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PREFACE.

Tuere is probably no subject, con-
nected with the application of electricity,
that has come into greater prominence
during the last decade, than the electric
transmission of power.  The electric
motor is now to be found everywhere
driving machinery of all sizes. It permits
a single, large, economical engine to oper-
ate a number of small motors over a large
area.

This little volume of the Flectro-Tech-
nical Series has been prepared with the
object of rendering the principles of elec-
tric motors clear to those who are mnot
speeially trained in electro-technics. For
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iv PREFACE.

this reason, in this, as in all other books of
the series, vexed questions as regards the
priority of invention have been carefully
avoided, and facts, rather than names, have
been presented to the reader. Only such
portions of thehistory of the subject as are
necessary to a logical comprehension of its
development are given, and no mathe-
matical treatment other than simple arith-
metic has been employed.

The authors are indebted to the editors
of Cussier’s Magazine for cuts in the book
relating to the Niagara power transmission.

Notwithstanding the apparent complex-
ity of the electric motor, the authors
believe that the student will be in pos-
session of all its essential elementary
principles after reading this book.

Avaust, 1896.
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THE ELECTRIC MOTOR AND
THE TRANSMISSION OF
POWER.

CHAPTER 1
INTRODUCTORY.

THE nineteenth century owes its promi-
nence in physical science, largely to the
discovery that energy is indestructible, and
that the universe possesses a certain stock
or store of energy which it is impossible
either to increase or to decrease.

All natural phenomena are attended
by transformations of energy. When
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energy disappears in one form, the nine-
teenth century doctrine of the conservation
of enerqy, bids us look for some other
form in which we know it must reappear.
The fact that phenomena occur at one
point of space where the energy necessary
for this causation did not previously exist,
proves that energy must have been taken
from some store or stock and transmitted
to that point. Consequently, the doctrine
of the conservation of energy necessitates
the doctrine of the transference or trans-
mission of energy, in contradistinction to
its creation. In other words, the discov-
ery of the éndestructibility of energy was
also the discovery of the possibility of its
transmission.

The discovery of the doctrine of the in-
destructibility and inereatability of energy
followed upon the discovery of the in-
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destruetibility and increatability of matter.
Our belief in these doctrines is the result
of our universal experience, and any ex-
planation of natural phenomena, that neces-
sitates the creation, either of energy or of
matter, may be unhesitatingly rejected.

Linergy is the capability of doing work.
In other words, when work is done energy
is expended. But it must not be supposed
because the energy is expended, that it is
thereby destroyed. The energy has only
changed its form or its position. For
example, when a charge of gunpowder is
placed in a gun and fired, the energy
which previously existed in the gun-
powder is liberated, by the act of firing,
and is principally expended in moving
the ball from the gun, some being acci-
dentally expended in heating the gun.
Although the energy is thus properly
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spoken of as being expended by the gun-
powder in doing this work, yet it must be
remembered that the energy is not there-
by annihilated, but is merely transformed.
The moving ball expends some of its
energy of motion in moving aside the air;
a part isexpended in producing sound, and
the remainder, usually the greater part, is
given up in the concussion against the
body it strikes. All this energy finally
takes the form of heat in the gun, in the
air, and in the body struck, in which form
it usually permanently remains. Conse-
quently, after-the gun has been fired, there
is less chemical, but more heat energy in
that part of the universe.

As another example take the case of a
reservoir filled by a pump with water. The
filled reservoir represents a stock or store
of energy derived from the work expended
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in pumping. So long as no water is
allowed to leave the reservoir, no work is
done, and the store of energy remains un-
changed. If, however, the water be per-
mitted to eseape through a water-wheel,
the energy in the reservoir is expended in
turning the wheel; that is to say, the
energy of the moving water is transferred
to the moving wheel, which in its turn,
may transfer it to machinery connected
therewith. Iere each moving part ex-
pends its energy; but such energy is not
annihilated; it is merely transferred. If
the water-wheel were employed to drive
another pump which filled a similar reser-
voir to the same level, and no loss of
energy occurred in its transference, the
escape of water from the first reservoir
would result in the filling of the second
reservoir with the same quantity of water
and to the same depth. In practice, this
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never occurs; losses always take place in
the machinery. Such losses, however, are
not annihilations of energy. The energy
which disappears, takes some other form,
generally as heat produced by frictions.

The water of a river flowing through its
channel, represents a stock of energy that
is being expended at a certain rate. The
amount of energy present in the moving
stream depends both upon the quantity
of water, and on the speed with which
it moves. A certain proportion of this
energy is capable of being transferred
from the stream to a moving water-wheel,
or water motor, and the water, which has
passed through the wheel or motor, loses
some of its motion in consequence.

The source of energy in the moving
water of a river is to be found in the sun’s
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converted the ocean’s wafer
into vapor) oﬁngallirled this val\‘qmé‘wr the
land, where 1 cond’eﬁsed and
fell as rain. The enelo'y in the moving
water, however, 1s only a portion of that
which it acquired in falling from the
higher to the lower level.

T1

heat, whlick

In each of the preceding cases the mov-
ing machinery ceased its motion, when
energy ceased to be transferred to it ; and,
in each case, we have been able readily
to trace the source of the driving energy.
The case of a man, who expends muscular
or nervous energy, in doing work, forms no
exception to this rule. In order to permit
the man to continue expending energy in
such work, it is necessary that his stock of
energy be replenished from time to time;
in other words, that energy be transferred
to him from some other source. This is
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accomplished by his assimilating food,
which contains chemical energy imparted
to it from the sun.

Strange as it may seem, the transference
of energy from assimilated food to the
organism of the man, is similar to the
transference of energy from a lump of
coal to a steam engine. The chemical
potential energy of the coal, liberated
by burning under a boiler, is transferred
to the steam ; and the energy of the steam,
is transferred to the working parts of the
steam engine. In man, it is the chemical
potential energy of the food assimilated,
which enables him to perform his varied
functions. In the steam engine it is the
chemical potential energy of the coal which
enables it to work.

Before leaving the subject of energy it
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will be advisable to obtain definite ideas
concerning its measurement. The amount
of energy required to be expended in order
to raise one pound against the earth’s
gravitational force, through a vertical dis-
tance of one foot, is called a foot-pound.
Thus, to raise a steel fire-proof safe,
weighing 5,000 pounds, from the street
to a room, 100 feet above the street level,
requires the expenditure of energy equal
to 100 x 5,000 = 500,000 foot-pounds.
Energy is measurable in wunits of work,
and the foot-pound is the unit frequently
employed in English-speaking countries
for this purpose.

The international unit of work is called
the joule. A joule is approximately 0.738
foot-pound, and 1is, therefore, roughly,
equal to the amount of energy required to
be expended in order to raise a pound
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through a distance of 9", against gravita-
- tional force. A foot-pound, is, therefore,
greater than a joule, being, approximately,
equal to 1.355 joules.

If we could compute the total energy of
the universe, it would, of course, be capable
of being expressed either in foot-pounds or
in joules. As we have already stated this
total 1s believed to be constant, all so-
called expenditures of energy merely
altering the character of the stock, and not
its amount.

It is necessary carefully to distinguish
between the expenditure of energy and
the rate at which it is expended. Thus if
a man weighing 150 pounds ascends a
flight of stairs 100 feet high, he must
necessarily expend energy amounting to
150 X 100 =15,000 foot-pounds. So far
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as the result is concerned, namely his
reaching the top of the stairs, the same
amount of work must be done whether he
does this in five minutes, or in one
minute ; but the rate at which he requires
to expend energy in the two cases in order
to mount the stairs, would bé very differ-
ent ; for, in the first case he would expend
15,000 foot-pounds of work in five
minutes, or at an average rate of 3,000
foot-pounds per minute, while in the
second case he would expend 15,000 foot-
pounds of work in one minute, or at an
average rate of 15,000 foot-pounds per
minute ; that is to say, his activity, or rate-
of-expending-enerqy, would be five times
greater in the latter case than in the
former.

A wnit of activity or rate-of-expending-
energy, frequently adopted in English-
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speaking countries, is the foot-pound-per-
second. A similar unit employed in deal-
ing with machinery is called the Aorse
power and is equal to 550 foot-pounds-per-
second.

The international unit of activity is the
joule-per-second ; or, as it is more fre-
quently called, the watt. Expressed in
foot-pounds-per-second, the watt is 0.738
foot-pound-per-second, so that 746 watts
are equal to one horse-power. As the
watt is usually too small a unit for con-
veniently dealing with machinery, the
Eilowatt or 1,000 watts, is generally em-
ployed. One kilowatt (K'W), is, approxi-
mately, 1 1/3 horse-power (1.34 HP), . e.
746 watts =1 HP.

As we have seen, natural phenomena
require an expenditure of energy to pro-
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duce them. It is convenient to regard
such phenomena either from the stand-
point of the energy they consume, or of
the activity they require to have sus-
tained. '

We can regard these phenomena as
capable of being reproduced by the expen-
diture of the proper amount of energy.
Since the chemical potential energy in a
pound of coal is a definite quantity, we
know that by the liberation of this energy
we can produce a certain phenomenon,
such, for example, as raising a weight to
a given -height, or in overcoming certain
resistances, as in sawing a log of wood.
If the same phenomenon is to be produced
at some point where this energy does not
exist, it is evident that this amount of
energy must be transmitted from some
other point.
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In mills and manufactories, where dif-
ferent machines are to be driven, it is pos-
sible to determine the exact amount of
energy required to drive them. We can,
therefore, calculate the amount of steam
power or water-power required to be.sup-
plied to such establishments. In actual
practice, the problem presented 1is the
determination of the most effectual and
economical means whereby this amount of
power may be transmitted from the point
of supply to the point of delivery, where
the machine has to be driven.

Various means have been adopted for
the transmission of power to considerable
distances. The principal of these are:

(1) Rope transmission.

(2) Pneumatic transmission.

(3) Hydraulic transmission.

(4) Electric transmission,
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Rope transmission finds its most exten-
sive use in the operation of cable cars,
where it is sometimes employed for dis-
tances of several miles in a single section.

Pneumatic transmission is employed ex-
tensively in Paris, where there are about
35 miles of pneumatic mains. It is also
used extensively in mining operations,
and to some extent, in systems of railway
signalling. When wused in mining, it
possesses the advantage of aiding the
ventilation.

Hydraulic transmission 1is in fairly
extensive use for distributing power in
European cities where the distribution
distances are not excessive.

There can be no doubt that any of the
preceding systems is capable, when prop-
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erly installed, of transmitting power with
fair economy over considerable distances.
A transmission system consists of gener-
ators at the transmitting end, which trans-
form the energy supplied into a form in
which it can be transmitted ; mofors, or
devices at the receiving end, for transform-
ing the energy so transmitted into the
form available for use; and connecting
systems joining the generators and motors.
In considering the relative advantages of
any transmission system, it is evident that
account must be taken of the cost of instal-
lation of the entire system, and of the rela-
tive efficiencies of the generators and
motors ; or, combining these things, of the
cost of delivering power. In addition
to this we must consider the readiness
with which the transmitted power can be
transformed, and the safety with which it
can be both transmitted and employed.
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In contrasting the relative advantages of
rope, pneumatic, and hydraulic transmis-
sion, rope transmission is often advanta-
geous where the power has to be
transmitted in the open country in bulk,
but, where power has to be transmitted to
a number of consumers in a city, pneu-
matic or hydraulic transmission possess
advantages over rope transmission, espe-
cially in cases where the exigencies of
the work require the direction of the
motion to be frequently and abruptly
changed.

While pneumatic and hydraulic trans-
mission systems possess marked advantages
in certain directions, yet electric transmis-
sion is so convenient, the efficiency of the
generators and motors so high, the cost of
transmission over considerable distances so
comparatively low, and the flexibility with






SOURCES OF ENERGY.

Tur known sources of energy may be
classified as follows: viz,

(1) Chemical energy, as of coal and
other combustibles.

(2) Water power.

(3) The earth’s internal heat.

(4) The earth’s motion.

(5) Solar heat.

Tracing these various sources of energy
to their origin, it soon becomes evident
that they are all derived from the sun as
the prime source. A lump of coal, when

burned, gives out, in its radiant light
19
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and heat, the solar activity of a past geo-
logical age. So also the energy of food,
which when assimilated, is the source of
energy in the muscles of animals, has
been derived from the sun in more recent
times. Wind power and water power also
manifestly derive their energy from the
sun.

The earth’s heat is properly to be re-
garded as a source of power. Since the
entire interior of the earth is believed to
be highly heated, we evidently.have in it a
great storehouse of natural power, which
although never yet practically employed,
yet is capable of doing an enormous amount
of work. Since it is generally believed, in
accordance with Laplace’s nebular hypo-
thesis, that the earth and all members of
the solar system once formed a part of the
sun, and were disengaged from the sun’s
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mass while in an incandescent condition,
this source of heat also owes its origin
to the sun.

The rotary motion of the earth may
be regarded as a source of power. With-
out stopping to discuss the various methods
which have been proposed to obtain motion
from the rotation of the earth, we would
point out that the only practical means
for doing this is by the employment of
machines driven by the tides.

It is evident, from 'a consideration of
the above, that all the natural sources
of power available to man on the earth
either have been, or are being, derived
from the sun, and are divisible into three
great classes; namely,

(1) Solar energy imparted to the earth
at the beginning of its career.
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(2) Solar energy imparted to coal dur-
ing past geological epochs; and,

(8) Solar energy imparted to the earth
at the present time by direct radiation.

Although, as we have already seen, the
total amount of energy existing in the uni-
verse is believed to be constant, yet the
amount residing in the sun and in the
earth, is believed to be steadily diminish-
ing, being lost by radiation into interstellar
space at a comparatively rapid rate.

A motor which receives power and
transmits it to the machinery it drives
is a device for transforming or trans-
ferring energy. A certain amount of
energy must be expeinded in driving it ; that
is a certain amount of activity must be
delivered to the machine. This activity
is generally known as the dnfuke of the
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machine. The machine, in operating, de-
livers to the machinery it drives a certain
amount of activity which is called its ous
put. The output can never exceed the in-
take. In point of fact, since certain losses
occur in the operation of the best designed
machines, the output can never even equal
the intake, and, in many machines, is con-
siderably less than the intake. The ratio
of the output to the intake is called the
efficiency of the machine.

In order to illustrate the preceding
principles we may consider the following
example. A line of shafting in a machine
shop,is a machine for transferring energy
from a source, say a steam engine, to one
or more driven machines, such as lathes,
saws, ete. The amount of activity de-
livered to the shafting by the engine may
be, say 10 horse-power, or 746 X 10 = 7,460
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watts = 7,460 joules-per-second, or 5,500
foot-pounds per second. A certain amount
of this activity is expended in overcoming
the friction of the shafting; 7. ., in heat-
ing the journals, in churning the neigh-
boring air, in shaking the building, and in
stretching the belts. The remainder of
the activity is delivered to the lathes. If
this total delivery or output, be 8 HP =
746 X 8 = 5,968 watts, the efficiency

of the shafting will be 1% = 80 per cent.

Again if an electric motor receives an
intake of 50 horse-power, and has an out-
put of 45 horse-power; 7. e, delivers 45
horse-power at its pulley, then its efliciency

will be % = 0.9 = 90 per cent.

In considering the amount of power
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required to be drawn from any natural
source in order to perform a given amount
of work, allowance must, therefore, be made
for the loss in transformation. For ex-
ample, it can be shown that a pound of
good coal, if thoroughly burned in air, is
capable of yielding a total amount of
energy equal‘to 15,500,000 joules, or,
11,440,000 foot-pounds. Consequently, if
the energy so liberated were applied to
drive a steam engine, this steam engine, if
burning one pound of coal per hour, would
be able to raise a weight of one pound
11,440,000 feet in that time, and would,
therefore, be exerting an activity of 5.778
horse-power, or 4,310 watts. In point of
fact, however, the best steam engines and
boilers are only capable of delivering

about %ths of one horse-power-hour, with

one pound of coal, so that the efficiency of
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such an engine and boiler would only be

0.8 o :
A 0.1385, or 13.85 per cent., and, in
fact, with the types of engine ordinarily
employed, the efliciency is commonly only
about 8 per cent.

This comparatively low efficiency of a
steam engine and boiler is due to the com-
bination of two very different causes.
One of these lies in the working tempera-
ture, or the difference in temperature
between the steam admitted to the engine
and the steam leaving the engine. Itisa
law of nature that the amount of heat
which can be mechanically realized from
the liberation, during combustion, of a
given quantity of chemical energy,
depends upon the working temperatures.
With the working temperatures which are
imposed by practical considerations in the
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best steam engines, the efficiency due to
this cause is restricted to about 25 per
cent., so that if the steam engine and
boiler were perfect machines, losing none
of the power which was capable of being
delivered to them, they could not under
these circumstances have an efficiency,
taken in conjilnction, of more than 25
per cent. The balance of the work is
uselessly expended in heating the air and
water.

The second source of loss lies in the
necessary imperfections of engine and
boiler as machines. The above losses are
due to frictions and loss of heat by con-
duction, convection, radiation and conden-
sation. = Retaining the same working
temperature, these losses are reduced by
all improvements in the engine and boiler,
considered as machines for effecting trans-






CHAPTER III
ELEMENTARY ELECTRICAL PRINCIPLES.

Tue grave mistake is not infrequently
made that because we are still ignorant of
the real nature of electricity, we are neces-
sarily equally ignorant of the principles
controlling its action. In point of fact
the engineer has to-day a more intimate
knowledge of the laws of electricity, than
of the laws which govern the application
of steam. Since, in the study of the
electric motor, a knowledge of the more
important laws of electricity is neces-
sary, it will be advisable to discuss them
briefly, before proceeding further with the
subject.
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An dlectric current, or electric flow, re-
quires for its existence a complete conduct-

140HM | [2 AMPERES
DROP1 VOLT,

Here

14 oHm
DROP1 VOLT

ing path as represented in Fig. 1.
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F1a. 1.—EvLEcTRIC CIRCUIT, INCLUDING SOURCE, LAMP
AND CONDUCTING LEADS.

a voltaic battery, or other electric source,
supplies an electric current through the
completed ecircuit, 4 B C D. TUnless a

completed path be provided for the passage
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of the electricity, both through the source
and the external circuit, an electric current
cannot be sustained. All practical elec-
tric circuits of this character consist of
three separate parts; namely,

(1) The electric source.

(2) Conducting wires or leads.

(83) An electro-receptive device tra-
versed by the current.

In all electric circuits of this type, it is
convenient, for purposes of description, to
regard the electricity as leaving the source
at a point called its positive pole, and
returning to the source, after it has passed
through the circuit of the receptive de-
vices placed therein, to a point called its
negative pole. The current, after entering
the source, flows through it and again
emerges at its positive pole. It will be
seen that the path thus traversed by the
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current is cireuital, in so far as it again
reaches the point from which it started.
The conducting path forms what is called
an electric circuit. It must not be sup-
posed, however, that circuits are neces-
sarily cireular in outline, since a circuit
will be established no matter what the
shape of the conducting path, provided
only that the electric flow reaches the
point from which it is assumed to have
started.

An electric circuit is said to be made,
completed, or closed, when a complete con-
ducting path is provided for it. It is said
to be broken, or opened, when this conduct-
ing path is interrupted at any point.

When an electric source, such as shown
in Fig. 1,1is open or broken, the current
ceases to flow, and, consequently, the
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source ceases to furnish electricity. It
does not, however, cease to furnish a
variety of force called electromotive force.
As long as the circuit remains open the
electromotive force produced by the bat-
tery does no work; 7 e, expends no
energy. It is only when a conducting cir-
cuit is provided for it, that it can produce
a motion of electricity and thus do work.
In point of fact all electric sources are
to be regarded as sources of electromotive
force, usually abbreviated E. M. F., rather
than sources of current, since they produce
E. M. F. whether their circuit is opened
or closed. Morever, the conditions of
their working remaining the same, the
value of their E. M. F. remains un-
changed ; whereas, as we shall see, the
value of the current they produce, de-
pends entirely upon certain conditions of
the circuit with which they are connected.
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Regarding Fig. 1, as a typical instance
of a working electric circuit, pravided, as
already mentioned, with a voltaic battery,
conducting leads, and an electro-receptive
device or devices, let us inquire how we
can ascertain the amount of electricity that
will flow through the circuit in a given
time. In this, as in any similar electric
circuit, the strength of current which flows,
that is, the quantity of electricity which
passes through the circuit per second, is
dependent on two quantities; namely, on
the value of the E. M. F., which may, for
convenience, be regarded as an electric
pressure causing, or tending to cause, the
electric flow, and on a quantity called the
resistance of the circuit, which acts so as
to limit the quantity of electricity passing
through the circuit in a given time. The
current strength passing is related to these
quantities in a manner discovered by Dr.
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Ohm, and expressed by him in a law,
generally known as Olm’s law, as fol-
lows: The current strength in any circuit
is equal to the E. M. F., acting on that
circuit, divided by the resistance of the
circuit.

In order to assign definite values to the
above quantities, certain units are em-
ployed. The units in international use
are as follows: the wnit of K. M I,
called the wolt; the unit of resistance,
called the ohm, and the wunit of current
strength or flow, called the ampere. Ohm’s
law, expressed in terms of these units,
is as follows; namely,
volts
ohms’

amperes =

Suppose, for example, in the case of the
simple electric circuit shown in Fig. 1,
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that the E. M. F. of the voltaic battery is
10 volts, and the resistance of the entire
circuit, including the resistance of the
source, the conducting wires and the
lamp, is 5 ohms; then, in accordance
with Ohm’s law, the current strength

10 volts
Would be m

= 2 amperes.

The volt is, roughly, equal to the
E. M. F. of a blue-stone voltaic cell, such
as is commonly used in telegraphy. The
ohm is the resistance of about two miles
of ordinary trolley wire, and the ampere
is about twice as strong a current as is
ordinarily used in a 16 candle-power, 110-
volt, incandescent lamp.

The dynamo-electric machine is the
practical source of the powerful electric
currents that are 1In common use.
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Dynamos can be coh‘&fmucted to give au
E. M. F., varying from a smgl;e volt'up to -

10,000 \olts. The E. M. F. employed for
street railroad systems is about 500 volts.
The E. M. F. employed for continuous-cur-
rent incandescent electric lighting is about
115 volts.

There are a great variety of voltaic
cells. The value of the E. M. F. varies in
each, but in general, is comprised be-
tween 2/3rds volt and 2 1/2 volts. As
this pressure, or, as it is frequently called,
voltage, is 1insufficient to operate most
receptive devices, it is mnecessary to in-
crease it by connecting a number of sepa-
rate cells together so as to permit them to
act as a single cell or battery. Such con-
nection may be effected in various ways,
but the readiest is connection in series,
which consists essentially in connecting the
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positive pole of one cell to the negative
of the next, and the positive of this,
to the negative of the next, and so on
through the entire number of cells, as

Fie. 2.—VorLrAlc BATTERY OF THREE CELLS IN SERIES,

shown in Fig. 2, where three separate,
Daniell gravity cells are connected in
series. If the E. M. F. of each cell is, say
1.1 volts, the E. M. F. of the battery will
be 8.8 volts. Dynamos may also be con-
nected in series, but since it is easy to
construct a dynamo for the full E. M. F.
required, the expedient is rarely resorted to.
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The resistance oftered by a pipe to the
flow of water through it increases with
the length of the pipe and also with the
narrowness of its bore. A long, narrow
pipe has a higher resistance, and permits
less water to flow through it in a given
time, and under a given pressure, than a
short pipe of large diameter. In the same
way, the resistance of an electric wire
increases with its length and with its
narrowness. A long, fine wire has a high
resistance, as compared with a short, thick
wire. Thus, one foot of very fine copper
wire, No. 40 A. W. G. (American Wire
Gauge), having a diameter of 0.003145
inch, has a resistance of, approximately,
one ohm. If, therefore, the length of a
wire be fixed, we can make its resistance
almost anything we please by altering its
area of cross-section. If we double the
cross-section, we halve the resistance,
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the resistance increasing directly with
the length, and inversely with the cross-
sectional area of the wire.

There is another way of varying the re-
sistance of wires of the same dimensions;
i.e., by employing different materials. In
other words, the resistance of a wire
depends not only upon its length and
cross-section, but also upon the nature of
itssubstance. The specific resistunce of iron
is about 6 1/2 times as great as that of
copper, so that a wire of iron would have
6 1/2 times as much resistance as a wire
of copper having the same length and
cross-section.

In order to compare readily the specific
resistances of different materials, reference
is had to a quantity called the resistivity.
The resistivity of a material is the resist-
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ance offered by a wire having unit length
and unit cross-sectional area. These unit
values are generally taken as one centi-
metre for the length, and one square centi-
metre for the area of cross-section, so that,
when we speak of the resistivity of copper
as being 1.6 microhms, we mean that a
wire 1 centimetre in length and having a
cross-section of 1 square centimetre, has a
resistance of 1.6 microhms; 4. e., 1.6 mil-

3 1.6 3 :
lionths of an ohm (T,(TO()T()W)) The resist-

ance of one metre of this wire would be
1.6 X 100
1
ance of one metre of a wire having a cross-
sectional area of 2 square centimetres
1.6 X 100 y
would be e T 80 microhms. Con-
sequently, if the resistivity of a material is

known, it is easy to determine what the

= 160 microhms, and the resist-
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resistance of any uniform wire will be of
given length and cross-sectional area.

In English-speaking countries, where
lengths are generally measured in feet, and
the diameters of wires in inches, 1t is con-
venient to employ as an area of crosssec-
tion the circular mil. A mil is a unit of
length of the value of one thousandth of
an inch, and a wire, one inch in diame-
ter, 1s said to have a diameter of 1,000
mils. If we square the diameter of a wire
1n mils, we obtain its area in circular mils,
so that a circular wire, one inch in diame-
ter, has an area of one million circular mils,
A civeular mil-foot is a unit of cross-sec-
tion and length possessed by a wire one
foot long and having a diameter of one
mil, and, consequently, an area of one cir-
cular mil. A circular milfoot of copper
has a resistance of 10.85 ohms, at 20°C.;
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so that if a wire be’one mile long, and

have a diameter of 0:2_inch, its, cross:see.

tion will be 200 X 200 = 46;600. circular
mils, and its length will be 5,280 feet, so
5,280 X 10.35 _

that its resistance will be 10,000

1.366 ohms at 20° C.

The resistivity of all metals is increased
by an increase in temperature. In most
metals this increase is about 0.4 per cent.
per degree Centigrade, reckoned from the
resistivity at zero Centigrade, so that, at
the temperature of boiling water, the

resistivity of copper is about 40 per cent.

greater than its resistivity at the freezing
point of water. In computing the resist-
ance of a wire, therefore, its temperature
must be taken into account.

When a current of water flows through
a pipe, the quantity of water which passes
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depends both on the flow, and on the time
during which the flow takes place. In
the same way the quantity of electricity
which passes through a wire depends both
on the rate of flow, or the number of
amperes, and on the time during which
the flow takes place. In determining the
quantity of water which passes through a
pipe, the gallon is frequently employed
as a unit of quantity. Similarly, in
determining the quantity of electricity
which passes through a wire, a unit of
electric quantity called the coulomb is
“employed. As in water currents, the
gallon-per-second might be employed as
the unit of current, so in the electric cur-
rent, the wunit-rate-of-flow is taken as a
coulomb-per-second, a rate of flow the same
as the ampere already referred to. The
coulomb 1is, therefore, the quantity of
electricity which passes through a circuit
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during one second, when the current
strength is one ampere. Thus, again
referring to the simple electric circuit
shown in Fig. 1, the value of the current
flowing through which was calculated
as two amperes, the quantity of electricity
would be two coulombs in each second, or
120 coulombs per minute.

A reservoir filled with water may be
regarded as a store of energy and can be
caused to expend that energy in doing
work, by permitting the water to escape
so as to drive a water motor. The
amount of energy, which can be trans-
ferred from the reservoir to the motor,
will depend both on the quantity of water
in the reservoir, and on the vertical height
through which the water is permitted to
fall. Thus, if the reservoir contain 1,000,
000 pounds of water, and this drives a
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E. M. F. of 10 volts is active. This pres.
sure corresponds to the total difference of
level between the water in the reservoir
and the motor which it drives. Every
coulomb of electricity which flows through
this circuit requires an expenditure of
work equal to 10 volts X 1 coulomb = 10
volt-coulombs = 10 joules = 7.38 foot-
pounds. Since, as we have seen, the
current strength in this circuit is 2
amperes ; 7. e, 2 coulombs-per-second, the
work done will be 2 X 10 = 20 joules
in each second. A joule-per-second is
called a watt; consequently, the activity
in this circuit will be 20 watts. In any
electric circuit the rate at which work is
being expended ; 7. e, the activity of the
circuit, expressed in watts, is equal to the
product of the total pressure in volts
multiplied by the current strength in
amperes.
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This activity has to be supplied to the
circuit by the electric source. In the case
of a dynamo, the activity is supplied by
the engine or turbine driving the dynamo.
In the case of a battery, the activity is
supplied by the chemical energy of the
cell, in other words, by the burning of the
zine in the 'battéry solution.

The activity so expended in an electric
circuit appears in one of three ways:

(1) Heat.

(2) Mechanical work.

(3) Electro-chemical work.

The relative expenditure of activity in
these three different ways is determined
by the distribution of what is called the
counter K. M. F., abbreviated C. E. M. F.
For example, in Fig. 1, an E. M. F. of 10
volts -acting in the circuit is opposed by
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product of the current strength in amperes
and the resistance in ohms, gives the back
pressure, or C. E. M. F. in volts. Thus in
the circuit of Fig. 1, where the resistance
of the entire circuit is 5 ohms, and the
current 2 amperes, the C. E. M. F. is
2 X 5 = 10 volts, which is equal to the
driving E. M. F. This, in fact, follows
from a consideration of Ohwm’s law;
namely, that the E. M. F. divided by the
resistance gives the current strength, so
that the current strength multiplied by
the resistance, is equal to the E. M. F.

Since the resistance of the cireuit, shown
in Fig. 1, is made up of the resistance of
the voltaic battery, the conducting wires
and the lamp, the C. E. M. F. or fall of
pressure of 10 volts, is distributed in these
portions according to their respective re-
sistances. If the resistance of the battery
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be 1 ohm, that is, if the battery con-
sidered as an electric conductor composed
of liquids and metals, offered a resistance
of 1 ohm to the passage of the current
it generates, the C. E. M. F. set up in the
battery by the current strength of 2
amperes will be 2 amperes X 1 ohm =
2volts. O, regarded from the standpoint
of Ohm’s law, 2 volts will be the E. M.
F. necessary to force 2 amperes through
the resistance of the battery. As it is
usually expressed, the “drop,” or fall of
pressure 1n the resistance of the battery
will be 2 volts. Again, if the resistance
of the conducting wires leading to the
lamp; 7. e, the leads, be 1 ohm, or 1/2
an ohm in each conductor, the drop in each
will be 2 amperes X 1/2 ohm = 1 volt.
Since the resistance of the lamp is 3
ohms, the C. E. M. F., or drop in its resis-
tance, will also be 2 amperes X 3 ohms =
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6 volts. The total drop, or C. E. M. F.
due to resistance, will, therefore, be 6 volts
in the lamp, 2 volts in the conducting
wires, and 2 volts in the battery, making
the total C. E. M. F. equal and opposite
to the driving E. M. F.; namely 10 volts.

As we have seen, the activity expended
by a source is the product of the driving
pressure or E. M. F. in that source, and the
current strength in the circuit expressed
in coulombs-per-second, or amperes. Simi-
larly, the activity in watts, expended on
a source of C. E. M. F., is the product of
that C. E. M. F. in volts, and the cur-
rent strength passing through the circuit.
Thus, the activity expended in the lamp
of Fig. 1, will be 6 volts X 2 amperes =
12 watts, or 8.856 foot-pounds-per-second,
expended in the lamp as heat. Again, the
activity expended in the two conductors is
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2 volts X 2 amperes = 4 Watfs, or 2.952
foot-pounds-per-second. The activity ex-
pended in the internal resistance of the
battery will be also 2 volts X 2 amperes =
4 watts = 2.952 foot-pounds-per-second,
while the activity expended in the entire
circuit of the battery will be 10 volts X
2 amperes = 20 watts = 15.76 foot-pounds-
per-second.

Summing up the various activities in
the circuit, we have, as follows; viz.,

The activity expended on the circuit by
the source is 10 volts X 2 amperes = 20
watts = 20 joules-per-second. Of this the
activity expended in the circuit by the
Jlamp is 6 volts X 2 amperes = 12 watts;
the activity expended in the two leads, is 2
volts X 2 amperes = 4 watts; the activity
expended in the battery, is 2 volts X 2 am-
peres = 4 watts; total activity = 20 watts.
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pended by the ¢ 1:;13;‘11 energy in the bat-
tery, and is libera \enblre}y in, the form
of heat; that is to say, the battery is
Warmed, the wires are warmed, and the
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lamp is warmed. The lamp becomes
much hotter than either the battery or
the wires, because the heat is liberated in
a very small volume of material, and can
escape only from a very contracted sur-
face. All activity expended against the
C. E. M. F. of drop is thermal activity and
is usually to be considered as wasted
activity, except 1n the case of electric
heaters or electric lamps, where this
C. E. M. F. and activity are designedly
employed for warming the surrounding air
or other bodies.

‘When an electric motor is so placed in
any cireuit, that a current passes through it,
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ohm, and the leads to the motor have each
a resistance of 1 ohm, while the internal
resistance of the battery or electric source
1s also 1 ohm, then the total resistance
of the circuit will be 4 ohms, and, as long
as the motor is prevented from running,
the current strength in the circuit will be
10 volts divided by 4 ohms = 2.5 amperes.
The activity expended by the source will,
therefore, be 10 volts x 2.5 amperes = 25
watts, and this activity will be entirely
expended in heating the circuit. 6 1/4
watts will be expended in warming the
battery, 6 1/4 watts in warming each
wire, and 6 1/4 watts in warming the wire
wound upon the motor.

If, however, the motor be permitted to
run, and, therefore, to do work, it must
expend energy; and this expenditure must
be supplied from the circuit as the pro-
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duct of a C. E. M. F. and the current
strength which it opposes. Thus, if the
motor by its rotation generates a C. E.
M. F. of 2 volts, in addition to its
C. E. M. F. of drop, the E. M. F. acting
on the circuit will be 10 volts in the bat-
tery, less 2 volts C. E. M. F. of rotation
produced by the motor, or 8 volts, as the
resultant driving E. M. F.; capable of be-
ing expended in forcing current through
the circuit against resistance. The current
strength will, therefore, be 8 volts + 4
ohms = 2 amperes, and the activity of the
source will be 10 volts x 2 amperes = 20
watts = 14.76 foot-pounds. The drop in
the battery will be 2 amperes X 1 ohm =
2 volts; that in each of the leads 2 volts;
and that in the winding of the motor 2
volts. The total pressure at motor termi-
nals is, therefore, 4 volts. The activity
expended as heat will, therefore, be 2 volts
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X 2 amperes = 4 watts in the battery, 4 in
each of the wires, and 4 in the motor
winding =16 watts in all. The activity
in the motor available for mechanical
work, is, however, the C. E. M. F. of rota-
tion, or 2 volts X 2 amperes = 4 watts, so
that the total amount of work which the
motor can perform mechanically is 4 watts,
or 2.952 foot-pounds-persecond. It is to
be observed, therefore, that while 20 watts
are expended by the source, only 4
watts can in this instance be utilized for
mechanical purposes, the balance being
expended in heating the circuit.

Analyzing the activity in the circuit we
have: Total activity of battery 10 volts
X 2 amperes = 20 watts = 14.76 foot-
pounds-per-second. This must be ex-
pended in the circuit as a whole. The
drop, or C. E. M. F. due to resistance in
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practically constant level. Suppose a
horizontal pipe 5 O, be provided with
an outlet at (. If the outlet at O, be
temporarily closed, then the pressure from
the water in /2, will cause the water to

Lo
Fra. 4. —RESERVOIR DISCHARGING WATER THROUGH AN
OuTLET PIPE.

stand at the same level A A, in all the
vertical pipes, 1, 2, 3, 4, ete. If, however,
the outlet pipe be opened, the pressure
at the outlet will fall to zero ; 7. e., become
that of the pressure in the air, and the
liquid will escape owing to the difference
of pressure between this point and that
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in the reservoir. There will, therefore,
be established a gradient of pressure b C,
which will be practically uniform if the
pipe be uniform, and the pressure in the
pipe will be represented by the respective
columns of water at b, ¢, d, ¢, f, ete. The
back pressure at the reservoir, due to the
flow of water through the pipe, is 4 5, or
the fall of pressure in the reservoir. At
1, the back pressure is represented by
the column ¢ (] and the drop of pressure
in the length B (] is represented by the
column of water ¢ ¢. Similarly, the back
pressure at 2, is represented by the
column ¢ ), and the drop in the length
¢ D, by the column dd'. Similarly, the
drop in the whole length 5 O, is b B,
or A" O. 1In other words, the pressure
b B, is that which is required to produce,
through the resistance of the pipe, the
actual flow which takes place through it.
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If we consider a pound of water in the
pipe after leaving the reservoir, then when
this pound of water has reached the
point 1, it has virtually fallen through the
height ¢ ¢, and, therefore, the amount of
work expended by the reservoir in fore-
ing the water through the pipe against
this back pressare ¢ ¢, will be this pound
multiplied by the number of feet in
¢ ¢. Again, if the flow from the reservoir
be say 50 pounds-per-second, then the ex-
penditure of activity in foot-pounds-per-
second, will be 50 pounds x height O A"
If this be 10 feet, the activity of the reser-
voir will be 50 x 10 = 500 foot-pounds-per-
second = 678 watts.

The preceding principles are those,
which as we have seen, apply to the elec-
tric circuit. If we represent the number
of pounds of water by the coulombs, the
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difference of level in feet, by the volts,
and the pounds-per-second, by the amperes,
the analogy is complete : for, if we multiply
the current flow in amperes, by the drop
of pressure caused by the resistance in
volts, we have the joules-per-second, or the
watts of activity, expended by the electric
source in order to drive the electricity
through the cirenit against its resistance,
or against the C. E. M. F. which this resist-
ance produces. It must be remembered,
however, that electricity is mnot a gross
liquid like water and that these are merely
analogies.

Fig. 5 represents a reservoir with an out-
let pipe as before, but coupled to a small
water motor J/, inserted in the pipe. This
water motor absorbs activity by reason of
the back pressure it is capable of develop-
ing when in rotation. It will be observed
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that the driving pressure in the reservoiris
now equal to the sum of the drops of pres-
sure in the pipe, and the back pressure of
the motor M. Thusd,, is the drop of pres-
sure in the first section of the pipe, d;, the

B

Er =S,

B

Fia. 5,—DISTRIBUTION OF PRESSURES IN MOTOR AND
PrrE.

drop of pressure in the second section of
the pipe, and B, is the back pressure due
to the action of the motor, so that ;, 23,
and d,, are together equal to 2°.

The activity expended by the reservoir in
forcing the water through the pipe and
motor together, is equal to the flow, say
50 pounds-persecond, multiplied by the
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total driving head 2’ say 10 feet = 50 X
10 = 500 foot-pounds-per-second. Of this
activity that which is expended in forcing
the water through the pipe, against the drop
of pressure due to its resistance, is ex-
pended in warming both the pipe and the
water, while the activity expended against
the back pressure 53} of the motor, may be
entirely employed in producing mechanical
work, and would be so expended if the
motor M, were a perfect machine. Thus
if d,, be 2 feet and d,, 2 feet, while B, is
6 feet, the activity expended in heating
the pipe and its contents is 4 feet x 50
pounds-per-second = 200 foot-pounds-per-
second ; while the activity expended in the
motor is 6 feet X 50 pounds-per-second =
300 foot-pounds-per-second. Moreover, the
larger the pipe, and the shorter its length,
the less will be the drop for a given flow,
and the greater the proportion of activity
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which may be expended in driving the
motor.

The electric analogue is shown in Fig.
6, where the source is represented as a

=
=

F16, 6.—ELECTRIC ANALOGUE SHOWING DISTRIBUTION
OF PRESSURE IN MoTOR AND WIRES.

battery or dynamo producing the E. M. F.
or difference of electric level £, The cir
cuit A D, extends from one pole of the
battery to the other, although not so shown
in the drawing. The motor A, produces a
back pressure B3, which we may assume to
be entirely due to its rotation, the resist.
ance of the motor being negligible ; the re-
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sistance of the conducting wires is 2 ohms
each, the drop in the conducting wires is
represented by d,, and d,, as before, but
expressed in volts instead of in feet. If
the E. M. F. at generator terminals be 10
volts, d, and d,, each 2 volts, and the back
pressure of the motor 6 volts, then the
current through the circuit will be 10 —
6 = 4 volts divided by 4 ohms = 1 ampere.
The activity expended by the source will be
10 volts X 1ampere = 10 watts = 7.38 foot-
pounds-per-second. The activity expended
in each of the leads will be 2 volts X 1
ampere = 2 watts, or 4 watts in all, and
the balance, or 6 watts, must be equal to
the activity expended in the motor; namely,
6 volts x 1 ampere. If the motor could be
made perfect, it would supply 6 watts
mechanically at its shaft, or 4.428 foot-
pounds-per-second, available for driving
purposes, and the proportion of the avail-
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able activity in the circuit to the total activ-
ity expended would be ]6—0 = 60 per cent.

In practice, owing to the existence of vari-
ous frictional forces in the motor, its output
would be less than 6 watts, say 4, making

o ol

F1¢. 7.—DISTRIBUTION OF ELECTRIC PRESSURE IN A
CIRCUIT.

its efficiency % = 66 2/3 per cent., and the

efficiency of the circuit i% = 40 per cent.

Fig. 7 represents a more nearly com-
plete analysis of the distribution of drop
and expenditure of energy in a circuit



70 THE ELECTRIC MOTOR AND

consisting of a source, a motor and conduct:
ing wires.

The E. M. F. of the battery or source
is represented by /. The resistance of
the battery by the length O A, the resist-
ance of conducting wires by the lengths
A B and C D, and the resistance of the
motor by the length 5 ¢ Then, if ¢ f,
represents the back pressure of the motor
due to its rotation, the pressure in the cir-
cuit will follow the lineoa b fec D. If
O o, represents 10 volts, O 4,1 ohm, 4 B
and ' D 2 ohms each, 5 ¢, 1 ohm, then
the total resistance of the circuit will be
6 ohms. Also, if the back pressure ¢ f,
be 4 volts, the total E. M. F. in the circuit
available for producing current through
resistance will be 10 — 4 = 6 volts, so that
by Ohm’s law the current strength will be
6 volts divided by 6 ohms = 1 ampere.
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The activity expended in the source will
be 1 watt; that in the conducting wires
4 watts; and that in the resistance of the
motor 1 watt, making a total thermal ac-
tivity of 6 watts, and leaving an activity
of 4 watts to be expended in the motor
available for purpose of producing rota-
tion. As a matter of fact, however, the
back pressure in the motor is not devel-
oped at any one spot, say halfway
through its resistance, but will probably
be developed uniformly through all parts
of the resistance, and the combined effect
of C. E. M. F. due to rotation and drop in
resistance will be indicated by the dotted
line & ¢, having a different gradient to the
line 0 b, or ¢ D.

It will be observed that the drop in the
battery is the difference in pressure be-
tween &, and 4 a, or Qo. The drop in






CHAPTER IV.

EARLY HISTORY OF THE ELECTROMAGNETIC
MOTOR.

ProBaBLY one of the most valuable gifts
of electromagnetic science to the industrial
world is that of the electromagnetic
motor. The history of this subject is not
ouly interesting on its own account, but
also affords, perhaps, the best line that can
be followed in the discussion of its theory.

The electric motor, as it exists to-day, is
a marvel of ingenuity. As a means for
converting electrical into mechanical en-
ergy it cannot but be regarded as an ex-

ceptionally efficient piece of apparatus.
&
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Like other great achievements, the electric
motor has not been the product of any
single man or nation, but is rather the
embodiment of the life work of many able
workers, from many countries, through-
many years. As Emerson has aptly ex-
pressed it: “ Not in a week, or a month,
or a year, but by the lives of many souls,
a beautiful thing must be done.”

Since the electromagnetic motor con-
sists essentially of means whereby a con-
tinuous rotary motion is produced, by the
combined agency of an electric current
and a magnet, we must regard the first
electric motor as being due to Faraday,
who, 1n 1821, produced the apparatus
shown in Fig. 8. Here a permanent steel
bar magnet § NV, is fixed in a cork, which
wholly closes the lower end of a glass
tube. Enough mercury is poured in to
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partly cover the magnet. ~ An electric cur-
rent is caused to flow in the neighborhood
of the magnet, through a movable wire
@ b, so suspended as to be capable of rotat-

Fic. 8.—THE First ELECTROMAGNETIC MOTOR.

ing its lower extremity about the axis of
the tube. Under the combined action of
the current and the magnet, a continu-
ous rotary motion is produced. The
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direction of this motion depends upon the
direction of the current, as well as on
the polarity of the magnet; that is to say,
if the motion be righthanded, or clock-
wise, when the current is in one direction
through the wire, it will be left-handed,
or  counter-clockwise, if the direction
of current be reversed. Similarly, a re-
versal of the polarity of the magnet, will
reverse the direction of the motion. The
current passes through the conductor in the
upper cork to the hook «, thence through
the movable wire @ J, and out, by means
of the mercury and the lower conductor.

Let us inquire into the cause which pro-
duces the electromagnetic rotation in the
case of the simple apparatus shown in Fig.
8. To do this, a brief examination into
the elementary principles of magnetism
will be necessary.
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We have experimental knowledge of the
fact that magnets possess the power of
mutual attraction and repulsion, at sensible
distances from one another. It would
seem at first sight, that magnets possess
the power of producing action at a dis-
tance, without the presence of any inter-
vening mechanism, or connecting medium,
but this doctrine is now totally discredited.
Indeed, it can be shown that a certain
influence emanates from the magnet, so
that a magnet is a piece of visible matter
accompanied and surrounded by an in-
visible influence, which .must be regarded
as a part of the magnet itself. More-
over, the invisible part is much larger
than the visible part. This invisible
part, or magnetic field, may be described
as a region traversed by an emanation
called magnetic flux. The existence of
this flux is shown either by the action
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exerted upon a movable compass needle,
when brought into or out of the field,
or by the power it possesses to cause
iron filings to align themselves in definite
directions. 1In Fig. 9, the direction of the
flux paths is shown by means of the group-
mgs of iron filings which have Dbeen
sprinkled on a glass plate placed over a
bar magnet.

Regarding the grouping of filings as
indicating the paths of magnetic flux, in
the plane of the glass plate, it will be
seen that curved chains of filings connect
the two ends &V, and S, of the magnet,
although in the outlying portions of the
figure the interconnection of these lines
is not shown. We know, however, that if
the figure were large enough, all the lines
would be found to form complete closed
paths,  Moreover, it can be shown that



Fi6. 9.—GROUPINGS OF IroN FiLiNes SHOWING MaeNETIC FLUX LINES OF
BArR MAGNET.
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this flux not only occupies the space out-
side the magnet, but also penetrates its
substance, and that, in fact, each flux path
forms an endless chain, passing through
both the substance of the magnet and the
region outside the magnet. The question
naturally arises whether the magnetic flux,
or at least that part of it which lies out-
side the magnet, is not due to the presence
of the air or other gross medium occupying
~ this space.  This, however, is not the case,
since the same phenomena occur if a
vacuum exists outside the magnet, that is
to say, if the magnet be enclosed in a
chamber exhausted by an air-pump.

There is, however, a medium called the
universql ether, which, as can be shown,
does fill this, as well as all other space.
The air-pump is unable to remove this me-
dium, since it can readily pass through the



THE TRANSMISSION OF POWER. 81

substance of glass or of any other known
material. Although the exact nature of
magnetic flux is unknown, yet it is con-
venient, for purposes of explanation, to
assume that it consists of a streaming motion
of the ether; the curved lines, occupied
by the iron filings, corresponding to the
stream-lines or lines in which the ether is
flowing.

Since a flow necessitates a motion in a
definite direction, it is conventionally as-
sumed that the ether streams; 7. e., the
magnetic flur, issue from the magnet at its
north pole ; namely, the pole which would
point northwards, if the magnets were
freely suspended, and after having passed
through the region outside, returns into the
substance of the magnet at its south pole,
then passing through the substance of the
magnet and reissuing at its north pole.
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In other words, a magnet may be regarded
as a means for producing a streaming mo-
tion of the ether. That is to say, an ether
streaming, called magnetic flux, moves in
closed paths or circuits around the mag-
net. According to this view, a bar magnet
acts relatively to the ether which per-
meates and surrounds it, in the same way
as a tube placed in water and furnished
with a pump in its interior, which causes
a steady stream of water to emerge from
the tube at one end, and to re-enter at the
other end, after passing through the sur-
rounding liquid.

What we call the magnetic properties
of a magnet only continue to exist while
the magnet is producing these streaming
ether motions ; that is, while it is producing
magnetic flux. Anything which causes
this motion to cease, causes the magnet to
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lose its magnetic properties, and anything
which enables the magnet to again pro-
duce this flux, will enable it to regain its
magnetic properties. Since a magnetized
bar of hardened steel retains its magnet-
ism for an indefinite time, we assume that
it possesses the power of indefinitely pro-
ducing the ether motion. This could ex-
ist without loss of energy if we assume, as
we believe to be true, that ether is a fric-
tionless fluid.

But there are other ways of setting up
streaming ether motion ; 7. e, producing
magnetic flux around gross matter. If an
electric conductor, say a copper wire, has
an electric current passed through it, the
streaming ether motion will be set up in
concentric circles around it. The presence
of this circular magnetic flux may be
shown by groupings of iron filings ob-
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tained In a similar manner to that de-
scribed 1n the case of the bar magnet and
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F1a. 10.—CrrcuLAR DiISTRIBUTION OF FLUX AROUND
Active CONDUCTOR.

shown in Fig. 9. Such groupings in the
case of an active wire are shown in Fig.
10. Here a horizontal sheet of paper has
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been placed perpendicularly to a vertical
wire while an electric current is passing
through it.

The circular magnetic flux, produced
around an active conductor by an electric
current, like the flux produced by a per-
manent bar magnet, has a definite direction
dependent on the direction of current in
the wire. If the current be considered to
pass through the wire away from the
observer, the magnetic streamings around
the conductor will have the same direction
as that of the hands of a watch, as seen by
an observer facing them. Reversing the
direction of the current will reverse the
direction of the streamings. The stream-
ings cease as soon as the current ceases.
In other words, the magnetic flux around
a wire is dependent upon the existence of
the electric current.
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streams around it, é% the interactions of 3 .fl i
the two magnetic é"“plﬂqduce a_tep- e
dency to move the cond‘u(?tor,acmss the
magnetic flux from the magnet, and, con-
sequently, cause the wire to move in a
cirecular path around the magnetic pole.

The combination, therefore, of an active
conductor and an independent magnetic flux,
constitutes a simple electromagnetic motor.

As is well known, action and reaction
are always equal and opposite, so that
if the magnet pulls the wire around
it through the medium of the inter-
acting magnetic fluxes, the wire is also
producing a pull on the magnet. Conse-
quently, if the wire be fixed and the mag-
net be free to move about its vertical axis,
it may be made to rotate. This was
actually done by Faraday, and others after
him, in a variety of apparatus.
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Feeble as was the early motor of Fara-
day represented in Fig. 8, yet it essentially
embodied the principles of the most com-
plex, powerful and eflicient electromag-
netic motors of to-day, and a comprehen-
sion of the principles involved in this
simple motor gives the clue to the action
of all modern motors.

Fig. 12, represents a modified form of
the early motor shown in Fig. 8. Here the
electric current passes from the base of the
instrument through the vertical bar mag-
net A B. The metallic support 2, has
pivoted at its upper extremity a delicately
suspended rectangular conductor X Z]
which has its two free ends dipping into
a circular trough of mercury. The current
divides through this rectangular loop, pass-
ing down through / and /. Under these
circumstances, a continuous rotary motion
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of the rectangular circuit is produced.
This apparatus only differs from the pre-

Fia. 12‘—D_Ié)vDIFIED ForM oF FArRADAY MOTOR.

ceding in the fact that two wires carry the
current past the magnet, instead of one.
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The fact that magnets exhibit mutual
attractions and repulsions for one another,
was known from the dawn of magnetic
science, before the Christian era, and the
idea of obtaining mechanical motion from
magnets naturally originated at, perhaps,
an equally early date. Continuous motion
was, and still is, impossible with perma-
nent magnets, for the reason that when a
magnet has attracted either a piece of iron,
or another magnet, it cannot again repel
the same unless its magnetism is reversed,
and no means for reversing magnetism
were known, until the magnetic properties
of the electric current were discovered.

Although Faraday was the first to pro-
duce a continuous electromagnetic rotation,
aud is justly entitled to the honor of pri-
ority, yet the principle which he adopted
was that discovered by Oersted in 1819.
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Oersted’s discovery not only showed how a
magnet could be produced by an electric
current, but also, for the first time in the
history of science, afforded the means of
reversing at will the direction of mag-
netism, and thus obtaining a continuous
rotary motion.

Oersted showed that when an electric
circuit was completed, the circuit thereby
acquired magnetic properties, and pos-
sessed the power of attracting or repelling
magnets brought into its vicinity, the ten-
dency of such attraction or repulsion being
to cause a magnet to set itself at right
angles to the electric current. The ap-
paratus for demonstrating this important
principle consists essentially of a wire 4 B,
carrying a current, and brought into the
vicinity of a freely suspended horizontal
compass needle, as shown in Fig. 13. As-
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Fi6. 13.—OERSTED’S EXPERIMENT.

suming the magnet to be placed parallel
to the conductor, then as soon as the cur-
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rent flows through the wire, the needle
will be deflected and will tend to occupy a
position at right angles to the wire. On
the cessation of the current in the wire,
the needle returns to its original position
under the influence of the earth’s magnet-
ism. The direction in which the needle
is deflected will depend upon the direction
of the electric current. If we reverse the
direction of the current in the wire, we re-
verse the direction of deflection in the
needle, because we reverse the direction
of the magnetic flux passing around the
wire. Also, if we obtained one direction
of deflection when the wire is held above
the needle, the opposite direction of deflec-
tion will be obtained when the wire is held
beneath the needle. The cause of these
phenomena is due to the mutual action of
the flux produced by the needle and that
produced by the current in the wire, which
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latter disappears on the cessation of the
current,

It would be possible, by suitably chang-
ing the direction of the current, to set up a
continuous rotation of the needle, and, in
point of fact, the electric motor of to-day
consists of means whereby the direction of
the current is changed at such times as
will effect the continuous rotation of the
magnet.

Various devices were suggested by Fara-
day and others for producing continuous
rotary motion by electromagnetic action.
For example, in 1823, Barlow produced
the apparatus shown in Fig. 14. Here
an electric current passes between the
centre of a star-shaped wheel and emerges
at 1its lowest point, which dips in a
trough of mercury included in the circuit.
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Fie. 14.—BarLow WHEEL MOTOR.

through the star wheel, produces a con-
tinuous rotation of the latter. Here that
part-of the wheel lying between its axis
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and the point dipping into the mercury
cup corresponds to the movable wire
shown in Figs. 8 and 18. Instead, however,
of the same wire, or wires, being continu-
ously acted on, different portions or teeth
of the star wheel are continuously acted on.
As before, the direction of motion is at
right angles to the magnetic flux produced
between the poles of the horse-shoe.

A modification of Barlow’s wheel was
shortly afterward made by .Sturgeon.
Here a continuous dise, instead of a star
wheel, was employed for the moving part.

None of the early motors, so far de-
scribed, were capable of exerting much
activity, but such activity as they did
exert, was derived, as in the case of all
electric motors, from the source supplying
their driving current.
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The mechanical activity developed in a
motor, neglecting frictional losses, is equal
to the product of the current strength in
amperes, passing through the motor, and
the C. E. M. F. in volts developed by the
motor through its rotation. The star wheel
represented in Fig. 14, produces a C. E. M.
F. when it commences to turn, and to this
extent the rotating motor tends to act as a
dynamo-electric machine, or source of K.
M.F. It is a general law, discovered
by Faraday, that when an electric con-
ductor is moved across a magnetic flux,
an E. M. F. is developed in the con-
ductor, whether a current be flowing
through the conductor or not. Conse-
quently, when the spurs of the star wheel
rotate under the influence of the force pro-
duced by the mutual interaction of the
fluxes of the magnet and the - current,
generally called the electro-dynamic foree,



98 THE ELECTRIC MOTOR AND

the motion of the spurs through the flux
produced by the magnet, establishes in the
spurs an K. M. F. which is counter, or op-

a

posed, to the direction of the current in
them. The product of this C. E. M. F.
and the.current strength, is equal to the
activity developed by the wheel.

F16. 15.—FARADAY'S Disc Dy~NaMo.

Any electric motor is, therefore, capable
of acting as a dynamo, if, instead of being
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driven by the current, it is moved by
mechanical force. In fact no electromag-
netic motor can operate unless it be cap-
able, under the circumstances, of acting
as a dynamo, since, otherwise, the motor
would be unable to absorb or take activity
from the circuit. This fact, however, was
not discovered: until 1831, when Faraday
produced what was, in reality, the first
dynamo-electric generator designed for
purposes of producing electromotive forces
in this manner.

Faraday’s early apparatus is represented
in Fig. 15. Here a disec of copper is so
mounted as to be capable of rotation be-
tween the poles of a horse-shoe magnet.
Under these circumstances, E. M. F’s. will
be set up in the dise, between its centre
and edge, and these E. M. F's. may be

caused to produce a current in an external
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circuit by means of collectors, one con-
nected with the axis of the dise, and the
other with its periphery. The direction
of these E. M. F’s. will depend both on
the direction of rotation of the disc and on
the position of the poles of the magnet.
Reversing either the polarity of the mag-
net, or reversing the direction of rotation,
will reverse the direction of the E. M. F.;
and, consequently, the direction of the cur-
rent supplied to the external circuit, but it
always happens that the direction of the
E. M. F. which is developed in such a
machine, or indeed, in any motor, when
rotated by electromagnetic forces supplied
by a current, is opposed or counter to the
direction of the driving current.

If, therefore, instead of rotating the
wheel shown in Fig. 16, it be left at -
rest, and an electric current from an
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external source be sent through it in the
direction of the arrows, then, under the
influence of the electro-dynamic force a

F1e. 16.—Jacosr's ELECcTRIC MOTOR.

rotation of the wheel will be produced in
the opposite direction to that represented
by the arrow.
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Without attempting to trace fully the
gradual developments of the electrie
motor, it suffices to say that one of the
earliest practical motors was produced by
Jacobi in 1834, and perfected in 1838.
This motor is interesting from a historical
standpoint, from the fact that in its im-
proved form it was employed for the pro-
pulsion of a boat on the river Neva, in
1838. In this case the motor was driven
by a voltaic battery.

Jacobi’s electric motor is represented
in Fig. 16. Here two vertical, parallel
frames of wood, support a number of
horse-shoe electromagnets,; 1. e., horse-shoe-
shaped iron cores, wound with insulated
copper wire. Such a magnet acquires its
magnetism almost instantly on the passage
of an electric current, and almost instantly
loses it when the current ceases. It is
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thus capable of becoming magnetized and
demagnetized with great rapidity. The
magnets in the outer frame were kept per-
manently excited by a steady electric cur-
rent from the battery. Between these
frames a wooden star wheel was supported
on the axis ¢ «. In the spurs of this
star wheel were mounted the six sets
of electromagnets s, s, s, s, 8, 8. The in-
sulated wires leading to these bar mag-
nets were connected with the commutating
apparatus ¢, in such a manner that the
brushes %, A, resting on the commutator
disc, supplied an electric current to the
rotating magnets from the battery. As
soon as the current was supplied to the
star wheel magnets, they attracted the
fixed electromagnets in their vicinity and
pulled around the star wheel to meet
them, but just as they came opposite to
one another, the rings () reversed the cur-
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derstood by an examination of a motor de-
signed by Ritchie, which operates on the

F1e. 17.—Rrrcmr’s MoToR.

preceding principles. Ritchie’s motor is
shown in Fig. 17. Here a movable elec-



106 THE ELECTRIC MOTOR AND

tromagnet A /5, is caused to continuously
rotate under the mutual interaction of its
flux and the flux produced by a perma-
nent magnet N S. Suppose the electro-
magnet to occupy at any instant the posi-
tion shown in the figure, and suppose,
moreover, that the current be flowing
through the coils of the electromagnet in
such a direction as to produce a south pole
at A, and a north pole at B, and that the
permanent magnet has its north pole at V,
and 1ts south pole at 5. Then an attrac-
tion will take place between the poles of
the permanent and the electromagnet,
which will cause the latter to be moved
around its axis in the direction of the
arrow.

If the current continued to flow steadily
through the coils of the electromagnet, the
movement of the magnet would cease as
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soon as its poles came 1
poles of the permanent 1
moment, by means of the commutator C
the current is reversed in the electromagnet
by reversing its polarity. Under these
conditions, aided by the momentum of the
moving electromagnet, repulsion is pro-
duced between the poles NV and A, and
the rotation is continued in the same
direction until the pole A, of the electro-
magnet comes over the pole S, of the per-
manent magnet, when the commutator
again reverses the direction of the current. -
On this account the pull will not be uni-
form in such a machine at all positions of
the electromagnet. Moreover, if the ma-
chine were to stop with its electromagnetic
poles vertically over the permanent mag-
netic poles, it would require a mechanical
motion before the current could again pro-
duce continued rotation.

ffj”Aﬁ"tlils“" b
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The next important development, his-
torically, was that made by Elias, who

Fic. 18.—ELias’ MoToRr.

in 1842 designed the motor shown in
Fig. 18. Here, two coaxial iron rings are
supported in the same vertical plane. The
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outer ring is fixed and the inner ring is
movable about its axis. In this form of
motor it will be noticed that, instead of
employing a permanent magnet for the
fixed magnet, an electromagnet is em-
ployed. This marks a considerable ad-
vance in the art; for, while it is now
obvious that a fixed electromagnet is equiv-
alent to a fixed permanent magnet, yet
at the early date of which we are speaking,
this was by no means an obvious matter.
In fact, the earlier motors were constructed,
as we have seen, with permanent magnets,
while the modern motor, when of any con-
siderable size, is invariably provided with
electromagnets.

Broadly, then, an electromagnetic motor
consists of two parts, in one of which the
magnetic flux is fixed, and in the other the
magnetic flux is movable, being changed
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at suitable intervals by the action of a
commutator. The fixed part is called the
Jield magnet, and the magnetically moving
part the armature. In nearly all cases it
is the magnetically moving part which
rotates, the field magnets being usually
fixed and the armature moving; but, as
we have seen, this is not essential, since
action and reaction are always equal and
opposite, and we may have the magnetically
fixed part rotary, and the magnetically
moving part at rest. In order conven-
iently to distinguish between the mechan-
ically moving and the magnetically moving
parts, the name stator is sometimes applied
to the part which is mechanically fixed,
and the name 7»ofor to the part which
rotates, no matter what their magnetic
condition may be.

Referring again to Fig. 18, the outer
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fixed ring constitutes the field, and the
mner movable ring the armature. Both
field and armature are so wound with coils
of insulated wire as to.produce six poles
at equal angular distances around their
circumference, adjacent poles being of
opposite polarity, as indicated by the
letters &V, S, NV, S, NV, S, in the field, and

n, 8, 0, 8, N, 8, in the armature.

In this early form of motor, instead of
employing the same current to excite both
the field and armature, a separate current
was employed to excite the field magnets,
or, as it is now expressed, this was a
separately-excited motor. 'The current pass-
ing through the armature was supplied
through the terminals 7, B The com-
mutator ) which was so arranged that the
brushes 72, 12, resting on the commutator
segments, supplied current through the
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armature by the wires £, 7, in a direction
which produced the poles n, s n, s, n, s,
when the armature occupied the position
indicated in the figure. Here the north
poles in the armature attract the south
poles of the field, and the south poles of
the armature attract the north poles of the
field, in such a manner as to cause the
armature to be pulled around clockwise,
or in the direction of the arrow.  As soon
as the poles in the armature come beneath
the field poles, the armature poles are
reversed by the brushes changing the seg-
ments upon which they rest at the commu-
tator, and thus reversing the direction of
current and the polarity of the armature,
so that, aided by momentum, the arma-
ture poles repel the field poles nearest
to them, and attract those ahead of
them, thus maintaining a continuous rota-
tion.
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This early type of machine must be
regarded as exhibiting a considerable ad-
vauce over its predecessors, and would,
indeed, with comparatively small modifica-
tion, make a motor approximating to the
type of motors in modern use. It belongs
to the type of machine now well estab-
lished, called a multipolar machine, since
it has more than two poles. It is, in fact,
a sextipolar, ov six-pole machine.

The type of machine shown in Fig. 10,
was constructed by Froment in 1845.
~ Here, as will be seen from an examination
in the figure, a continuous rotatory motion
is obtained by means of the action of
electromagnets upon pieces of soft iron,
called armatures, attached to the periph-
ery of a movable wheel. The current
is supplied from the battery B, to the

motor throngh the terminals 7] 7, and
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through the commutator ] to the magnets
M, M, in such a manner that when the

Fra. 19.—FRroMENT's MoTOR.

circuit is completed, the magnets M, M,
attract the soft iron bars A, A, A, and
pull the armature around, say in a clock-
wise direction. As soon as the bars
A, 4, A, are opposite to the magnet
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poles, the current is cut off at the commu-
tator, the armature continuing in rotation
by its momentum until the bars are ready
to be attracted by the next succeeding
magnets, when the circuit is closed at the
commutator.,  Successive magnetic im-
pulses are thereby created, which result
in a continuous rotatory motion of the
armature. A number of motors, of dif-
ferent designs, but based on this general
principle, were constructed by Froment.

Between 1845 and the present date,
very many electromagnetic motors have
been designed. With the limited space
at our disposal we will not attempt any
further to trace the early history of the
electric motor, except to give a description
of a very excellent form of early motor
designed by Pacinotti in 1861, and repre-
sented in Fig. 20. TTere the armature A,
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is mounted on a vertical axis between the
poles of the electromagnets M, and M,
which constitute the field magnets. The
current is supplied through the terminals
7;, and 7, say from 7] to the magnets M/,
and M, thence through the commutator
apparatus C, to the armature, leaving by
the terminal 7,. The field magnets A/,
and M, are, therefore, excited in series
with the armature, so that the machine
is said to be serieswound.

The armature consists of an iron ring,
wound at intervals with coils of insulated
wire connected with the commutator, in
such a manner as to produce poles in the
armature between the polar projections V
and S, of the field magnets. The armature
turns so as to bring its poles directly
opposite to the field poles. As it moves,
however, the poles in the armature are
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shifted by the action of the commutator,
so that a continuous rotation takes place.
Like all electromagnetic motors this
machine, when independently driven as
a dynamo, is capable of producing an
E. M. F. provided the field magnets are
suitably excited. The handle and disc
shown behind the motor, were intended for
the purpose of demonstrating this fact.



CHAPTER V.
ELEMENTARY THEORY OF THE MOTOR.

Havixg thus briefly traced some of the
early history of electric motors, we will
proceed to the theory of their operation.-
Although this theory could readily be
deduced from any of the motors we
have considered, yet it will, perhaps, be
preferable to base it upon a more modern
type of motor, such s the machine shown
in Fig. 21. This machine is of the bipolar
type. It has two field poles .V and &
produced by the magnetizing coils M, M.
Between these poles the armature A4, is
free to revolve. The commutator () and
pulley 2, are carried by the armature shaft.

119
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The brushes B, B, rest upon the com-
mutator, and supply the current to the
armature from the main terminals 7, 7]

Fic. 21.—BrroLAR ELECTRIC MOTOR.

in such a manner as to produce in it two
poles, n and s, midway between the poles
N and &S, of the field magnet. The arma-
ture is, therefore, pulled around in the
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direction of the arrow, and, % 6 'plawvesé
the current entering the armatu Qs:;:gﬁ'x‘
muted in such a manner as to maintain the
armature poles at their positions in the

vertical plane.

The power of an electric motor depends
-~ upon two things; viz,

(1) Upon the pull it exerts at the cir-
cumference of its pulley, and,

(2) Upon the speed at which it runs.

The greater the pull, and the greater the
speed at which that pull is delivered, the
greater the activity of the motor.

Since it is the electro-dynamic force
which causes the rotation of a motor, it is
clear that the pull, which will be exerted
at the circumference of the pulley, will
vary with the diameter of the pulley. It
is customary to speak of the effect of this

\“Q\)“\ pR s L0/ 3

<

PROPLETY OF






THE TRANSMISSION OF POWER. 123

pulley were exchanged for one 4 feet in

radius, as shown at /7, in the same
%)

figure, the motor would only be capable

of lifting a weight of 25 pounds sus-

F1e. 23.—EQUILIBRIUM oF Two EQUAL AND OPPOSITE
TORQUES.

pended over this pulley; or, a torque
of 100 pounds at a radius of one foot
1s the same as that exerted by 25 pounds
at a radius of four feet. In fact it is
clear that if the two pulleys P and 7,
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at a radius of 1/2 a foot = 20 pounds-feet ;
at /7, we have a force of 20 pounds’ weight
acting at a radius of 1 foot = 20 pounds-feet;
and, at P, we have a force of 10 pounds’
weight acting at a radius of 2 feet =20
pounds-feet. It 1s evident, that the torque
of a motor does not imply any particular
size of the pulley on the motor; for, if a
pulley of large diameter be employed, the
force at its periphery will be comparatively
small, while if a pulley of small diameter
be employed, the force at its periphery
will be comparatively great.

In the same way, the amount of work
which a motor exerting a given torque will
perform, during one complete revolution
of its armature or pulley, does not imply
any particular diameter of the pulley;
but, if the pull to be exerted is given,
then the limiting diameter, at which
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that pull can be exerted is known. Thus
if a motor exerts a torque of 20 pounds-
feet independently of the speed at which
it runs, and the pulley /2, of Fig. 24 be em-
ployed on its shaft, with a radius of half a
foot, the motor will just be capable of lifting
40 pounds’ weight on the periphery of the
pulley; and, in one complete revolution,
the pulley will raise this weight through a
distance equal to its own circumference;
namely, to 1/2 X 6.2832 = 3.1416 feet, and
will, therefore, do an amount of work equal
to 3.1416 X 40 = 125.66 foot-pounds =
170.4 joules. If, however, the pulley 2, be
employed, with a radius of one foot, the
motor will just lift a weight of 20 pounds
over its periphery; and, in one complete
revolution, will do an amount of work equal
to 6.2832 feet x 20 pounds = 125.66 foot-
pounds = 170.4 joules. Finally, if the
pully 2%, be employed, the weight, which
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the motor will lift over its periphery, will be
just 10 pounds, and its circumference being
2 X 6.2832 = 12.5664 feet, the amount of
work done by the motor in one revolution
will be 12.5664 X 10 = 125.66 foot-pounds
= 170.4 joules; or, as we have already
stated, the work done by agiven torque ina
given number of revolutions is independent
of the radius of the pulley. If the pulley
be large, the weight raised will be small,
but the lift per revolution great, while, if the
pulley be small, the weight raised will
be great, but the lift per revolution small.
On the other hand, if the weight to be
lifted be known, the size of the pulley
will be limited by the torque of the motor.
Thus, a motor of 40 pounds-feet torque
could not lift a weight of 5 pounds over
a pulley more than 8 feet in radius.

The activity of a motor, being the work
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second. A similar caleulation will show
that the activity of the motor would be
the same with pulleys 72, and 25 For,
although with the larger pulleys the per-
ipheral speed in feet per second would be
greater, yet the weights they would raise
would be correspondingly smaller.

The torque exerted by a motor is the
most convenient quantity for considering
and discussing its mechanical power, and
we will now proceed to consider how this
torque varies with the electrical conditions
in the motor.

To do this it will be necessary to con-
sider the magnetic flux. passing through
the magnetic circuit of the motor. Fig. 25
represents diagrammatically the magnetic
circuit of the motor shown in Fig. 21.
Here the armature A, is situated between
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Magnetic flux is estimated in wnits of
magnetic flux, commonly called webers. A
large motor may have a total magnetic flux
of millions of webers, while a small motor,
suitable for driving a table fan, may have
a total flux in its circuit of only a few
thousand webers.

i The unit of magneto-motive force, usually
written M. M. F., is commonly called the
gilbert, and is the M. M. F. which would be
produced by a current of 0.7958 amperes,
flowing through one turn of wire. In other
words, a current of one ampere, passing
through one turn of wire; 7. e., one ampere-
turn, produces an M. M. F. of 1.257 gilberts.
The M. M. F. of a coil of wire is, therefore,
proportional to the number of ampere-
turns in it. If each of the coils on the
magnets of Figs. 21 and 25, have 2,000
turns, and carries a steady current of 5
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resistance which a column of air offers
when it has a length of one centimetre and
a cross-sectional area of one square centi-
metre. As in the case of an electric cir-
cuit, the electric resistance increases with
the length of the cireuit and decreases with
the area of cross-section, so in the mag-
netic circuit, the magnetic resistance or
reluctance increases with the length, and
decreases with the area of crosssection.
Thus, if each of the airgaps in Fig. 95 is
one centimetre long in the direction of the
magnetic flux, and has an effective cross-
sectional area, called polar area, of 1,000
square centimetres, then the reluctance

of each airgap will be 1—,010—0 = 0.001

oersted, and the total reluctance in the
air 0.002 oersted.

The reluctance of most substances is



134 THE ELECTRIC MOTOR AND

practically the same as that of air, and is
not affected by the quantity of flux which
passes through it. In the ecase of iron,
however, the magnetic reluctance is very
small as compared with air, provided the
magnetic flux through it is not very dense.
When, however, the magnetic flux is very
powerful, so that a great number of webers
pass through each square inch of cross-
sectional area, the iron is said to become
magnetically saturated, and then offers a
greatly increased reluctance. Thus, at a
density of 5,000 webers-per-square-centi-
metre, which is commonly called a density of
5,000 gausses, the gauss being the unit of
magnetic density, the reluctance of a cubic
1
mth
that of the reluctance of a cubic centimetre
of air; but at a density of 16,000 webers-
per-square-centimetre, or at 16,000 gausses;

centimetre of iron is only about
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i. e, 16 kilogausses, the reluctance of a
cubic centimetre of soft iron may be —1—th

250

that of air. The specific reluctance of iron
in terms of air; 7. e, its reluctivity, varies
with the density of the flux passing through
it, and also with the quality of the iron.
The density of flux usually employed in
motors containing cast iron in their magnetic
circuit, is not more than 8000 or 9,000
causses; while in motors, employing soft
wrought iron or soft steel, the density
which may be employed is 12,000 to 15,000
gausses. There is, therefore, a considerable
magnetic advantage in employing soft iron,
or cast steel, in place of ordinary gray cast
iron, in the magnetic cirenits of dynamos
and motors, since the former have a much
lower magnetic resistance.

If, in Fig. 25, we assume that the total
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reluctance of the iron of the magnetic
cireuit be 0.003 oersted, then the total
reluctance in the circuit composed of iron
and air, will be 0.003 + 0.002 = 0.005
oersted, and the magnetic flux passing
through the circuit will be
9 / " "ty
——650(1)?01‘12’;;‘7% = 5,028,000 webers.

Fig. 25, shows that some of the mag-
netic flux does not pass through the
armature, but through the air on each side
of the field magnets. All such stray flux
not passing through the armature is use-
less for the purpose of rotating the arma-
ture, and is, therefore, called leakage flux.
Magnetic leakage necessarily occurs because
there is no known magnetic insulator. An
electric current can be restricted by the use
of insulators to the conductors conveying it,
such as air, dry wood, rubber, ete.,, but
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dry wood, rubber, glass and g
materials except the magnetic metalb con-
duct magnetic flux with equal facility; 7. e,
have practically the same reluctivity. Con-
sequently, some of the magnetic flux pro-
duced in the circuit by the M. M. F. of the
field coils, will pass uselessly through the
surrounding dir.  The useful magnetic
flux is that which passes through the
armature. The leakage can be reduced by
diminishing the reluctance in the armature
circuit relatively to the reluctance of the
leakage paths surrounding the cores.

If the cross-section of the armature A,
be known in square inches, the total useful
flux passing through it may be readily
estimated ; for, it is usual to employ in the
armature core a flux density of, approxi-
mately, ten kilogausses. This is a density
well below saturation, and, since there are,
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If we multiply these three quantities
together and divide by 85,155,000, we
obtain the torque of the motor in pounds-
feet.

If the motor shown in Fig. 21 has a cur-
rent strength passing through its armature
by the brushes B3, BB, of 20 amperes, a total
number of wires counted once completely
around the surface of the armature,
amounting to 160, and a total flux passing
through the field magnets amounting to
5,000,000 webers, then the torque exerted
by the armature will be
20 X 160 X 5,000,000

85,155,000
If the pulley of this motor has a radius
of one foot, then, neglecting frictions, the
motor should be just able to start when a
weight of 187.9 pounds is suspended from
the periphery of its pulley.

= 187.9 pounds-feet.
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It will be seen, from the foregoing, that
the torque exerted by a motor depends
upon the current strength passing through
its armature. If we cut off the current
from the armature, there will be no torque
exerted by the motor, even though the
field magnets be fully excited and their
maximum magnetic flux produced. This
must evidently be the case, since the cause
of the electro-dynamic force is the mutual
interaction of the field flux with the flux
produced by the current through its arma-
ture wires, and the latter ceases on the
cessation of the current.

We may now inquire into the causes
which determine the speed of a motor.
Let us suppose, for example, that the
motor shown in Fig. 21, has its field mag-
nets excited from some independent source,
so that the amount of flux which passes
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through the armature may be regarded as
constant, and equal to, say, 5,000,000
webers. If the armature be connected
through its brushes, B, B3, with a constant
electric pressure, say, for example, with a
pair of mains having a constant pressure of
10 volts, then the current strength, which
will tend to pass through the armature, will

be controlled by Ohm’s law. Thus, if the
resistance of the armature were %)th of

an ohm, the current strength, which would
tend to pass through the armature at rest,

would be 10 volts divided by ——th ohm

= 100 amperes. If the nmnber of wires
upon the surface of the armature be 100,
counted once around, we have seen that the
torque exerted by the armature, with this

current strength, will be

100 amperes X 5,000,000 webers X 100 wires _

5,155,000 587.3 pounds-feet.
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Supposing the belt to have been thrown
off the pulley of the motor; then under
this powerful torque the motor will be
started in rapid rotation. As soon as the
armature commences to revolve through
the flux produced by the field magnets, it
generates in the armature winding an E.
M. F. which is counter or opposite to the
current supplied to the armature. In other
words, the revolving motor armature com-
mences to act as a dynamo armature, oppos-
ing the current strength received from the
mains. The effect of this C. E. M. F. is
to reduce the amount of current received
by the motor. If, for example, the arma-
ture revolves at such a rate as to generate
a C. E. M. F. of 5 volts, the effective E. M.
F. acting in its circuit will be 10 — 5 =5
volts, and the current will be reduced to 5

volts divided by i%th of an ohm, or to 50
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amperes. Similarly, if the speed at which
the armature runs is sufficiently increased
to develop a C. E. M. F. of 9 volts, the effect-
ive E. M. F. in this circuit will be 10 — 9 =
1 volt, and the current will be reduced

to 1 volt divided by ll—oth ohm =10

amperes. The armature, therefore, accel-
erates until such a speed is reached as
will limit the current passing through it to
just the value which is necessary in order
to overcome the torque imposed on the
motor ; . e, the resisting torque.

The resisting torque will be very small
if the motor be disconnected from its belt,
being made up only of the frictions of
bearings, brushes, ete; while, if the belt
be thrown on the motor, and it be con-
nected with a heavy load, the resisting
torque may be very considerable. The
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will be 39 volts. If now this motor, dis-
connected from 1ts load, be connected with
a pair of mains having a constant pressure
between them of 208 volts, the armature
will run at a speed of, approximately, 16
revolutions per second, or 960 revolutions
per minute, and thereby generate an E. M.
F. counter or opposed to the .M. F. of
the mains, equal to 16 X 13 = 208 volts;
for, the resisting torque, made up of fric-
tion in the armature, will be very small,
and if the speed of the motor falls below
16 revolutions per second, or 960 revolu-
tions per minute, the current strength,
which will pass through the armature, will
be so rapidly increased that a powerful
electro-dynamic torque will be exerted
upon the armature causing it to accelerate,
and so regain its full speed.

If there were no friction whatever in the
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armature, which of course is impossible,
there would, of course, be no current and no
energy required to drive the armature, and
if the pressure at its terminals from the
mains were 208 volts, the motor would
have to generate a C. E. M. F. of ex-
actly 208 volts, so that by Ohm’s law no
current would pass through it and its
speed would be steady at exactly 16 revo-
lutions per second. If, however, a heavy
load be thrown on the motor producing
a powerful resisting torque of, say 100
pounds-feet, then the current strength,
which will be necessary to pass through
the armature in order to produce this
torque, may be, say 20 amperes, and if the
resistance of the armature be 1 ohm, the
C. E. M. F. must drop to 188 volts in
order that the driving E. M. F. shall per-
mit 20 amperes to pass through this resist-
ance; namely, 208 — 188 = 20 =+ 1 = 20
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&

amperes. The speed on

i M“"“"
loaded will, therefore, drop to ]Ta_ = 14.46
revolutions per second, or 867.6 revolu-
tions per minute.

Summing up, therefore, if a motor be
separately excited, and be connected with
a pair of constant-potential mains; 4. e., a
pair of mains maintained at an electrically
constant difference of pressure or voltage,
the speed at which it will run, will de-
pend upon the number of wires lying
upon its armature. If the armature have
a large number of fine wires, its speed will
be comparatively slow, since its dynamo
action and C. E. M. F. for a given speed,
will be great; or, in other words, the
speed required to produce a given C. E.
M. F. will be small. But if the number
of wires on the armature be small, the
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speed at which it will have to run to
develop a given C. E. M. F. will be great.
As the torque imposed on the motor, or its
load 1s increased, its speed will diminish
in order to allow the necessary increase of
current to pass through the motor to over-
come this torque, and the amount of drop
in speed will depend upon the resistance
of the armature. If the resistance of the
armature be comparatively great, the drop
of pressure in the armature will be great,
and the speed must fall off considerably ;
while, if the resistance of the armature be
small, a comparatively small diminution in
speed will, by Ohm’s law, permit a com-
paratively large increase of current
strength and torque.

Again, if the pressure on the mains with
which an armature is connected be in-
creased, the motor speed must increase in
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order to develop a correspondingly greater
C. E. M. F. Thus, if a motor runs, light-
loaded, at a speed of 500 revolutions per
minute, when connected with a pair of
110-volt mains, it will run with the same
excitation at, approximately, 1,000 revolu-
tions per minute, when connected with a
pair of 220-volt mains. This is evident,
since, approximately, the same small cur-
rent strength will have passed through it
in each case, and the C. E. M. F. devel-
oped by the motor armature, must be
nearly 110 volts in the first case, and
nearly 220 volts in the second.

We have hitherto assumed that the
amount of flux passing through the ar-
mature was constant, owing to separate
excitation of the field magnets. Tt is evi-
dent, however, that if the flux passing
through the armature be varied, the speed
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will also vary. Thus, if the machine
already considered, which had a flux of
5,000,000 webers, and 100 wires on 1its
armature, when connected with a pressure
of 10 volts, made a speed of 10 revolu-
tions per second, or 600 revolutions per
minute ; then, if we reduce the flux passing
through the armature by one half, or to
2,500,000 webers, the speed will be practi-
cally doubled, or increased to 20 revolu-
tions per second, or 1,200 revolutions per
minute. This is for the reason that the
armature must run faster through the
weaker flux in order to generate a given
C. E. M. F. If one revolution per
second produced ome volt in a stronger
flux, two revolutions per second would be
required, per volt, in the weaker flux.
Consequently, we may always increase the
speed of a motor by weakening its field
flux; ¢ e, by diminishing the current
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strength circulating in the field coils, and
their M. M. F. There will, of course, be
a limit to the degree at which this acceler-
ation can be produced, since, if the flux is
very much weakened, the flux produced
by the current in the armature winding
will overpower that of the field, and may
actually reverse it, thus tending to destroy
the C. E. M. F. of the armature, diminish-
ing its torque indefinitely, and requiring an
indefinitely high speed to check the cur-
rent strength, and the machine will there-
fore stop. On the other hand, if we
increase the current strength passing
through the field magnet coils, and so
increase their M. M. F., they will develop
a greater magnetic current or flux in the
magruetic circuit of the machine, including
the armature, and this increased flux will
produce the C. B. M. F. required from the
motor at a correspondingly reduced speed.
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In practice, motors are not usually sepa-
rately excited, but are excited by a cur-
rent obtained from the mains supplying
the armature. The field winding may be
connected either in series with the arma-
ture, producing what is called a series-

f

Fre. 26.—DracraM oF SHUNT WINDING.

wound motor, or in shunt with the
armature, producing what 1is called a
shuntwound motor. Fig. 26, represents dia-
grammatically the connections of a shunt-
wound motor. Here the ends & and ¢, of
the magnetic coils J/, are connected in
shunt with the ends & and ¢, of the ar-
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mature /. @ and f, are the constant-
potential mains. If the resistance of the
magnet M, be assumed constant, by Ohm’s
law the current strength through it
must be constant, and the effect is the
same as though the motor were separately
excited. The strength of current, which
the armature can carry continuously, de-
pends upon its size, winding and construe-
tion. The drop of pressure, which its
full-load current will produce, usually
varies between 2 per cent. and 10 per
cent. of the terminal pressure; that is to
say, if the pressure between the mains «
and £, be 500 volts, then the full-load drop
in the armature will usually vary between
50 volts in a small motor, and 10 volts in
a large motor, the C. E. M. F. at full
load being respectively 450 and 490 volts.
The drop in speed of such a motor will,
therefore, usually vary between 10 per
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strength passing through th 0ﬁtoglllxe will

be comparatlvely small, and tResXE M2 Fgre 2
of this current in the field coils w\ﬁ‘ﬁ“"""”
small, producing thereby a small magnetic

flux through the armature. The speed of

the armature will, therefore, be compara-

tively great. If, however, the torque on

the motor; 7. e, its load, be increased, the
current passing through the motor will
automatically increase, increasing thereby

the M. M. F. and flux through the
armature, thus reducing the speed. On

this account, as well as owing to the drop

of pressure in the resistance of the arma-

ture, a series-wound motor is much more
variable in its speed than is a shunt-wound

motor, but a series-wound motor, espe-
cially in small sizes,is simpler to construct;

for, its field-winding consists of but com-
paratively few turns of coarse wire, while

a shunt motor field-winding consists of

THE TRANSMISSION
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while the series coil m, is unmagnetized.
When the full-load current passes through
the armature, the excitation of the series coil
m, reaches its maximum. The M. M. F.
of m, is counter or opposed to the M. M. F.
of M, so that the magnetic flux is slightly
weakened at full load, thereby necessitat-
ing a slight ac¢celeration of the armature in
order to develop its C. E. M. F. This ac-
celeration may be adjusted so as to almost
completely counterbalance the drop in
speed, which would otherwise take place
by virtue of the drop of pressure in the re-
sistance of the armature, considered as a
separately-excited machine. A compound-
wound motor may, therefore, be adjusted
so as to have a practically constant speed
under all loads.

The activity absorbed by a motor is usu-
ally measured as the product of the termi-
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nal pressure in volts and the current
strength in amperes. Thus, if the motor
be connected with a pair of 220-volt mains,
and be observed to take a total current of
10 amperes, then the activity absorbed by
the motor will be 220 volts X 10 amperes =
2,200 watts = 1,622 foot-pounds-per-second
= 2.2 kilowatts = 2.949 horse-power. If
the motor were a perfect machine, expend-
ing no internal activity, under these condi-
tions, it would do mechanical work at a
rate of 2,200 watts, or 1,622 foot-pounds-
per-second, but its actual efficiency would,
probably, be about 82 per cent. in this size
of machine, and the mechanical activity it
would exert, would be 2,200 X T%% = 1,804
watts = 1,330 foot-pounds-per-second. The
motor could, therefore, lift 1 pound 1,330
feet per second, or 133 pounds 10 feet per
second, at this load.
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The efliciency of motors varies with
their size. A very small motor, such as
that employed for driving a desk fan, has
an efficiency of, probably, only 30 per cent.,
while a 1 horse-power motor will, prob-
ably, have an efticiency of 60 per cent., and
a 100 horse-power motor an efficiency of,
probably, 90 per cent. The efficiency may
be even still greater in larger sizes, al-
though, of course, it can never reach 100
per cent., since some activity is sure to be
lost within the motor.

It should be clearly borne in mind that
all improvements, which have yet to be
made in electro-dynamic motors, must be
almost entirely confined to the directions of
reduced speed or reduced cost, because the
efficiency is already so comparatively high.
If a 100 horse-power motor only wastes
about 10 horse-power at full load, in its
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mechanical and electrical frictions, the
best possible motor of this size could only
save 10 horse-power under the same condi-
tions. The direction, in which we may
look forward to improvements in motors,
lies, therefore, almost wholly in reducing
their cost of construction and the speed at
which they run.

The work absorbed by an electric
motor from the ecircuit supplying it is
conveniently measured in units called
kilowatt-hours, a kilowatt-hour being an
amount of work equal to that performed
by an activity of one kilowatt maintained
steadily for one hour. A kilowatt-hour is
equal to 1.34 (roughly 1 1/3) horse-power-
hours, or to 3,600,000 joules, or 2,663,000
foot-pounds. In Great Britain the kilo-
watt-hour is called the “ Board of Trade

Unit.”



THE TRANSMISSION OF POWER, 161

The work consumed by an electric
motor is usually measured by a meter placed
in its circurtt. The meter may be a watt-
weter, in which case its dial will show the
total amount of work received by the
motor in kilowatt-hours; or it may be
an ampere-hour meter, whose indications,
multiplied by the pressure of the circuit,
assumed as uniform, will give the total
amount of work consumed. Thus, if a
motor connected with a 220-volt, constant-
potential circuit, is shown to have received
5,000 ampere-hours in a month, by the
record of an ampere-hour meter, the total
work it has received will be 5,000 X 220
= 1,100,000 watt-hours = 1,100 kilowatt-
hours.
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bearings are self-oiling ; that is to say, they
contain oil which is continually poured
upon the surface of the revolving shaft by

Fie: 29.—ForM or ELECTRIC MOTOR.

the aetion of the rings 19, as will be later
explained.

On the end of the shaft opposite to the
commutator is secured the pulley 5. The
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pedestals themselves rest upon the cast-
iron base plate 8, to which they are firmly
secured by bolts. This base plate forms
part of the magnetic circuit of the machine.
Upon its smooth surface are bolted the
field cores, 3, 3, on the heads of which
stand the pole pieces 2, 2. The pole
pieces are set in place after the magnets
coils 4, 4, are set in position. The
rocker arm 21, carries the two brush
holders 22, 22, in insulated sockets at each
extremity, and the brush holders, in their
turn, clamp the metallic brushes 23, 23,
which rest upon the surface of the com-
mutator at diametrically opposite points.
By moving the handle of the rocker arm,
the diameter upon which the brushes bear
on the commutator, called the déameter of
comimutation, can be varied within suitable
limits; 24, are the cables connecting the
brushes with the terminals 6 and 7, mounted
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on a board above the pole-pieces, and to
which the main leading wires are attached.
The rods 12, 12, securely bolt the cores

1 - s : . SR

Fi1a. 31.—ForM OF CONTINUOUS-CURRENT MOTOR.

and pole-pieces to the base plate, and also
leave eye-bolts by which the machine can

be readily slung.
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F16. 32.—PARTS oF Motor SuowN IN Fia. 31.
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The motor shown in Fig. 31, differs
from that in Fig. 29, in the fact that the
armature and pole-pieces are supported
close to the base, =0 that the field magnets
are inverted. In other respects, however,
the parts are similar in each motor. This
motor is shown dissected in Fig. 32, where,
as before, corresponding parts are marked
with corresponding numerals. It is 1m-
portant to notice that in order to prevent
the magnetic flux produced by the
M. M. F. of the coils 12, from passing
entirely through the cast iron base, the
pole-pieces are supported on slabs of
zine 5, which introduces a greater reluc-
tance into this path and enables almost all
of the magnetic flux to pass through the
armature core.

In order to obtain a better conception
of the construction, we may now consider
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Fic. 33.—Moror wiTH RING ARMATURE.

the separate parts of the motor in fur-
ther detail, beginning with the armature.
Broadly speaking, armatures may be
divided into three classes; namely,

(1) Drum armatures.

(2) Ring armatures.

(3) Dise armatures,
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Figs. 22, 29, 30, 31, and 32 represent
drum armatures ; that is to say, armatures
which are simply dram-shaped or. eylin-
drical in their appearance.

Fie. 34.—MorTor wITH GRAMME RING ARMATURE.

Fig. 33, represents a motor furnished
with a ring armature A A A. Here the
field magnets are placed inside the arma-
ture, as is sometimes the case, though
more frequently the armature is placed
inside the field, as is shown in Fig. 34,
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Fi6. 35.—Disc ARMATURE.
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where the armature A4, is placed between
the poles IV and S, of the magnet .

An example of a disc armature is shown
in Fig. 35. IHere a number of insulated
radial conductors € € are held like spokes
in a wheel, and are connected together
by conducting strips &, s, s, at the centre
and edge of the wheel. In this arma-
ture the conducting bars & £, £, on the
periphery of the wheel, form the commu-
tator upon which the collecting brushes
are intended to rest. Kig. 36 represents
the complete machine employing this
armature. The magnets are here enclosed
in a field frame, and present their polar
surfaces to each other across the disce
armature. Disc armatures are very seldom
used in the United States.

A drum or ring armature consists essen-
tially-of three parts; namely,
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F1e. 86.—Disc ARMATURE MOTOR.

(1) The core or body, which is always of
soft iron.

(2) The exciting coils of insulated cop-
per wire, which are wound upon the core,
and in which the E. M. F. is generated by
revolution through the flux.

(8) The commutator, by means of
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which the E. M. F.’s induced in the coils
are united and co-directed so as to pro-
duce-a continuous E. M. F. in the circuit;
or, regarded from a different standpoint,
the commutator distributes the cur-
rent received from the external ecircuit
through the armature winding, in such a
manner as to produce a continuously act-
ing torque:

Armature cores may be divided, from
another standpoint into two classes; viz.,
the smooth-core and the toothed-core.
Smooth-core armatures present a continu-
ously smooth, cylindrical surface before the
wire is wound upon them. Such a core is
shown in Fig. 37. Here S, §; is a steel
shaft, which carries two phosphor-bronze
spiders, one of which only is seen at 5.
These spiders are clamped to the shaft and
support between them the hollow core
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C, ¢, which consists of a number of thin,
soft iron plates, or annular dises, which
after being assembled, are pressed together

F1e. 37.—SMo00TH-CORE ARMATURE Boby.

and then clamped by a spider between the
end plates 7.

In the early history of the art, armature
cores were constructed of solid masses of
soft iron ; but it was soon found that such
cores became intensely heated when re-
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volved through the field flux, even though
no insulated wire was wound upon their
surfaces. This heating was owing to the
fact that E. M. F.s were induced in the
conducting iron mass, which set up pow-
erful electric currents, called eddy currents,
through its substance. These eddy cur-
rents did no useful work, and expended
power prejudicially in heating the core.
By using laminated cores; i. e, by divid-
ing the core into a number of separate
dises, with their planes at right angles to its
axis, while the passage of the magnetic flux
is not impeded, since it passes directly
through each dise, in its own plane, the eddy
currents, which tend to develop in a direc-
tion at right angles to the plane of the
dises, are very greatly checked and impeded
on account of the resistance offered to their
passage through the pile of discs. Conse-
quently, the loss of power from eddy cur-
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rents is very greatly reduced by this
expedient of laminating the core, or build-
ing it of separate discs, and the process is
invariably adopted except in the very

smallest motors.

Fr1e. 38.—T0ooTHED-CORE ARMATURE IN VARIOUS STAGES
OF CONSTRUCTION.

Toothed-core armatures are those which
possess corrugated surfaces, like a cog
wheel. Such a toothed-core armature is
shown in Fig. 38 at 4. It will be
observed that the surface of this core is
indented with grooves, running parallel to
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the axis of the shaft. In these grooves
the conducting wires, protected by suit-
able insulating material, are subsequently
laid. At 2B, the armature is shown with

Fia. 39.—ASSEMBLAGE OF LAMINATED ARMATURE CORE
Daiscs.

its winding in place, following the grooves.
At (] the complete and covered armature
is shown. Fig. 39, shows a method of
assembling toothed-core armatures upon a
shaft, so as to form, when completed, a
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drum armature. Here S, S, is the shaft
) 2 J)

(, the assembled discs, and ¢, ¢, the discs

ready to be assembled. {

It will be observed that when com-
pleted, and wound with wire, both the
toothed-core and the smooth-core arma-
tures are alike, in that they both present

Fie. 40.—CoMPLETED SMOOTH-CORE ARMATURE.

a continuous cylindrical surface, but in the
smooth-core armature this surface is
formed entirely of insulated wire which
completely covers and hides the iron core.
In the toothed-core armature, however, the
iron teeth or projections extend to the sur-
face, and remain uncovered by wire, which
only fills the grooves between adjacent
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teeth. Thus Fig. 40, shows a completed
smooth-core, drum-armature, with the in-

sulated conducting wire lying over its sur-
face, parallel to the axis. In this arma-
ture it is necessary to hold the wire
securely in place by binding the brass

Fi6. 41.—CoMPLETED ToOOTHED-CORE ARMATURE.

wire 0, b, b, tightly over mica strips and
soldering it in position. The ends of the
armature are covered - by canvas supported
on circular heads /4, 7.

Fig. 41, shows a completed toothed-
core drum armature. llere, as will be
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seen, the external surface of the armature

consists of iron, between the bands 0, .

Fig. 42 represents a portion of one of
the discs of a toothed-core armature. The

o

Fi1c. 42,—PorTioN oF Disc oF LAMINATED ToOTHED-
CORE ARMATURE.

circular holes are for the clamping bolts,
while the grooves are intended for the
reception of the insulated wires.

It will thus be seen that a toothed-core
armature 18 much more solid and secure,
when completed, than the smooth-core
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armature, and, partly for this reason, the
- toothed-core " armatures have come into
general. use. It is evident that the
toothed-core armature does not require
bands on its surface to keep the wires in
place. Moreover, the length of the air
gap or entréfer; that is to say, the dis.
tance between the iron in the armature
and the polar faces of the field magnets, is
greatly reduced, thereby reducing the
reluctance of the magnetic circuit, and re-
quiring much less M. M. F. in the field
magnet coils to produce a given amount of
flux through the armature.

Fig. 43 represents the winding of a
toothed-core armature 5. Here, as will
be seen, the cotton covered wires are
passed through the grooves. A, shows a
complete armature with the wire con-
nected to the commutator C
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A simple form of commutator, called a
two-part commutator is shown in Fig. 44.
Such a commutator would be suitable for
commuting the current produced in a single
loop of wire on an armature rotated in a

Fie. 44.—D1acraM oF Two-PART COMMUTATOR.

bipolar field. In this commutator the wire
W2 is connected to the segment €% and
“the wire W* to the segment . Under
these conditions, if the E. M. F. generated
in-the loop whose terminals are W' and
W2 be in such a direction that W7, is
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positive and W? negative, the current will
flow from W7 to C'Y, and out from the
brush AB?' through the external circuit
connecting the brushes, and return through
the brush B2 the segment C% and the
wire W2 After a quarter of a revolution
has been effected from the position shown,
and in the direction indicated by the
arrows, the brush 5, will rest on the seg-
ment (% and the brush 5% on the seg-
ment C'. At the same moment, however,
if the commutator is properly placed, the
E. M. F. which is being generated in the
loop will be reversed by its passage before
the magnet poles. W# will therefore be
the positive pole under the new conditions.
The current will consequently flow from
W2 to C? and brush B and return after
traversing the external ecircuit through
B? segment (/%) and wire W'  Conse-
quently, although the E. M. F. in the
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ally together and resting upon the commu-
tator bars. The brushes consist of metallic
strips or bundles of wire, usually of copper,
but sometimes consisting of carbon blocks.
They are held in place by devices called
brush-holders, a form of which is shown in
Fig. 46. Springs placed in these brush-

Fie. 46.—BrusH-HoLDERS.

holders maintain a uniform electric pressure
between the brush and the commutator.
After the brushes have been so set as to
press upon opposite segments of the com-
mutator, they can be rotated together into
any suitable position by the rocker arm,



188 THE ELECTRIC MOTOR AND

which is represented at 21, in Fig. 30, and
at 44, in Fig. 32.

'We have seen that in all motors a certain
amount of energy is uselessly expended in
the friction between the revolving shaft
and its supports. In order to lessen this
as much as possible the bearings are kept
well lubricated. In practice this is almost
invariably secured by means of automatic
oilers, that is, by bearings which automa-
tically keep the rubbing surfaces lubri-
cated. Such an automatic, self-oiling
bearing is shown in Fig. 47. Here the
shaft is supported in the sleeve S, of a
special alloy, called Babbitt metal, having
grooves cut in its interior, so as to dis-
tribute the oil freely over the revolving
surface of the shaft by the action of rota-
tion. This action is facilitated by the
action of two rings R, £, which rest
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upon the shaft in grooves cut into the
Babbitt metal sleeve. These rings dip
beneath the surface of the oil in the

Fra. 47.—AvroMATic SELF-OILING BEARING.

reservoir (). As the shaft revolves it sets
the ring into rotation, although the rota-
tion may be many times less rapid than
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that of the shaft. The rings carry oil on
their surfaces up into the grooves and dis-
tribute this over the shaft. The oil, after
passing through the bearing, drips again
into the reservoir 0. The level of the oil
in the reservoir can be observed by means

of the gauge glass . The sleeve S, and

Fr16. 48.—DETAILS OF SELF-OILING BEARING.

its brass rings, are shown in greater detail
in Fig. 48.

The field magnets, the function of which
is to produce the flux passing through the
armature, consist essentially of coils of in-
sulated wire, provided with cores and pole
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pieces, shaped so as to produce an annular
or eylindrical space for the rotation of the
armature. In Fig. 30, the field magnet
cores, with their pole pieces, are shown

Fi1a. 49.—SKRELETON OF MOTOR PARTS.

at 3 and 2, respectively. The coils of
insulated wire which surround them are in
practice wound on spools so that the entire
coil can be readily removed from the core.
Such a coil is shown at 4, in Fig. 30. The
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cast-iron base of the machine forms part of
the magnetic circuit, as already mentioned.

Fi1a. 50.—CoMPLETE MoTor oF TyYPE SHOWN IN FIa. 49.

In Fig. 49, a skeleton representation of
the different parts of a particular form of
motor, is shown in place. Ilere the arma-
ture, with its commutator and pulley, is
mounted between the pole pieces of the
electromagnet as shown. In this machine,
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the field cores (] () are clamped by bolts
in recesses prepared for their reception in
the castiron bed plate. A complete ma-
chine of the same type is shown in per-
spective in Fig. 50.

Since the torque of a motor depends
upon the amount of flux passing through
the armature, upon the current strength it
carries, and upon the number of wires
lying on the surface of the armature, it is
evident that a powerful torque necessitates
a powerful flux, a powerful current, and a
great number of wires. As we increase
these, we must increase the size of the
machine. Consequently, powerful motors,
are necessarily large, heavy motors.

It may be interesting to note the weight
and dimensions generally given to motors of
various sizes. A half-horse-power motor
of good type, weighs about 100 pounds,
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or about 200 pounds per horse-power, and
occupies a floor space of 18" X 10.” A
5-horse-power motor, of good type, weighs
about 600 pounds, or 120 pounds per
horse-power, and occupies a floor space of
28" x 20". A 15-horse-power motor of
good type, weighs about 1,500 pounds, or
100 pounds per horse-power, and occupies
a floor space of 4' 6" x 3. A 60-horse-
power motor weighs about 6,000 pounds,
or about 100 pounds per horse-power, and
occupies a floor space of about 7' X 5
while a 250-horse-power motor would have
a weight of about 25,000 pounds, or 100
pounds per horse-power, and a floor space
of 11" X 6. It will be seen, therefore,
that small motors weigh about 200
pounds per horse-power—or 746 watts
(roughly 750 watts)—of full-load me-
chanical output, and large motors about
100 pounds per horse-power. The slower
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the speed at which a motor is designed to
run, the greater will be its weight, other
things being equal.

It is convenient to remember that for
motors up to 10-horse-power, the number
of horse-power delivered is roughly equal
to the number of kilowatts absorbed at
the motor terminals. For example, a 6-
horse-power motor, delivering, therefore,
4,476 watts mechanically, absorbs roughly
6 kilowatts, or 6,000 watts, at its terminals,
whether the machine be built for circuits
of 100 volts, 200 volts or 500 volts. This
rule presupposes a commercial efficiency of
74.6 per cent. In large sizes the efficiency
increases and the rule cannot, therefore,
be relied upon. Thus a machine which
has a full-load output of 120 horse-power,
or about 90 KW, has an intake of, approxi.
mately, 100 KW.
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The speed of motors depends upon their
size and construetion. If two motors have
the same weight, floor space, efliciency, and
cost, the one which has the slower speed
of revolution is the better machine of the
two, because, by rewinding it for the
higher speed it could be made to have a
greater output, that is to be the equiva-
lent of a heavier machine. The speed of
a 1/2-horse-power motor of good type is
about 1,300 revolutions per minute at full-
load ; that of a 1-horse-power motor, about
1,000 revolutions per minute; of a b-
horse-power motor, 900 revolutions per
minute; a 15-horse-power motor, 750 revo-
lutions ; a 120-horse-power motor, about
5560 revolutions and a 250-horse-power
motor, about 425 revolutions per minute.

Small motors are usually constructed
with two field magnet poles, or belong to
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Fie. 51.—Q6ADR1P0LAR Motor.

struet motors with four or more poles,
quadripolar motors being common be-
tween 20-HP and 500-HP.
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A form of guadripolar motor is shown
in Fig. 51. Here there are four magnets,
M, M, M, M, and, consequently, four mag-

Fie. 52.—QuUADRIPOLAR MOTOR.

netic cireuits through the armature.
There are also four sets of brushes, instead
of two, as in bipolar machines, but oppo-
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considerably to the friction of the shaft
in its bearings, nor be left so loose as to

slip or flap.

Where steady driving under all vana-
tions of load is a matter of importance,
the shunt-wound motor; or, in some cases,
the compound-wound motor, is employed,
and, in fact, series-wound stationary motors
are usually only employed in small sizes
such as in fan motors.

By reference to the connections of the
shunt-wound motor shown in Fig. 26, it
will be seen that the armature is connected
directly across the mains. If we assume
that this connection is made with the
armature at rest, and after the field circuit
has been closed, so as to excite the field
and produce the magnetic flux through
the armature; then, since the resistance
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of the armature is necessarily small, a
very powerful current will tend to flow
through the armature, owing to the
absence of any C. E. M. F. due to rota-

F16. 53.—STARTING RHEOSTAT.

tion. This first inrush of current and
violent resulting torque, are apt to be
injurious to the motor. When, therefore,
a shunt-wound motor is started from rest,
it is necessary to insert a resistance in the
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armature circuit, so as to limit the amount
of current which shall pass through the
armature until it has been brought up to
speed and enabled to produce a suffi-

Fic. 54.—STARTING RHEOSTAT.

ciently powerful C. E. M. F. Such adjust-
able resistances are called starting rheo-
stats. 'They consist essentially of coils of
wire, usually of iron, mounted in a suit-



204 TIIE ELECTRIC MOTOR AND

able frame, and connected with contact
strips in such a manner as to permit their
ready insertion or removal from the circuit
by the movement of a handle.

Fra. 55.—STARTING RHEOSTAT.

A form of starting rheostat is shown
in Fig. 53. Here coils of iron wire are
mounted on a suitable frame and con-
nected in series. By turning the switch
S, over the contact points, a greater or
smaller number of these coils may be
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Y

Fia. 56.—INSTALLATION OF SHUNT-WoUND MOTOR.



206 THE ELECTRIC MOTOR AND

included in the circuit. When the switch
is on the extreme left contact point, no
coils are in circuit, and when on the
extreme right, all are in circuit. Fig. 54
shows a different type of starting rheostat
intended for use with small motors. Here
the resistance wire is imbedded in a suit-
able enamel on the lower surface of the
cast-iron plate shown, and the switch
serves, as before, to include more or less
of this wire between the terminals. Fig.
55, shows a similar apparatus of larger
sizes intended for use with more power-
ful motors,

Fig. 56 shows, in perspective, the ordi-
nary method of installing a shunt-wound
motor, and Fig. 57, the diagrammatic con-
nections of the same. Similar letters refer
to similar parts in both figures. It will
be observed that a pair of mains 3 M and
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M' M, being connected with a constant

pressure of, say 110, 220, or 500 volts, ac-
cording to the circuit, and the winding

M'pp cutouT Box M’
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Fi6. 57.—CONNECTIONS OF SHUNT-WOUND MOTOR.

of the motor, are connected with the motor
through the switch §; and the cut-out box
7. The switch S, consists of a handle at-



208 THE ELECTRIC MOTOR AND

tached to a pair of copper knife blades,
in such a manner, that on depressing the
handle, electrical connection is secured be-
tween the branch mains m, 7/, and the wires
@ and ), leading to the motor, while if the
handle be raised, connection is instantly
broken. The switch is called a double-
pole  switch, because it breaks contact
both on the positive and negative sides of
the circuit ; 7. e., on one side, at each knife
edge. The cutout box T, contains a pair
of safety fuses of lead wires, having such
an area of cross section and resistance,
that they will melt if the motor should
receive an abnormal amount of current.

In order to start the motor from rest, it
is usual to throw oftf the load in the driv-
ing machinery, as far as possible, so as to
reduce the resisting torque on the motor as
far as may be convenient. The handle 77,
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of the rheostat 72, is then so turned as to
cut off the current or disconnect its circuit
entirely. Under these circumstances, when
the switch S, is thrown, so as to complete
connection between the wires @ and m, on
one side, say the positive side, and ) and
m/y on the negative side, then a compara-
tively feeble current will pass through the
field-magnet coils &, &, and steadily excite
them, this current being determined by
the resistance of the coils and the pressure
of the circuit. If now the handle /7, be
turned slowly so as to close the armature
circuit through all the resistance in the
rheostat, a current will pass through the
wires b, ¢, the rheostat ¢, and armature «,
and this current will start the motor from
rest, provided the resisting torque is not
too great.

As the armature accelerates, the resist-
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ance in the rheostat is cut out, and, when
the motor reaches full speed, the handle is
turned so as to cut out all the resistance.
In order to stop the motor, the reverse
operations are effected; namely, the rheo-
stat handle is turned, without, however,
pausing for the slacking of the armature
speed until the current is entirely cut oft
the armature. The switech S, is then
opened so as to cut off the motor fields,
and the motor is thus entirely disconnected
from the circuit. In some cases, when the
speed of the motor has to be adjusted, a
separate rheostat, called a field rheostat, is
inserted in the circuit of the field coils ¢, C,
and out of the path of the armature cur-
rent. By altering the resistance in the
field-magnet circuit, within proper limits,
the current strength passing through these,
being controlled by Ohm’s law, will vary
the amount of flux passing through the



TIHE TRANSMISSION OF POWER. 211

magnetic circuit including the armature,
and force the latter to vary its speed in
order to maintain a constant C. K. M. F.

F1¢. 58.—ADJUSTMENT OF BRUSHES ON A COMMUTATOR.

The correct position of a pair of brushes
resting on a bipolar conimutator is shown
in Fig. 58 at 4. If we suppose that this
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is the position of sparkless commutation;
i.e., the position at which the brushes will
pass current into the armature with the
least sparking, then, as the load is gradu-
ally applied to the motor, and it performs
more and more work, it is usually found
that the brushes have to be shifted back-
ward, or in the opposite direction to that
in which the motor is moving, in order to
preserve sparkless commutation. When
the machine is acting as a generator, a
Jorward lead of the brushes becomes neces-
sary, with increase of load, as at D,
whereas, when employed as a motor taking
current from the mains, instead of supply-
ing current to the mains, the lead of the
brushes is backward as at C. In the most
recent types of well designed motors, how-
ever, the sparking at the commutator is so
slight at full load that no shifting of the
brushes is necessary.
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We have already referred to
ciency of the motor; namely, to the ratio
existing between the mechanical activ-
ity it develops at its pulley, and the electric
activity it absorbs at its terminals. The
losses which oceur in the motor are all of
a frictional nature, but may be divided
into :

(1) Mechanical frictions.

(2) Magnetic frictions.

(3) Electric frictions.

Mechanical frictions are those which are
produced at the bearings, brushes and in
air churning. The magnetic frictions are
those which occur during the rotation of
the armature in the flux, and the conse-
quent rapid reversal of the magnetism in
its core. It is found that when iron has
its magnetism reversed, there is a certain
amount of energy expended in the iron at
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eachreversal. The more powerful the mag-
netism the greater will be the expenditure
of energy in every cubic centimetre or cubic
inch of iron per reversal. The energy
takes the form of heat, so that when we
rapidly reverse the magnetic flux in a piece
of iron or steel we heat it even though no
friction in the mechanical sense oceurs,
This loss of energy by magnetic friction
is called loss of energy by hysteresis, or
hysteretic loss of energy. 'The more power-
ful the magnetic flux through the arma-
ture ; the more rapid the rotation, and the
greater the number of poles, the greater
will be the hysteretic loss of energy. In a
bipolar field, all the iron in the armature
core reverses the direction of its magnetic
flux twice in each revolution. Ina quadri-
polar field it reverses four times in a revo-
lution, and so on.

Thus, referring to Fig. 25, it will be
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observed that the armature A4, is magnet-
ized by the flux passing through it in the
direction of the flux, having north polarity
over the surface opposing the field pole S,
where the flux emerges, and south polarity
where the flux enters, over the surface
opposite the field pole N. After the
armature has made half a revolution, the
direction of magnetism in its mass will be
reversed, the part marked », in the figure
then becoming the part marked s, and
vice versa. It is this reversal of mag-
netism which gives rise to hysteresis, and
the more powerful the magnetic intensity
in the armature which has to be reversed,
the greater the hysteretic loss.

Electrical friction is due either to eddy
currents, or stray currents set up by dy-
namo action in the mass of the conductor,
armature core, or field poles; or, to the
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It will be interesting to discuss the
electric motor in this respect and to ex-
amine the conditions under which power
can be transmitted over considerable dis-
tances. Suppose, for example, that it is
desired to furnish, at a distant point, a
steady activity of 50 horse-power, for 10
hours a day. This power may be em-
ployed, for example, to drive the machin-
ery in a factory. We can either put a
steam engine in the factory, or install there
an electric motor, drive a generator at
some distant point, from a water-power or
steam engine, and connect the generator
with the motor by insulated electric con-
ductors.

A system for the distribution of electric
energy is represented in Fig. 59, where &,
is the generator, situated at the source of
power. M, is the motor at the factory,
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or point where the power is to be de-
livered, and ab, ¢d, are the wires connect-
ing the two places. It is theoretically
possible to employ only one wire, using the
earth as a return conductor, as in teleg-
raphy, but in practice, this arrangement
has never been found satisfactory for the

Fia. 59.—TypPicAL ELECTRIC TRANSMISSION SYSTEM.

transmission of power, and two conductors
are always employed.

The distance between & and M, the
generator and motor, that is between the
points of supply and delivery, may vary
from a few feet to many miles, In






THE TRANSMISSION OF POWER, 221

mains. In such cases, the distributing cir-
cuits may be one or two miles in length.
Finally, cases may oceur where power can
be developed under specially economical
advantages, at particular localities; as, for
example, at a waterfall, where turbines
are installed, and thus cheap power may
be transmitted to a distant city at a cost
which may be less than that of producing
the power in that city by the steam
engine. In some cases, the distance to
which the power may be transmitted may
be many miles.

Systems of electric transmission of
power are, to-day, in fairly extended use.
Moreover, this use is found in practice to be
so satisfactory that it is rapidly increasing.

The greatest distance to which power
has been electrically carried in any large
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quantity is 109 miles, which is the dis-
tance between the river Neckar at Lauffen,
Germany, and the city of Frankfort.
During the Frankfort Electric Exhibition
of 1891, about 200 horse-power was
steadily transmitted from turbines driven
at Lauffen to the Exhibition Building at
Frankfort.

The longest electric power transmission
circuit operating commercially at the
present day is at the San Joaquin valley to
Fresno, Cal., over a distance of 35 miles, at
an alternating-current pressure (triphase) of
11,200 volts between conductors. The next
longest circuit in the United States is from
Folsom to Sacramento, Cal., a distance of 24
miles, transmitting 3,000 HP. at 11,500 volts
alternating triphase pressure. The longest
circuit in Europe is from Tivoli to Rome,
a distance of 18 miles at an alternating-
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current uniphase pressure of 5,000 volts.
This system has been installed three years.

We propose to examine the conditions
which affect the problem commercially.
Assuming that the 50-horse-power con-
tinuous-current motor installed in the fac-
tory above referred to, may be wound for
any desired pressure, and will possess,
when so wound, an efficiency of 90 per
cent., then the electric horse-power which
must be supplied to its terminals, in order
to maintain a steady mechanical activity,
will be, g% = 55.55 horse-power = 55.55
X 746 = 41,440 watts = 41.44 KW.
This electric activity could be supplied as
41,440 amperes at a pressure of 1 volt, in
which case the motor would have to be
wound for 1 volt; or, as 20,000 amperes
at a pressure of 2.072 volts; or, as 1,000
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amperes at a pressure of 41.44 volts; or,
100 amperes at a pressure of 414.4 volts;
or, 10 amperes at a pressure of 4,144 volts.
In each case, the motor would have to be
wound for the required pressure.

Let us suppose that the cost of winding
the motor is the same whatever pressure
might be employed. This would not be
strictly true, since the winding for either a
very low pressure, or a very high pressure
motor would be comparatively expensive;
but, within a certain range, say from 50
volts to 1,000 volts, the cost would, prob-
ably, be nearly the same. Similarly, the
cost of winding the generator for any pres-
sure may be considered at present as con-
stant. Let us also suppose that a certain
loss of power is allowed in the transmission
lines or conductors, say 10 per cent. of the
full-load power developed at generator ter-
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minals. The efficiency of the line being,

therefore, 1‘%, the power to be supplied at

4144

the generator terminals would be 09 =

46.04 KW,

We then have an unwound generator at
the transmitting end of the line, whose
output, at full load, must be 46.04 KW,
an unwound motor at the factory, or
receiving end of the line, whose intake
must be 41.44 KW, and whose output
will be 50 horse-power, or 37.3 KW,
The size of the conductors between these
two points remains to be determined.

Let us suppose that the distance
between these two stations is 5 miles ;
then the total length of circuit will be 10
miles, including the outgoing and return-
ing conductors. In order that the loss of
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activity in the resistance of these 10 miles
of conducting wire, shall as above
assumed, be 10 per cent. of the activity
supplied at the generator terminals, it is
necessary that the drop of pressure pro-
duced by the working current in these 10
miles, shall be 10 per cent. of the pressure
at the generator terminals. Thus, if the
pressure at generator terminals be 500
volts, and the pressure at the motor termi-
nals 450 volts, then the drop of pressure
in the line will be 50 volts, or 10 per cent.
of that at generator terminals, and the
activity expended in heating the resistance
of the line wires will be, in watts,

50 volts x working current in amperes,
while the activity expended in the
motor will be

450 volts x working current in amperes,
the total activity of the generator, being,

500 volts x working current in amperes.
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If then, we wind the generator for 10
volts, and the motor for 9 volts, we lose 10
per cent. of our electric activity in the
46,040

10
amperes, and the drop in the two lines
together, one volt, or half a volt in each.
The resistance of the two lines together

line, but the current must be

—4,604

must, therefore, be 4?20_4 ohm, and the re-

sistance per mile must be ﬁth of this, or
1

16,010 ohm. Ordinary trolley wire, No. 0

A. W. G, has a resistance of, approx-
imately, half an ohm per mile. Conse-
quently, the size of conductor, which
would have to be employed in order to have

1 .
only 16,040 ohm per mile, W(?llld have to

46,040

be i 23,020 times as heavy, or as
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large in cross-section. Such an enormous
conductor would be prohibitively costly
and, therefore, such a system of transmis-
sion could not be carried out in practice.

If now, the generator were wound for
100 volts, and the motor for 90 volts,
representing a drop in the transmission
line of 10 volts, or 5 volts in each wire,
the current strength in the circuit would
he 46,040

100
ance of conductor, which would produce a

= 460.4 amperes. The resist-

drop of 10 volts with this current would

10 1
be 502 °hM = 1501

the resistance of 10 miles of conductor,
1
460.4
ohm. If we assume the resistance of a
trolley wire, as before, to be exactly half

ohm, and this being

the resistance per mile should be
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an ohm, the size of the conductor neces-

sary would be equal to 46;'4 = 230.2

trolley wires in cross-section or weight.

By increasing the pressure of trans.
mission ten times ; namely, from 10 volts to
100 volts, we have reduced by 100 times
the size of wire, which is necessary in
order to transmit a given activity of 50
horse-power with a fixed percentage of
loss, because we have reduced the current
strength ten times, and we have increased
the permissible drop in the circuit from 1
volt to 10 volts, so that the resistance has
been increased 100 times.

In the same way, if the generator be
wound for 1,000 volts, and the motor for
900 volts, allowing 10 per cent. drop in
transinission lines, as before, the current
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10 volts at generator terminals, and 9 at
motor terminals, would have to be
23,020 times trolley wire.

100 volts at generator terminals and 90

"~ at motor terminals, 230.2 times trolley
wire.

1,000 volts at generator terminals and 900
at motor terminals, 2.302 times trolley
wire.

10,000 volts at generator terminals and
9,000 at motor terminals, 0.02303 times
trolley wire.

In other words, the cost of copper
required for a given distance and given
loss in transmission varies inversely as the
square of the electric pressure.

We have hitherto assumed that the dis-
tance between the generator and the motor
was 5 miles. Let us now suppose that
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this distance is doubled, or changed to 10
miles, and that the length of the circuit is,
consequently, changed to 20 miles. If,
as before, 10 per cent. of the electric ac-
tivity has to be expended in the resistance
of the circuit, then the same number of
volts drop will have to be developed in 20
miles, which previously were developed in
10, so that the resistance per mile of the
conductor must be halved for any given
pressure at generator and motor.

Thus, if the generator be wound for
1,000 volts and the motor for 900 volts,
the drop in the transmission lines will be
100 volts, as before. The current will be
46.04 amperes, and the resistance of the
100
46.04

circuit as before = 2.302 ohms, and

the resistance per mile, élf)th of this, or
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0.1151 ohm, requiring a wire 6—(111%1 =
4.604 times that of trolley wire, or twice
as big a wire as when the circuit was only
10 miles in length. Moreover, since we
have to provide 20 miles of this double
wire, instead of 10 miles, it is evident that
the total weight of copper conductor will

have increased four times,

Similarly, it will readily be found that
if we trebled the distance between gener-
ator and motor we should have to use a
wire three times as large for 80 miles
as for 10 miles, and would, therefore,
require 9 times the total weight of the
copper needed in the first instance. In
other words, the total weight of con-
ductor required in a transmission system
varies with the square of the distance be.
tween generator and motor for a given
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pressure of transmission, and for a given
percentage of loss of activity. In order,
therefore, to transmit power economically
over considerable distance, it is essential
to employ high electric pressures, since
otherwise the cost of copper becomes pro-
hibitive.

In building and winding continuous-
current dynamo machines, whether for
motors or generators, the limit of pressure
which can be safely employed, depends
upon the character of the insulation em-
ployed in the winding, and upon the
nature of the commutator. The commuta-
tor is obviously a weak point in such
machines, since the full electric pressure
has to be maintained between the brushes
which are only a few inches apart, and are
separated by only a few strips of mica on
a revolving cylinder. The highest electric
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pressures which are employed in dynamo
machines are 10,000 volts. These pres-
sures, however, are only employed in a few
generators for series arc-light circuits and
are not employed in motors. The highest
pressures for which motors have been
built, are practically 2,000 volts, while
ordinarily 1,000 volts is the limit of pres-
sure in motor construction. Consequently,
under the conditions imposed by the art
of motor building, as it exists to-day, the
limitations of distance to which power can
be transmitted by the continuous current
are those which are presecribed either by
the cost of conductor, or by the cost of
power wasted in conductors at this limit-
ing pressure of 1,000 volts. Moreover, at
pressures exceeding this amount, the motors
become dangerous to handle without pre-
cautions, since the shock from a thousand
volt circuit is a serious one.
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Assuming that the amount of money
which must be expended in conductors
to transmit’ a given number of horse-
power over any actual distance, at, say
1,000 volts pressure, is not excessive; or,
in other words, that it will pay to employ
continuous-current electric transnission
under these conditions, the question next
arises, What should be the perceuntage of
drop allowed in the line? If we employ
a large percentage of drop we reduce
the size and cost of the copper con-
ductors, but at the same time we waste
more activity in the conductors, which
wasted activity has a money value. At
what point then should the drop be fixed
so as to secure the maximum economy ?

In practice the solution to this problem
can only be determined by making actual
estimates with different percentages of
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drop. For example, if the distance be-
tween generator and motor be 1 mile,
and the pressure at the generator terminals
1,000 volts, then the problem is to deter-
mine what shall be the most economical
drop to employ in the line conductors. It
is evident that the amount of power to be
transmitted does not enter directly into
this question, because, if we double the
power transmitted, we merely double the
whole transmission system, including gener-
ator, wires and motors, so that we may, for
convenience, simply consider the transmis-
sion of one horse-power. Let us suppose
that 1 KW capacity in motors costs say
840 when installed, so that 1,000 KW maxi-
mum mechanical delivery at the motor
shaft costs ®40,000 in motor machinery.
Then, if the efficiency of the motor be
taken, at say 90 per cent., which swould
be a fair value for moderately large sizes
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of motors, the electric activity at motor
terminals, per KW delivery at belt, would
be 1.111 KW. If now, a size of wire
which would expend in resistance at the
working pressure 10 per cent. of the
maximum pressure employed, the total
activity at the generator terminals would
be 1.235 KW and the power delivered
to the generator shaft assuming 90 per

cent. efficiency would be 1'(;235 KW =

1.372 KW. Consequently, we have, under
these conditions, to supply 1.372 KW
to the generator shaft in order to
obtain 1 KW from the motor shaft. The
total annual charge of the system will be
the interest and depreciation on the invest-
ment, added to the cost of superintendence
and repairs and the cost of the power
supplied at the generator shaft. If the
power be obtained from a waterfall, which
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is not limited in supply, then a little extra
loss of power in the line will not be a
matter of serious consequence, since it will
only involve the use of a correspondingly
larger generator and turbine, so that the
cost will only be increased by the fixed
charges on the extra investment. If, how-
ever, the power to be transmitted is from a
steam plant, not only will the engines and
boilers and generators at the transmitting
end have to be larger, by reason of a
greater waste of power in the line, but also
the coal consumed at the generating end
will be increased. We, have, therefore, to
find by trial and estimate such a size of wire
as will make the total annual cost of the
power delivered a minimum. If we make
the wire too small and its resistance too
great, its first cost will be reduced and the
annual interest on the wire will be reduced.
There will practically be no depreciation
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on copper wire, although there will be
some depreciation on the poles, supports or
insulation which must be maintained about
the wire. On the other hand, the engines,
boilers and generators will cost more, and
the coal per horse-power hour, or per KW
hour, delivered will cost more. If we
make the wire too large, we reduce the
cost of coal in the generating station, and
also the fixed annual charges of interest,
depreciation, superintendence and repairs
on generating plant which is now smaller,
but we have an increase in the fixed
charges upon the greater investment in the
line conductors. KEconomy requires that
the total charges or total annual expense
shall be as small as possible, and, con-
sequently, the size of the wire must be so
chosen that under the estimated conditions

of load the total cost of wire, power and
generating apparatus shall be a minimum.
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CHAPTER IX.
ALTERNATING-CURRENT MOTORS.

ConsIDERABLE attention has been paid
of recent years to the development of
alternating-current machinery, owing to
the facilities which such machinery pos-
sesses for the long-distance transmission
of power. While it will be necessary to
refer briefly to the differences between the
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