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X PREFACE.

This little book is written in the hope that it may be
of service to those whose daily work is concerned with
the art of transportation, in which electrical traction is
to-day so potent a factor. ‘The part it may play to-morrow
only the prophet can say.

The author has endeavored to set forth the general
principles of the distribution of electrical energy to mov-
ing motors, to describe the methods which experience has
shown to be desirable in such work, and to point out the
ways in which these principles and methods can be co-or-
dinated in everyday practice. ‘The art of correctly design-
ing systems of distribution requires, more than anything
else, skilled judgment and infinite finesse; it cannot be
reduced to formulee in which these terms do not enter as
variables. The most that can be done is to sketch the
lires of thought that, followed cautiously and shrewdly,
lead to good results.

For the most part apparatus is too mutable to describe
exhaustively, unless one is writing history. The reader
will therefore find little of such detail, save in the frontier
region which lies between established tramway practice
and that greater field that stretches toward unknown
bounds. * Along that frontier experiment has blazed paths
here and there, and we must note them carefully. We
can see whither they lead, but dare not say how far.

The best advice that can be given to the engineer is:
to keep his eyes and ears open and never to let himself get-
caught out of sight of experimental facts.

82893



PREFACE TO THE THIRD EDITION.

The past three years have been marked by nothing
particularly startling in the way of innovations. FElectric
railways are more numerous and longer, and apparatus is
on a bigger scale now than then, but the changes in’
methods have been few and trifling. ‘The most notable
line of growth has been in the increasing use of substa-
tions with rotary converters, sometimes with admirable
zesults, sometimes with more energy than discretion. Stor-
age battery auxiliaries have also been on the increase with
varying economic effect. On the other hand, little progress
has been made in heavy railway work, save in the multi-
plication of roads, and the problem of economical distribu-
tion for such work has not advanced toward solution.
The substation idea has not yet been advanced beyond the
crude conception of substituting motor for engine in an
auxiliary station without improvement in the feeding
system of the motors. 'This volume deals with principles
and methods, and consequently, while it is pleasing to
note that the motor has practically driven the locomotive
off elevated roads, that third rail surface traction for heavy
service is on the increase, and that long distance surbur-
ban roads have developed with splendid rapidity, one must
regretfully admit that the examples of each given in the
first edition are, save in unimportant details, as typical of
current practice in 19oo as they were in 1896. Improve-
ments are, however, already overdue, for we are still a long
way from the final development of electric traction.
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CHAPTER 1.

FUNDAMENTAL PRINCIPLES.

The distribution of electrical energy for use in propel-
ling railway cars is, by nature, a special problem. It deals
with magnitudes and distances greater than are usual in
other branches of electrical engineering, and, in addition,
with the difficulties of a load that constantly shifts in
amount and position. Consequently, the design of a dis-
tributing system is of singular difficulty.

In computing the area of conductors, one ordinarily
assumes the load to be the only independent variable, but
in this case the distance of transmission must be so consid-
ered, and both quantities are of the most erratic character.

The general equations can therefore only be solved
within limits, except in special cases, and even then only
by very judicious assumptions. It is therefore worth while
to investigate these limits, their extent and the causes
which impose them.

The conducting system of an electric railway, large or
small, consists of three somewhat distinct parts—the work-
ing conductor, the return circuit and the feeders. By the
first is meant that part of the total circuit from which the
moving contact, carried by the car, immediately derives its
current. Physically it is a wire or bar, uninsulated as re-
spects the moving contact, and supported in any position—
overhead, on the ground or under the ground—that cir-
cumstances may require.

The return circuit is, in a large proportion of cases,
that which receives current from the wheels of the car, and
is composed, partly or wholly, of the rails. In certain
cases, conduit roads, double trolley roads and telpher sys-
tems, the working and return conductors are alike and of
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equal resistance. ‘They may therefore be treated alike as
parts of the working circuit. The ordinary return circuit
calls for special investigation, because it is a heterogeneous
conductor, unequal in resistance to the working conductor,
and involving unusual complications.

The feeding system in railway work serves the doubie
purpose of reinforcing the conductiyity of the working con-

A B
'Al
Bl
Ay \
; B,
FIG. I.

ductor and equalizing the voltage at various parts of the
‘system. It therefore must be deferred asa practical matter
until the working system, which it supplements, has been
considered.
Three classes of working systems are common, making
the classification according to the nature of the distribution.
T

D
FIG. 2.

The first class isillustrated by the linear system, shown
in Fig. 1. Ideally it is a straight line, A B, near some
point at which the power station is generally situated. It
may be modified by bends or curves, as in A,;B, and
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A,B,, but whether it be a small tramway line along a single
street, or a long interurban road, it retains as its main
characteristic a single working line, not generally re-curved
on itself, and subject throughout its length to fairly uni-
form conditions of traffic.

The second class is illustrated by the branched type,
represented in Fig. 2. As shown, it consists of a main
line, A B, into which run two branches, C D and E F.
The branched distribution is the one most commonly met
with in electric street railways of moderate size, and may
assume an infinite variety of forms. Itisthe legitimate re-

FIG. 3.

sult of growth from the linear type, and, through all its
modifications, is noteworthy in cousisting of several lines
which are neither interlinked, although often overlapping,
nor subject to the same traffic conditions. Its conducting
system is therefore essentially complex. Ty
Finally, we have the meshed system, Fig. 3. Ideally,
it is, as shown, a simple network composed of parallel lines
crossing each other at right angles and at nearly equal in-
tervals, and under fairly uniform -conditions. Practically,
the various lines composing the network cross at all sorts of
angles and intervals, and are subject to all sorts of condi-
tions of traffic. All networks however have this property,
that they are composed of interconnected lines, so that the
conducting system of any line can reinforce, and can be-re-
ir.zorced by, other systems. Fig. 4 shows that portion of
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the Boston network which lies within a mile radius from
the Post Office as a center. It conveys an idea, better thaa
any words, of the sort of network that occurs in practice.
It differs totally from the networks usually met with in elec-
tric lighting, in that it is without any pretense of sym-
metry, either in configuration or load.

In all large installations one is likely to find all three
types of distribution, usually a network in the center, and
branched and linear distribution in the outlying districts.
Inlaying out the system as a whole, each type must con-
form, as far as practicable, to its own conditions of economy,
while the general feeding
system must consider
them all,

The starting point in
any discussion of a con-
ducting system : for any
purpose is Ohm’s law in
its simplest form

E
C———R =

In problems of distri-
bution such as we are
considering, the term in-
volving R is usually the
quantity sought, since
the current and loss of potential are generally known
or assumed. It is therefore desirable to transform this
simple equation into some form which allows the ready
substitution of the known quantities to determine the un-
known. The resistance of any conductor may be written

Re— K—%—, in which A is the cross section, L the length

and K a constant depending on the material considered and
the units in which I, and A are measured. If L is in feet
and A in square inches the constant is obviously different
from what it would be if I, were taken in miles. The con-
stant is, in practice, so taken that R will be in ohms when
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I. and A are in convenient units. In English-speaking
countries it is usual to take I, in feet and A in circular
mils, 7.z., circles 455 of an inch in diameter. The con-
stant connecting I, in feet and A in circular mils with the
resistance in ohms, for copper wire of ordinary quality at
ordinary temperatures, is 11. This is approximately the
resistance in ohms of a commercial copper wire one foot
long and 145 of an inch in diameter. The exact figure is
a trifle less, but the ordinary contingencies of temperature,
joints, etc., make it desirable to take 11.

Substituting now this value of R in Ohm’s law it be-
comes, reckoning the area in circular mils,

& o2l L e or, transposing,
1
com.
11 CL
(1) em= B

This is the fundamental equation of electrical distribu-
tion. It is like the original form of Ohm’s law, strictly a
linear equation, so that all the quantities are connected by
simple proportions. Doubling E, for example, halvesc.z.,
while doubling I, doubles c.72z. A convenient transposed
form is

cm. E

e et o I
which determines the current which a particular line will
carry without exceeding a given loss, and another,

() BE=_1! ()8

com.

is convenient in figuring the actual fall of voltage.
Throughout these equations F, represents the fall in volts
through the conductor under consideration, and I, is al-
ways the total length of the wire, 7.e., double the length of
the circuit, assuming a uniform return wire. For grounded
circuits the equations give correct results for so much of the
circuit as is exclusively copper—the grounded portion in-
volves a different constant and must be taken up as a sep-
arate problem.
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It is often convenijent to have some simple expression
connecting the area of a wire with its weight, so that the
latter may be readily taken into account. By a fortunate
chance, a copper wire, 1000 ¢. 7#2. in section weighs almost
exactly three pounds per 1ooo ft. So if, in equation (1),
we multiply the constant by three, and reckon L in thous-
ands of feet, we obtain directly the weight of conductor per
1000 ft. Putting Lm for the length, to distinguish it from
the former I, reckoned in feet, we have

Wy = 33 CLm
4 SR

Thus, if we wish to transmit 100 amperes thréugh 7ooo
ft. of conductor at a loss of 50 volts, the conductor must

weigh “—205—7-:462 1bs. per 1,000 ft. = The total weight
o

of conductor is evidently Wiy Lm, and since a simple way
of getting the total weight, without reference to wire
tables, is often desirable, we may re-write (4), as follows:
—33CL%m
(5) w3352
which gives the total weight directly. ‘These weight form-
ulee are very easy to remember and apply, and are accurate
to about one per cent.

The diagrams of Plate I. put equations (1), (3), (4)
in graphic form for ready reference. Four different
values of E are assumed, and the unit of power is taken
as 100 amperes. ‘The chart is therefore independent of
the initial pressure, and serves for transmission at any
ordinary voltage. Distances on the horizontal axis repre-
sent length of circuit, 7. ¢., half the total length of con-
ductor. To find area or weight per 1000 ft. of conductor
required for a certain distance, take an ordinate at the re-
quired point on the distance scale and follow it up until
it intersects the oblique line representing the assumed loss
of voltage. ‘The area of the necessary wire can then be
read off on the left hand scale, and the weight per 1000 ft.
on the right. The corresponding sizes of the B. & S.
gauge wires are annexed to the former scale. In asimilar
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way the distance for which a given wire will carry 100
amperes at a given loss can be found, while the loss for a
given wire and distance can be rapidly approximated by
estimating the position of the intersection of the area and
the distance co-ordinates with reference to the oblique
lines. By noting that the area of conductor varies inverse-
ly with E, one can extend the working range of the chart.
Halving the area shown for E =75 gives, for instance,
the area for E = 150, and so on.

Taking up now the case of linear distribution, it has
already been shown that the fall in voltage in any con-
ductor is directly proportional to the load and the resist-
ance. If, now, a uniform line, A B, Fig. 5, be loaded at
B, the voltage evidently decreases uniformly throughout
its length. To make the example more concrete, the
length A B is taken as 20,000 ft., and the voltage kept
constant at A, e. g., 500, Now, if the drop at B under the
given load be 100 volts, a straight line drawn from C to D
shows the state of the voltage at every point of the line.
An ordinate erected at any point of A B and extended to
C D shows the voltage of the line at the point selected, and
that part of the extended ordinate cut off between CD and
C F shows the loss in volts. If the load be transferred
from B to some intermediate point of the line, an ordinate
there erected will show the drop and the residual voltage
at the new point. C K similarly shows the conditions for
a terminal drop of 200 volts.

The average drop is evidently half .the maximum in
each case, since the minimum drop is o, and the voltage
varies uniformly.

Now suppose one has to deal with a load moving uni-
formly back and forth along A B. If the maximum drop
be 100 volts, the voltage evidently moves uniformly along
CD, and the average voltage is 450, since half the time
the voltage is above this, and the other half an exactly
equal amount below.

This case corresponds to a line traversed on a uniform
schedule by a single car. Such however is not the usual
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condition of things. ‘The normal condition of an electric
road of any kind is a plurality of cars. This means that
current is taken from the working conductor at a certain
limited number of points. In general, these points repre-
sent approximately equal loads and, so long as the time
table is maintained, are approximately equ1dlstant In
Fig. 6, the uniform straight conductor, A B, is loaded, not,

C
500 ‘\\ F
B
—
B
M
00 w N
2 30 E
(=]
[
k-]
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=
E-
@
&
100
A B
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5 10 s 15
Distances — 1000 £t. units. Strect Ry, Journal

FIG. 5.

as in Fig. 5, at one point, but at ten equidistant points,
the loads being assumed equal, as they would be quite
nearly if each load were a car on a level track.

Here the conditions of fall in voltage are radically dif-
ferent from the conditions of Fig. 5. At the power sta-
tion, A, the full current for the entire load is supposed to
be delivered at a uniform pressure of 500 volts. Assume
the total current to be 200 amperes, and the resistance of
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each of the uniform sections to be o.05 ohm. The first
section carries the whole 200 amperes, and the drop C R is
1o volts. ‘The second section carries but 180 aniperes, and
the loss is g volts, and so on, until the tenth section carries
20 amperes, and the loss has diminished to 1 volt.
Mapping these successive falls of potential on Fig. 6,
the curved line, C D, is formed, showing the consecutive

o :
500 0
N
75 N 5
NN
\\
N
~
#4530 ™ 50 %
= —
g TP
l @
§ 3
A 4% 753
i 100
A B
0 1 R 208 e S R S T T eek8 £, 9] 4 1D
Points on line Street Ry. Journal
FIG. 6.

values of the potential on A B. A C E, a prolongation of
the drop in the first section, shows the result of concen-
trating the whole load at B. :

In such a uniformly loaded line the drop is found as
follows : If C is the total current and there are z sections

in the line, then_c_- is the current taken off for each sec-
n
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tion, and-S 7 is the drop due to that current, where »
7

is the resistance of each section. 'The drop in the first

i . g . C
section from A is Ioi 7, in the second section g—
7 ”n

and so on; 7. e., for the whole 7 sections the total drop
must be

(6) E= i (r(1t+-2+3. . .n)
But the sum of this series of integers is well known, being
Zl—m—:_—{—) . Hence, substituting and reducing, we have

Ttk L
(7) B=-""x(n + 1).

This gives the total drop produced by 72 uniform loads
uniformly spaced and aggregating C amperes.

It is generally convenient to have working formulze
give the cross section of conductor directly, since that is
most frequently the quantity to be determined. FEqua-
tion (3) can readily be transformed for this purpose as
follows:

(8) R=_11L
c.m.
But since the R here concerned is the total resistance,
and not the resistance per section 7, as in (7), we may
write,
2 o J e Bl
(em)n’
Then substituting this value of »in (7) and reducing, we
have = A

an

(9) e m=_1§%_14 [n-q-I]

n

This equation gives the area of conductor required for C
amperes supplying a line of known length equally loaded
at 7z points at any required terminal drop.
n+1
n
es unity, so that, for a given current in amperes and 2

For a largé number of sections ( ] approach-
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given terminal drop, the copper necessary for a uni-
formly distributed load is one-half that required for the
same load concentrated at the end of the line. As the
number of sections increases, too, the likelihood of ob-
taining a disarrangement of load sufficient to disturb the
terminal voltage much, decreases. The effect of a uni-
form motion of all the loads on the terminal voltage is
small. So long as the schedule is uniform and is ad-
hered to, the worst that can happen is a transformation
of the system into half the original number of sections.
Suppose in Fig. 6 all the load points of odd numbers to
be moving to the right and all those of even number to
the left, at uniform speed. ‘Then after each point had
moved half a section, there would be five sections each
loaded with a pair of coincident loads. Applying (7) to
the data of Fig. 6, E = 60, assuming the sections uniform.
As, however, the first section would be but three-fourths
the length of the others, the real loss would be 55 as
before. Another equal movement and the ten sections ap-
pear in their original relation. Another and we have the
five sections, but with an initial section one-fourth the
length of the others and total loss of 45 volts. Next
would come a ten-section arrangement, but with the first
load at A, and E = 45, and so on. The upshot is that
while the terminal voltage oscillates through a range equal
to the drop in the first section, the final effect on the aver-
age drop of uniformly moving the loadsis the same as load-
ing each section at the middle point or increasing » in-
definitely. Henee, in a line with uniformly spaced and uni-
formly moving loads, we may assume

[n 41

n

] =1 in (9) and write

11 CL
2 K
or, transposing,
LW TirC
P =a
. 8 &

That is, the area of the line can be calculated for average

((10)Jctm: ==
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terminal drop just as if the load were concentrated at its
middle point. Hence, for all practical purposes, by making
this assumption, equations (1), (4), (5) can be used in
calculating the line.

To keep the voltage approximately uniform over a
linear system of distribution is comparatively easy. Inthe
most favorable case, a number of uniform loads moving uni--
formly, the drop is half that met with in the most unfavor-
able distortion of the load, 7. e., bunching at the end of the
line. ‘T'his latter condition brings the worst possible load
upon the station, barring short circuits. Although long
stretches of uniform conductor often occur in railway prac-
tice it is usual to reinforce the working conductor by feed-
ers variously arranged, as will be shown later. Such feed-
ers were very necessary in the early days when trolley wire
as small as No. 4 was used, but now, when No. oo is very

X ¢
A —

D
FIG. 7.

commonly employed, elaborate feeding systems are less
necessary for linear working. ‘T'he most important linear
distributions are likely to come in long interurban roads,
which often demand special methods of feeding. What-
ever these may be, the uniform working conductor is of
sufficient importance in every system to warrant this dis-
cussion of its general properties.

As a corollary to this general investigation,. it is evi-
dent that in dealing with any linear system such as A B,
Fig. 6, the best point for the power station is at the middle
point of the line, since under the conditions of uniform load
supposed, this point would give the smallest average drop.
Since I, in such case is one-half of its value when the whole
line is fed from A, the total copper by equation (5) is re-
duced to one-fourth the amount for the same loss.

Considering now the branched type of distribution,
shown in Fig. 2, it is best to take it up in the simplest
available form. ‘This, Fig. 7, shows a main line, A B D,
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with a branch, B C, which is straightened and made paral-
lel to the main in order to more clearly show their rela-
tions. Unless the branch is of such magnitude and posi-
tion as to require special feeders, it is supplied with
current from the main linear system. In a few cases the
service on a branch is from B to C and back. More gen-
erally it is from C to A and back, a part of the cars being
devoted to a through branch route. On the section A B,
the load is the sum of those due to each line of cars. Be-
youd B there are two independent linear systems.

FI1G. 8.

If there are 2 cars on the route A D, and 7 cars on
the route A C, then the load on A B, due to both lines,
will be

ARG AD
"os + ig
and the loads on B C and B D respectively will be

BC BD

7 (/R il d e w g

B s )
Consequently, if the section A B is computed for this load
according to (10) we shall get the proper conductor for the
assumed loss E. The lines B C and B D can then be com-
puted for losses E; and E,. The values of E, E;, E, are
usually taken with the condition imposed that E—+ E,,
E-- E, shall be less than a certain specified maximum.
A more general method is that of Fig. 8. Here thereisa
line, A B, with branches running to C, D, E, F. The
loads are /, m, n, 0, p, amperes respectively. A B, AC,
" A D, AE, AF, are now considered as separate, each subject
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to its own conditions. ‘Taking now a drop for each line,
according to the dictates of economy or convenience, and fig-
uring the conductors from (10) with the respective currents,
an area is found for the conductor belonging to each line.
Then the cross section of copper required from A to the
first branch is [c 7]+ [e m]m-+ . . . . 'That from the.
first to the second branch is [¢ m]m -+ [cm]a+. . . .
and so on. In practice the conductors would be installed
»of the nearest convenient size, neglecting small variations
of ¥ from the calculated amount at the termini of the
various lines.

The same procedure applies to all sorts of independent
lines radiating and fed from a common center, whether or
not these lines have any sections in common.

_ We have thus far assumed all lines to be uniformly
loaded all along their lengths. It,often happens how-
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ever that for some cause a line is loaded unequally. In
the long run, grades partially compensate themselves,
since as many cars run down by gravity as go up by the
expenditure of extra power, so that their effect shows
more in the variations of power required than in the total
amount. Not infrequently, however, from the effect of
grades, curves or local cars in an extended system, there
is a regular demand for extra power at some point of the
line. ‘This is shown in Fig. 9. Here the line, A B, is
divided into ten sections, each equally loaded, except
that at 8 the load is three times the normal. Now it has
just been shown that a uniformly distributed load is the
same in effect as if it were concentrated at the middle
point of the loaded line; that is, the electrical loads, like
mechanical ones, act as if concentrated at their center of
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gravity. Hence we may represent the above case by
A’ B/, Fig. 9. If cbe-the normal load of each section,
then a load of 10 ¢ will be concentrated at C while a load
of 2¢1is at D. Hence, following out the principle of
center of gravity, the system requires for a fixed value of
terminal drop the same extra area of copper as if the
whole load, 12¢, were concentrated at E, a point chosen
so that 2 ¢/’=10¢/. 'The same result is reached in many
cases more simply by figuring the normal uniform load
as if concentrated at C, and then treating the load 2cat
D as if it were on a separate line, as in computing branches.
This is the best procedure when grades and other extra
loads are superimposed on normal and regular traffic.
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But the principle of center of gravity has another
and a broader application.

In any case of scattered load the center of gravity of
the system is the proper point from which to distribute
the power, at least in so far as this point gives the mini-
mum weight of copper for a given loss. For instance,
in the line of Fig. 9, E is the point from which the power
should be supplied, whether direct from a generator or
from a feeder, if A’ B’ is but a single part of a large
system. ‘The center of gravity of two points on a line is
found by the ordinary balancing principle, as in Fig. g.
The center of gravity of any number of points in a plane
is found by an extension of exactly the same method, as
shown in Fig. 10. Let there be, for example, five load
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points in value respectively 1, 2, 3, 4, 5; required the
center of gravity of the system. :

Take any two points, as 2 and 3, and find their mutual
center of gravity, just as in Fig. 9. ‘This will be
located at a point at which the whole value, 5, of the
2-3 system may be assumed to be concentrated. Now
find the center of gravity of this point and 5; this will
be at a point at which the weight will be 10. Then
taking 1 and 4, the resultant weight will be 5. Finally,
balance these resultants and the center of gravity of the
entire system is found at 15. ‘The order in which the
combinations are made is of no consequence, since a given
system can have but one center of gravity. Now, suppose
the points 1, 2, 3, 4, 5, are supplied from a common source
O, Fig. 11, through lines /,,7,,75,7,,/5. Referring to
equation (5) the total weight of copper in any line, as /Z,,
may be written W ==X ¢/?, where K depends on the uniform
drop assumed. For any number of load points thus con-
nected to a center O 2 W=X 2 ¢/2. But thisis directly
proportional to the moment of inertia, = 2 /2, of the loads
considered as weights, about O as an axis. Now the
moment of inertia of any body about any axis is composed
of the sum of two terms, viz., first, the moment of inertia
of the parts of the body around its center of inertia and,
second, the moment of inertia of the whole mass concen-
trated at its center of inmertia, about the axis chosen.
Therefore, the minimum moment of inertia for a given set
of loads is obtained when the axis coincides with the
center of inertia, thereby causing the second term to dis-
appear. Hence the total weight of copper required for
supplying, at a given loss, any system of loads is a mini-
mum when the system is fed from its center of gravity.
And the penalty for disregarding this law is severe, as will
presently be shown.

For example, take the case of a circular area with an
electric system made up of equally and uniformly loaded
lines radiating from a power station at the center. It has
already been shown that the cross section of copper needed
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for a uniformly loaded line is the same as if the load were
concentrated at the center. The weight is proportional tc
the cross section multiplied by the length. In the circular
distribution of Fig. 12, therefore, the area of the conduc-
tors is proportional to §7, the radius of the circle, while
their lengths equal». Hence, the weight of copper for
such a distribution is directly proportional to the product
of these factors and equals § K 72,

If, now, the system is fed from another point than O the
center, such as A, the weight of copper will be propor-
tional to the new moment of inertia, and, since this is made
up of the sum of the terms mentioned, the copper will be

doubled when d?==}] 72, i. e. when d= \—;—2 It will be mul-

tipled by 3 when d?=7? and so on, rapidly increasing.
The following table gives the relative weights of copper
corresponding to a few values of W,

W=1,d=0
€< 7
] ey
R
i
St Ll
T
Gt R

In any sort of distribution the mechanical analogue

furnishes a solution of the copper problem in the ways
just indicated. '
‘ It at once appears from these considerations that the
cost of copper runs up with disastrous rapidity if the center
of distribution is distant from the center of load. From
the data given one can figure out readily the extra invest-
ment in real estate that it will pay to make in order to put
the station near the center of load.

The facts set forth are a powerful argument for the
economy of an alternating current distribution with high
tension feeders, if such a system can be rendered availabie
for ordinary railway work. ‘The main objection to locating
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a center of supply at or near the center of gravity of the load
is the cost of site. For a regularly constituted generating
station this cost is often prohibitive, so that it is far cheaper
to endure the great increase of copper necessary for feed-
ing from a distance. If the central plant be reduced toa
substation for supplying an alternating current to the
working conductors, the space taken up is so trivial that
its cost is almost nominal, The reducing transformers
for a capacity of 1000 k. w., together with switch-
board and all necessary station apparatus can easily be

" FIG. I2.

accommodated in a room ten feet square, if compactness is
necessary. Nor is there any need of extreme care in the
matter of foundations, since there is no moving machinery,
save motors for ventilation, in such a substation.

Even if the day of ai.ernating motors for railway service
be delayed far longer than now seems probable, there are
not a few cases in which substations with motor-generators
are preferable in point of economy to an immense invest-
ment in feeders. At present prices of apparatus such a
condition will be met far oftener than would at first glance
seem probable. In large cities, where there is a strong
and growing tendency to force all feed wires underground,
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the cost of installing and keeping up conduits adds very
materially to the disadvantage of elaborate feeding systems
from a distant point. o

Another class of cases in which special attention to the
location of power station is needed may be found in the
interurban and cross country roads now becoming common.

Generally the distribution is linear or branched, rather
than a network. We should not, however, assume that
the power station should lie at the middle, end or any
other point on the line of the road. It very often happens
that the center of gravity of the load, which is the most
economical point for distribution, as we have just seen, is
not on the line at all. For example, take the line shown
in Fig. 13. It consists of three sections connecting, we

FIG. I3.

may suppose, four towns, A, B, C, D. The configuration of
the system is here determined by the topography of the
region, the amount of business at each point, and similar
considerations familiar in the art of railway location. We
may suppose the load of each section concentrated at its
middle point as before, forming the load points, a, &, ¢
Suppose the loads to be as follows : ¢ = 15, § = 10, c=35.
These loads may be taken in any convenient units pro-
vided the same units are used throughout.

Now, proceeding as before, draw & ¢ and locate the
center of gravity of theloads, 4 and ¢. This proves to be
d, where the concentrated load is 15. ‘Then drawing a 4,
the center of gravity of the system is found to be at O, quite
off the line of the road, although not inconveniently distant
from B. In other instances the center of gravity might
very readily be as far from any of the towns, A, B, C, D,
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as each is from its neighbor. This example, however,
shows a common characteristic of long lines.

The network type of distribution found in railway prac-
tice is quite different in character and needs from a light-
ing network. Itis, savein a few instances, such as Fig.
4 (see page 4), much less complex and is always much more
irregular in load. In a well ordered central station for
electric lighting, every street in the business district has
its main, and the load, while-far from regular, does not
exhibit the extreme variations found in electric railway
work.

The general solution of even a simple network, to find
the current (and thence the drop) in each line due to one
or more known load points, involves a most forbidding
amount of tedious computation. But for the purpose in
hand exact solutions are not needed so much as easy ap-
proximations.

Consider, for example,the simple network of conductors
shown in Fig. 14. A is here the source of supply, either
the station or the end of a feeder. ‘The load is distributed
along the lines, AD, AE,DE,DF,EF,DC, F B and
CB. Such a circuit may be said to consist of three meshes,
and it contains eight currents which we may call 7, Z, etc.
In lighting practice it is necessary, knowing the load to be
supplied by each line, to figure the conductors so as to
maintain uniform voltage throughout the network. ‘This
involves algebraic processes too complex for convenient use;
in fact the complete solution is a very pretty problem in
determinants, which those interested may find elucidated in
Maxwell’s ¢ Treatise on Electricity and Magnetism,’’ and
somewhat simplified in a paper by Herzog and Stark, pub-
lished in 1890. For railway work the conditions are,
fortunately, simpler. We know, or can assume with suffi-
cient accuracy, the normal distributed load on each of the
lines. But we are absolved from any necessity for keeping
closely uniform voltage throughout the system, since, even
were it a matter of more importance than it ever is, it
could only be accomplished by using an enormous excess of
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copper, for a large part of the load is liable at any time to
be concentrated on almost any part of the network.

Two conditions must at all events be fulfilled. First,
each one of the lines, A D, A E, etc., must be able to
carry its own proper load without exceeding a standard
drop; and, second, the sum of the distributed loads must be
carried at certain points, which can be approximately pre-
judged, without exceeding a certain maximum drop.

It must be noted that the conducting system of a rail-
way differs from that of a lighting plant in having a much
greater proportion of feeders to mains. In fact the working

C

FIG. 14.

conductor of a railway is generally of quite limited carrying
capacity. Practically, in laying out a network like that of
Fig. 14, one has to cut loose from lighting precedents and
deal with a special problem.

Following the first of the conditions just named, a
convenient first step is to compute the conductors as iso-
lated lines, on the assumption thatZ,,7,,7;, etc., are the
currents due to the normal load on each line. ‘This fur-
nishes the skeleton, as it were, of the conducting system.
This work can often be simplified by bearing in mind the
main lines of traffic and treating as one their component
conductors. For instance, in Fig. 14, if A be the station
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it may be convenient to take A D CB as a single conductor
carrying a load 7, +7,+7;, and AETF B asanotherloaded
with 7,+7,+7;,. DE and D F may then be taken sepa-
rately.

Now, this skeleton must be padded with reference to
the second condition mentioned. Suppose that traffic is
liable to be congested at or near B. This point is fed by
the two main lines in multiple. If the drop chosen for
these in making the skeleton would mean a drop at B
sufficient to seriously impede traffic, enough copper must
be added to relieve this condition. Just where this addi-
tion should be made requires the exercise of considerable
discretion. If F is a point where congestion is also to be
feared the line, ADF, should be strengthened, being the
nearest route. If C be threatened, A D C should be rein-
forced. In either case the addition should be sufficient to
put B out of danger. In any case 73 and Z; should be con-
sidered with reference to the lines, A D and A E, and the
dropsin DE and DF so taken as to keep them at good
working pressure in spite of any excessive demands near °
the terminus of the system. In other words, for railway
work it is nearly always possible to split up a network
into a combination of linear systems and branches, since
the loads are, or may be, so uncertain that fine discrimina-
tion in minor lines is out of the question.

A good development of this splitting principle may be
found in Fig. 15, which is a network of three meshes com-
posed of two parallel lines, A and B, cross tied by the lines,
CD,EF,GH, IJ. Let A be a feeder and B the trolley
wire and we have the well known ‘‘ladder’’ system of
feeding in. As, in practice, CD, EF, etc., are very short
compared with CE, E G, etc., thesystem may be regarded
as composed of A and B in parallel, the only qualification
being due consideration of the possible drop in B between
a load point and the two nearest feeding points. But we
may suppose A and B to run in adjacent streets and the
former to be connected to another trolley wire on its own
street, then a track to run along GH, and so on until
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the full network is developed. At each stage of compli-
cation the system may be considered as composed of one
or more mains with branches, without sensible error, the
inaccuracy of the assumption being negligible compared
with the uncertainty produced by the irregular load.

The variations of load in an electric railway system
are so prodigious as to render the most careful calculations
only roughly approximate. They are, in general, of three
kinds. First, the momentary variations due to accidental
changes of load incident to the nature of the service.
Second, periodic general variation of the aggregate load
caused by the varying conditions of service throughout the
day. Third, shifting of the load to various points of the
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system, concurrent with the daily variations in total load,
but bearing to them no simple relation.

The momentary variations are constantly occurring
from minute to minute, almost from second to second.
They are most considerable in street railway systems oper-
ating but few cars, and their amplitude may then be equal
even to the maximum total load, and occur in a fraction of
a minute. Such a condition may easily exist in a plant
operating eight or ten cars. As the number of cars in-
creases, the chance of so great variations diminishes,
although somewhat slowly. In very large systems, the ex-
treme amplitude of these oscillations of load may be re-
duced to twenty or twenty-five per cent. of the total load,
but they can never disappear entirely. Their effect on the
design of the conducting system is but small, for the volt-
age does not have to be kept closely uniform, and the con-
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ductors will be laid out for the average load based on the
average consumption of energy per car. With a normal
drop so computed and with care taken to allow a reason-
able margin for maximum loads, these variations of the
first class need not constitute a serious embarrassment.

The diurnal changes of load based on average readings
in which the minor oscillations are suppressed, are great in
amount and of much interest. ‘They are due to the habits
and occupations of the community served, and often exhibit
very curious peculiarities. Further, they are almost as
strongly marked in very large systems as in quite small
ones and serve to determine the relation of average to max-
imum load, which in turn determines the allowance which
must be made for drop at extreme loads. Even under very
favorable circumstances the difference between average and
maximum load is great. This is very forcibly shown in -
Fig. 16, which gives the load line on one of the largest
electric railway systems for a December day, just before
the holidays.

The minimum load is quite uniform from 2 A. M. until
5 A. M. and is only about six per cent of the maximum. At
about 5 A. M. the load comes on quite suddenly and con-
tinues to rise until about g9 A. M., when it begins to fall,
and keeps diminishing until about 2 ». . = Then it rises,
slowly at first and then more rapidly until it reaches a
second maximum, about equal to the first, at 6 p. M. ‘Then
it falls somewhat irregularly until only the night cars are
left.

The average load for the twenty-four hours is about
six-tenths of that at the two maxima. ‘This difference is
what must be kept in mind in providing a due factor of
safety in the conductors. ‘The load line is not, of course,
invariable, being subject both to accidental and yearly varia-
tions, but, in spite of these, it preserves its characteristics
and the value of its ‘‘load factor’ with remarkable uni- -
formity. In small systems there are practically no night
cars, the service being generally about eighteen hours.
Were such the case in Fig. 16, the ‘‘load factor ’’> would be
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materially improved, rising in fact to about three-fourths
on this supposition. But in small plants the day mimi-
mum is relatively smaller than in Fig. 16, so that the load
factor is worse. Indeed it only too frequently falls to one-
quarter or one-third in roads operating five to ten cars.
Any value of load factor over one-half may be considered

good in any but the largest plants.
In long roads operating a few large cars or trains at
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high speed, the load is subject to smaller casual variations,.
but the load factor is apt to be low by reason of the great
change made by the stopping or starting of a single load unit.
The load during the period of acceleration is likely to be
about double the running load even with carefully handled
motors, and as this period is often several minutes, there is
an excellent chance for the superposition of several such

loads.
More serious than any others are the variations in the

Jocation of load, since these may cause a heavy call for-
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power at some distant part of the system. Such shifting
of the load occurs in nearly all cases of linear distribution,
and has already been noted, but it also occurs on all sorts
of systems, and is the more serious as it is less to be regu-
larly expected. A single blockade may fill a limited dis-
trict with stalled cars, and when at last it is broken the call
for power is of a most abnormal kind. It does not appear
strongly marked on the load line, but shows in the shifting
of load from one feeder to another. On systems of moderate
size thisshifting of load may be very serious. Forexample,
through the baseball season many roads will find nearly
their full output demanded at the ball park once or twice
a week. The next maximum output may be at the other
end of the system, to accommodate some special celebration.
Even in a large network, at certain hours, during, and just
before, maximum load, the bulk of the load will be within
a small district, and within the same district only when the
same causes produce the shifting.

This wandering of the main load over the system
is one of the most exasperating factors in the design of the
conductors. It may easily amourt to the concentration ofa
quarter or third of the total load at some quite unexpected
point. It can be dealt with only by a minute study of the
local conditions, which generally will furnish some clue to
the probable magnitude and position of such wandering
loads. Whatever may be the general conditions of drop,
the conductors must be so distributed as to prevent the sys-
tem breaking down when loaded in some abnormal man-
ner at some unusual point. No theory can take account
of such occurrences; their ill effects can be obviated only
by good judgment, which is of more value than many
theories.



CHAPTER II.
THE RETURN CIRCUIT.

The outgoing circuit of an electric railway has just
been discussed in its more general relations. Before invest-
igating the proportioning of the working conductors it is
necessary to look into the return circuit. Up to this point
it has been assumed that this is similar to the outgoing
system as it is in the case of motor systems in general.

In nearly all electric railway practice it has been the
.custom to employ the rails and earth as the return circuit,
since the former are good conductors and necessarily in
contact with the car wheels, and the latter is as necessarily
in contact with the rails.

In some cases two running contacts are employed as
in the double trolley system, conduit roads, some recent
elevated roads, and the like, but in most instances the
total circuit of any railroad consists of the outgoing system
of copper conductors and a return circuit consisting of the
rails and their environmment.

Now the conductivity of an iron or steel rail is com-
puted with tolerable ease, but the rest of this heterogeneous
system is most uncertain. It consists, near the surface, of
bond copper, tarnished surfaces, iron rust, rock, dirt, dirty
water, mud, wet wood and promiscuous filth, and deeper
down of all sorts of earthy material, and in cities various
sorts of pipes for gas, water, etc.

In the early days of electric railroading the resistance

, of this strange assortment was assumed to be zero on the
theory that the earth was the conductor concerned and was
practically of infinite cross section. ‘This was shockingly
far from the truth and although data are rather scarce, we
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may properly take up the return circuit p1ecemea1 and see
what the actual state of things may be.

First as to the rails. Mild rail steel is a very fair
conductor. Weight for weight it is, comparing the com-
mercial metals, just about one-seventh as good a conductor
as copper. Now a copper wire weighing one pound per
yard has an area of about 110,000 c. m.; hence-an iron
bar weighing one pound per yard is equivalent to about
16,000 c. m. of copper, very nearly equal to No. 8 B
& S gauge. 'This enables us at once to get the equivalent
conductivity of any rail neglecting the joinis. »

The resistance of a copper wire of 16,000 c. m. is
roughly six-tenths of an ohm per thousand feet. Hence the
resistance of any single rail in ohms is, per thousand feet

= \767 where W is the weight per yard.
Or since two rails form the track Ri= W"’

That is, if the rail used weighs sixty pounds per yard the
track resistance is approximately 3} ohm per thousand feet.
For convenience the relation between weight of rail and
equivalent copper is plotted in Fig. 17. The maximum
figure is for mild rail steel. Of late there has been a tend-
ency to use a harder steel rather high in manganese. This
lowers the conductivity by no small amount, sometimes to
one-tenth that of copper, for which the minimum in Fig.
17 is arranged. In close figuring the- conductivity should
be measured, and specified in ordering rails.

These relations enable one to figure the drop in the
track, neglecting joinis, by the formulae already given.
For this purpose the distance in the formula should be, of
course, the actual length of track, not the double length as
when a return circuit of copper is figured. Thus one
would separate the outgoing and return circuits and com-
pute the drop in them separately. For simplicity it is
however desirable to make allowance if possible for the
return circuit, incorporating it in the constant of the
original formula so as to make but a single calculation. .



‘30 POWER DISTRIBUTION FOR ELECTRIC RAILROADS.

The figures just given emphasize with tremendous force
the need of thorough bonding of the track in order to take
advantage of its immense conductivity. In the early elec-
tric railways this was terribly neglected, the bond wires
sometimes being as small as No. 6 and even of galvanized
iron. Bonding is of very various character. Its most
rudimentary form is shown in Fig. 18. In this case the
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bouds merely united the ends of adjacent rails, each line of
rails being bonded separately. ‘The improvement of Fig.
19 is quite obvious, for in Fig. 18 a single break compelled
one rail to carry the return load. The cross bonding of
Fig. 19 adds somewhat to the weight of copper required,
but ties the rails together so that no single break can be
serious and nothing save a break from both rails on the
same side of the same joint can really interrupt the circuit.
A very large amount of track has been so bonded, al-
though at present the usual construction is shown in Fig.
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20. 'The supplementary wire effectively prevents ‘ dead
rails.” In modern practice the bond wires are often as
heavy as No. 0000, and are generally tinned to prevent
corrosion. All joints in the wire are soldered and the rail
contacts made as perfect as possible. It is perfectly clear
that the supplementary wire is of little value as a con-
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ductor compared with the rails, but it is of service in miti-
gating the effects of bad joints. In a few cases this supple-
mentary wire is reinforced by a heavy copper conductor laid
alongside the track and connected at intervals to the sup-
plementary wire as shown in Fig. 21. If the joints made
by the bonds and rail are very bad this extra copper may
be of service, but good joints render it quite unnecessary.
The value of the rails as conductors is so great that every
effort should be made to utilize them to the fullest possible
extent.
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The seriousness of the joint question may be seen by
a moment’s reflection upon the data already given. ‘There
are about thirty-three joints per thousana feet of rail. ‘This
means sixty-six contacts per thousand feet between rail and
bond, in addition to the resistance of the bond wire itself.
Now, tlie resistance of a sixty pound rail per thousand feet
is, as we have seen, only t4y ohm, in decimals o.or. If
there should be even one-ten-thousandth of an ohm resist-
ance in each joint between bond and rail, the total resistance
would rise to 0.016 ohm per thousand feet. Add to this, the
actual resistance of, say, sixty feet of bonding wire No. o,
and the total foots up to 0.022 ohm, more than doubling
the original resistance. If the joints were here and there
quite imperfect, as generally happens, the rail resistance
might easily be increased far more.

One would be thought lacking in common sense who
needlessly doubled the resistance of an overhead circuit,
but in the rail circuit far more atrocious blunders are only
too common. A few years ago it was frequent enough to
find bond wire simply driven through a hole in the web of
the rail and headed on the outside. Fortunately, the need
of care here 1s now better realized and in the last few years
the name of the rail bond is legion. Most of the contacts
are modified rivets, not infrequently supplied with some
sort of wedging device to ensure a tight contact. They
are, most of them, good enough if properly applied, but a
careless workman can easily destroy the usefulness of even
the best bonds. The bond contact proper is often quite
distinct from the bond wire and is generally given a greater
cross section than the latter, to ensure an ample contact
with the rail. Figs. 22 to 25, inclusive, show some of the
best current forms of bonds. Fig. 25, the ‘‘plastic”’
bond, is composed cf a layer of a species of amalgam re-
tained by an outer wall of cork and squeezed into intimate
contact with rail and channel plate. It gives a singularly
low resistance contact. -

As to the real resistance of a bonding contact, experi-
ments, as might be expected, vary enormously. The re-
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sistance of the bonding wire is, of course, determinate, but
that of the contact is most irregular, varying with every

kind and size of bond and with the thoroughness with
which the mechanical work is done. No part of electric
railway construction deserves more careful attention. Cull-
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ing the values of bond resistances from experiments on the
bonds shown we get the following table :

BOND RESISTANCES.

Fig. 22 = 0.000131 ohm.
BRI S T — 0 0001
‘“  23A = 0.000247
‘““ 24 = 0.00006
““ 25 = 0.000175

These resistances are for the complete bonds newly set.

As nearly as may be judged, the resistance of a single
contact, carefully made, can be counted on to be consider-
ably less than .0or ohm. With bond plugs of large surface
well set, it would seem safe to count upon a resistance not
exceeding .0002 ohm. per contact.

The bonding wires should be as short as can be con-
veniently handled. The advantage of lessened length
appears strongly in the results from Fig. 23. Such bonds
under the fish plates are more dificult to apply than bonds
around the fish plates, but are of low resistance and well
protected. As to size, there is little reason for using any-
thing smaller than No. ocoo or No. oooco. With about
a foot of No. oooo at each joint, and thorough contacts
carefully made, the resistance of bonds ought to be about
as follows per thousand feet.

66 bond contacts=.0132
33 ft. 0ooo wire = .00165

Total 0.0148 ohm,

This is about one and a half times the resistance of a thou-
sand feet of sixty pound rail and corresponds well with
actual tests of well bonded track. It is quite near the truth
to assume that under average circumstances of good con-
struction the bond wire and contact resistancemay aggregate
about twice the resistance of the rails themselves.

As regards the earth there is great misconception both
as to its conducting power and the part it takes in modify-
ing the rail and bond resistance which we have just been
considering. Outside of the metals there are mo sub-
stances that have even fair conducting properties. That
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is, all other so-called conductors are very bad compared even
with a relatively poor conductor like iron. For example,
carbon in the form of graphite or gas coke, is usually consid.
ered a very fair conductor, yet it has several hundred times
the resistance of iron, while nitric acid and dilute sulphuric
acid, the best conductors among electrolytes, have many
thousand times the resistance of iron. ‘The acid last men-
tioned has a specific resistance of about o.4 ohm for a
cubic centimeter, while the resistance of a cubic centimeter
of iron is only 0.00001 chm. Woater, even when dirty as it
is found in the streets, would show a specific resistance of
1000 ohms or more. FEarth, rock and other miscellaneous
components of the ground are even worse, so that it is at
once fairly evident that it would take an enormous con-
ducting mass even of water to approximate the conductiv-
ity of a line of rails.

Even in theory the mass of earth really available for
conducting purposes is somewhat limited, for if a current
be passed between two earth plates, the current density de-
creases very rapidly as the lines of flow depart from the
direct path between the plates. It has long ago been
shown, too, that when such a current is established be-
tween, let us say, a pair of metallic balls sunk in the earth,
the resistance of the circuit does not vary much with the
distance apart of the terminals, but depends greatly on the
surface of the ground connections. Numerous experiments,
too, have shown that the earth is so heterogeneous, so
broken up into strata of varying conductivity, that the
current flow takes place mainly along special lines, the
general mass taking very little part in the action. If, for
example, a ledge of rock is in the line between earth plates,
save for possible crevices filled with water, it is practically
a non-conductor.

At various times and places the value of a true earth -
return for railway and similar work has been thoroughly
tried and has generally been found to be practically 7.
In two cases the ground plates were sunk in considerable
rivers which formed return circuits for lines in each case
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about four miles inlength. The ground plates themselves
were of ample area, in one experiment several hundred
square feet, and gave every opportunity for good contact
with the water. The applied voltage in each set of ex-
periments was 500 to 550. ‘The resulting currents were
insignificant and the resistance of the earth return proved
in one case to be about 85 ohms, in the other but a few
ohms less. a

In another more recent experiment the terminal sta-
tions were about 3ooo ft. apart. An attempt had been made
to use an earth return for a motor circuit, with the usual
result, and the failure led to investigation. ‘The experi-
ment was arranged as in Fig. 26. At A and B were care-
fully arranged ground plates in duplicate. One of each
pair was sunk in a well, the other imbedded in a mass of
iron filings in damp earth. Ati1, 2, 3, 4, 5, stations 500
ft. apart, grounds were made by driving large iron bars
deep into the earth. ‘The voltages employed were vari-
ous, from 60 to 150 volts direct current, and alternating
current from a small induction coil. ‘The results were
nearly coincident in all the sets of experiments and showed
the following curious state of affairs:

Stations. Res, ohms,

92.4  Ground plates alone.

121.0  Well plates alone.

66.8  Both well and ground plates,
201.6

374.0
92,
506.3
180.0

B
MEG e R w

The resistance is evidently not a function of the distance
nor of anything else that is at all obvious. The only
feature that is what might be expected, is the tolerably
regular effect of putting both sets of earth plates in parallel
as exhibited in the first three lines of the table. The re-
sistances at the intermediate stations show how hopeless
it is to predicate anything of earth resistance except that
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it is too high to be of any practical use save for trivial
currents such as are-employed in telegraphy.

Imagine the stations A and B, Fig. 26, to be con-
nected by a track consisting of a pair of sixty pound rails
thoroughly connected and put in parallel with the circuit
via the earth connections. At best this has a resistance
of 66.8 ohms while that of the track should be at worst
only a few tenths of an ohm. Following the ordinary law

of derived circuits, it is clear that the current returning via

2 3 4 5
A L - B
FIG. 26.

the earth is only a minute fraction of one per cent of the
whole. If the track could be continuously in good con
tact with the earth throughout its length somewhat more
current might be coaxed into the earth return by taking ad-
vantage of all the fairly conducting streaks and strata. In
rare instances the earth under the track has been found in
such condition as to have a material amount of conductiv-
ity, enough to lessen the drop through the rails very per-
ceptibly.  Such cases, while well authenticated, are so
uncommon as to be of small value save in showing the
enormous irregularity of earth resistance, and the utter
lack of any well defined laws governing it. And in prac-
tice, track is so laid that it is not in good electrical con-
tact with the earth as a whole. Fig. 27 shows in section
a type of track construction which has been very widely
used. The rail is laid upon a longitudinal stringer tim-
ber to which it is spiked firmly. ‘The stringer is secured
to the cross ties by angle irons. The ties are well tamped
with clean sharp gravel which is packed around them and
the stringer, and forms a foundation for paving of block
granite set closely in upon the rail. Here the material in
contact with the rail and surrounding it for some space
is very badly conducting except when the track is
flooded.

Fig. 28 showsanother track construction, which would
appear to give even worse conduction between rail and
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earth than Fig. 27. The rails are here supported at each
tie by cast iron chairs, without an intermediate stringer,
and the ties are set in concrete, while rail and chair are
surrounded by coarse gravel on which the paving is laid.
In no modern track is the rail in contact with better con-
ductors than hard wood, gravel or stome. Consequently
there is very little tendency for current to be shunted from
rails to earth, unless the former are very badly bonded,

FIG. 27.

for the paths in derivation are bad and there is little differ-
ence of potential between any two points of the track to
impel branch currents of any kind. Of course, if one at-
tempts to use the two rails as outgoing and return leads,
the condition is wholly changed, for the full difference
of potential then exists between two mneighboring rails
and there must be a very large amount of leakage. In
fact, if there is any considerable difference of potential be-
tween the rails or between them and any other conductor,
there will be a perceptible flow of current, even through
as bad a conductor as damp gravel, if the path be not
too long.
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Thus it is that while ground plates along the track
according to early usage are insignificant in modifying the
conductivity of the return circuit, there may be, if the
rails are poorly connected, very perceptible flux of cur-
rent from the track to, for instance, a water main running
parallel to it and but a few feet away. Fig. 29 shows this
state of things. ILet AB be the track and CD a water
main half a dozen feet below the level of the track. The
resistance between any particular points of AB and CD is
at all times large, owing to the high specific resistance of
the material between them, but the area between A B ard
CD in a long stretch of track is so great that if the
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FI1G. 28,

fall in potential in A B is not very slight indeed, there will
be a considerable flow of current into and along CD. ‘To
take a concrete example, let A B be twenty rods long, and
suppose CD to be a foot in diameter and six feet distant
from A B. The total area of material in direct circuit
would probably be a strip 100 metres long and not less than
a metre wide. Such a strip would contain a million square
centimetres area and we then have to compute the resist-
ance of a block of bad conductor a million square centi-
metres in section and perhaps averaging 200 cm. long.
This we can regard as built up of amillion strips, each one
centimeter square and 200 cm. long, connected in parallel.
The total resistance would then be the resistance of one such
strip divided by 1,000,000. In fact the resistances of
these elements would be very various and the currents
would flow in all sorts of irregular lines, but we are deal.
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ing here only with the average result. Suppose the ma-
terial has a specific resistance of a thousand ohms per cubic
centimetre, then the resistance of one element would be
200,000 ohms, but the whole mass would have a resistance
of only one-fifth of an ohm; hence if there should be between
track and pipe an average difference of potential of ten volts,
an amount sometimes exceeded in real cases, there would be
within the distance considered a flow of fifty amperes be-
tween track and pipe.

As large pipes may weigh several hundred pounds per
yard, it is clear that their conductivity cannot be neglected,
although in most cases it has no mnoticeable effect on
the resistance of the system. In any case, these extra-

neous metallic conductors cannot properly be counted as a
A B

FIG. 29.

part of the circuit, except under very unusual conditions,
since flow of current to them is highly objectionable, as
will presently be shown. ;

To sum up the matter of earth return, properly so
called, the earth, so far from being a body of high con-
ductivity, useful for eking out the carrying power of the
rail return, is, for most useful purposes, to be regarded al-
most as a non-conductor. Its specific resistance is so high
and irregular that it is of no value as part of the return
circuit, while its conducting power in great areas comes
into play only in an unpleasant and troublesome way. The
conduction which occurs is very irregularly distributed
and varies greatly from time to time. For all long lines
of railroad and for many small street railway systems, the
earth may be left entirely out of account, and in large
street railway systems it is generally a source of anxiety.
In the early days of electric railroading quite the opposite
view was often held and roads were constructed accord-
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ingly. In reality the bonding was then so generally ineffi-
cient, that probably even the earth may have .improved
the, general conductivity. Experience has shown that the
view here presented is generally the correct one, and the
realization of it has done-much to improve general prac-
tice. Possibly interference with telephone circuits did
much to prolong faith in the earth as a conductor, but the
_telephone deals with millionths of amperes, which are quite
insufficient for operating street cars.

. Recurring to Fig. 29,:and granting the conditions to
be such that a current flows from track to pipe at some
point in the system, that current must leave the pipe and
either pass back to a part of the track having a lower po-
tential or to some other conductor by which it may work
its way back towards the station.

Now wherever an electriccurrent leaves a metallic con-

ductor for one which owes its conductivity, as does the
earth, to the presence of liquid, the surface of thé former
is corroded—gnawed away by the chemical action set upA
. by thecurrent. Hence the pipe under consideration would
soon show a surface pitted with rust, and eventually the
corrosion would extend through to the inner surface of the
pipe and start a leak. Similarly the rails are corroded
from the exit of the current, but the result is not of much
consequence, . :

This matter of, electrolytic corrosion of water pipes,
gas pipes and other buried conductors is serious in very
many electric railway systems, so serious that it is worth
detailed study as one of the gravest factors bearing on the
design of the return circuit. -One would naturally suppose
that the actual amount of damage done by the compara-
tively small currents distributed over a large space, would
be rather slight. So it would be if it were intermittent,
but when the electrolytic process goes steadily on week
after week and month after month, the aggregate result is
somewhat formidable. Omne ampere flowing steadily from
an iron surface will eat away very nearly twenty pounds of
metal per year. So, in the case of conduction to a pipe
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just investigated, the resulting corrosion would amount to
kalf a ton per year. ‘This destruction would be done in the
surfaces of exit from the pipe and if the conditions were
such as to limit these surfaces to a comparatively small
area the local damage would be very serious. :
Electrolytic corrosion of underground conductors by
stray currents was first noticed in the case of lead covered
telephone cables in Boston by I. H. Farnham, to whose
researches much of our knowledge of the subject is due.
Lead is attacked at the rate of about seventy-five
pounds per ampere per year, so that the result is extremely
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Fi1c. 30.

marked. Fig. 30 gives a diagrammatic view of the circuit
through such a cable. Part of the current used on the
railway circuit passes from the rails to the cable and thence
along it to the neighborhood of the motors, where it passes
back to the track and the moving cars. The mischief is
done at this point and not while the current is flowing in
the cable. ‘The effect produced is a severe corrosion of the
lead covering of the cable taking place irregularly upon
the surface and forming pits, which may penetrate the
sheath and destroy the insulation of the cable.
Investigation showed the state of things on the Boston
system to be very interesting. At the time, the positive
poles of the dynamos in the power station were connected
with the rails so that the current passed into them and
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thence to the pipes and cables, emerging from them at vari-
ous points in the system. The corrosion was thus widely
distributed, but from local conditions of conductivity was
most apparent in spots. Careful measurements of the
potential between the track and the cables were made in a
large number of places with the result shown in the map
(Fig. 31). Near the power stationsthe flow was from track
to cables, but over the main area of the city it was from
cables to track, giving a large area in which corrosion
might be expected. Differences of potential as high as

FI1c 31,

five volts were observed, while experiments in other cities
have shown as much as twenty-five volts. It is interest-
ing to note that one of the first experiments tried to re-
lieve this’ electrolytic action was to sink in the earth
ground plates connected to the cables in the hope that
the current flow would take place mainly through them.
The potential differences even at points quite near these
plates were practically unchanged, showing very plainly the
intense badness of the earth as a conductor, which has
already been pointed out. =

The method of treatment which proved most effective
in reducing the electrolytic effects, was first to locate the
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trouble as nearly as practicable in definite areas and then
to check it in these arcas. In the first place the dynamo
connéctions were reversed so that the stray current would
enter- pipes and cables over the most of the system, but
would leave them en route for the negative terminal of the
dynamo only in the districts immediately surrounding the
power houses. ‘Thus it would be certain that the damage
would belimited to known areas which could be attacked
locally with success, instead of-being scattered where the
trouble would -be hard to locate and harder to remedy.
Even within these areas conduction and consequent elec-
trolysis is likely to be very irregularly distributed, so that
serious trouble may occur at one point when points near
by are apparently unaffected.

F1cG, 32.

Fig. 32 shows the result of thischange. The ‘‘ danger
areas’’ shown hcre as before by shading on the map, are
comparatively small, although within them the differences
of potential were quite as great as before. Now the prob-
lem was to lead the current back to the dynamo without
compelling it to leave the cables, and corrode them at the
points of exit. ‘To this end, large copper conductors were
extended through the danger area and thoroughly con-
nected at intervals to the teléphone cables. ‘The result
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was excellent, since the stray currents, instead of passing
from the cables through the earth to the track, took the
easier path through the supplementary conductors.

A measurement of the current thus collected from the
telephone cables into a main ground wire from the station
showed over 500 amperes capable, if flowing continuously,
of eating away 37,500 lbs. of lead per.year.. And as this
current did not include that which found its way to water
and gas pipes, the real amount of current which"left the
rails and wandered home through underground conductors
was considerably larger than the figure mentioned, prob-
ably several times as great. The distribution of this cur-
rent is so irregular from place to place, as indicated on the
map, that it would be very hard indeed to estimate the total
proportion it bears to the whole current on the system.
So far as data are available however they indicate that we
would not be wide of the truth in saying that ten to twenty
per cent of the current on the system may follow other
paths than that through the rails and bonds. Even more
than this may appear in occasional instances. -So while the
earth -helps the return circuit directly but little, buried
conductors may help very materially, perhaps to their own
serious detriment. It should be remembered that the elec-
trolytic action is not necessarily proportional to the differ-
ences of potential such as are noted on the maps. The
places most injured depend on local conductivity and some
of the worst instances recorded have occurred where the
measured potential difference was only one or two volts.

Figs. 33 and 34 give a graphic idea of the kind of
damage that is done to pipes by electrolysis from stray
currents. Fig. 33 shows the effect of corrosion on an iron
gas pipe, and Fig. 34 that on a lcad water pipe. Both are
from photographs of the ‘‘ horrible examples.”” As the
action tends to become concentrated in spots, a pipe may be
perforated in a rather short time. Iron water pipehassome-
times been riddled in five to eight months. ‘That this is
easily possible may be readily seen, for suppose that con-
ditions are such as to get in a certain spot a flow of half
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an ampere in a space of one square foot. Suppose the pipe to
be 4 in. thick, therefore weighing about twenty-five pounds
per square foot of surface. If the electrolytic action were
perfectly uniform the pipe would be reduced to an unsub-
stantial shell in a single year, and since the corrosion al-
ways shows irregular pits the pipe would almost infallibly
be perforated in six months. Very curious differences

Fi1c. 33,

exist between electrolytic actions in various situations,
depending on the chemical conditions in the soil. Some-
times the action produces a thick dense coating of ordinary
rust which almost suspends the electrolytic process, while

Fic. 34,

elsewhere the products of decomposition are more soluble,
and the work goes on until the iron is eaten away leaving
a mere shell of the contained carbon and electrolytic debris
generally. :

It is worth while to note that surface protection of
pipes by painting with asphalt and the like has been shown
by the Boston experience to be practically worthless, as
the corrosion seems to work under the film, which can never
be made really insulating to any useful extent.
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In spite of the quite perceptible assistance that may
be rendered by underground pipes to the general conduc-
tivity of the return system, every effort should be made to
avoid it. For, even if the various lines of pipe are protect-
ed by the supplementary wire method described, there
may be electrical differences at the joints of the pipes quite
sufficient to cause local corrosion in serious amount. Joints
in water pipe are better mechanically than electrically and
the currents flowing through them may, as we have seen,
be rather heavy. Take for example Fig. 35. Suppose
that owing to oxidized and dirty surface of contact the
joint A has a resistance of .0o5 ohm and that a current of
one hundred amperes is flowing through it in the direction
indicated by the arrow. The fall of potential through the
joint would then be .5 volt, lines of current flow would be
set up as shown by the dotted lines and a ring of corrosion
B C would be set up on the positive side of the joint. Half
a volt is quite enough to do the work, and though the

action might be slow it > )
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would be sure. In point i \y‘x\"

of fact the lead calked joints
used in water pipe may
readily show a resistance A
ten or twenty times that
just assumed, sometimes T
even an ohm or more, a N
case still more serious. Fic. 35.
Therefore all conduction

by pipes ought to be avoided as far as possible unless they
are electrically continuous. Even if they are, protection
by supplementary wires is somewhat risky since while it
may relieve trouble in the conductors so connected it may
enhance the danger to neighboring pipes not thus protected.

Joints between pipes of different materials are espe-
cially dangerous, for instance between cast iron and cement
lined sheet iron. Under exceptionally unfavorable condi-
tions joints have been eaten out in as short a time as six
weeks.
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Liberal use of supplementary wires has great use
as an emergency measure, applied to systems already
existing, but here, as generally, an ounce of prevention
is worth a pound of cure. The proper return circuit of
the railway should be made so good that the stray currents
shall be quite negligible, and all methods of palliating their
evil effects should be considered secondary in importance
and to be shunned rather than courted. Itmust not be un-
derstood that these methods are condemned, for they may
be of much use, but they should be employed only to deal
with the residual currents after they have been reduced to
the lowest practicable terms by means of improving the
track circuit. :

The main point of such improvement lies in the con-
nections between rail and rail. If the resistance of the
bonds and their contacts were negligible there would be
very trifling stray currents.

For example, if we are dealing with a double track of
ninety-pound rail, the resistance is about g3 ohm per
thousand feet or .0o87 ohm per mile. Such a structure
could carry 1000 amperes with a loss of but 8.7 volts
per mile and should reduce the stray currents to a very
minute percentage since the resistance is not only very
small compared with any probable value of the earth
Tesistance between track and pipes, but also very small
compared with the resistance of the pipes themselves in-
cluding their bad joints. With, say, one per cent of the
current in the earth conductors the electrolytic action,
while not absolutely suppressed, would be so slow and so
trifling as to be scarcely worth considering save at a few
points which could be protected if necessary.

All this points to the necessity of the most perfect
bonding, as before pointed out. All sorts of devices have
beentried. Two of the most ingenious, aside from those
already referred to, consist respectively of a plastic com
ducting film squeezed between the bond surface and the rail
suarface, and of a heavy copper dowel pin driven into a hole
in the end of one raii and the other rail forced upon it and
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held with the fishplate. The uncertain point about these
as about many other bonds is their ability to endure jarring
and corrosion. Bonds are sometimes subject to the same
sort of electrolytic action just mentioned in connection with
pipe joints. Lately many bonds have been electrically
brazed to the rails by a process closely akin to electric
welding. ‘The amount of power required is only 15 to 2¢
K. w. and in point of low resistance and permanence the
result is exceedingly good.

The most radical cure for joint resistance of rails may
be found in the two now familiar processes for making
continuous rails. That a continuous rail is entirely feasi-
ble mechanically now admits of no dispute. Expansion
does not and cannot take place longitudinally when rails
are firmly embedded in paving, even under the extremes of
temperature encountered. Whatever yielding there is, is
lateral, and the track is not thrown out of line.

The electrically welded joint when carefully made is
strong and reliable and of almost infinitely small resistance.
The contact is non-corrodible, of great surface and so in-
timate as not sensibly to increase the resistance of the
track. Itis as far superior to a bond contact as the latter
is to the contacts made through rusty fishplates. A track
so excellent mechanically and electrically needs no com-
‘mendation here, more than to reiterate the value of a com-
plete and permanent connection between rails. Unfortu-
nately the simplest form of joint which has shown ample
strength is the butt welded form which requires energy to
the amount of 200 H. P. or more, a quantity not often
readily attainable. Recently a very good and reliable form
of joint has been made by welding on a pair of fish plates
at each joint the union not being over the whole surface,
but at three large and heavy bosses so distributed as
to make a solid and rigid joint ‘This form of wela
takes much less current than a butt weld and is amply
strong. )

The ¢ cast welded ’ joint has now come into very con-
siderable use. Mechanically it is superior, but electrically
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it is scarcely the equivalent of the welded joint. Between
these two nival continuous rail processes it is difficult to
choose. Certainly both afford at once the solution for the
joint alignment and the bonding difficulties. T‘he *‘ cast
welded '’ joint is by far the more widely used on account
of its great mechanical strength and the ease with which
it is made. Both are likely to come into very extensive
use in large city roads where the electrolytic troubles are
usually most noticable, although small roads are not
exempt from them. The resistance of a cast welded
joint, although not uniformly negligible, is about the
same as that of the very best bonded joints and is quite as
permanent.

It has often been urged that a double trolley system
should be employed to avert danger of electrolytic action.
Experience has shown that the double trolley is not likely
to become a favorite with street railway men. It can be
worked successfully with proper care, but the mechanical
difficulties in the way of installing and keeping up the
overhead system of frogs, crossings and the like are some-
what formidable. On a straightaway road with no
branches or few the task is easier, but for the purpose in
hand such roads are not the ones requiring the most serious
consideration. ‘T'he troubles belong especially to compli-
cated city systems in which the difficulties of a double
trolley system are something terrific. Inasmuch as every
electric railway company has to pay for what can be made
a magnificent return circuit, it seems totally needless to
throw away the rails and operate a double metallic circuit
overhead. Especially is this true in view of the fact, that
considerations of track stability and durability point to the
use of the continuous rail which minimizes at the same time
the electrical difficulties.

It must be remembered that in long distance lines such
as are found in interurban and similar work, the use of
continuous rails is liable to cause trouble from insufficient
resistance to expansion, as such roads generally are exposed



THE RETURN CIRCUIT. 51

to more violent changes of temperature. On the other
hand, in the case of such roads trouble from electrolytic
action is usually relatively small or entirely absent, so that
bonding is sufficient. Also as will be explained later, in
these roads for heavy service and rather high speed there
may sometimes be good reason for using two trolleys, quite
aside from all questions of good return.

Of course, when the alternating current motor is thor-
oughly developed for railway service much of the danger of
electrolysis will be escaped, whatever the character of the
return circuit, but there will still exist every reason for
making the rail return as perfect as possible from motives
of economy alone. For when bad bonding can increase
the total resistance of the track circuit ten or a dozen times,
as has happened many times, the waste of energy due to
the increased drop in the circuit is burdensome.

For example, take a single track of ninety pound rail
10,000 ft. long. With continuous rails the resistance per
thousand feet would be 315 of an ohm and for the whole
distance .033. With 200 amperes flowing, the drop would
be 6.6 volts and the loss of energy more than one kilowatt.
Now suppose each bond contact with its half of the bond
wire to have a resistance of .oor ohm. On each line of
rail there would be 660 of these so that the total bond re-
sistance of the track would be .33 ohm and the drop due
to this bond resistance with a current of 200 amperes
would be 66 volts. The corresponding loss of energy
would be 13.2 k. w. more than enough to operate an
extra car. At thecost of power generally found this waste
would represent in the vicinity of $1000 per year net loss, a
pretty high price to pay for the privilege of having a poorly
connected track, liable to cause serious trouble from stray
currents. And this instance represents not at all an ex-
tremely bad case, but a very common one.

The moral of all this is that just as much care should
be spent on the joints underground a$ on those overhead,
in fact more, since the latter are but slightly liable to cor-
rcsion while the former run great risk of it. For this
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reason the continuous rail is doubly desirable since it not
only avoids constant loss of energy in the rail joints, but
averts a rather heavy cost of maintenance. With continu-
ous rails some cross bonding may be desirable to give se-
curity against breaks, but it comes into use only in emer-
gencies, -Next to the continuous rail the best construction
employs rails of some of the recent deep sections, rolled in
60 ft. lengths. These are laid with long fish plates at the
joints secured with twelve heavy bolts, and are double
bonded at each joint. A track so constructed has only
half the usual number of joints, thus halving the usual
resistance due to the bonding. ‘These long raiis are rather
unwieldly as they weigh 1800 to 2000 1bs. each, but their
use is very advantageous.

To prevent electrolytic destruction of neighboring con-
ductors by stray current from the rails the best simple ad-
vice that can be given is as follpws:

1. Use the ¢continuous rail system; or

2. Bond very thoroughly; put the positive pole of the
dynamo on the overhead line; join the negative directly to
the track without intentional earth connection, and

3. In any case investigate the potential between track
and buried conductors and run supplementary wires from
these conductors to the dynamo if necessary.

This applies to small systems as well as large. The
only cases which may be fairly excepted are electric roads
running through country where there are no buried con-
ductors near, and elevated roads which are really a special
case of the double trolley system. As electric railways
have become more common and more thoroughly under-
stood the conditions of the return circuit have been much
ameliorated, but sins against Ohm’s law are still distress-
ingly common. A feeling still seems to be rife that what
is concealed from the eye may be scamped, as when the
guileful wiring contractor runs underwriters’ wire through
the ceilings and puts okonite at the joints. It is bad
enough for a dishonest contractor to do that sort of thing,
but what shall we say of a man who cheats himself by



THE RETURN CIRCUIT. 53

doing poor work on his return circuit without even the ex-
cuse of economy.

We are now in a position to determine the quantity
which was the ultimate object of this investigation into the
details of the return circuit; i.e., its total net value as a
conductor compared with the outgoing circuit.

This is obviously not a fixed quantity in either abso-
lute or relative value, for even neglecting joint resistances
there is far less difference between the weights of the rail
used in various systems than between the weights of over-
head copper. An ordinary electric road uses perhaps a rail
of seventy pounds per yard. A single track so constituted
is, neglecting joints, of conductivity equal to 2,200,000
c. m. of copper. If the rails were continuous it is clear
enough that in a road of small or moderate size they would
be perhaps ten times as good a conductor as the overhead
system. ‘This would allow for a No. o trolley wire and a
No. 0o main feeder on the average all over the line. On
the other hand, taking the resistance of bonds and joints as
double that of the rail itself, the equivalent of the rail in
copper falls to, say, 733,000 c. m., which is less than four
times the overhead system just assumed. If this system
averaged a No. ooo feeder, plus the trolley wire, it
would have almost exactly three times the resistance of the
track circuit.

In large systems the rails often run as high as ninety
pounds per yard, so that a single track would be equal
to 3,000,000 c. m. of copper. = With continuous rails
this full equivalent could be taken, but the feeder area
plus a No. oo trolley wire would hardly be less than 750,-
000 C. m., so that the resistance of the overhead wiring
would be about four times that of the track. More com-
monly, making the same allowance for bonds as before, the
track equivalent would be 1,200,000 c. m. and the trolley
and feeder copper would have only about one and a half
times the track resistance. Not infrequently the bonding
is imperfect enough to reduce the track equivalent to goo,-
ooo c¢. m:, which would frequently be equaled or ex-
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ceeded by the trolley and feeder copper, raising the ratio to
equality. A double track, of course, improves matters. We
may tabulate these results somewhat as follows, calling R1
the track resistance and R the overhead resistance.

R!=.1to’ .2 R. Exceedingly good track and very
light load.

R!= .2to .3R. Good track and moderate load.
R! = 4to .6 R. Fair track, moderate load.
R1==.2to .3 R. Exceptional track and large sys-
tem.

R'=.3to .7 R. Good track, large system.

R! = .7 to 1.0 R. Poor track, large system.

In cases now somewhat exceptional the track resist-
ance may exceed the overhead resistance considerably. The
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assumption now frequently made, that the track resistance
is one-quarter that of the overhead system really repre-
sents a better state of things than usually exists. To
justify it requires the combination of continuous rail or
exceptionally perfect bonding, with conditions of load that
do not require large feeder capacity. Under the ordinary
conditions R1==.4R is probably nearer the truth. The
proportion between R and R! has, of course, a very im-
portant bearing on the design of the overhead system. If
the return circuit had no resistance then the entire drop
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would take place in the overhead conductors and we could
calculate the line for any given drop by the simple formula
e CER

i E

with D for the linear single distance. Bearing in mind
however the resistance of the return circuit, itis evident
that for a given total loss in volts more copper must be
rlaced overhead than would be necessary if the return cir-
cuit were of zero resistance. In other words, if we are
confronted by a considerable loss in this return circuit it is
necessary to have proportionately less elsewhere in the
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circuit. With no resistance in the return circuit the drop
in voltage may be represented graphically by Fig. 36.
Here the whole drop is in the outgoing circuit which can
consequently be rather small. If, on the other hand, we
take the actual case in which the return circuit has a very
perceptible resistance, the distribution of the drop will be
as in Fig. 37, which is given by R1=.43 R. This means
that to preserve the same conditions of total loss in the
circuit the overhead copper must be increased by forty-
three per cent, since of the total 100 volts to be lost it is
now permissible to lose but 70+ in the outgoing circuit.

Hence to take account of lossin the return circuit the
formula just given must be altered by changing the con-
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stant in.accordance with the new conditions, which are
there actually found in practice. ‘The proper amount of
increase in the constant is a little uncertain as is indicated
by the table just given. For R!=.4 R however the con-
stant is 14.4 so that we may rewrite the copper formula as
follows: :

14.4CD

. m. B

In the vast majority of cases the constant will lie be-
tween 14 and 15. The exact value to be assumed depends
on the conditions as to track circuit and load in the par-
ticular case considered, and can be judged approximately
from the table. It may sometimes be desirable to make a
few trial calculations with different constants in order to
get a clear idea of the possible amount of copper.

It is, of course, possible to determine a condition for
minimum cost of the conducting system, taking account of
the cost of copper, rails and bonding, but, generally speak-
ing, the rail is fixed by purely mechanical considerations
while there are, as has been shown, good reasons for making
the track circuit thoroughly good. In applying the above
formula, as we shall in the next chapter, it should be re-
membered that in extensive systems the constant may have
to be modified in passing from one locality to another, for
the rail conditions will probably vary and the load condi-
tions most assuredly will change.

In cases where the track return is not used, as in
double trolley and conduit roads, the outgoing and return
leads may or may not be duplicates of each other. If the
total drop were equally divided between them the feeder
formula would of course become the familiar

22 CD
E
and the return would have the same area and total weight
as the feeder system thus determined. Ordinarily there
would be little advantage in making the two sides of the
circuit equal and the designer would be guided mainly by

c.m, =
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convenience. Often the easiest procedure mechanically is
to install one or more heavy return cables for o predeterm-
ined fraction of the total drop and to compute the feeder
system precisely as if dealing with a track return. For
the greatest economy in copper a particularly careful study
of the probable distribution of the load should be made.
Of course, one may divide the drop between feeder system
and return in almost any convenient way, subject to the
limitation imposed by danger of overheating, without
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affecting the economy of the distribution, but when one
deals with a track return of uniform section which must
be installed and paid for anyhow, there is less need of
refinement than in using costly cables.

. Probably the best method of design in these cases is
to follow the general procedure to be found in the subse-
yuent chapters, but with close attention to the limits and
variations of load in the various sections of the line, not.
adhering closely to anything like a track comstant, but
taking the data for feeders and return out of Plate II with
such division of the total drop between them as seems
expedient from the standpoint of simplicity in overhead or
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conduit construction. Plate II is merely an extension of
Plate 1, p. 7, arranged with reference to heavy work of
this class, the abscissae being the total lengths of the wire
under consideration and not the lengths of the circuits as
in Plate I.

In case the working conductors are of other material
than copper they should be reduced to the equivalent
section of copper. For this purpose Plate III, developed
from Fig. 17, p. 30, will be found convenient in all com-
putations involving rails or other iron or steel conductors.

Third rail systems with ordinary track return may or
may not involve supplementary feeders. Plates IT and III
will enable these cases to be easily computed, once the
loads are determined.
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CHARTER I

DIRECT FEEDING SYSTEMS.

By direct feeding is meant the supply of current to
the working system of conductors from a single central sta-
tion, without any intermediary apparatus. It isthe system
employed on most present electric street railroads, save a
few of the largest size. It is ordinarily used on interurban
lines and would be universally applied were there not many
cases in which the distribution of power from a single
station becomes uneconomical at any practicable voltage
on account of the great distances involved.

Nearly all interurban lines, and especially the systems
which are likely to result from the conversion of steam into
electric lines, can be best operated by other means which
will be described in subsequent chapters. Indeed a care-
ful examination of very many existing electric railways
will disclose the fact that direct feeding is being worked
far beyond its proper limits of application and is the cause
of serious pecuniary loss, both in interest on a huge invest-
ment in copper and in power needlessly lost on the line.

Direct feeding however is properly applied in most in-
stances, and must be ultimately applied as the distributing
system almost universally, since even where substationsare
employed the lines proceeding from them are often a case
of direct feeding and must be treated as such. o

Electric railway feeding systems are akin in principle
to those employed in simple cases of distribution for light-
ing, and yet in practice differ from them very radically in
certain particulars. Railway feeders are not generally de-
signed to preserve uniform voltage within the area fed,
but to hold the voltage, admittedly variable, within certain
rather wide, but fixed limits. Lighting feeders must be de-
signed with reference to a load varying in the same area
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from time to time, but yet closely confined to that area;
railway feeders must be so designed as to meet not only a
load variable in amount from second to second, but shifting
from place to place obedient to causes that follow no definite
law. On the other hand not only are railway feeders
absolved from the necessity of holding the voltage closely
uniform, but by virtue of this they can the more easily be
arranged to meet extreme shifting of the load.

In early electric railways the trolley wire proper was
rather small and the feeding was often relatively quite as
complex as that in large modern systems.

The conditions which must be met in planning a direct
feeding system are roughly as follows:

1. The maximum fall in voltage at any point in the
system under all working conditions must not exceed a
fixed amount.

2. The average drop throughout tlie system under
normal conditions must equal a certain predetermined
amount.

3. The feeders must be so connected that accidents
to the working conductors shall interfere with traffic to as
small an extent as possible.

To meet these various conditions a large number of
arrangements of feeders have been devised, many of which
are in extensive use. The following are some of the most
usual, which have stood the test of experience.

1. The so-called ladder system shown in Fig. 38. Here
one pole of the dynamo is earthed as uspal and the other
is connected to the trolley wire C D, and also to the feeder
A B. 'These are connected at intervals of a few hundred
feet by subfeeders a, 4, ¢, d, ¢, f, etc., which are generally
hardly more than tie wires uniting the principal feeder to
the trolley wire. 'This arrangement was very common in
early electric roads. It made possible the use of a very
slender trolley wire merely large enough to carry conven-
iently the current for cars running between the subfeeders,
and made the system tolerably free from interruption by
accidents to the trolley wire, which from its small size was
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rather prone to break. Both the trolley wire and the
principal feeder are continuous and of uniform cross sec-
tion. ‘This continuity is useful in case of the crowding of
cars at one or more points on the line since it brings to the
rescue the full conductivity of the system. It is bad how-
ever in case of short circuits in that the main circuit
breaker at the station is quite likely to open and stop
every car on the line.

As a real feeding system it hardly deserves the name,
since electrically it is nothing more than a continuous
working conductor of uniform area. The properties of
such a conductor have already been fully considered in
Chap. 1. The only additional fact that has to be taken
into account in the ladder system is the limited conductivity
of the trolley wire between the subfeeders. The drop in
voltage at a car located at any point is practically the drop
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in the principal feeder up to that point plus the drop in the
trolley wire from the car to the nearest subfeeders, which
are virtually in parallel, inasmuch as current flows into the
trolley in both directions along the trolley wire.

2. A system similar in some respects to Fig. 38 is
shown in Fig. 39. Here there is as before a principal
feeder A B. The trolley wire C D is not however contin-
uous, but is broken by insulating joints into separate
sections of approximately equal length each with its own
subfeeder a, &, ¢, etc. ‘The added conductivity of the con-
tinuous trolley wire is, of course, sacrificed by this arrange-
ment. Both the trolley and feeder are generally of uniform
area throughout their respective lengths and the system is
electrically, to all intents and purposes, a uniform linear
conductor save for the abrupt change in conductivity in
passing from the principal feeder to any subfeeder and its
section of trolley wire. As regardsa load at any point
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the total drop is that in the principal feeder up to the sub-
feeder controlling the section in question plus the drop in
the subfeeder and the trolley wire up to the load.

The advantage gained by cutting the trolley wire into
short, independent sections isa certain amount of immunity
from breakdowns. The subfeeders a, 4, ¢, etc., are usually
provided with fuses or switches or both, so that while in
case of a breakin the trolley wire the cars on the adjacent
sections are not deprived of current any more than in the
ladder system, there is no longer the danger of stopping
traffic by blowing fuses at the station, since the subfeeder
fuse immediately acts to stop an excessive flow of current.
In addition, in case of fire or flood affecting any part of
the system, the disturbed region can be very promptly
isolated by opening the circuit at the subfeeders. In cities
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where fires are of frequent occurrence such an arrangement
is highly necessary, although it is generally desirable to use
a far more complete feeding system in connection with it.
Both the arrangements just shown are entirely without
special provisions for holding up the voltage at distant
parts of the line, depending practically on the conductivity
of the principal feeder.

3. A true feeding system corresponding in a general
way with Fig. 38 is shown in Fig. 40. Here A B is the
trolley wire while in multiple with it are feed wires
tapped into the trolley wire at @, 4 and ¢. These feeders
are generally quite independent of each other up to their
respective junctions with the trolley wire. A load at any
point, as 4, receives its current in both directions through
the trolley wire, which in turn draws current from the ad-
jacent feeders. ‘The conductivity available at the load & is
that of the trolley wire from A to d, reinforced by the feed-
ers @ and 4; in parallel with that of the trolley wire section
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from d to cand the feeder c. With the arrangement of Fig.
40 it is quite possible to hold the voltage fairly uniform by
giving sufficient area to the longer feeders. Asa matter of
convenience, toavoid the undue multiplication of wires, the
distances A a, a4, etc., between feeders are made consider-
ably longer than in the ladder system: hence the trolley
wire is generally larger. Of course, it must be large enough
to avoid excessive drop in the sections &4 and ¢4 when
load is applied at d. As a rule the distances A a, a4, etc.,
are several thousand feet except where the traffic is very
heavy. With No. o or No. oo trolley wire the distance
named is not generally excessive. As compared with the
ladder distribution this one has the great advantage of giv-
ing a fairly uniform voltage, and can be more readily ar-
ranged to handle abnormal loads at distant parts of the
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line. It has also the same convenient property of giving
current to each car from two directions so as to minimize
the effect of breaks in the trolley wire. It is however ex-
posed to trouble in case of serious short circuits, and is in-
convenient in the matter of cutting out portions to execute
considerable changes in wiring or to avert accident.

4. An obvious modification of the arrangement just
mentioned is that shown in Fig. 41. This bears the same
relation to (3) that (2) does to (1). It shares with (3)
the advantage of maintaining fairly constant voltage under
normal conditions, though it is somewhat at a disadvantage
in case of a heavy load on a distant section, since that sec-
tion must depend on its own feeder alone without assist-
ance from adjacent sections. ‘The feeders @, &, ¢, etc., are
provided with individual switches and cut-outs at the station
so that if a short circuit occurs nothing worse can happen
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than the temporary disabling of that particular section,
while if necessity demands any section can be promptly cut
out of circuit in case of fire along the line or any other
sufficient cause. (4) is very well adapted for use on long
lines with fairly regular traffic. Like (3) it requires a
rather heavy trolley wire for the best results. A load at
any point is supplied by the feeder for that section in
series with the trolley wire between the load and the feeder
junction, so that the drop under any given conditions is
very readily computed.

In both {3) and (4) it is sometimes convenient to tie
two or more feeders together, as shown by the dotted line
at 4 (Fig. 41). This procedure reinforces the conduc-
tivity with reference to the section thus connected, as 4,
and while it may lower the voltage of sections beyond the
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link, is very useful when a particular section is exposed to
severe loads from grades or massing of cars, particularly
since such linking can be applied at any time that the
service may require it.

In very many cases it is advantageous to install a com-
posite feeding system which can be made in a considerable
measure to unite the advantages of those already described.
A very useful combination is that shown in Fig. 42.

Here the trolley wire, A B, is cut into sections of vary-
ing length, short where considerable danger of interruption
of service exists, long where longer sections can be more con-
veniently utilized. C is a principal feeder as in the ladder
system connected at @ and & to a continuous trolley line,
and at ¢, 4 and ¢ to trolley sections. ‘This principal feeder
is reinforced by feeders E and F to equalize the voltage
more perfectly in the region of dense traffic, while the inde-
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pendent feeeders,G and H, supply the long isolated sections,
fand g. G and H are moreover linked at / if the condi-
tions of service require. Fig. 42 represents the actual
arrangement of an extensive feeding system much more
closely than any of the simpler arrangements shown. As
a matter of fact such a complex system is generally the out-
growth of the conditions which develop in service rather
than the result of deliberate forethoughf. Nevertheless,
good engineering often demands the adoption of such ap-
parently complex methods.

In general, independent feeders are necessary to pre-
serve good working pressure in outlying districts where
comparatively independent lines are worked, while in re-
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gions of dense traffic the tendency is to link together the
principal feeders of neighboring lines into a network rein-
forced by special feeders wherever necessary. ‘The trolley
wire is sectionalized only in so far as danger from fires and
electrical troubles require. Although a continuous trolley
wire is now far less necessary than formerly on account of
improved methods of construction, on the other hand an
extensive subdivision into sections hinders the-full use of
all the copper installed and increases the danger of local
stoppage of traffic. On any railway system, street or other,
continuity of service is of the first importance, both by
reason of the direct loss from suspension of traffic and the
indirect, but far more serious, loss of public confidence and
‘goodwill. :

Consequently it is often advisable to take chances in
order to keep running, and linking feeders and trolley into
a continuous system to drive through a time of short cir-
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cuit if possible rather than shut down part of the system.
The present tendency is to make the various sections of
feeders and trolley wire separable rather than separate, so
that they can be cut apart when absolutely necessary, but
not long before that crisis.

Long lines, interurban and thelike, may often be best
treated indirectly through substations, but when direct
feeding is employed, it is ordinarily best to use a very sub-
stantial trolley wire, not smaller than No. oo, installed in
separable but not disconnected sections, and supplied with
current by separate feeders, which may be linked if local
conditions require. If large power units are to be em-
ployed, requiring large currents, it is better to use a very
large trolley wire than to install a principal feeder, since
with large currents the larger the contact surface of the
working conductor the better, and the conductivity of the
trolley wire can be relieved if insufficient by connecting
each section to its feeder in several places instead of one.
There is no reason however why, on large work such asis
found in converting* steam roads to electric, the working
conductor may not have a cross section equivalent to No.
0000 wire or more which enables comparatively long sections
between feeders to be employed with advantage. For ex-
ample, suppose a No. oooo trolley wire carrying a current
of 200 amperes per section received equally from the two
adjacent feeders. This condition would be met by a train.
requiring one hundred kilowatts to drive and located mid-
way between two feeders. Allowing no more than two
per cent loss, i. e., about ten volts in the trolley wire be-
tween feeder junction and load and substituting the above
b SL , the
distance between feeders should be about 4000 ft. Inas-
much as the average drop produced by the moving train,
with a maximum of two per cent midway between feeders,
would be but one per cent, it would generally be advisable
to increase this amount. Allowing an average drop of two
per cent'in the trolley wire, i. e., a maximum of four per

values in the fundamental equation ¢. 7. =
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cent, the proper distance between feeders would be virtu-
ally doubled, rising to about 8ooo ft.—a mile and a half,

For long roads, then, one may use with advantage
such an arrangement of feeders as is shown in Fig. 43.

Here a continuous heavy trolley wire is divided into
sections of, say, a mile to a mile and a half in length, each
with a junction to the feeding system. ‘This, as shown,
consists of three main feeders, each supplying two sections
of trolley wire. ‘The number of these main feeders and
the number of sections each supplies is regulated by con-
venience and local conditions, as is too the length of each
section. The sketch (Fig. 43) shows merely the principle,
which is well suited to roads up to a dozen miles in length
fed from somewhere near the middle. Such roads are apt

Street Ry. Journal

F1c. 43. b

to require rather large units of loads, due to well loaded
trains and high speed, but the number of trainsto be oper-
ated at any omne time is usually small. A rather nice
question sometimes arises as to the relative cross section of
copper to be put in the trolley wireand in the feeders. In
the large work that we are just now considering, the trolley
wire must be in any event large enough to give sufficient
contact with the trolley. And this is apt to indicate about
as large a working conductor as can conveniently and se-
curely be supported. Therefore the feeders will be rela-
tively smaller than in ordinary street railway practice, and
it is not advantageous to separate permanently the sections
of trolley wire, thus throwing away the conductivity of its
large cross section. Whenever double tracks are used it
goes quite without saying that the whole system of con-
ductors should be united, each trolley wire serving as a.
feeder to the other.
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Occasionally, too, on single track roads with frequent
turnouts, two trolley wires are strung ten or twelve inches
apart, each to accommodate the cars running in one direc-
tion, so as to entirely avoid overhead switches of any kind.
This arrangement is shown in Fig. 44, and while it is not
now very widely used, it is exceedingly convenient in cer-
tain cases. In Fig. 44 the track at a turnout is shown by
the solid lines and the two trolley wires by dotted lines.
The trolley wire, A B, would naturally be used by cars run-
ning from right to left asindicated by thearrow, while CD
would be used by cars running from left to right. Each
car keeps to its own trolley wire throughout the track, un-
less it is mnecessary to change over in backing around a
turnout. 'This double trolley device enables long exten-
sions to be handled without feeders.

Street Ry. Journal
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Before passing to the actual computation of a trolley
and feeder system, we must go back to our two funda-
mental propositions and inquire into the permissible maxi-
mum drop and what we mean by average drop.

Suppose that ten per cent average drop has been de-
cided upon in a given case,—What is really meant by this?
There has been considerable confusion on this point. Are
we to understand that this average drop is that determined
from the effect of the maximum working load throughout
the system, or is it the average loss on the parts of the sys-
tem considered separately irrespective of their relative
amounts. Isit the drop produced by the average load or
the average of the drops produced by the simultaneous
loads at some particular time?

To reduce the matter to a common basis with other
cases of the electrical transmission of energy, we are at 1ib-
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erty to put but one interpretation upon average drop. By
it we should mean in every case that a certain specified
proportion of the energy delivered to the line during a par-
ticular period is to be lost in the transmission. On this basis
we can design the system for conditions of maximum econ-
omy, knowing approximately the probable cost of energy
per kilowatt hour and the price of copper. Starting with
this definition, we can then intelligently work out the re-
lation of this average energy loss to the loss in volts at the
various parts of the system. It is necessary however to
bear in mind, first, that the same conditions of economy
with respect to loss in transmission do not necessarily hold
for all parts of a given system, and second, the question of
economy in transmission is quite subordinate to that of
successful operation. :
Asregards the former consideration, the average energy
delivered to an electric railway system is a very different
thing from either the maximum energy or the average
energy during the hours of heavy load. The load factor,
1. e., the ratio between average and maximum output on a
railway system is generally rather unsatisfactory, as has al-
ready been indicated. It ranges in general from .3 to .6,
varying greatly with the size of the system, the character
of the service and the habits of the people who ride. In
cities many interesting facts appear from the load curve
of an electric railway—the movements of workingmen,
the crowd of shoppers going downtown in the forenoon,
the migration in the early afternoon, the homegoing at
six and the theatre crowd an hour and a half later. All
these factors of load operate with varying force, not only in
different places, but in different partsof the same system.
The changes from day to day are considerable, but on the
whole the same line preserves its character remarkably
well. ‘The result of a varying load factor is a necessary
limitation in the permissible loss of energy. For if we
have a load factor of .3, the average loss of energy, what-
ever economy of transmission may indicate must not be
enough to cause at maximum load a drop in voltage suffi-
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cient to interfere with the proper operation of the cars. If
we write for the maximum permissible drop, V, v for the
drop corresponding to the loss of energy for greatest econ-
omy of transmission, for the load factor, I, and for the drop
assumed, V1, we have the following inequality which sets
a limit of drop which must not be exceeded

MLy
Very fortunately it usually happens that

v LV
so that there is no special difficulty in making 'l =uo.
But it is not safe to assume this happy condition of things
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without some investigation. It may be true f one part of
the system and not of another. It is necessary therefore to
look into the various parts separately in laying out any con-
siderable system. Fig. 45 shows three load curves which
may be supposed to be from three parts of the same system,
together with the summation curve of the three from which
the total load factor would be determined. I may be taken
as the load curve of a main urban system, while curves IT
and III will serve for branches. IV is the summation
curve of the whole. The load factor of this final curve is
very evidently worse than that of the main line, curve I,
since heavy loads in morning and evening on branches bla &
and ITI raise the morning and evening maximum values
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on IV. The load factor of II is hardly better than .3
while that of Iis nearly .6. Consequently we have far
less latitude in planning the conductors for this branch
than in case of the main line, being always confronted by a
high maximum to be taken care of. ~‘I‘he load factor how-
ever does not fully represent the precautions that have to
be taken. It shows, to be sure, the normal maxima, but it
does not include the effect of shifting load.

This is really a very serious matter in making the
plans for a conducting system and the probabilities of the
case need to be carefully weighed. A base ball park, for
instance, located far out on a branch line means trouble un-

A a B

Fr1c. 46.

less it be taken into account. It means that now and then,
not only all the regular cars on the line, but all the extras
that can be spared, will be massed at or near the distant end
of the branch and brought in heavily loaded and all to-
gether. It isthe same effect that would be obtained from
a steep grade, except that it is only occasional. The amount
of such an extra load may be sufficient to double the ordi-
nary maximum load and that in the most disadvantageous
place, i. e., at the end of the line. From what has been said
it is sufficiently evident that laying out the conductors for
a large system is more a matter of acute judgment than of
exact theory.

The reason for this is that there are no data suffi-
cient to justify a general theory based upon them. The
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value of the load on an electric railway is so uncertain,
whether for any stated time or during any interval, and so
uncertain in position as well as amount, that the success of
any calculation depends almost wholly on the skill with
which the data are assumed.

A convenient way of entering upon the calculation of
a conducting system is to take up the data involved in the
following consecutive steps.

1. Extent of lines.

2. Average load on each line.

3. Center of distribution.

4. Maximum loads.

5. Trolley wire and track return.

6. General feeding system.

7. Reinforcement at special points.

The first two steps are necessary preliminaries to the
third. The fourth determines the permissible drop, the
fifth gives the division of the overhead copper between
trolley and feeders, and the allowance that must be made
for the resistance of the return circuit. The sixth stage is
the preliminary calculation of the conductors and the
seventh the modification of this to take full account of local
conditions. ‘The application of the whole process is best
shown by working out an hypothetical system in detail,
step by step. ‘T'wo cases may properly be taken up; first
a regular street railway system, and second, an interurban
line of moderate length.

Suppose a new system is to be installed or an old one
reorganized of which the track is shown in the simple chart
(Fig. 46). Here the main line, A BCD, is double track
throughout. A Bis 10,000 ft., B C 2000 and C D 4000,
making a total length of 16,000 ft. At ¥ C the main line
is joined by the single track branch, CE, 10,000 ft. long,
on which at F G is a five per cent grade 2000 ft. long.

Step 1. Lay out the track to scale, noting the dif-
ferent distances carefully and the extent and position of
grades. The scale need not be large, say, an inch to the
thousand feet, and a couple of tracings of the chart will



74 POWER DISTRIBUTION FOR ELECTRIC RAILROADS.

prove convenient. If any extensions are contemplated, as
at E H, dot them in as they will enter into subsequent cal-
culations. As shown, E H is supposed to be 5000 ft.
Now divide the road into sections so that in each one of
them the service shall be under ordinary conditions fairly
constant. For example, the main double track would
present tolerably uniform conditions throughout and could
be considered as a single section. Owing to the change in
direction at B, however, which might conceivably affect
the location of the power station, it is better to take A B as
one section and BD as a separate one. CE, the long
single track branch, will naturally form a third section;
while H E may be taken tentatively as a fourth.

Step 2. Now as to the loads upon each section. ‘The
number of cars on a road, of course, depends entirely on the
traffic. With the advantage of a good population to draw
upon, such a line as we are considering might operate as
many as twenty motor cars. ‘These would naturally be six-
teen or cighteen foot single truck cars, probably the latter.
We may then assume, say, ten such cars on section A B,
six on B D and four on C E. Those on C E in the natural
course of events would run quite independently, simply
serving their own line. We can then assume as the total
load twenty eighteen foot cars, each equipped with a pair
of standard motors, such as are usually rated at twenty-
five horse power each. The power required to operate
these cars is, of course, exceedingly dependent on the
density of the traffic. So long however as the cars are
equally loaded the center of gravity of the system is quite
independent of the absolute amount of horse power rc-
quired for each car. Recurring now to the theorems re-
garding center of gravity in Chap. I, we are in a position
to determine the best position for the power station. The
only question to be first decided is what is to be done
with respect to the proposed extension. If it is installed
as an extension of C E, probably two additional cars would
be needed. '

Step 3. As the service on each section is uniform the

-
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load can be considered as concentrated at the middle point of
each section. Determining the center of gravity of the three
existing sections by Fig. 47, constructed like Fig. 10, we
find thiscenter at . Combining with this the effect of the
proposed extension, it appears that the addition of this
extra load would shift the center of gravity to ¢!, a dis-
tance of somewhat less than 500 ft. ‘I'ransferring these
points.to Fig. 46 we have the theoretical location for the
power station.

Its practical location is, however, a very different mat-
ter. Very many things besides cost of copper for distribu-
tion enter into the problem. In the first place ¢ may fall
in a locality in which
real estate is very valu-
able, so that it will pay
to shift the center of
distribution a consider-
able distance rather than
endure the cost of a site
for the power station at
e. Again ¢ may be in-
convenient with respect

F1c. 47. to coal and water sup-
ply. The cost of carting
coal or pumping the water for condensation purposes may
very easily outweigh the saving in copper due to distribu-
ting from the theoretical point. It will perhaps be found
that there is a considerable region within which the station
can profitably be shifted to obtain cheap land, coal and
water. It is not difficult to form an idea of the extent of
this region. ‘To do so, however, we need an approximate
idea of the cost of copper for distributing the necessary
power from- the point e. 1%I:its is very quickly obtained.
We can consider a load of stxfeen cars as concentrated at @
(Fig. 47). 'This is approximately 3500 ft. from . Sim-
ilarly six cars are at 4, 5000 ft., and four cars at ¢, 3o00ft.
We have seen in studying Fig. 10 that the total weight of
copper required for such a system is
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EW=KZ2cA :
Remembering that we are considering feed wire alone, since
the trolley wire is fixed in location, we may assume a reason-
able drop in voltage of, say, thirty volts. X above then
becomes 3 ‘

-Forming the above summation we have at twenty am-
peres per car, '

2 W = (1o X 20X 12.25
-+ 6 x 20 X 25
+4 X 20X g ) $3=6787 Ibs.
Now at fifteen cents per pound this feeder copper would
cost just about $iooo. For any other point than e the
cost will be greater by varying amounts and the increase
isabout the same for all points equidistant from e. As the
weight of copper varies with the squares of the distances,
the mean distance of the load with respect to weight of
copper is determined by
L2 C=21%c=6170 where C== ¢= 400

Hence I,= 3950 ft. nearly. ‘This distance is the radius ot
the circle about which the station can be shifted without
more than doubling the cost of copper noted above.
‘That is, the station can be located anywhere within about
three-quarters of a mile of the center of gravity of the
system without increasing the cost of copper more than
. $1000. Such figures are necessarily approximate only,
since in practice wires cannot be run in strdight lines, but
have to follow the streets, nevertheless they give valuable
information.

A brief examination of proposed sites for the power
house will generally disclose that which is most advanta-
geous with respect to coal and water, and a quick summa-
tion as above will tell quite nearly whether the extra cop-
per will cost too much or not. In the case before us we
will assume the point / (Fig. 46) as best meeting all the re-
quirements. As the distance ¢ ¢! is small compared with
the displacement of f, we can let the extension question
take care of itself and are ready to proceed to

Step 4. The predetermination of the maximum or
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average load is no easy matter, yet upon it depends the
proper design of the conducting system. It is not diffi-
cult to estimate with a fair degree of accuracy the actual
power which must be supplied to drive a car of assumed
weight over a certain line at a given speed. But what the
real weight of the loaded car will be, and what the condi-
tion of the line will be is a case at best for educated guess-
ing. Roughly speaking the power required at the car
wheel for a speed of eight miles per hour is .4 h. p. per
ton, plus .4 h. p. per ton for each per cent of grade. More

exactly
P=W (.43+.43G)

Wherein G is the per cent grade, W the weight of car and
contents in tons and P the total horse power. This assumesa
straight track and a tractive effort of twenty pounds per ton
on the level. But there are alwayssome curves, the speed is
often above eight miles per hour and at low speeds the
motors are somewhat less efficient than at high speeds. Al-
lowing a complete efficiency of two-thirds from trolley to
car wheel and assuming a pressure at the car of about 500
volts we shall not go far wrong in reckoning 12/ amperes
per ton of car plus 11{ amperes per ton for each per cent of
grade. ‘This average indicates an average of about fifteen
amperes per car. ‘The average current taken while the
car is under full headway will frequently exceed this
amount, but an allowance of fifteen amperes average
throughout the hours of running will generally be nearly
right for a road such as that under consideration. With
long double truck cars the average current will rise to
about twenty-five amperes.*

Now the maximum current must be considered. On
large systems it may be no more than twice the average.
As the number of cars becomes smaller this ratio in-
creases. With one or two cars it is.no uncommon
thing to find maximum currents of four or five times the
average. Still larger ratios would be common if the
same speed were maintained on grades as on the level

*A good average rule for power is 100 watt hours per ton of car per mile of
schedule gpeed per hour.
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portion of the track. We can now go back to Fig. 46 and
form a tolerably ciear idea of the current to be furnished.
On section 1, A B, we may fairly count on a normal load of
150 amperes, rising to occasional maxima of, say, 450 am-
peres. On section 2, preserving about the same ratio since
it is really a continuation of section 1, we may expect
about go amperes average and 270 maximum. On section
3 with four cars the average would be about 60 amperes
and the maximum about 150 amperes. These figures how-
ever do not tell the whole story, for they give no clue to
the points at which the maximum currents must be fur-
nished. This matter depends, of course, on local conditions.
On sections 1 and 2 it is quite within the range of jossi-
bility to have all the cars on either track piled up at either
end of the line under unfavorable conditions. We should
then be prepared for handling a load of not less than half
the maximum at the ends of the sections, and preferably
more than this. On a very large system it is quite out of
the question for all the maximum load to be concentrated
at one end of the line, but on a small road there is a much
greater chance of such a contingency. It certainly would
not be safe to allow for less than 300 amperes at the ends
of section 1, and about 250 on section 2.

With section 3 the case may be still different. Sup-
pose we have a base ball park at E (Fig. 46). To handle
the crowds comfortably or at all would probably require
massing about E fully double the normal number of cars
on the branch and having them all heavily loaded at once,
and what is worse starting them all about the same time.
300 amperes is little enough to allow even with careful
handling of the cars with respect to starting.

We may now tabulate our currentsabout as follows:

Sect. 1 Sect. 2 Sect. 3.
Average 150 90 60
Normal maximum 450 270 150
Extraordinary maximum
at end of section 300 250 300

The maximum for the whole road would probably
seldom or never exceed 750 amperes, since the conditions
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which produce maximum loads seldom operate all over the
system at once.

With these data we can attack the feeder problem after
deciding on the amount of copper to be put into the trol-
ley wire and the value to be assigned to the track return.

Step 5. How large ought the trolley wire to be? The
answer to this question must be somewhat empirical, but
we can get a line on it by considering the currents it hasto
carry. Adopting the ladder system of Fig. 38 a very small
trolley wire would answer. But we have seen that this
arrangement is of little service in equalizing the voltage
along the line, and hence it is better on the whole to use
the system of Fig. 41 or some modification of it. ‘T'o avoid
running an inconvenient number of feeders it is then de-
sirable to install a trolley wire big enough to carry current
for the service of a considerable distance. Referring now to
Plate 1, page 8, we see that allowing a drop of five per cent,
i. e., twenty-five volts, in the trolley wire, all that should
generally be tolerated at normal load, we can get reason-
ably long distances between feeding points, say 3000 ft. or
more, by using No. o or larger. No. oo is a standard size
and gives rather better service than No. o in case of con-
siderable load being bunched at one spot. Assuming this
as the trolley wire, we may pass to the track return.
The general principles of this have been very fully dis-
cussed in Chap. II. The only thing needful here is to
judge from the general conditions the value to be assigned
to the conductivity of the track as compared with that of
the overhead system. In the present case we are prob-
ably dealing with sixty to seventy pound rails and the
main line is double tracked. The bonding is, or should be
made, good, and since the total service is not heavy the
track conductivity is of the better class. It is probable
therefore that raising the constant of equation 3, Chap.
I, to 13 will fully take account of the return. Were the
service even lighter or the rails continuous we might be
justified in assuming 12, while with poor bonding and
heavy traffic it might be necessary to assume 14.
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Step 6. Approximate data are now at hand for laying
out the feeding system proper. We may start with a
duplicate of Fig. 46, as Fig. 48, showing now only the actual
linesand H, the iocation of the station. From A to D there
are two No. oo trolley wires, one for each track. From Cto
E thereis one such trolley wire. We may now find more
exactly the proper distance between feeders. Beginning
with section 1, we find that in regular traffic each trolley
wire will supply five cars at various points. Now going
back toequation 2, substituting our new comstant and
transposing we have

_cm E
s O
Here ¢. m. = 133,000, =25, and 13 C = 195. 1, there-
fore equals for a single car very nearly 17,000 ft., for two
cars 8500 ft., for three cars 5666, for four cars 4250, and for
five cars 3400 ft. Hence a single feeder at the middle point of
A B would be sufficient to handle the average load uniformly
distributed, very nicely. ‘The same is obviously true of
sections BD and CE. Just here appears the peculiar
characteristic of railway systems—the unpleasantly large
maximum loads. If the load at the end of A B should be
300 amperes as we have supposed, i. e., 150 amperes to be
supplied by each trolley wire, the corresponding drop in
volts would be by equation 3
E=13v1— CL—-73 +.
c. m.

Which in addition to the loss in the feeder would produce a.
total drop which would be decidedly troublesome, although
hardly enough to cause serious difficulty. The cars would
run, but the motors would heat badly and it would be diffi-
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