... ............................ 299
Reduction in water-heating surface (per cent)............. .............................. 22.6
Heating-surface replaced by the installation of the superheater (square feet).......... 193
Heating-surface replaced by the installation of the superheater (per cent of surface

removed) .............. . .... .... ...... . ...... ........ ................... ......... 64.5
Reduction in total transmitting-surface (water and superheating) (square feet) ...... 106
Reduction in total transmitGing-surface (water and:superheating) (per cent).......... 8

13. The Tests were begun in November, 1906, and were com-
pleted, so far as the series at present under consideration is con-
cerned, in July, 1907. During this period of 8 months, the ex-
perimental locomotive ran 1,417,995 revolutions, which is equiva-
lent to 4,851 miles.

The tests were run at pressures of 240, 200, 160, and 120 lb.,
respectively, the number of tests under each pressure being suf-
ficient to disclose the performance when running at several differ-
ent speeds and cut-offs. The exhibit is especially full for a press-
ure of 160 lb., a pressure which is a close approach to that common-
ly used in connection with superheating locomotives. Altogether,
38 tests were run. A concise statement of the pressure, speed,
and cut-off represented is set forth by Fig. 5 to 8, in which each
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rectangle represents the general conditions of one test. Concentric
rectangles represent conditions for which duplicate tests were run;
the enclosed numeral is the serial number of the tests.

All results presented are directly comparable with corres-
ponding results obtained when using saturated steam, which are
set forth in the published account of a previous research .1

IV. PERFORMANCE OF BOILER AND SUPERHEATER

14. Attention should early be called to the fact that because
of threatened interruptions in the running of the tests, it was
thought expedient to use two grades of coal and to rely upon the
results disclosed by the heat-balance of the several tests as a basis
for final comparisons. Of the two fuels used, the Youghiogheny
coal has been accepted as standard, and where results obtained
from the Pocahontas coal have been needed in formulating con-
clusions, they have been reduced to equivalent results which
would have been obtained had the standard coal been used
throughout the work. One man served as fireman for all tests.

In the paragraphs which follow, an attempt will be made to
state briefly some of the more significant facts which may be
developed from the data; in some cases graphic methods are em-
ployed to emphasize their importance.

200 -I 
I

BOILER PRESSU E

240 LB.

C QUA'ION T = 54.4 + 7.28 H
100
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FIG, 9. SUPERHEATING As AFFECTED BY RATE OF EVAPORATION.

BOILER PRESSURE 240 LB.

1High Steam-Pressures in Locomotive Service, by W. F. M. Goss, Publication No. 66. Carnegie

Institution of Washington, reviewed and presented as Bulletin No. 26, High Steam-Pressures

in Locomotive Service, Engineering Experiment Station, University of Illiflois.
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15. Superheating.-The observed temperature of the steam
delivered from the superheater was measured by a high-grade
mercurial thermometer placed in the header at a point near its
opening into the left-hand branch-pipe, point A, Fig. 4. Fig. 9
to 12 present the extent of the superheating effect for the dif-
ferent rates of power to which the boiler was worked, (equivalent
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evaporation per square foot of water-heating surface per hour),
each diagram representing some one of the several pressures
under which the boiler was operated. The ordinates and the
abscissas of all points in each diagram have been averaged,
and from values thus obtained, an average point, designated as
a cross in a circle, has been located. Through this a straight
line has been drawn which represents, with a fair degree of
accuracy, all of the experimental points involved. It happens
that the slope of these lines is the same for all of the diagrams
under consideration. They define the change in the degree of
superheat attending changes in the rate of evaporation when the
boiler-pressure has the value stated.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
EQUIVALENT EVAPORATION PER FOOT OF HEATING SURFACE PER HOUR

FIG. 12. SUPERHEATING AS AFFECTED BY RATE OF EVAPORATION,

BOILER-PRESSURE 120 POUNDS

A comparison of the several diagrams will show that if the
boiler were operated under a constant rate of evaporation for
each of the several boiler-pressures, the degree of superheat
would be different in each case. For example, if a comparison is
based upon a rate of evaporation of 11 lb. of water per sq. foot of
water-heating surface per hour, the degree of superheat will be:
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These values are shown graphically in Fig. 13. Referring
to this figure, it will be noticed that the superheat varies more
rapidly for a given increment at the higher pressures than at the
lower pressures, and that the line connecting the experimental
points is a curve. A straight line may, however, be drawn which
will represent all the experimental points with an error which
in no case will be greater than 2 per cent. In the same manner, a
series' of straight lines may be determined, each showing the re-

200 -

150 -------- ---- - - -

100-

50 
-

0 50 100 150 200 250

BOILER PRESSURE

FIG. 13, DEGREES OF SUPERHEAT UNDER ALL CONDITIONS OF

PRESSURE WHEN RATE OF EVAPORATION IS 11 POUNDS

PER SQUARE FOOT OF HEATING-SURFACE PER HOUR

lation between boiler pressure and superheat at a different rate
of evaporation. This series of straight lines may be represented
by an equation, which defines the performance of the superheater
for any pressure between 120 and 240 lb. gauge, with a maximum
error of less than 2 per cent. The equation thus determined is

T= 123 - 0.265 P+ 7.28H

where T equals the number of degrees superheat; P the boiler-
pressure by gauge, and H the equivalent evaporation per square
foot of water-heating surface in the boiler.
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16. Draft.-The draft produced in the front-end of the loco-
motive was measured at a point directly in front of the diaphragm.
The rate of increase in draft values with increased rates of evap-
oration is well shown by Fig. 14. This figure gives the results
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FIG. 14. DRAFT IN FRONT OF DIAPHGRAM

of tests at 160 lb. only. Curves representing points obtained at
other pressures are practically identical with those shown, the
fact being that changes in boiler-pressure, within the limits of
the experiments, have practically no influence upon draft values.
As would be expected, these depend entirely upon the rate of
evaporation required.
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17. Smoke-Box Temperatures.- The temperatures of the
smoke-box gases were read by a mercurial thermometer placed
midway between the diaphragm and the front tube-sheet. Fig.
15 shows the effect upon the smoke-box temperature of changes
in the rate of power for a boiler pressure of 160 lb. It will be
seen that the smoke-box temperature increases as the rate of
evaporation is increased, an effect the significance of which is
well understood. For example, when the rate of evaporation
equals 6 lb. of water per sq. foot of heating-surface, the smoke-box
temperature is approximately 600' F. When the rate of evapo-
ration is increased to 12, the temperature of the smoke-box ap-
proaches 8000 F. It is not far from the truth to say that a
change of 1 lb. in the rate of evaporation produces a change of
200 in the temperature of the smoke-box. The smoke-box tem-
perature shows a slight tendency to increase with increase of
pressure, other things being the same, but the differences are
too slight to be accepted as material.

18. Evaporative Efficiency of the Combined Boiler and Super-
heater.-The relation between the pounds of water evaporated
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from and at 2120, equivalent to the weight of superheated steam
delivered per pound of dry coal, and the equivalent evaporation
per sq. ft. of surface in the boiler and superheater per hr., under
all conditions of pressure, is given in Fig. 16. The data show
that, if the discussion is allowed to concern itself with very small
differences, the highest efficiency is obtained when the boiler
pressure is lowest; conversely, the lowest efficiency results when
the boiler pressure is highest. But, except in the case of tests
at 120 lb., the results of which do not compare closely with
those for other pressures, the differences are hardly more than
measurable. In a larger sense, it seems to be true that changes
in boiler pressure between the limits of 120 lb. and 240 lb., have
practically no effect upon the evaporative efficiency of the boiler.

Proceeding on this basis, it is clear that a general expression
for the evaporative efficiency of the combined boiler and super-
heater may be based upon the results of all tests, regardless of
the pressure at which they were run. Such expression is repre-
sented by the line drawn through the plotted points of Fig. 16.
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The equation for this line, and consequently one which defines in
general terms the performance of the combined boiler and super-
heater, is

E= 11.706 - 0.214 H

where E is the equivalent evaporation from and at 2120 F. per
pound of dry coal, and H is the equivalent evaporation per square
foot of water and superheating surface.

19. Evaporative Efficiency of the Boiler, Exclusive of the Super-
heater.-The equivalent evaporation of the boiler per pound of
dry coal, in terms of the equivalent evaporation per square foot
of waterheating surface in the boiler per hour is shown in Fig. 17.
The equation for the mean line drawn through these points is:

E= ý11.105 - 0.2087 H

This curve is substantially of the same slope as that which repre-
sents the performance of the combined boiler and superheater
(Fig. 16), but it represents values which are lower, a result due
to the fact that the basis of the compaiison practically assumed
that the heat which is normally absorbed by the superheater is
in this case lost.

20. The Division of Work between Water and Superheating
Surface.-The ratio of the heat absorbed per square foot of sup-
erheating surface to that absorbed per square foot of water-heat-
ing surface may be accepted as an expression of the relative ef-
ficiency of the water and superheater surface. Fig. 18 represents
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this quantity plotted against equivalent evaporation per square
foot of water-heating surface for a boiler pressure of 160 lb. Re-
ferring to this figure, it will be seen that as the rate of evapora-
tion increases, there is a corresponding increase in the ratio of
the heat absorbed per square foot of superheater surface to that
absorbed per square foot of boiler surface. Thus, the ratio has a
value of 34 per cent when the rate of evaporation is 6 lb. of water
per square foot of water-heating surface and 53 per cent when the
rate of evaporation is increased to 14 lb. The value of this ratio
is independent of the boiler-pressure.

21. Smoke-Box Gases.-The percentage of excess air is in all
cases small (between 20 and 25 per cent in most tests) and it dis-
tinctly tends to diminish as the rate of evaporation is increased.
The reason for this is to be found in the fact that in locomotive
service higher rates of evaporation necessarily involve the use of
thicker fires, which offer greater resistance to the admission of
air.

The percentage of carbon dioxide (CO') present in the smoke-
box gases ranges from 10.8 to 14.6. The significance of these re-
sults as factors in any general comparison is impaired by the
variable quality of the fuel used. Taken as they stand, they do
not disclose any well-defined law governing the changes in their
value with changes in the rate of combustion. The highest values
are, however, those which were obtained in tests under the higher
pressures, the average value for all tests at 240 lb. being 14.25,
while the average value for all tests at 120 lb. is but 11.70. This
may be accepted as evidence that, for some reason not defined
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the fire was maintained in a more efficient condition during the
tests under high pressure than during those at lower pressures.

The percentage of carbon monoxide (CO) present in the smoke-
box gases is never great notwithstanding the low percentage of
excess air present. At the same time, there are no tests that do
not show the presence of a trace or more than a trace of this gas.
Its tendency to increase as the percentage of excess air dimin-
ishes is well shown by Fig. 19. This figure shows also that under
similar conditions, the combustion of the Pocahontas coalis less
perfect than that of the Youghiogheny, a result which is more
likely to be due to the presence of a greater percentage of fine
coal in the Pocahontas than to differences in composition. The
tendency of carbon monoxide to increase with increased rates of
evaporation is shown by Fig. 20. This tendency is doubtless due
to mechanical conditions. It may be accepted also as a function
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FIG. 20. CAIBON MONOXIDE AND RATE OF EVAPORATION

of that tendency to which attention has already been called.
Thus, increased rates of evaporation demand higher rates of com-
bustion, and these in turn require more air, which must be sup-
plied by an increase in the strength of the draft-action. In the
presence of a stronger draft, the bed of the fire must be thickened,
and the thicker fire throttles the passage of air into the fire-box to
such an extent that the supply is not commensurate with the in-
crease in the draft-action; hence a reduction in the amount of ex-
cess air, and this, as has already been shown, leads to an increase
in the percentage of unconsumed gas.



30 ILLINOIS ENGINEERING EXPERIMENT STATION
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22. Heat Balance.-From data obtained, it has been possible to
complete a heat-balance for 18 tests. Graphic representations of
the heat absorbed and of the heat lost, plotted in terms of the
rate of evaporation, are presented by Fig. 21 and 22. The neces-
sity for two diagrams is to be regretted. It has been no part of
the purpose of the present work to make tests of coals, and thus
far in the discussion, it has been possible to avoid bringing into
direct comparison the results obtained from the two varieties em-
ployed. The process of making up a heat-balance, however,
admits of no compromise, and the discussion which follows neces-
sarily defines the behavior of the coals. In the consideration
given this portion of the work, it will be well to remember that
the commercial grading of the two coals was not the same. This
is well brought out by the following summarized facts concern-
ing them.

The Pocahontas coal used was run-of-mine, and, as such it
contained a considerable amount of slack. It was fairly uniform
throughout.

The Youghiogheny coal was obtained from two different
sources and was less uniform in quality. All tests involving this
fuel, run prior to April 12, were fired with a so-called Virginia
lump, while tests run after this date were fired with fuel delivered
as run-of-mine, but which was screened at the laboratory before
being used. Averages of all results obtained from samples of the
Pocahontas and Youghiogheny coal are shown in the following
statement.

Pocahontas Youghiogheny

M oisture (per cent) . ......................................... .... 3.10 1.89
Volatile m atter (per cent)........... ............................. 15.23 31.94
Fixed carbon (per cent) . .......... ............................... 72.75 57.71
A sh (per cent) ..................................................... 8.92 8.46

Heating value per pound of dry coal (B. t. u.) ......... .......... 14,347 14,047
Heating value per pound of combustible (B. t. u.) .............. 15,802 15,372

In the diagrams, Fig. 21 and 22, the term "heating-surface".
as employed in designating the abscissas, includes the heat-trans-
mitting surface of both boiler and superheater. The ordinates of
the diagrams represent the percentage of heat in the fuel sup-
plied. Distances measured on ordinates between the axis and the
first line A represent the percentage of the total heat supplied
which is absorbed by the water of the boiler. The line A is in
fact a definition of the efficiency of the boiler under the varying
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rates of evaporation represented by the series of tests. While
based upon a different unit, it is, as it ought to be, similar in form
to curves defining the evaporative efficiency of the boiler, which
shows the pounds of water evaporated per pound of coal used.
The inclination of all such lines shows the extent to which the
efficiency of the boiler suffers as the rate of evaporation is in-
creased. The nature and extent of the losses leading to such a
result are to be found in the areas above the line A. The fact
that the points representing different tests, through which this
line A is drawn, do not result in a smooth curve is due to irregu-
larities in furnace conditions which were beyond the vigilance of
the operator, an explanation which applies equally to other lines,
B, C, D, etc., of the same diagrams.

The percentage of the total heat which is absorbed by the
superheater is measured by distances on ordinates between the
line A and the line B. It is apparent from the record that the
percentage of the total heat absorbed by the superheater is prac-
tically constant, whatever may be the power to which the boiler
is driven. The normal maximum power of a locomotive may, for
present purposes, be assumed to be that power which is repre-
sented by an evaporation of 12 lb. of water per sq. foot of heating-
surface per hour. Basing a statement on the record as it ap-
pears from the rate of power, the superheater, which contains 16
per cent of the total heat-transmitting surface, receives approxi-
mately 8 per cent of the total heat absorbed. Distances between
the broken line B and the axis represent the efficiency of the com-
bined boiler and superheater. Distances above this line B ac-
count for the various heat-losses incident to the operation of the
furnace, boiler, and superheater.

Losses of heat arising from the presence of accidental and
combined moisture in the fuel, the presence of moisture in the at-
mospheric air admitted to the fire-box, and of moisture resulting
from the decomposition of hydrogen in the coal are represented
by distances measured on ordinates between the lines B and C.
It is of passing interest to note that the heat thus accounted for
is practically equal to that absorbed by the superheater.

Losses of heat in gases discharged from the stack are repre-
sented by distances measured on ordinates between the lines C
and D. The distances between the lines D and E represent that
portion of these losses which is due to the incomplete burning of
the combustible gases. The record shows that this loss is neces-
sarily large, but does not increase with the increased rates of com.
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bustion, as has commonly been supposed. In other words, the loss
in evaporative efficiency with increase of power does not occur
in any degree through the channel of the smoke-box gases. That
portion of this loss which is chargeable to incomplete combus-
tion is small under low rates of combustion, but may increase to
values of some significance under the influence of very high rates
of combustion, as will be seen from the record of the Youghio-
gheny coal.

Losses of heat through the discharge from the fire-box of un-
consumed fuel are represented by distances measured on ordinates
between the lines E and H. The loss thus defined is separated
into three parts, viz., the heat lost by partially consumed fuel in
the form of cinders collecting in the front-end (E F); the heat lost
by partially consumed fuel in the form of cinders or sparks thrown
out of the stack (F G); the heat lost by partially burned fuel
dropping throught the grate into the ash-pan (GH).

The first two of these losses increase with the rate of power
developed. They are in fact the chief cause of the falling off of
the evaporative efficiency of a locomotive boiler with increased
rates of power. This is well shown by a comparison of the two
diagrams. In the case of tests with the Pocahontas coal (Fig. 21)
the cinder loss is comparatively heavy and the boiler efficiency
diminishes in a marked degree under high rates of power, while
tests under similar conditions with the Youghiogheny coal (Fig. 22),
involving less loss by cinders, show an efficiency of the boiler
under high rates of power which is much better sustained.

The cinder loss, expressed as a percentage of the total weight
of coal fired, is shown by Fig. 23, and the heating value of the
material thus accounted for by Fig. 24. It will be seen that cin-
ders from the Pocahontas coal have more than double the weight,
and that each pound has nearly double the heating value of those
resulting from the Youghiogheny coal, a result doubtless due in
part to the large percentage of fine coal in the Pocahontas and to
the absence of such material in the Youghiogheny. The stack
cinders from both coals have a higher calorific value than those
caught in the smoke-box. Under the practice of the laboratory,
in no case was the coal wetted previous to its being fired. Con-
cerning the general significance of the results, it will be well to
remember that the fuel used in all tests was of high quality.
Lighter and more friable coals are, as a rule, more prolific pro-
ducers of stack and front-end cinders.
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Radiation, leakage, and all other losses unaccounted for are
represented by distances measured on ordinates between the line
H and the 100 per cent line of the diagram. The radiation losses
are probably from 1 to 2 per cent of the total heat available, the
remainder equaling from 2 to 4 per cent, representing leakage of
steam or water, or inaccuracy in the determination of quantities
already discussed.

23. A Summarized Statement with Reference to the Distribution
of Heat in the Locomotive Experimented upon.-It is sometimes con-
venient, for the purpose of fixing values in one's mind, to have an
elaborate statement of fact summarized into a few representative
values, the relation between which may be easily remembered.
Such a summary may be framed in the present case by assuming
that the normal maximum power of the locomotive tested is that
which involves a rate of evaporation of 12 lb. of water per square
foot of heating surface per hour, and by averaging values for this
rate of power, from the diagrams, Fig. 21 and 22. The result
may be accepted as showing in general terms the action of such a
locomotive as that tested when fired with a good Pennsylvania or
West Virginia coal. It is as follows:

Per cent
Total heat available, absorbed by water in boiler............................ ............ 52
Total heat available, absorbed by steam in superheater...................... ............ 5
Total heat available, lost in vaporizing moisture in coal..... .... ....................... 5
Total heat available, lost through discharge of CO..................................... .....
Total heat available, lost through high temperature of escaping gases, the products of

com bustion .......................................... .. ... .. ........ ............. 14
Total heat available, lost through unconsumed fuel in the form of front-end cinders..... 3
Total heat available, lost through unconsumed fuel in the form of cinders or sparks

passed out of stack ................ .................. .................................. . 9
Total heat available, lost through unconsumed fuel in ash .............................. 4
Total heat available, lost through radiation, leakage of steam and water, etc............ 7

Total heat available accounted for....... .................... ... ........... 100

V. PERFORMANCE OF THE ENGINE AND OF THE LOCOMOTIVE

AS A WHOLE

24. Indicated Horse-Power.-The range in the values of the
indicated horse-power for all pressures falls between the limits of
163 and 599 h. p. The maximum horse-power (599) was developed
under a boiler pressure of 160 lb. and a speed of 40 miles per hr.,
with the reverse lever in the eighth notch, corresponding to a cut-
off of 35 per cent of stroke. The following table shows the effect



36 ILLINOIS ENGINEERING EXPERIMENT STATION

of changes in boiler pressure upon the power output of the engine
when run with the reverse lever in the fourth notch at a speed of
40 miles an hour.

Pressure Corresponding
horse-power

lb.

120 179
b60 343
200 445
240 551

SBOILER PRESSURE

I 240 L1.
5 0 

- 21.64

40 - 21.89 .32-

- 2343 [ 211 21.68
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160 POUNDS 120 POUNDS

25. Steam Consumption per Indicated Horse-Power.-The steam

consumption per indicated horse-power is presented graphically

by Fig. 25 to 28. These diagrams show clearly the effect of speed

and cut-off on the steam consumption of the cylinders. The most

complete exhibit is that of tests run at a pressure of 160 lb. In

this series, the full range of speed and cut-off possible under a

wide-open throttle has been carried out, and, consequently, the

exhibit of results for this pressure discloses a record of the max-

imum and minimum performance under a wide-open throttle.

The maximum steam consumption for any test of record is 29.06 lb.

and the minimum is 20.29.
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AT DIFFERENT PRESSURES

The least steam consumption per horse-power hour for each
of the several pressures at which tests were run is shown by
Fig. 29.

For the purpose of securing a statement of the steam con-
sumption of the engine, as set forth by the data presented, values
for all pressures have been plotted upon a single sheet. In making
up this figure, values for the second-notch tests at 160 lb. have
been excluded, since these tests were at a very low power and there
are no corresponding tests at other pressures. In a few cases,
values for other pressures, not covered by the data, have been de-
rived by extrapolation. The least steam consumption for each of
the several pressures as represented by the average values given
in Fig. 29, is indicated by points designated by crosses, while the
average of all accepted values for each given pressure is repre-
sented by circles. In order that the steam consumption of the
engine may be defined by a single series of values, a line (AB,
Fig. 30) has been drawn through the average points represented
by the circle. It is proposed to accept this line as representing
the steam consumption of the experimental engine under the
several pressures employed. It should be noted that it is not the
least consumption or the maximum, but that it is the average of
a group of results all of which represent normal working con-
ditions, and none of which represents a consumption more than
4 lb. above the minimum.
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From the curve it appears that the minimum normal consump-
tion is obtained under a pressure of 200 lb., and that at this
pressure it amounts approximately to 21.6 lb. per indicated horse-
power hour.
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FIG. 30. STEAM CONSUMPTION UNDER DIFFERENT
PRESSURES

26. Steam Shown by Indicator.-If, for any test, it should
appear that there is present in the cylinder more than 100 per
cent of mixture, it is to be accepted as evidence that for that test
the steam was superheated at release. The data show that such
a condition is not closely approached for any of the high-pressure
tests, all of which were necessarily run under comparatively short
cut-off. As the pressure is reduced, and the cut-off is lengthened,
the percentage of steam accounted for increases, and for two tests
under a pressure of 120 lb. the actual presence of superheated
steam is shown. This applies to tests for which the cut-off was
not less than half stroke.

For these tests, also, the percentage of steam accounted for
by the indicator was greater than that accounted for by the tank,
which is conclusive evidence that the exhaust was superheated.

i i
i

I
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A comparison of the percentages of the total mixture, which
are shown by the indicator at release with similar values taken
from the performance of the saturated-steam locomotive Sche-
nectady No. 2, is presented in Table 1.

TABLE 1

PERCENTAGE OF MIXTURE SHOWN AS STEAM AT RELEASE BY INDICATOR-

CARDS (SPEED, 30 MILES PER HOUR)

Percentage of Mixture Shown As Steam at Release by Indicator-cards

Boiler-pressure Boiler-pressure Boiler-pressure Boiler-pressure
240 lb. 200 lb. 160 lb. 120 lb.

Super-
heated

IV

85.2
86.2
89.7

Sat- S
urated h

V

uper-
eated

VI

Sat- Super-
urated heated

VII VIII

Super- Sat-
heated urated

II III

82.8 75.0
82.2 76.7

BOILER PRESSURE
40 240 LB.

S50 351
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27. Coal Consumption.-The coal consumption per indicated
horse-power hour is, under favorable conditions, approximately
3 lb., the minimum value of record being 2.8 lb. In 2 tests only,
of the 38 tests of record, does it reach a maximum of 4 lb. The
coal consumption per draw-bar horse-power hour appears graphic-
ally in Fig. 31 to 34. These values are based upon direct obser-
vations. They include no accounting for differences in the quality
of fuel; these and irregularities arising from other sources are
dealt with in paragraph 28.

28. Comparing the Performance of the Locomotive, Assuming
Incidental Irregularities in the Tests To Have Been Eliminated. -It is
apparent that any series of values based directly upon experi-
mental observations will present irregularities. In the course of
the preceding discussion, it was sought to eliminate the effect of
certain of these irregularities, and to define the performance of
the boiler, of the superheater, and of the cylinders of the loco-
motive experimented upon, in terms which have resulted from a
careful summarization of all the data available. Making use of the
statements of performance thus secured, it is possible to compile
Table 2, which is a table of engine performance based upon the
experimental data but freed from its inconsistencies.

Obviously, the exhibit of such a table will have the highest
value for purposes of comparison. Thus, the equation defining
the performance of the boiler and superheater combined is
E = 11.706 - 0.214 H, and that defining the performance of the
superheater is T = 123 - 0.265 P + 7.28 H, and the performance
of the engine is defined by the curve AB, Fig. 30.

Column 1.-Test number.

Column 2.-Laboratory symbol.-The first term of this symbol
represents the speed in miles per hr., the second term represents
the position of the reverse lever upon its quadrant, expressed in
notches from the center forward, and the third represents the
steam pressure.

Column 3.-Equivalent steam to engine per hr., feed-water at a
temperature of 600 F. = steam supplied the engine per hour X
(B. t. u. taken up by each pound of water in the boiler and super-
heater + temperature of feed-water, in degrees F. - 60) - 965.8.

Column 4.-Equivalent evaporation per lb. of dry coal, assum-
ing the evaporative efficiency of the boiler to have been represented by
the equation E = 11.706 - 0.214 H, where E is the equivalent evap-
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oration per lb. of coal and H is the rate of evaporation per ft. of
water and superheating surface per- hr. For values in question,
H = columns 3 - 1216.

Column 5.-Dry coal fired per hr., assuming the evaporative efli-
ciency to be that shown by the equation = column 3 - column 4.

Columnn 6.-Dry coal per indicated horse-power hour = column 5
- indicated horse-power.

Column 7.-Equivalent steam per indicated horse-power hour =
column 3 - indicated horse-power.

Column 8.-Machine friction in terms of mean effective pres-
sure.-The purpose of this column is to eliminate irregularities
in action due to variations in lubrication, etc. The values given
are those determined by the previous experimental work upon
Schenectady No. 21.

Column 9.-Machine friction horse-power is the power equiva-
lent, assuming the friction M. E. P. to have been that shown by
column 8.

Column 10.-Machine friction, per cent of indicated horse-
power =-.100 X column 9 - indicated horse-power.

Column 11.-Dynamometer horse-power = indicated horse-
power - column 9.

Column 12.-Draw-bar pull = 33,000 X column 11 -- (18.063 X
r. p. m.,)

Column 13.-Coal per dynamometer horse-power hour = Column
5 - column 11.

Column 14.--Equivalent steam per dynamometer horse-power per
hr. = column 3 - column 11.

I ' 'High Steam-Pressures in Locomotive Service", Publication No. 66, Carnegie Institution
of Washington. Abstracted in Bulletin No. 26, Engineering Experiment Station.



42 ILLINOIS ENGINEERING EXPERIMENT STATION

z

0!

i-

no!i'enbtita
Sq paaaiio0 inoq

lad p.lli 1,00 aJQ(

If f1Ig'0-O 90L'I =3
uo.snbt Sqq

I p6o Alp jo 'qi
lad doCAa 'Alnba

'aO4 09 lal0Ai PpaaA
anoq lad auiIaa
01 1eaiS luai¶3Ainba

o 00'

000

-p l

E° g0

anoq jad 'd 'H *'C
jlad uriUS quaIBA nbgi

anoq j.ad
d *H *- lad i3O)

lind .lvq-MI, j*(

l.Oaod
-Osjoq 1a10LUOTI USQI

'd "i 'i )UO J-I

a
0

j",j 'JA

JnOT4.•ad "d "q
lad m0'lS 'Ajnbg

* aoq nod

d q •I lad pao' X1C

cI2

a ) t

F'

©
00Ea)

0
a

E-4

0

z

0

©
P.4

x

F'

0
0

o o 'w * io 1 ir

o !. ... . . i

.0 Oos i. CoQ

- T yO o *i .- UI (M

(000 *00 -C'i :

0OCO00 00CDC 0

0^1-0 . 0* C

CO C-l (W * N t CR

_Q 001-- 0 S-01

.0 CO@ 0»0 Gt 00

OS 0SO S00 O00

- - 000 .- 00 DO

0000000

0tMwetwS

tO - -f O f 0 . -

00 01 COC CC * O

00000000*OO*<

0**P o>a *o



GOSS-SUPERHEATED STEAM IN LOCOMOTIVE SERVICE 43

0000 ~ 0 ~ - COO 00 ~ 00
-r 000 000 'C 000 C' #4

0000O-iOO Mif 00~ C 00 0 0 0

ETCS M 1' 000000 C

COStenaM^Nr atN'T T--I'Q
Mi-t^ iM W^'-iS CCBE-iS

ed i mco'-o oe rai com on -

,_,-(0,- 0000,-. 0000000*t

5 0 00 00 0000

SSO O'^ O'M^- 00

#40000 00000000.

000000 .-. t^000.-0000
00000 ttOtOO0000000DO

000000000000000Qt-tO'-

00000 000 0 0 ^^^"^0000

000000 ~tOOO 000C 00l -0l ~

00000000 0sgsss0s

00000000000000ass

00000 #4000000000^"Qoos

>-i'iO~ a<?C 'W 0 0i< ''^

0f ^00,,0 tD 00 0- Ot O r 0 000

080000000000QOQ

fl55555TO555^a'3"25

I I sga~Ig<

00 COPO WCOM
0*0,-WC0 500

^-»- 0 C 00000

0i 0- 0 0^ 0 0o 0*

8'0 00 O-0 OiI-O

D00 00000

00 0000

000m0000

00000 00

00000000

SE 00-

0000. 00

S8E2SS8S
s8 MSassa

essosgsw
MWeMMMMe'O

iMOXO2tO O0t

lOOttlfSR MAC

OCOOmlOOOOa

Oi?! tpf$ltR



44 ILLINOIS ENGINEERING EXPERIMENT STATION

It is now possible to determine the coal consumption per in-
dicated horse-power per hour by assuming the efficiency of the lo-

comotive to be that defined in the above relationship. The derived

results are given as Table 3, which follows.

TABLE 3

LOCOMOTIVE PERFORMANCE UNDER DIFFERENT PRESSURES.

Pounds of Su- B. t. u. per lb. Equivalent Equivalent Pounds of

Boiler perheated Steam of Steam; Pounds of Pounds of Coal
Boiler- per i.p. p Feed 60° and Steam Water per per i. h.

pressure per hr.; Values Superheat from per i. h.p. Pound of Dry r r
from Curve Equation hr. Coal

1 2 3 4 5 6

lb

240 22.6 1258.7 29.45 9.426 3.12
220 21.8 1261.8 28.48 9.501 3.00
200 21.6 1263.1 28.25 9.518 2.97
180 21.9 1261,7 28.61 9.491 3.01
160 22.3 1259.3 29.47 9.455 3.08
140 22.9 1256.4 29.79 9.399 3.17
120 23.8 1252.7 30.87 9.316 3.31

Column I in Table 3 gives the boiler-pressure.
Column 2 gives the steam consumption per indicated horse-power per hour for the several pres-

sures, as defined by the curve A B, Fig.

Column 3 gives the number of thermal units in the pounds of steam at the several pressures,

assuming the feed-water temperature at 60' F. and the degrees superheat that repre-

sented by the equation T= 123 - 0.265 P+ 7.28 H.

Column 4 gives the number of pounds of water from and at 2120 F. per indicated horsepower

hour. It equals column 2 times column 3 - 965.8.

Column 5 gives the pounds of water evaporated from and at 2120 F. per pound of coal and is cal-

culated as follows: Assuming that a fair average load for the locomotive tested is 440

horse-power and that this unit of power is developed under all pressures, the corre-

sponding rate of evaporation may be found by multiplying this value by those of column

4 and dividing by the area of water-heating surface plus superheating surface; that is,

rate of evaporation = 440 X column 4 + 1216. The equivalent pounds of water per pound

of coal is found by substituting the rate of evaporation found for H in the equation

E = 11.706 - 0.214 H.

Column 6 gives the pounds of coal per indicated horse-power hour and equals column 4 ÷ col-

umn 5.

From the values given in the table it will be seen that the
coal consumption per indicated horse-power hour varies from
2.97 to 3.31. The minimum value 2.97 is found at 200 lb. boiler-
pressure.

VI. ECONOMY RESULTING FROM THE USE OF SUPERHEATED

STEAM

29. Comparisons Involving Boiler and Superheater.-The whole

discussion, as presented in the preceding chapters, has been de-
veloped with a view to establishing in concise terms the perform-
ance of the locomotive experimented upon, while operating under
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superheated steam. The method of expressing results and the
units of measurement employed have been so chosen that a com-
parison may readily be made with those which have previously
been derived for the same locomotive when, as Schenectady No. 2,
it was operated with saturated steam. The changes in the extent
of heat-transmitting surface resulting from the application of the
superheater are described in detail in paragraph 12. Data con-
cerning the performance under saturated steam, which are made
a basis for comparison, are drawn from a previous report1.
Youghiogheny coal or its reduced equivalent has been used in all
cases.

30. Boiler Performance.-The boiler of Schenectady No. 2, de-
signed for delivering saturated steam, gave an efficiency ex-
pressed by the equation

E = 11.305 - 0.221 H

while the boiler as equipped with a Cole superheater, Schenectady
No. 3, gave an efficiency expressed by the equation

E= 11.706 - 0.214 H

Obviously, on the basis of these equations, the superheating
boiler has the advantage. The comparison is, however, not a
fair one, since in both cases the equations are based on the ex-
tent of heat-transmitting surface, and in Schenectady No. 5 such
surface was sacrificed in making room for the superheater. To
make the comparison fair, the term in the equation representing
equivalent pounds of water per square foot of heating surface
must be expressed in terms of total power delivered by the
boiler. Comparisons on this basis, showing the performance
of the boiler in one case, and of the boiler and superheater in the
other case, expressed in terms of the equivalent evaporation, are
shown diagrammatically by Fig. 35.

It will be seen that even upon this basis the efficiency of the
combined boiler and superheater is superior to that of the boiler
alone, the increase averaging between 3 and 4 per cent. The
reason for this is not entirely apparent. An examination of related
data suggests that the lines of Fig. 35 should not be far apart.
Draft values plotted in terms of the rate of evaporation are lower
for the superheating locomotive than for the locomotive using
saturated steam, but when these are reduced to equivalent values
representing an equal amount of power, they are identical for

IPublication No. 66, Carnegie Institution of Washington; Abstract in Bul. 26, Eng. Ex. Sta.
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both locomotives-a condition which implies equality in the fuel
lost in the form of cinder and spark. Similar comparisons in-
volving smoke-box temperature lead to identical conclusions.

BOILER MORSE POWER

FIG. 35. BOILER EFFICIENCY

Upon the basis of these statements, the relation defined by
Fig. 35 is not confirmed by collateral evidence. This statement,
however, does not discredit the record, which is in fact one of no
small significance. The line of performance for the superheating
locomotive (Fig. 35) depends upon results of 38 tests and that for
the saturated-steam locomotive upon results of 40 tests. It is
therefore difficult to see how either could have been affected to
the extent indicated by any incidental cause or causes. What-
ever the conclusion may be with reference to this matter, it is
clear that the combined boiler and superheater of Schenectady No. 3
are not less efficient than the boiler of Schenectady No. 2, while be-
ing worked at the same rates of power, and the face value of the
data shows its efficiency to be higher by 4 per cent.

31. Comparisons Involving the Performance of the Engine.-The
steam consumption per indicated horse-power hour for the super-
heating locomotive, as determined by the results of 38 tests, has
been defined as the line A B, Fig. 30. A similar line based upon
the results of 100 tests of the saturated-steam locomotive estab-
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lishes the cylinder performance of that machine. Replotting the
results upon a single sheet gives the diagram Fig. 36. This exhibit
(or better, perhaps, the numerical values given by columns 2 and
4, Table 4) shows well the saving in water realized by substitut-
ing steam superheated approximately 1500 F. for steam which is
saturated. The saving ranges from 18 per cent when the boiler-

[1 T - F - T - - F - 1~1~F - F - 11

5
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STEAM PRESSURE BY GAGE

FIG. 36. STEAM PER INDICATED HORSE-POWER HOUR

pressure is 120 lb. to 9 per cent when the boiler pressure is 240
lb. It appears, also, from the diagram that with superheating,
the least consumption of water, 21.6 lb. per horse-power hour, is
secured when the boiler-pressure is approximately 200 lb., and
that variations in the consumption resulting from changes in
pressure are slight (column 4, Table 4). For example, the water
consumption for all pressures between 160 and 220 lb. ranges be-
tween 21.6 lb., the minimum value obtained, and 22.3 lb., a range
,of approximately 4 per cent.

The saving of water in locomotive service is always a matter
of moment; it diminishes the exactions of certain conditions in
operation; and in some districts, where water is bad or hard to
obtain, it tends to simplify difficult problems either in locomotive
maintenance or in the maintenance of the water-supply. The
fact, therefore, that superheating affords a material saving in the
amount of water required, is not to be overlooked in estimating
the value of superheating as a practice. But the saving in heat
is not proportional to the saving in water, for each pound of super-
heated steam must have more heat imparted"to it than a pound of

I I I I [ I I I

SATUPRATED

SUJPERHESATED
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saturated steam at the same pressure. As an indication of the
thermal advantage to be derived from the use of superheated
steam in comparison with that of saturated steam, it is desirable
to reduce the steam in each case to the same thermal basis. This
has been shown graphically by Fig. 37 and numerically by columns
3 and 5, Table 4.

TABLE 4

STEAM PER INDICATED HORSE-POWER HOUR

Boiler-
pressure

lb.

1

Saturated Steam Superheated Steam

Pounds of
Steam

per i. h. p.
per hr.

2

240 24.7
220 25.1
200 25.5
180 26,0
160 26.6
140 27.7
120 29.1

B. t. u. unds of B.t. 
u

.
per i. h.p. team per i. h. p

per ain. per . h.P. pe in.
per mm. per hr. permin.

3 4 5

474
459
455
461
468
481
497

Upon this basis the saving effected by the use of superheated
steam is 12 per cent when the pressure is 120 lb., and 2 per cent
when the pressure is 240 lb. Under a boiler-pressure of 180 lb.
the substitution of superheated steam improves the efficiency of
the engine 9.1 per cent.

s50 100 150 200 250
STEAM PRESSURE BY GAGE

FIG. 37. THERMAL UNITS CONSUMED PER HORSE-POWER PER MINUTE
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32. Comparisons Involving the Performance of the Locomotive
As a Whole.--The performance of the locomotive as a whole, as
expressed in terms of coal consumed per indicated horse-power
hour, both for saturated steam and superheated steam, and the
saving effected by the substitution of superheated for saturated
steam, is given as Table 5. These results, since they combine
the performance of both engine and boiler, represent a definition
of the improvement in the performance of the locomotive experi-
mented upon as the result of the substitution of superheated for

j
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FIG. 38. COAL PER INDICATED HORSE-POWER HOUR

TABLE 5

SAVING IN COAL EFFECTED BY THE USE OF SUPERHEATED STEAM

Saving Effected by the Use of Superheated Steam
P im r c d -f C o Q l_________________-________________

per i. h. p. per hr. Over Values Obtained
with Saturated Steam at

Same Pressure

Superheated Pounds per
Steam i.b.p. Per cent

per hr.

3 4 5

3.12 0.19 5.72
3.00 .37 10.98
2.97 .46 13.31
3.01 .49 14.00
3.08 .51 14.21
3.17 .60 15.98
3.31 .69 17.25

Over Values Obtained
with Saturated Steam at

180 lb. Pressure

Pounds per
i. h. p. Per cent
per hr.

6 7

0.38 10.86
.50 14.29
.53 15.15
.49 14.01
.42 12.00
.37 10.57
.19 5.43

Boiler-
pressure

lb.

1

240
220
200
180
160
140
120

Saturated
Steam

2

3.31
3.37
3.43
3.50
3.59
3.77
4.00
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saturated steam. They show that the gain is most pronounced at
the lower pressure; thus, at a pressure of 120 lb. it is 17 per cent,
while at a pressure of 240 lb. it is but 6 per cent. They show also
that the performance of the locomotive using superheated steam
is only slightly affected by changes of pressure; for the entire
range of pressure from 120 lb. to 240 lb., the difference in coal
consumption from minimum to maximum is but a third of one
pound, while for pressures between 175 lb. and 225 lb., it is
practically constant and always near the minimum value. The
least coal consumption per indicated horse-power hour, as it
appears in the summarized statement, is 2.97 lb., and was obtained
under a steam-pressure of 200 lb.

The results sustain a claim which has been put forward by
advocates of the practice of superheating, to the effect that the
adoption of such practice permitted the steam-pressure to be
materially reduced over that now employed in locomotives using
saturated steam without material sacrifice in efficiency. A detailed
numerical statement showing the saving in coal resulting from a
change from saturated to superheated steam is set forth by col-
umns 4 to 7, Table 5. Columns 4 and 5 present results obtained
by comparisons based on equal pressures, and columns 6 and 7
those obtained by comparing values obtained with superheating
under the several different pressures employed with those ob-
tained from saturated steam at a pressure of 180 lb.

33. Comparisons Involving the Capacity of the Locomotive.-The
maximum power presented by the data derived from the locomotive
using superheated steam is not to be accepted as a measure of its
capacity. Except in. the case of the series of tests run at 160 lb.
pressure, the number of tests was insufficient to permit the estab-
lishment at each speed of a maximum cut-off for which the boiler
could be made to supply steam. But while direct evidence is
lacking, the data contain much which goes to show that the super-
heating locomotive is a more powerful machine than the locomotive
using saturated steam. For example, it has been shown that for
the development of equal amounts of power, the combined boiler
and superheater of the superheating locomotive have an efficiency
which equals or exceeds that of the saturated-steam boiler; hence
the boiler-power which it may be made to deliver as a maximum
equals or exceeds that which the boiler of the saturated-steam
locomotive can be made to deliver. But each unit of power
delivered from the boiler in the form of superheated steam is more
effective in doing work in the cylinders than a similar unit of



GOSS-SUPERHEATED STEAM IN LOCOMOTIVE SERVICE 51

power delivered in the form of saturated steam; hence, at the
limit, the superheating locomotive is more powerful than the one
using saturated steam, and the difference is that which measures
the difference in the economy with which the cylinders use steam.

The same question may be dealt with through another series
of facts, as follows: It can be shown that the power of any loco-
motive is limited by its capacity to burn coal, and coal-burning
capacity is a function of the draft. The data show that for the
development of a given cylinder power, the draft values of
Schenectady No. 3 (superheating) were in all cases less than those
of Schenectady No. 2 (saturated). The extent of these differences
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is well shown by Fig. 39 to 42. They are of small value for tests

under high pressure, but as a rule they increase as the pressure

is reduced. Tests at 160 lb. (Fig. 41) show that the power devel-

oped in return for a given draft is from 10 per cent to 16 per cent

greater for the superheating locomotive than for the saturated-

steam locomotive. Obviously, there is no reason why the draft

for the former should not be increased to limits practicable with

the latter, and when this is done the power developed by the

superheating locomotive will exceed that which is possible with

the saturated-steam locomotive.
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34. The Possible Economy Which May Result from the Use of
Superheated Steam in Locomotive Service.'-In the preceding para-
graphs an attempt has been made to define with accuracy the
increased efficiency resulting from the substitution in locomotive
service of steam superheated to approximately 150° for steam
which is saturated. The facts upon which comparisons have
been based have been derived by careful processes, and the results
can safely be accepted as the measure which has been sought.
All discussion might well end with the presentation of the facts
referred to, were it not that out of them arises a group of questions
of great practical significance. To some of these attention must
be given.

As a general proposition, the gain which in any service will
result from the introduction of a superheater is a function of the
degree of superheat employed, and this in turn is limited by the
ability of the materials composing the superheater and the exposed
parts of the engine to withstand the temperatures which are
involved. The Prussian State Railway prescribes a boiler-
pressure of 180 lb. and a temperature of steam of 3000 C., which
temperature may rise above 300°, but must never be allowed to
exceed 3500. That is, a degree of superheating of 1900 F. is
regarded as satisfactory, while the maximum limit never to be
exceeded is fixed at 2800 F. Under normal running conditions,
the degree of superheating is considerably above 2000 F.

Comparing the superheating effects described by these state-
ments with the degree of superheat obtained from the Purdue
locomotive when working under a pressure of 180 lb. (Fig. 13), it
appears that those of the latter may be increased by at least 33
per cent of their present value without exceeding the limit which
has been proved practicable in the every-day practice of German
railroads. The means to be employed in securing such a degree
of superheat are, of course, matters of detail which concern the
design and proportions of the superheater. The savings in water
and fuel resulting from the presence of the superheater, as set
forth by data already presented, would have been greater had the
degree of superheat been higher. In the absence of data derived
from experiments, it may be assumed that the possible increase
in the savings will be proportional to the increase in the degree
of superheat.

1
Information resulting from later experiments, tending to confirm the statements of this

section, is presented in the Appendix.



54 ILLINOIS ENGINEERING EXPERIMENT STATION

STEAM PRESSURE BY GAGE

Fl;. 43. STEAM PER INDICATED HORSE-POWER HOUR,
SHOWING POSSIBLE GAIN BY INCREASING

SUPERHEATING 33 PER CENT

On the basis, therefore, of the experimental results already
presented and of these statements, the possible gain in water and
fuel which may result from the adoption of the superheater is
seen by Fig. 43 and 44, respectively. In these figures, the upper
line A is that of saturated steam as derived from tests of locomo-
tive Schenectady No. 2; the next below, B, is that of superheated

I 50 100 150 20O 250

A,

3 -- -- -- -- -- -- -- -- -- -- -- -

STEAM PRESSURE BY GAGE

FIG. 44. COAL PER DRAW-BAR HORSE-POWER HOUR,
SHOWING POSSIBLE GAIN BY INCREASING

SUPERHEATING 33 PERCENT
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steam as derived from tests of locomotive Schenectady No. 3, and
the dotted line C is that which is assumed to represent the per-
formance which Schenectady No. 3 would have given had the degree
of superheating been 33 per cent greater than that actually ob-
tained. These are not maximum savings, but are such as are to
be expected under normal conditions of continuous full-power
operation. From this exhibit, it appears that for boiler-pressure
of 180 lb., the substitution of superheated steam for saturated
steam may result in a reduction of water consumption from 26 lb.
to 20.5 lb. a saving of 21 per cent, and in a reduction of coal
consumption per draw-bar horse-power of from 4 lb. to 3.25 lb., a
saving of 19 per cent. These values may be accepted as repre-
senting what should reasonably be expected of superheating in
American locomotive service, so far as the experiments herein
described define them.

It will be a mistake, however, for anyone to assume that a
railway company's bills for locomotive fuel may be diminished by
the percentages set forth in the preceding paragraph merely by
the introduction of the superheater. It should be clear, for ex-
ample, that no part of the fuel used in raising the steam of a
locomotive or of its wastes which occur between the round-house
and the starting of the locomotive at the head of its train can be
saved by the application of a superheater to a locomotive. As-
suming that the fuel thus used is 15 per cent of the total for the
run, a conservative estimate, the amount which remains subject
to the influence of the superheat is 85 per cent of 19 per cent, or
16 per cent.

Again, the fuel used in maintaining a normal temperature of
all parts of the machine when the locomotive is at rest at stations
and at passing-points is fuel over which the superheater can exert
no influence. The amount of fuel thus used is a function of the
schedule of the train. The results set forth in Chap. IV show that
in some classes of service upon American railways it will be so
small as to be negligible, but in other classes of service it will
constitute a considerable percentage of the total coal used. A re-
view of Chap. IV will suggest the difficulty which confronts one in
an attempt to fix numerical values covering fuel thus to be ac-
counted for. Again, fuel used in generating steam which is dis-
charged through safety-valves can not in any way be affected by
the presence of a superheater. In none of the experimental work,
the results of which are recorded in the preceding chapters, has
there been any loss by safety-valves. This loss in practice is
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necessarily indefinite. In some classes of service it is so small
as to be negligible, and in others it involves a considerable per-
centage of the total coal used. Finally, attention should be called
to the fact that the question at issue involves the whole
problem of maintenance. Steam leaking past valves and pistons
or coming out by leaky glands or through leaky cylinder-cocks
or steam-joints wherever located causes losses which remain un-
diminished in the presence of the superheater.

Summarizing the preceding statements, and making such de-
ductions from the known performance of the superheater as will
suffice to remove from the calculations all expenditures of heat
normal to the American locomotive, which are beyond the influ-
ence of the superheater, the actual net reduction in the amount of
fuel needed for locomotive use, by a railroad having all its loco-
motives equipped with satisfactory superheaters, over that which
would be required if all employed saturated steam, will not be far
from 10 per cent. This value is not to be accepted as of strictly
scientific import, but merely as an estimate based upon such facts
as have appeared in the course of a rather careful study of the
problem.
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APPENDIX

A COMPARISON OF RESULTS OBTAINED WITH SATURATED

STEAM AND WITH FOUR DIFFERENT DEGREES OF

SUPERHEATED STEAM'

35. The tests reported in the preceding pages were com-
pleted in the summer of 1907. Since that date, the Purdue Lab-
oratory has been engaged in investigations, involving the use of
different superheaters, the results of which are to be accepted as
the latest information available concerning the value of super-
heated steam in locomotive service. A brief abstract of a paper
presented jointly by Dean Benjamin and Professor Endsley fol-
lows.

36. Superheaters.-Tests have been run with locomotive
Schenectady No. 3 equipped with four different superheaters, which
have been designated as follows:

Cole A- 193 sq. ft. of heating surface in the superheater
Cole B-151 sq. ft. of heating surface in the superheater
Cole C-109 sq. ft. of heating surface in the superheater
Schmidt-324 sq. ft of heating surface in the superheater
Cole A was the superheater used during the tests reported in

the preceding pages.
The boiler dimensions were the same for all the Cole super-

heater tests, but in order to install a Schmidt superheater, with a
larger amount of superheating surface, the number of small 2-in.
flues was reduced from 111 to 107, and the large 5-in-flues were in-
creased in number from 16 to 21. This change .in the number of
flues increased the water-heating surface from 897 sq. ft. to 956.5
sq. ft. With the above exceptions, the boiler and engine were the
same for all the testing upon the four different superheaters.

37. Basis of Comparison.- It seems logical to compare the re-
sults obtained with the four different degrees of superheated steam
and with saturated steam, since all the series of the tests so far
run have been under the same steam pressures and cut-offs, de-
veloping approximately the same horse-power, the only difference
being the area of the superheating surface and the area of the
water-heating surface. As the area of the water-heating surface

1 An abstract of a paper presented before the American Master Mechanics' Association at
Atlantic City in June 1911 by Dean C, H. Benjamin and Professor L. E. Endsley, of Purdue
University.
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of the boiler with the Schmidt superheater is approximately only
47 sq. ft. greater than with the Cole superheater, it would seem
that this difference would not be enough to affect the relative ef-
ficiency of the boiler. In the comparisons which follow, there-
fore, no allowance is made for differences resulting from different
water-heating surfaces.
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38. Superheating.-The degree of superheating as affected by
the rate of evaporation, at the different boiler pressures, is shown
for the Schmidt superheater by Fig. 45. The same thing, for the
Cole A superheater, has been shown in Fig. 9 to 12. The de-
grees of superheating plotted against the corresponding boiler
pressures, at a rate of evaporation of 8.5 lb. per sq. ft. of heat-
ing surface per hour, is shown, for all four superheaters in Fig 46.

39. Comparison of Engine Performance.-The steam consump-
tion of the locomotive operated under saturated steam and the
four different degrees of superheated steam represented by Cole
A, Cole B, Cole C and Schmidt are shown graphically in Fig. 47.
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The numerical values are given in Table 6. From an inspection
of these curves, it is seen that the tests with the Schmidt super-
heater, i. e., the one giving the highest degree of superheat, gave
the lowest water consumption.

The curves showing the relation between the B. t. u. per
i. h. p. per minute for the different conditions of tests are given in
Fig. 48.

TABLE 6

STEAM PER INDICATED HORSE-POWER PER HOUR

Boiler Pressure Superheat Pounds Steam B. t. u.
Superheater lb. by gauge °F. per i. h.p. per i. h. p.

per hr. per min.

I 11 111 IV V

Schmidt A 240 222.2 19.5 421.4
Schmidt A 220 226.5 19.0 410.7
Schmidt A 200 230.8 18.9 408.3
Schmidt A 180 235.1 18.7 404.0
Schmidt A 160 239.4 18.9 408.0
Schmidt A 140 243.8 19.5 419.8
Schmidt A 120 248.6 21.0 452.3

Cole A 240 139.7 22.6 474
Cole A 220 145.0 21.8 459
Cole A 200 150.3 21.6 455
Cole A 180 155.6 21.9 461
Cole A 160 160.8 22.3 468
Cole A 140 166.1 22.9 481
Cole A 120 171.4 23.8 497

Cole B 240 120.6 22.6 469
Cole B 220 126.8 22.1 460
Cole B 200 133.0 21.8 454
Cole B 180 139.2 22.1 460
Cole B 160 145.4 22.5 469
Cole B 140 151.5 23.0 479
Cole B 120 157.7 23,8 496

Cole C 240 109.9 22.7 469
Cole C 220 114.6 22.5 465
Cole 0 200 119.4 22.6 467
Cole C 180 124.2 22.8 472
Cole C 160 128.9 23.5 486
Cole C 140 133.7 . 24.0 496
Cole C 120 138.4 24.8 512

None 240 0 24.7 483
None 220 0 25.1 491
None 200 0 25.5 498
None 180 0 26.0 507
None 160 0 26.6 517
None 140 0 27.7 537
None 120 0 29.1 563
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The relation in coal consumption per i. h. p. per hour for the
four different superheaters and for the saturated steam is shown
graphically in Fig. 49, the numerical values being in Table 7.
Here again the Schmidt superheater results are the smallest, go-
ing as low as 2.5 lb. per indicated horse-power per hour.

TABLE 7

COAL CONSUMPTION UNDER DIFFERENT PRESSURES AND SUPERHEATERS

Pounds of Coal per Indicated Horse Power per Hour
Boiler Pres-
sure Pounds

Gauge Saturated Superheater Superheater Superheater Superheater
Steam Cole A Cole B Cole C Schmidt A

1 II III IV V VI

240 3.31 3.12 3.24 3.20 2.63
220 3.37 3.00 3.16 3.16 2.57
200 3.43 2.97 3.11 3.18 2.55
180 3.50 3.01 3.16 3.22 2.51
160 3.59 3.08 3.24 3.35 2.55
140 3.77 3.17 3.33 3.45 2.63
120 4.00 3.31 3.48 3.60 2.89

The consumption of water per indicated horse-power, as af-
fected by the degree of superheat, is well shown in Fig. 50, in
which the pounds of steam per indicated horse-power per hour
are plotted against the degrees of superheat. The pounds of
steam per indicated horse-power per hour were obtained from the
curves shown in Fig. 47. The degree of superheat was obtained
from the lines shown in Fig. 46. It will be seen that the compar-
isons are made at 160, 180 and 200 lb. steam pressure, these be-
ing the pressures that fall in the center of the field of experiment,
and for that reason would be more likely to represent correct re-
sults.

It would seem that this relation could be approximately
represented by a straight line as shown. It is also seen that
the water consumption for all pressures between 160 and 200 lb.
for the Schmidt superheater is practically the same.

40. Coal Consumption.-The pounds of coal per indicated
horse-power per hour plotted against degrees of superheat are
shown in Fig. 51. The pounds of coal per indicated horse-power
per hour were obtained from the curves of Fig. 49, and the de-
gree of superheat was obtained in the same manner as for Fig. 50.
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The same pressures of 160, 180 and 200 were used in this
comparison as in the comparison for steam consumption. This
relation between the coal per indicated horse-power per hour and
the degree of superheat for pressures of 160, 180 and 200 would
seem to indicate that it could be represented by a curve as
shown. In other words, the first 80 or 1000 of superheat do
not make the same proportionate decrease in coal consumption
as the second 80 or 100°, and, in like manner, the third 800 in-
crease makes a still greater reduction in the coal consumption.
For instance, the coal consumption per indicated horse-power
per hour at 180 lb. steam pressure for the locomotive using satu-
rated steam was 3.50 lb., and for 80° of superheat it was 3.4 lb.
a gain in efficiency of 2.8 per cent; while the consumption at 1600
superheat is 3.05 lb., a gain of 12.8 per cent, and the coal com-
sumption at 240 degrees superheat is only 2.47 lb., a saving of
29.4 per cent over that of the locomotive using saturated steam.
Thus, if we take the locomotive using saturated steam as con-
suming 100 per cent of coal, it might be said that the first 80'
superheat will reduce this 2.8 per cent, the second 800, 10.0 per
cent, and the third 800, 16.6 per cent, making the total reduction
for 240' superheat, at 180 lb. pressure, 29.4 per cent. Practically
the same results would be obtained for the curves representing
160 and 200 lb. steam pressure.

41. Conclusions.-a. A locomotive equipped with a super-
heater giving from 200 to 2400 of superheat will during the time
of running, effect a saving in coal consumption of from twenty to
thirty per cent over that of the same locomotive using saturated
steam.

b. It would seem that the total gain in efficiency which
can be obtained from superheat in a locomotive would not be
reached until the temperature becomes too high for practical
purposes.
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*Circular No. 3. Fuel Tests with Illinois Coal. (Compiled from tests made by the Tech-

nologic Branch of the U. S. G. S., at the St. Louis, Mo., Fuel Testing Plant, 1904-1907.) by L. P
Breckenridge and Paul Diserens. 1909. Thirty cents.

*Bulletin No 3. The Engineering Experiment Station of the University of Illinois, by
L. P. Breckenridge. 1906. None available.

*Bulletin No. 4 Tests of Reinforced Concrete Beams. Series of 1905, by Arthur N.
Talbot. 1906. Forty-five cents.

*Bulletin No. 5. Resistance of Tubes to Collapse, by Albert P. Carman. 1906. Fifteen
cents.

*Bulletin No. 6. Holding Power of Railroad Spikes, by Roy I. Webber. 1906. Thirty-
five cents.

*Bulletin No 7. Fuel Tests with Illinois Coals, by L. P. Breckenridge, S. W. Parr and
Henry B. Dirks. 1906. Thirty-flve cents.

*Bulletin No. 8. Tests of Concrete: I. Shear: II. Bond, by Arthur N. Talbot. 1906.
None available.

*Bulletin No. 9. An Extension of the Dewey Decimal System of Classification Ap-
plied to the Engineering Industries, by L.P. Breckenridge and G. A. Goodenough. 1906. Re-
print available July 1, 1912. Fifty cents.

*Bulletin No. 10. Tests of Concrete and Reinforced Concrete Columns, Series of 1906, by
Arthur N Talbot. 1907. None available.

*Bulletin No. 11. The Effect of Scale on the Transmission of Heat through Locomotive
Boiler Tubes. by Edward C. Schmidt and John M. Snodgrass. 1907. None available.

*Bulletin No. 12 Tests of Reinforced Concrete T-beams, Series of 1906, by Arthur N.
Talbot. 1907. None available,

*Bulletin No. 13 An Extension of the Dewey Decimal System of Classification Applied
to Architecture and Building, by N. Clifford Ricker. 1907. Fifty cents.

*Bulletin No. 14. Tests of Reinforced Concrete Beams. Series of 1906, by Arthur N.
Talbot 1907 None available.

*Bulletin No. 15. How to Burn Illinois Coal without Smoke, by L. P. Breckenridge. 1908.
Twenty-five cents.

*Bulletin No. 16. A Study of Roof Trusses, by N. Clifford Ricker. 1908. Fifteen cents.
*Bulletin No 17 The Weathering of Coal, by S. W. Parr, N. D. Hamilton, and W. F.

Wheeler. 1908 Twenty cents.
Bulletin No. 18. The Strength of Chain Links, by G. A. Goodenough and L. E. Moore.

1908. Forty cents.
*Bulletin No. 19. Comparative Tests of Carbon, Metallized Carbon and Tantalum Fila-

ment Lamps, by T. H. Amrine. 1908. Twenty-.ive cents.
*Bulletin No. 20 Tests of Concrete and Reinforced Concrete Columns, Series of 1907, by

Arthur N. Talbot. 1908 None available.
* Bulletin No 21 Tests of a Lftuid Air Plant, by C. S. Hudson and C. M. Garland. 1908.

Fifteen cents.
*Bulletin Vo. 22 Tests of Cast-Iron and Reinforced Concrete Culvert Pipe, by Arthur N.

Talbot. 1908 Thirty-five cents.
Bulletin No. 23. Voids, Settlement and Weight of Crushed Stone, by Ira O. Baker. 1908.

Fifteen cents.
Bulletin No 24. The Modification of Illinois Coal by Low Temperature Distillation, by

S. W. Parr and C. K. Francis. 1908. Thirty cents.
Bulletin No 25. Lighting Country Homes by Private Electric Plants, by T. H.

Amrine. 1908. Twenty cents.
Bulletin No. 26. High Steam-Pressures in Locomotive Service. A Review of a Report

to the Carnegie Institution of Washington, by W. F. M. Goss 1908. Twenty-flve cents.
Bulletin No 27. Tests of Brick Columns and Terra Cotta Block Columns, by Arthur N.

Talbot and Duff A Abrams. 1909. Thirty cents.
Bulletin No 28. A Test of Three Large Reinforced Concrete Beams, by Arthur N.

Talbot. 1909 Fifteen cents.
Bulletin No 29, Tests of Reinforced Concrete Beams: Resistance to Web Stresses,

Series of 1907 and 1908, by Arthur N. Talbot. 1909. Forty-five cents.
Bulletin No 30. On the Rate of Formation of Carbon Monoxide in Gas Producers, by

J. K. Clement, L. H. Adams, and C. N. Haskins. 1909. Twenty-five cents.

* Out of print; price attached.
N. B.-A limited supply of bulletins, the titles of which are not starred, is available for

gratuitous distribution.



Bulletin No. 31. Fuel Tests with House-heating Boilers, by J. M. Snodgrass. 1909.
F.fty-flve cents

Bulletin No. 32. The Occluded Gases in Coal. by S. W. Parr and Perry Barker. 1909.
Fifteen cents.

Bulletin No. 33 Tests of Tungsten Lamps, by T. H. Amrine and A. Guell. 1909.
Twenty cents.

Bulletin No. 34. Tests of Two Types of Tile Roof Furnaces under a Water-tube Boiler,
by J. M. Snodgrass. 1909. Fifteen cents.

*Bulletin No 85. A Study of Base and Bearing Plates for Columns and Beams, by N.
Clifford Ricker. 1909. Twenty cents.

Bulletin No. 36. The Thermal Conductivity of Fire-Clay at High Temperatures, by J.
K. Clement and W. L. Egy. 1909. Twenty cents.

*Bulletin No. 37. Unit Coal and the Composition of Coal Ash, by S. W. Parr and W. F.
Wheeler. 1909. Thirty-five cents.

Bulletin No. 38. The Weathering of Coal, by S. W. Parr and W. F. Wheeler. 1909.
Twenty-five cents.

Bulletin No. 39. Tests of Washed Grades of Illinois Coal, by C. S. McGovney. 1909.
Seventy-five cents.

Bulletin No. 40. A Study in Heat Transmission, by J. K. Clement and C. M. Garland.
1910. Ten cents.

Bulletin No. 41. Tests of Timber Beams, by Arthur N. Talbot. 1910. Twenty cents.
Bulletin No. 42. The Effect of Keyways on the Strength of Shafts, by Herbert F. Moore.

1910. Ten cents.
Bulletin No. 43. Freight Train Resistance, by Edward C. Schmidt. 1910. Eighty cents.
Bulletin No. 44. An Investigation of Built-up Columns under Load, by Arthur N.

Talbot and Herbert F Moore. 1911. Thirty-five cents.
Bulletin No. 45. The Strength of Oxyacetylene Welds in Steel, by Herbert L.

Whittemore. 1911. Thirty- fve cents.
Bulletin No. 46. The Spontaneous Combustion of Coal, by S. W. Parr and F. W. Kress-

mann. 1911. Forty-flve cents.
Bulletin No. 47. Magnetic Properties of Heusler Alloys, by Edward B. Stephenson.

1911. Twenty-five cents.
Bulletin No. 48. Resistance to Flow through Locomotive Water Columns, by Arthur

N. Talbot and Melvin L. Enger. 1911. Forty cents.
Bulletin No. 49. Tests of Nickel-Steel Riveted Joints, by Arthur N. Talbot and Herbert

P. Moore. 1911. Thirty cents.
Bulletin No. 50. Tests of a Suction Gas Producer, by C. M. Garland and A. P. Kratz.

1912. Fifty cents.
Bulletin No. 51. Street Lighting, by J. M. Bryant and H. G. Hake. 1912. Thirty-flve

cents.
Bulletin No. 52. An Investigation of the Strength of Rolled Zinc, by Herbert F. Moore.

1911. Fifteen cents
Bulletin No. 53. Inductance of Coils, by Morgan Brooks and H. M. Turner. 1912.

Forty cents.
Bulletin No. 54. Mechanical Stresses in Transmission Lines, by A. Guell 1912.

Twenty cents.
Bulletin No. 55. Starting Currents of Transformers, with Special Reference to Trans-

formers with Silicon Steel Cores, by Trygve D Yensen. 1912. Twenty cents.
Bulletin No. 56. Tests of Columns: An Investigation of the Value of Concrete as Re-

inforcement for Structural Steel Columns, by Arthur N. Talbot and Arthur R. Lord. 1912.
Twenty-five cents.

Bulletin No. 57. Superheated Steam in Locomotive Service. A Review of Publication
No, 127 of the Carnegie Institution of Washington, by W, F. M. Goss, 1912. Forty Cents.
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