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ELECTRO-DYNAMIC MACHINERY
FOR CONTINUOUS CURREI\'ITS.

CHAPTER L
GENERAL PRINCIPLES OF DYNAMOS.

I. By electro-dynamic machinery is meant any apparatus
designed for the production, transference, utilization or
measurement of energy through the medium of electricity.
Electro-dynamic machinery may, therefore, be classified under
the following heads :

(r.) Generators, or apparatus for converting mechanical
energy into electrical energy. j

(2.) Transmission circuits, or apparatus designed to receive,
modify and transfer the electric energy from the generators to
-the receptive devices. '

' (3.) Devices for the reception and conversion of electric
energy into some other desired form of energy.

(4.) Devices for the measurement of electric energy.

Under generating apparatus are included all forms of con-
tinuous or alternating-current dynamos.

Under transmission circuits are included not only conduct-
ing lines or circuits in their various forms, but also the means
whereby the electric pressure may be varied in transit
between the generating and the receptive devices. This
would, therefore, include not only the circuit conductors
proper, but also various types of transformers, either station-
ary or rotary.

Under receptive devices are included any devices for con-
verting electrical energy into mechanical energy. Strictly
speaking, however, it is but fair to give to the term mechanical
energy a wide interpretation, such for example, as would per-
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mit the introduction of ‘any device for translating electric
energy into telephonic or telegraphic vibrations.

Under devices for the measurement of electric energy would
be included all electric measuring and testing apparatus.

In this volume the principles underlying the construction
and use of the apparatus employed with continuous-current
machinery will be considered, rather than the technique in-
volved in their application.

2. A consideration of the foregoing classification will show
that in all cases of the application of electro-dynamic machin-
ery, mechanical energy is transformed, by various devices,
into electric energy, and utilized by various electro-receptive
devices connected with the generators by means of conducting
lines. The electro-technical problem, involved in the practi-
cal application of electro-dynamic machinery, is, therefore, that
of economically generating a current and transferring it to the
point of utilization with as little loss in transit as possible.
The engineering problem is the solution of the electro-technical
problem with the least expense.

3. A dynamo-electric generator is a machine in which con-
ductors are caused to cut magnetic flux-paths, under conditions
in which an expenditure of energy is required to maintain the
electric current. Under these conditions, electromotive forces
are generated in the conductors.

Since the object of the electromotive force generated in the
armature s the production of a current, it is evident that, in
order to obtain a powerful current strength, either the electro-
motive force of the generator must be great, or the resistance
of the circuit small.

Electromotive sources must be regarded as primarily producing,
not electric currents, but electromotive forces. Other things
being equal, that type of dynamo will be the best electrically,
which produces, under given conditions of resistance, speed,
etc., the highest electromotive force (generally contracted
E. M. F.). Indesigning a dynamo, therefore, the electromo-
tive force of which is fixed by the character of the work it is
required to perform, the problem resolves itself into obtaining
a machine which will satisfactorily perform its work at a given

-
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efficiency, and without overheating, with, however, the maxi-
mum economy of construction and operation. In other words,
that dynamo will be the best, electrically, which for a given
weight, resistance and friction, produces the greatest electro-
motive force.

4. There are various ways in which the electromotive force
of a dynamo may be increased; viz.,

(1.) By increasing the speed of revolution.

(2.) By increasing the magnetic flux through the machtne.

(3-) By increasing the number of turns on the armature.

The increase in the speed of revolution is limited by well-
known mechanical considerations. Such increase in speed
means that the same wire is brought through the same mag-
netic flux more rapidly. To double the electromotive force
from this cause, we require to double the rate of rotation,
which would, in ordinary cases, carry the speed far beyond
the limits of safe commercial practice.

Since the E. M. F. produced in any wire is proportional to
its rate of cutting magnetic flux, it is evident that in order to
double the E. M. F..in a given wire or conductor, its rate of
motion through the flux must be doubled. This can be done,
either by doubling the rapidity of rotation of the armature ; or,
by doubling the density of the flux through which it cuts the
rate of motion of the armature remaining the same.

Since the total E. M. F. in any circuit is the sum of the
separate E. M. Fs. contained in that circuit, if a number of
" separate wires, each of which is the seat of an E. M. F., be
connected in series, the total E. M. F. will be the sum of the
separate E. M. Fs. If, therefore, several loops of w1re be
moved through a magnetic field, and these loops be *con-
nected in series, it is evident that with the same rotational
speed and flux density, the E. M. F. generated will be pro-
portional to the number of turns.

An increase in E. M. F. under any of these heads is limited
by the conditions which arise in actual practice. As we have
already seen, the speed is limited by mechanical considerations.
An increase in the magnetic flux is limited by the magnetic
permeability of the iron—that is, its capability of conducting
magnetic flux—and the increase in the number of turns is
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(1.) When the resistance of the external circuit is very
small, so that the machine is practically short circuited. Here
all the electric energy is liberated within the machine.

(2.) When the external resistance is so high that the resist-
ance of the machine is negligible in comparison. Here practi-
cally all the energy in the circuit appears outside the machine.
The total amount of work, however, performed by the machine,
under these circumstances, would be indefinitely small, since
the current strength would be indefinitely small. Between
these two extreme cases, an infinite number of intermediate
cases may arise.

8. By the output of a dynamo is meant the electric activity
of the machine in watts, as measured at its terminals; or, in
other words, the output is all the available electric energy.
Thus, if the dynamo yields a steady current strength of o0
amperes ata steady pressure or E. M. F., measured at its termi-
nals, of 110 volts, its output will be 110 X 500 = 55,000 watts,
or 55 kilowatts.

The intake of a dynamo is the mechanical activity it absorbs,
measured in watts. Thus, if the dynamo last considered were
driven by a belt, which ran at a speed of 1,500 feet-per-minute,
or 25 feet-per-second, and the tight side of the belt exerted
a stress or pull of 2,500 pounds weight, while the slack side
exerted a pull of 710 pounds weight, the effective force, or
that exerted in driving the machine, would be 1,790 pounds
weight. This force, moving through a distance of 25 feet
per second, would develop an activity represented by
1,790 X 25=44,750 foot-pounds per second; and one foot-
pound per second is usually taken as 1.355 watts, so that the
intake of the machine is 60,630 watts, or 60.63 KW,

By the commercial efficiency of a dynamo is meant the ratio of
its output to its intake. In the case just considered, the com-

59,
60.63

By the électric efficiency of a dynamo is meant the output,
divided by the total electric activity in the armature cir-
cuit. Thus, if the dynamo just considered had a total electric
energy in its circuit of 59 KW, of which 2 KW were expended

in the machine, its electric efficiency would be gg = 0.965.

mercial efficiency of the machine would be

= 0.9072.
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expended in local circuits, as in magnetizing the field magnets
of the dynamo, be relatively small.

11. Care must be taken not to confound the electric
efficiency of a machine with its electric output. The
electric output of a machine would reach a maximum
when the electric efficiency was o.5 or 50 per cent.,
and the output would be zero when the electric efficiency
reached 1.0.

The electric efficiency of the largest dynamos is very high,
about 0.985. Indeed, the electric efficiency of large machines
must necessarily be made high, since, otherwise, the libera-
tion of energy within them would result in dangerous over-
heating. o

The commercial efficiency of a dynamo is always less than
its electric efficiency, since all mechanical and magnetic
frictions, such as air resistance, journal-bearing friction,
hysteresis and eddy currents come into account among the
losses. The commercial efficiency also depends upon the type
of machine, whether it be belt-driven, or directly mounted on
the engine shaft, since the mechanical frictions to be overcome
differ markedly in these two cases. The commercial efficiency
will also vary with the character of the iron employed in its
field magnets and armature, and with the care exercised in
securing its proper lamination. In large machines, of say
soo KW capacity, the commercial efficiency may be as high
as 0.95. In very small machines, of say o.5 KW, the highest
commercial efficiency may be only o.6.

12. Although in the United States it is the practice among
constructors generally, to calculate, express and compare
lengths and surface areas in inches and square inches, when
referring to dynamo machinery, and although it might seem
therefore more suitable to adopt inches and square inches as
units of length and surface throughout this book; yet the fact
that the entire international system of electro-magnetic meas-
urement is based on the centimetre, renders the centimetre and
square centimetre the natural units of dimensions in electro-
magnetism. The authors have therefore preferred to base






CHAPTER IIL
STRUCTURAL ELEMENTS OF DYNAMO-ELECTRIC MACHINES.

13. Dynamo-electric machines, as ordinarily constructed,
consist essentially of the following parts; namely,

(1.) Of the part called the armature, in which the E. M. F.
is generated. The armature is generally a rotating part,
although in some machines the armature is fixed, and either
the field magnets, or the magnetic field, revolve.

(2.) Of the part in which the magnetic field is generated.
This part is called the fie/d magnet and provides a magnetic flux
through which the conductors of the armature are generally,
actually, and always relatively, revolved.

(3.) Of the part or parts that are employed for the pur-
pose of collecting and rectifying the currents produced by the
E. M. F. generated in the armature; 7. e., collecting and
commuting them, and causing them to flow in one and the same
direction in the external circuit. This portion is called the
commutator.

(4.) Bundles of wire, metallic plates, metallic gauze, or
plates of carbon, pressed against the commutator, and con-
nected with the circuit in which the: energy of the machine is
utilized. These are called the drusies.

In addition to the above parts, which are directly connected
with the electric actions of the machine, there are the neces-
sary mechanical parts, such as the bearings, shaft, keys, base,
etc., which also require attention.

The particular arrangement of the different parts will neces-
sarily depend upon the type of machine, as well as on the char-
acter of the circuit which the machine is designed to supply.

It will, therefore, be advisable to arrange dynamo-electric
machines into general classes, before attempting to describe
the structure and peculiarities of their various parts.

14. Dynamos may be conveniently divided into the follow-

ing classes; viz., £t pr

9 /14:5
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Constant-current machines are employed almost exclusively
for supplying arc lamps in series.

Fig. 2 represents a form of constant-current generator.
This is an arc-light machine. It has four field magnets but
only two poles, 7' and /7, connected by a bridge of cast iron
at B. At R, is a regulating apparatus for automatically main-
taining the constancy of the current strength, by rotating the

FIG. 2.—CONTINUOUS CONSTANT-CURRENT BIPOLAR GENERATOR.

brushes back or forward over the commutator, under the influ-
ence of an electromagnet 7.

Constant-current machines are made for as many as 200 arc
lights; 7. e., about 10,000 volts and g amperes, or an output up
to go kilowatts capacity, but such large sizes are exceptional.

15. Constant-potential machines may be subdivided into
sub-classes, according to the arrangement for supplying their
magnetic flux—namely:

(a.) Magneto-electric machines, in which permanent magnets
are employed for the fields.

The magneto-electric generator was the original type and
progenitor of the dynamo, or dynamo-electric generator—but
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has almost entirely disappeared. It is, however, still used in
telephony, the hand call being a small alternating-current mag-
neto generator, driven by power applied at a kandle. The
magneto-electric generator is also used in firing mining fuses,
and in some signaling and electro-therapeutic apparatus.

Fig. 3 represents a form of magneto-electric generator.
M, is a triple group of permanent magnets, and A4, is the
armature.

(b.) Separately-excited machines, in which the field electro-
magnets are excited by electric current from a separate elec-
tric source.

FIG. 3.—ALTERNATING-CURRENT MAGNETO-ELECTRIC GENERATOR.

A particular form of separately excited generator is repre-
sented in Fig. 4.

Here a generator A, has its field magnets supplied by a
small generator 5, employed for this sole purpose. It is not
necessary, however, that the exciting machine be used exclu-
sively for excitation. Thus two generators, each employed in
supplying a load, and each supplying the field magnets of the
other, would be mutually separately excited.

In central stations large continuous-current machines are
occasionally, and alternating-current machines are usually,
separately excited.

(c.) Self-excited machines, or generators whose field magnets
are supplied by currents from the armature.

Fig. 5 represents a form of self-excited generator. A/, M,
are the field magnets, P, the pilot lamp; i. e., a lamp connected
across the terminals of the machine, to show that the generator
is at work. S, the main circuit switch, &£, the rocker-arm
carrying the brushes B, 5. )
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16. Self-excited machines may be divided into three classes;
viz.,

(1.) Series wound.

(2.) Shunt wound.

(3.) Compound wound.

Series-wound machines have their field magnets connected
in series with their armatures. The field winding consists of

FIG. 4.—ALTERNATING-CURRENT MULTIPOLAR SEPARATELY-EXCITED
GENERATOR.

stout wire, in comparatively few turns. Arc-light machines
are almost always series wound. Fig. 6 represents a particular
form of series-wound machine for arc-light circuits. Here the
current from the armature passes round the cylindrical mag-
nets M, M, through the regulating magnet =, and thence to
the external circuit. The machine in Fig. 2 is also series
wound.

Shunt-wound machines have their field magnets connected
to the main terminals, that is, placed in shunt with the external
circuit. In order to employ only a small fraction of .the total
current from the armature for this purpose, the resistance of
the field magnets is made ‘many times higher than the resist-
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from a machine under all loads, these two tendencies” are so
directed as to cancel each other; this is accomplished by
employing a winding that is partly shunt and partly series.

Fig. 8 represents a particular form of a compound-wound
machine.

Here there are two spools placed side by side on each mag-
net-core, one of fine wire in the shunt circuit, carrying a cur-
rent, and exciting the fields, even when no current is supplied
externally by the machine, and the other of stout wire making

FIG. 6.~—SELF-EXCITED SERIES-WOUND CONTINUOUS-CURRENT GENERATOR.

comparatively few turns. This is part of the series winding
which carries the current to the external circuit. The excita-
tion of the magnets from this winding, therefore, depends
upon the current delivered by the machine; 7. e, upon its
load. .

Many generators for incandescent lamp circuits, as well as
many generators for power circuits are compound wound.

17. Besides the preceding classes, dynamo-electric machines
may be conveniently divided into other classes, according to
a variety of circumstances; for example, they may be divided
according to the number of magnetic poles in the field frame,
as follows : -
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poles. This machine was employed at the World’s Columbian
Exhibition.

18. Multipolar machines may be divided into the following
sub-classes :

Quadripolar, or those having four poles.

Sextipolar, or those having six poles.

Octopolar, or those having eight poles.

Decipolar, or those having ten poles.

Beyond the number of ten poles, it is more convenient tg
omit the Latin prefix, and to characterise the machine by the

FIG. 8,—COMPOUND-WOUND CONTI‘A\"U.OUS-CURRENT GENERATOR.

number of poles, as, for example, a 14-pole, or 16-pole machine,
etc.

Quadripolar machines are common. Fig. 1o shows a quadri-
polar machine. This machine has four brushes and is com-
pound wound. It is designed to supply from 500 to 600 volts
pressure at its brushes, and is surmounted by a group of six
pilot lights in series.

Fig. 7 also represents a quadripolar generator.

Fig. 11 shows a form of continuous.current, self-exciting,
compound-wound, sextipolar machine, arranged for direct con-
nection to the main shaft of an engine. The machine is pro-
vided, as shown, with six collecting brushes.

Fig. 12 shows an alternating-current, self-exciting, octopolar
generator for arc circuits. Although this machine is an a/ter-
nator ; 1. e., supplies alternating currents, it, nevertheless,
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supplies its field-magnet coils in series with continuous cur-
rents from the commutator C, at one end of its shaft. The
magnet M, forms an essential part of a short-circuiting device,
whereby the machine is automatically short-circuited, on the
external circuit becoming accidentally broken, in which case

FIG. Q.—ALTERNATING-CURRENT, 750-KILOWATT DIPHASE MULTIPOLAR
GENERATOR.

the pressure generated by the machine might become so great
as to endanger the insulation of the armature.

Fig. 13 shows a decipolar alternator, separately excited, and
compensating. This machine is belt-driven, and it drives in
turn a small dynamo D, employed for exciting the ten field
magnets. The commutator, shown at C, is provided for the
purpose of automatically increasing the pressure at the brushes
of the machine with the load, so as to compensate for drop of
pressure in the line or armature. In other words, the machine
is compound-wound. '
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As we have already observed, bipolar machines may be sub-
divided into classes according to the number of magnetic
circuits passing: through their exciting coils. In general,
multipolar machines may be similarly classified. But, as
usually constructed, there are as many independent magnetic
circuits as there are poles. Thus, a quadripolar generator has

FIG. 10.—CONTINUOUS-CURRENT SELF-EXCITED COMPOUND-WOUND
QUADRIPOLAR GENERATOR.

)

usually four magnetic circuits, a sextipolar six, and so on. In
some cases, however, a double system of field magnets is pro-
vided, one on each side of the armature; in this case, the
number of magnetic circuits may be double the number of
poles.

19. In designing a continuous-current generator, the num-
ber of poles in the field is, to a certain degree, a matter of
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choice. In almost all cases, directly-coupled, continuous-cur-
rent dynamos are multipolar, while belt-driven dynamos are
frequently bipolar. Directly-coupled, continuous-current dy-
namos are usually multipolar machines, owing to the fact that,
in order to conform with engine construction, they have to be
made with a comparatively slow speed of rotation, and, since

FIG. I1.—CONTINUOUS-CURRENT SELF-EXCITED GENERATOR.

the E. M. F. generated depends upon the rate of cutting mag-
netic flux, if the speed of the conductor is decreased, the total
amount of flux must be correspondingly increased. This
necessitates a greater cross-section of iron in the field magnets
in order to carry the flux, and this large amount of iron is most
conveniently and effectively disposed in multiple magnetic cir-
cuits. To a certain extent the number of poles is arbitrary,
but usually, in the United States, the greater the output of a
direct-driven generator, the greater the number of poles.

In alternators, however, the case isdifferent. Here, in order
to conform with a given system of distribution, the frequency
of alternation in the current is fixed, and, since the speed of
revolution of the armature is determined within certain limits,

.
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by mechanical considerations, or by the speed of the driving
engine, the number of poles is not open to choice, but is fixed
by the two preceding considerations. In any alternator, the
number of alternations of E. M. F. induced per revolution in
the coils of its revolving armature, is equal to the number of

FIG. 12.—ALTERNATING-CURRENT SELF-EXCITED OCTOPOLAR GENERATOR.

poles. Consequently, an alternator producing a frequency of
133~ ; thatis a frequency of 133 complete periods or cycles per
second, delivers 266 alternations from each coil, and its arma-
ture must, therefore, pass 266 poles per second.

20. Fig. 16 shows a 12-pole alternator. The wires @, a, are
in circuit with the field magnets, and serve to carry the current
which excites them, while the wires 4, 4, lead from the brushes.

21. Dynamo-electric machines may also be divided, accord-
ing to their magnetic circuits, into the two following classes:
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first class are shown in Figs. 1,3 and 5. A type of machine
belonging to the consequent-pole class is shown in Figs. 14 and
15. The poles are shown at V, &V, and S, S, in each case, the
field coils being so wound and excited as to produce consequent
poles.

D

FIG. 15.—CONTINUOUS-CURRENT CONSEQUENT-POLE BIPOLAR GENERATOR.

22. Dynamo machines may also be classified according to
the shape of the armature, as follows; namely,

(a.) Ring armatures.

(b.) Cylinder or drum armatures.

(c.) Disc armatures.

(d.) Radial or pole armatures.

(e.) Swmooth-core armatures.

(£.) Zoothed-core armatures.

Figs. 2 and 11 represent examples of ring armatures.

Since Gramme was the first to introduce the ring type of
armature, this form is frequently called a Gramme-ving armature.

Figs. 1, 5 and 14, show examples of cylinder or drum arma-
tures. Disc armatures are very seldom employed in- the United
States. An example of a disc armature is shown in Fig. 19.
An example of a radial or pole armature is seen in Fig. 17.

-
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23. Dynamos may also be divided, according to the actual
or relative movement of armature or field, into the following
classes; namely,

(a.) Those in which the field is fixed and the armature
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- FI1G. I7.—DIAGRAM OF POLE ARMATURE.

revolves. This class includes all the machines previously
described, except that represented in Fig. 19.

(b.) Those in which the armature is fixed and the field
revolves. An example of this type of machine is shown in

FIG. 18.—A TOOTHED-CORE ARMATURE SHOWING THE STAGES OF
WINDING.

Fig. 19 A and B, where two sets of field magnets, mounted on
a common shaft, revolve together around a fixed disc arma-
ture, shown in Fig. 19 B, which is rigidly supported vertically
in the space between them.

(c.) Those in which the field and armature are both fixed,
but the magnetic connection between the two is revolved.
These dynamos are usually called inductor dynamos.
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Some multiphase alternators can supply both single-phase
and multiphase currents to different circuits.

Multiphase machines may be further subdivided into the
following classes; namely,

(r.) Diphase machines, or those delivering two separate alter-
nating currents. These two currents are, in almost all cases,

FIG. IQB.—DISC ARMATURE.

quarter-phase currents, that is to say, they are separated by a
quarter of a complete cycle. Although it is possible to employ
any other difference of phase between two currents, yet the
quarter-phase is in present practice nearly always employed.

Fig. 9 represents a diphase generator, or dipiaser.

(2.) Triphase machines, or triphasers, are generators deliver-
ing three separate alternating currents. These three currents
are, in all cases, separated by one third of a complete cycle.

Uniphase machines are sometimes called single.phase machines,
and diphase machines are sometimes called fwo-phase machines
or fwo-phasers, while triphase machines are sometimes called
three-phase machines or three-phasers. The terminology above
employed, however, is to be preferred.

26. In addition to the above classification there are the fol-
lowing outstanding types : 8
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MAGNETIC FLUX.

27. A magnet is invariably accompanied by an activity in
the space or region surrounding it. Every magnet produces a
magnetic field or flux, which not only passes through the sub-
stance of the magnet itself, but also pervades the space sur-
rounding it. In other words, the property ordinarily called
magnetism is in reality a peculiar activity in the surrounding
ether, known technically as®magnetic flux.

By a simple convention magnetic flux is regarded as passing
out of the north-seeking pole of a magnet, traversing the space
surrounding the magnet, and finally re-entering the magnet at
its south-seeking pole. Magnetic flux, or magnetism, is cir-
cuital; that is, the flux is active along closed, re-entrant curves.

28. Although we are ignorant of the true nature of magnetic
flux, yet, perhaps, the most satisfactory working conception
we can form concerning it, is that of the ether in translatory
motion ; in other words, in a magnet, the ether is actually
streaming out from the north-seeking pole and re-entering at
the south-seeking pole.

Since the ether is assumed to possess the properties of a
perfect fluid ; 7 e., to be incompressible, readily movable, and
almost .infinitesimally divisible, it is evident that if a hollow
tube, or bundle of hollow tubes, of the same aggregate dimen-'
sions as a magnet, be conceived to be provided internally with
a force pump in each tube, and that such tube be placed in free
ether, then, on the action of the force pumps, a streaming would
occur, whereby the ether would escape from one end of each
of the tubes, traverse the surrounding space, and re-enter at
the other ends of the tubes. Moreover, if the stream lines,
through which the ether particles would move under such ideal
circumstances, were mapped out, they would be found to coin-

29
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1n the direction of the arrows; 7. e., causing the water to enter
the tube at .S, and leave it at AV, then stream lines would be
produced in the surrounding water, taking curved paths, some
of which are roughly indicated by arrows.

Fig. 204 represents the application of this hypothesis to the
case of a bar magnet of the same dimensions as the tube.
Here the magneto-motive force of the magnet corresponds to the
water-motive force of the pump in Fig. 2o, and is hypothetically
assumed to cause an ether stream to pass through the magnet
in the direction indicated by the arrows ; namely, to enter the
magnet at the south pole and issue at the north pole. These
ether streams would constitute hypothetically the magnetic

L4

FIG. 21.—DISTRIBUTION OF FLUX ABOUT A STRAIGHT BAR MAGNET IN A
HORIZONTAL PLANE, AS INDICATED BY IRON FILINGS.

flux, and would pass through the surrounding space in paths
roughly indicated by the arrows. The actual flux paths that
would exist in the case of a uniformly magnetized short bar
magnet are more nearly shown in Fig. 21. Here it will be
noticed that the flux by no means issues from one end only of
the magnet, re-entering at the other end. On the contrary,
the flux, as indicated by chains of iron filings, issues from the
sides as well as from the ends of the bar. The reason for this
is evidently to be found in the fact, that each of the particles
or molecules of the iron, is, in all probability, a separate and
independent magnet, and therefore must issue its own ether
stream independently of all the rest. The effect is therefore
not unlike that of a very great number of minute voltaic cells
connected in series into a single battery, and the whole
immersed in a conducting liquid where side leakage can exist.
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30. The magnetic field, that is the space permeated by mag-
netic flux, may be mapped out in the case of any plane section
by the use of iron filings. For example, Fig. 21, before alluded
to, as representing the flux of a straight-bar magnet, had its

* flux paths mapped out as follows: A glass plate, covered with
a thin layer of wax, was rested horizontally on a bar magnet,
with its wax surface uppermost. It was then dusted over with
iron filings and gently tapped, when the iron filings arranged
themselves in chain-forms, which are approximately those of
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FIGS. 22, A AND B.—MAGNETIC FIELDS BETWEEN PARALLEL BAR MAGNETS.

- the stream-lines of magnetic flux. A satisfactory distribution
having been obtained in this manner, the glass plate was gently
heated in order to fix the filings. On cooling, the filings were
sufficiently adherent to the plate to permit it to be used as the
positive from which a good negative picture can be readily
obtained by photographic printing.

3I. A modification of the above process was employed in the
case of Figs. 22, A and B, shown above. Here a photographic
positive was obtained by forming the field, in the manner pre-
viously explained, on a sensitized glass plate in a dark room,
instead of on a waxed plate ; and, after a satisfactory grouping
of filings had been obtained under the influence of the field,
exposing the plate momentarily to the action of light, as, for
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example, by the lighting of a match. The filings are then
removed, the plate developed, and the negative so obtained
employed for printing.

32. Magnetic flux may vary in three ways; namely,

(1.) In direction.

(2.) In intensity.

(3.) In distribution.

The direction of magnetic flux at any point can be readily
determined by the direction assumeéd at that point, by the
magnetic axis of a very small, delicately suspended compass
needle. The compass needle always comes to restasif threaded
by the flux, which enters at its south pole, and leaves it at its
north pole, thus causing the needle to point in the direction of
the flux. Assuming that a compass needle may be represented

FIG. 23.—HYDRAULIC ANALOGUE SHOWING ATTRACTION OF OPPOSITE POLES.

by a little tube containing an ether force pump, the tube
would evidently come to rest when the flux it produced passed
through it in the same direction as the flux into which it was
brought. That is to say, if the needle be brought into the
neighborhood of a north pole, it will come to rest with its
south pole pointing toward the north pole of the controlling
magnet, since in this way only could a maximum free ether
motion be obtained. If, however, the compass needle be held
in the opposite direction; 7z e, with its north-seeking pole
toward the north-seeking pole of the magnet, the two opposed
stream lines will,.by their reaction, produce a repellent force.
These effects are generally expressed as follows :

Like magnetic poles repel, unlike magnetic poles attract.
Strictly speaking, this statement is not correct, since, what-
ever theory of magnetism be adopted, it is the fluxes and not
the poles which exercise attraction or repulsion. :

33. Fig. 23 represents the action of the flux from a magnet
upon a small compass needle, as illustrated by the hydraulic
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.

analogy. The water is represented as streaming through the
tube O 4V, and issuing at the end 4V, in curved stream lines.
Suppose the small magnet, or compass needle SV, also has a
stream of water flowing through it, entering at .S,, and leaving
at V. Then, if the compass needle be free to move about its
centre of figure, it will come to rest when the stream from the
large tube O 4V, flows through the smaller tube from .S, to &V,
that is, in the direction of its own stream.

If, however, the small tube .S, &V, is not free to move, but is
fixed with its end /V, toward the end /V of the larger tube, as

FIG. 24.—HYDRAULIC ANALOGUE SHOWING REPULSION OF SIMILAR POLES.

shown, in Fig. 24, then the opposite streams will conflict, and
produce, by their reaction, the effect of repulsion between the
tubes.

34. Magnetic flux possesses not only definite direction, but
also magnitude at every point; that is to say, the flux is
stronger nearer the magnet than remote from it. For example,
considering a magnet as being represented by a tube with an
ether force pump, the velocity of the éther flux will be a maxi-
mum inside the tube, and will diminish outside the tube as we
recede from it. The intensity of magnetic flux is generally
called its magnetic intensity or flux density.

Faraday, who first illustrated the properties of a magnetic
field, proposed the term /ines of magnetic force, and this term
has been very generally employed. The term, however, is
objectionable, especially when an attempt is made to conceive
of magnetism as possessing flux density, or as varying in
intensity at any point; for, in accordance with Faraday’s con-
ception, the idea of an increased flux would mean a greater
number of lines of magnetic force traversing a given space.
While this might be assumed as possible, still the conception
that magnetism acts along lines, and not through spaces, is-
very . misleading. An endeavor has been made to meet this
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objection by the introduction of the term fubes of force. A
far simpler working conception is that of wvelocity of ether.
that is, increased quantity passing per second, as suggested
by the force-pump analogue. Here the increased flux density
at any point would simply mean an increase of ether velocity
at such poirit.

35. Intensity of magnetic flux is measured in the United
States, in units called gawusses, after a celebrated German mag-
netician named Gauss. A gauss is an intensity of one line of
force, or unit of magnetic flux, per square centimetre of cross-
sectional area, and is an intensity of the same order as that
produced by the earth’s magnetism on its surface. For ex-
ample, the intensity of the earth’s flux at Washington is about
0.6 gauss, with a dip or inclination of approximately 70°.

Magnetic flux may be wniform or irregular. Fig. 25 A,
shows a uniform flux distribution, as represented diagrammati-
cally, by straight lines at uniform distances apart. That is to
say, uniform intensity at any point is characterized by rectan-
gularity of direction in path at that point. Irregular intensity
is characterized by bending, and the degree of departure from
uniformity is measured by the amount of the bending. Irreg-
ular flux density may be either converging, as at B, or diverging,
as at C. Convergent flux increases in intensity along its path,
and divergent flux diminishes.

36. When the flux paths are parallel to one another, the
intensity must remain uniform. Thus, in Fig. 25 at A, let the
area, 4 B C D, be 1 square centimetre, then the amount of flux
which passes through it in this position, or, in our hydraulic
analogue, the quantity of water which would flow through it in
a given time, will be the same if the area be shifted along the
stream line parallel to itself into the position £ F G H.

When the flux converges, as at B, in Fig. 25, then the
amount of flux passing through the normal square centimetre
I J K L, will, further on, pass through a smaller intercepting
area, say one-fourth of a square centimetre &/ &V O 2, and
consequently, the intensity at this area would be four times
greater, and, in the hydraulic analogy, the same quantity of
water passing per second, flowing through a cross sectional
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area four times more constricted, will flow there with four
times the velocity. :

When the flux diverges, as at C, the opposite effect is pro-
duced. Thus the flux shown in the figure as passing through
the area Q & S 7, say one-fourth of a square centimetre,
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FIG. 25.—VARIETIES OF FLUX.

would, at U V' IV X, pass through one square centrimetre, at
four times less density, or, in the case of the hydraulic analogy,
at one-fourth of the velocity.

37. The existence of a magnetic flux always necessitates the
expenditure of energy to produce it. In the case of the ether
pump, assuming that energy is required to establish the flow
through the tube, this energy being imparted to the ether,
becomes resident in its motion, so that ether, plus energy
of motion, necessarily possesses different properties from ether
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at rest. In the same way in the case of a magnet, the energy
required to set up the magnetic flux; 7 e., to magnetize it, is
undoubtedly associated with such flux. Wherever the mag-
netic intensity is greatest, there the corresponding ether
velocity, according to our working hypothesis, is greatest, and
in that portion of space the energy of motion is greatest.

38. It is well known, dynamically, asa property of motion,
that the energy of such motion in a given mass varies as the
square of the velocity, so that, by analogy, if magnetic flux
density corresponds to ether velocity, we should expect that
the energy associated with magnetic flux should increase with

FIG. 26.—DISTRIBUTION OF FLUX ROUND A VERTICAL WIRE CARRYING
A CURRENT, AS INDICATED BY IRON FILINGS.

_ the square of its intensity. This is experimentally found to .
be the case. Thus if ®, represents the intensity of magnetic
flux, expressed in gausses, then the energy in every cubic cen-

timetre of space, except in iron or other magnetic material;
2

i e, in the ether permeated by such intensity, is % ergs.

Thus, if a cubic inch of air (a volume of 16.387 cubic centi-

metres), be magnetized to the intensity of 3,000 gausses, the

energy it contains, owing to its magnetism, will be

16.387 X 3,000 X 3,000
8 X 3.1416

= 0.5868 X 10’ ergs. = 0.5868 joule. °

39. Just as in the electric circuit,the presence of an electric
current necessitates the existence of an E. M. F. producing it,
so in a magnetic circuit, the presence of a magnetic flux neces-
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sitates the existence of a magneto-motive force (M. M. F.)
producing it.

We know of but two methods by which a M. M. F. can be
produced, viz. :

(x.) By the passage of an electric current, the neighborhood
of which is invested with magnetic properties; Z. ¢., surrounded
by magnetic flux;

(2.) As a property inherent in the ultimate particles of cer-

it

FIG. 27.—GEOMETRICAL DISTRIBUTION OF FLUX PATHS ROUND A WIRE
CARRYING A CURRENT.

tain kinds of matter, p0551b1y the molecules, of the so-called
magnetic metals.

The passage of an electric current through a long, rectilin-
ear conductor, is attended by the production of a magnetic
field in the space surrounding the conductor. The distribution
of flux in this field, is a system of cylinders concentric to the
conductor, and is directed clock-wise around the conductor, if
the current be supposed to flow through the clock from its face
to its back. This distribution is shown In Figs. 26, 27 and 28.
Fig. 26 represents the distribution as obtained by iron filings.
The density of the flux is roughly indicated by the density of
the corresponding circles.
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40. Fig. 27 shows the geometrical distribution of the flux
paths around a wire carrying a current, which is supposed to
flow from the observer through the paper. Here a few of the
flux paths are indicated by the circles, 1, 2, 3, 4 and 5, while
the direction is shown by the arrows. The distribution of the
flux is such that it varies in intensity, outside the wire, inversely
as the distance from the axis of the wire, and the total flux
between any adjacent pair of circles in the figure is the same,

FIG. 28.—DIAGRAM OF RELATIVE DIRECTIONS OF MAGNETIC FLUX
AND ELECTRIC CURRENT.

for example, between 1 and 2, or between 4and 5. Or, in the
hydraulic analogue, the total flow of water per second, between
any pair of adjacent circles is the same, as between the circles
2, 3, Or 4, 5, the velocity diminishing as the distance from the
axis of the wire.

Fig. 28 represents the direction of the flux round the active
conductor, the current flowing from the observer through the
shaded disc.

4I. The physical mechanism of the magnetic flux protfuced
by a current is unknown, but if an electric current be assumed
to be due to a vortex motion of ether in the active wire, the
direction of which is dependent on the direction of the current
through the wire, then such vortex motion will be accompanied
by such adistribution of circular stream-lines inthe ether, as is
actually manifested, and, when the direction of the current
through the conductor is changed, the direction of the stream-
lines outside the conductor will also necessarily be changed.
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As the strength of the current through the wire increases, the
velocity of the ether surrounding the wire increases; 7. ¢., the
intensity of the magnetic field everywhere increases.

42. If a conductor conveying a current be bent in the form
of a circle as shown in Fig. 29, and a current, of say one
ampere, be sent through the conductor, there passes through
the loop so formed a certain number of stream-lines as repre-
sented diagrammatically. If now, the current in the wire be

FIGS. 29 AND 30.—SINGLE LOOP OF ACTIVE CONDUCTOR, THREADED
WITH FLUX, AND DOUBLE LOOP WITH M. M. F. DOUBLED.

doubled, that is increased to two amperes, the flux intensity
everywhere will be doubled. The same effect, however, can
be practically obtained by sending one ampere through the
double loop, shown in Fig. 30, provided the two turns lie very.
close together. Magnetic flux through a loop, will depend,
therefore, upon the number of ampere-turns, so that, by wind-
ing the loop in a coil of many turns, the flux produced by
a single ampere through the coil may be very great. The
M. M. F. produced by a current, therefore, depends upon the
number of ampere-turns. '

43. The unit of M. M. F. may be taken as the ampere-turn,
and it frequently is so taken for purposes of convenience. The
fundamental unit, however, of M. M. F., in the United States,
is the gilbert, named after one of the earliest magneticians,

Dr. Gilbert, of Colchester. The gilbert is produced by Z-I;E of a
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C. G. S. unit current-turn, and, since the C. G. S. unit of current
; 3 ) I
is ten amperes, the gilbertis produced by 5{ ampere-turn (0.8

approximately, more nearly o.7958). It is only necessary,
therefore, to divide the number of ampere-turns in any coil of

FIG 3I.—DISTRIBUTION OF FLUX IN PLANE OVER A HORSE-SHOE
MAGNET.

wire by 0.8, that is to multiply the number of ampere-turns by
1.25, more nearly 1. 257) to obtain the M. M. F. of that coil
expressed in gilberts,

44. Figs. 31 to 42 are taken from actual flux distributions as
obtained by iron filings, and represent a series of negatives or
positives secured by the means already described. A study of

);f -7
74 u‘h (ftri"

i w“hm&.\}n

FIG. 32.—DISTRIBUTION OF FLUX IN PLANE OVER A HORSE-SHOE
MAGNET.

such flux-paths assists the student to mentally picture the flux
distributions which occur in practice.

Figs. 31 and 32 are the respective positive and negdative
photographic prints taken in the case. of a horse-shoe magnet.
Here the filings are absent in a region outside the magnet in
the neighborhood of the poles /'.S. The cause of this is as fol-
lows : the fields were obtained by sprinkling iron filings over



42 ELECTRO-DYNAMIC MACHINERY.

a smooth glass surface; the tapping of the surface necessary
to insure the arrangement of the filings under the influence of
the magnetic flux, has caused an accumulation of filings
around these poles at the expense of the gap immediately in
front of the poles which would otherwise be more fairly filled.

FIG. 33.—DISTRIBUTION OF FLUX BY IRON FILINGS IN PLANE OVER POLES
OF ELECTRO-MAGNET.

45. The student should carefully avoid being misled by the
supposition that the relative attractive tendencies of the iron
filings in such diagrams represent the corresponding densities
of the magnetic flux, for the reason that in a uniform mag-
netic flux such as shown at A, in Fig. 25, there is no attrac-
tion of iron filings, whatever its intensity, although, of course,

FIG. 34.—DISTRIBUTION OF FLUX BY CUT IRON WIRE IN PLANE
OVER POLES OF ELECTRO-MAGNET.

a directive tendency still exists. In order that there should
be any attractive tendency, in contradistinction to a mere
directive tendency, it is necessary that the intensity of
the magnetic flux shall vary from point to point; or, in
other words, that the flux shall be convergent. The greater
the degree of convergence the greater the attractive force.
Consequently, variations of flux intensity as indicated by iron
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filings always exaggerate the appearance of flux density.
Generally speaking, it is only the directions assumed by the
filings in such diagrams, as indicative of the directions of the
flux, which can be regarded as trustworthy. The neglect of
this consideration has given rise to a popular belief that
magnetic streamings occur with greater density at points,
than at plane or blunt surfaces, which is not the case. There
must necessarily be a rapid convergence or divergence of mag-

FIG.,35.—PLAN AND SIDE ELEVATION OF MAGNET EMPLOYED
IN CONNECTION WITH FIGS. 36 AND 37.

netic flux at points, although the maximum density may not be
very great. Owing to this convergence, iron filings, particles,
nails, etc., are attracted more powerfully at such points, even
though the uniform intensity of flux at plane surfaces in the
vicinity may be greater.

46. Fig. 33 shows the distribution of magnetic flux as
obtained by iron filings in a horizontal plane over the vertical
poles of an electro-magnet. Here the flux-paths pass in
straight lines between the nearest points of the adjacent poles,
and in curved lines over all other parts of the plane. If we
imagine, following the hydraulic analogue, that water streams
proceed from minute apertures in one of the poles, and that
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the magnet is immersed in water, then the stream-lines so pro-
duced in the water as it emerges from pole /V, and enters
through pole S, will be the same as is indicated by the iron

FIG. 36.—DISTRIBUTION OF FLUX BY IRON FILINGS IN PLANE OVER MAGNET
SHOWN IN FIG. 35, WITH MAGNET PRESENTED VERTICALLY.

filings. Fig. 34 shows a similar distribution of flux over
the poles of the same electro-magnet, where short pieces
of fine soft iron wire were used in place of the iron filings.

FIG. 37.—DISTRIBUTION OF FLUX BY IRON FILINGS IN PLANE OVER MAGNET
SHOWN IN FIG. 35, WITH MAGNET PRESENTED HORIZONTALLY.

Here the flux-paths have practically the same distribution as in
the preceding case.

Figs. 36 and 37 show the distribution of flux by iron filings
in a horizontal plane over the poles of the magnet represented
in Fig. 35, the magnet being presented vertically in Fig. 36,
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and horizontally in Fig. 37, to the plane. Here the general
distribution of flux between the polar surfaces is rectilinear.

FIG. 38.—FLUX-PATHS BETWEEN DISSIMILAR POLES.

Fig. 38 illustrates the flux "distribution attending the
approach of what are called unlike poles. Here the ether

FIG. 39.—FLUX-PATHS BETWEEN SIMILAR POLES.

streams we assume to issue from 4V, in entering the magnet .S,
take the paths indicated.
Fig. 39 illustrates the flux distribution attending the
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approach of what are called like poles. Here the hypothetical
ether streams issuing from 2V, 2V, impinge, as shown, and pro-

SIMILAR POLES ADJACENT.

duce a neutral line, 4 4, corresponding to slack water in the
hydraulic analogue:

s A“ﬁ‘ ,:,;,,ﬁ. 2
i

OPPOSITE POLES ADJACENT.

Fig. 40 shows the distribution of* flux in the case of two
straight bar magnets laid side by side with like poles opposed.
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The imaginary ether streams again oppose and the neutral
line B B, is produced as shown.

Fig. 41 shows the distribution of magnetic flux in the case
of two straight bar magnets, laid side by side, with unlike
poles opposed. Here, according to hypothesis, some of the
ether streams issuing from each magnet, pass back through
the other magnet, the remainder closing their circuit through

FIG. 42.—FLUX-PATHS SURROUNDING ANOMALOUS MAGNBET.

the air outside. A curious central region between the mag-
nets, bounded by curves resembling hyperbolas is shown at
C, where, by symmetry, no ether motion penetrates, and thus
corresponding, in the hydraulic analogue, to ca/m water.

Fig. 42 shows the distribution of flux over the surface of
what is commonly called an anomalous magnet, that is a magnet
having two similar poles united at its centre; or, in other
words, having two separate magnetic circuits. Here the dis-
tribution of flux is similar to that in Fig. 40, where like poles
are approached.



CHAPTER 1IV.
NON-FERRIC MAGNETIC CIRCUITS.

47. As we have already seen, magnetic flux always flows in
closed paths, or forms what is called a magnetic circust. The
quantity of magnetic flux in a magnetic circuit depends not
only upon the magneto-motive force, but also on the disposition
and nature of the circuit. For example, it is not to be sup-
posed that the flux produced by the 12 ampere-turns (15.084
gilberts) in the right-handed coil or helix of Fig. 43, by one
ampere flowing through the twelve turns shown, would be

FIG. 43.—RIGHT-HANDED HELIX OF I2 TURNS CARRYING ONE AMPERE.

exactly the same, either in magnitude or distribution, as the flux
from asingle turn carrying 12 amperes, although the M. M. F.
would be the same in each case. Just as in the case of an
electric circuit, the current produced by a given E. M. F.
depends on the resistance of the circuit, so in the case of a
magnetic circuit, the magnetic flux produced by a given M.
M. F. depends on a property of the circuit called its magnetic
reluctance, or simply its reluctance.

Magnetic reluctance, therefore, is a property corresponding
to electric resistance, and is sometimes defined as the resist-
ance of a circuit to magnetic flux.

The resistance, in ohms, of any uniform wire forming portion
of an electric circuit is equal to the resistivity, or specific resist-
ance, of the wire, multiplied by the length of the wire, and divided
by its cross-sectional area. Inthe same way, the reluctance, in
oersteds, of any uniform portion of a magnetic circuit, is equal
to the reluctivity, or specific magnetic resistance of the portion,
multiplied by its length in centimetres, and divided by its
cross sectional area in square centimetres. The reluctivity of

48
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air, wood, copper, glass, and practically all substances except
iron, steel, nickel and cobalt, is unity. Strictly speaking, the
reluctivity of the ether in vacuous space is unity, but the dif-
ference between the reluctivity of vacuum and of all non-
magnetic materials is, for all practical purposes, negligibly
small. Thus, the reluctance of a cylinder of air space of 10
cms. long and 2 sq. cms. in cross-sectional area, is 5 oersteds.

48. The reluctance of a circuit is measured in wnits of reluct-
ance called oersteds. An oersted is equal to the reluctance of
a cubic centimetre of air (or, strictly speaking, of air-pump
vacuum) measured between opposed faces.

Having given the reluctance of a magnetic circuit, and its
total M. M. F., the flux in the circuit is determined in accord-

2 : F : :
ance with Ohm’s law; thatis @ = T where @, is the flux in’

webers, &, is the magneto-motive force in gilberts, and ®, the
reluctance in oersteds. It may afford assistance to con-
volts

trast the well-known expression: amperes = R with the
corresponding magnetic expression, webers gilberin

" i = ——
- s g X 1 oersteds.

49. Theunit of magnetic flux, inthe United States, is called the
weber, and is equal to the flux which is produced by a M. M. F.
of one gilbert acting through a reluctance of one oersted, cor-
responding in the above expression to the ampere, the unit of
electric flux, which is the electric flux or current produced by an
E. M. F. of one wolf through a resistance of one o/m. For
example, if an anchor ring of wood, such as is represented in
Fig. 44, have a cross section of 10 sq. cms. and be uniformly
wrapped with insulated wire, then when the current passes
through the winding, the magnetic circuit will be entirely con-
fined to the interior of the coil or solenoid, and no magnetic
flux will be perceptible in the region outside it. This is the
only known form of magnetic circuit in which the flux-paths
can be confined to a given channel. These flux-paths are all
circular, and possess the same intensity around each circle.
If the mean circumference of the ring be 6o cms., the reluct-

R : : 60
ance of the maguetic circuit will be approximately e
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6 oersteds, as in the similar case of electric resistance, If the

number of turns in the winding be 200, and the exciting current

steadily maintained at four amperes, the M. M. F. in the

magnetic circuit will be 8oo ampere-turns, or 1,005.6 gilberts.
: 4 g 1,005.6

From this the total flux through tke ring will be J—6 P 167.6

webers.

FIG. 44.—SECTIONS OF WOODEN RING UNIFORMLY WRAPPED WITH
INSULATED WIRE CARRYING A CURRENT.

50. Besides the case of the anchor ring, represented in Fig.
44, the magnetic circuit of which, being entirely confined to
the interior of the coil, permits its reluctance to be readily-
calculated, and the flux to be thus arrived at, another case,
almost as simple, is afforded by a long straight helix of length
/ cms., uniformly wrapped with #, turns per cm. or &V =/ 7n,
turns in all. Such a helix, when excited by a current of /
amperes, develops a M. M. F. of » / ampere-turns, or 1.257 2 /
gilberts in each centimetre, or 1.257 V 7 gilberts, for the total

The magnetic circuit of such a solenoid is roughly repre-
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sented in Fig. 20 A. Aninspection of this figure will show that
flux passes through the interior of the hélix in parallel streams,
until it reaches a comparatively short distance from the ends,
when it begins to sensibly diverge, and, emerging into the
surrounding space, is diffused through widely divergent paths.
That is to say, the magnetic circuit is characterized by two
distinct regions; namely, that within the coil, where the flux
is uniform, and, except near the ends, of a maximum intensity,
and that outside and beyond the ends of the coil, where the
flux is divergent and greatly weakened in intensity.

5I. In the case of a long, straight, uniformly-wrapped helix,
the reluctance of the circuit may be considered as consisting
of two distinct portions; namely, a straight portion occupying
the interior of the coil and lying practically between the ends,
and a curved or diffused portion exterior to the coil. The
reluctance of the first, or interior portion, will be practically

/ : ] ; :
s oersteds, where a, is the cross sectional area of the interior

of the coil in square cms. and /, the length of the coil in cms.,
or, more nearly, the reduced length of the non-divergent flux.
It will be seen, therefore, that the interior of the coil behaves
like a straight wire carrying electric flux, since it practically -
confines the flux to its interior, and, this particular portion of
the magnetic circuit is similar to the case of the anchor ring
above referred to, where the magnetic flux is confined to the
interior of the ring. :

Since the external circuit is diffused, its reluctance cannot be
so simply expressed. Its value, however, may obviously be
dealt with as follows : although the mean length of the flux-
paths outside the coil is greater than in the interior portion,
yet the area of cross section of the circuit is enormously
extended. It would appear, therefore, that in the case of an
indefinitely long straight coil, the external reluctance becomes
negligibly small compared with the internal reluctance, and
may be left out of consideration. In such a case, therefore,
the flux established becomes

L 1.2571 Inl

a

= A webers ;
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and, since, within the coil, this flux passes through a cross sec-
tional area of @ square centimeters, the interior intensity will be

1.257 2/ a
a

(= = Ta25sn L gausses.

Strictly speaking, therefore, this is the intensity of flux within
an indefinitely long straight helix, and is approximately the
intensity within helices which have lengths more than 2o times
their diameter.

52. We have now discussed two cases of non-ferric circuits,
whose reluctance is readily calculated; namely, a closed cir-
cular coil and a long straight helix.

In all other cases, the reluctance of a magnetic circuit is
much more difficult to compute, although the fundamental
relations remain unchanged.

When the magnetic circuit is non-ferric, although the
reluctivity of the circuit always equals unity, yet, owing to the
difficulty of determining the exact paths followed by the diver-
gent flux, the reluctance is difficult to determine.

Most practical magnetic circuits, however, are composed
either entirely, or mainly, of iron. At first sight, the intro-
duction of iron into the circuit would appear to make the
reluctance more difficult to determine, because the reluctivity
of iron not only varies greatly with different specimens, but
also with its hardness, softness, annealing, and chemical com-
position. Moreover, the apparent reluctivity of iron varies
markedly with the density of the flux passing through it.
Iron, when magnetically saturated, possesses a reluctivity
equal to that of air; while, as we have seen, at low intensities,
the reluctivity is much smaller, and may be several thousand
times smaller.

Since, however, ferric circuits, as ordinarily employed,
practically confine their flux-paths to the substance of the
iron, and, since the reluctance of the iron is so much less than
the reluctance of the alternative air path outside, the air flux
may usually be neglected. Even where, owing to the reluct-
ance of the air gaps in the circuit, such as in the case of
dynamos and motors, a considerable amount of magnetic leakage
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or diffusion may take place through the surrounding air, yet it
is preferable to regard this leakage as a deviation from the
iron circuit, which may be separately treated and taken into
account, and that the flux passes principally through the
iron. For these reasons, ferric or aero-ferric circuits, at least
in their practical treatment, are simpler to determine and
compute than non-ferric circuits, since, although their
reluctivity is variable at different points, yet the geomet-
rical outlines of the flux-paths can be regarded as limited,
and the reluctance of these paths can be readily determined
approximately.

53. Magnetizing force may be defined as the space rate at
which the magnetic potential descends in a magnetic circuit.
Since the ofal fall of magnetic potential is equal to the M. M. F.
in the circuit, just as the total ‘“drop’ in a voltaic circuit is
equal to its E. M. F. Consequently, the line integral or sum of
magnetizing force in a magnetic circuit must be equal to the
M. M. F. in that circuit. In other words, if we multiply the
rate of descent in potential by the distance through which that
rate extends, and sum all such stages, we arrive at the total
descent of magnetic potential. For instance, in Fig. 44 the
total difference of magnetic potential is 1,005.6 gilberts, which,
by symmetry, is uniformly distributed round the entire circuit.
Since the mean length of this circuit is 6o cms. the rate of fall

1,005.6
o

of potential is = 16.76 gilberts-per-centimetre all round

the ring, and this is, therefore, the magnetizing force, or, as it
is sometimes called, the magnetic force. This magnetizing force
is usually represented by the symbol 3¢, and, when no iron or
magnetic metal is included in the circuit, is numerically iden-
tical with the flux density ®, so thatJe, is expressed in gilberts-
per-centimetre. The term magnetizing force was adopted
from the old conception of magnetic poles; for, if a pole of unit
strength could be introduced into aflux of intensity JC gausses,
the mechanical force exerted upon the pole would be 3¢ dynes,
directed along the flux-paths. In any magnetic circuit, if we
divide the M. M. F. in gilberts, by ghe length of a flux-path,
we obtain the average value of the magnetizing force (or flux
density in the absence of iron). ' Thus, in Fig. 21, if the long






CHAPTER V.
FERRIC MAGNETIC CIRCUITS.

54. We will now proceed to study the phenomena which
occur when iron is introduced into a magnetic circuit, as for
example, into the circuit of the closed circular coil shown in
Fig. 44, the mean interior circumference of which is 6o cms.,
and the mean cross sectional area 10 sq. cms. We. have
seen that if this ring be excited with 8oo ampere-turns, or
1005.6 gilberts, the flux through the ring will be 167.6 webers;
or, since the cross section of the ring is ten square centimetres,

the in.tensity will be 1?;.6

= 16.76 gausses, and this inten-

sity would remain practically unchanged if the substance of
the ring were copper, brass, lead, zinc, wood, glass, etc.
When, however, the ring is made of iron or steel, a very marked
change takes place ; the flux instead of being 167.6 webers,
becomes, say, 170,000 webers, with a corresponding increase
in intensity. .This increase of flux in the circuit must either
be due to an increase in the M. M. F., or to a diminution in
the reluctance. It is usual to consider that iron conducts mag-
netic flux better than air; or, in other words, has a greater mag-
netic permeabrlity than air. This idea corresponds to a reduc-
tion of reluctance similar to the reduction of resistance in an
electric circuit. Although generally accepted, this conception
is manifestly incorrect ; for if the increased flux, due to the
presence of iron in the ring, disappeared immediately on the
removal of the M. M. F., there would be no preponderance of
evidence in favor of either hypothesis. But the magnetic flux
does not entirely disappear on the cessation of the prime
M. M. F. On the contrary, in the case of a closed iron ring,
the greater portion of the flux remains in the condition called
residual magnetism.

55. It is evident, therefore, since M. M. F. is necessary
to maintain the residual magnetic flux in the iron, that this

55
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M. M., F.is the cause of the increase in magnetic flux when the
prime M. M. F. is applied, and that, therefore, the increased
flux cannot be due, except, perhaps, in a very small degree,
to any change in the reluctivity of the medium, but to the
establishment of a M. M. F. in the iron itself under the influ-
ence of the magnetizing flux. It is now almost certain that
the ultimate particles of the iron, the molecules, or the atoms,
are all initially magnets ; 7 e., inherently possess M. M. Fs.
and magnetic circuits. The origin of this molecular magnetism
in iron is, however, not yet known. In the natural condition,
all the separate magnets of which iron is composed, are dis-
tributed indifferently in all directions, so that their circuits.
neutralize one another and produce noappreciable external -
“effects. Under the influence of a magnetizing flux, these mole-
cular magnets tend to become aligned, and to break up their
original groupings. As they become aligned, and their M. M.
Fs. become similarly directed, they are placed in series, and
their effects are rendered cumulative, so that they exercise an
increasing external influence, and an extending external flux.
Or, taking the hydraulic analogue already referred to, and
regarding each separate molecular magnet as a minute ether
pump, as all the ether pumps are brought into line, the streams
they are able to direct are increased in velocity, and are, there-
fore, carried further into the surrounding space. Conse-
quently, the flux produced in the magnetic ring shown in Fig.
44, when furnished with an iron core, may be regarded as aris-
ing from two distinct sources of M. M. F.; namely,

(1.) The prime M. M. F., or that due to the magnetizing
current which produces the flux through the circuit and sub-
stance of the iron, the value of which is practically the same
as though the core were of wood or other non-magnetic
material. This flux may pe called the prime flux and possesses.
a corresponding prime intensity. In the case considered, the
prime intensity or magnetizing flux density is 16.76 gausses.
This magnetic intensity, acting upon the molecules of the iron,
produces:

(2.) The induced M. M. F., which may be called the aligned
or structural M. M. F., and depends for its magnitude not only
upon the quality of the iron, but also upon the intensity of the
prime flux. The harder the iron, and the greater its mechani-
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cal tendency to resist molecular distortion, the greater must be
the prime intensity or the magnetic distorting power, in order
to bring about the full structural M. M. F. When the prime
intensity has reached such a magnitude that all the separ-
ate molecular magnets in the iron are similarly aligned, the
iron is said to be saturated, and the M. M. F. it produces is a
maximum, and, on the removal of the prime M. M. F. the
structural M. M. F. will, in the case of a closed ring, largely
remain, especially if the ring be of hard iron or steel. If, on

FIG. 45.—IRON RING PROVIDED WITH AIR-GAP, AND WOUND WITH WIRE.

the contrary, the ring be of soft iron, and have an air-gap cut
in it, the structural M. M. F. may largely disappear. The
relation between the structural M. M. F. and its flux, and the
prime M. M. F. and the intensity which produces it, is complex,
and can only be ascertained by experimental observation.

56. Fig. 45 represents the same iron ring with a saw-cut or
air-gap at 4, having a width of o.5 cm. The reluctance of
this air-gap, which, neglecting diffusion, has a length of o.5

: 0.
cms. anda cross-section of 10 sq. cms. is R‘i = o.o05 oersted. If

the total structural M. M. F., established in the ring under
excitation, be 180,000 gilberts, then, immediately on the with-
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drawal of the prime M. M. F., the residual flux through the
180,000
6
passes through the reluctance- of the air-gap there will be
established a C. M. M. F., just as in the electric circuit where
a current of 7 amperes passes through a resistance of £, ohms,
there is established a C. E. M. F. of /7 R volts. So that
the C. M. M. F. has in this case the value, F = @ R =
30,000 X 0.05 = 1,500 gilberts. This C. M. M. F. represents

a mean demagnetizing force of ———1’6550 = 25 gilberts-per-
centimetre, through the iron circuit. If this intensity of de-
magnetizing force is sufficient to disrupt the structural align-
ment of the molecular magnets, the residual magnetism will
disappear. If, however, the intensity be less than that which
the hardness of the iron requires to break up its structure, the
residual magnetism will be semi-permanent.

Even though it be admitted that the preceding represents
the true condition of affairs, and though it is the only existing
hypothesis by which the phenomena of residual magnetism can

.be accounted for, nevertheless, for practical computations
connected with dynamo machinery, it is more convenient to
assume that there is no structural M. M. F. in iron, and that
the difference in the amount of flux produced in ferric circuits
is a consequence of decreased reluctance in the iron; or, in
other words, that iron is a better conductor of magnetism.
We will, therefore, in future, adopt the untrue but more con-
venient hypothesis.

circuit will be = 30,000 webers. Where this flux

57. The reluctivity of iron may be as low as o.ocoos, but
varies with the flux density ; that is to say, the reluctance of a
cubic centimetre of iron, measured between parallel faces, may
be as low as o.0005 oersted.

58. The fact has been established by observation, that in the
magnetic metals, within the limits of observational error, a
linear relation exists between reluctivity and magnetizing force.
That is to say, within certain limits, as the magnetizing force
brought to bear upon a magnetic metal increases, the apparent
reluctivity of the metal increases in direct proportion. Thus,
taking the case of soft Norway iron, its reluctivity, at a mag-
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netizing force of 4 gilberts-per-centimetre, or prime magnetic
intensity of 4 gausses, may be stated as o.coos. Increasing
the magnetizing force, the reluctivity increases by o.000,057

O rdinary Sample of Dynamo Cast Iron(Kennell})»'=0.0028+ 0.000093 JC

1. Sample of Dynamo Wrought [ron t ¥=0.0004+ 0.000057 JC |
111, Sample of Annealed Norway Iron L 7=0.0003+ 0.000057 JC
NG Soft 1ron ( Stoletow)?=0.0002 + 0.000056 JC
0.010—tvy, . Norway Iron (Rowland)¥=0.0001 4+ 0.000059 JC /
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FIG. 46.—CURVES OF RELUCTIVITY IN RELATION TO MAGNETIZING FORCE.

per gauss, and this increase, plotted graphically, would be
represented by a straight line.

59. The accompanying curve sheet represents the results
of actual observations by different observers upon different
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samples of soft wroughtiron and castiron. It will be seen that
in the early stages of magnetization, below a critical magnetiz-
ing force, which varies with different samples from 1 to, perhaps,
15 gilberts-per-centimetre, corresponding to a prime magnetic
intensity of 1 to 15 gausses (the latter in the case of cast iron),
the reluctivity decreases with an increase in magnetizing force;
but, when the critical magnetizing force is reached, the direction
of the curve changes and the value becomes linear. Strictly
speaking, the linear relation of reluctivity and magnetizing force,
represented in the figure, is true only for the apparent reluc-
tivity of the metal itself, and is irrespective of the ether which
pervades the metal; for, were this relation strictly linear for all
values of the magnetizing force beyond the critical value, the
reluctivity would become infinite with an infinite magnetizing
force ; whereas, by observation, the reluctivity of the most
highly saturated iron never exceeds unity, that of the air pump
vacuum, or practically that of air. In point of fact we may
consider the magnetism as being conducted through two paths
in multiple ; namely, that of the magnetic metal proper, and
that of the ether permeating the metal. The first path may
be called the ferric path of metallic reluctivity, and has a reluc-
tance varying from a minimum at the critical magnetizing force,
up to infinity, by the linear relation. The second is #ke ether
path of reluctivity, and may be assumed to have a constant
reluctivity of unity. The joint reluctivity of the two paths will
be ii—: = ;—;—;_——; where 7, is the reluctivity of the ferric path.
Since in actual dynamo machinery the value of the magnetiz-
.ing force is never much more than 8o gilberts-per-centimetre,
the above consideration is of small practical importance, since
v is, always much less than unity, say o.o1, and the discrepancy
introduced by taking account of the multiple-connected ether
0.01 _ o.0I
I +oor 1ol
or about 1 per cent., so that, for all practical purposes, we may
assume that the metallic reluctivity is the actual reluctivity of
the iron.
Beyond the critical magnetizing force, therefore, the value
of the metallic reluctivity may be readily obtained by the equa-
tion ¥ = @ 4 43, where q, is the reluctivity which would exist

path, is only the difference between o.o1 and
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at zero magnetizing force, if the linear relation held true below
the critical value, and 4, is the increase in reluctivity per gauss
of prime magnetizing intensity expressed by J¢. According to
the present accepted values of the C. G. S. system, reluctivity
is a numeric, and its value never exceeds unity; thus for
wrought iron @ = 0.0004, and 4 = 0.000,057.

60. If the ring-shown in Fig. 44 be composed of wood, and
be excited by 1,000 ampere-turns = 1,257 gilberts, then, since
its mean length of circuit (circumference) is 6o cms., and cross
sectional area 1o sq. cms., its reluctance will be 6 oersteds, the

flux 1’2657 209.5 webers, and the intensity __2_5_ = 20.95

gausses, so that the magnetic force has a rate of descent of mag-
n257 _

6o
20.95 gilberts-per-centimetre. Strictly speaking, the intensity
of the magnetic flux is not uniform over all portions of the area
of cross section of the core, being denser at the inner circum-
ference and weaker at the outer circumference. For example,
if the inner circumference, instead of being 6o cms., which is the
mean value, be 58 cms., the gradient of magnetic potential will

1,257
58

'netic potential, the uniform distribution of which is

be uniformly = 21.67 gilberts-per-centimetre, and the

intensity, 21.67 gausses; while, if the outer circumference be
1,257 _
62
20.27 gausses. Since, however, all such existing differences of
intensity can be made negligibly small, by sufficiently increas-
ing the ratio of the size of the ring to its cross section, we
may, for practical purposes, omit them from consideration.

62 cms., the intensity at that circumference will be

61. Suppose now the core of the ring be composed of
soft Norway iron instead of wood; then from the preceding
curves, or the equation,

¥ = 0.0004 -} 0.000,057 JC,
we find that at this mean intensity of 3¢ = 20.95
¥ = 0.0004 - 0.001I94 = 0,001594,

or about 6%)“1 of that of air. The mean length of the cir-
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cuit being 6o cms., and its area, as before mentioned, 1o sq.

3 ! e 6o
cms., its reluctance, under these circumstances, will be e

0.001594 = o0.009564 oersted, and the flux in the circuit
S ith an intensity of -543°
0.009564 131,430 webers, with an intensity of ——= =

13,143 Zausses.

62. If the core of the ring instead of being of soft Norway iron
be made of cast iron, the reluctivity, at 3¢ = 20.95, would be
approximately, 0.0046, and the reluctance of the circuit o.0276
oersted, making the total flux 45,540 webers, with an intensity
of 4,554 gausses, or about three times less than with soft Nor-
way iron. The practical advantages, therefore, of construct-
ing cores of soft Norway iron, rather than of castiron, is man-
ifest, when a high intensity is required.

63. It is important to remember that the entire conception
of metallic reluctivity is artificial, and that although very con-
venient for purposes of computation, yet as already pointed out,
it is incompetent to deal with the case of residual magnetism.
Thus, if the prime M. M. F. from an iron ring be withdrawn, we
should expect the flux to entirely disappear, whereas we know
that a large proportion will generally remain. Since, however,
electro-dynamic machinery rarely calls residual magnetism into
account, the reluctivity theory is adequate for practical pur-
poses beyond critical magnetizing forces.

64. As another illustration, let us consider a very long rod
of iron, wound with a uniform helix. Here, as we have already
seen, disregarding small portions near the extremities, the
intensity may be regarded as uniform within the helix.
Since the reluctance of the external circuit may be neglected,
this flux density is 1.257 » 7, gausses, where », is the number
of loops in the helix per centimetre of length, and 7, is the
exciting current strength in amperes. Or, regarding the
intensity as being numerically equal to the gradient of mag-
netic potential, which changes steadily by 1.257 7= 7, per centi-
metre (this being the number of gilberts added in the circuit
per centimetre of length, the fall of potential or drop in the
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external circuit being negligible), the gradient, within the helix,
is 1.257 » 7 gausses as before. A rod of Norway iron 1
metre long and 2 cms. in diameter, wound with twenty turns
of wire to the centimetre, carrying a current of 1 ampere,
would, at this magnetizing force, have an intensity in it of
approximately 1.257 X 20 X I = 25.14 gausses. The reluc-
tivity of Norway iron would be by the preceding formula

¥ = 0.0004 - 0.000,057 X 25.14 = 0.001833 or about g:;)th

of air. The length of rod being 100 cms., and its cross section
3.1416 square cms., the reluctance would be approximately
100
3.1416
being 100 X 20 X I = 2,000 ampere-turns = 2,514 gilberts.
The flux in the circuit, assuming that the reluctance of the air
path outside the bar may be neglected, is, approximately,

X .0.001833 = 0.05836 oersted. The total M. M. F.

2,514 . : : 43,070
o_—-—.c,)§836 = 43,070 webers, with an intensity of 33;T5 = 13,710
gausses.

65. In cases where the flux is confined to definite paths, as
in a closed circular coil, or in a very long, straight, and uni-
formly wrapped bar, the preceding calculations are strictly
applicablé. When, however, an air-gap is introduced into the
closed ring, that is, when its circuit becomes aero-ferric, the
results begin to be vitiated, partly owing to the influence
of diffusion, and partly to the results of the C. M. M. F.
which is established at the air-gap. As the length of the air-
gap increases, the degree of accuracy which can be attained
by the application of the formula diminishes, but in dynamos,
the aero-ferric circuits are in almost all cases of such a char-
acter, that the degree of approximation, which can be reached
by these computations, is sufficient for all practical purposes;
for, while it is impossible strictly to compute the magnetic
circuit of a dynamo by any means at present within our reach,
yet the E. M. F. of dynamos, and the speed of motors, can be
predicted by computation within the limits of commercial
requirements.

66. If the ring of Fig. 45 be provided with a small air-gap of
- o.5 cm. in width, the intensity in the circuit, before the intro-
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duction of the iron core, will be practically unchanged by the
existence of the gap, that is to say, with the same 1,000 ampere-
turns, or 1,257 gilberts of M. M. ¥., the prime intensity exist-
ing in the ring will be practically 20.95 gausses. Inthe air-
gap itself, the intensity will be less than this, owing to lateral
diffusion of the flux; but, neglecting these influences, we may
consider the intensity to be uniform. . Now, introducing a soft,
Norway iron core into the ring, the iron is subjected to an
intensity of approximately, 20.95 gausses throughout the cir-
cuit. The reluctivity of the iron at this intensity, is, as we
have seen, o.001596. The length of the circuit in the iron
will be 59.5 cms., and its cross section 10 sq. cms., making the

ferric reluctance%?o;s— X 0.001594 = 0.009484 oersted. The
reluctance of the air-gap, neglecting the influence of lateral
diffusion, will be °I_'051 X I = o.03 oersted, and the total reluct-
ance of the circuit therefore, will be o.009484 4 0.05 =

Lasy s
0.059484
21,130 webers, and the intemsity in the iron, 2,113 gausses.
The existence of the air-gap has, therefore, reduced the flux
from 131 kilowebers to 21 kilowebers. s

0.059484 oersted. The flux in the circuit will be

67. In practical cases, however, the problem which presents
itself is not to determine the amount of flux produced ina
magnetic circuit under a given magnetizing force, but rather
to ascertain the M. M. F., which must be impressed on a cir-
cuit in order to obtain a given magnetic lux. When the total
required flux in a circuit is assigned, the mean intensity of flux
in all portions of the circuit is approximately determinable,
being simply the flux divided by the cross section of the circuit
from point to point. What is required, is the reluctivity of iron
at an assigned flux density and this we now proceed todetermine.

From the equations, » = @ 4 4 3¢, and (B:i:, correspond-

TR L . e . S st T e
ing in a magnetic circuit, to z = T in the electric circuit,
being the electric flux density or amperes-per-sq.-cm. and p,

P . a
the resistivity, we obtain, » = IR
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This equation gives the reluctivity of any magnetic metal
for any value of the flux density ® passing through it, when
the value of the constants @ and 4, have been experimentally
determined. The values of %, so obtained are only true for
reluctivities beyond the critical value, where the linear relation
expressed in the equation v = @ - & 3C commences.

68. The following table gives the values of the reluctivity
constants ¢ and 4, for various samples of iron :

Sample. a & \ Oéserver.

Soft Iron, . h 5 . # . 0.000,2 0,000,056 Stoletow.
Norway Iron, . 5 : . 0.000,I ©0.000,059 Rowland.
Sheet Iron, . o 5 c . 0.000,2375 0.000,0595 Fessenden.

SO ED 0.000,2275 0.000,0654 £

(O I 0.000,3325 0.000,004 g

AURIRC N § . 0.000,213 0.000,05605 g
Cast Steel, . E 5 4 . 0.000,45 0.000,05125 o

bW 2 - 3 . 0.000,314 0.000,0563 €4
Mitis Iron, . . 3 . . 0.000,25 0.000,0575 “
Cast Iron, . 5 5 ] . 0.001,031 0.000,129 e
Improved Cast Iron, . o . 0.000,9025 0.000,106 .
‘Wrought Iron, . 0 s . 0.000,22 0.000,058 Hopkinson.
Dynamo Wrought Iron, 3 . 0.000,4 0.000,057 Kennelly.

22 Cast Iron, . ! . 0.002,6 0.000,093 o
Annealed Norway Iron, . . 0.000,3 0.000,057 g

69. Fig. 47 shows curves of reluctivity of various samples
of iron and steel at different flux densities. The descending
branches are of practically little importance in connection with
dynamo-electric machinery. They are included in the curves,
however, in order to bring these into coincidence with actual
observations. It will be seen, that while the reluctivity of
Norway iron is only o.000,5 at 8 kilogausses, that of cast iron
is commonly about o.or10, or twenty times as great.

70. In order to show the application of the above curves of
reluctivity, we will take the simplest case of the ferric circuit;
namely, that of a soft Norway iron anchor ring, shaped as
shown in Fig. 44, of 10 square centimetres cross section and
6o cms. mean circumference, uniformly wrapped with insulated
wire. If it be required to produce a total flux of 8o kilowebers
in this circuit, the intensity in the iron will be 8 kilogausses,
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and, by following the curve for Norway iron, in Fig 47, it will
be seen that its reluctivity at this density is 0.000,5. The re-

e s 2 60
luctance of the circuit, therefore, will be e X 0.000,5 = 0.003

«






CHAPTER VL
AERO-FERRIC MAGNETIC CIRCUITS.

72. We willnow consider the case of the aero-ferric magnetic
circuit. Fig. 48 is a representation of a simple ferric circuit
consisting of two closely fitting iron cores, the upper of which
is wrapped with a magnetizing coil M. The polar surfaces
are made to correspond so closely, that when the coil M, has
a magnetizing current sent through it, the magnetic attraction
between the two cores will cause them to exclude all sensible
air-gaps. The general direction of the flux-paths is shown by
the dotted arrows, and a mechanical stress is exerted within
the iron along the flux-paths.

These stresses cannot be rendered manifest, so long as the
iron is continuous. In other words, the continuous anchor ring,
as shown in Fig. 44, would give no evidence of the existence of
stress along its flux-paths. In the case shown in Fig. 48, the
stressis rendered evident by the force which must be applied to
thetwo magnetized coresin order to separate them. Theamount
of this force depends upon the magnetic intensity in the iron
at the polar surfaces, and, if ®, represents this intensity in
gausses, the attractive force exerted along the flux-paths at the
®’,
8m
dynes-per-square-centimetre of ‘polar surface. The dyne is the
Sundamental unit of force employed in the system of C. G. S.
units universally employed in the scientific world, and is equal
to the weight of 1.0203 milligrammes at Washington; that is
to say, the attractive force which the earth exerts upon one
milligramme of matter, is approximately, equal to one dyne.

polar surfaces; 7. e., perpendicularly across them, will be

73. If the magnetic circuit shown in Fig. 48 has a uniform
area of cross section of 12 square centimetres, and the mag-
netic intensity in the circuit be everywhere 17 kilogausses,

68
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then the attractive force exerted across each square centi-
metre of the polar surfaces at £, and &,, will be

17,000 X 17,000

R = 11,500,000 dynes,

or 11,500,000 X 1.0203 = 11,730,000 milligrammes weight =
11,730 grammes weight = 25.86 lbs. weight.
As there are twelve square centimetres in each polar surface,

6,324 vOLTS

7-0.081 OHM ;% Ra

Rl 0.00028 OHM 0.€0029 OHM R’
=204,000 AMPERES

FIGS. 48 AND 49.—DIAGRAMS REPRESENTING A SIMPLE FERRIC, AND AN
AERO-FERRIC, CIRCUIT, AND THEIR ELECTRIC ANALOGUES.

the total pull across each gap will be 12 X 25.86 = 310.32 lbs.
weight; and since there are two gaps, the total pull between
the iron cores will be 620.64 Ibs. weight, so that, if the whole
magnet were suspended in the position shown in Fig. 48, this
weight should be required to be suspended from the lower core
(less, of course, the weight of the lower core) in order to effect
a separation; or, in other words, this should be the maximum
weight which the magnet could support.

74. In order to ascertain the M. M. F. needed to produce
the required intensity of 17 kilogausses through the circuit in
order to cause this attraction, we find, by reference to Fig. 47,
that the reluctivity of Norway iron at this intensity is 0.0073;

e 13 that of air. The reluctance of the magnetic cir-

10,000
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cuit will, therefore, be % X 0.0073 = o.03042 oersted. The

total flux through the circuit will be 17,000 X 12 = 204,000
webers, and the M. M. F. required to produce the flux, there-
fore, will be 204,000 X 0.03042 = 6,206 gilberts, or 6,206 X
0.7958 = 4,937 ampere-turns. If, then, the coil A7, has 2,000
turns, it will be necessary to send through it a current of
2.469 amperes, in order to produce the flux required.

The electric circuit analogue of this case is represented in
the same figure, where Z, represents the E. M. F. in the electric
circuit as a voltaic battery, and the amount of this E. M. F.
necessary to producea current of strength 7, amperes, when the
total resistance of the circuit is », ohms, will be £ = 7 » volts.

75. So far we have considered that no sensible reluctance
existed at the polar surfaces R, and R, Practically, how-
ever, it is found, that, no matter how smooth the surfaces may
be, and, therefore, how closely they may be brought into con-
tact, a small reluctance does exist, owing, apparently, to the
absence of molecular continuity.

This reluctance has been found experimentally, in case of
very smooth joints, to be equivalent to the reluctance of an
air-gap, from o0.003 to 0.004 cm. wide (0.0012” to 0.0016").
Taking this reluctance into account we have at £, and at &,
an equivalent reluctance of air path, say c.0035 cm. long and
Iz cms. in cross-sectional area. Since the reluctivity of air

; . .00
is unity, the reluctance at each gap becomes 2 BP35 X 1=
: 42

©0.000,29 oersted, and the reluctance of the circuit has, there-
fore, to be increased by o.oc00,58 oersted, making a total of
0.03042 - 0.000,58 = o0.031 oersted, and requiring the M. M.
F. of 204,000 X 0.031 or 6,324 gilberts = 5,032 ampere-turns,
or an increase of current strength to 2.516 amperes.

6. Itis evident, since the attractive force exerted across a
2

square centimetre of polar_surface is equal to g(ﬁ dynes, that
T

doubling the intensity at the polar surface will quadruple the
attraction per square centimetre. Therefore, all electro-
magnets, which are intended to attract or support heavy
weights, are designed to have as great a cross-sectional area
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of polar surface as possible, combined with a high magnetic in-
tensity across these surfaces. If, however,*the increase of the
area of polar surface is attended by a corresponding diminu-
tion of flux density, the total attractive force across the surface
will be diminished, because the intensity, per-unit-area, will be
reduced in the ratio of the square of the intensity, while the
pull will only increase directly with the surface. It is evident,
therefore, that soft iron of low reluctivity is especially desira-
ble in powerful electro-magnets.

If, for example, cast iron-was employed in the construction
of the magnet of Fig. 48, instead of soft Norway iron, and the
same M. M. F., namely, 6,324 gilberts were applied, the mean
magnetizing force would be this M. M. F., divided by the mean

length of the circuit in cms., or 3¢ = -6—’5‘&‘ = 126.48 gilberts-

per-centimetre.

At this magnetizing force, a sample of cast iron would have a
reluctivity represented by the formula v = (a2 + 4 3¢),where g,
may be o.0027, and 4, c.000,09, so that its reluctivity at 133.92
gilberts per centimetre of magnetizing force would be (0.0027 4
©0.000,09 X 126.48) = o.01407. The reluctance of the cast iron
circuit, including the small reluctance in the air-gaps, would be

~5132 X 0.01407 = 0.05863 oersted, and the flux in the circuit would

6,374

0.05863
The magnetic attraction between the surfaces per-square-
9,058 X 9,058

25.133
dynes, or 3,331 grammes weight, or 7.342 lbs. weight; and, since
the total polar surface amounts to 24 square centimetres, the
total attractive force exerted between and across them is
176.2 lIbs. weight. The effect of introducing cast iron instead
of wrought iron into the magnetic circuit, keeping the dimen-
sions and M. M. F. the same, has, then, been to reduce the
total pull from 620.64 lbs. to 176.2 lbs., or 71.6 per cent.

= 108,700 webers, or an intensity of 9,058 gausses.

centimetre, would, therefore, be = 3,264,000

77. 1f now an air-gap be placed in the circuit at £, and &,
of half aninch (1.27 cm.) in width, as in Fig 49, two results will
follow; viz.,
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(1.) A greater reluctance will be produced in the circuit.

(2.) A leakage or shunt path will now be formed through the
air between the poles Vand .S. Strictly speaking, there will be:
some leakage in the preceding case of Fig. 48, but with a ferric
circuit of comparatively short length, it will have been so small
as to be practically negligible. In Fig. 49, however, the reluc-
tance of the main circuit between the poles including the air-
gaps will be so great as to give rise to a considerable difference
of magnetic potential between the poles V and S, so that appre-
ciable leakage will occur between these points. The reluctance
of the leakage-paths through the air will usually be very com-
plex, and difficult to compute, but, in simple geometrical cases,
it may be approximately obtained without great difficulty. In
this case we may proceed to determine the magnetic circuit
first on the assumption that no leakage exists, and second on
the assumption of the existence of a known amount of leakage.
Assuming that the cores are of soft Norway iron, and that
it is required to establish a total flux of 204,000 webers.
through the circuit, then the flux density in the iron will be 17
kilogausses and its reluctivity o.0c073. The reluctance of the
circuit, so far as it is composed of iron, will be o0.03042 oersted,

while the reluctance of each air-gap will be E—Ile X I =o0.1058;
or, in all, 0.2016 oersted. The total reluctance of the circuit
will, therefore, be o.23202 oersted, and the M. M. F. required
will be 204,000 X 0.23202 = 47,330 gilberts = 37,660 ampere-
turns; or, with 2,000 turns, 18.83 amperes. The attractive
force on the armature will be 620 lbs. as in the previous.
case.

78. Considering now the effect of leakage, we may assume
that the reluctance of the leakage path through the air &, is
o.5 oersted, and that aflux of 108 kilowebers has to be produced
through the lower core; the length of mean path in the lower
core being 20 cms., and in the upper core 30 cms., it is required
to find the M. M. F which will produce this ﬂux through the
lower core.

The intensity in the lower core will be Lf’o%: 9,000
2

gausses, at which intensity the reluctivity of Norway iron will
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be, by Fig. 47, 0.000,6, so that the reluctance of the lower core
will be 22 % 0.000,6 = 0,001 oersted, and this added to the re-

I2

luctance of the two air-gaps, .27 cms.in width, = 0.2016 4 0.001
= 0.2026 oersted. The magnetic difference of potential in this
branch of the double circuit will, therefore, be 108,000 X 0.2026
= 21,880 gilberts. This will also be the difference of magnetic
potential between the terminals of the leakage path &, and the
21,880

leakage flux will, therefore, be = 43,760 webers. The

total flux in the main circuit through the upper core will be the

sum of the flux in the two branches, or 108,000 4 43,760 =
: : Tl ' 6

151,760 webers, making the intensity in the upper core 155,700

= 12,647 gausses, at which intensity the reluctivity is o.oo121,

so that the reluctance of the upper core is %3 X 0.0012 =
o.003 oersted. The drop of potential in the upper core will,
therefore, be 151,760 X 0.003 = 455 gilberts, and the total
difference of potential in the circuit, or the M. M. F., will be
21,880 + 455 = 22,335 gilberts = 17,775 ampere-turns, or

8.89 amperes at 2,000 turns.

79..1t is obvious that the results obtained by the preceding
method of calculation cannot be strictly accurate, since no
account has been taken of any magnetic leakage except that
which occurs directly between the poles V and S. Also we
have assumed that the flux density remains uniform through-
out the lengths of the two cores. When a greater degree of
accuracy is desired, corrections may be introduced for the
effects of these erroneous assumptions, but the examples illus-
trate the general methods by which the magnetic circuits of
practical dynamo-electric machines may be computed with fair
limits of accuracy.



CHAPTER VIL
LAWS OF ELECTRO-DYNAMIC INDUCTION.

80. When a conducting wire is moved through a magnetic
flux, there will always be an E. M. F. induced in the wire,
unless the motion of the wire coincides with the direction of
the flux; or, in other words, unless the wire in its motion does

FIG. 50.—~CONDUCTOR PERPENDICULAR TO UNIFORM MAGNETIC FLUX, AND
MOVING AT RIGHT ANGLES TO SAME.

not pass through or cut the flux. Thus, if, as in Fig. 50, a
straight wire 4 B, of / cms. length, extending across a uniform
flux, be moved at right angles to the flux, either upwards or
downwards, to the position, for example, a 4, or a' &, it will
have an E. M. F. induced in it, the direction of which will
change with the direction of the motion.

81. A convenient rule for memorizing the direction of the
E. M. F. induced in a wire cutting, or moving across, magnetic
flux, is known as Fleming’s hand rule. Here, as in Fig. 51, the
right hand being held, with the thumb, the forefinger and the
middle finger extended as shown, the thumb being so pointed
as to indicate the direction of motion, and the forefinger the
direction of the magnetic flux, then the middle finger will indi-
cate the direction of induced E. M. F. For example, if, as in

74
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Fig. 50, a wire be moved vertically downwards from 4 B, to
a' &', and the thumb be held in that direction, the forefinger
pointing in the direction of the flux, the E. M. F. induced in
the wire will take the direction &’ 4, during the motton, follow-
ing the direction of the middle finger. If, however, the wire
be moved upwards through the flux, an application of the same

FIG. 51.—FLEMING’S HAND RULE.

rule will show that the direction of the induced E. M. F., as
indicated by the middle finger, is now changed.

82. The induction of electromotive force in a conductor,
moving so as to pass through or cut magnetic flux, is called
electro-dynamic induction. The value of the E. M. F. induced in
a wire by electro-dynamic induction depends,

(1.) Ongthe density of the magnetic flux.

(2.) On the velocity of the motion, and

(3-) On the length of the wire.

This is equivalent to the statement that the E. M. F., in-
duced in a given length of wire, depends upon the total amount
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of flux cut by the wire per second in the same direction; or,
e=®/v C. G. S. units of E. M. F.

Where ®, is the intensity of the flux in gausses, /, the length
of the conductor in cms., 7, the velocity of motion in cms.-per-
second, and ¢, the induced electromotive force as measured in
C. G. S. units. Since one international wolt is equal to
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FIG. 52.—CONDUCTOR OBLIQUE TO UNIFORM MAGNETIC FLUX, AND
MOVING AT RIGHT ANGLES TO SAME.

100,000,000 C. G. S. units of E. M. F., the E. M. F. induced
in the wire will be

®/v
6= volts.
IO0,000,000

83. The preceding equation assumes that the wire is not
only lying at right angles to the flux, but also that it is moved
in a direction at right angles to the direction of the flux. If
instead of being at right angles to the flux, the wire makes an
angle @, with the perpendicular to the same, as shown in Fig.
52, then the length of the wire has to be considered as the
virtual length across the flux, or as its projection on the
normal plane, so that the formula becomes,

®/vcos fi
e= ———" volts.
100,000,000
If the motion of the wire, instead of being directed perpendic-
ularly to the flux, is such as to make an angle «, with the per-
pendicular plane, the effective velocity is that virtually taking
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place perpendicular to the flux, or » cos a, as shown in Fig. 53,
s0 that the formula becomes in the most general case,

® /cos fvcosa
€ =
100,000,000

volts

84. It will be seen that in all cases the amount of flux cut
through uniformly in one second, gives the value of the E. M. F:

FIG. 53.—CONDUCTOR OBLIQUE TO UNIFORM MAGNETIC FLUX, AND
MOVING OBLIQUELY TO SAME.

induced in the wire, and that the value of the E. M. F. does not
depend upon the amount of flux that has been cut through, or
that has to be cut through, but upon the instantaneous rate of
cutting. The E. M. F. ceases the moment the cutting ceases.

8s. If the loop 4 B C D, Fig. 54, be rotated about its
axis O O, in the direction of the curved arrows, then, while
the side C D, is ascending, the side 4 B, is descending; con-
sequently, the E. M. F. in the side C D, will be oppositely
directed to the E. M. F. in the side 4 B. Applying Fleming’s
hand rule to this case, we observe that the directions of these
E. M. Fs. are as indicated by the double-headed arrows, and,
regarding the conductors C D and A4 B, as forming parts of
the complete circuit C D A B, it is evident that the E. M. Fs.
induced in 4 B and C D, will aid each other, while, if they
are permitted to produce a current, the current will flow
through the circuit in the same direction.

86. We have seen that no E. M. F. is induced in a wire
unless it cuts flux. Consequently, the portions B C and 4 D,
of the circuit which move in the plane of the flux, will con-
tribute nothing to the E. M. F. of the circuit.
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1f the dimensions of the wires forming this loop shown in
the figure, are such that C D and 4 B, having each a length
of 12 cms., while 4 B and B C, are 4 cms. each., the circumfer-
ence traced by the wires 4 B and C D, in their revolution
about the axis, will be 3.1416 X 4 = 12.567 cms.; and, if the
rate of rotation be 50 revolutions per second, the speed with
which the wires 4 B and C D, revolve will be 628.3 cms. per
second. If the intensity of the magnetic flux B, is uniformly
5 kilogausses, the E. M. F. induced in each of the wires 4 &

FIG. 54.—RECTANGULAR CONDUCTING LOOP ROTATING IN UNIFORM
; MAGNETIC FLUX.

and C D, will be, 5,000 X 12 X 628.32 = 37,699,200 C. G. S.
units of E. M. F., or 0.377 volt. This value of the E. M. F.
only exists at the instant when the loop has its plane coincident
with the plane of the flux, and the sides cut the flux at right
angles. In any other position, the motion of these sides is
not at right angles to the flux, so that the E. M. F. is reduced.

87. In order that the E. M. F. induced in a wire may estab-
lish a current in it, it is necessary that such wire should form
a complete curcuit or loop, as indicated in Fig. 55. When
such a conducting loop is moved in a magnetic field, some or
all portions of the loop will cut flux, and will thereby contribute
a certain E. M. F. around the loop. If the loop moves in its.
own plane, ina uniform magnetic flux, there will be no resultant
E. M. F. generated init. For example, considering a circular
loop, we may compare any two diametrically opposite segments,
when it is evident that each member of sucha pair cuts through
the same amount of flux per second, and will, therefore, gEner-
ate the same amount of E. M. F., but in directions opposite
to each other in the loop. At the same time, it is clear that
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the total amount of flux in the loop does not change; for,
while the flux is being left by the loop at its receding edge, it
is entering the loop at the same rate at its advancing edge, and,
since these two quantities of flux are equal, the total amount
of flux enclosed by the loop remains constant.

88. The cutting of flux by the edges of a moving loop, there-
fore, resolves itself into the more general condition of enclos-
ing flux in a loop. The value of the E. M. F. induced around

FIG. §55.—CIRCULAR CONDUCTING LOOP PERPENDICULAR TO UNIFORM
MAGNETIC FLUX.

the loop does not depend upon the actual quantity of flux
enclosed, but on the rate at which the enclosure is being
made. If, as we have already seen, the loop is so moved
that the total flux it encloses undergoes no variation, the
amount entering the loop being balanced by the amount leav-
ing it, although E. M. Fs. will be induced in those parts of
the loop where the flux is entering and where it is leaving, yet
these E. M. Fs. being opposite, exactly neutralize each other,
and leave no resultant E. M. F. Consequently, the value of
the E. M. F. induced at any moment in the loop by any
motion, does not depend upon the flux density within the loop,
but on the rate of change of flux enclosed.

89. If &, be the total flux in webers contained within a
single loop, such as shown at 4 B C, in Fig. 55, the mean rate
at which this flux is changing during any given period of time,
will be the quotient of the change in the enclosure, divided by
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that amount of time, so that if @, changes by 20,000 webers in
two seconds, the mean rate of change during that time will be
10,000 webers per second, and this will be the-E. M. F. in the
loop expressed in C. G. S. units. But, during these two seconds
of time, the change may not have Been progressing uniformly,
in which case only the average E. M. F. can be stated as being
equal to the 10,000 C. G. S. units. Where the change is not
uniform, the rate at any moment has to be determined by
taking an extremely short interval, so that if &7, represents
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FIG. 55A.—RECTANGULAR CONDUCTING LOOP IN NON-UNIFORM
¢ MAGNETIC FLUX.

this indefinitely small interval of time, and & &, the correspond-
ing change in the flux enclosed during that interval in webers,

the rate of change will be —;,itij webers-per-second, and this will

be the value of the induced E. M. F. at each instant.

90. If a small square loop of wire 4 B C D, one cm. in
length of edge, placed at right angles to the flux as shown in
Fig. 554, contains a total quantity of flux amounting to 10,000
webers, the mean flux density at the position occupied by the
square, will be 10,000 gausses. If now, the loop be moved
uniformly upward in its own plane to the position a dcd, so

as to accomplish the journey in the 1_<I>-oth part of a second,

and if the flux enclosed by the loop at the position @ & ¢ 4,
be 1,000 webers, then 9,000 webers will have escaped from the
loop during the motion. Assuming that the distribution of
flux density in the field was such that the emission took
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place uniformly, the E. M. F. in the loop, during the passage,
will have been,

4@ 9,000
4t s

o1. If, however, the rate of emptying, during the motion,
were not uniform, o.cog volt would be the average E. M. F.,
and not the E. M. F. sustained during the interval; or, in
other words, the instantaneous value of the E. M. F. in the
loop would vary at different portions of this short interval of
time, or at corresponding different positions during the jour-
ney ; but, in all cases, the time integral of the E. M. F. will
be equal to the change in @; thus, the change in &, is, in this

= goo,000 C. G. S. units = o.009 volt.

. . o I
case, 9,0ooo webers. If the motion is made in H)th of a

second, the E. M. F., will be goo,000 C. G. S. units of E. M. F.,
which, multiplied by the time (o.o1 second), gives 9,000 webers.
If, however, the motion were uniformly made in half a second,
the E. M. F. would have been 18,000 C. G. S. units, which,
multiplied by the time, would give as before 9,000 webers;
and under whatever circumstances of velocity the change were
made, the sum of the products of the instantaneous values of
E. M. F. multiplied into the intervals of time during which
they existed, would give the total change in flux of ¢,000
webers. Or in symbols,

y dd
Since ¢ = =
fe dt =4 D

The first equation simply expresses that the E. M. F,, ¢, is
the instantaneous rate of change in the flux enclosed, and the
second equation shows that the difference in the enclosure
between any two conditions of the loop is the time integral of .
the E. M. F., which has been induced in the loop during the
change, assuming of course, that the change continues in the
same direction ; 7. ., that the flux through the loop has con-
tinually increased or decreased.

92. If a circuit contains more than one loop, as, for example,
when composed in whole, or in part, of a coil, the turns of
which are all in series, the E. M. F. induced in any one turn
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or loop of the coil, may be regarded as being established inde-
pendently of all the other loops, so that the total E. M. F. in
the circuit will be the sum of all the separate E. M. Fs. exist-
ing at any instant in the loops, and may, therefore, be regarded
as the instantaneous rate of change in the flux linked with the
entire circuit. A coil, therefore, may be regarded as a device
for increasing the amount of flux magnetically linked with an
electric circuit, so that by increasing the number of loops of
conductor in the circuit, the value of the induced E. M. F.
corresponding to any change in the flux, is proportionally
increased, and if the coil or system of loops forming the cir-

B

FIG. §6.—CLOSED CIRCULAR HELIX LINKED WITH A LOOP OF WIRE.

cuit, contains in the aggregate @ webers of flux linked with it,
taking each turn separately and summing the enclosures, then
the time integral of E. M. F. in the circuit will be the total
change in @, and this will be true, whether the loop is chang-
ing its position, or whether the flux is changing in intensity or
in direction.

93. It is evident from the preceding, that there are two
different standpoints from which we may regard the produc-
tion of electromotive force in a conducting circuit by electro-
dynamic induction ; namely, that of cutting magnetic flux, and
that of enclosing magnetic flux. These two conceptions are
equivalent, being but different ways of regarding the same
phenomenon. The amount of flux enclosed by a loop can
only vary by the flux being cut at the entering edge or edges
at a different rate to that at the receding edge; or, in mathe-
matical language, the surface integral of enclosing is equal to
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the line integral of cutting, taken once round the loop. This
statement is equally true whether the flux is at rest and the
conductor moving, or the conductor at rest and the flux mov-
ing, or whether both conductor and flux are in relative motion,

94. Cases of electro-dynamic induction may occur where the
equivalence of cutting and enclosing magnetic flux apparently
fails. On closer examination, however, the equivalence will be
manifest. For example, in Fig. 56, let 4 B C D be a wooden
anchor ring uniformly wound with wire, as shown in Fig. 44,
and @ & ¢ 4, a circular loop of conductor linked with the ring.

N
FIG. 57.—SQUARE CONDUCTING LOOP ROTATED IN UNIFORM FLUX.
FIRST POSITION.

It has been experimentally observed that when a powerful cur-
rent is sent through the winding of the anchor ring, no appreci-
able magnetic flux is to be found at any point outside the ring,
although within the core of the ring a powerful magnetic flux
is developed. Nevertheless, both at the moment of applying
and at the moment of removing the exciting current through
the winding of the ring, an E. M. F. is induced in the loop
a bc¢d, whose time integral in C. G. S. units, is the total
number of webers of change of flux in the ring core. It might
appear at first sight that this E. M. F. so induced in the loop
cannot be due to the cutting of flux by the loop, but must be
due to simple threading or enclosing of flux. It is clear, how-
ever, that the mere act of enclosure will not account for the
induction of the E. M. F., since the passage of flux through
the -centre of the loop cannot produce E. M. F. in the loop
itself, unless activity is transmitted from the centre of the loop
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to its periphery. In other words, action at a distance, with-
out intervening mechanism of propagation, is believed to be
impossible.

Could we see the action which occurs when the current first
passes through the ring-winding, we should observe flux
apparently issuing from all parts of the ring and passing into
surrounding space, at a definite speed. The loop a4 ¢ ¢,
would receive the impact of flux from the adjacent portions of
the ring before receiving that from the more distant parts of
the ring, and, in this sense, would actually be cut by the flux,
As soon as the flux has become established, and the current in

FIG. 58.—~—~SQUARE CONDUCTING LOOP ROTATED IN UNIFORM FLUX.
SECOND POSITION.

the winding steady, it is found that the flux from any particu-
lar portion of the ring is equal and opposite to that from the
remainder of the ring, and is, therefore, cancelled or annulled
at all points except within the ring core. It is evident, there-
fore, that we may regard the E. M. F induced in the loop
a b ¢ d as due either to the cutting of the boundary by flux, or
to the enclosure of flux.

95. Let us consider the case of a square conducting loop
A4 B C D, Fig. 57, having its plane parallel with the uniform
magnetic flux shown by the dotted arrows. If this loop be
rotated about the:axis O O/, which is.at right angles to the
magnetic flux, and symmetrically placed with regard to the
loop, so that 4 D, descends, and B C, ascends, these sides,
which cut flux during the rotation, will have E. M. Fs. gene-
rated in them, in accordance with Fleming’s hand rule already
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described in Par. 81, and in the direction shown ‘by the
double arrows. The sides 4 B and D C, which do not cut flux
during the motion, will add nothing to the E. M. F. generated.
The figure shows that while the sides 4 D and C 5, have oppo-
sitely directed E. M. Fs., yet regarding the entire loop as a
conducting circuit, these E. M. Fs. tend to produce a current
which circulates in the same direction.

96. As already pointed out, the value of the E. M. F. gene-
rated in the sides 4 D and C B, of the loop, by the cutting of
the flux, will depend upon the rate of filling and emptying the

FIG. 59.—SQUARE CONDUCTING LOOP ROTATED IN UNIFORM FLUX.
THIRD POSITION.

loop with flux, and it is evident that this rate is at a maximum
when the loop is empty; 7' e., in the position it occupies in
Fig. 57, when the plane of the loop coincides with the direc-
tion of the flux, and the motion of its sides is at right angles
thereto; for, when the loop reaches the position shown in Fig.
58, namely, when it is full of flux; or, when its plane is as
right angles to the flux, then at that instant the rotation of
the loop neither adds to nor diminishes, the amount of flux
enclosed, so that the E. M. F. in the loop is zero.

97. Continuing the rotation of .the loop in the same direc-
tion, the E. M. F. generated will increase from this position
until the position shown in Fig. 59 is reached, where the plane
of the loop is again coincident with the plane of the flux, but
in which the side 4 D, has moved through 180°, or one-half
a revolution from the position shown in Fig. 57, and the direc-
tions of E. M. Fs. in the wire, as shown, will be changed so far
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as the wire is concerned, being now from A4 to 2, instead of
from D to A, in the conducting branch 4 D, and from C to B,
instead of from B to C; in the conducting branch B C. The
direction of E. M. F. around the loop, will, therefore, be

\
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FIG. 60.—SQUARE CONDUCTING LOOP ROTATED IN UNIFORM FLUX.
FOURTH POSITION.

reversed. Consequently, the loop 4 B C D, during its first
half revolution as shown in Figs. 57 to 59, has an E. M. F. in it
in the same direction; and, during the remaining half-revolu-
tion, has its E. M. F. in the reverse direction, as shown,

FIG. 61.—FLUX OBLIQUE TO PLANE OF ROTATING LOOP.

98. The value of the E. M. F. generated in a loop, during
its rotation, depends upon the flux density, on the area of the
loop, and on the rate of rotation.

Assuming the side of the loop C D, to occupy the position
shown in Fig. 61, making an angle &, with the direction A X, of
the flux, then the E. M. F. generated in the loop at this instant
is the rate at which flux is being admitted into the loop. If
/ cms., be the length of the side of the loop or the length of
A D, in Fig. 57, the amount of flux embraced at this instant
willbe/® X 2 D K. During the next succeeding small interval
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of time 4% if the angular velocity of the loop, @ radians per
second, carries it to the position C'2D’, the amount of flux
admitted during that time willbe /® X 2 D L. But DL =
D D' x cosine of angle D'D L, and this angle is equal to the

P

FIG. 62,—FLUX COINCIDENT WITH PLANE OF ROTATING LOOP,

angle @, so that D L =D. D" Xcos a, and D D', will be %cg dt

: p ; s
cms. in length, since the radius O D = ol consequently, the

flux admitted into the loop during this brief interval of time
dt, will be

a’@:zlx;[(Bcocosadt, or ' ® @ cos « dt

= ¢ wcos a dt
a9
at :
Thus, at the instant of time in which the loop has reached the

so that = & wcos a.

D D

‘.

@
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FIG. 63.—FLUX PERPENDICULAR TO PLANE OF ROTATING LOOP.

position O D, if a, be the angle which the loop makes at any
time with the direction of the flux, the E. M. F. ¢, the instan-
taneous rate of increase in the flux, or will be generally ex-
pressed in C. G. S. units by

e =P wcos a
&, being the maximum amount of flux in webers (/* ®), which
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the loop can embrace. When the plane of the loop coincides
with the direction Z X, of the flux, as shown in Fig. 62, D D/,
is brought into coincidence with D Z, or the cosine of a is 1.
So that the E. M. F. ¢, in the loop has a maximum value, and

FIG. 64.—CURVE OF E. M. F. INDUCED IN ROTATING LOOP.

is equal to @ @, while when the loop is at right angles to the
flux, or as shown in Figure 63, D D', the succeeding small
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FIG. 65.—~CURVE OF E. M. F. INDUCED IN LOOP ROTATING
AT DOUBLED SPEED.

excursion of the loop, is at right angles to D Z, or cosine @ = o,
so that ¢ = o,

99. If ®, as in the case represented by Figs. 57 to 6o, be two
kilogausses, and / = 100 cms., then & = 100 X 100 X 2,000 = 20
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megawebers. If the loop be rotated in the direction shown at
: : o :

an angular velocity of 5o radians per second (2% revolutions

per second), the E. M. F. ¢., will be
¢ = 20,000,000 X 50 X COS &, Of 100,000,000 COS &
=i 1=caslia volt.
The E. M. F. generated by the loop, therefore, varies
periodically between 1, o, — 1, o, and 1. If these values be
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FI1G. 66.—CURVE OF E. M. F. COMMUTED IN EXTERNAL CIRCUIT.
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plotted graphically as ordinates, to a scale of time as abscissas,
the curve shown in Fig. 64 will be obtained, where the distance
A O, represents the time occupied by one half revolution of the
loop, the E. M. F. being positive from O to 4, and negative
from 4 to B. If now, the speed of revolution be doubled;
7. e., increased to 100 radians per second, the time occupied in
each revolution will be halved, and ©'4’, Fig. 65, will be half
the length of O A4, but ¢, will be doubled as shown. The
shaded area O' C’' 4', in Fig. 65, is equal to the area O C 4, of
of Fig. 64. The E. M. F. generated by the loop is alternating,
being positive and negative during successive half revolutions,
but, by the aid of a suitable commutator, the E. M. F. can be
made unidirectional in the external circuit, as represented
in Fig. 66, where the curve P .S Q, corresponds to O C 4, in
Fig. 64and Q 7R, to 4 D B,



CHAPTER VIIL
ELECTRO-DYNAMIC INDUCTION IN DYNAMO ARMATURES.

100. The type of curve represented in Figs. 64, 65, and 66,
showing the E. M. F. generated by the rotation of a conduct-
ing loop in a uniform magnetic flux, may be produced by the
rotation of the coil represented in Fig. 67. Here a number of
circular loops, formed by winding a long insulated wire upon

FIG. 67.—COIL FOR INDUCING FEEBLE E. M. Fs. BY REVOLUTION
IN EARTH'S MAGNETIC FLUX.

a circular wooden frame, are capable of being rotated by the
handle, in the uniform magnetic flux of the earth. If the
mean area of the loops be 1,000 sq. cms., the number of loops
soo, and the intensity of the earth’s magnetic flux threading
the loop 0.6 gauss, then the E. M. F. generated by rotating the
loop will depend only on the speed of rotation. Assuming this
to be 5 revolutions-per-second, or an angular velocity of
5 X 2 w = 15.708 radians-per-second, the E. M. F. will vary
between 4+ @ @ and — @ @, in each half revolution. Here P,
the total flux linked with the coil is 500 X 1,000 X 0.6 = 300,000
go.
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webers, and @ = 15.708, so that the maximum value of the
E. M. F. generated in the coil will be 4,712,400 C. G. S

units = 0.047 volt, or roughly %th volt. This corresponds

to the peaks C and D, of the waves of induced E. M. F. shown
in Fig. 64.

10I. In practice, however, continuous-current generators
do not produce this type of E. M. F. TFig. 68 represents, in
cross-section, a common type of generator armature, situated
between two field poles &V, and S. A type of generator,
armature and field poles, similar to this, is seen in Fig. 1.

The flux from these poles passes readily into and out of the
armature surface as indicated by the arrows. In other words,

FIG. 68.—CRQSS-SECTION OF BIPOLAR DRUM ARMATURE,

the flux cuts the surface of the armature at right angles, while,
in the cases shown in Figs. 57 to 6o, the conducting loop is
only cut by the flux at right angles in two positions 180° apart,
so that the curve of E. M. F. is peaked at these points, and
descends rapidly from them on each side.

102. Suppose in Fig. 68 that the difference of magnetic
potential, maintained between /V and .S, is 2,000 gilberts, that
the diameter of the armature core g o 4, is 4o cms., that its
length is 100 cms., and that the air-gap or estrefer is 1 cm.;
then, if the reluctance of the iron armature core be regarded
as negligibly small, the magnetic potential between the polar
surfaces and the armature surface on each side, that is between
¢ Ve and 4 g B, also between &.5 f and 4 % B, will be 1,000
gilberts. The magnetic intensity in the air may be obtained
in two ways.

(1.) By considering the total reluctance of the air-gap and
obtaining, by this means, the total lux. Thus the polar surface
represented is 55 cms. in arc X 1o0o cms. in breadth = 5,500
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sq. cms. The reluctance of the air-gap on either side of the

. I
armature is, therefore,

oersted, and the total flux passing

5,500
F
through the air will, therefore, be & = > Vit I’OIOO = 5,500,000
5,500
webers. This flux, divided by the area through which it passes,
gives the intensity, or %’%)9 = 1,000 gausses.

(2.) The magnetic intensity is, as we have seen (Par. 53),
numerically equal to the drop of magnetic potential in air, or
other non-magnetic material, per centimetre, so that the drop
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FIG. 60.—DIAGRAM OF MAGNETIC INTENSITY IN AIR-GAP.

of potential being here 1,000 gilberts in 1 cm. of distance in air,
the intensity must be 1,000 gausses. Representing the in-
tensity graphically, as shown in Fig. 69, it will be seen that
the intensity is uniform from ¢ to ¢, Fig. 68, and then descends
rapidly to Zero at B, where it changes sign and becomes
negatively directed, and is then uniform from f to &, falling
again to zero at 4. The flux direction, therefore, changes
sign twice in each revolution.

103. If a wire 4 B, be wound as a loop around the armature,
it will, when the armature revolves, cut this flux at right
angles, and will, therefore, have induced in it an E. M. F.
which must be of the same type graphically as the curve in
Fig. 69. Thus, if the surface of the armature moves at a rate
of 50 cms. per second, the E. M. F. induced in the loop will
be 2 v / ®, the factor 2 being required, since both sides of
the loop are cutting flux, one at 4, and the other at 5, or,
2 X 50 X 100 X 1,000 = 10,000,000 C. G. S. units = o.1 volt.
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except at the moment when the wires emerge from beneath
the pole pieces. This curve is represented in Fig. 70, where
the distance O F, represents the time of one complete revolu-
tion of the armature, and the elevation of A, corresponds to
o.1 volt. If the armature be set revolving at twice this
speed, the time occupied in a revolution will be halved, but the
E. M. F. being proportional to the rate of cutting flux, will

d vorrs o

;

FIG. 70.—DIAGRAM OF INDUCED E. M. F. IN ARMATURE TURN.

be doubled, as represented in Fig. 71, where the E. M. F.
is alternately o.2 volt in each direction. By the aid of
a suitably adjusted commutator, the E. M. F. instead of
changing sign, can be kept unidirectional in an external cir-
cuit, following the curveoabdckl fg ki .

104. We may regard the E. M. F. of the loop as being in-
duced either by the cutting of the flux by the wire at the arma-
e o "J
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FIG. 71.—~DIAGRAM OF INDUCED E. M. F. IN ARMATURE TURN
AT DOUBLED SPEED OF ROTATION.
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ture surface, or by the enclosure of the flux by the loop. The
flux enclosed by the loop is represented by Fig. 72, where at
the initial position at 4 B, the loop encloses 5,500,000 webers.
As the armature is rotated counter-clockwise, so that A4, is
carried toward &V, the flux enclosed by the loop diminishes,
until, when it reaches the horizontal position, the flux through
the loop is zero. As the rotation continues, the flux re-enters
the loop in the opposite direction, and becomes. 5.5 mega-
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webers at a position 180° distant from the initial position 4 B.
The rate of change of flux enclosed, or the gradient of the
curve, shown in Fig. 72, is uniform, since the curve is uni-
formly steep, except near the position of maximum flux, where
the gradient is considerably reduced, and the E. M. F. cor-
respondingly reduced as already observed in Figs. 70 and 71.

MEGAWEBERS

FIG. 72.—REPRESENTING DIAGRAM OF FLUX ENCLOSED BY LOOP
OF ARMATURE.

105. When, however, the wire instead of being on the sur-
face of the armature is buried in a groove in the iron, as in a
toothed-core armature (Par. 22), and as shown in Fig. 73,
it is often-mepre convenient, for purposes of calculation, to con-
sider the E. M. F. as due'to-enclosing, rather than to cutting
flux, The following rule, will, therefore, be.of assistance in

FIG. 73.—ARMATURE LOOP ROTATING IN BIPOLAR FIELD.

determining the direction of the E. M. F. induced in a loop.
Bearing in mind the fact that a watch dial is visible, to an ob-
server who holds it facing him, by the light which proceeds in
straight lines from the watch to his eye, then the direction of
the E. M. F. induced in the loop, regarded as the outline of
the watch face, can be remembered by the following rule.
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The E. M. F. induced in the loop has the same divection as the
motion of the hands of the watch, when the flux entering the loop
has the same divection as the light.

106. Flux entering the loop in the gpposize direction, or from
the observer, will induce an E. M. F. in the opposite direction to
the hands of the watch, that is, counter-clockwise,

Emptying a loop of flux preduces in it an E. M. F. in the
opposite direction to that produced by filling it.
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FIG. 74.—DIAGRAMS OF E. M. F.

10%. Fig. 68, shows a single loop of wire wound upon a drum
armature, which by its rotation in the flux, has an E. M. F.
induced in it of the same type as is graphically repre-
sented in the curve of Fig. 69. Supposing that the speed of
revolution is such as to produce an E. M. F. of say one volt,
in this conducting loop, during its passage beneath the pole
faces, then if two turns of wire be wound on the armature at
right angles, as shown at 4 B and C D, Fig. 75, they will each
generate E. M. F. of the same value, in their proper order, as
they pass through the flux, and if the E. M. F. from 4 B, is
represented by the curve of @ b ¢ d ¢ f g, of Fig. 74 4, and the
E. M. F. in the loop C D, be represented simultaneously by the
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curve of 277 %7 m n o, of Fig. 74 B, then, by properly adding
and co-directing the. E. M. Fs. so produced, by the aid of a
suitable commutator, we obtain an E. M. F. of two volts, as
shown in Fig. 75, C, by the curve pgr s t v v w x y 2z 2/ 3"
Moreover, while the E. M. F. produced from one wire alone

FIG. 75.—DRUM ARMATURE WOUND WITH TWO TURNS OF WIRE AT RIGHT
ANGLES TO EACH OTHER.

fluctuates between o and 1 volt, four times per revolution, the
E. M. F. produced by the combination fluctuates between 1
and 2 velts, eight times per revolution.

108. If'now, instead of two loops being wound on the arma-
ture, there are six loops, as shown in Fig. 76, the E. M. F.

4
3
2
1

FIG. 76.—DRUM ARMATURE OF SIX EQUIDISTANT. TURNS, WITH CORRE-
SPONDING CURVE OF E. M. F.

generated in these, added and co-directed by the aid of a suit-
able commutator, will be represented by the curve in the same
figure, and while the E. M. F. generated in any one of the
conducting loops fluctuates between o and 1 volt, four times
per revolution, the total E. M. F. produced under these con-
ditions would vary between 5 and 5.5 volts, 24 times per revolu-
tion. In the same manner, if instead of 6 conducting loops
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being placed on the armature, there are 12 such loops, as.
shown in Fig. 77, the total E. M. F., if added and co-directed
by a suitable commutator as before, would vary between 10.6
and 10.8 volts, 48 times per revolution, as shown by the curve.

109. An inspection of the preceding curves of E. M. F. will
show that, while the total E. M. F. capable of being produced
from a combination 0f conducting loops, is less than the sum
of the maximum E. M. Fs. in each separately, yet their com-
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FIG., 77.—DRUM ARMATURE OF TWELVE EQUIVALENT TURNS, WITH COR-
RESPONDING CURVE OF E. M. F.

bined E. M. F. is much more nearly uniform than their sepa-
rate E, M. Fs., and tends to become constant as the number of
loops is increased, the curve of the total E. M. F. tending to
become more and more nearly a horizontal straight line.

110, It must be carefully remembered that the E. M. F.
generated in any single turn does not necessarily continue uni-
form during the passage of the turn beneath the pole; or, in
other words, that the crests of the waves of E. M. F. are not
necessarily straight lines, such as are indicated in Fig. 69, 70, 71,
and 74. These crests will be straight lines, only if, as hitherto
assumed, the intensity in the air-gap remains uniform over the
entire polar surface. In practice this is rarely the case. The
intensity may be either greater or less at the centre of the pole-
face than at the edges, but is usually greater, the flux tapering
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off toward the polar edges. This is owing to the fact that the
reluctance in the magnetic circuit is usually a minimum, at or
near the polar centre, with a consequent increase in intensity
in that region. The same rules apply, however, even when
the wave form of E. M. F., as generated by the wires singly,
is complex. The effect of winding a number of turns around

FIG. 78.—DRUM ARMATURE WITH TWENTY-FOUR TURNS IN BIPOLAR FIELD.

the armature, and uniting their E. M. Fs., is to produce an
aggregate E. M. F. that is much more nearly uniform than the
E. M. F. in each separate turn.

Thus Fig. 78 represents a drum armature with twenty-four
complete loops, or forty-eight wires, lying over its surface and
uniformly dispersed. If this armature be rotated in a bipolar
field which is of such strength and distribution that each turn

.
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FIG. 79.—E. M. F. DIAGRAM OF ONE TURN ON ARMATURE.

has induced in it an E. M. F., such as is represented in Fig.79,
that is to say, no E. M. F. at the point @, about 0.7 volt at 4,
a maximum of about o.g5 volt at ¢, and no E. M. F. at ¢;
then, if with the aid of a suitable commutator, these loops are
connected together so as to unite their E. M. Fs. into two
equal series, the E. M. F. of the machine as obtained from the
brushes on the commutator is represented during half a com-
plete rotation by the curve in Fig. 8o, the corresponding
points of which are marked @ 4 ¢ . It will be observed that
there are twenty-four undulations in this curve, each undula-
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tion corresponding to the step between the entrance of each
turn under the pole-pieces.

111. Moreover, the shape of the polar edges must necessarily"
influence the rise and fall of the E. M. F. induced in each
separate wire as it passes beneath the pole. For example, if

DEGREES ANGULAR DISPLACEMENT

FIG. 80.—E. M. F. DIAGRAM OF ARMATURE COMBINING E. M. Fs. FROM
SEPARATE TURNS.

the area of the pole-face be represented by the shaded area 4
in Fig. 81, the wires passing in succession beneath this pole,
will have an E. M. F. induced first in a portion of their length,
and finally throughout their entire length, so that the E. M. F.
wave for each wire will rise gradually. If, however, the polar
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FIG. 8I.—DIAGRAMS OF POLAR FACES OF DIFFERENT OUTLINE, OVER
ARMATURE.

area be such as is represented at B, the wires enter the polar
flux more suddenly, and the E. M. F. wave of each wire, at the
beginning and end, will be rendered more abrupt. As regards
continuous-current generators, there is but little advantage to
be gained by variations in the shape of the pole-faces, since the
aggregate E. M. F. of such a machine is rendered nearly uni-
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form by the superposition of the E. M. Fs. in the various wires.
Eddy currents in the conductors and iron core are, however,
diminished by tapering the pole pieces, as at A.

112, In studying the arrangement of the wires on the surface
of the armature in a generator, with the view of determining
the E. M. F. generated by the revolution of the armature, it
is necessary to observe that the E. M. F. developed does not
depend directly upon the length of the armature wire which
cuts magnetic flux, but does depend directly upon the amount
of flux enclosed by the conducting loops during their revolu-

FIG. 82.—TYPE OF ARMATURE HAVING COMPARATIVELY LITTLE ‘‘ IDLE ”
WIRE.

tion. It isa common error to regard all the wires on the free
surface of an armature which do not pass through the mag-
netic flux as idle wires ; and, consequently, detrimental to the
efficient operation of the machine. This error comes from
regarding the E. M. F. as produced alone by the cutting of
flux, whereas in such a case, as for example, a pole armature
(Fig. 17), none of the wire cuts the magnetic flux, and, conse-
quently, would, by the preceding definition, be regarded as
idle wire.

In reality, the generation of the E. M. F. is dependent on the
embracing of flux by the loops, and since the so-called idle wire
is necessary to form a part of the loop, it cannot properly be
regarded as idle. It is, of course, to be remarked that in the
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event of the conducting loop having a fairly considerable part
of its length formed of the so-called ‘‘idle” wire, in order
to permit the loops to embrace a considerable amount of flux
during their revolution, the rate of cutting flux by the parts
that do cut, requires to be correspondingly increased, thus
requiring a greater density of magnetic flux.

That this consideration is correct may be seen from an
inspection of Figs. 82 and 83.

113. Fig. 82 represents a machine in which the armature is
almost completely enclosed by polar surfaces, so that, even

FIG. 83.—TYPE OF ARMATURE HAVING COMPARATIVELY MUCH ‘‘IDLE s
WIRE.

allowing for the free wire on the sides of the armature, sixty
per cent. of the length of the wire is always in the magnetic
flux, and forty per cent. is ‘“‘idle.” Fig. 83 shows a type of
armature in which only about twenty-five per cent. of the
length of the wire is at any time in the magnetic flux, so that
about seventy-five per cent. is ‘‘idle.” Yet, with equally ad-
vantageous circumstances as regards the cross-section. of the
iron core, speed of revolution, and the number of turns of wire,
.the E. M. F. from the machine shown in Fig. 83 is fully equal
to, if not greater than, that developed in the armature of Fig. 82.
If, for example, the polar surface in Fig. 82 were reduced by
cutting it away along the lines ab, ¢f and e, thus removing the
polar edges, and shortening the polar arc by about fifty per
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cent., the E. M. F. developed by the generator would not be
reduced if the same total quantity of flux were forced through
the armature as before. The change effected would be that
the reluctance of the air-gap, between poles and armature on
each side, would be increased, since the cross-sectional area of
the air-gap would be diminished, and a greater M. M. F. would
therefore be needed on the field magnets in order to produce
the same flux through the circuit as before, but if this flux
were reproduced, the amount enclosed with each turn of the
armature by its revolution would be the same, and the total
E. M. F. induced in the armature would be the same; or,
regarding the question from a different standpoint, the inten-
sity of flux in the air-gap would be increased about one hun-
dred per cent., so that the wires would generate twice as
much E. M. F. as before, but would only be generating
E. M. F. about half the time in each revolution.
In other words, provided the armature core is traversed by
a given magnetic intensity, it is a matter of indifference how
much of its surface is covered by pole-pieces or how much
left exposed with ‘‘idle wire,” except as regards the amount of
M. M. F. which will be needed to force the flux through the
" armature.



CHAPTER IX.
ELECTROMOTIVE FORCE INDUCED BY MAGNETO GENERATORS.

114. One of the earliest types of operative dynamos was that
in which the field consisted of a permanent magnet, and the
armature was of the Siemens, or shuttle-wound type. This
armature consists essentially of a single coil of many turns
of wire, wrapped in a deep longitudinal groove, formed on
opposite sides of an iron cylinder. Owing to its simplicity,
this early type of magneto-electric machine has survived in its
competition with more advanced types, for such purposes as
signal calls in telephony, and for firing electric fuses in mines.
A machine of this type is shown in Fig. 84. The magnets
M, M, are usually compound ; i. e., consist of separate bars of
hardened steel, with their like poles associated as shown in the
side view. The magnets are thus combined to form a single
magnetic circuit through the armature, by means of soft iron
pole-pieces V'and S’. The armature core 4 A4, was originally
formed of a single piece of soft iron, but is now usually
laminated, that is, formed of sheets of soft iron, laid side by
side. The armature winding is in the form of a single coil or
spool, and the ends of the coil are brought out to the insulated
segments of the two part commutator C C’, Figs. 85 to 88.

115. In order to determine the E. M. F. capable of being
produced by a generator of this type and of given dimensions,
it is necessary first to ascertain the total quantity of flux which
passes through the armature in the different positions it
assumes during rotation. As shown in Fig. 85, the armature
core lies at right angles to the polar line, and, consequently,
no flux passes directly through its winding. When, during- its
motion, the armature reaches the position shown in Fig. 86,
where the end 4, has approached the north pole, the flux is
threading through the armature in a direction from the north
pole &V, to the south pole .S. In Fig. 87, the armature core is
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shown as lying directly between the pole-pieces. - In this posi-
tion the armature gives passage to the maximum amount of
flux. In Fig. 88, the armature core is shown as moved beyond
this position, and is now reducing the amount of flux threading
through'its core. Continuing rotation until.the completion of
a half turn, the position shown in Fig. 83, is reached, but now

/-/
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FIG. 84.—~MAGNETO GENERATOR WITH SHUTTLE ARMATURE.

in the reverse direction; 7. ¢., with the end 4, lowest instead
of uppermost; and here the coil is emptied of flux as before.

116. It is evident, from a consideration of the preceding
figures, that the amount of flux passing through the armature
in any -position depends upon the M. M. F. produced by the
steel magnets; 7. ¢., upon their dimensions and shape, and on
the reluctance of the air-gap, that is, on the dimensions and
shape of the pole-pieces, as well as on the entrefer or air-gap
lying between the poles and armature.

For practical purposes, a steel magnet may be regarded as
producing a uniform difference of magnetic potential between
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its poles, except when the flux passing through the circuit
represents an intensity greater than one kilogauss in the steel.
We may practically consider that ordinary hard magnet steel
maintains a permanent M. M. F. of 1o gilberts-per-centimetre
of its length, independently of its cross-section, and at the

5 (s I
same time possesses a reluctivity of A If, then, the magnets

shown in Fig. 84, are 30 cms. long and bave a total cross-

FIG. 87. SIG. 88.

FIGS. 85, 86, 87, AND 88.—SHUTTLE-WOUND ARMATURE IN BIPOLAR FIELD.

section of 12 square centimetres, the M. M. F. they produce

P : s . 0.1 &

will be 300 gilberts, and their reluctance will be % s AT B

oersted. Neglecting leakage, the flux which will pass through

the armature will, therefore, be ;ﬁo—— webers, where @®, is
Kol

the reluctance of the two air-gaps in series. If, then, we plot
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the total length of air space in cms. (twice the length of the
air-gap), for different angular positions of the armature, and
divide by the area of the armature beneath one pole in sq.
cms., we obtain the reluctance ®, and, substituting its value in
the above equation, we may determine, approximately, the
magnetic flux through the armature for all positions during
rotation.

117. Proceeding in this manner we obtain such a curve as is
shown in Fig. 89, which represents the flux passing through

-
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FI1G. 89.—DIAGRAM OF FLUX PASSING THROUGH ARMATURE IN DIFFERENT
ANGULAR POSITIONS. v

the armature core at different positions of angular displacement
from the initial position shown in Fig. 85, from actual measure-
ments of a particular shuttle-wound machine of this type. An
inspection of this figure will show that at 30° displacement the
flux through the armature will amount to above 4o kilowebers,
while at go° displacement, the position of maximum flux, it
will reach about 93 kilowebers. From this position the flux
decreases until its value is zero at 180°, the position assumed
by the armature when it has completed one half of a rotation
and is again in the position represented in Fig. 85, but in the
reverse direction. From this position onward, the direction of
flux is reversed, the maximum flux being reached at an angular
displacement of 2709, or 34 of an entire rotation, completing a
cycle at 360°.

118. Having thus obtained the value of the flux passing
through the armature, it is a simple matter to determine the
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E. M. F. at any speed of rotation; for, we have only to recon-
struct the flux diagram of Fig. 89, to a horizontal scale of time
in seconds, instead of angular displacement. This is shown in
Fig. go, for an assumed rate of rotation of 1.5 revolutions per
second, or go revolutions per minute, the horizontal distance
of ¢ m, being taken as one second, and the vertical scale
being taken for convenience smaller than in Fig. 89.

D
e
O,

T,
S

FIG. gO.—DIAGRAM OF FLUX PASSING THROUGH ARMATURE AT DIFFERENT
PERIODS OF TIME.

The E. M. F. produced in any single loop or turn around
the armature will be the rate of increase in the flux passing
through the armature. If at the position O, commencing the
curve, we continue the curve along the dotted tangent of O O/,
for one second of time, we reach the ordinate » O, of 770
kilowebers, and this is the rate at which flux is entering the
loop at that moment; for, if the rate at O, were continued
uniformly for an entire second, we should evidently reach the
point O'. The E. M. F. existing at the moment of starting is,
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therefore, 770,000 C. G. S. units (of which 100,000,000 make
one volt) or o.0077 volt, and, if the number of turns around
the armature core be 1,000, the total E. M. F. in the armature
winding will be 7.7 volts. Again, if after a lapse of %thofa
second, the flux curveoabcd efg ikl mn, be examined,
it will be found that the curve has reached the point 4, or its
maximum positive value when it commences to descend toward
£, so that the tangent is horizontal, representing that the rate of
change of flux is zero, or similar to the condition of slack water
in a tide-way. At this point, therefore, the E. M. F. in each
turn on the armature is zero, and the curve of E. M. F. 0 4
B C D, etc., touches the zero line at this point 5.

Again at the point ¢, on the flux curve, if the change of flux
were to continue for one second uniformly at this rate, we
should follow the dotted line or tangent ¢ ¢/, which reaches
the ordinate —400, or sdo below ¢/, so that the rate of change
at the point ¢, on the curve is 500 kilowebers, represented by
the point Q, on the E. M. F. curve at that ordinate. Con-
tinuing in this way we trace the E. M. F. curve O 4 B C D, etc,,
showing that an alternating E. M. F. is produced in the
armature, varying between --7.7 and —7.7 volts. At the
rate of rotation assumed; namely, 114 revolutions per second,
there will be three alternations of E. M. F. per second, or
twice the number of revolutions in that time.

119. Having now examined the means for determining the
value of the E. M. F. developed in the armature, we will con-
sider the effect of the commutator. It will be seen by refer-
ence to Figs. 85 to 88, the brushes B, B’, resting on the
segments of the two-part commutator, that the direction of E.
M. F. from the armature toward the external circuit isreversed
at the moment when the core passes the position of maximum
contained flux, as indicated by the change in the direction of
the dotted loops C' D' £ and L' M’ N, relatively to the
horizontal line. The E. M. F. generated by the armature as
produced at the brushes B, B', will be represented by the
pulsating EM.F, 04 B C D EF G HIK L M N,
It is evident that had we selected a higher rate of rotation, the
E. M. F. of the machine would have been correspondingly
increased.
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120. The preceding considerations can only determine the
value of the E. M. F. at the brushes, while the external circuit
is open. As soon as the circuit of the armature is closed, the
E. M. F. at the brushes is reduced, for the following -reasons;
viz.,

(1.) The current in the armature always producesan M. M. F.|
counter, or opposite to the M. M. F. of the field magnet, and,
therefore, diminishes the flux through the magnetic circuit,
thus causing a corresponding diminution in the value of the
E. M. F. produced. Indeed, this opposing M. M. F. may,
under certain circumstances, assume a magnitude sufficient to
neutralize and destroy the permanent M. M. F. in the field
magnets. This is one of the reasons why magneto generators
are not employed on a large scale in practice.

(2.) The current through the armature produces in the
resistance of the armature, a drop in the E. M. F. If, for
example, the current through the armature at any instant be
one ampere, and the resistance of the armature be 10 ohms,
then in accordance with Ohm’s law, the drop of E. M. F. pro-
duced in the armature, will be 1 X 10 = 10 VoOlts.

(3.) The current through the armature not being steady, but
pulsating, the variations in current strength will induce
E. M. Fs. in the coil opposed to the change and, therefore,
reducing the effective E. M. F.



CHAPTER X.
POLE ARMATURES.

121. The form of armature, which stands next in order of
complexity to the shuttle-wound armature last described, is the
radial or pole armature, represented in Figs. 91 and g2. Here
the armature coils ¢, ¢, are wrapped, usually by hand, around
radially extending laminated pole-pieces, formed from sheet
iron punchings laid side by side. This type of machine is
rarely found in continuous current generators, but is some-
times adopted in very small motors. The winding of such an
armature is carried out as represented in Fig. 93, where the
pole-pieces are shown at 2 P, and P’ P'. Starting the wind-
ing at the point A7, the coil 4, is wound from A4 to B, as
shown; the coil C; is then wound from B, through C to D; the
coil £, from D, through Z to #; the coil G, from #, through
G to H; the coil /, from A, through / to K ; the coil Z, from
K, through Z to M, finally connecting the last end of the coil
M, to the first end of the coil 4, thus making the closed-coil
winding shown in the figure. The connections of this winding
to the six-part commutator will be seen from an inspection
of the figure. The points 4/, B, D, F, H and X, are branches.
connected to the separate insulating segments of the commu-
tator, brushes being provided in the position shown on a line
connecting the centres of the pole-pieces. This commutator
is shown in cross-section at 2, Fig. 92. It will be seen that,
owing to the conical boundaries of each armature coil, the
winding is difficult to arrange. This type of generator is
always operated by an electro-magnetic field.

122. Since the dimensions of machines with pole or radial
armatures are always small, the reluctance of the circuit is
practically wholly resident in the air spaces between the poles
and armature projections, provided care be taken that the iron
in the armature is not worked at an intensity above 1o kilo-

110
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gausses, or above 7 kilogausses in the field magnet, if the latter

be of cast iron. If S, be the area of the polar face of a radial

armature projection in square centimetres, and 4, be the clear-
f e,

ance or entrefer in cms., then 5 will be the reluctance of the

entrefer over each armature projection. Since there are four

FIG. QI.—POLE ARMATURE AT RIGHT ANGLES TO AXIS.

such air-gaps in multiple-series the total reluctance of the cir-
cuit provided in the case represented. by Fig. g1, will be

FIG. 92.—SECTION OF POLE ARMATURE THROUGH AXIS.

= oersteds, assuming that the reluctance existing in the iron

is neglected.

123. The distribution of the flux through the armature is
diagrammatically represented in Fig. g5. If the cross-section
of each armature core be s, square centimeters, then at no
time will there be less than two radial projections carrying the
total flux, and if 10 kilogausses be the limit permitted by the
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reluctance of the air-gap, the total flux to be forced through
the.armature will-be 2 s X 10,000 = 20,000 s, webers. The M.

" o) g
M. F. necessary on the field magnets will be 20,0005 X X3 gil-

berts. For example, if s == 1.3 sq. cms., 4 =o.2cm., s = 1058Q.
cms., the M. M. F. required will be 26,000 X 0.0z = 520 gil-
berts = 416 ampere-turns, and this must be the total excitation
included on the limbs of the electro-magnet.

124. In order to determine the amount of flux passing
through a single projection, let the armature be considered as
slowly rotated counter-clockwise. i Starting with the core 1,

F1G. 93.—DIAGRAM SHOWING CONNECTIONS OF COIL WITH COMMUTATOR.

Fig. g5, the magnetic flux passing through it will be found by
dividing half the M. M. F. by the reluctance of the air-gap over

- 260 ; .
its face, or — = 13,000 webers. As it moves counter-clock-
0.2

10
wise towards 2, no appreciable change is effected in the amount
of flux it carries, until the advancing edge of 2 emerges from
beneath the polar face /V,. The flux through 1, rapidly dimin-
ishes until before 1 becomes halfway between the pole faces
4V, and §,, it is entirely deprived of flux. When the position
3 is reached, the flux re-enters the coil of 1, but in the
opposite direction, and when it passes position 3, the total
maximum flux of 13 kilowebers is in the reverse direction. The
curve, Fig. 94, commences at 13 kilowebers in the position
corresponding to 1, Fig. g1, falls steadily from 2 to C, and,
after a short pause, from C to D, where the coil lies midway
between the poles, falls again from D to Z, until the flux is 13
kilowebers negative, corresponding to the position 4. Con-
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tinuing at this value to 7, it rises to G, corresponding to the
position 5, and then pauses at the zero line, in the gap between
‘the poles, rising finally to /, corresponding to the original
position 1, at X

125. The E. M. F. established in any turn of the coil is found
by ascertaining, from the speed of rotation, the rapidity with
which the flux, threading through the coil, changes in value.
If, for example, the armature be driven at a speed of 1,500
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FIG. 94.—DIAGRAM SHOWING FLUX PASSING THROUGH ONE ARMATURE PRO-
JECTION DURING A COMPLETE REVOLUTION.

revolutions per minute, or 25 revolutions per second, cor-
responding to the time of o.04 second per revolution, the E.
M. F. will evidently be zero at the positions represented by the
straight line 4 B, C D, E F, G H, and J K of Fig. 94, since
here, the rate of change in the flux is practically zero, and the
E. M. F. will be nearly uniform during the periods repre-
sented by B C, D E, F G, and H J, since the rate of change is
nearly uniform in one direction or the other during those
periods. As shown in Fig. 97, the E. M. F. in the single turn
on the projection commencing at the position 1, is zero from
otod. From b, through & to ¢, the flux diminishing at the rate
of 13,000 webers in 0.00433 second, and, therefore, at the rate
of 3,000,000 Wwebers (3 megawebers) per second, and since 100
megawebers per second correspond to an E. M. F. of one volt,
the E. M. F. in a single turn is —o.03 volt. Assuming 10 turns
of wire on each armature projection, the total E. M. F. will
be —o.3 volt at this period, and the ordinate 42, represents
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—o.3 volt in Fig. 97. At ¢/d, corresponding to the position
C D, Fig. 94, the E. M. F. is zero, falling again to —o.3 volt
from 4 to ¢, corresponding to a change in flux from D to Z,
Fig. 94. After o.02 second has elapsed, the E. M. F. re-
verses in direction and becomes positive, tracing the curve f”
88 M " k.

By the aid of the commutator, the E. M. Fs. in the coils,
as soon as they change their direction, are reversed relatively

FIGS. 95 AND 96.—~DISTRIBUTION OF FLUX AND E. M. F. AT YOSITION SHOWN.

to the external circuit, and, therefore, preserve their direction
externally, as can be seen by examination of Fig. ¢3.

126. We have thus far traced the E. M. F. as developed in a
single polar projection, and so resulting from the variation of
flux passing through it. During the time that the E. M. F. is
being generated in this coil, a similar E. M. F, is being gener-
rated in the other coils, displaced, however, in time, by por-
tions of a revolution. As shown in Fig. 96, the six coils on
the armature have E. M. Fs. developed in them, being con-
nected with the external circuit through the brushes in two
parallel series, each of 3 series-connected coils. Each coil is,
therefore, acting in its circuit for one half of a revolution
before it is transferred to the opposite side, and while Fig. g7
represents the E. M. F. generated in any half revolution of
one coil, we have to consider the E. M. Fs. coincidently
being generated in its next neighbor on either side. This is
shown in Fig. 98, where the E. M. F. of all three coils is de-









CHAPTER XIL
GRAMME-RING ARMATURES.

128. The armature of the dynamo-electric machine which
comes next in order of complexity, is that devised by
Gramme, and now known generally as the Gramme-ring arma-
ture. This armature, as its name indicates, belongs to the
type of ring armatures, and consists essentially of a ring-shaped
laminated iron core wound with coils of insulated wire. In
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FIG. I00.—DIAGRAM OF GRAMME-RING ARMATURE IN BIPOLAR FIELD,
TWENTY-FOUR SEPARATE TURNS.

the Gramme-ring armature shown in Fig. 100, the core is a
simple ring of iron, wound with 24 separate turns of wire,
placed so as to be able to revolve about its axis in the bipolar
field &, S. Considering the ring to be first at rest, the turns
6, 7, 8, 18, 19 and 20 are represented as being linked with the
total flux passing through the cross-section of the ring. If the
total flux entering the armature at the north pole and leaving
at the south pole, that is, passing from /V to .S, be two mega-
webers, then one megaweber passes through the upper half of °
the ring, and one megaweber through the lower half. The -
loops 5, 9, 17 and 21 are diagrammatically represented as hav-
ing goo kilowebers passing through them. The loops 4, 10,
16 and z2 carry 7oo kilowebers; 3, 11, 15 and 23 carry 500
kilowebers ; 2, 12, 14 and 24, 300 kilowebers ; while 1 and 13
carry no flux.

117



118 ELECTRO-DYNAMIC MACHINERY.

129. Suppose now, the ring be given a uniform rotation of
one revolution per second, in the direction of the large arrows.
It is evident, that at any instant there is no change in the
amount of flux linked with the turns occupying the positions
6, 7, 8, 18, 19 and 20 ; so that, although these contain a maxi-
mum amount of flux, they will have no E. M. F. generated in
them. Loops 5 and 9, however, are in a position at which the
flux they contain is changing ; that is to say, the amount of
flux that is passing through them at each instant has neither
reached a maximum nor minimum ; and the same is true with
regard to the loops 17 and 21. In 35, the flux is increasing,
and in o, it is decreasing ; consequently, the E. M. F. in 5 is
directed oppositely to that in g, and, according to rule, is in-
dicated by the curved arrows (Par. 105); for, if coil 5 be
regarded by an observer facing it from .S, the flux, as the ring
moves on, will thread the loop in the opposite direction to
that of light coming from the face of the loop, considered as a
watch dial, to the observer, and the E. M. F. generated in the
loop will be directed counter-clockwise, while the E. M. F. in
the loop 9 must have the opposite direction. Moreover, simi-
lar reasoning will show that all the coils to the left of the line
B B', that have E. M. Fs. generated in them, will have these
E. M. Fs. similarly directed ; 7. e., outwards, as shown, while
all on the left-hand side of the line, will have the E. M. Fs.
also similarly directed, but inwards. Loops 1 and 13, which
lie parallel to the direction of the flux, will, in the position
shown, have no flux threading through them, but during rota-
tion, the rate of change of flux linked with them is a maxi-
mum ; consequently, the E. M. F. induced in them is a
maximum,

130. Instead of conceiving separate conducting loops to be
wound on the surface of the armature, as shown in Fig. 100,
‘let us suppose a continuous coil is wound on the surface of the
armature as shown in Fig. 1o1, the first and last ends of the
coils being connected together so as to make the winding con-
tinuous; then it is evident that the E. M. Fs. so acting being
similarly directed on each side of the vertical line B &', might
be made to produce continuously an E. M. F. in the conduct-
ing wire. Moreover, if two wires, or collecting brushes, were
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employed in the positions B, B’, the E. M. Fs. from the two
halves of the ring would unite at the brushes B, &'

Such a condition finds its analogue in the E. M. Fs. pro-
duced by two series-connected voltaic batteries connected as
shown in Fig. o2, with their positive poles united at B, and
their negative poles united at B'. The figure shows two bat-
teries each of g cells connected in series. Here, as indicated,
all the cells have equal E. M. F. This condition of affairs
need not, however, exist in the Gramme-ring analogue, since
the only requirement is that the sum of all the E. M. Fs.

FIG. I0I.—DIAGRAM OF GRAMME-RING ARMATURE IN BIPOLAR FIELD,
TWENTY-FOUR SEPARATE TURNS.

generated in the coils on’ the right-hand side be equal to the
sum of those on the left-hand side. In point of fact, as
already observed, the E. M. Fs. are not the same in each of
the coils, those at 1 and 13 having a maximum E. M. F., and
those at 7 and 19 having zero E. M. F. Since these oppositely
directed E. M. Fs. balance each other, no current will be pro-
duced in the armature unless an external circuit be provided,
by joining the brushes B, A

131. Figure 100 shows no difference between the amount of
flux threaded through the coils 6, 7 and 8 ; or 18, 19 and 20,
and, consequently, according to theory, a total absence of
induced E. M. F. in these coils. In practice, however, owing
to leakage (Par. 77) and other causes, no coil is entirely free
from having E. M. F. generated in it. '

Moreover, the difference in the E. M. F. generated in coils
13, 12, 11 and 10, is not as great as might be inferred from
their angular position on the armature, owing to the fact that
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(Par. 100) the flux enters the armature core nearly uniformly
all around its surface. :

In order to determine the total E. M. F. generated in such
an armature as is represented in Fig. 1o1, it is first necessary
to determine the E. M. F. generated in a single turn. Let us
consider a .turn starting from the position 7, and therefore,
generating no E. M. F., being carried by the uniform rotation
of the armature in the direction of the arrows to the position
19, in a time # seconds. During this time the flux threading

by b . =L ]
through it changes from = webers in one direction, to —
i 2

weébers in the opposite direction, and, therefore, the change
in flux linkage will be @ webers, @, being the total flux pass-
ing from AV into .S, through the armature. Whatever may be
the distribution of flux through the armature, and in the air-
gap, the average E. M. F. generated in the coil during this

time will be —? C. G. S. units of E. M. F. If the number of
revolutions made by the armature per second be 7, then one

: . I
revolution takes place in the ;th of asecond, and a half revolu-

. . : I
tion in the —z%th of a second, so that # = =t and the average
E. M. F. is

=2n @

NS

132. If, for example, the armature be revolved at a speed
of 600 revolutions per minute, or 10 revolutions per second,
n = 10, and since @, has been assumed to be 2 megawebers,
the average E. M. F. generated in any loop in passing from
the position 7, to the position 19, will be 20X 2,000,000 =
40,000,000 C. G. S. units, or o.4 volt (Par. 82). The same
E. M. F., oppositely directed, however, will exist on the
average in any turn on the right-hand side of the line B B
If the ring were wound with only four turns, say 1, 7, 13 and
19, the E. M. F. generated in these turns when placed in
series and connected to the brushes B and &', would evi-
dently fluctuate considerably; since, when the coils occupy the
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position shown, the E. M. Fs. would be a maximum in 1 and
13, and zero in 7 and 19, while, after §th of a revolution, all
four coils would be active. If, however, numerous turns are
wound on the coil, it is evident that the total E. M. F.
between the brushes B and B’', will be very nearly uniform,
since the only fluctuation which can take place is that coin-
cident with the transfer of a single turn beneath the brush;
consequently, in order to determine the total E. M. F. gener-
ated by the rotation of a Gramme-ring armature, it is only
necessary to multiply the average E. M. F. in each turn by
half the number of turns on the armature; 7. ¢, by the number
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FIG. 102,—VOLTAIC ANALOGUE OF E. M. Fs, GENERATED IN GRAMME RING.

of turns active between 2B and A, on each side, so that if w,
be the number of turns on the armature, counted once around,

w . y
iy will be the number of turns active between brush and brush,

and the total E. M. F. on each side of the armature will be

w 3 D nw
2@nx— = ®nwC. G. S. units = —————— volts.
2 100,000,000
If w = 24, as in the case represented, then the total E. M.

F. will be 2,000,000 X 10 X 24 = 480,000,000 = 4.8 volts.

133. There is only one method, in practice, of connecting the
separate coils of a Gramme-ring bipolar armature; namely,
their continuous looping around the ring in a closed coil, as
shown in Fig. 1o1.

Suppose that it is desired to utilize the generated E. M. Fs.
for the purpose of supplying a current to an external circuit;
it is then only necessary to apply suitable brushes, or con-
ductors, at B and 2, so as to rub continually against the
external surface of the turns as they revolve, making the
brushes sufficiently wide to maintain continuous contact.
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Under these circumstances, during the rotation of the
armature, a steady current will flow through the circuit main-
tained externally between 5 and B, B, being the positive pole
of the machine, and A, the negative pole. Reversing the
direction of the armature rotation will, of course, reverse the
polarity of the brushes, as will also the reversal of the direc-

FIG., 103.—GRAMME-RING SEXTIPOLAR GENERATOR WITH BRUSHES COM-
MUTATING ON SURFACE OF ARMATURE.

tion of the magnetic flux. If, therefore, it be required to
change the polarity of the brushes without changing the
direction of rotation, it is only necessary to reverse the
magnetic flux through the armature. Fig. 103 shows a
Gramme-ring sextipolar generator, with the commutating
brushes bearing directly on the metallic surface of the turns
of conductor on the surface of the armature. This method,
however, of commuting the current from a Gramme-ring
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armature is not the one in most frequent use; for, not only
are the conductors upon the surface of the armature usually
too small to bear brush friction without destructive wear, but
also the relative amount of friction offered by brushes, placed
upon so large a diameter, is considerable, except in the case

FIG. 104.—COMMUTATION OF CURRENTS FROM A GRAMME-RING ARMATURE
BY A COMMUTATOR. -

of very large machines. In order to avoid this, as well as for
other reasons, it is usual to employ a special form of commu-
tator, as represented diagrammatically in Fig. 104, where each
turn is connected by a special conductor to a separately insu-
lated segment of a commutator. This commutator, therefore,
contains as many separate segments as there are turns on the

FIG. 105.—FORMS OF COMMUTATORS.

armature. Usually, however, there are many turns of wire on
the armature to each segment of the commutator.

134. Itiscustomary, in practice, to give a considerable length
of free surface to the commutator bars, so as to increase the
surface of contact and thus diminish the pressure that has
to be applied. Fig. 105 shows two forms of such commutator.
The separate segments are insulated from each other by mica
strips. In order to provide for the connection of the wires
from the armature to the separate commutator segments or
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bars B, metal projections or lugs Z, attached to the bars, are
provided. The bars, after being assembled, are held rigidly
in place by the nut V.

Various forms of brushes are provided to maintain contact

FIG. 106.—FORM OF GENERATOR BRUSH.

with the commutator bars. One form, consisting of wires and
strips in alternate layers, is shown in Fig 1o6.

135. In the armature so far considered, it has been supposed
that the condition as regards distribution of flux and the con-
sequent generation of E. M. F. is symmetrical. It is possible,
however, that in the construction of the machine this symme-

FIG. 107.—DIAGRAM REPRESENTING INFLUENCE OF MAGNETIC DISSYMMETRY.

)

try may not be secured. TFor example, in Fig. 107, the pole-
piece .S, is represented as being considerably further from the
armature at its lower than at its upper edge, thereby increasing
the reluctance of the air-gap at the lower edge, and producing
magnetic dissymmetry, as represented by the distribution of flux
arrows. It will be found, however, on examination, that
despite this magnetic dissymmetry, the average E. M. F.
produced in the coils would remain the same, although the
distribution of this E. M. F. among the different turns neces-
sarily varies. Thus if &, be, as before, the total flux through
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the armature, the lower half of the armature may take a cer-
tain fraction » @, where 7, is.less than o.5, while the upper
half takes the balance (1 — #) . The total change in flux
linkage in passing from the position 7, to the position 19, will
be 79— (1—n) &= — P, as before, so that the average
E. M. F. will not be altered by the dissymetry. It might be
supposed, since the total flux passing through the armature
remains the same, that no loss exists in an armature whose air-
gap is thus widened, but a little consideration will show that
the increased reluctance in the magnetic circuit necessitates
a greater M. M. F. to drive the same amount of flux through

FIG. 108.—DIAGRAM REPRESENTING DISSYMMETRY OF WINDING.

the circuit, and, consequently, if the M. M. F. in the magnetic
circuit remains the same, the total E. M. F. of the armature
will be diminished. In addition to magnetic dissymmetry,
a dissymmetry of armature winding may exist, such as shown in
Fig. 108, where the right-hand half of the armature is seen to
be wound with six turns while the opposite half is wound with
five. In this case, supposing the armature to bé rotating,
there will be, at the moment represented, a greater E. M. F.
in the right-hand half of the winding than in the left-hand half,
and a current will therefore tend to flow through the armature
under the influence of the resulting E. M. F., even when no
external circuit is provided. When the armature has made
half a revolution from the position shown, the left-hand half
will be generating a greater E. M. F.; thus tending to force
the current backward. Under these circumstances there will
be produced in the armature an oscillating E. M. F., the
number of oscillations in a given time being the same as the
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number of poles passed by any part of the armature in that
time. That is to say, in a bipolar machine the frequency of
the double oscillations will be equal to the number of revolu-
tions of the armature per second. In a quadripolar machine it
would be equal to twice the number of revolutions, and so on.
These oscillations of current heat the armature winding and
waste energy in it. Consequently, although symmetry is
everywhere desirable in a machine, symmetry of armature
winding is of greater importance than symmetry of magnetic
flux distribution.

136. The armatures represented above are shown diagram-
matically as rings of circular cross-section. In practice, how-
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FIG. 109.—CROSS-SECTIONS OF GRAMME-RING ARMATURES.

. W\”‘v‘\ \‘
A gl \m

ever, Gramme-ring armatures always have a rectangular
cross-section, as represented in Fig. 109. We have seen
that the E. M. F. of a Gramme armature, depends upon the
number of turns of wire wound upon its surface, the flux
passing through it, and the number of revolutions per second.

2
The electric capability of a machine is expressed by; (Par.

6) ; that is to say, its capability increases directly with the
square of the E. M. F. and inversely with the resistance.
For a given E. M. F: of the armature, it is, therefore, desir-
able to reduce the resistance as far as possible, in order to
increase the electric capability of the machine. The shorter
the length of the winding; 7. e., the shorter each turn, and the
greater the cross-section of the wire, the less the resistance of
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armature. If R ohms be the resistance of all the wire on the
armature, as measured in one length, then the resistance of

a bipolar armature will be § ohms, since two halves of the

winding are.in parallel; consequently, the resistance of the
armature will depend upon the shape of its cross-section, since
on this depends the length of each turn of conductor. 4, B,
and C, Fig. 109, represent the cross-sections of three different
armature cores having the same area. Calling the length of
one turn around A4, unity, the length of a turn around B, will
be 7 per cent. greater, and around C, 40 per cent. greater.
Consequently, two armatures having respectively the cross-
sections of 4 and C, and wound with the same size and
number of turns of conductor, would have the same E. M. F,,
if driven at the same speed, when traversed.by the same flux,
but the armature C, would have 40 per cent. more resistance
than the armature 4, and its electrical capability would be

about 3o per cent. less, (1L4) It is, therefore, desirable in

designing a Gramme-ring armature, to retain a nearly square
cross-section. On the other hand, the section shown at C,
offers for a given polar arc, a larger surface, and, con-
sequently, a lower reluctance to the passage of the flux in the
air-gap or entrefer, than in the case of the section 4, so
that it may be sometimes desirable to employ an armature of
the type B, in order to reduce the air-gap reluctance, and, at
the same time, not greatly to increase the length of winding.

It has been aptly remarked that a dynamo is a combination
of compromises, since no single desideratum in its design can
be completely realized. '



CHAPTER XIIL
CALCULATION OF THE WINDINGS OF A GRAMME-RING DYNAMO.

137. In order to show the application of the foregoing
principles to the calculation of the E. M. F. produced in an
armature of the Gramme type, we will take the case of a
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FIG. I10.—GRAMME TYPE ARC MACHINE.

bipolar Gramme-wound armature from dimensions given by
Messrs. Owen and Skinner in a paper read before the
American Institute of Electrical Engineers, May 16, 1894, to
which paper the reader is referred for fuller partlculars of
construction and results,

Fig. 110, reproduced from the paper referred to, shows a
vertical and a longitudinal cross-section of the machine, which
is a bipolar, constant-current, Gramme-wound generator, of the
Wood type, intended for the supply of any number of arc

128
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lamps in series up to 25, and, therefore, capable of supplying
a total E. M. F. of approximately 1,200 volts at terminals,
with a current strength of approximately, 1o amperes and an
external activity of about 12 KW,

This machine, when complete, closely resembles the gener-
ator shown in Fig. rr1. Referring to Fig. rro, the field
magnet frame of cast iron is shown at M, A, M, M, the field
coils being wound on spools and filling the spaces indicated.
The shaft of the machine is supported in bearings 2, B, and

FIG. III.—GRAMME TYPE ARC MACHINE.

space is left on the shaft for a commutator, at C, and a driv-
ing pulley at 2". The bipolar field poles, produced by
the M. M. F. of the magnet coils #, M, M, M, are shown at
£ P, P P. The Gramme-wound ring armature is shown at
A A4 4. The dimensions of the machine are indicated in
inches on the figures.

138. The field winding consists of 100 Ibs. of No. 10 B. & S.
gauge, single cotton-covered copper wire, the total resistance
of the four coils in series being r5.75 ohms hot. The arma-
ture core is composed of soft charcoal iron wire of the cross-
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section shown. It is wound in 15 layers of No. 10 B. & S.
gauge, and contains about 9,450 wires, each having a cross-
section of o0.00817 square inch, or a total cross-section of
77.2 square inches = 49¢8.1 sq. cms. The armature is
wound in 100 sections of No. 14 B. & S. gauge, double cotton-
covered copper wire, in 57 turns each, or 5,700 turns, making
a total of 115 lbs. of wire, with a total resistance of 28.8 ohms
hot, but which, being connected in two parallel halves, as repre-
sented in the figure, has a joint resistance between brushes of
7.2 ohms. Assuming 1o amperes to flow through the machine,
the drop in the armature will be 72 volts, and the drop in the
field magnets 157.5 volts, making the total drop in the machine
229.5 volts. When, therefore, the pressure at the machine
terminals is 1,200 volts, the E. M. F. generated by the machine
is practically 1,430 volts, or 1,430 X 10° = 1.430 X 10" C. G. S.
units of E. M. F.

139. The formula for determining the E. M. F. generated
by a bipolar armature is
E=bnw C. G. S. units (Par. 132).
E
Consequently, @ = =
The speed of this generator is stated to be 1,000 revolutions
per minute, or 16.67 revolutions per second, and w, is s,700,
1.43 X 10"
16.67 X 5,700
flux through the armature is, therefore, 1.5 megawebers.

therefore, & = = 1.505 X 10°. The total

140. Assuming that the M. M. F. required for this machine
were not known, it could be calculated in the following way:
We first determine the flux density in the various parts of the
circuit, and from that the reluctivity and reluctance of the
various portions.

The cross-section of the armature core, as already stated,
is 498 sq. cms. and if the flux goes through each side or
cross-section of the armature, the intensity in the armature

8
is, therefore, % = 15,060 gausses. The arc covered
by each pole-piece is, approximately, 55 cms., and the effective
breadth 6.5" = 16.5 cms., so that the area of the polar surface
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is, approximately, 55 X 16.5 = 9o07.5 sq. ¢ms. The total flux
passes through this surface, and the mean intensity in the
Li5ix To®

air-gap is
ER ST pony

= 16.58 gausses.

141. Fig. 112 represents diagrammatically the arrangement
of magnetic circuits through the machine, where M, M, M, M,
represent the field magnet cores, 2, 2’ the pole-piecesand 4 4

M

M M

FIG. 112.—DIAGRAM OF MAGNETIC CIRCUIT.

the armature. Fig. 113, represents diagrammatically the
voltaic analogue of the magnetic circuits, where 7, M, M, M,
are four batteries, whose E. M. Fs. correspond to the M. M. Fs.
of the field-magnet coils. A/, and M/, form one circuit through
the field frame, a certain mean length of the pole-pieces, and a
mean length in the armature @, together with the two resist-
ances R, R in the air-gaps. A similar circuit is provided for
the E. M. Fs. 11[', and A/, through the air-gap resistances &,
R,, and the mean lengths of armature and pole-pieces. The
equivalent arrangement of circuits is represented in Fig. 114,
where M, M, are E. M. Fs., each equal to 47, in the preceding
figure, while the resistance of the double circuit through the
field frame is one half of that of either of the resistances repre-
sented in Fig. 113.

142. The flux through the field cores will be greater than the
flux through the armature by reason of a certain leakage which
occurs over the surface of the magnetic circuit. This leakage
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is represented diagrammatically in Fig. 113, as taking place ina
branch circuit or dotted semi-circle around the field coils, but,
in reality, the leakage takes place in an extended system of
branched or derived circuits between the polar surfaces and
portions of the entire field frame. The calculation of the vari-
ous reluctances in the air-path offered to leakage is very com-
plex, and it is preferable, rather than to attempt such calcula-
tion, to refer to experimental data already acquired with
machines of similar type. The /leakage factor, or the ratio of
total flux through the field magnet cores to the total flux pass-

FIG. 113.,—VOLTAIC ANALOGUE OF' MAGNETIC CIRCUIT.

ing from them through the armature, for a machine of this type,
is approximately 1.7 ; so that, since the useful flux passing
through the armature from each circuit A, A/ and M, M, Fig.
113, is 0.75 megaweber, the flux through the field cores may be
taken as 0.75 X 1.7 = 1.275 megawebers. The cross-section
of the cores is found to be 176.8 sq. cms., so that the inten-
1.275 X 10°

sity in them is, approximately, AL

= 7,211 gausses.

143. The reluctivity of the soft wrought iron armature at a
density of 1.5 kilogausses, is, approximately, o.c045 (Fig. 47),
the mean length of the flux paths through the armature 38 cms.,
and the cross section 498 square cms. The reluctance of each
side of the armature @, Figs. 113 and 114 is, therefore,
38 X 0.0045

5 = 0,000343 oersted. The joint reluctance of the
49 ;
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armature will, therefore, be o.0o0o17 oersted ; and, since the
armature does not consist of continuous sheets of iron, but of
wires, and the flux has to penetrate from wire to wire down-
ward through small air-gaps, the total effective reluctance of
the armature will be approximately o.oor oersted. The length
of the air-gap or entrefer, is 1.22” = 3.1 cms., and the area as
already determined, 9o7. 5 sq. cms. so that the reluctance in

each air-gap will be 9‘2715 = 0.003416 oersted, the total reluc-

tance in the air, as seen in Fig.110,will then be 0.006832 oersted.
The reluctivity of the cast iron in the field frame at a mean
intensity of 7,211 gausses, may be taken as o.cog (Fig. 47).
The length of the mean path in the field on each side of the
machine is, approximately, 152.4 cms., and its cross-sectional
area 176.8 sq. cms. ; so that the reluctance in each half of the
152.4
176.8
The total flux being divided between the two sides of the field,
the joint reluctance, as represented in Fig. 114, will be 0.00388
oersted.

field will be, approximately, X 0.009 = 0.00776 oersted.

The drop of magnetic poten-

tial in the reluctance of the Gilberts.

armature (@ R) willbe, . . . 1.5 X 10° X 0.001 = 1,500
The drop of magnetic poten-

tial in the reluctance of the

thierairyi, St . L5 X 10° X 0.006832 = 10,248
The drop of magnetlc poten-

tial in the reluctance of

the field, . . . . . . . 2,55 X 10° X 0.00388 = 9,804
Total...............21642

Since one gilbert = 0.7854 ampere-turn, the total M. M. F.
in the circuit will have to be very nearly 17,000 ampere-turns,
or &,500 ampere-turns on each of the spools M, M, M, M.

144. The preceding calculation is open to errors from
several sources in the absence of definite experimental data,
namely :
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(1.) The assumed leakage factor may be inaccurate.

(2.) The mean lengths of the flux paths in various portions of
the circuit may be inaccurate.

(3-) The assumed increase in the reluctance of the armature

-

FIG. I14.—DIAGRAM OF VOLTAIC ANALOGUE.

due to its being formed of wires instead of solid sheets may
be inaccurate.

(4.) The reluctivity of the cast iron employed in the machine
may not be that of the sample of cast iron assumed.

In this, as in all constant-current machines, means are pro-
vided for maintaining a nearly constant current strength in the
circuit, despite changes in the load, but a consideration of such
means, and of the requirements of the magnetic circuit to per-
mit such regulation, will preferably be postponed until arma-
ture reaction has been studied.



CHAPTER XIIL
MULTIPOLAR GRAMME-RING DYNAMOS.

145. A given type of bipolar Gramme machine having proved
satisfactory as regards efficiency, ease of running and cost, at
a full-load output of say 1o KW, it may have to be determined
whether it would prove advantageous to maintain the same
design for a machine of a greater output, say 80 KW. Let us
assume that the linear dimensions of the 1o-KW machine are
doubled, with the same speed of revolution, say 1,000 revolu-
tions per minute, maintained in the larger machine. Then,
assuming the same magnetic intensity in the armature, the
electromotive force will be four times as great, since the area
of cross-section of the armature, and, consequently, the total
useful flux, will be increased fourfold. The resistance of the
armature will be halved; for each turn, though twice as long,
will have a cross-sectional area four times greater.

The electric capability of the smaller machine being ex-
(a9)* _

¥w T
2

32 -i—, or 32 times greater than in the 10-KW machine ; and, if

2
pressed by % (Par. 6), that of the greater will be

the same relative efficiency is maintained in the larger machine
the output will be 32 times greater. The weight of the larger
machine would, of course, be eight times that of the smaller,
and the output per pound of weight would, therefore, be four
times greater in the larger machine. In reality, however, such
a result is impracticable, as will now be shown.

146. 'Dynamo machines are either belt-driven or direct-driven.
In the ‘case of direct-driven generators, the speed of the
generator is necessarily limited by the speed of the engine,
and this, for well-known constructive reasons, has to be main-
tained comparatively low, and the larger the generator the
slower the speed of rotation that has to be practically adopted.

135
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Thus, while a 100-KW generator is commonly driven direct
from an engine at a speed of about 250 revolutions per minute,
a 200-KW generator is usually direct'driven at about 150, and
a 400-KW generator at about 100 revolutions per minute. In
the case of belt-driven generators, the speed of belting is
usually limited, except when driving alternators, to about 4,500
feet per minute ; and, since larger generators require larger
pulleys, their speed of rotation has to be diminished. ‘While
no exact rule can be applied for determining their speed, yet
roughly, in American practice, the speed varies inversely as
the cube root of the output, so that, when one generator has
eight times the output of another of the same type, the speed
of the greater machine would roughly be half that of the
smaller.

If no other limitation existed besides efficiency, the effect of
doubling the linear dimensions of any generator, even taking
the reduced rotary speed into account, would result in pro-
ducing about sixteen times the output for eight times the total
weight; but large machines must necessarily possess a higher
efficiency than small machines, not only owing to the fact that
they would otherwise become too hot, the surface available for
the dissipation of heat only increasing as the square of the
linear dimensions, while the weight and quantity of heat
increase as the cube of the dimensions,—but also because large
machines are expected to have a higher efficiency from a com-
mercial point of view.

147. Taking into account, therefore, the reduced ‘rotary
speed of larger machines, their limits of temperature elevation,
and their necessity for an increased efficiency, the output only
increases, approximately, as the cube of their linear dimen-
sions ; and, consequently, the output of the larger machine,
per pound of weight, remains practically the same as that of
the smaller. - The output of belted continuous-current genera-
tors is commonly six watts per pound of net weight, and of
direct-driven multipolar generators about eight watts per pound
of net weight. %

148. We have already seen (Par. 132) that the E. M. F.
generated by a Gramme-ring armature, is @ »w C. G. S. units,
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nw . :
or é?? volts, and the resistance of the armature will be 1—?
4

ohms, if &, be the resistance of the winding measured all the
way round. Suppose now, that instead of employing a bi-
polar machine, we double the number of poles and produce a
four-pole or quadripolar machine, as shown diagrammatically in
Fig. 115. If we employ the same total useful flux &, through
each pole, the average rate of change of flux through the turns
on the armature will be doubled, since the flux through any
turn is now completely reversed in one-half of a revolution,

FIG. 115.—DIAGRAM OF MAGNETIC CIRCUITS IN QUADRIPOLAR GRAMME
GENERATOR.

instead of in one complete revolution as before. The average
E. M. F. in each turn will therefore be doubled. In Fig. 115
the magnetic circuits of a quadripolar Gramme generator are
shown diagrammatically by the flux arrows. Here, as will be
seen, four distinct magnetic circuits exist through the armature,
instead of the two which always exist in the armature of a
bipolar generator. In this type of field frame four magnetizing
coils must be used. These may be obtained in one of two
ways ; namely,

(r.) By placing the magnet coils directly on the field magnet
cores, as shown in Fig. 116; or,

(2.) By placing one coil on each yoke, as represented in
Fig. 117.
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149. In the same way, if we employ a field frame with six
magnetic poles, as shown in Fig. 118, the flux will be reversed
through each turn of wire three times in each revolution, and,
consequently, the average E. M. F. in each turn will be in-
creased threefold over that of a bipolar armature. In Fig.
118 there are six magnetic circuits through the armature.
Considering any segment of the armature underneath a pole

FIG. 116.—QUADRIPOLAR GENERATOR WITH GRAMME ARMATURE.

as, for example, between 7, and p, the turn occupying the posi-
tion at #,, is filled with flux in an upward direction. As the-
‘armature advances in the direction of the large arrows, the flux
through this turn will be diminished, and, when /it reaches the
middle of the pole piece S, it will be completely emptied of
flux. The E. M. F. in the loop, during this portion of the
revolution, will be directed outward on the ring, as shown by
the double-headed arrows. After passing the centre of the
pole piece .S,, the flux through the loop begins to increase, but



FIG. 117.—OUADRIPOLAR DIRECT-DRIVEN GENERATOR WITHH TWO BRUSHES.
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now in the opposite direction, the flux passing downward
through the loop instead of upward as before, and, as we have
already seen, flux entering a loop in one direction produces
the same direction of E. M. F. around the loop as flux oppo-
sitely directed withdrawing from the loop (Par. 105). Conse-
quently,-the E. M. F. is still directed outwards on the ring, as
indicated by the double-headed arrows, until the turn reaches
the position p,. In other words, the E. M. F. in a loop is simi-

FIG. 118.—DIAGRAM OF SIX-POLE GRAMME-RING ARMATURE AND E. M. Fs,

larly directed during its motion toward and from the same pole;
7. e., during its passage past a pole. When, however, the turn
begins to .approach the pole V,, after being completely filled
with the downward flux at p ; 7 e., as the flux in it begins to
decrease, the direction of the E. M. F. in it reverses, as shown
by the double-headed arrows, and this direction of the induced
E. M. F. continues until the turn reaches the position . By
tracing the directions of the induced E. M. Fs. in the various
turns of the ring, as shown, it will be seen that the positions
2 2, and p,, are points at which the E. M. F. is positive, or
directed outwards, while the positions #,, #,, and #,, are points
at which the E. M. F. is negative, or directed inwards. There
will be no current passing through the armature in the con-
dition represented, if the winding of the armature be sym-
metrical, since the E. M. Fs. in the various segments must be
equal and opposite. If, however, brushes be applied to the
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surface of the armature at the positions g, #,, #,, and #», #», »,
any pair of these, including one-positive and one negative
brush, will be capable of supplying a current through an ex-
ternal circuit.

150. When, therefore, an ordinary Gramme-ring winding is
employed, there will be one brush placed between each pair of
poles, or, in all, as many brushes as there are poles. Fig. 119

FIG. 119.—DIAGRAM OF CONNECTIONS BETWEEN BRUSHES OF A SIMPLE
GRAMME-RING WINDING OF A SEXTIPOLAR ARMATURE.

represents the connections employed to unite the various seg-
mental E. M. Fs. The E. M. F. of the armature is equal to that
of one of its segments, but the resistance of the armature is in-
versely as the number of segments and poles, and if £, be the

resistance of the entire armature winding, 7 will be the joint

resistance between brushes, for there will be p sections in

y . R :

parallel, each of which will have 5 ohms. Consequently, in

a six-pole armature, there will be six segments in parallel,
; . R : o c

each having a resistance of I making the joint resistance

R R
3 or =

Fig. 120 represents the mechanical arrangement for rigidly
supporting the armature of a direct-driven octopolar Gramme-
ring generator with eight sets of brushes pressing upon one

side of the armature, thus dispensing with the use of a separate
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commutator. The central driving pulley 222, supports upon
its arched face two rings £, &". These rings clamp between
them the armature core, and are clamped together by 14 stout
bolts. Where the supports ss, interfere with the winding of
the conductor inside the armature, the conductors are carried
on the supports as at ¢ 4 ¢ and 4.

FI1G. 120.—GRAMME-RING MULTIPOLAR ARMATURE.

15I. It is not absolutely necessary, however, to employ six
brushes in a sextipolar machine ; for, since in a machine of this
type the three separate circuits are connected in parallel, con-
nections may be carried within the armature betweéen the
various segments, permitting of the use of a single pair of
brushes. Thus Fig. 121 represents a Gramme-ring armature,
wound for a sextipolar field, with triangular cross-connections
between its turns. In this case, the corresponding points p,,
P Py and n, 7, 2, of Fig. 118, instead of being connected to-
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gether by brushes externally as in Figs. 119 or 120, are connected
together by wires internally. It is not, of course, necessary
that every turn on the armature should be so cross-connected,
but that the coils or group of turns which are led to the com-
mutator should be cross-connected, so that each of the 36 turns,
shown in Fig. 121, may represent a coil of many turns.
Although the brushes are shown in Fig. 121, as being placed on

FIG. I121.—ARMATURE CROSS-CONNECTIONS FOR A SEXTIPOLAR GRAMME-RING
WITH TWO BRUSHES.

adjacent segments, yet they may be ‘equally well placed
diametrically opposite to each other.

Fig. 122 represents the corresponding cross-connections for
a quadripolar Gramme generator, employing a single pair of
brushes. The advantage of cross-connections is the reduction
in the number of brushes. The disadvantage of cross-connec-
tions lies in the extra complication of the armature connections.
In large machines it is often an advantage to employ a number
of brushes in order to carry off the current effectively.

152. Fig. 123 is a representation of a sextipolar generator
whose magnetic field is produced by three magneto-motive
forces, developed by coils placed as shown. The flux paths
are represented diagrammatically by the dotted arrows at A.
Each M. M. F. not only supplies magnetic flux through the
segment of the armature immediately beneath it, but also con-
tributes flux to the adjacent segments -in combination with the
neighboring M. M. Fs.



144 ELECTRO-DYNAMIC MACHINERY.

153. From the preceding considerations it is evident that
while it is possible to design a bipolar generator for any desired
output, yet, in practice, simple bipolar generators are not
employed for outputs exceeding 150 KW, and, in fact, are
seldom employed for more than 1oo KW, since their dimen-
sions become unwieldy and their output, per pound of weight,
smaller than is capable of being obtained from a well-designed
multipolar machine.

In the same way, a quadripolar generator can be made to
possess any desired capacity; but, in the United States,

FIG. I22.~~CROSS-CONNECTIONS FOR QUADRIPOLAR GRAMME-RING WITH
TWO BRUSHES.

practice usually increases the number of the poles with an
increase in the output of the machine. Thus, it is common to
employ a four-pole or six-pole generator for outputs of from 25
to 1oo KW, and 8 to 12 poles for a generator of 400 KW,
capacity.

154. Should the armature of a multipolar generator not be
concentric with the polar bore ; i. ¢., if it is nearer one particu-
lar pole than any of the others, the reduction in the length of
the air-gap opposite such pole, will reduce the reluctance of
that particular magnetic circuit, and by reason of the increased
flux through the armature at this point, induce a higher
E. M. F. in the segments of the armature adjacent to the pole
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than in the remaining segments. If the armature be not inter-
connected ; i. e., if it employs as many, pairs of brushes as there
are poles, these unduly powerful E. M. Fs. can send no cur-
rent through the armature as longas the brushes remain out of
contact with the conductors; for an inspection of Figs. 118
and 119 will show that no abnormal increase of -E. M. F. can
exist in a single segment, but must be simultaneously generated
in adjacent segménts, and that such pairs of E. M. Fs. will
counterbalance each other. When, however, the brushes are
brought into contact with the armature conductors, thereby
bringing the various segments into multiple connection with

FIG. I23.—SEXTIPOLAR GRAMME-RING SUPPLIED BY THREE MAGNET COILS.

one another, a tendency will exist for the more powerful
E. M. F. to reverse the direction of current through the
weaker segments.

155. Whether this tendency will result in an actual reversal
of current depends upon the difference of E. M. F. between
the segments, their resistance, and the external resistance or
load.

Let A and B, Fig. 124, represent the E. M. Fs. of any two
segments in a multiple-connected Gramme-ring armature, and
let the E. M. F.,, £, of 4, be greater than the E. M. F., £,
of B. Owing to drop of pressure in the internal resistance 7,
the pressure ¢, at the terminals p, ¢, will be less than the
E. M. F., E, of the stronger segment 4. If ¢, is greater

)

than Z', a current of é_E amperes will pass through the
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segment B, in the direction opposite to that in which its
E. M. F. acts. 1If ¢, be equal to £’, there will be no current
through the segment B, while if ¢, be less than £', a current
will be sent through A, in the direction in which its E. M. F.
acts, but of strength less than that supplied by segment A.
Thus, in Fig. 125, the E. M. F., £, of the stronger segment 4,

ittt
i .

FIG. 124.—DIAGRAM OF E. M. Fs, IN ADJACENT ARMATURE SEGMENTS.

is represented by the ordinate ¢ + <. Owing to the resist-
ance 7, in the segment 4, a drop of pressure &, will take place
within it, and the pressure at its terminals will be ¢ volts.
If £’ be less than ¢, the stronger segment A, will send a cur-
rent back through the segment A, while if £’, be greater
than ¢, both segments will contribute current through the
external load resistance /& ohms.

For example, a separately-excited quadripolar generator of
say 1oo KW capacity, supplying 1,000 amperes at 100 volts

ar--
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FIG. 125.—DIAGRAM OF E. M. Fs. IN ADJACENT ARMATURE SEGMENTS.

terminal pressure, has a resistance in each of its four armature
I g .
segments A, B, C, D, of Eth ohm; then, provided its four

magnetic circuits are balanced or equal, the full load on each
,segment will be 250 amperes, and the drop in each 2.5 volts;
so that the four E. M. Fs. will be, Fig. 126 :

Wasted
E. M. F. Drop. Current. Power.
Volts. Volts. Amperes. Watts.
AT 102.5 2.5 250 625
B = 102.5 2.5 250 625
ChaN=— 102.5 2.8 250 625
D = 102.5 2.5 250 625

1,000 2,500
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The power expended in each segment of the armature by

the current as /°R, will be i"{é)_zs_? = 625 watts, and the

total /R loss in the armature, 2,500 watts.

156. Considering one of the segments, say C, as normal, and
that 4, owing to the magnetic dissymmetry, gives an E. M. F.
two volts in excess; B, one volt in excess; and D, one volt in

z%b
500 IR 00,

¢ O

K
FIG. 126,—DIAGRAMMATIC ARRANGEMENT OF E. M. Fs. IN THE SEGMENTS
OF A QUADRIPOLAR ARMATURE.

deficit; the excitation necessary for 1,000 amperes total out-
put will produce (Fig. 127) the following: conditions; namely,

Wasted

E M. F. Drop Load. Power.

Volts. Volts. Amperes. Watts.

A =) 104 4 400 1,600
B gt 103 3 300 Q00
C = 102 2 200 400
D = 101 I 100 100
- 1,000 3,000

157. The effect of magnetic dissymmetry in the segments,
under the assumed difference of three volts, will produce, at

FIG. 127.—DIAGRAMMATIC ARRANGEMENT OF E. M. Fs. IN THE SEGMENTS
OF A QUADRIPOLAR ARMATURE.

full load, a difference of output among the segments, ranging
from 100 to 400 amperes, while the total power wasted in the
armature winding will be increased 20 per cent.; namely,
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from 2,500 to 3,000 watts. The armature will, therefore, be
raised to a higher temperature, owing to the magnetic dis-
symmetry, but this increase in temperature will not be
localized, since, although at one moment a greater amount of
heat is being produced in certain segments than in others, yét,
owing to the rotation of the armature, the portions of the
armature constituting these segments are constantly changing.

158. Suppose now the external circuit be entirely removed,
the brushes remaining in contact with the conductors (Fig. 128)

4o S 2
X8

FIG. 128.—DIAGRAMMATIC ARRANGEMENT OF E. M. FS. IN THE SEGMENTS
OF A QUADRIPOLAR ARMATURE.

so that the circuits through the armature segments are com-
plete ; then the following conditions will hold :

Wasted

E, M. F. Drop. Current. Power.

Volts. Volts. Amperes. Watts.

A = 104 1.5 150 225
B i = 103 0.5 50 25
CHN= 102 —0.5 ~50 25
D= 101 —L5 —150 225
o 500

An inspection of these values shows that a difference of
three volts between the E. M. Fs. of the four segments, pro-
duces a reversal of current through C and D, at no load, with
a useless expenditure of 500 watts. Consequently, between no
load and full load, there will be a change from an expenditure
of power with reversal of current in the weaker segments, to
an excessive drop and expenditure of power without reversal of
current,

159. Although this difficulty, arising from the unbalanced
magnetic position of the armature, does not, in practice, give
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rise to any serious inconvenience, when mechanical construc-
tion is carefully attended to, yet windings have been devised
by which it may be altogether avoided. For example, if all the
turns be so connected that their E. M. Fs, are placed in series,
then a single pair of brushes will be capable of carrying the
current from the entire armature, which will only be divided
into two circuits; or, the segments may be so interconnected
that turns in distant segments may be connected in series so as
to obtain a more general average in the total E. M. F. Such
windings are always more or less complex, and the reader is
referred to special treatises on this subject for fuller details.

160. The formula for determining the E. M. F. of a multi-
polar Gramme generator armature is,

E = Onw C, G. S. units, where &, is the useful flux in
webers, or the flux entering the armature through each pole, #,
the number of revolutions per second of the armature, and 7,
the number of turns on the surface of the armature counted
once around. If, however, the armature be series connected,
so that instead of having p, circuits through it between the
brushes, where p, is the number of poles, there are only two

circuits, then the E. M. F. will be £ = —f ®nw, while if, as in

some alternators, the circuit between the brushes be a single
one, the mean E. M. F. of the armature will be p $nw.

161. Fig. 129 represents the magnetic circuits of an octopolar
generator, the dimensions being marked in inches and in centi-
metres. The field frame is of cast steel, and the armature
core is formed of soft iron discs. Let us assume that there
are 768 turns of conductor in the armature winding, and that
the speed of rotation is 172 revolutions per minute, or 2.867
per second. ’

Assuming an intensity of 9,500 gausses in the armature, it
may be required to determine the E. M. F. of the machine.

The cross-section of the armature is 31.1X13 = 404.3 sq.
cms., but allowing a reduction factor of o.g2 for the insulating
material between the discs, the cross-section of iron is 372
sq. cms. The total flux passing through the cross-section of

T
7 W
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the armature will, therefore, be 372 X 9,500 = 3,534,000
webers.

The useful flux through each pole will be twice this amount,
or 7,068,000 webers, so that the E. M. F. of the generator
will be :

E = ®nw = 7,068,000 X 2.867 X 768 = 1.557 X 10" =
155.7 volts.

This will be the E. M. F. of the generator, provided all the

FIG. 120.—~GRAMME-RING OCTOPOLAR GENERATOR.

armature segments are connected in parallel, as shown in Fig.
115. If, however, the armature winding be so connected that
only a single pair of brushes and a single pair-of circuits exist
through the armature, the E. M. F. would be 4 times as great,
while if the armature could be connected in a single series, the
E. M. F. would be 8 times as great.

162. In order to determine the M. M. F. necessary to drive
this flux through the armature we proceed as follows: viz.,

Y

a
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We first determine the cross-section, the mean length, and
the intensity in each portion of the magnetic circuits. One of
the eight magnetic circuits through the armature is represented
by the dotted arrows at 4 (Fig. 129). We may assume that the
flux through the cores is 7,068,000 X 1.3 = 9,188,400 webers;
1.3, being the approximate /leakage factor for a machine of
this type; in other words, of all the flux passing through the

10 5
cores = X 100 =) 76.9 per cent., approximately, may be

assumed to pass through the armature, half through each cross-
section. Consequently, we have the following distribution :

Cross-section. Fluz. Intensity.  Length

Sg. coms.. Webers. Gausses. Cms.
Fieldcore, . . . +#nm 684 9,188,400 13,430 40
Yolle; | e e s g 3,534,000 9,980 76
Armature, . N A 543779 3,534,000 9,500 50

The entrefer, or gap, of copper, air and insulation, existing
between the iron in the armature and in the pole faces, is 1.5
centimetres in length, while the polar area .is 4r cms.
X 34 cms., or 1,400 sq. cms. in cross-section. From these
data, the reluctance in the magnetic circuit through the
armature is -

Cross-section

carrying
Cross~  armature
Length, Intensity. section. Sux. Reluctance.
Cms. Gawusses. Reluctivity, Sg.cms. Sq.cms. Oersted.
Field core, . 40 13,430 0.002 342%¥  263.1  0.000,304
SRR 40 13,430 0.002 342v"  263.1  0.000,304
Yoke, o g 76 9,980 0.00I 254V 354.0  0.000,215
Entrefer, . . 5 I. w00 V' 0.002,142
¢ 3 1.5 I. 700 v~ 0.002,142
Armature, . 50 9,500 0.0008 37250372 0.000,107,5
0.005,214,5

The M. M. F. required to drive a total flux of 3,534,000
webers through this circuit will be

18,430 gilberts.
3,534,000 X 0.005,214,5= < 14,665 ampere-turns.
7,333 ampere-turns on each spool.

With 600 turns on each spool, the current would be 12.22
amperes.



CHAPTER XIV.
DRUM ARMATURES.

163. The drum armature was first introduced into electrical
engineering by Siemens, in the shape of the shuttle armature,
and was modified by Hefner-Alteneck in 1873. The drum
armature  was subsequently modified in this country by the
introduction of a laminated iron armature core, consisting of
discs of soft iron, called core discs, provided with radial teeth
or projections. This armature core, when assembled, had

FIG. I130.—TOOTHED-CORE ARMATURE IN VARIOUS STAGES OF CONSTRUCTION.

space provided between the teeth for the reception of the
armature loops on its surface, a completed armature showing,
when wound, alternate spaces of iron and insulated wire, and
formed what is called a tothed-core armature. Next followed
the smooth-core drum armature, that is, a drum armature com-
posed of similar core discs in which the teeth were absent, so
that the completed armature had its external surface com-
pletely covered with loops of insulated wire. Fig. 130 shows
a common type of toothed-core armature in various stages
of construction. The laminated iron core is shown at 4, as
assembled on the armature-shaft ready to receive its winding
of conducting loops in the spaces between the radially project-
_ing teeth. At B, is shown the same core provided with wind-

152
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ings of insulated wire. At C, is shown a completed armature.
The detailed construction of a laminated armature core is
illustrated in Fig. 131, which shows a portion of a drum arma-
ture core already assembled by the aid of large bolts passing

FIG. 131.—TOOTHED-CORE ARMATURE IN PROCESS OF ASSEMBLING.

through holes in the core-discs. On the right are other
core-discs ready to be placed in position on the shaft.

164. Fig. 132 shows a laminated armature body of the
smooth-core type. Here the separate core-discs are formed

FIG. 132.—SMOOTH-CORE ARMATURE BODY.

of sheet iron rings assembled on-the  artnature shaft as shown.
These discs, after being assembled, are pressed together
hydraulically. The end rings are heavy bronze spiders, held



154 ELECTRO-DYNAMIC MACHINERY.

together internally by six bolts shown in the figure. When the
armature body is subjected to compression, these bolts are
tightened on the spiders, which are firmly keyed to the
shaft, so that on release of the hydraulic pressure, the lami-

FIG. 133.—COMPLETED ARMATURE, SMOOTH-CORE TYPE.

nated iron core forms one piece mechanically. Fig. 133 shows
the same armature completely wound.

165. In the drum armature, the conducting wire is entirely
confined to the outer surface, and does not pass through the

FIG. 134.—TYPICAL FORM OF SMALL SIZE DRUM ARMATURE.

interior of the core. In this respect, therefore, it differs from
the Gramme-ring armature, already described, in which the
winding is carried through the interior of the core, lying,
therefore, partly on the interior and partly on the exterior.
The armature core, or body, of a Gramme-ring machine differs
markedly in appearance from the armature body of a drum
machine, when both are in small sizes, since then the drum core
is practically solid, having no hollow space, so that it would
be impossible to wind it after the Gramme method. Sueh a
drum-wound armature is shown in Fig. 134. When, however,
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the drum armature is increased in size, so as to be employed
in multipolar fields, the form of the core or body passes from
a solid cylinder to that of an open cylinder or ring, as is
shown in Figs. 132 and 135, so that it would be possible to
place a conducting wire on such a core either after the drum
or Gramme type of winding. The tendency, however, in
modern electrical engineering is, perhaps, toward the produc-
tion of drum-wound rather than Gramme-wound generators.

FIG. 135.—LARGE DRUM ARMATURE FOR MULTIPOLAR FIELD.

This tendency has arisen, probably more from mechanical
and commercial reasons than from any inherent electrical
objections.to armatures of the Gramme-ring type.

166. The windings of drum armatures are numerous and
complicated in detail, but all may be embraced under two typi-
cal classes; namely, Jap-winding and wave-winding. In lap-
winding, the wire is arranged upon the surface of the armature
in conducting loops, the successive loops overlapping each
other, hence the term; while in wave-winding, the conducting
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wire makes successive passages across the surface of the
armature, while being advanced around its periphery in the
same direction.

167. Lap-winding is applicable particularly to bipolar arma-
tures, while wave-winding is applicable only to multipolar
armatures.

FIG. 136.—SIMPLE BIPOLAR DRUM-WINDING.

The simplest form of lap-winding is shown in Fig. 136, where
the separate paths taken by the turns «, 4, ¢, 4, and ¢, /, g, 7,
across the outside of the bipolar armature core, and their con-
nections to the commutator, are represented as shown. If the

FIG. I37.—SIMPLE BIPOLAR DRUM-WINDING WITH LEAD IN COMMUTATOR
CONNECTIONS.

entire winding of the armature be completed, it is evident
that any attempt to represent the winding graphically by the
method adopted in this figure would lead to great complexity.
For this reason it is customary to represent the armature sur-
face as unrolled, or developed upon the plane of the paper, as
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shown in Fig. 138. For example, the winding already shown
in Fig. 136 becomes on this development represented as in
Fig. 138. Here it i$ clear that each loop overlaps its prede-
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FIG. 138.—DEVELOPMENT OF LAP-WINDING IN FIGS. 136 AND I37.

cessor, and, consequently, it is evident that the simplest form
of drum-winding is a lap-winding,
Fig. 137 represents the same winding as Fig. 136, except

FIG. 139.—QUADRIPOLAR WAVE-WINDING.

that the connections with the commutator are given a lead of

go degrees, requiring a correspondingly altered position of the
brushes of the machine.

Fig. 139 represents a number of conductors, ab, cd, ¢f, g4,
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etc.,, wound on the external surface of a drum core in the
winding of the wave type. Here it will be seen that the
conducting wire, after crossing over from one side of the
armature core to the other, advances progressively over
its surface in the form of a rectangular wave. The corre-
sponding development is shown in Fig. 140. The winding
shown is applicable only to multipolar fields ; for, an inspec-
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FIG. 140.—DEVELOPMENT OF QUADRIPOLAR WAVE-WINDING.

~

tion of this particular arrangement of wave-winding will show
that when conducting wires a4 and ef are passing north poles,
the conducting wires ¢4 and g%, are passing south poles, and
the direction of the induced E. M. F. while opposite in succes-
sive conductors, as regards the separate conductors aé, cd, ¢f,
and g/, is, nevertheless, unidirectional, so far as the entire cir-
cuit @, b, ¢, d, ¢, f, g, %, 7, j, k, is concerned. In the same
manner a wave-winding for an octopolar machine is required
to be spaced in accordance with the successive distances
between alternate poles.



CHAPTER XV.
ARMATURE JOURNAL BEARINGS.

168. Even in the best designed types of electro-dynamic
machinery, there are certain losses of electric energy which
necessarily occur in the operation of the machine. These
losses may be grouped under the general head of frictions,
and include mechanical, electric, and magnetic frictions.
Since in well-designed types of large machines the commercial
efficiency may be as high as 95 per cent., it is evident that the

=
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FIG. I41.—SIGHT-FEED LUBRICATED BEARING.

]osses“ from all these causes combined can be kept within a
small percentage of the total output.

169. This high efficiency, however, can only be obtained in
the case of large machines. In those of smaller output, the
proportion of the losses may be much greater. It is, there-
fore, advisable to examine the causes of these various losses,
their variation with the output of a machine, and the means by
which they are commercially reduced.

159
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Considering first the mechanical losses : these may exist
as friction in the bearings of the moving parts of the generator,
friction arising from the:pressure of the brushes on the com-
mutator, or contact parts, and friction from air churning.

The journal bearings are lubricated either by sight-feed
oiling, or self-oiling devices. In sight-feed otling devices, a glass
oil cup, filled from time to time with oil, allows oil to drop slowly
on the journal bearings, but requires to have its outlets opened
by hand, when the machine commences to. run, and also to be
stopped when the machine stops.

Fig. 141 represents an end view and longitudinal section of

FIG. I142.—DETAIL OF SELF-OILING BEARING.

such a bearing. The oil cup C C, is provided with a head A,
by the rotation of which an outlet in the base is adjusted.
The oil descends by gravity to the shaft .S .S, where, by the
movement of the shaft, it is mechanically carried through
spiral grooves on the inner surface of the babbitt-metal sleeve
B B, passing finally, from the ends on the bearing, into the
pans P2, whence it is drawn off at intervals and filtered.

The upper pan, 2, is intended to catch any overflow of oil
that may occur during the process' of filling. The box X X,
enclosing the babbitt-metal sleeve, is capable of rotation within
small limits, about a vertical axis, upon the spherical surfaces
ZZ. This play admits of the true alignment of the bearings to
the shaft §.S. As soon as the shaft has been introduced and
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becomes self-aligned, any further undue play in the bearing is
prevented by tightening the nuts NV V.

170. Sight-feed lubricating bearings necessitate, as already
observed, the opening and closing of the oil cup at the start-
ing and ‘stopping of the machine. They have been, conse-
quently, almost entirely replaced by se/f-oiling bearings, which
require no such attention; here the oil is automatically fed to
the revolving shaft by its rotation. A self-oiling bearing of
this description is represented in Fig. 142. The oil is supplied
to the bearing into the oil well O O, through a screw hole 4.
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FIG. 143.—LONGITUDINAL SECTION OF SELF-OILING BEARING.

During the rotation of the shaft .S.S, two rings 7, », which rest
upon the upper surface of the shaft, and dip into the oil within
the well, are set in rotation, and carry oil on the surface of the
shaft, where it is spread over the bearing along suitable
grooves in the babbitt-metal sleeve, as in the previous case.
Grooves are made in the upper surface of the babbitt-metal
sleeve for the reception of the rings, and the rings are pre-
vented from leaving the grooves by the screw clips », . The
rings are carried around by the friction caused by their weight
as they rest on the shaft, and, therefore, do not necessarily
rotate as rapidly as the surface of the shaft. The babbitt-
metal sleeve, which holds the shaft, is contained in a cylindri-
cal box with a spherical bolt B, at its centre. A pin or pro-
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jection p, at the bottom of this box, engages in a hole in the
frame work, thus preventing the box from rotating with the
-shaft, but enabling the shaft to align itself freely in the sleeves.
Nuts #, of which only one is seen, clainp the box B, in position.

FIG. 144.—SLEEVE OF BABBITT METAL IN JOURNAL BEARING.

A draw-off cock is provided at &, for withdrawing the oil from
the well at suitable intervals.

171. Fig. 143 represents a longitudinal cross-section of a
similar bearing employed in machines of larger size. Here

/.

FIG. 145.—DETAILS OF LARGE SELF-OILING JOURNAL BEARING.

oil is fed through two openings #, /, and accumulates in the
lower part of the hollow cast-iron support .S.S. The rings 7, 7,
by their revolution upon the shaft, carry the oil into the
babbitt-metal sleeve 444 4, as before. The shaft is supported
upon the bracket p p, which forms part of the pedestal or sup-
port S S, and is hollowed spherically so as to permit of the
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alignment of the babbitt-metal sleeve and its box. Fig. 144
shows a general view of the babbitt-metal sleeve with grooves
for the reception of the oil rings, and with lugs Z, Z, Z, for
assisting in the aligning. Fig. 145 represents partly in eleva-
tion, and partly in longitudinal section, a similar bearing some-
times employed in still larger machines, differing from the last
described only in details of construction. The weight of the
shaft is taken directly upon the lower half of the bearing
B B B, which has its lower surface bowl-shaped, and fitting
into a pedestal or support S., in such a manner that the bear-
ing can be readily aligned and finally tightly secured in place
by suitable bolts. The gauge glass 7, enables the level of the
oil in the bearing to be clearly discerned.

172. The amount of energy expended as friction in journal
bearings varies with the weight supported on the bearing, the
accuracy of the workmanship, the correctness of the alignment,
the nature of the lubricating material, the character of the
surfaces in contact, the speed of rotation and the diameter of
the shaft.

Other things being equal, the energy expended is propor-
tional to the diameter of the journal in the bearing. In order
to keep the friction as low as possible, the diameter of the
journal is always kept as low as is consistent with ample
mechanical strength.

The power expended in brush friction depends upon the
number of brushes and the pressure with which they bear upon
the commutator. It also increases with the diameter of the
commutator and with the speed of rotation of the armature.
This waste of energy is often an appreciable fraction of the
total waste in a small machine, but is usually quite negligible
in a large one.



CHAPTER XVI.
EDDY CURRENTS,

173. During the rotation of the armature of a dynamo-
electric machine through the flux produced by its field magnets,
electromotive forces are not only generated in the conducting
loops on the armature, by the successive filling and emptying
of these loops with flux, but they are also generated in all
masses of metal revolving through the flux; in other words,
the iron in the armature core and the copper of the conductors
will also be the seat of E. M. Fs. Though these E. M. Fs,
may be locally very small, yet, since the resistances of their
circuits are generally exceedingly small, the strength of the
currents set up may be very considerable.

Such currents are generally known as eddy currents. They
are necessarily alternating in character, their frequency de-
pending upon the speed of revolution and upon the number
of poles.

Not only is the energy expended in eddy currents lost to the
external circuit, since these currents cannot be made to con-
tribute to the output, but such currents also unduly limit the
output of the armature, by raising its temperature, independ-
ently of the increase of temperature due to the passage of the
useful armature current through the conducting loops. Losses
of energy due to eddy current are of the type /* & (in watts),
Z, being the strength of the local current in amperes, and £,
the resistance of the local circuit in ohms.

174. It is evident that a dynamo machine can never be
designed so as to be entirely free from eddy currents; for, con-
ducting loops must be placed on the armature, and, moreover,
in nearly all the types of practical dynamo machines, iron arma-
ture cores are employed.

All that can be done is to reduce these losses as far as is
commercially practicable. In the case of the iron core, for

164
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example, the advantage arising from its use; namely, the
decrease in the reluctance of the magnetic circuit, can be
retained, provided the material of the core is laminated, 7. ¢,
made continuous in the direction of the magnetic flux -paths,
and discontinuous at right angles to this direction.

175. If a piece of metal be revolved in a magnetic field, it
will enclose magnetic flux. A distribution of E. M. Fs. will
be established in it'according to the rate at which the enclosure
takes place, and depending upon the shape of the piece. These
E. M. Fs. will produce eddy currents in the moving metal.
The rate of expending work in eddy currents will be, for a
given flux intensity in the metal in direct proportion to the
conductivity of the material. A piece of revolving copper
will have much more work expended in it by eddy currents than
a piece of lead or German silver. If, however, we divide the
mass of metal into a number of segments or smaller portions,
the total E. M. F. at any instant will be divided into a num-
ber of parts, one in each segment, and the resistance of each
segment to its E. M, F. will be much greater than the ratio
of the resistance of the entire mass to the total E. M. F. in
such mass. The energy wasted in the mass will therefore be
reduced. For this reason, the iron core of the armature is
divided into sheets or lamina, in such a manner that the sheets
afford a continuous path to the magnetic flux, but no circuit is
provided for eddy currents across the sheets. The magnetic
flux is conducted through the entire length of the sheet, but
the circuits of the eddy currents are all in the cross-sections
of the sheet. The division of the armature core does not,
therefore, increase the magnetic resistance, or reluctance of the
armature, but enormously increases its resistance to eddy
currents.

176. Fig. 146 represents at D, an armature core of solid ifon
capable of being revolved in a quadripolar field &, S', V? S?,
the arrows indicating the general directions of the flux paths.
The cross-section of the armatureis shown at 4, and the arrows
represents diagrammatically the distribution of the eddy cur-
rents set up in the solid mass of iron during the rotation of the
armature. At B, the cross-section is represented with lamina-
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tions, parallel to the axis of the armature, as, for example, when
the armature core is composed of a spiral winding of sheet-iron
ribbon. Here the eddy currents are limited to the cross-
section of each band or lamina., The magnetic flux, however,
has to penetrate all the discontinuities between the bands, in
order to penetrate to the deepest layer, unless the flux be
admitted to the armature on its sides, as shown in Fig. 8.

At C, the armature is laminated in planes perpendicular to
the axis, or is built up of sheet discs. Here the eddy currents
are confined, as in the last instance, to the section of each disc,
but the flux passes directly along each sheet.

While, therefore, the methods of construction indicated at
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FIG. 146.—DIAGRAM ILLUSTRATING EFFECTS UPON EDDY CURRENTS OF
LAMINATING ARMATURE CORES.

B and C, are equally favorable to the suppression of eddy
currents, 5, tends to increase the reluctance of the armature,
and to magnetically saturate the outer layers of the core, with
a corresponding sparsity of flux in the inner layers, except
when the field poles cover the sides of the armature.

177. Taking a single lamina of the armature core, it is clear
that if the intensity in the core is, say, 12 kilogausses, each
square centimetre of cross-section in the lamina is linked with
12 kilowebers, first in one direction and then in the opposite
direction, as the armature moves from one pole to the next.
The value of the E. M. F. round the cross-section of the
lamina, considered as a loop, depends upon the speed with
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which the linkage takes place, and, therefore, on the intensity
® the speed of rotation and the number of poles. The aver-
age E. M. F. in a lamina, rotating at a given speed through a
quadripolar field of intensity @ = 12,000, would be four times
as great as when passing through a bipolar field of intensity
® = 6,000. The rate at which an E. M. F. of ¢ volts expends

3

. . . 4
energy in a resistance of » ohms, being — watts, the average

r

wasteful activity in eddy currents depends upon the square of
the speed of magnetic reversal in the core, and also upon the
square of .the intensity. If, then, we double the speed of
revolution in an armature core, we quadruple the eddy current
waste of power. The higher the intensity of magnetic flux in
the armature, and the more rapid the reversal, the more
important becomes the careful lamination of the armature, but
the eddy-current-loss in armature cores is usually very small
when the plates have a thickness not exceeding o.02".

Moreover, when powerful eddy currents are present, the
M. M. F. they establish has such a direction as opposes the
development of magnetic flux by the field, so that the existence
of powerful eddy currents in an armature core tends to shield
the interior of the core, or its laminz, from magnetic flux,
thereby reducing the effective cross-section of the armature,
or increasing its apparent reluctance. This effect is usually
small in revolving armatures at ordinary speeds of rotation,
but becomes appreciable when the frequency of reversal is
high and the degree of lamination insufficient.

178. It used to be the universal practice to separate adjacent
sheets of iron by thin sheets of paper, when assembling the
cores of armatures, so as to ensure the complete insulation of
the separate lamina. This introduction of paper into the core
had the disadvantage of reducing the effective permeance of
the armature core, or in other words, of increasing the flux
density in the iron. It has been ascertained experimentally,
however, in recent times, that the paper could usually be dis-
pensed with, as the superficial layer of oxide on theiron sheets
formed a layer of sufficient resistance to effectually insulate

the lamine against the feeble E. M. Fs. in the eddy current
circuits,
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179. As we have seen, eddy currents are not limited to the
iron core of an armature, but are also set up in the conductors
wound on the armature.

In this case, eddy currents are set up in their substance by
revolution under the poles, but the conditions differ slightly in
detail. A Gramme-ring armature, for example, has no eddy
currents set up in the conductors except upon the outer sur-
face of the armature, since the flux passes through the wire at
the outer surface and not through the wire on the inner sur-
face. Similarly, a drum armature has no eddy currents set up
in the wire upon the ends of the drum, if we may neglect such
leakage flux as may pass through the ends of the core. Again,
the amount of eddy-current-loss will depend upon the distribu-
tion of the magnetic flux over the surface of the armature. If
the flux entering the armature terminates sharply at the edge
of the pole-pieces, so that the wire suddenly enters or suddenly
leaves a powerful magnetic field in the air-gap, the rate of
change of the flux enclosed in the substance of the wire will
rapidly vary, inducing a brief, but powerful, E. M. F. in its
substance, and the total expenditure of energy by eddy cur-
rents will be considerably greater than if the gradient of
magnetic intensity in the neighborhood of the polar edges is
less abrupt, and the E. M. F. smaller in amount but more
prolonged.

180. The eddy-current-loss for a given size of machine is
apt to be considerably greater with low pressure than with
high pressure armatures, since the former require few massive
copper conductors, while the latter require many, separately
insulated, conductors. - The plan is, therefore, frequently
adopted of winding low-pressure smooth-core armatures with
multiple conductors, each main conductor being composed of
a cable of separately insulated wires. Even when this is done,
an additional precaution is necessary, namely, to transpose the
conductors or twist them through 180 degrees, halfway across
the armature surface, in order to prevent any pair of wires.
from acting as a loop for the generation of the E. M. Fs. = This
is illustrated diagrammatically in Fig. 147, where the multiple
conductor C C?, consisting of five insulated wires, laid over
the surface of the armature core 4 4 4 4, is reversed in the
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centre, so that the advancing wire at one end becomes the re-
ceding wire at the other, and vice-versa.

It is sometimes found that the insertion of a sheet iron
cylinder of the form outlined in Fig. 148, closely fitted into
the polar bore, and forming a tube within which the armature
revolves, greatly diminishes the waste of energy in eddy
currents., This is for the reason that the edges of the pole-
pieces are removed, and the flux through the entrefer gradu-
ally varies between zero and full intensity as we advance round
the field. The effective area of the polar surfaces is for the
same reason increased. The objection to the introduction of
such a cylinder lies in the magnetic leakage it introduces; for,

A A
c !
A Ja

FIG. 147.—DIAGRAM INDICATING THE TRANSPOSITION OF MULTIPLE
ARMATURE CONDUCTOR.

if .S, be the cross-section of the soft iron sheet in square centi-
metres, the flux it will carry, direct from pole to pole, will be
roughly 20,000 .S, webers, and this flux has to be provided for
through the magnétic circuit of the field frame in addition to
other leakage and the useful flux through the armature,.

181.‘ When the armature conductors are buried beneath the
surface of the iron, as, for example, when they run in the deep
grooves of toothed-core armatures, practically no eddy currents
are produced in them, for the reason that the space they oc-
cupy is almost free from the flux established by the field. A
toothed-core armature may, therefore, be considered as an
armature in which the eddy currents are confined to the iron
lamine of the core. This feature constitutes one of the
advantages of toothed-core armatures.

182. Besides the eddy currents set up in the armature, and
in the conducting masses of the metal on the armature, they
also occur in the edges of the pole-pieces of the field magnets,
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both in the case of dynamos and motors. The strength of
these eddy currents is greater in the pole which is approached
by a generator armature, and in that which is receded from by
a motor armature, as is evidenced by the fact often observed,
that, although both polar edges become warm during the action
of the machine, one edge becomes warmer than the other.
The reason for this difference will be considered later.

183. The tendency to the development of eddy currents in
pole-pieces is increased when the armature is changed from a
smooth core to one of the toothed-core type. The reasons for
this are twofold; in the first place, in the toothed-core arma-

FIG. 148.—IRON CYLINDER OR BUSHING FOR FIELD CORE.

ture the armature is brought nearer to the pole face, so that
all magnetic disturbances in the armature are more likely to
set up corresponding disturbances in the poles; in the second
place, because the revolving teeth set up waves of magnetiza-
tion in the polar surfaces, thus giving rise to the development
of eddy currents. Consequently, the change from a smooth-
core to a toothed-core armature suppresses the eddy cur-
rents in the wire on the armature, but creates, or tends to
create, eddy currents in the pole-pieces.

184. In some types of machines the pole-pieces are grooved
or slotted, so as to check the development of eddy currents,
just as the armature is in effect grooved or slotted by the use
of laminated cores. An example of this is seen in Fig. 14. In
fact, some field magnets are constructed of a frame of castiron
or cast steel, with receptacles within which are placed the pole-






CHAPTER XVIIL
MAGNETIC HYSTERESIS.

185. Besides the losses in the iron masses of a dynamo due
to eddy currents, there are others in the same masses due to
magnetic friction or hysteresis. ‘These latter losses, like the
others, are dissipated as heat.

‘The losses due to hysteresis occur in nearly all forms of
dynamo-electric machinery. In continuous-current generators
these losses are practically limited to the armature; in some
forms of alternating-current machines, they exist both in the
armature and field, and are especially present in alternating-
current transformers. It becomes, therefore, a matter of no
little importance to thoroughly understand the nature of this
source of loss.

186. A certain amount of energy has to be expended in
order to magnetize a bar of iron. This energy resides in the
magnetic flux passing through the magnetic circuit of the bar.
The energy is transferred from the magnetizing circuit by the
production of a C. E. M. F. in the magnetizing coil, and
this C. E. M. F. ¢, (usually very small), multiplied by the
magnetizing current strength 7, at that moment, gives as the
product ¢ /7, the activity expended in producing the magnetic
field. As soon as the full magnetic flux is established, the
C. E. M. F. ceases, being dependent upon the rate of
change of flux enclosed, so that no more energy is expended
in the iron, and the current only expends energy as 7%, in heat-
ing the magnetizing coil. When the magnetizing current is
interrupted, say by short circuiting the source of E. M. F. in the
circuit, the magnetism in the bar tends to disappear, and, as
the magnetic flux diminishes, an E. M. F. is set up in the coil,
tending to prolong the action of the waning magnetizing cur-
rent. In other words, the E. M. F. set up in a circuit by the
waning magnetic flux is such as will tend to do work on the

172
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current, with an activity of the type ¢7 watts, and, in this
manner, restore to the circuit the energy eXpended in the
magnetization. Were all the energy in this case returned to
the circuit, there would be no loss by hysteresis. As a matter
of fact, however, while practically all such energy would be
returned to the circuit, if the coil magnetized air, wood, glass,
etc., yet, when the coil magnetizes iron, although a greater
magnetic flux is obtained, yet some of the energy is not
restored, but is expended in the iron as heat.

187. It is now generally believed that each of the molecules
in a mass of iron is naturally and permanently magnetized, so
that each molecule may, therefore, be regarded as a molecular
compass needle. In the ordinary unmagnetized or neutral
condition of iron, these separate molecular magnets possess
no definite alignment, and, consequently, neutralize one
another’s influence by forming closed loops or chains. When
the iron becomes magnetized by subjection to a magnetizing
force, these loops break up and ‘become polarized‘or”aligned,
all pouring their magnetic flux in the same direction; 7 e.,
parallel to the magnetic axis. When the magnetizing force is
removed, the molecular magnets tend to resume their old
positions; and, if they did resume exactly their old positions,
the magnetism in the iron would entirely disappear on the
removal of the magnetizing force, and all the magnetic energy
would be restored to the circuit. In point of fact, however,
they do not exactly resume old positions, but take new inter-
mediate positions, by virtue of which a certain amount of
residual magnetism is left in the bar.

188. When now the magnetizing force is reversed, by
reversing the current through the magnetizing coil, the mole-
cules are forced around, and breaking suddenly from their
positions, fall into new pesitions, either” with oscillations, or
with a frictional resistance to the motion, that dissipates
energy as heat. The energy:thus'lost’by molecular vibration
or molecular friction cannot be returned to the circuit. Conse-
quently, a loss of energy occurs in the circuit supplying the
reversing magnetizing force, at each reversal of magnetism in
the magnetized iron, since the opposing E. M. Fs. developed
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in the coil during magnetization and demagnetization are not
equal, and the energy so lost results in an increase in tempera-
ture of the iron. By /Zysteresss, (his-ter-ee'-sis), is meant that
property of iron, or other magnetic metal, whereby it tends to
resist changes in its magnetization when subjected to changes
in magnetizing force. That is to say, when a mass of iron is
successively magnetized and demagnetized, or passes through
cycles of magnetization, the magnetic intensity in the mass /ags
bekind the impressed magnetizing force. The word hysteresis.
take its origin from this fact, since it is derived from a Greek
word meaning to lag behind. This phenomenon is called hys-
teresis, and the loss of energy due to this cause is called
hysteretic loss, or loss of energy by hysteresis.

189. When iron undergoes successive magnetic reversals, the
amount of hysteretic loss is found to depend upon the maximum
magnetic intensity in the iron at each cycle; that is to say,
upon the maximum value of ® As ®, increases, the amount
of work that has to be expended in reversing the magnetization
increases, and if we double the value of ®, we practically
treble the amount of work that has to be expended. It was
first pointed out by Steinmetz, as a consequence of this rela-
tion, that the hysteretic loss varied as the 1.6th power of ®, or
as ® ', the formula for the amount of activity expended in
one cubic centimetre of magnetic metal being P=nn ® '*
watts. Since the same loss of energy occurs in a cubic centi~
metre during each cycle, the more rapidly the cycles recur,
the greater will be the wasteful activity, and », in the above
formula, expresses the number of complete cycles through
which the iron is carried per second. The coefficient #, is the
hysteresis coefficient for the metal considered, and has to be de-
termined experimentally. It may be regarded as the activity
in watts which would be expended in one cubic centimetre
of the metal when magnetized and demagnetized to a flux
density of one gauss at one complete cycle or double rever-
sal per second. The following table gives the values of this
coefficient, and also the amount of hysteretic loss produced in
a cubic centimetre, and in a pound, of ordinary good com-
mercial sheet iron at various frequencies and intensities.
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Table Showing the Hysteritic Activity in Good, Soft Sheet Iron or Steel Undergoing One
Complete Magnetic Cycle per Second, in Watts per Cubic Centimetre, Watts per Cubic
Inch, and Watts per Pound, for Various Magnetic Intensities in Gausses and in
Webers per Square [nck. ;

|
Webers, per |
$qtin,.o . 6,452) 12,000 19,360 25,810 32,260/ 38,710 45,160/ 51,620/ 58,060

Gausses[(ﬁ]. 1,000 2,000 3,000 4,000, 5,000 6,000 7,000 8,000, 9,000

.
-y -5 =k -4 -4 —4 -4 -4 -
Watts, percc. |1.58x10 [4.78XI0 [9.15XI0 [1.45XI10 |2.07XT0 [2.78XI0 [3.55XIO [4.40XI10 |5.3I1X10

Watts, per - -4 -3 -3 -3 -3 -3 -3 -3
cubic in...|2.59x10 |7.84X10 |1.50XI0 |2.38X10 (3.40XIO [4.55%X10 |5.82XI0 |7.20x10 |8.69XT0

-3 -3 -3 -3 -3 = -3 -2 -2
Watts, per lb. [g.17x10 [2.78X10 [5.32X10 |8.43%XT0 |T.21X10 [1.62X10 (2.06X10 [2.56X10 |3.09X10
|

Webers, per
sq. in... .| 64,520, 70,960/ 77,420 83,860 90,320 96,770/ 103,200| 109,700| 116,100

Gausses[(B]. 10,000 11,000 12,000 13,000 14,000 15,000/ 16,000 17,000 18,000

-t —4| -t -4 -3 -3 -3 -3 -3
‘Watts, per cc.[6.28x10 |7.31x10 |8.40X10 |9.55X10 |1.08X10 |1.20X10 [1.33XI0 {I.47X10 |1.61XI0

Watts, per -3 -3 -2 -3 -2 -2 -2 -3 -2
cubicin. ..|1.03x10 |1.20x10 |1.38%10 |1.57X10 [1.76X10 |1.97X10 |2.18X10 |2.41XI0 |2.64XI0

-2 -2 -3 -2 -3 -3 -3 -2 -2
Watts, per 1b.|3.65x10 [4.25%10 |4.89x10 |5.56X10 |6.26X10 |6.79X10 |7.75X10 (8.53XT0 |Q.35XIO

.

190. As an example of the hysteretic activity, we may con-
sider a pound of iron subjected to a periodic alternating flux
density of ten kilogausses, with a frequency of 25 cycles-per
second. From the preceding table, it is seen that at 10 kilo-
gausses the hysteretic activity is 0.0365 watts-per-pound, at a
frequency of one cycle per second. At 25 cycles per second
this would be 25 X 0.0365 == 0.9125 watt = o.9125 joule-per-
second = o0.6735 foot-pound per second. Consequently the
hysteretic activity might be represented by lifting the pound at
the rate of 0.6735 foot per second against gravitational force.
If, therefore, all the iron in an armature core be subjected to
an intensity of ten kilogausses, and rotates 25 times per second
in a bipolar field, 12.5 times per second in a quadripolar field,
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or 6.25 times per second, in an octopolar field, hysteretic
activity is being expended at a rate which is probably repre-
sented by the activity of raising the whole armature core about
eight inches per second.

It is to be observed that the table represents average samples
of good commercial iron, and by no means the best quality of
iron obtainable.

19I. As an example of the application of this table, suppose
that it is required to estimate the power expended in hysteresis
during the rotation of the armature of the octopolar generator
represented in Fig. 129, the weight of iron in the armature
being 2,700 lbs.

At the maximum intensity of 9,500 gausses, or 61,290 webers-
per-sq. in., the table shows that the hysteretic activity per
pound at one cycle per second is about 3.4 X 10~? watts. In
each revolution of the armature there would be eight reversals,
or four complete cycles, and at 2.867 revolutions per second,
the frequency of reversal would be 1r1.468 cycles per second.
The total hysteretic’activity is, therefore,

P X 2,700 X 3.4 X 1077 X 11.468 = 1,053 watts.

This would be the hysteretic activity in the armature when
generating 155.7 volts. When generating a lower E.M.F., the
flux intensity in the armature would be reduced, and, therefore,
the hysteretic activity.

192. Hysteresis, therefore, occurs when a mass of iron
undergoes successive magnetizations and demagnetizations,
and this is true whether such are caused by the reversal of the
magnetizing current, with the mass at rest, or by the reversal of
the direction of the massin a constant magnetic field. Conse-
quently, the revolutions of the armature of a dynamo or motor,
occasioning the successive magnetizations and demagnetiz-
ations of its core, are accompanied by an hysteretic loss of
energy.

The amount of this hysteretic loss increases directly with the
volume V, of iron in the armature in c. c., the number #, of
revolutions of the armature per second, the hysteretic coeffi-
cient » of the iron employed, and the 1.6th power of the
maximum magnetic intensity in the iron; for, it is evident that
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in one complete revolution of the armature its direction of
magnetization will have undergone two reversals, provided that
the field is bipolar. In a multipolar field the number of revers-
als increases with the number of poles p, and the hysteretic

Vnnjﬁ(B"’
2

activity becomes 2 = watts. In thecase of a gen-

erator, this activity must be supplied by the driving power,
and in the case of a motor by the driving current.

193. When a generator armature is at rest in an unmagnet-
ized field, the forgue; i. ¢., the twisting moment of the force
which must be applied to the armature in order to rotate it, is
such as will overcome the friction of the journals and brushes.
When, however, the field is excited, so that the armature
becomes magnetized, the torque which is necessary to rotate
the armature is increased, even when the armature is symmet-
rically placed in regard to the poles. This extra torque is due
to hysteresis. It is sometimes called the /Zysteretic torque, and
is equal to

§ed ‘7 ”,P (B 1.6

megadyne-decimetres.
i 7 gady .

194. The total useless expenditure, therefore, of power in an
armature core is the sum of the hysteretic and eddy current
loss. The former increases as the speed of revolution directly,
but the latter, as already pointed out, increases as the square
of the speed. Consequently, if we have an unwound armature
core, and rotate it on its shaft through a field which is at first
unexcited, we expend an activity which might be measured, and
which would be entirely frictional loss. When the field is ex-
cited, we expend activity against mechanical friction, hysteresis
and eddy currents combined. By varying the speed of rotation,
and observing the rate at which the activity given to the rotat-
ing armature increases, it is possible to separate the three
descriptions of losses from each other.

195. Although, as we have seen, the hysteretic loss increases
with the 1.6th power of the intensity of flux, yet it is stated to
have been found experimentally, that when a mass of iron, such
as an armature, is rotated in a sufficiently powerful magnetic
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field, the hysteretic loss entirely disappears, owing to the sup-
posed rotation of all the elementary molecular magnets about
their axes during the rotation of the armature without losing
parallelism, and, consequently, without any molecular oscil-
lation and expenditure of magnetic energy as heat. So far
as experiments have yet shown, this critical intensity in the
iron is above that which ordinary dynamo or motor armatures
attain, so that under practical conditions, the 1.6th power of
the maximum intensity determines the hysteretic loss.

196. From an examination of the formula expressing the
hysteretic activity in the armature, it is evident that the
activity might be decreased by a decrease either in the number
of poles, the speed of revolution, the flux density, or the hys-
teretic coefficient. Since, however, in any machine the first
three factors are practically fixed, it is important that the
remaining factor, or hysteretic coefficient, should be kept as
low as is commercially possible. For this reason, whenever
the hysteretic loss is a considerable item in the total losses of
the generator, care is taken to select the magnetically softest
iron commercially available, in which the hysteretic coefficient
is a minimum,

197. We have already referred to the increase in tempera-
ture of the edges of the field-magnet poles during the operation
of a dynamo armature, and have ascribed the cause of such
heating to the development of eddy currents locally produced
there. It is to be remarked, however, that some of the heat
in such cases may usually be ascribed to true hysteretic changes
in magnetization,



CHAPTER XVIIIL
ARMATURE REACTION AND SPARKING AT COMMUTATORS.

198. In the operation of a dynamo-electric generator, con-
siderable difficulty is frequently experienced from the sparking
which occurs at the commutator, that is to say, instead of the
current being quietly carried off from the armature to the
external circuit, a destructive arc, which produces burning,
occurs between the ends of the brushes and the commutator
segments. The tendency of this sparking, unless promptly
checked, is to grow more and more marked from the mechani-
cal irregularities produced by the pitting and uneven erosion

FIG. 149.—GRAMME-RING ARMATURE IN 'BIPOLAR FIELD ON OPEN CIRCUIT.

of the commutator segments. It becomes, therefore, a matter
of considerable practical importance to discuss the causes of
sparking at the commutator, and the means which have been
proposed, and are in use, to overcome the difficulty.

199. When a Gramme-ring armature, such as that shown in
Fig. 149, is rotated on open circuit, in a uniform bipolar field,
the brushes, when placed on the commutator, must be kept at
diametrically opposite points corresponding to the line 7 7.
If applied to the commutator at any other points, sparking will
probably occur, although the armature is on open circuit.
The reason for this is seen by an examination of the figure,
which represents a pair of coils C, C’, about to undergo com-
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mutation ; i. e., about to be transferred by the rotation of the
armature from one side of the brush to the other, and being
short circuited by the brushes, as they bridge over the adjacent
segments of the commutator to which their ends are connected.
Since the coils C, C’, in the position shown, embrace the
maximum amount of flux passing through the armature, there
will be no E. M. F. induced in them, and, consequently, there
will be no current set up during the time of short circuit under
the brushes. In other words, the prime condition for non-
sparking at the commutator is that the coils shall be short

FIG. 150.—GRAMME-RING ARMATURE WITH BRUSHES DISPLACED FROM
NEUTRAL LINE.

circuited only at the time, and in the position, where no
E. M. Fs. are being generated in them.

200. If the brushes be advanced into a position such as that
represented in Fig. 150, so that the diameter of commutation ;
7. ¢., the diameter of the commutator on which the brushes rest,
is shifted from B, B’, to a new position, powerful sparking will,
probably, be set up, for the reason that in this position the
rate of change, in the flux linked with these coils, is consider-
able, and, consequently, there is a considerable E. M. F.
induced in them, so that, when they are short circuited by the
brushes, heavy currents tend to be produced in the circuit of
these coils according to Ohm’s law. If, for example, a bipolar
Gramme-ring armature gives passage to a total useful flux of
1 megaweber, and there are 1,000 turns on the armature,
and 50 segments in the commutator, then, if the speed of rota-
tion be 10 revolutions per second, the E. M. F. set up between
the brushes will be

10 X 1,000 X 1,000,000
100,000,000

= 100 volts,
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and, since there are 25 commutator bars on each side of the
diameter of commutation, there will be an average of four
volts per coil of 20 turns. If the resistance of each coil be
o.o1 ohm, the current which tends to be set up in a short-
circuited coil having the average E. M. F. is

— 400 amperes.
0.01 4 P

201. It now remains to be explained how the existence
of a powerful current in the short-circuited coil will produce
violent sparking at the commutator. It is well known that
the presence of a spark indicates a higher E. M. F. than the
four volts, which we have assumed in this case is to be gen-
erated in the short-circuited coil. The increase in the voltage
at the moment of sparking is due to what is called the /nduct-
ance of the coil.

At the moment of short circuiting the coil by the bridging of
the brushes across the two adjacent commutator segments, a
powerful magnetic flux is set up in the coil, owing to its M. M. F.
This flux is so directed through the coil as to set up in it an
E. M. F. which opposes the development of the current. On
the cessation of the current, owing to the breaking of the coil’s
circuit at the commutator, the coil is rapidly emptied of flux,
and a powerful E. M. F. is set up in the same direction as the
current, sufficiently powerful to produce sparking between the
brush and the edge of the segment it is leaving. The E. M. F.
so generated during the filling or emptying of the loop by its
own flux is called the Z. M. F. of self-induction.

=7

202. Fig. 151 diagrammatically represents the flux produced
in the short-circuited coils C’, C, by the M. M. F. of the current
produced during the short circuit. This flux passes princi-
pally through the air-gap and neighboring pole face, a small
portion passing through the air in the interior of the armature
between the core and the shaft. The greater the flux produced
by the coil, the greater will be the E. M. F. developed in the
coil, when the flux is suddenly withdrawn. The capability
of a conducting loop or turn for producing E. M. F. by self-
induction is called its inductance, and may be measured by
the linkage of flux with the turn per ampere of the current it
carries, that is, by the amount of flux passing through it.
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203. We have thus far considered the coils C, C’, as being
composed of a single turn. If, however, each of these coils is
composed of two turns, and the same current strength passes
through each of these turns, then the M. M. F. of the coil will
be doubled, and, if the iron in the armature core and pole
face, is far from being saturated, the amount of flux passing
through the two turns will be twice as great as that which pre-
viously passed through one. When this flux is introduced or
removed it will generate E. M. F. in both turns, and, conse-
quently, will induce twice as much E. M. F. in the two turns
together as in a single turn. The inductance of thé coil, or its
capacity for developing E. M. F. by self-induction, is thus four
times as great with two turns as with one, because there is

P L

FIG., I5I.—~DIAGRAMMATIC REPRESENTATION OF FLUX IN MAGNETIC CIRCUIT
OF SHORT-CIRCUITED COIL.

double the amount of flux, and,double the number of turns
receiving that flux.

204. It is evident, therefore, that the inductance of a coil
increases rapidly with the number of its turns, and although
not quite proportionally to the square of the number, since,
with a large number of turns, although the M. M. F. is in-
creased in proportion to the number, yet the amount of flux
passing through each of the turns, owing to leakage, is not the
same. The E. M. F. of self-induction generated in each coil
depends:

(1.) Upon the E. M. F. induced in the coil by the revolution
of the armature.

(2.) Upon the resistance of the cojl, or its capability for
allowing a large current to flow through it.

(3-) Upon the inductance of the coil, or its capability for
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permitting that current to induce a powerful E. M. F. when the
circuit is made or broken.

The E. M. F. induced on making the circuit at the commu-
tator is advantageous, since it checks the development of the
current ; the E. M. F. induced on breaking the circuit is
harmful, since it enables a spark to follow the brush.

If, therefore, no sparking is to occur in a dynamo-electric
machine at no load, the brushes must rest on segments, con-
nected with coils in which no E. M. F. is being generated.

205. If the external circuit of the armature be closed
through a resistance, so that current flows through the arma-
ture coils and brushes into the external circuit, the preceding
conditions become considerably modified.

Fig. 152 represents the condition of affairs in which a current

i
FIG. 152,—DIAGRAMMATIC REPRESENTATION OF MAGNETIC CIRCUIT OF
x ARMATURE,

is flowing through the armature coils, and the brushes are
resting on the commutator, with the diameter of commutation
at the neutral points, or in a plane at right angles to the polar
axis.

In this figure the direction of the armature rotation is the
same as shown in previous figures; namely, counter-clockwise.
Here the flux produced by the M. M. F. of the armature coils
takes place in the circuits digrammatically indicated by the
curved arrows. The magnetization, therefore, produced by
the current circulating in the armature turns, is a cross mag-
netization, or a magnetization at right angles to the magnetiza-
tion set up by the field lux. The field flux through the poles
and armature is diagrammatically indicated in Fig. 153, where
the north pole is assumed to be situated at the left-hand side
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of the figure, and the average direction of the field flux 1s at
right angles to the average direction of the armature flux. An
inspection of Figs. 152 and 153 will show that at the Jeading
edges of the pole-piece, Z, Z', that is, at those edges of the pole-
piece which the armature is approaching, the direction of the
flux produced by the armature is opposite to that of the

FIG, 153.—DIAGRAMMATIC REPRESENTATION OF FIELD FLUX PASSING
THROUGH ARMATURE.

flux produced by the field, and that, consequently, the effect
of superposing these fluxes is to weaken the flux at the leading
edge as is shown in Fig. 154. On the contrary, at the following
edges F' and F, of the pole-pieces, the direction of the armature:

FIG. 154.—EFFECT OF SUPERPOSING ARMATURE FLUX ON FIELD FLUX.

flux coincides with the direction of the field flux, and the super-
position of these two fluxes will have the effect of intensifying
the flux at the following edges. Consequently, the neutral line
in the armature, or the line symmetrically disposed as regards.
the entering and leaving flux, will no longer occupy the posi-
tion &V, V, at right angles to the polar axis, but will occupy a
position z #'; therefore, in order to set the brushes so that
they may rest upon commutator segments connected with coils
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having no E. M. F. generated in them, it is necessary to bring
the diameter of commutation into coincidence with the neutral
line, or to give the brushes a Jead; 7. ., a forward motion, or
in the direction in which the armature is rotating.

206. This, however, will not in itself, as a rule, prevent
sparking, for the reason that induced E. M. Fs. are produced
in the coil under commutation at load, even although, the coil
being commuted has no resultant E. M. F. set up by rotation.
This induced E. M. F. is due to the inductance of the coil and

FIG. 155.—REVERSAL OF CURRENT IN ARMATURE COILS DURING COM-
MUTATION. :

to the load current which it carries. An inspection of Fig. 155
will show that as the coil C, approaches the brush 5, the current
in the coil, as shown by the arrows, is directed upward on the
side facing the observer; while on leaving the brush, after
having undergone commutation, the current in the coil will be
flowing in the opposite direction or downward. The sudden
reversal of the current in the coil under commutation produces
a sudden reversal of the magnetic flux linked with the local
magnetic circuit of that coil, and this sudden change in the
magnetic flux through the coil induces in it a powerful E. M. F.,
causing a spark to follow the brush.

In order that no spark shall be produced from this cause, it
is necessary that before the brush leaves the segment the cur-
rent in the coil shall have become reversed, and will therefore
be flowing in the same direction as that which will pass through
it during its passage before the pole face V. In order to effect
this it is necessary to bring the coil that is being commutated
into a field of sufficient intensity to induce in it, while short
circuited, a current strength equal and opposite to that which
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passes when it first becomes short circuited by the brush., It
is not, therefore, usually possible to keep the brushes on the
neutral line as shown in Fig. 154, at # #/, but their lead must
be increased, until the coil under commutation is in a sufficiently
powerful field beneath the pole face to produce, or nearly pro-
duce, this reversal of current. The amount of lead necessary
to give to the brushes in order to effect this will depend upon.
the inductance of the ‘coils, and also on the strength of the
current in the armature.

207. The lead of the brushes, besides tending to reduce
sparking at the commutator, tends to diminish the E. M. F.
generated by the armature, for two distinct reasons: First,
because it connects in series armature windings in which the
E. M. Fs. are in opposition, as will be seen from an examina-
tion of Fig. 156; and second, because the M. M. F. of the
armature coils over which the lead has extended exerts a
C. M. M. F. in the main magnetic circuit of the field coils,
thereby tending to reduce the useful flux passing through the
armature. This effect is called the dack-magnetization of the
armature. Cross-magnetization, therefore, exists in every
armature as soon as it generates a current, but back-mag-
netization only exists when a current is generated in the arma-
ture, and the diameter of commutation is shifted from the
neutral points.

208. The conditions which favor marked sparking at the
commutator of a generator are, therefore, as follows; namely,

(1.) A powerful current in the armature; 7. ¢., the sparking
increases with the load.

(2.) A large number of turns in each cojil connected to the
commutator; 7. e., the sparking increases with the inductance.

(3.) A great distortion of the neutral line through the
armature, or a powerful armature reaction.

(4.) A high speed of rotation of the armature, since the
current in the coil has less time in which to be reversed during
the period of short circuiting.

(5.) A nearly closed magnetic circuit for each coil; 7. ¢, a
small reluctance in the magnetic circuit of each coil, whereby
the inductance of the coil is increased.
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The conditions which favor quiet commutation, or the
absence of sparking, are as follows; namely,

(1.) A small number of turns in each commuted coil, or a
large number of commutator bars.

(2.) Decrease of current strength through the armature.

(3.) A lead of the brushes.

(4.) A powerful field, or a high magnetic intensity in the
entrefer, due to the M. M. F. of the field magnets.

(5.) Alarge reluctance in the magnetic circuit of each coil.

209. An inspection of Figs. 152-154 will render it evident
that the effect of superposition of the armature M. M. F.
upon the M. M. F. of the field magnets, is to weaken the
intensity of the field flux at the leading edges of the pole-
pieces, and to strengthen the intensity at the following edges of
the pole-pieces. At the same time, it is necessary to advance
the brushes; 7. ¢., the diameter of commutation, so as to bring
the commuted coils under the:leading edges of the pole-pieces,
in order that they may receive a sufficiently powerful intensity
of field flux to enable the armature current to be reversed in
the coil under the brushes, and sparkless commutation thus
to be effected. If, however, the number of ampere-turns on
the armature; 7 ¢, its M. M. F. at a given load, be sufficiently
great, the field flux at the leading edges of the poles will be so
far weakened, that the intensity left there will be insufficient
to effect sparkless commutation, no matter how great the
lead may be. In other words, the flux from the armature will
overpower the field flux, in any position of the brushes. This
will take place when the M. M. F. due to half the turns of
active conductor on the armature, covered by the pole face,
is equal to the drop of magnetic potential in the field flux
through the entrefer.

210. The magnetic intensity under the edge of the lead-
ing pole-piece will be zero, when the magnetic difference of
potential between this polar edge and the armature core,
immediately beneath, is zero. The magnetic difference of po-
tential across the gap at this point due to the field flux alone,
will be the magnetic drop in the entrefer, or ®¢, where ®, is
the field intensity in the gap with no current in the armature,
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and 4, the length of the entrefer in cms. The total M. M. F.
of the armature, along the arc of one pole, will be gwp,

where wp is the number of turns covered by the pole, and this
will be the total difference of potential in the magnetic circuit
of the armature. Assuming that the armature is not operated
near the intensity of magnetic saturation, almost the entire
reluctance in the armature circuit will be in the entrefer.
Fig. 156 represents diagrammatically the magnetic circuit of
a Gramme-ring armature. The reluctance between ¢ and ¢d,
in the field pole, also between ¢f and fa, in the armature, will
be comparatively small, so that the total magnetic difference
of potential developed by the armature will be expended in the
two air-gaps @b and Je, half the M. M. F. of the turns beneath
the pole face being expended in each air-gap. Strictly speak-

FIG. 156.—MAGNETIC CIRCUITS OF GRAMME-RING ARMATURE DUE TO ITS”~
OWN M. M. F.

ing, the magnetic flux produced by the armature will not be
confined to the paths indicated by the dotted arrows, but will
pass across the air-gap at all points not situated on the neutral
line ¢f. The above principles may be relied upon, however,
to a first approximation.

211. In order, therefore, that a smooth-core armature
should be capable of sparkless commutation, the M. M. F.
of the turns on its surface, covered by each pole, should be
somewhat less than the drop of magnetic potential in each
air-gap, so as to leave a residual flux from the field in which to
reverse the armature current in the coil under commutation.
For example, if each air-gap or entrefer has a length of 2
cms., and the intensity in the air is 3,000 gausses, the drop of
potential in the air will be 6,000 gilberts. If the number of
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Gramme-ring armature turns, covered by one pole-piece, is
200, then a current of 8oamperes from the armature will repre-
sent 40 amperes on each side, and the M. M. F., produced by

this current will be 74;1 X 40 X 200 = 10,056 gilberts, and

half of this amount, or 5,028, being less than the drop of field
flux in the gap, should leave a margin for sparkless commu-,
tation.

212. Although the preceding rule enables the limit of current
for sparkless commutation, on a smooth-core armature, to be
predicted under the conditions described, yet it by no means
follows that sparkless commutation must necessarily be
obtained if the M. M. F. of the armature lies within this limit.
If, for example, the number of commutator segments is very
small, the inductance of each segment may be considerable,
and a powerful flux intensity may be required to reverse the
current under the brush in the presence of such inductance.
No exact rules have yet been formulated for the determina-
tion of the inductance in a coil with which a given current
strength, speed of rotation, and field intensity, shall render
sparkless commutation possible.

213. The methods in general use for the suppression of
sparking may be classified as follows:

(1.) Those which aim at the reduction of inductance in the
commuted coils.

(2.) Those which aim at the reduction of the current strength
passing through the coil during its short circuit by the brush,
and, therefore, at the reduction of the current strength which
must be reversed before the short circuit is over.

(3-) Those which aim at the reduction of the armature reac-
tion, so as to reduce its influence in weakening the field in-
tensity in which the coil is commuted.

214. There are.two methods for reducing the inductance of
the armature coils.

The first is to employ a great number of commutator seg-
ments, thus decreasing the number of turns in each coil under
commutation. It is evident that an indefinitely great number
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of commutator segments would absolutely prevent sparking.
A great number of commutator segments is, however, both
troublesome and expensive, so that in practice a reasonable
maximum cannot be exceeded.

The second method for lessening the inductance of the arma-
ture coils differs from the preceding only in the method of
connection. It consists in providing two separate windings
or sets of coils ; or, as it is sometimes called, in doudle-winding
the armature. The two separate windings are insulated from
each other, but are connected to the commutator at alternate
segments, so that the brush rests coincidently upon segments
that are connected with each winding. Each winding there-
fore, furnishes half the current strength, and the effect of the
inductance in each coil is reduced.

215. When the brushes are not so shifted as to bring the
diameter of commutation into coincidence with, or even in ad-
vance of, the neutral point, the coil under commutation will be
situated in a magnetic flux in the wrong direction; 7. ¢., a mag-
netic flux which tends to increase and not to reverse the cur-
rent strength in the coil, so that when the coil is short circuited
by the brush, the current strength becomes increased in the
wrong direction. When, for any reason, it is impossible to
alter the lead of the brushes during variations of load, as, for
example, when the generator has to run without attendance,
the sparking, which may be produced at the brushes owing to
the resultant flux in which the commuted coils lie, may be
greater than that due to the mere reversal of armature current
in the coil under the influence of its inductance. In such
cases, considerable improvement is effected by the insertion
of a resistance between the coils and the commutator segments.
with which they are connected. Thus in Fig. 157, the con-
necting wires @z and c1, are sometimes made of German silver.
It is evident, under these circumstances, that the coil under-
going commutation will not only have its own resistance, but
also the resistance of the German silver wires in the locai cir-
cuit through the brush, and the current which can be set up
in this circuit by the E. M. F. induced in the coil, owing to
its motion through the distorted field, is prevented from assum-
ing considerable strength. The value of the German silver
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resistances, although great by comparison with the resistance
of a single coil, is small when compared with the resistance of
the entire armature, and, consequently, does not greatly add
to the armature’s effective resistance. It is clear that this
method does not obviate the sparking due to the inductance
of the armature coils, but tends rather to obviate that due to
the establishment of unduly powerful currents in the short cir-
cuited-coil in the wrong direction, and which current has sud-
denly to be reversed when the short circuit is broken. The
method is, therefore, often employed with armatures for which
the brushes cannot be shifted. ]

216. The most generally adopted plan for reducing sparking
is to employ.a comparatively high resistance in the brush

FIG. 157.—CURRENT FLOW IN ARMATURE COIL UNDER COMMUTATION.

itself. An examination of Fig. 157, will show that if the resist-
ance in the tip of the brush B, can be made sufficiently great,
the current which enters the commutator from the wires will
be so far reduced, before contact with the brush tip ceases,
that when the rupture does take place, practically all the cur-
rent from the armature will be passing through the coil in the
right direction; Z e., in the same direction as it will have when
the brush has passed to the next coil, and, consequently,
the current strength which has suddenly to be reversed when
the brush leaves the bar is very small.

217. Thus in Fig. 157, suppose the armature is rotating in
the direction of the large curved arrow, and that the commutator
segment 1, is about to move from beneath the brush B. The
coil z @ 4 ¢ 1, is about to change position, from the left-hand to
the right-hand side of the armature, and the current in the coil
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is about to change in direction, as indicated by the small curved
arrows, from the direction @ 4 ¢, to the direction ¢ 4 a. The
current leaving the armature having recently been flowing to
the brush &, from section 1, and the wire ¢ 1, is now flowing
from sections 2 and 1, and from wires @ 2 and ¢ 1. If the resist-
ance in the tip of the brush is considerable, relatively to that
in the whole breadth of the brush, the current through ¢ 1 5,
will be relatively reduced and that through @ 2 B, relatively
increased. This will require, however, that the current from
the right-hand side of the armature shall be forced through
the coil 4, in the direction ¢ 4 @, and the more nearly this can
be accomplished, before contact is broken between 1 and 25,
the less is the opportunity that is offered for the inductance of
the coil @ 4 ¢, to produce a spark at rupture. With this pur-

FIG. 158.—DYNAMO BRUSH OF STRIPS OF INTERLEAVED COPPER AND
HIGH RESISTIVITY METAL.

pose in view, brushes are made up of strips of German silver,
interleaved with copper or woven gauze; or they may be made
of carbon with a specially high resistivity. Fig. 158 repre-
sents a form of brush in which strips of copper are interleaved
between strips of high resistivity metal. By this means the
brush, as a whole, possesses the requisite conductance for the
current it has to carry, but the tip has sufficient resistance to
assist in the reversal of the current in the coil under commuta-
tion. Fig. 159 represents a block of carbon employed in a
suitable holder or frame as a dynamo brush. In order to
increase the conductance of the brush as a whole, it is usually
thinly copper-plated as shown. Carbon brushes are largely
employed for 120-volt dynamos where the current strength
produced is not great, and almost exclusively employed with
50o0-volt dynamos. The use of such brushes tends to reverse
the current in the armature, during the period of short circuit-
ing, and also aids in checking any undue current in the wrong
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direction, caused by distortion of the field flux, owing to arma-
ture reaction.

Artifically compressed graphite is sometimes used for dynamo
brushes. Besides the advantage of high resistivity, it lubricates
the commutator surface.

218. Referring now to the tnird method for suppressing
sparking at the commutator, a variety of plans have been
attempted at different times for bringing about a reversal of
the current in a commuted coil, during the period of short
circuiting, by the action of a specially directed magnetic flux
apon this coil, as, for example, by winding a special magnet

FIG. I59.—CARBON DYNAMO BRUSH.

placed with its pole immediately over the short-circuited coil,
in such a manner that the flux from this magnet, penetrating
the moving coil under commutation, may induce in it an
E. M. F. sufficiently powerful, to set up in the short circuit, a
current strength equal to that which the coil must sustain after
commutation is over, or, in other words, to produce automati-
cally the same effect which the lead of the brushes would be
capable of effecting under the most favorable conditions.
When, however, the current through the armature and its
M. M. F. are powerful, the M. M. F. needed on such control-
ling magnets may require to be very considerable, and, for
this reason, the plan, in this form, has never come into general
use,
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219. In the same direction a methoq has recently been pro-
posed for obtaining sparkless commutation by introducing into
the magnetic circuit of the machine, a M. M. F. equal in
amount, but opposite in direction, to that of the armature.
This has the effect of practically preventing all armature reac-
tion and distortion of the field flux. It is carried out by wind-
ing around the armature and through the field poles, as shown
in Fig. 160, a number of turns, between A4 and 5, equal to that
of the armature winding, and in series with the armature, so
that the ampere-turns in the balancing coil A B, are equal and
opposed to the ampere-turns on the armature. The two
M. M. Fs. thus counterbalance and neutralize each other,
leaving the field flux practically unchanged at all loads of the

FIG. 160.—DEVICE FOR PREVENTING ARMATURE REACTION.

machine. By this means all sparking due to distortion of the
field is prevented, and only the sparking due to the inductance
of the commuted coil, and the current reversal in the same, is
left. In order to check this, an additional winding or magnet
over the commuted coil is introduced for the purpose of revers-
ing the E. M. F. in this coil as above described, a process which
is more easy of application when no armature reaction exists
than when armature reaction is unchecked. A quadripolar
machine, wound in this manner with a quadruple set of balanc-
ing coils, is. shown in Fig. 161.

220. While it is claimed for this method that it entirely over-
comes armature reaction, yet it possesses the disadvantage
that it requires the use of what is practically an extra armature
winding upon a part of the machine which does not revolve,
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thus introducing an additional cost-and complexity. It, there-
fore, remains to be determined how far the advantage of
sparkless operation is offset by extra resistance, weight,
material, and cost.

Another method, which has been tried.in England for the
purpose of suppressing sparking, adds extra coils on the
armature, one between each commutator segment and its

FIG. I6I.—QUADRIPOLAR GENERATOR WITH BALANCING COILS.

armature connection. These coils are arranged in such a
manner that the E. M. F. induced in them by their revolution
through the field shall reverse the direction of the current in
the coil under commutation. Fig. 162 represents diagram-
matically the method of winding, and Fig. 163 tlie action of
the various E. M. Fs. In Fig. 162 the inner ring with the
additional coils actually forms part of the armature core and
receives the flux from the field although indicated in the figure
as a separate ring for clearness of description. Fig. 163 shows
a coil being short circuited by the brush, and the direction of
the current in this coil is being reversed by the action of its
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auxiliary coil which is still under the trailing pole edge, so
that when the bar B, leaves the brush, no serious spark shall
follow.

221. In the dynamo-electric machine represented in Fig. 6,
and which has but three commutator segments, the spark is

FIG. 162.—DIAGRAM OF CONNECTIONS OF EXTRA ARMATURE COILS FOR
CHECKING SPARKING. o

prevented from forming by an air blast directed against the

commutator in such a manner as to extinguish the incipient

spark at the breaking of the short circuit. This air blast is
L

FIG. 163.—DIAGRAM INDICATING ACTION OF DEVICE ILLUSTRATED IN
FI1G. 156.

supplied by a small centrifugal pump rotating with the
armature.

222. The number of bars in the commutator of a generator
depends principally upon the sparking limit. If there were no
danger of excessive sparking, the number of commutator bars
in any machine would be very small, except when marked
freedom from pulsation is required in the current strength.
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The number of bars will,. therefore, depend upon the pressure
and current strength, the armature reaction, and the field flux
intensity. An unduly small number of bars leads to excessive
sparking, and, in the case of high pressure machines, the
sparks may flash completely around the commutator, produc-
ing what is practically a short circuit. Small machines have
been built, however, giving 10,000 volts with only 32 commuta-
tor segments.

223. Thus far we have mainly considered smooth-core
armatures.. The great majority of dynamos, in construction
at the present time are, however, toothed-core armatures. In
the first production of toothed-core machines, the sparking
which they exhibited was more troublesome and violent than
in smooth-core armatures of equal size, and apparently for
the reason that the inductance of each armature coil was
increased, owing to its being surrounded, or nearly surrounded,
by iron, instead of having an iron base only, as in the smooth-
core type. This difficulty has since been overcome by care-
ful designing, and toothed-core armatures are now con-
structed which give less trouble from sparking than smooth-
core armatures of equal size and output. Thisis accomplished
by giving such a cross-section to the teeth in the armature
that, at no load, the iron in the teeth is nearly saturated, and
has, therefore, a high reluctivity. The presence of armature
reaction tends to increase the magnetic intensity in the teeth
beneath the trailing pole edges, and to diminish it in the teeth
beneath the leading pole edges, as already observed. This
tendency is opposed by the increasing reluctivity of the
saturated teeth at the trailing pole edges, and, consequently,
the teeth tend to restore an equal distribution of magnetic flux
over the surface of the armature; or, in other words, tend to
check the effect of armature reaction. At the same time, the
high reluctivity of the teeth tends to diminish the inductance
of each coil undergoing commutation, so that, by careful
adjustment, the existence of the teeth is not merely a mechan-
ical advantage but also a considerable electrical advantage.

In practice, the output of a generator is not really limited
by excessive sparking. As usually designed, the temperature
elevation of the armature, even when thoroughly ventilated,
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fixes the limit to the output before the sparking becomes trou-
blesome. And, in fact, many generators are in use to-day
which never require to have any lead given to their brushes,
and need only occasional attention to their commutators.

224. In the preceding discussion, we have considered
armature reaction from the standpoint of the Gramme-ring
armature only, but the same principles are equally applicable
to disc or drum armatures.



CHAPTER XIX.
HEATING OF DYNAMOS.

225, The activity expended in any generator invariably
takes the form of heat. These expenditures are:

(1.) 7* R activity in the field magnets.

(2.) /? R activity in the armature winding.

(3.) /? R activity in eddy currents, in armature and field.

(4.) Hysteretic losses in armature core and field poles.

(5-) Friction in bearings and brushes.

(6.) Friction in air.

226. The number of watts expended in the field magnets
is equal to the product of the pressure in volts at the field
terminals, multiplied by the current in amperes passing
through the field. This activity, although steadily expended
in the form of heat, is necessary in order to produce the
M. M. F. of the field-coils. In a certain sense, therefore, it
may be said that the /® R activity in the field windings is
expended in order to magnetize the field, and the 7* R activity
in the armature winding is expended in order to magnetize the
armature. In series-wound generators, where the armature
sends its entire current through the field magnets, this
expenditure varies with the load. Thus, in a 10-KW series-
wound generator, designed to supply a maximum current of
200 amperes at 5o volts pressure, if the resistance of the field
magnet coils, when warm, be o.ox ohm, the pressure at the
terminals of the magnets will be 200 X o.01 = 2 volts, and
the activity, 2 X 200 = 400 watts. On light lead, however,
of say 20 amperes, the pressure will be o.01 X 20 = 0.2 volt,
and the activity 0.2 X 20 = 4 watts, so that, in the first case,
the amount of heat generated in the field winding is 100 times
greater than in the second case, and the temperature, which
the field winding would attain in the first case, would be much
higher than in the second.

199
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227, In a shunt-wound generator, the activity in the field
circuit is nearly constant. For example, a 10-KW generator,
intended to supply 111 volts at its terminals, at full load, with
a current strength of go amperes in the main circuit, might
supply a current of 2.5 amperes through its field magnets.
Consequently, the activity in the field-magnet circuit would
be 111 X 2.5 = 277.5 watts. At light load, the current
strength through the field magnets would have to be reduced
to say 2.0 amperes, in order to keep the terminal pressure at
111 volts, and the activity in the field would be reduced to
111 X 2.0 == 222 watts, so that the temperature attained by the
winding on the field magnets would not be much greater at
full load than at no load.

228. It is evident that the /7® R activity in the armature
always varies with the load; 7. e, with the current strength
7. At no load, this loss must be very small, the current
strength being limited to that required for the excitation of the
field magnets. The temperature elevation of the armature,
due to the armature winding, consequently, increases rapidly
with the load. s

229. The activity expended as /* &, in eddy currents in the
field poles, or in the armature, is nearly uniform at all loads,
especially in shunt-wound machines, in which the intensity of
magnetic flux is nearly constant, and if this intensity were
absolutely uniform; 7. e., if there were no drop in the armature,
requiring a greater M. M. F. and exciting current, and if there
were no armature reaction, the eddy current loss would be
constant at all loads.

230. The acﬁvity expended in hysteresis in the armature and
field poles, would, similarly, be constant at-all loads if the
magnetic intensity were constant. As the magnetic intensity
is increased by an increase in the M. M. F. of field and
armature at full load, the hysteretic loss increases, approxi-
mately following the 1.6th power of thelocal magnetic intensity
at any point. The heat due to hysteretic loss is developed
principally in the armature. '
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231. The friction in bearings and brushes produces heat at
those parts. The amount of heat liberated, due to pure
friction, is comparatively small when the lubrication of the
bearings is properly attended to. In large generators, the
heat produced by the friction of the brushes on the com-
mutator is very small compared with the heat developed by
the sparking, and the powerful currents set up in the short
circuited coils undergoing commutation.

The frictional forces opposing the rotation of an armature
in which there is no appreciable magnetic flux, are due to
gravitation; 7. e., to the weight of the revolving parts. When,
however, the field magnets are excited, and magnetic flux
passes through the armature, the frictional forces are due to
gravitation and magnetic attraction combined. If the arma-
ture is situated symmetrically with respect to an external
system of field magnets, if for example, the Gramme-ring
armature of Fig. 129 be revolved concentrically with the polar
bore, the system of magnetic forces all round the machine will
balance, and the friction of the machine will not be increased
by the influence of the magnetic flux. If, however, the
armature were nearer the lower poles, so that the entrefer
was shorter beneath the armature than above it, there would
be a tendency, as we have seen, to produce a greater magnetic
intensity in the lower magnetic circuits than in the upper ones,
with a corresponding resultant magnetic pull upon the arma-
ture, vertically downward. The armature would consequently
revolve in its bearings as though its weight were increased,
and with an increase in friction and frictional expenditure of
energy. On the other hand if the armature were centred too
high, so as to develop greater magnetic fluxes in the upper
than in the lower magnetic circuits, the effective weight of the
armaturg in its journals would be reduced, and the frictional
waste of energy in them diminished. This principle has been
employed in the design of some bipolar machines, in which the
resultant magnetic attraction upon the surface of the armature
is upwards, or in opposition to the attraction of gravitation.

232. The friction due to the churning of the air is compara-
tively small in drum armatures, but often constitutes an
appreciable loss in alternators, when a Gramme-ring armature
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of large diameter and rough exterior is revolved at a high
speed.. In this friction the heat is principally developed in
the surrounding air and not in the mass of the machine. The
air churning, on the contrary, assists in cooling the machine.

233. The magnetic stresses exerted in large electro-dynamic
machines are often of considerable amount. Referring for
example to the machine outlined in Fig. 129, the polar areas
are 1,400 sq. cms., and the useful magnetic flux passing per-
pendicularly into the armature, 3.534 megawebers. The mean

. . . c [ele]e]
intensity in the entrefer is therefore ‘% = 2,524 gausses.
I’

: ; ‘¥ Br
The attractive force per square centimetre (Par. 72) is e

2,524 X2,524
25.133
stress exerted will be 1,400 X 258.4 = 361.700 grammes =

797.4 Ibs. weight, at each pole.

= 253,400 dynes = 258.4 grammes. The total

234. In drum or Gramme-ring armatures with radial field
magnets, the magnetic flux through the armature, can only
alter, within certain limits, the vertical forces acting upon the
armature due to gravitation. In machines with parallel field
magnets, as. for example, in the dynamo of Fig. 8, the magnetic
stresses exerted upon the armature are side thrusts, or hori-
zontal stresses parallel to the axis of the shaft. If the entrefer
on each side of the armature has the same length, the two
resultant magnetic forces exerted upon the armature will be
equal, but if the armature is nearer one set of poles than the
other, so as to produce a shorter entrefer on one side than on
the other, there will be a tendency to produce a resultant side
thrust toward the side of shorter entrefer. It is important,
therefore, that generators of this type should have thelr
armatures nearly midway between the polar faces.

235. The expenditure of energy as heat in a generator is
objectionable, first, because it represents loss of power, and,
consequently, reduced efficiency. Ten per cent. of loss in the
generator due to all these causes combined, means approxi-
mately 10 per cent. more coal, 10 per cent. more water, and
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engines and boilers larger by 10 per cent. to supply a given elec-
tric activity, than would be necessary if it were possible to
avoid these losses entirely; and second, because the heat
developed may raise the temperature of the generator to an
objectionably high degree and ultimately limit its output.

236. There are four limitations to the output of a continuous-
current generator; viz.,

(1.) Insufficient mechanical strength to withstand the
mechanical forces brought into play.

(2.) Insufficient efficiency, or insufficient electric pressure
at the brushes, under load.

(3.} Excessive sparking.

(4.) Excessive heating.

The first two cases of limitation can always, by proper
design, be obviated in all but the smallest generators. It is
the third and fourth considerations which limit the output in
all practical cases. In modern machinery it is the heating
which first limits the output.

237. The limiting temperature of the generator armature is
dependent upon a variety of considerations. In the first place,
the hotter the armature winding becomes, the greater its
resistance; for, if », be the resistance of the armature, in ohms,
at o° C, its resistance R, at any temperature #° C., will be
approximately, £ = » (1 4 o.004 #). In other words, the re-
sistance will rise by o.4 per cent. per degree centigrade of
temperature elevation above zero. The result is, that at high
temperatures, the wasteful activity, as /*&, in the armature,
increases, increasing thereby both the loss in the machine and
the tendency to temperature elevation.

238.. The temperature of the armature must not exceed that
at which any of the materials employed in its construction
would be deleteriously affected; 7. ., either softened or decom-
posed. In many generator armatures, cotton is the insulator
employed, four thicknesses of cotton (representing each about

I 3 i ; : .
Eath of an inch, separates adjacent wires, except at specially

protected places, where mica and oil paper are employed.
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Cotton undergoes slow #hermolysis, or decomposition by heat,
at a temperature, approximately, that of the boiling point of
water, or 100% C. Consequently, it is unsafe, in practice, to
maintain cotton covered armatures, even though shellac-var-
nished, at a higher temperature than 100° C. If the tempera-
ture of the room, in which a generator is operated, never
exceeded 30° C., it would require an elevation of 70°.C. in
the armature to reach a dangerously high temperature. As,
however, some engine rooms attain, in summer, a higher
temperature than 30° C., and $ince a margin has to be left for
accidental overloads, 50° C. is the temperature elevation that
the armature should not exceed at full load, and modern practice
is reducing this to 40° C.; so that the temperature of the
armature, as observed after several hours of full load, is usually
specified not to exceed 40?2 C. of temperature elevation above
the surrounding air.

United States Navy specifications usually require that the
elevation of temperature shall not exceed 50° F. = 27.8° C.,
at any part of the machine. Other things being equal, these
specifications can only be met by increasing the size of machine
for a given output. In other words, with machines of the same
grade, a reduction of the limiting temperature at full load
means a reduction of the load which the machine can carry.

239. Many large generators, however, do not use any insul-
ation for their armature conductors, except mica, and such
‘generators can safely carry a much higher temperature eleva-
tion without danger.

Here the dangerous temperature, so far as mechanical injury
of the armature is concerned, would be that at which solder
would melt. Electrically, however, the increase in the resist-
ance in the armature would, probably, constitute a limitation
long before this temperature was reached, and if, in fact, the
armature winding were to attain this temperature, the field
coils, and even the bearings of the machine, might be danger-
ously overheated.

5 ]
240. The activity in the field coils, which will elevate their
external temperature a given number of degrees centigrade,
depends upon their shape, size and arrangement, whether their
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surfaces are freely exposed to the air, or are partly sheltered
from it. Usually, however, the surfaces of the field coils must
afford 16 square centimetres, or about 2.5 square inches per
watt of activity developed in them as /*® R heat. If the field
winding consists of many layers of fine wire, the temperature of
the deep seated layers will be greater than that of the super-
ficial layer ; but if, on the contrary, the layers be few, and the
wire coarse, the difference of temperature in the winding will
be inconsiderable. The elevation of temperature on the field

magnets of a generator is usually not greater than 30° C. at
full load. :

241. In the case of the armature, the speed at which it
revolves through the air greatly increases its capability for
dissipating heat and reducing its temperature, so that a much
greater surface thermal activity can be permitted in the arma-
ture than in the field coils. The usual allowance for eddy cur-
rents, load currents and hysteretic losses combined, is about

I . 3 1
-s—th watt per square centimetre; z e., IE watts per square

inch of armature surface, including the surface on the sides of
the armature, but excluding its internal core surface ; or, about
three times more activity per unit area than on the field mag-
nets. In some specially ventilated armatures, in which the
core discs are spaced and separated at intervals, to permit the
circulation of air from the interior outward by centrifugal force,
the dissipation of heat can be so far increased that two watts
per square inch of armature surface have been rendered practic-
able. Much depends, however, upon the shape and size of

. the armature, as well as upon its peripheral speed, so that no
exact rule can be laid down.



CHAPTER XX.
REGULATION OF DYNAMOS.

242. As has already been pointed out (Par. 16), all self-excit-
ing continuous-current generators may be wound in one of
three ways ; namely,

(1.) Series-wound.

(2.) Shunt-wound.

(3-) Compound-wound.

243. Fig. 164 represents diagrammatically the connections.
between the field and armature of a series-wound generator.

FIG. 164.—DIAGRAM OF SERIES WINDING.

It will be observed that the current in the main circuit passes
through the field magnet windings. The M, M. F. of the field
coils, therefore, increases directly with the current strength
through the circuit. So long as the iron in the magnetic cir-
cuit of the machine is far from being saturated, the flux through
the armature increases with the M. M. F., approximately, in
direct proportion, and the E. M. F. of the armature, conse-
quently, increases nearly in proportion to the current strength.
As soon as the iron in the circuit approaches saturation, the
flux increases more slowly, and finally, the E. M. F. of the
armature is scarcely increased by any increase in the current
strength through the circuit.

244. Fig. 165 represents diagrammatically the connections
between the field and armature of a shunt-wound generator.

206
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Here the field magnets are wound with fine wire and the
windings are connected in parallel with the external circuit,
instead of being connected in series with it. Consequently,
if the pressure at the brushes be considered as uniform, the
current strength passing through the magnet coils must, by
Ohm’s law, be uniform, independent of the current strength
in the main circuit. Thus, if the pressure at the brushes be
assumed constant, at, say roo volts, and the resistance of the
magnet coils be 50 ohms, then the current strength through
the magnet coils will be two amperes, independently of the
strength of current supplied to the main circuit.

245. Practically, howéver, owing to the drop of pressure in
the armature as the load increases, and also on account of the

1 IO /

FIG. 165.—DIAGRAM OF SHUNT WINDING,

shifting of the brushes that may be necessary with the increase
of load, the pressure at the brushes diminishes, and the cur-
rent strength through the field magnets diminishes in the same
proportion. The tendency in a shunt-wound machine is, there-
fore, to diminish its M. M. F., and its resulting E. M. F., as the
load on the generator increases. In order to maintain a con-
stant pressure at the brushes under all variations of load, it is
necessary to adjust the strength of current passing through
the field magnets, so that the M. M. F. at full load shall be
slightly in excess of the M. M. F. at lightload. This is usually
accomplished by the insertion of a rheostat in the field magnet
circuit, so that some or all of this resistance can be cut out by
hand at full load, thereby increasing the current strength
through the magnet coils.

246. If, for example, the full-load activity of the machine"

be 10 KW at roo volts pressure, the full-load current strength

v

FEPA
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will be 100 amperes. Assuming the resistance of the armature
to be o.05 ohm, the drop of pressure in the armature at full
load will be 100 X o0.05 = 5 volts, and the additional drop of
pressure, owing to the shifting of the brushes in order to
avoid sparking, may be 2 volts more, making a total drop
in pressure of 4 volts. The effect of this drop would be
to reduce the current strength in the field magnet coils from

2 amperes tog—z = 1.86 amperes, thus reducing both the flux

through the armature and the E. M. F., so that a balance
between the E. M. F. and its excitation might be found at,
say, go volts, if no means were adopted to regulate the cur-
rent strength through the field coils. In other words, the

il

‘

FIG. 166.—DIAGRAM OF COMPOUND WINDING.

pressure at the brushes would vary by 1o volts between light
and full load.

247%. Fig. 166 represents the connections between the field
and armature of a compound-wound generator. Here the
principal M. M. F. furnished by the magnet coils is that due
to the shunt coil, composed of many turns of fine wire, an
auxiliary series coil, of comparatively few turns of coarse wire,
being also employed in the main circuit. As theload increases,
the M. M. F. generated by the shunt winding tends to diminish
as above described, but the M. M. F. due to the series coil
increases. By suitably proportioning these two opposite
influences, the M. M. F. may be automatically so controlled,
that the pressure at the brushes shall remain constant,’either
at the brushes of the generator, or at the terminals of the
motor or other translating device, which may be situated at a
considerable distance from the generator. In order to effect
this latter result, the M. M. F. of the series coil must compen-
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sate not only for the drop in the armature, but also for the
drop in the conductors leading from the generator to the
motor, so that these external conductors' may be regarded,
electrically, as forming an extension of the armature winding,
and, in this sense, the generator delivers a constant pressure
at its final terminals on the motor. Such a machine is said to
be overcompounded.

248. Series-wound generators are almost invariably employed
for series-arc lighting, since it would be very difficult to supply
the required M. M. F. for their magnets by a shunt winding,
considering that the pressure at the brushes varies between such
wide limits; and, even if such shunt winding could be supplied,
it would necessarily be formed of a very long and fine wire,
and, consequently, would become troublesome and expensive.
Series arc-lighting generators are sometimes constructed for
as many as zoo lights, representing about 10,000 volts at the
generator terminals at full load, and a shunt winding for such
a pressure would be very expensive.

249. Shunt-wound generators are usually employed for sup-
plying incandescent lighting from a central station, and
their pressure is varied by hand regulation.

Compound-wound generators are usually employed for sup-
plying motors from central stations, and also for incandescent
lights and motors in isolated plants.

250. In the design and use of generators, it is important to
know how the E. M. F. generated in the armature at a given
speed varies with the current passing through the field magnets.
We have seen that so long as the brushes remained unaltered
in position, the E. M. F. in the armature, in C. G. S. units, is
equal to the product of the number of turns on the armature,
the number of useful webers passing through the armature
from each pole, and the number of revolutions per second.
Consequently, the E. M. F. of such an armature, running
at a constant speed, depends directly upon the flux through
its magnetic circuit or circuits. If we vary the current
strength through the field magnets, and, consequently, the
M. M. F., we can observe the pressure in volts, which the
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machine will deliver at its brushes at light load. A series

of such observations, plotted in a curve, gives what is called
the characteristic curve of the generator. In the case of

a self-exciting, series-wound generator, it is only possible to
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FIG. 167.—CURVE OF E. M. F. DEVELOPED IN THE ARMATURE OF A SERIES-
WOUND DYNAMO, WITH REFERENCE TO CURRENT STRENGTH IN A CIRCUIT.

vary the M. M. F. by varying the load, and, consequently, by
including, in the pressure at the brushes, the drop taking place
in the armature. The curve gobtained from a series-wound
machine under such circumstances, is called an external char-
acteristic, and the internal characteristic may be determined from

it by correcting for the drop in the armature.
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251. Fig. 167 represents the inte