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PREFACE

) Turs is a locomotive engineers’ and firemen’s book. Its specialty
_is the running, firing, and care of locomotives in service. There has
been no effort made to present the mechanical features of construction
and the details of shop practices in the building and maintaining of
locomotives. While a few features are presented in an engineering
manner, their purpose is not intended to instruct engineers in the
technic of design and proportion, but rather to inform them of the
principles involved in the building of an efficient modern locomotive.
COPYRIGHT, I0I3, BY . B, LIPPINCOTT COMPANY : Brevity has been adhered to in the presenting of the several subjects,
: because the spirit of the times demands it, even in the discussing of
I the most important things. The mathematical formule employed and
the accompanying examples are also abbreviated, for the process is
immaterial, provided the result is correct and is susceptible of easy
explanation. This has not been done for the purpose of encouraging
b engineers and firemen to avoid mathematics or to discard theory, but
there seems no good reason why they should be compelled to read
through pages of unrelated matter when the desired information can
be presented in a few terse and intelligent paragraphs.

No attempt has been made to describe the construction, manage-
ment, and manipulation of the air-brake, which, although allied to
locomotive operating, is comprehensively treated in books devoted
! solely to that subject. Furthermore, the air-brake is just now in a
' process of development, and so a treatise here would probably burden
_ the book with matter that will become obsolete in a few years. A
| few other special appliances are given no place here, that are either in
| an experimental stage or have but local application, as they in no way
affect the general scheme of modern locomotive operatirig, which is
thoroughly explained. If we succeed in making the latter plain to
the average engineer, fireman, and aspirant to those positions, our
object will be attained. :

In the preparation of PracricaL LocoymoTive OPERATING, we have
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vi PREFACE

been furnished cuts of illustrations and made use of literature issued
by the following: American Locomotive Company, Baldwin Locomo-
tive Works, Detroit Lubricator Company, Locomotive Superheater
Company, Nathan Manufacturing Company, U. S. Geological Survey
Bulletins, William Sellers Company.
CLARENCE ROBERTS,
RusseLL M. SMITH.
PHILADELPHIA, PA., January, 1913.
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PRACTICAL
LOCOMOTIVE OPERATING

CLASSES OF LOCOMOTIVES.

CoxNsIDERED from a purely elemental point of view the locomotive is
a machine for imparting motion to a train. A steam locomotive is
virtually a power plant on wheels, self-contained and complete in detail
in its appointments for service requisites. And, as power plants figure,
modern locomotives are power plants of no mean proportions, their
power capabilities now ranging between 1000 and 2500 horse power.

There are two classes of steam locomotives in general use—viz., the
single-expansion or simple locomotive, and the compound locomotive.
The simplest form, from which has proceeded practically all develop-
ment, on the lines of enlargement, improved design in construction
and increased efficiency in operation, in the most refined types of
modern locomotives, consists of two single-expansion engines, one on
each side of the locomotive, connected to crank pins, located at right
angles to each other, fitted in driving wheels on the same shaft or axle,
On this class of locomotive the steam which is generated in the boiler
enters the throttle valve, passes through the dry pipe to the steam
chest on each side; from there it is admitted by the valves, operated
by a simple link gear, to alternate ends of the cylinders, forcing the
pistons backward and forward, and after performing work exhausts
to the atmosphere by way of the exhaust pipe.

The compound locomotive has two or more cylinders so arranged
that steam having performed work in the first cylinder or cylinders
passes to the second cylinder or cylinders and performs additional
work before exhausting to the atmosphere. The cylinder or cylinders
that steam is admitted into first are termed high pressure, and those
into which it is admitted last are termed low pressure. '

The prevailing types of locomotive valve gears used in this country,
even on the most modern types, employ some form of link, as applied
in the Stephenson or the Walschaerts gears, or its equivalent in the
Baker gear, for operating the valves that control steam distribution in
the cylinders, which is so designed that reversal of motion and variable
cut-off in steam admission can be accomplished by means of simple
control apparatus manipulated by the engineer. Such gears enable the

3



4 TuaE LocoMOTIVE

locomotive to exert its greatest tractive force, when required, by
admitting steam at boiler pressure against the piston for practically
its full stroke; or, when less than full tractive force is required or
operating at high rates of speed and the demand for steam from the
boiler is commensurate with its steaming capacity, permits working
steam expansively in the cylinder, utilizing the steam’s heat energy
most efficiently.

Locomotive boilers are peculiar in having furnace and boiler con-
tained in one shell. The furnace or firebox, which very much resembles
a box, sets in the back part of the boiler, with an intervening water
space of about five inches between it and the outside shell, the two
being securely fastened together, as will be more fully explained in
the part on hoilers. Tubes of about two inches diameter, extending
between the firebox and the smoke box at the front end of the boiler,
serve to conduct the products of combustion from the fire.

The frames, virtually the foundation of the locomotive, driving
wheels, trucks and their minor parts form a carriage that carries the
boiler and cylinders. Practically the entire weight of the locomotive
is distributed through a system of equalizing levers and springs to
the driving wheels and the trucks. This part of the locomotive, termed
the running gear, if properly designed, works harmoniously together
and produces smooth running and good riding properties.

PROCESSES INVOLVED IN LOCOMOTIVE OPERATING.

To overcome the resistance of a train a steam locomotive uses the
potential energy of coal or other fuel in producing the required impel-
ling or tractive force, and in such transformation of energy four distinct
processes are involved:

1. ComeUSTION OF FUEL.

2. GENERATION OF STEAM.

3. UTILIZATION OF STEAM.

4. IMPULSION BY ADHESION OF THE DRIVING WHEELS.

1. Combustion of Fuel—Coal and petroleum oil are the principal
locomotive fuels, which are burned in the firebox of the boiler. To
obtain the greatest efficiency from coal, it must be burned at the proper
rate, depending on the kind and grade of coal. If the rate of com-
bustion be too low, there are likely to be losses from excess air and
incomplete combustion owing to comparatively low firebox tempera-
ture; while if the rate be too great, the necessarily severe draft will
carry off unburned a considerable quantity of the smailer particles of
coal. The most desirable rate is about 100 pounds of bituminous coal
per square foot of grate per hour, though locomotives frequently
consume coal at a rate of from 150 to 200 pounds per hour, aggre-

e~
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gating from 6000 to 8000 pounds in the same time in locomotives
having from 40 to 60 square feet of grate area. The coal consump-
tion increases rapidly as speed is increased, owing, in a great measure,
to the greater, and also less efficient, rate of combustion produced by
the severe draft of the exhausting steam.

The limiting factor in the developing of power in the modern
locomotive is the physical endurance of the fireman, for it has been
found by experience that an average fireman cannot put in the firebox
more than from five to six thousand pounds of coal per hour as a
regular performance, though some strong firemen can exceed this
rate for short periods of time. Tests have demonstrated that a loco-
motive at high speed will develop a horse power hour on a consumption
of from five to six pounds of coal, and that this can be obtained from
a heating surface of two to three square feet. At such a rate of coal
consumption, the horse power capability of the average fireman is not
much greater than 1300 horse power, though locomotives are being
built having from 5000 to 6000 square feet of heating surface, which
should be capable of developing from 2000 to 2500 horse power.

This limiting of the steaming capacity of the locomotive boiler,
owing to the physical mability of the fireman to handle sufficient coal
to maintain steam pressure, brought about considerable experimenting
and has resulted in the introduction of mechanical devices for assisting
the fireman, the latest development in this line being the stoker, of
which there are several designs that now give promise of success
and extensive use. With some types of stokers the coal is spread over
the top of the fire, while with others the coal is underfed—that is, intro-
duced underneath the bed of burning fuel. In one of the underfeed
types, the coal is pushed forward in troughs by means of plungers and
becomes distributed over the grate. In another underfeed type the same
operation is performed by worms similar to those used in flour mills.
With both of these underfeed types the coal is conducted from the
tender to the stoker by a conveyor.

The performance of stokers has already shown some economy in
fuel consumption and a considerable reduction in smoke emission by
their use, though the principal point in their favor is that they enable
greater horse power to be obtamed from the large locomotive than is
possible with hand firing.

The advent of the large locomotive, with its great draught on the
boiler for steam, necessitating the combustion of great quantities of
fuel, has also led to the extensive use of oil for fuel, especially in the
southwestern part of the United States, where the Texas and Cali-
fornia oil fields produce a fuel that not only eliminates the steaming
capacity limitation factor owing to the limit of physical endurance of
the firemen, but enables steam to be generated at a cost considerably
less than that for coal in the same territory. Tests have demonstrated
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that four barrels of oil are practically equivalent in heating value to a
ton of coal, and as it requires about six barrels of oil to weigh a ton,
the ratio of heating value of oil to coal is as 3 is to 2.

The usual method of feeding oil to a locomotive firebox is by means
of a special injector or atomizer, generally called a burner, from which
the oil is forced by steam pressure in a spray and burns in this form.
In order to maintain a uniform high temperature in the firebox, the
firebox is partly lined with fire brick, which becomes hot enough to
ignite the oil and assists in the process of combustion. Formerly the
burner was placed in the back end of the firebox, spraying the oil ahead
underneath a brick arch, but the latest practice is to place it in the
forward part of the firebox and spray the oil back on a flash wall.

2. Generation of Steam.—Part of the heat produced by combustion
in a locomotive firebox is transferred, by radiation from the fire and by
convection of the hot products of combustion, to the heating surface,
and being absorbed by the water steam is generated.

The power of a locomotive is limited by its boiler’s steaming
capacity——that is, the boiler’s ability to supply volume of steam as well
as pressure, for steam is quantitive and to perform useful work it is
necessary for it to have not only pressure but also volume. Owing to
space and weight restrictions locomotive boilers must be enormously
rapid steam generators in order to supply the requisite amount of steam
to the cylinders. This necessitates a large area of heating surface com-
pared with the volume of water carried in the boiler; and, owing to
the small space available for the grate, a high rate of combustion must
be maintained, which is rendered possible by action of the draft induced
by the exhausting steam. The water in the boiler is enabled to absorb
the bulk of the great quantity of heat generated in the firebox owing
to effective circulation, which is promoted by the vibration of the
moving locomotive, maintaining the efficiency of the locomotive boiler
on a par with the best land and marine boilers in spite of unfavorable
conditions for economical fuel consumption.

It is not definitely known as to the actual rate at which heat transfer
takes place at different parts of the heating surface, but it seems certain
that evaporation progresses much more rapidly from the firebox heating
surface and the tube heating surface near the firebox than heating
surface remote from the firebox, where the products of combustion are
at a much lower temperature than in the firebox. Possibly the rate of
evaporation from the hottest parts of the heating surface is at least ten
times the average rate for the whole heating surface, but there is not
sufficient experimental data on record to establish exact figures for this
relation.

The amount of water required by locomotives is generally stated as
being between the limits of 20 to 30 pounds per indicated horse power
hour. This water converted into steam is not all utilized by the cylin-

PrOCESSES INVOLVED IN OPERATING v

ders. Considerable steam is used by the air pump, steam heat appa-
ratus, injectors, etc., and some is wasted at the safety valves and also
by leakage.

The evaporative power of a boiler is usually expressed in units of
equivalent evaporation—i.e., in pounds of water evaporated from and
at 212° F. at atmospheric pressure. In the locomotive type of boiler
it is possible for the water to absorb sufficient heat to evaporate from
twelve to fifteen pounds of water, from and at 212° F., per hour for
each square foot of heating surface, though eight to ten pounds is
nearer average conditions.

The power developed by the locomotive boiler, measured by the
quantity of steam produced, is limited chiefly by the size of grate, the
relative heating surface, and the maximum rate of fuel consumption.
The proportionate relation of these three features is the most important
one taken into account in the designing of efficient boilers.

It is usual to design bituminous coal burning locomotive boilers
with a total heating surface area equal to sixty to sixty-five times the
grate area. This ratio has been found to provide enough heating
surface to efficiently absorb the heat generated on the grate by combus-
tion. If the heating surface is much less than sixty times the grate
area, more heat will be generated than can be transferred to the water,
and the boiler will lose efficiency owing to the escape of the products
of combustion before the walls have absorbed their heat. On the other
hand, if the heating surface is much greater than sixty-five times the
grate area, the increase in heat absorbing capacity and resulting
efficiency is so slight that they will not compensate for the increased
weight and expense involved. For the burning of anthracite and lignite
coals the ratio of heating surface to grate area is less than boilers
designed for bituminous coal burning, owing to the larger grate areas
employed for their combustion. Large grate areas are necessary for
the efficient burning of these coals owing to anthracite burning slowly,
and because the low heating value of lignite coal necessitates a greater
quantity being burned than when bituminous is used in order to gen-
erate in the aggregate the same quantity of heat.

Throughout the country about twenty-five years ago the prevailing
allowed locomotive boiler pressure was about 125 pounds per square
inch. During the intervening time, which has been the period of
greatest development in locomotive construction, the allowed pressures
have been increased, and now the usual steam pressure of locomotive
boilers generating saturated steam is about 200 pounds, though on
some few locomotives pressures as high as 225 to 240 pounds are
carried. This increase of pressure was accompanied by more rapid
deterioration of boilers and greater cost in their maintenance, both of
which increased in a greater ratio than the increase in pressure. With
the introduction of superheaters there has been a tendency to reduce
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boiler pressure from about 200 pounds to pressures between 160 and
180 pounds, increasing the cylinder volume so as to maintain a tractive
effort equivalent to that obtained with the higher boiler pressure. The
object of lowering boiler pressure is in line with the effort to increase
boiler efficiency and reduce the cost of boiler repairs, which has become
excessive.

3. Utilization of Steam.—As the steam is used in the cylinders,
part of its heat energy is transformed into mechanical work, which
appears in the rotating of the driving wheels.

Considered from a steam engineering basis, locomotive cylinders
are very large compared with their boiler’s steaming capacity, usually
being designed of such size that, by using steam at boiler pressure for
practically full stroke, the adhesive force between driving wheels and
rails can be fully utilized when utmost tractive effort is required, as
when starting heavy trains and ascending grades. DBut maximum
tractive effort can be maintained only at fairly slow speeds, for a
boiler’s steaming capacity depends almost entirely on the areas of the
grate and heating surface, unchanging factors, and the rate of fuel
consumption, while the rate at which the cylinders use the steam is
affected both by the point of cut-off and the speed of the locomotive.

To make use of steam most efficiently in locomotive cylinders—
that is, to utilize the greatest possible percentage of heat energy in
the steam, it is necessary to use steam of high pressure, and to use it
expansively.

But expansion of saturated steam in a cylinder is accompanied with
condensation and consequent heat losses (see Cylinder Condensation
and Re-evaporation in Cylinder, Steam, Part IV), becoming excessive
at high ratios of expansion, especially when taking place in locomotive
cylinders, which are crudely protected and very much exposed to the
cooling effects of outside temperatures.

Various means and devices have been introduced for obviating
cylinder condensation losses, but superheaters, superheating steam to
temperatures of from 500° F. to 650° F., one of the recent improve-
ments applied to locomotive construction that seems to be gaining
favor rapidly, and the use of compound cylinders are practically the
only measures employed for this purpose on locomotives. The use of
superheated steam, while accompanied with some minor mechanical
and lubricating troubles that no doubt will be overcome in course of
time, has given such high efficiency in so many respects, effecting
considerable economy in fuel and water consumption, owing to the
increased volume of steam per pound of water evaporated, and its
characteristic properties—greater specific volume and more complete
gasification—produce a more powerful and smarter locomotive, even
when working at a boiler pressure lower than ordinarily allowed on
locomotives using saturated steam, that its general use seems certain,
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to the exclusion of all other means of obviating condensation in loco-
motive cylinders. (See Use of Superheated Steam, Part 4.) Com-
pound cylinders are applied for the further purpose of avoiding mechan-
ical difficulties attendant to a high ratio of expansion of high pressure
steam in a single cylinder.

The advantages obtained by compounding compared with single
cylinders are: First, ability to secure a greater degree of expansion
of steam with a reduction of cylinder-condensation, clearance space
and leakage, effecting economy in steam consumption; for with com-
pound cylinders the temperature of steam exhausted from the high
pressure cylinder is higher and its range of temperature change
between admission and release is lower than when all the expansion is
provided for in one cylinder, and the range of temperature change in
the low pressure cylinder is proportionately low, and this low range of
temperature change of metal surfaces in each cylinder of compound
engines results in a diminished loss by cylinder-condensation, and,
further, the steam lost in the high pressure cylinder owing to leakage
and clearance spaces does work in the low pressure cylinder. Second,
on some types, particularly balanced and also Mallet types, the pressure
on crank pins and frames is divided so as to avoid excessive friction and
shocks.

To most efficiently utilize steam in the cylinders of a locomotive,
the proper regulating of pressure and quantity of steam to its require-
ments at various loads and speeds is most important, affecting not only
the efficiency of the machine but also the fuel and water consumption
to a greater extent than any other feature; for, owing to the physical
characteristics of railroads, loading conditions, etc., locomotives work
under continually changing conditions, the loads they are required to
pull and the speeds at which they run varying between the extremes
of light or slow and the heaviest or fastest the machine is capable of
developing. When operating at loads requiring less than full tractive
effort, the effective pressure on the piston must be reduced, and at
higher speeds the quantity of steam per stroke—not necessarily per
unit of time—must be curtailed; for in the first case, if effective pres-
sure were not reduced excessive speed would result, while in the second,
quantity must be curtailed or the cylinders will use steam faster than
the boiler can generate it, resulting in a steam failure. Of course,
both pressure and quantity can be regulated in a manner by the throttle
valve, though even this method would be impracticable at high speeds.
The practicable and also the economical way is to admit steam to the
cylinder at boiler pressure, cut off the supply at a point in the piston’s
stroke that will give a mean effective pressure sufficient to meet the
requirements of the particular load and speed.

4. Impulsion by Adhesion of the Driving Wheels—The driving
wheels are rotated by suitable mechanical connections between the
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pistons working in the cylinders and the crank pins, and the locomotive
is impelled forward, because of the friction between the wheels and
the rails. This friction between the driving wheels of a locomotive and
the rail is termed adhesion. The effectiveness of adhesion depends
greatly on the weight with which each driving wheel surface rests on
the rail ; the surface condition of the rails, and to some extent on the
physical properties of the steel in the wheel tires and the rails. The
proportion of adhesion to the weight of driving wheels on the rail is
about as follows:

(a) On dry-sanded rails it is equal to one-third.

(b) On perfectly dry, clean rails it is one-fourth.

(¢) Under ordinary conditions, without sand, or sanded wet rails,
one-fifth.

(d) On wet or frosty rails, one-sixth. With snow or ice on the
rails the adhesion becomes still less.

The proportion of adhesion to weight on the driving wheels means
in case (a) that if a locomotive had a weight of 200,000 pounds on the
driving wheels, the resulting friction between wheels and rail would
permit of an impelling force at the points of contact of one-third this
amount, or about 66,666 pounds; in case (b) one-fourth, 50,000, and
SO of.

The tractive effort of a locomotive, as will be shown later, depends
on size of cylinders, mean effective steam pressure on pistons, and
diameter of driving wheels; but hauling capacity is practically gov-
erned by adhesion of drivers to the rail, for if there is not enough
adhesive weight the drivers will slip. Thus it is apparent that adhesion
sets a limit on the tractive effort of a locomotive of given weight on
drivers, irrespective of its cylinder power; for if the cylinder power be
greater than this limiting point the driving wheels slip, the tractive
effort is not increased, but actually diminishes as the wheels slip; or,
the adhesion of the driving wheels is very much less when they slip
than when they roll without slipping.

With locomotives of good design the ratio of adhesion to tractive
effort lies between the limits of 4 to T and 5 to 1, which means that,
for each pound of calculated tractive effort there is from four to five
pounds weight placed on the drivers. To meet fairly good everyday
conditions it has become the established practice in locomotive design-
ing to assume that the weight on driving wheels limits the tractive
effort of passenger locomotives to 23.5 per cent.; of freight locomotives
to 22.2 per cent., and of switching locomotives to 20 per cent. of the
adhesive weight. That is, the weight on driving wheels of passenger
locomotives should be at least four and one-quarter; of freight loco-
motives four and one-half; and of switching locomotives five times as
much as the maximum tractive effort of locomotives in these respective
classes of service.
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POWER OF LOCOMOTIVES.

The power of locomotives is expressed in two ways: Tractive
Effort or Tractive Power, and Horse Power.

The tractive effort rating, the phrase most generally used in con-
nection with the power of locomotives, determined from a calculation
involving volume of cylinder, mean effective pressure, and diameter of
drivers, means hauling capacity in pounds pull on the draw-bar, irre-
spective of speed, assuming that there is sufficient weight on the
drivers to furnish necessary adhesion. Of course, the actual pull on the
draw-bar is less than the calculated tractive effort, for the friction of
machinery and journal bearings of the locomotive and tender absorbs
considerable power. Tractive effort would seem to be a better phrase
than #ractive power, as a locomotive might exert its utmost effort to
pull a train and yet develop very little power; for instance, a stalled
locomotive with wide open throttle and full boiler pressure in the
cylinders, exerts its utmost effort to pull the train, but develops no
power.

The horse power is both indicated and dynamometer. Indicated
horse power is the horse power developed in the cylinders; while
dynamometer horse power is the horse power delivered at the draw-
bar, and equals indicated horse power less the power absorbed by
friction of machinery and journal bearings.

Horse power is proportional to the product of tractive effort and
speed and so the weight of train that can be hauled at any particular
speed depends upon the tractive effort that the locomotive can develop
at that speed. Therefore, the speed at which a train of given weight
can be hauled by a locomotive depends upon its horse power, which
in turn depends upon the steaming capacity of the boiler.

At fairly slow speeds, steam admitted full stroke, it usually is
assumed that the mean effective pressure equals eighty-five * per cent.
of the boiler pressure; but on increasing speed, a speed is soon reached
at which it is impossible to maintain this pressure, owing to the
limited size of locomotive boilers, hence cut-off must take place
earlier and consequent reduction in available tractive effort ensues.
The maximum cut-off point of any locomotive running at a given
high speed depends on the relation between its calculated tractive effort
and its total heating surface, that is, the ratio between these two

* Eighty-five per cent. of boiler pressure has been fixed by the American
Master Mechanics’ Association as the steam pressure factor in making tractive
effort calculations. This figure proved fairly reliable for the older types of
locomotives, but recent tests have indicated that it is too low for the latest
types, that have improved or more efficiently designed valve gears, large valves,
more direct steam or exhaust ports, piping and passage ways, all of which tend
to improve steam distribution so as to obtain a greater mean effective pressure.



