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Copyright 1908. By A.I E.B.

GAS-ENGINE REGULATION FOR DIRECT-CONNECTED
UNITS

BY CHARLES E. LUCKE

The speed of an engine may be expressed in revolutions per
minute, or in terms of the linear velocity of the crank-pin in
feet per minute. Revolutions per minute is rather more in-
definite than crank-pin velocity in feet per minute, because
feet per minute is accepted as not simply a measurement for
aminute of time, whereas revolutions per minute more frequently
is. Revolutions per minute may mean half the actual num-
ber of revolutions completed in two minutes or twice the num-
ber of revolutions completed in one-half minute, or it may
mean the momentary rate of completing a revolution without
any implied time. As there is a possibility of a lack of agree-
ment on the implication in the term revolutions per minute, I
should prefer to define the engine-speed in terms of crank-pin
velocity in feet per minute, which can be expressed momentarily
for any period of time, and does not imply any particular time.
This velocity so expressed is the integral of the accelerating
forces with respect to time, and in fact may be so defined ac-
cording to the laws of mechanics.

The problem of regulation is really a problem of force bal-
ancing, and there are always two forces or two resultant forces
in question: one a driving tangential force on the crank pin,
the other a resisting tangential force at the same place. When
these two forces are equal the acceleration is zero, and its in-
tegral, the engine-speed, is constant. If these forces are un-
equal there is a real acceleration, due to their difference, either
positive or negative, and the engine-speed changes. The
problem of regulation resolves itself into a demand for a balancing

1



2 LUCKE: GAS-ENGINE REGULATION [Jan. 9

of forces at the crank pin after the desirel speed is once at-
tained. The exact solution of this problem is impossible and
always will be, regardless of the type of engine or the conditions
of operation. While it is impossible ever to keep the accelera-
tion zero, and the actual engine-speed constant and of pre-
determined velocity, it is by no means impossible to keep the
mean of these driving and resisting forces equal for certain
periods of time, and the mean resultant speed any constant value
desired. The prime variable in the problem is the resisting
force, generally expressed in terms of load; but as load does
not accurately describe actual resisting force, regulation cannot
be directly studied from load alone and load must be resolved
back to force. Practically all of the work that has been done
in the solution of this problem of regulation in practice has
concerned itself, either directly or indirectly, with the problem
of securing a mean of equality or an equality of mean forces
for some time-period, and a speed limitation by introducing
heavy rotors. '

This sort of study is decidedly useful but it does not give as
clearly the nature of the problem or the available means of its
solution as does the other point of -view, which calls for a com-
parison of actual momentary forces and not mean forces, and
further may lead to misinterpretation of results obtained. The
problem of regulating steam engines has been discussed for
many, many years; the problem of regulating gas engines for
comparativgly few years. By regulating 1 do not mean merely
the preventing of undue and dangerous speeds, but the problem
of securing uniform crank-pin velocities. There really existed
no such problem calling for solution by mechanical engineers
until electrical engineering developed a demand for a dynamo
driven at a constant crank-pin velocity. The demand for this
close regulation, therefore, is recent, but more recent still is
the development of the large commercial gas engine. The
methods and means for accomplishing regulation of steam en-
gines have been very fully discussed, although the problem is
by no means solved. There are many papers written on the
subject, and a few of these will be examined. In general,
however, they present limited data and only a part solution of
the problem. An analysis of the problem of regulating steam
engines will show it to consist of a few elemental problems,
each equally important, some interdependent and some de-
pendent. Some of these elementary problems are precisely the
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same for the steam engine as for the gas engine, and it is de-
sirable that those interested in solving the gas-engine problem
should have a clear understanding of what has been accom-
plished in the regulation of the steam engine. It will be found
that a good many of the steam-engine problems have been fairly
well solved, and this experience can be applied directly to the
gas engine; but there are certain characteristics of the gas
engine which must be separately treated and which differentiate
its regulation problem from that of the steam engine.

Among the numerous papers on regulation and engine. gov-
erning, all the early ones are concerned with governors. Until
about 1898, when parallel operation of alternators became an
important problem, it is surprising what a large amount of the
literature reveals the idea that engine regulation is a problem
of governor design. While up to that time this may have been
more or less justified in view of the kind of regulation necessary,
it is no longer the case; governor design, important as it is in
limiting mean speeds and keeping mean speeds at high and low
loads close together, is to-day only one factor in solving prob-
lems of regulation calling for uniform crank-pin velocities.
Following two or three years’ strenuous experience in regulation
of steam engines for driving alternators in parallel, there ap-
peared a remarkable series of papers before the American
Society of Mechanical Engineers and the American Institute of
Electrical Engineers setting forth the problem and glvmg some
of the experience gained. < -

It is rather a noteworthy fact and coincidence that during
the same period the gas engine as a competitor of the steam
engine for general power purposes came into rapid develop-
ment. At first economy was sought, and found; then life and
low maintenance, which to-day is still a problem, together
with gas-engine regulation for electrical work and the design
for special service of special gas engines.

An examination of the early papers on governors will show
that the design of masses developing centrifugal and so-called
inertia forces for controlling valve-gears is fairly well under-
stood. Barring the unknown elements of windage, friction,
and valve-gear resistance, the problem is one of simple mechan-
ics. The papers on steam-engine regulation show considerably
more concerning the problem. Some of the important ones are
worth a review, but first a few elementary principles will clanfy
the situation.
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Every engine has some form of valve-gear. This valve-gear
is intended to distribute steam in steam engines, to measure air
and gas in gas engines, mix them, distribute the mixture, ignite
it, and then more or less expel the products. This valve-gear,
in engines intended for speed regulation, is adjustable either
wholly or in part. The adjustable part is adjusted to enable
the engine to do an amount of work commensurate with the
resistance or load. A certain number of strokes is necessary
for a complete cycle of operations. When the work done by
the engine in this complete cycle equals the resisting work or
the load, the engine will always have at the end of each cycle
the same speed as at the beginning, however it may vary during
the execution of the cycle.

A change in the position of the valve-gear will change the
amount of work the engine is capable of doing by a change
either in the steam distribution or in the handling of explosive
mixtures. If the engine is to be commercial, the first requisite
_ is that the amount of work the engine is capable of doing must

be dependent upon and determined by the position of the ad-
justable part of the valve-gear, and that for any given position
of the valve-gear, regardless of all previous positions, the engine
should be capable of doing the same amount of work every time
the gear reaches this position. The amount of work done by
the engine is proportional to the area of its indicator card, so
that the first requisite for an engine capable of close regulation
is that for any given position of the valve-gear there must
always be produced the same area of indicator card, and for
any other position a different indicator card, different in area,
" and possibly, although not essentially, different in form. To
fix the position of the adjustable valve-gear there is but one
principle employed, and that is to leave it to the control of the
centrifugal force acting through the governor. The centrifugal
governor contains elements which have fixed positions for every
speed. These elements are connected with the valve-gear so
that it will have a fixed position for every different speed. With
this combination, therefore, of a governor and valve-gear having
a fixed position for every speed and an engine-control valve,
igniters, etc., giving a fixed amount of work and a fixed indi-
cator card for every position, there will result a mechanism in
which the amount of work done per cycle by the engine will
depend upon the speed. It is always the same at any given
speed and cannot be changed without first changing the speed.
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Different designs of governors containing different distribs
tions of the masses, different fixed speeds, and. arrangements of
parts differ only in their ability.to move the valve-gear a certaint
distance against a certain resistance in a certain time with.a
given speed-change. ‘It is a problem of simple mechanics with
a few unknown elements to design a governor that will, with any
givenchange inspeed, 1%, 2%, or x%, above or below the mean or
average for the cycle, move any valve gear, however strongly it
may resist, through any distance it may be necessary to move
it, and as quickly as may be necessary. It may be assumed as
entirely feasible, and not by any means difficult, to design-a
governor that will accomplish any valve adjustment in as short
a time and with as small a speed as may be desired. There must
be, however, a speed-change before the governor gear can move,
and if the engine is capable-of doing a constant amount of work
per cycle for every governor position the amount of work per
cycle it can do will depend upon the governor positions or
speed. The mean speed for the cycle will be-constant when the
work of the cycle done is equal to the resistance work; therefore,
for an absolutely steady load, in which the resistance per cycle
is equal to the effort of the cycle, the mean speed will be con-
stant and the governor stand still holding the valve-gear still.

To be strictly correct, the above statement should be modified
because centrifugal governor position does not depend upon the
mean speed for the cycle but upon the actual momentary speed,
together with the inertia, friction, etc., of its parts and attached
gear. If the work done per cycle is exactly equal to the resist-
ance work for the cycle, then the mean speed will be constant,
but the actual speed during the cycle may vary very much.
Consequently, the valve-gear may change position during the
cycle, which may or may not have, but probably will have,
some effect upon the work to be done. To stand perfectly still
all the time, the governor must be subject to a constant speed.
This can be obtained only with a persistent equality between
the driving force and the resisting force, irrespective of the
work per cycle. Should the forces change throughout the cycle,
the governor position will change, cylinder distribution change,
and there would be a continual changing of work done, alter-
nately increasing and decreasing. This is all due to the fact
that the crank-pin forces throughout the cycle do not maintain
equality and the valve-gear and work done per cycle depend,
not on mean speed, but on actual speed in every instance,
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which is a consequence of the equality or inequality of the
two crank-pin forces. With a centrifugal governor, therefore,
even if the engine were capable of giving the same area of
cards for every governor position, there cannot be a constancy
of speed with a variation of resultant crank-pin force throughout
the cycle. The governor may be damped; that is to say, it may
be made less sensitive to speed changes either ty dash-pots or
other devices, in which case it becomes, not a simple centrifugal
governor, whose position depends upon actual momentary speed,
but a modified centrifugal governor whose pcsition depends upona
sustained speed or meansustained for some definite length of time.
For such a governor to be perfect in its modifications it should
have a position consequent on the mean speed for the cycle
and not upon the actual momentary speed at any instant. If
it had a position depending upon the mean speed for the cycle,
then the valve-gear would stand still when the work done was
equal to the load for the cycle, regardless also how the actual
speed may have changed. The actual speed in such acase
will change throughout the cycle, but the mean will be constant
for the entire cycle and a predetermined speed reached at the
end of every cycle with no undue hunting of the valve-gear
from an over-sensitive governor in combination with a widely
varying difference between widely varying crank-pin forces.
If there were an actual equality between the driving force
throughout the cycle such damping of the governor would be
harmful instead of beneficial.

Since the valve-gear position in any case depends upon-the
governor position, and this upon the speed, it is certain that the
valve-gear will not have the same position for high and low
speeds or at the same time when little work is being done the
speed cannot be the same as when much work is being done, the
amount of work in each case being dependent upon the position
of the valve-gear. In an engine producing the same indicator
card for any position of the governor gear, which is controlled
‘by a centrifugal governor, the no-load speed must be higher than
the full-load speed, though each mean cycle speed may be con-
stant if the load is constant.

If the actual load varies from time to time throughout the
cycle of the engine, giving the mean load a constant value for
the cycle, the effect will be the same as that obtained with a con-
stant actual resistance and a more widely varying actual effort,
so that to prevent an untimely change in the valve-gear position
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due to a 'momentarily changing governor position, as a result of
this crank-pin force discrepancy, the centrifugal governor will
have to be a modified centrifugal governor of the type that aims
to maintain a fixed governor position for the mean speed of the
cycle rather than for the actual speed. The modification of a
governor to secure this aim, as was mentioned above, of the
dash-pot order, involving some resistance to its motion, or it
may be a long belt that will take up any flapping and stretching
momentary changes, driving a governor having considerable
inertia—in any case the actual speed-change due to discrepancy
between the forces driving and resisting may be reduced by
fly-wheel inertia. This is really all that a fly-wheel does in an
engine. It plays no part whatever in the adjustment of the
equality between the work and the load, but reduces the actual
speed changes due to disturbing differences between the driving
and resisting forces. No matter how big the fly-wheel, these
speed-changes will exist and last for just the same periods of
time as the difference between the driving and resisting forces.
Pure inertia governors have not a steady position dependent
upon the speed ; they are dependent on the rate of speed-change
for their motion, and are useful only in connection with centri-
fugal governors, to bring about a quick change in valve-gear.
It has been said that the design of these governors to accom-
plish the desired motion of the valve-gear any instant of time,
regardless of resistance, is a simple method. It is, if all the
elements are known. Books on mechanics enable us to equate -
resisting and driving moments in which the forces and loads,
centrifugal forces, valve-gear inertia, pin and bearing friction,
and possibly steam or gas friction, and windage. It is possible to
find all of the existing windage. In some recent tests in the labora-
tories at Columbia University, I have been able to show that the
motion of the governor is in some cases not more than one-half
that found by neglecting friction and windage in the governor itselt.
The other elements unknown are valve-gear inertia and mechani-
cal friction, but it should be possible to evaluate these by simple
test, although very little data on the subject are in existence,
Even with all these elements known, it may be extremely likely
that cases will rise calling for very large governors due to a desire
for prompt action against considerable resistance on the part
of the valve-gear, having a considerable motion between full-
load and no-load positions. To avoid making these very large
governors, the indirect system of governing has been developed
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in which the governor controls no more than a pilot valve, which
in-turn distributes fluid pressure to pistons controlling the gear
proper. These pistons, with their pilot valves under governor
control, involve another complication in arrangement, which,
however, is for the sole purpose of avoiding too large sizes in the
governor, but which plays no part in the regulation proper
except moving the valve-gear as a simple governor might move
it. Inall these devices the position of the piston should coincide
with the position of the governor, or, to put it otherwise, with
rapidly varying actual forces and constancy of mean work, the
piston-position should be constant and related to the mean speed
for the cycle, while in this case the governor position may
actually vary as it will.

With a constant load, the valve-gear attached to the governor
may.-be at rest or in oscillatory motion, depending upon whether
there is a difference bétween the actual forces, driving and re-
sisting.; whether the governor and valve gear move as a result of
actual speed or a sustained or mean speed for the cycle. The
discussion so far applies equally well to the steam engines and

gas engines, and so far as the governor itself is concerned with-

its connection to the valve-gear, direct or indirect, simple cen-
trifugal or modified centrifugal, with or without inertia elements
there will continue to be no difference between the steam engine
and- the gas engine. So much of the regulation, therefore, that
depends upon governor and fly-wheel design itself is absolutely
the same for steam and gas engines, with possibly one exception,
that of a simple governor taking on momentarily new positions,
due to actual speed change as a result of momentary force-differ-
ence, which might appear that for the gas engine or the steam
engine these force differences shown by the turning effort
diagram may be more inconsistent for one than the other; as
a matter of fact they are not except in special cases. It is after
the valve-gear has moved under the influence of the governor,
either from a sustained speed-change or momentary speed-change,
direct or indirect, that the real difference between the steam
engine and the gas engine is found. There is a slight difference
that will be met with in the constancy of the indicator card fora
fixed-gear position. All the steam valve-gears, will give ab-
solutely constant cards for fixed governor positions, while only
the best gas engine can do this. The cycle of operations in
a gas-engine cylinder or steam-engine cylinder occurs in
a certain order and the control gear never affects all the




1907] FOR DIRECT-CONNECTED UNITS -9

phases of the cycle. If an adjustment is made after the
susceptible phase has passed, no results will appear until all
other phases have been completed. . The indicator card of the
steam engine can be affected positively during steam admission
only, but there are cases in which the compression line will be
correspondingly affected. If the governor should move during
the admission period the admission may be immediately affected,
and a change of effort immediately follow within the lapse of
part of one stroke. With a single cylinder, single-acting steam
engine, after cut-off, the governor can have no effect. Expan-
sion must be completed, exhaust, and compression, so that if the
governor moves the valve to the new position with cut-off, some-
thing over a stroke and approaching two strokes may elapse
before a change in effort can occur. For this reason. no single-
cylinder, single-acting. steam engine is employed for close regu-
lation. By using a double-acting or two-cylinder engine one
stroke can be cut out of this period which must elapse, or approxi-
mately one. By using more than one double-acting cylinder it
becomes possible still further to reduce the cylic time, which
must elapse between a change of valve-gear and new effort. The
common type of large power-station engine is two cylinder,
compound and often twin, giving four double-acting cylinders at
some undetermined crank-angle, so that only a fraction of ‘one
stroke will have to elapse after a movement of the valve-gear
before a change of effort, usually quite a small fraction.

The four-cycle gas engine'may be regulated by the hit-and-miss
governor, which is out of the question for close regulation since
there is absolutely no attempt to graduate the effort. Next,
there are throttling governors, which vary the amount of mix-
‘ture by throttling the suction. There are others which admit
a full charge during suction and expel part of it at compression
by holding the valve open. Still another class, including oil-
engines like the Diesel and Hornsby, admit fuel at or near the
end of compression, and govern by varying either by the time
of the injection or its length, generally the latter. Two-<ycle
gas engines of the Korting type may govern by acting on the
suction of the gas pump with a throttle or delayed closure by any
of the devices used on four-cycle engines, or it may govern by
bleeding the charge in the gas chamber between the pump and
motor cylinder. In both twe- and four-cyle engines there may
be an adjustment of the igniter. For reducing the time that
will elapse between the valve movement and the beginning of
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a new effort the action should take place. as late as possible in
the cycle, which will give the effect as early as possible in point
of time. For this reason a delayed opening on suction will be
better than suction-throttling by a fraction of a stroke, and
correspondingly the igniter action will be as prompt as affecting
the admission as the steam engine. Equally prompt would
be a fuel injection into compressed air at or near the end. No
gas engine uses this. Unfortunately, however, for any igniter
action, even a slight change will affect the economy and the range,
is practically in only one direction. If the igniter is set right -
for economy, governor action can, take place only to-make it
late and not to make it earlier with the proper effect. . Making
it late will reduce the effort and so will making it early, whereas
an increase in effort is necessary in using this arrangement for
regulating. In order to have a proper range for regulation by the
ignition, the ignition should be normally set between properly
early and very late, which gives poor economy. In any case
where ignition is not used, as the beginning of a new effort, it
may be assumed to take place on the beginning of combustion
or the expansion stroke; the entire compression more or less
must elapse between the valve gear at the charge and this begin-
ning of combustion, a little less than a complete compression for
delayed closure of the suction valve and a little more for the
throttling action. In general it seems impossible to reduce the
cycle of time to less than one stroke.

With this cyclic time it is useless to attempt to govern closely
any engine with less than two double-acting, four-cycle cylinders,
or one double-acting, two-cycle cylinder. It is useless to put a
very sensitive governor or one of the highly refined inertia type

on an engine that has been proved to be not worthy of it in the
above mentioned respects.

A number of valuable papers on some of the phases of this
regulation problem thai are common to steam engines have
appeared and a few of them will be examined.

Keilholts: A. I. E. E., October 1901. 1In this paper a method
for calculating the turning-force diagram is given, and the time,
speed, and consequent angular variation from uniform rotary
motion are calculated and experimental determinations re-
ported. The paperiselaborate and involves a number of assump-
tions to simplify the work, but shows within the limits of ex-
perimental error and under conditions assumed it is possible
to calculate true speed and to measure it so that the two
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results agrée within the limits of experimental error. It is im-
portant to note, however, that the paper is confined to the case
of constant resistance, equal to the mean effort, and the results
depend for their value on the validity of these assumptions.
Nothing whatever is determined concerning the effect of a
fluctuating periodic load having the same constant meah, nor
of the effects of load changes, nor the .different speeds for
different loads, nor the adjustment of effort and resistance by
a true centrifugal governor, (whose position depends upon
actual momentary speed), nor of a similar effect with the gov-
ernor adjusted so that its position is determined for the mean
speed for the cycle.

Sischter. Slichter notes a variation of speed: first, due to a
change of load in which the average speed changes; secondly,
irregularity throughout any given revolution -or cycle while
the mean speed is constant. He states that the adjustment
of the mean is altogether a function of the governor and then
drops the subject without pointing out the fact that no governor
can accomplish this with a difference between driving and re-
sisting efforts, if it is of the type whose position depends upon
actual momentary speeds. The rest of Slichter’s paper is
taken up with the fly-wheel effects in reducing angular displace-
ment from the mean or constant velocity positions with crank-
pin force differences. The work is directed mainly towards
alternators working in parallel, and the first problem for the so-
lution is the determination of the crank-pin or pole displacements
from true mean position, which will limit the cross-current to
109%, of full load. In the course of his work he assumes the ef-
fort curve to be sinusoidal, which permits the development
of a formula for a fly-wheel weight to limit the displacement.
An example is worked out to illustrate the formula. Slich-
ter however, aside from the errors introduced by taking the effort
curve to be sinusoidal, makes the further assumption that the
mean resistance is constant and equal to the mean effort. In
other words, constant-load conditions only are discussed. He
does however, make one important point, that when the
alternators by any accident or fault of design get out of phase
even slightly the actual resistance will be undulatory, although
the mean may be constant.

Berg. Berg’s paper is almost entirely electrical, and is con-
cerned with the electrical conditions for parallel operation of
alternators, The main feature with respect to regulation
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brought out in this paper is the pulsation of actual resistance
with the constant mean when the alternators are slightly out
of step, which is due to unequal momentary speeds of different
machines in parallel, and which may be exaggerated by steam-
effort impulses. It is not clearly pointed out that the real
cause of exaggeration of these speed conditions is the fact that
an alternator, taking positions due to momentary speeds, may
be admitting steam in a pulsating way throughout a cycle, due
to governor jumps when differences beween the actual effort
wave and pulsating resistance becomes. greater as the crests of
the two waves may became opposed. The remedy observed is
the use of a governor registering mean velocity for the cycle,
and holding the valve-gear to.the proper position for that mean.
The means suggested by Berg is a dash-pot which is one of the
ways of attempting te secure a mean velocity governor.
Stetnmets: A. I. E. E., March 1902. Steinmetz's paper is
concerned with the problem.of regulation with parallel alternator
operation, and he notes three conditions to be examined: first a
permanent change in speed due to a change in load. - He points
out here that there will be a different speed for every different
load, the load, of course; being in any case a comstant. This
is an essential characteristic, as noted before, of centrifugal
governors and their effects on the mechanism. Secondly, a
temporary change in speed due to a change in.load. In this
connection he points out that on a change of load it is impossible
for a governor to adjust the effort to the new resistance without
the lapse of a considerable time. This causes a corresponding
excess or deficiency of speed before the adjustment is accom-
plished. Thirdly,  the periodic change of speed during ‘‘ each
revolution, ”’ which, of course, would be better read in * each
cycle ”’ as in some engines- the cycle is not accomplished in one
revolution. Steintnetz shows in this paper how important for
the proper distribution of load between two alternators is this
feature of having a -different speed for every different constant
load, and that a permanent drop in speed with increase in load
is desirable. The abselute impossibility of a constant turning-
effort diagram is shown, but the desirability and possibility of re-
ducing variation of the turning-effort diagram by cylinder combi-
nation and crank-angles is pointed out, as well as the effect of re-
ducing speed-changes for a-given variation of effort by the
fly-wheel. The periodic variation in speed, due to actual variation
between effort and resistance, is assigned. by Steinmetz as the



1907]) FOR DIRECT-CONNECTED UNITS 13

cause of the hunting of alternators and synchronous apparatus,
and he says that the effects are aggravated by the use of heavy
fly-wheels. Steinmetz notes two kinds of hunting between alter-
nators: forced surging, and cumulative or resonating surging.
Forced surging is that due to momentary crank-pin-force differ-
ences, and cumulative surging is that due to certain electrical
characteristics of the circuit, or may be assigned to the mechani-
cal construction of the engine, especially the governor if the
governor has a tendency to jump, which is explained as a ten-
dency to take on a position due to momentary velocities.
Emmet. Emmet's paper is entirely concerned with parallel
operation of alternators driven by steam engines and the effect
of governor damping on the reduction of cross-current or surg-
ing. The paper gives examples of engines operating in Phila-
delphia and Boston. In Philadelphia it was found that the
governor was in constant motion even with constant mean load,
and that the indicator cards were consequently continually
varying under the same constant load, as might be expected.
The governor, when blocked, held the valve-gear in a constant
position, and in this way absolutely constant cards were obtained.
This shows that there was no fault in the governor and valve-
gear as such, but rather that the load, although apparently
constant in its mean value, was a pulsating one and the governor
and valve-gear took momentary positions due to momentary
speeds, due in turn to momentary force differences at the crank-
pin. The fact that the surging was worse at times than at others
is simply an indication of that fact noted above that while
the mean load was constant and governor jumping could re-
sult with variation of effort, the pulsating load gave a wave of
force, the crests of which sometimes coincide with and sometimes
oppose the crests of the effort wave, giving, therefore, at times,
a greater force-difference and at other times a less force-difference
than with constant resistance. The trouble was cured by dash-
pots on the governor, which had- the effect of preventing the
governor taking positions due to momentary velocities, and
making it rather tend to assume a position due to mean velocity
for the cycle. It was found in Boston that while similar surging
existed and became less by the use of dash-pots, it could not be
cured even when the dash-pot was strongly resisting the goveraor
motion, as it permitted the mean speed to vary considerably.
In this case, therefore, it appears that dash-pots may fail to
accomplish the result of making the governor take a position dug
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to the mean speed of the cycle, but, on the contrary, may actually
resist any motion on the governor so that it becomes no longer
a governor. This led to what has been called the ‘‘ time-relay
dash-pot,”” which is really no more than an improved form of
modified centrifugal governor to make it more nearly fixed in
position for the mean speed for the cycle without resisting an
adjustment to a new mean. It is also interesting to note that
Emmet reports a light fly-wheel better than a heavy one for
successful parallel operation. ,

Rice discussing Emmet. Rice points out that a method of
adjusting the fly-wheel weight by the allowable generator wheel
displacements and the turning-force curve for the engine for
constant load, but does not consider a variable load curve
either periodically or irregularly variable.

Also on governors he states that they must have certain
characteristics: they must be adjustable for speed-position
to allow voltage adjustment and load distribution between
machines; they must be adjustable with damping; they must
have power enough to control speed in spite of damping; they
must be switchboard controlled.

There is no discussion whatever in connection with this
governor question by Mr. Rice of the period that must elapse
between the governor movement and resultant effort change,
nor of the limitations imposed by the cycle of operations on
this period.

Seymour discussing Emmet. Seymour refers to the misappre-
hension of the specific nature of the requirements for parallel
operation under which salesmen for engines and generators,
as well as purchasers of the apparatus, may be laboring. He
states that close regulation is generally interpreted to mean
small differences between mean speed at no.load and at full
load, and points out that a small difference between these mean
speeds is not a requirement of alternator parallel operation,
and in fact it is better for load distribution between alternators
that this difference be large comparatively. He next considers
fly-wheel weights and says that a fly-wheel heavy enough for
a uniform effort, when there is a discrepancy between driving
and resisting forces, will increase the trouble from generator
surging, referred to as ‘‘ cumulative” by Steinmetz. The
importance of noting the period of governor jumps, and the
period of the varying resisting forces coinciding with the variable
effort-crests, when the alternators are slightly displaced, is
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given some attention. The impossibility of correcting faults
by governors alone is also pointed out when undulatory resisting-
crests oppose undulatory effort-crests. Seymour does not
state it quite this way, but this is in effect what I under-
stand he means. He then gives some expenmental data on
the regulation of engines built by his firm.

Scott discussing Emmet. Scott first draws a parallel between
parallel operation and two engipes driving generators by gear
wheels on the same shaft. Scott also notes the importance of
the periodicity of governor jumps synchronizing with the peri-
odicity of the maximum difference between driving and resisting
forces, shown by the effort and resisting force; but-as in the case
with Seymour he does not state the situation quite this way.
The point he makes is the special importance of noting the
periodic nature of the electrical load in certain cases even when
the output is constant, and gives examples of an alternator,
which worked satisfactorily on a lamp load but would not at all
with a synchronous converter in the circuit.

Mershon discussing Emmet. By curves between speed and
load, when load is constant, Mershon shows the importance
of having a considerable difference between full load and no
load for proper distribution of load between the machines, and
shows by variation of these curves why the distribution ‘may be
more stable at one load than at another.

Steinmetz discussing Emmet. Steinmetz points out that a
heavy fly-wheel is bad only because by reason of its great
inertia it permits the governor to overrun resmtmg synchroniz-
ing after once displaced.

Behrend discussing Emmet. Behrend refers to two alterna-
tors abroad, driven from the same engine shaft, which would not
run in parallel at all. This is a striking example of the periodic
nature of an electrical load and shows the importance of realiz-
ing that electrical circuit characteristics are matters of as great
importance in parallel operation as engine characteristics, and
that a failure to operate satisfactorily in parallel cannot always
be traced to the engine regulation.

Slichter: A. S. M. E., 1902. Among other matters taken
up similar to those in his other paper in the Institute he lays
particular stress on the computation of displacement of the
alternator by inconstant turning effort and shows that the
cross-currents and magnetic pull on the rotating system depend
upon the amount of displacement. The difficulty is greatest
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with the greatest number of poles. He refers to a paper by
Longwell before the Engine Builders’ Association on the * Syn-
chronization Torque of Generators ' due to the displacement
from - the mean position where the torque is proportional to
the displacement. The displacement is greatest also at the time
when the disturbing effort is greatest, so that the two effects
of 'synchronous torque and displacing effort torque are additive,
and being additive are cumulative, helping to put the generators
out of step. Some examples are given involving turning effort
. curves and computations of displacement.

Longwell discussing Slichter. Longwell firsterefers to a paper
by Rosenberg, engineer for Korting Bros., gas engine manufac-
turers in Germany, in the Electro Zeitschrift, 1902, in which
the cumulative effect of the magnetic pull and the disturbing
irregular turning forces are shown to be impossible of predic-
tion, and dependent upon the type of enginé among other
things. Mr. Longwell concludes that no mathematical treat-
ment of this subject is adequate. This is true because the
effect is partly mechanical and partly electrical and not all
of the variables, either electrical or mechanical, are known.

Astrom, A. S. M. E., 1901. ‘' Fly Wheels and Angular
Variations.” First there is given a complete calculation of
turning effort and the effects on turning effort of the mechanical
forces, due to reciprocation parts, rotary parts, gravity elements,
and the connecting rods which partly rotate and partly re-
ciprocate. i+ This concludes with a number of turning-efforts
diagrams and variable-load curves for pumps and compressors,
enabling the crank-pin force difference curves to be plotted.
The -coefficient of fluctuation of speed for different classes of
machinery are given in fractions of the mean, but it is pointed
out that as machines of the same class with the same coefficient
of speed fluctuation do not work equally well, it is evident that
a small coefficient does not assure satisfactory speed regulation.
‘The consequent displacement from the mean position is then
developed as a substitute for the coefficient mentioned in fixing
a unit regulation, and is shown to be the result of double inte-
gration of the force curve. Some turning-effort curves are given
for steam engines at full load and light load, and the effects
of different crank-angles on the uniformity of effort together
with the reduction in fly-wheel weight for equal regularity of
motion computed. Astrom makes only one reference to load
changes and makes no attempt whatever to get results in speed
changes.
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Abbot discussing Astrom. Abbot gives a complete calculation
for a steam engine, in which the coefficient is as small as one-
three-thousandth and the displacement 2.5 electrical degrees
when calculated by the usual method of turning-effort diagram
with mean effort equal to mean resistance and resistance con-
stant. No reference whatever is made to variations in resistance.

Paper by Dr. Franke, on the coefficient of irregularity. L’
Eclarage Electric. In this paper there is a discussion con-
cerning the coefficient of irregularity or speed steadiness for
alternatingcurrent and direct-current machines, and it is
stated that this unit is a very satisfactory ome for judging a
direct current machine, as it represents very nearly the variation
in voltage and the flickering of the lamps. 1/200 is considered
to be good, and as low as 1/80 satisfactory, while 1/65 is con-
sidered impossibly bad. It is pointed out that with a single-
cylinder, four-cycle gas engine 1/80 and 1/100 should easily
be obtained without abnormal fly-wheels and these machines
can, therefore, be depended upon for satisfactory voltage regu-
lation. No reference, whatever, is made to what will happen
on the change of load; this is based on the usual method of cal-
culation for constant load and mean effort.” With respect
to alternators: it is pointed out that if the coefficient is too small
the result will probably be worse than if it is not small enough.
He considers 1/200 quite satisfactory. It is pointed out
that cross-currents tend to accelerate the lagging machine and
retard the leading, and the accelerating force or magnetic pull
depends not at all upon actual speed but on the displacement
of the poles, and that heavy fly-wheels resist in bringing into
its proper place a pole once displaced, although it would seem
at first to-be sufficient guarantee against displacement initially.
Light fly-wheels are recommended as better than heavy ones,
but there is no means given for judging their weights except
the old rule of computation of constant resistance with variable
turning effort. -

Summarizing the variations of conditions entering into the
regulation problem under the headings of load, effort, governor,
fly-wheel, and valve-gears, we have the following:

Kind of load. ,

1. Load may be constant and equal to the mean effort.

2. It may be constant and greater than or less than the mean
effort.

:. 3. Load may be undulatory, having a mean equal to the
mean effort.
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4. Load may be undulatory with a mean equal to the mean
of an undulating effort.

5. Load may be constant at a maximum,

6. Load may be constant at zero.

7. Load may suddenly change from one constant value to
another constant value, up or down.

8. Load may suddenly change from an undulatory with a
constant mean to another undulatory with a constant mean.

9. Load may suddenly change from an undulatory with a
constant mean to a constant.

10. Load may change from any value to an undulatory with
a constant mean.

11. Load may change from an undulatory with a constant
mean to another undulatory with a constant mean.

12. Load may change from any irregular value to any other
irregular value with no particular relation between.

13. The time at which the load changes may occur at the
most favorable point of the cycle for a change of effort.

14. The time at which the load changes may occur at the
most unfavorable point of the cycle for a change of effort.

15. The time at which the load changes may occur at the
same point between most favorable and unfavorable point
of the cycle.

Kind of effort.

1. The effort may be absolutely constant for full load and a
maximum. )

2. Effort may be absolutely constant at zero.

3. Effort may be constant at any value between maximum
and zero

4. Effort may be regularly undulatory with a constant mean
for each cycle.

5. Effort may be irregularly undulatory with a constant
mean for each cycle.

6. Effort may be irregular with a constant mean for two cycles.

7. Effort may be irregular with a constant mean for no full
number of cycles.

8. Effort may be that for a steam engine, sifigle cylinder,
with low or high inertia.

9. Effort may be that for a double-acting, single-cylinder
steam engine with a low or high inertia.

10. Effort may be that for any number of cylinders of the
double acting, simple, triple, compound, etc., with a low or
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high inertia of any number of cranks spaced in any particular
way.

11. Effort may be that for a single-cylinder, four-cycle gas
engine, single acting, low or high inertia.

12. Effort may be that for a single-cylinder, single-acting,
two-cycle engine, low or high inertia.

13. Effort may be that for a single-cylinder, double-acting,
fourcycle gas engine, low or high inertia.

14. Effort may be that for a single-cylinder, double-acting,
two-cycle gas engine, low or high inertia.

15. Effort may be that for a two- or four-cycle engine,
single or double acting, with any number of cylinders, low -or
high inertia, with any number of cranks grouped at any par-
ticular angle.

16. The fly-wheel may be light or heavy with large or small
mean diameter.

Governors:

1. The governor may be a simple centrifugal governor,
taking a position corresponding to the momentary actual speed.

2. The governor may be a modified centrifugal governor,
taking a position not due to the momentary actual speed.

3. Governor may be of a modified, centrifugal type, taking
a position due to the mean speed for the cycle.

4. The governor may or may not have inertia elements
to affect the promptness of the motion of the valve-gear in-
dependent of actual speed, but depending on momentary accelera-
tion, positive or negative.

5. The governor may be large or small with ability to move
the valve-gear through large or small distance in short or long
periods of time, against large or small valve resistances.

6. All the simple, centrifugal types or modified centnfugal
types with or without inertia effects.

Valve-gears.

1. Valve-gears may affect the cycle so as to change the effort
immediately.

2. Valve-gears may be so designed as to affect the cycle
only with the lapse of some part of the cycle or some part of
more than one cycle.

3. Valve-gears may be heavy or light with or without gravity
resistance in one direction, with or without gravity assistance
in the other direction, with or without inertia resisting its
motion with high or low frictional resistance through change
of position,



20 LUCKE: GAS-ENGINE REGULATION Jan. 9

To study adequately all the conditions appearing in this
summary, including the unusually large number of variables
under the five groups, more or less dependent, is a very tedious
matter, but nevertheless worth while. I think, however,
from the review of the papers given, it seems pretty clear
what is the function and limitations of governors or fly-wheels.
From the large number of turning-effort diagrams, steam and
gas engines, the nature of this effort-curve and its change with
load, cylinder combinations, grouping of crank-angles, different
inertias and reciprocating parts, have become fairly well known.
To those not familiar with such turning-effort diagrams of gas
engines, reference may be had to Guldner, Haeder, Lucke, and nu-
merous papers. A comparison of the gas engine, turning-effort
diagram with that of the steam engine will show that it is pos-
sible to secure as regular an effort curve for the gas engine
as for the steam engine; regular with respect to the number of
fluctuations above or below the mean, and with respect to the
value of the coefficient of fluctuation. That is to say, that
the turning-effort diagrams for the gas and steam engine
are equally good ascomputed under the constant load condition,
and this is the only basis on which they have been computed.
What happens when the load changes and before the governor
has had time to balance the effort with resistance, will be
different for the two classes of engine and different again for
individual examples of each class.

The things that have not received much attent:on, or any-
where near adequate attention are:

A. The electrical effects in producing variables actual resist-
ance at the crank-pin for constant bus-bar loads.

B. Cyclic interference between governor control and effort
effect.

C. The speed-change due to load-change due to a period
of unbalance exaggerated by cyclic interference and pulsating
effects, which cannot be overcome by any refinement of
governor construction and which are just as likely to
require light as much as heavy fly-wheels on the engine, but
which probably can be met in the gas engine by a change in
valve-gear control functions or a change in cycle.

Just what can be accomplished along these lines can only be de-
termined by plotting force diagrams representing driving and re-
sisting forces for each moment of the cycle, and in connection
with each force-diagram a consequent velocity-diagram obtained



1907) FOR DIRECT-CONNECTED UNITS 21

by the integration of the force or accelerating diagrams. The
force used in this integration will be the algebraic sum of the
driving and resisting forces of each moment, and if both are
varying they may be additive or subtractive.

To illustrate this method of treatment the following sketches
are presented, not as a solution but solely to illustrate the
method of procedure. Fig. 1 shows the force-diagram and
velocity-diagram for a steam turbine with a constant-resistance
load. This diagram shows a full-load and. light-load force
and speed curve and indicates that the light-load speed is
higher than the full-load speed and instead of being exactly
constant are nearly so with constant mean. The effort curve

F
rucoan R uanT Loap R DAVING ) TANGENTIAL
NSNS AR N 4

=00 ORANK-PIN

neaisTING ronces

UGHT LoAD
ANANANANANNNS §
FULL LOAD o } ORANK -PIN
AAAAAAAAA UM
VVVVVVV - 3 vmoorry

Fi6. 1—Steam turbine .resistance constant, effort pulsating constant mean

on the turbine slightly rises and falls fairly regul.arly for a con-
stant resistance, which is shown by the dotted line.

Pig. 2-shows a variable resistance of a wave-form nature and
a similar waving effort, both with con§tant mean. The ve-
locity-diagram . for these conditions will involve greater waves
than before or greater fluctuations above and below the mean,
because the effort and resistance become additive at crests and
hollows, even though the mean value of each is constant.

Pig. 3 shows force and velocity diagrams fora consttanF full
load change to a constant light load with at?orrespondmg jump
i ocity during the period of governor action.

" ;:lh grves ags thwp? indicate clearly the ﬁy—wh.eel effe.ct.
and show - that. it- merely limits the maximum velocity during
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the period of unbalance and has no effect on the period of un-
balance or the period of acceleration. These curves also show
that the maximum velocity is attained after an acceleration
when that acceleration has again decreased to the mean value.
They will also show how the governor must override in its
efforts to reduce a too high velocity to the required new mean
value. If such curves are shown for steam and gas engine with
their available effort-diagrams in place of these nearly constant
turbine effort-diagrams, I think it will be easy to see how clearly
the problem of regulation can be studied and also the effects
of variable actual load at the crank-pin when they do or do not
synchronize with the effort wave.
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F16. 2—Steam turbine resistance wave form constant mean, effort wave
form constant mean, crests against hollows

There is no use in attempting to regulate a gas engine that
will not meet the first requirement of absolutely invariable
indicator card with the valve-gear blocked in position. This
is the first difference between the problem of regulating the gas
engine and the steam engine, and must be checked. Only the
best gas engines will give such invariable cards. The next
step is to run the governor with all valve-gear connected but with
the engine at rest, the governor being driven from an external
source to determine valve-gear positions at different speeds
of the governor. This requires very accurate speed-measuring
apparatus. The next experimental check is to measure the
mean effective pressure obtainable at all different positions
of the valve-gear, it being blocked during measurements and
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the engine held to about the proper speed with suitable resist-
ance and the governor cut out. From this the speed horse-
power curve should be plotted and there must be not too small
a difference between mean speed at constant full load and the
same at constant no load. The result should be checked by
operating the engine with everything connected and a variable
load. Every precaution should be taken to insure the governor -
operating valve from sticking either by tar or dust collection.
The next important difference between the steam engine and gas
engine regulation will come in as the result of cyclic interference
in each. This requires calculation and experimental check
to obtain proper data on the necessary sensitivness and type
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F1c. 3—Steam turbine load change, constant full to constant light

of governor fly-wheel effect, which should neither be too much
nor too little in the light of the operation requirements.
Pailures to obtain proper regulation of gas engines from
any of the causes mentioned, but chiefly from cyclic interference
have been overcome or rather avoided by the introduction of
flexible couplings, consisting of leather link, spring, friction
slip joints, centrifugal devices, all of which are intended to allow
the driven rotor to move at a uniform speed, even though that
of the driving engine should fluctuate. These devices have
never been used on large units and are by no means solutions.
Large gas engines are operated fairly satisfactory with twenty-
five cycle alternators and the cyclic interference, while it is
always noticable is not prohibitively bad. With 60-cycle work
this is not the case, and gas-engine-driven, 60-cycle alternators
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must be so far pronounced unsatisfactory, though some are doing
well. Considering the nature of the problem; its newness,
its difficulty, and the more insistent demands of the public for
economy of fuel, and ruggedness of construction than for close
regulation up to the present time, I think that the gas engine
has done extremely well. The wonder is, then, not that the
" gas engine cannot regulate as well as the steam engine, but
that it regulates as well as it does. In the light of all this’
I feel that the gas engine has only just started on its career, of
usefulness.

In conclusion I believe that an intelligent examination of the
nature of the problem of gas-engine regulation and the study
of numerous diagrams, force and velocity, of the kind here pre-
sented, will result in the elimination of many of the present
handicaps of the gas-engine cycle and make possxble regulation
as good as that of the steam engine.
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UNDERGROUND TRANSMISSION AND DISTRIBUTION
OF ELECTRICAL ENERGY.

BY CHARLES E. PHELPS.

The faults in underground cables naturally classify them-

selves as follows:

Defects in the cable itsel.

Injury received during installation.

Faulty workmanship.

Mechanical injury.

Electrolytic action.

Certain external injuries, the cause of which may not be
conclusively established.

And to these six may be added the injuries which occur to
cables not strictly underground, but which are above the surface
of the ground on poles, etc., making connection with aerial
conductors. This latter is uniformly the result of imperfect
covering protection, or results from contact with the cable
sheath of aerial wires; they can hardly be classed with the
faults of underground cables. :

Referring to the other six classes of faults, the first three; viz.

1. Defects in. the cable itseif.-

2. Injury received during installation,

3. Faulty workmanship,
should be sufficiently: provided against in the contract for the
cable and in the character of conduit construction, that they
may be developed on the breakdown test which is invariably
applied to a completed cable before putting it into continuous
service. This test usually requires that at least double the
ordinary working voltage shall be applied to the insulation of
the cable; that is, between conductors and ground, for various
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periods of time depending upon the judgment of the purchaser
and acquiescence of the contractor. The test should never be
pushed to a point where the insulation is liable to be pin-holed
by the strain of the test voltage, and experience has generally
pointed to the continuance of the test voltage for from one to
two minutes’ duration, instead of thirty or more minutes which
have often been specified. Under this test the defect should be
developed and the obligation should, by contract, be imposed
upon the contractor to make it good. If it should have been
caused by any defect in the conduit construction the cable
contractor would, of course, be blameless. The other faults:

4. Mechanical injury,

5. Electrolytic action,

6. Damage to cable above ground.
All these are of purely external cause.

In order to illustrate this feature more prominently, below
is given a tabulated record of cable faults in this city for the
seven years ending December 31, 1906, together with the
lengths of cable in use in each year. This tabulation includes
all classes of cables: )

13,000 = volt alternating-current, three-conductor cable.

“ ““ ““ .

2300 = “ * * “ “
1000 = “ o “ two- “ “
500 = ‘. street railway feeders,
250.= ‘. three-wire distribution,
Telephone cables from 5 to 400 pairs,
Telegraph “ 20 to 200 wire,

and various smaller cables used for burglar and fire alarm and
other signalling purposes, including the police and fire alarm
wires of the city. In fact the table includes injuries to all those
classes of wires which are found to be necessary in the activities
of any large and growing city. Summarized by classes of
faults and by years, the table is as follows:

It should be noted in connection with the table above given
that damage under head of gas explosions was not the immediate
result of the explosion, but was caused by the falling of debris
and burning gas. No cable has been directly injured from any
gas explosion under observation. Also, that the damage under
* Flood Water— Jones’ Falls "’ was due to the carrying away of
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cables on temporary suspension under a bridge crossing Jones’
Falls, by heavy timbers carried down by flood water.

| | :
H&mdml 1900 l 1901 | 1902 | 1903 | 1904 1905 1806 |Total

1 |Defective cpble...] — 1 - —_ —_ 2 - 3

........... —_ —_— —_ 1 - 1 - 2
explosions. . 1 —_ — — 1 —_ —_ 2
Rats........... —_ —_ -_ — —_ —_ 5 5
4 |By workmen in
les....... -_ - -_ 2 3 4 4 13
8 {Blectrolytic action| 1 — 2 15 ) 31
[ ] above
ground.... -_— 1 1 —_ — — —
7 |Unknown........| — —_ —_ —_ —_ 7 1
Totals. ...... 2 4 9 27 20 | 40 28 {148
Peet of cable in opera- ’ .

tion
year................|108,779|236,266/470,154(708,152|853,048|1,246,443|1,535,
Pault

cable...............10.018 | 0.017 ] 0.019 |0.038 |0.034 | 0.089 | o0.018
Summary of Cable Faults
Class Nature gf"f:ff:: E?',,‘ﬂ',:'
2. [Damaged in installation.................ccoeieenann... 24 16
3. \lﬂ:hnnﬁalmjuty 80 55
5. Cablesabovegromnd...............coitiiinincannnnann 2 1.5
148 100

The percentage in importance of each class of fault to the
whole number is:

1. Defective cables........ e 2 per cent.
2. Damaged in installation. ............ 16 «
3. Mechanical injury.................. 55 “
4. Electrolyticaction.................. 20 “
5. Cables above ground.......... ve.... 1.5 ¢
‘6. Unknown...... e VR % : T
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This is for the whole period of seven years; the record of the
year 1906, just past, during which time there were over 1,500,000
ft. -of cable in operation, is as follows:

1. Defective cables.............. ceiiteseieraas none

2. Damaged in installation..............c...... .. 10

3. Mechanical injury...............c.ivvunnnn. 13

4. Electrolyticaction...............ciivvnennn. 4

5. Cables above ground........................ none

B. Unknown..........coiivninnennnennnnnnnnnn 1
a total of 28 or 1330 per 1000 ft. of cable in operation.

In considering the tabulations of cable faults, these data
must be understood to show actual existing and not sporadic
conditions; that not only do they cover a considerable period
of time but they cover also a time during which progress in this
particular branch of the art was undergoing great changes.
A part of the time may even be taken as experimental In
addition to this, the data for the years 1904 and 1905, shown
in these tables, will suffer in its application to a normal situation
by reason of the apparently high percentage of faults developed
on account of mechanical injury.

Out of a total of 80 faults by mechanical injury for seven
years, exectly one-half, or 40 of them, occurred during the years
1904 and 1905, although in 1906 there were but four, while the
amount of cable in use was much greater.

This disproportion is easily explained by pointing out that
during 1904 and 1905 all street improvements consequent upon
the fire of February 1904 were carried out. Street lines and
grades were changed, necessitating a similar change in conduits
and of cables within them. A great many men were employed
upon all sorts of work-and naturally the underground system
has to stand its share of damage.

In studying the list of cable faults you will see that, barring
the sole element of human frailty, all the faults may be to a
large extent anticipated, and in a large measure avoided. By
analyzing these failures, you will find some definite reason for
each of them to which a remedy can be applied. I do not
intend to convey the impression that a cable system can be
developed which will never be fault-proof, because the conditions
under which it is operated are not those of a parlor game; but
one has to deal with men and materials that are by no means

perfect.
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I can perhaps illustrate the conclusion which I desire to convey
to you. Suppose, say 20 important companies on this con-
tinent engaged in the same character of electrical business were
to keep accurate records of the performance of their under-
ground equipment under actual operation, with clear explana-
tion of the conditions surrounding and the effect of each cable
fault; and suppose that all these 20 separate sets of data were
available to each one of the companies concerned so that each
would have, in addition to its own data, those concerning the
cable performance of 19 other companies. Suppose now you
had these data in hand, what would be the result? You would
eagerly search out those of the companies which showed few
faults where you were subjected to many of the same kind, and
you would get in touch with them and learn in what particular
they had succeeded where you had failed. In the same way
you would be called upon to explain your successful methods
to certain others who had failed where you had succeeded.
This is a process which seems SO easy, so simple, and so inex-
pensive when the great benefits that would accrue are considered,
that it seems surprising it is not an almost universal custom.
I cannot refrain from backing up this statement by saying
that this spirit of cooperation and coérdination is one of the
important elements which has maintained the preeminence
of the Bell Telephone Company in its particular field of operation,
judging solely by results from the point of view of an outside
but interested observer.

Before closing this paper I ask your consideration to a brief
review of this particular subject which may really be termed
the crux of the whole situation. Taking the cable faults in the
order they appear on the chart, the first three:

1. Defect in cable itself,

2, Damage during installation,

3. Faulty workmanship, '
should be covered by the contract for purchase and installation
of cable, and they should be ‘‘ smoked out "’ by the installation
test before described. Owing to the fact that the factory test
of cable before shipment is much more severe than the installa-
tion test, and that the factory test is made on the cable while
submerged in water, it is more than probable that any fault
developed in the body of the cable itself will be caused either
during shipment or during installation.

It will generally be impossible to determine on light and
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power cables, which was the real cause, for the effect of the
breakdown is to destroy the evidence entirely; the affected
part of the cable will vanish to parts unknown.

Faults due to installation are in general due to four causes;

1. Defective conduit structure,

2. Reckless or improper methods of pulling cable into ducts,
3. Rough handling or too sharp bends in manholes,

4. Badly made joints.

I think it sufficient simply to enumerate these causes to
indicate the prevention or remedy.

Faulty workmanship may occur either during installation
or later, due to additional taps or connections being made to
an existing cable. Here the remedy, aside from the employ-
ment of only skilled and careful workmen, is to provide a man-
hole suitable for the conditions under which this work is to be
done. There should be plenty of elbow-room, and cleanliness
is one of the best friends to the underground cable. Even in
a city without sewers, the expense of consistent drainage of
manholes by expensive methods is justified.

Mechanical injury may come from without through the agency -
of the energetic man with the pick who generally never works
so hard as when he is hacking away at something he has no
business to hack; or it may come by reason of improper use of
the manhole by workmen; or from such an unusual sourceas the
despised rat, which has been dignified by what I hope are five
obituary notices in our exhibited list, under the year 1906.

I hardly feel able to point out any remedies against this
prolific cause of cable trouble that have not already perhaps
" occurred to you, but there is one which comes from within and
which often and unnecessarily results in trouble and is easily
avoided. This, as is usually the tase with internal cable
troubles, concerns the manholes. I have myself recently seen
inside the manholes of an important underground system where
the cables therein were so run through the manholes that it is
impossible for a workman to get to the floor of the holes without
using these cables as a step ladder. This was the case, not in
a single manhole, but in many of them. Apparently the man-
holes were built simply because every other underground system
had them, and they exhibited utter disregard of their permanent
use by the cable equipment for which they were built.
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ON THE SUBSTITUTION OF THE ELECTRICQMOTOR FOR
THE STEAM LOCOMOTIVE.

BY LEWIS B. STILLWELL AND HENRY ST. CLAIR PUTNAM.

The purpose of this paper is fourfold: 1, to record certain
facts relative to heavy electric traction which have been estab-
lished by experience; 2, to present calculations of relative costs
* of steam and electric traction in railway service based upon these
facts; 3, to point out the transcendent importance of standard-
izing electric railway traction equipment as rapidly as may be
consistent with progress; and 4, to raise the question whether
a frequency of 25 cycles per second or 15 cycles per second
should be adopted in railway operation by alternating-current
motors.

Few subjects which are to-day engaging the attention of the
engineering world are comparable either in scientific interest
or in practical importance to the substitution of the electric
motor for the steam locomotive engine. Three-phase and
single-phase alternating-current railway motors are now devel-
oped to a point where they fairly challenge the steam loco-
motive, even in long-haul freight service, in which class of work
the direct-current motor- hitherto has found itself unable to
compete with success. The direct-current motor has demon-
strated impressively, and upon a large scale, its superiority to
the steam locomotive, not only in operating single cars and
short trains on lines of moderate length, but also in frequent
and heavy passenger service in which the length of train is
limited only by the length of station platform, while the motive
power equipment far exceeds in power developed the limits
hitherto established in steam passenger service.

On the Valtellina line and through the Simplon tunnel 70-ton
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electric locomotives with three-phase motor equipment, capabte
of developing a draw-bar pull of 28,000 Ib., have displaced the
steam locomotive, with results showing both marked improve-
ment in service and substantial economy in operating costs.
In the New York Subway, eight-car trains weighing 320 tons
are in operation, equipped with motors developing during
acceleration a tractive effort equivalent to a draw-bar pull of
55,000 1b.

The heaviest passenger locomotive used on the Erie system in
1905, weighs, exclusive of tender, 206,000 lb., of which 55.8%, or
115,000 1b., is effective on drivers. Assuming the adhesion to be
209%,, such a locomotive exerts a draw-bar pull of 23,000 1b.
The motors of the eight-car electric train of the New York Sub-
way, therefore, exert a tractive effort equivalent to more than
twice the draw-bar pull of this locomotive.

Managers and engineers of railways using steam are consider-
ing the possibilities of electricity. Naturally, the problem
usually presents itself in reference to particular cases in which
special conditions emphasize the advantages of electric trac-
tion; but a point has been reached in the development of electric
railway equipment where it is evident that no absolute and
permanent limits beyond which the motor may not go can be
fixed; and it is not unreasonable to consider the possibilities
of the electric motor not only in passenger service but also in
freight service, not only in the operation of railway terminals,
but also for the operation of railway divisions and even for trunk
lines. .

At the present time, what is needed is not prophecy but
facts, and particularly facts demonstrated by experience. A
study of the relative advantages of steam and electric traction
should rest as firmly as possible upon results attained in prac-
tical operation. Facts thus established and available to date
are insufficient to justify conclusions which in detail may not
have to be modified, but it is believed that they are adequate
to permit comparative studies leading to deductwns which,
as a whole, may be relied upon.

The answer to the question: “ Will it pay to electrify? "
involves consideration of both relative earnings and relative
cost of operation; therefore, before discussing the comparative
expenses involved, it is pertinent to refer briefly, even at the
risk of repeating what has been said in papers hitherto pre-
sented by others, to the more important factors which oo-
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operate in securing for electric traction an increase in earning
power. ’

PasseNGER SERVICE FacTors CONTRIBUTING TO INCREASED
EARNING PowER. .

The more important considerations which affect gross earn-

ings are: '

Frequency of service.

Speed. ’

. General comfort of passengers. -

. Safety.

. Reliability of service.

. Increased capacity of line.

Frequency of stops.

Convenient establishment of feeder lines.

Frequency of Service. The motor-driven, interurban car

operating upon scores of lines in competition with steam rail-

way service has convincingly demonstrated its ability, not only

S SRR

N

to attract business from competing steam lines but also to.

create new business. In almost every case where such com-
petition has been encountered by the steam railway, a large
part, if not practically all of its local passenger traffic has been
'ost. In comparing results attained by the competing systems
in such cases, it is impossible, of course, to state in terms of
precision how far frequency of service is responsible .for the
remarkable results observed, since to these results a number
of other causes also coniribute. But without attempting to
differentiate between these various factors, it is sufficient here
to say that of the several causes contributing to the marked
success of lines using electricity, the operation of train units
or of single cars upon close headway is recognized to be
especially attractive.

The advantages resulting from frequency of service become

relatively less as the length of run is increased. It is recog- °
nized, however, that the operation of trains under close head- °

way generally increases traffic, even where the haul is of con-
siderable length, as shown by the experience of the Philadelphia
& Reading Railroad in operating its fast trains upon one-hour’
headway between New York and Philadelphia.

2. Speed: The possibilities of operating by electricity at speeds
exceeding the maximum which can be obtained safely in steam
operation, owing to the elimination of unbalanced reciprocating

et ame =
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parts of the locomotive,is well-known. It was strikingly illus-
trated in the Berlin-Zossen trials by the attainment of a speed
exceeding 130 miles an hour. These tests demonstrated the
ability of electric equipment to operate at a sustained speed
more than twice as great as that of our fastest express trains
on runs of any considerable length, and exceeding by about
509, the maximum which can be attained even for a short dis-
tance by the steam locomotive with a reasonable degree of
safety.

Even at speeds at which steam locomotives may be operated
without great danger of leaving the track, as a result of the
effect of unbalanced reciprocating -parts, electric engines are
far better able to maintain speed while drawing heavy trains.
At speeds of 80 or 90 miles an hour, for example, it is extremely
difficult to operate with satisfactory results two steam loco-
motives at the head of the train; while multiple-unit control
places any necessary number of locomotive units absolutely
and instantly responsive to the will and touch of a single oper-
ator. At ﬁigh speeds, also, the economy of the steam loco-
motive falls off rapidly while that of its competitor remains
practically constant.

The increase in average speed resulting from the relatively
high acceleration obtainable in the use of multiple-unit electric
equipment in service where stations are very close together;
e.g., elevated and subway lines in cities, and in suburban service
in the vicinity of large cities, has been discussed frequently
from the theoretical standpoint and is well understood.

3. General Comfortof Passengers: Thegreatadvantages of elec-
tric traction in respect to comfort of passengers are well-known.
Cleanliness and improved ventilation made possible by the
elimination of smoke and cinders; lighting practically without
heat and at low cost by a system which makes it easy to place
lights in any desired location, and heating apparatus effectively
and conveniently controlled, are factors of very great im-
portance in building up passenger business under conditions
of competition. In operating through tunnels, ventilated with
difficulty, the electric motor, in eliminating smoke and the gases
of combustion, possesses an advantage which is frequently
controlling.

4. Safety: So much has been said and printed in the daily
press regarding the alleged dangers of electric traction, that
it is well to place on record here a statement of the considera-
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tions which inevitably lead to the conclusion that electric trac-
tion, if the equipment be properly designed and installed, is
essentially and materially safer, so far as the traveling public
is concerned, than steam traction. The more important of
these considerations are:

a. The fact that in case of a rear-end collision, which is per-
haps the most frequent form of accident experienced in the
operation of our railway systems, the enmergy which propels
the electric train can be shut off generally with great prompt-
ness. On the other hand, the steam locomotive carrying in
its fire-box from 1500 to 2000 1b. of coal heated to incandescence,
almost invariably sets fire to any broken cars, or other com-
bustible material with which it comes in contact. Where the
electric supply to trains is obtained at low potential from a
third rail, the risk of short circuit, which may result in fire if
the cars be not fireproof, is greater than it is in the case of
overhead comstruction, even when the voltage employed in the
latter case is very high. In fact,in the latter case it may be said
that risk from the physiological effects of the current or from
fire resulting from short circuit, is practically eliminated, except
perhaps in tunnels of very limited clearance.

b. The elimination of the boiler carrying steam at high pres-
sure, also means the removal of an element of risk which in
many railroad accidents has destroyed life.

c. The absence of smoke in tunnels, and consequent ability
to see signals clearly at all times, constitutes an advantage of
the utmost importance for electric operation. ,

d. Cars drawn by steam locomotives must be heated either
by steam from the locomotives, or by some form of stove car-
ried on the individual cars. In the former case, steam from
broken steam pipes becomes a serious source of danger in case
of accident; in the latter the hot coals from the stove, even in
the improved modern types which have greatly reduced the
risk formerly encountered, are a source of danger. The sub-
stitution of the electric heater affords opportunity not only
for ideal control of temperature of the cars but almost abso-
lutely eliminates risk of fire.

¢. The elimination of the gas tank and the oil lamp used for
lighting in steam traction, and the substitution of electric light-
ing, also implies a material gain in safety.

f. The danger of derailment in the case of the electric loco-
motive is far less than in case of the steam locomotive, by rea-
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son of the elimination of unbalanced reciprocating parts which
tend to lift the steam locomotive from the tracks. The ham-
mer-blow also, in the case of the steam locomotive, is respon-
sible not infrequently in cold weather for broken rails, as a
direct result of which many serious accidents have occurred.

g- The electrification of railways where high-speed passenger
traffic is invoived, affords opportunity for improved methods
of protecting trains by signal systems, automatic or other.

h. The abulity to cut off power at will from a given section
and therefore trom trains operating upon that section under
certain conditions, which arise not infrequently in railway
service, may be availed of to prevent accidents. In steam
railway service, when an operator at a tower having allowed a
train to pass learns too late that another train is approaching
in the opposice direction, he is powerless to avert the impending
collision. Where the motive power of these trains, however,
is transmittea by electricity, the power supplied to the section
might be cut off and probably in time to prevent the catastrophe.

As against .ne considerations above referred to, all of which
tend to make electric operation safer than operation by steam
locomotive, the addition to the permanent way equipment
of an electric conductor conveying power to trains imposesin the
former case a material risk not involved in the latter. If the
power be suppued through a third rail, a guard should be used
whenever possible to prevent accidental contact with the rail
by employes or by others walking upon or crossing the track.
Several effecuve forms of guard are available, of which at feast
one has been 1u service upon a convincing scale for five years.

5. Reliabiluy of Train Service: Interesting evidence in re-
spect to the .eiative reliability of steam locomotives, and- of
electric motors carried upon cars and controlled by the multi-
ple-unit. system: of train-control, is derived from the official
records of the transportation department of the Manhattan
Division of the Interborough Rapid Transit system of New
York. Upon che elevated lines, steam locomotives were used
from the inauguration of the first constituent line of the ul-
timate system 1n 1872 until 1902, during which year and a part
of the following year, electric equipment was gradually substi-
tuted. The locomotives were operated under exceptionally
favorable conditions, were not overloaded, were of simple con-
struction, and admirably maintained. The electric equip-
ment that succeeded them is operating trains which average
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5.3 cars as against 3.8 cars in the days of steam operation. The
average speed is materially higher. The tractive effort during
acceleration of a six-car train is 30,000 lb. as against a maxi-
mum draw-bar pull of approximately 7,000 lb. exerted by the
steam locomotive.

Accurate record is kept of the duration of every delay in the
operation of the trains. The results for the months November
1900 to March 1901, when steam was used, and the correspond-
ing months of the years 1905-6 under conditions of electric
operation, illustrate in a striking manner the marked gain
in reliability of service which has resulted from the adoption
of electricity. For the five months of steam operation the
aggregate car-mileage was 18,527,773 miles, and the aggregate
delay 8258 train minutes. The car-mileage per train-minute
delay was 2243.

For the corresponding period of electric operation, 5 years
later, the car-mileage was 25,482,081, the aggregate train-
minutes’ delay 5970 and the car-mileage per train-minute
delay was 4268.

It will be noted that the months involved in the above com-
parison are those in which the difficulties of operation, owing
to weather conditions and number of passengers transported
are at a maximum. Snow and sleet are among the greatest
difficulties to be overcome in the operation of a third-rail sys-
tem, when, as in the case of the Manhattan, the third rail cannot
be effectively protected by reason of limitations in space avail
able on the stucture. In view of these difficulties and of the in-
crease in density of traffic, the results obtained are remarkable

6. Increased Capacity of Line. Electric traction as compared
with steam traction enables us to develop much greater sus-
tained tractive efforts with given weight on drivers, by reason of
more uniform rotative effort. Even where electric locomotives
are used, it also eliminates dead weight by abolishing the tender
and facilitating construction under which practically the en-
tire weight of the locomotive is carried upon the drivers. Where
the locomotive is dispensed with, and the motors' mounted
directly upon trucks of cars constituting the train, the best
results are obtained, the proportion of weight upon wheels
driven by motive power being greater than is otherwise prac-
ticable. This increase in weight available for adhesion, in
conjunction with the characteristics of the electric motor,
makes it possible to attain in electric service rates of accelera-
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tion altogether impracticable in steam service; consequently
trains in passengér service where short headway is desirable
can follow each other at shorter intervals than is feasible where
steam motive power equipment is employed.

In the operation of freight trains, if it should ever become
practicable to distribute electric locomotives throughout the
length of the train and operate them by multiple-unit control,
trains of length far beyond present limits could be operated.
At present, the length of a freight train is limited by the strength
of the draft-gear, and steam locomotives cannot advantage-
ously be distributed at intervals throughout a very long train,
as no means is available for controlling their effort simul-
taneously and satisfactorily.

Obviously, a system permitting distribution of the motive
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