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PREFACE

The following work is based on a lecture and laboratory course
given to the senior civil, mechanical, and mining students at
MecGill University. It is therefore suited for men who desire
to obtain a broad idea of the principles and practice of electrical
engineering and who have only a limited amount of time to spend
on the subject. For such men it is necessary to emphasize the
fundamental principles, and to develop the subject by elaborating
on these principles rather than by the solution of mathematical
equations, because only in this way can the student be given such
a grip of the subject in the short time available, that he is able
thereafter to make intelligent use of the data contained in the
electrical handbooks, or take up with advantage a further study
of the special treatises on the subject.

The book gives a self-contained lecture and laboratory course.
The chapters on the control and applications of electrical ma-
chinery have been so written that large sections of these chapters
may be set for private reading. In the laboratory course, com-
plete references are given to the theory and purpose of each ex-
periment, and these references in no case go beyond the text
contained in the body of the work.

The author wishes to acknowledge his indebtedness to Mr.
A. M. 8. Boyd and to Mr. R. Kraus for their help and criticism.

' A. G.

McGiLL UNIVERSITY,
Sept. 1, 1914,
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INTRODUCTORY

Before a study of electric circuits and machinery can be
made, it is necessary to define the electric and the magnetic
units and express them in terms of the fundamental units and
derived mechanical units which are given below.

Quantity Practical units Practical units
c.g.s. system ft. 1b. sec. system
Length 1 cm. 1 ft = 30.48 cm.
Mass 1 gm. 1 1b = 453.6 gm.
Time 1 sec. 1 sec.
Force 1 dyne 1 poundal = 1/32.2 Ib.
l1gm. = 981dynes 11b. = 4.448 X 10° dynes
Work or
energy 1 erg = ldynecm.1 ft.lb. = 1.356 X 107 ergs
Power 1 erg per sec. 1h.p.= 550 ft. Ib. per sec.

= 746 X 107 ergs per sec.

In the first few chapters of this work some of the fundamental
principles of eleetricity and magnetism are briefly discussed.
Parts of these chapters are difficult and are of -theoretical im-
portance only. These are printed in small type and may be
omitted if the student is willing to consider as experimental
laws what are really laws depending on the definitions of the
electric and the magnetic units and on their interrelations.

Xxi






" PRINCIPLES AND PRACTICE
OF

ELECTRICAL ENGINEERING
CHAPTER 1
MAGNETISM AND MAGNETIC UNITS

1. Magnets.—The power of a magnet to attract or repel is
concentrated at certain points called poles. A simple magnet
has two poles which are equal and opposite and the line joining
them points north and south when the magnet is allowed to
swing freely in a horizontal plane. The pole pointing toward
the north is called the north (N) pole, that pointing toward
the south is called the south (S) pole.

Like poles repel one another, unlike poles attract one another.

2. Coulomb’s Law states that the force between two magnetic poles is
directly proportional to the strengths of the poles and inversely proportional
to the square of the distance between the poles, thus, in Fig. 1,

BRGNS

f k??@l
rZ
where f is the force between the poles,
r is the distance between the poles,
m and m; are the strengths of the poles,
k is a constant which depends on the surrounding medium and on the
units chosen.
The c.g.s. unit of pole strength is chosen so as to make & = 1 when fis in
mm;y
r2 ’

dynes, 7 in em. and the medium is air, then f =

A unit pole therefore acts on an equal pole in air, at a distance
of 1 em. from it, with a force of 1 dyne.

3. The magnetic field is the name given to the space surround-
ing a magnet, but is limited in practice to the space within which
the force of the magnet is perceptible. A magnetic pole placed
in a magnetic field is acted on by a force which is proportional

1



2 PRINCIPLES OF ELECTRICAL ENGINEERING [Cuar.1

to the strength of the magnetic pole and to the strength or in-
tensity of the magnetic field.

The intensity of a magnetic field at any point is taken as the
force in dynes on a unit pole at that point; therefore, a unit field
will act on a unit pole in air with a force of 1 dyne.

The direction of a magnetic field at any point is taken as the
direction of the force on a north pole at that point.

m PN \ SAm
)/

Fig. 2.—Direction of the field of a magnet.

Let NS, Fig. 2, be a magnet of pole strength m, and = a unit north pole.
The pole N of the magnet repels the unit pole with a force = m/r,? dynes,
represented in magnitude and direction by the line na; the pole S of the mag-
net attracts the unit pole with a force = m/r,? dynes, represented in magni-
tude and direction by the line nb; the resultant force on the unit pole, which
is a measure of the field intensity, is represented in magnitude and direction
by the line =nc.

\\///\\24
N=/)

F1a..3.—Lines of force surrounding a bar magnet.

4. Lines of Force.—In dealing with magnetic problems it
is found convenient to represent the magnetic field diagram-
matically by what are called lines of force. These are con-
tinuous lines whose direction at any point in the field is that of
the force on a north pole placed at the given point. The number
of lines crossing 1 sq. em. placed perpendicularly to this direction
is made proportional to the field intensity at the point and unit
magnetic field is represented by one line per sq. em.
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In Fig. 3 the intensity of the magnetic field is greatest at the
poles and decreases as the distance from the poles increases, so
that the lines of force which represent this field spread out from
the poles as shown. Since a north pole n placed in this field is
repelled by the pole N and attracted by the pole S, the lines of
force, being drawn in the direction of
the force on a north pole placed in the
field, must leave the N pole and enter

the S pole. R
The total number of lines of force

leaving or entering a magnetic pole is @

called its magnetic flux ¢.

The flux density ® at any point in
a magnetic field is the number of lines
of force crossing unit area placed per-
pendicular to the direction of the lines Fia. 4.
of force at that point.

6. Lines of Force from a Unit Pole.—If a unit pole were surrounded by a
sphere of 1 em. radius, as in Fig. 4, another unit pole placed on the surface of
this sphere would be acted on with unit force and so the field intensity at
this surface must be unity; there must therefore be one line of force per
sq. em. of sphere surface or a total of 4r lines, as the surface area of a sphere
of 1 cm. radius is 4= sq. em.

Since the number of lines from a unit pole is 4, therefore the number from
a pole of strength m is 47rm.



CHAPTER II

ELECTROMAGNETISM

6. Direction of an Electric Current.—P and Q, Fig. 5, are
conductors carrying current; the current is going down in con-
ductor P and coming up in conductor Q. Let the direction
of the current be represented by an arrow; at the end of con-
ductor P one would see the tail of the arrow, represented by a
cross, while at the end of conductor  the point of the arrow
would be seen, this is represented by a dot.

Out In

F16. 5.—Direction of an electric current.

7. Magnetic Field Surrounding a Conductor Carrying Current.
—A conductor carrying current is surrounded by a magnetic
field represented by lines of force as shown in Fig. 6. To deter-

® & (®

Current Down Current Up

Fig. 6.—Field surrounding a conductor carrying current.

mine the direction of these lines the following rule is used: If
a corkscrew is screwed into the conductor in the direction of
the current then the head of the corkscrew has to be turned in
the direction of the lines of force.
8. Force at the Centre of a Circular Loop Carrying Current.—Fig. 7 shows
a wire, carrying a current i, and bent to form a circular loop of radius r.
The direction of the magnetic field produced is found by the rule in the last
paragraph.
4
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An element ab acts on a unit pole at the centre of the loop with a force f
b
which is found to be = k" i< » and the total force F on this pole due to the
complete loop
27r X1
=k
.

~k?ﬂ

where k is a constant which depends on the medium and on the units chosen.
The unit of current is chosen so as to make k& = 1 when F is in dynes, r is

i

D oY)

Down

Fia. 7.—Magpnetic field produced by a loop carrying current.

in cm. and the medium is air, then F' = ; - dynes; a unit current is therefore

of such value that, when flowing in a loop of 1 e¢m. radius, it acts on a unit
pole at the centre of the loop with a force of 2r dynes. This is called the
c.gs. unit of current; the practical unit, called the ampere, isequal to one-
tenth of a ¢.g.s. unit.

9. Electromagnets.—The loop carrying current, shown in
Fig. 7, acts like a magnet and is called an electromagnet. The

B

Fia. 8.—The polarity of an electromagnet.

strength of an electromagnet may be increased by increasing
the current or, as in Fig. 8, by increasing the number of turns.
The @irection of the magnetic field may be conveniently found by
another corkscrew law which states that if the head of the work
screw is turned in the direction of the current then the screw-
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itself will move into the magnetic field in the direction of the lines
of force; the direction of the field produced by the right-hand
spiral in diagram A is the same as that produced by the left-
hand spiral in diagram B; this direction may be reversed by
reversing the current. k

10. Force on a Conductor Carrying Current in a Magnetic Field.—In
Fig. 9, the unit pole n is acted on by the current in the loop with a force of

She
ghs
£|=
-1

Force on Wire

=
§ '—%Dyncs
S and Acts Up
Lo
Wire
Force on .
n i )

Pole

<270 Dyhes .
~ and Icts Dx:)}m

E Force on /

Wire
F1a. 9.—Force on a conductor carrying current in a magnetic field.

2xi/r dynes (page 5) at right angles to the plane of the paper, where %
is the current in c.g.s. units. The loop itself must be reacted on by the unit
pole with an equal force in the opposite direction.
The flux density ® at the wire, in lines per sq. cm., due to the unit pole
i flux from the unit pole
~ surface of a sphere of r em. radius
A 1
T dxr? 2
As shown above, the force acting on the wire in dynes
2ri

S

=7—§X21rr>(i

= ®Li. Sinee B =,
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where ® is the flux density at the wire in lines per sq. em., L is the length of
wire that is in the magnetic field in em. = 277 in the case of a circular loop
1 is the current in the wire in c.g.s. units.

When a conductor is carrying current and is in a magnetic
field, as in Fig. 10, it is acted on by a force which is proportional

e G

Force on Cond.

e

o
s

F1g. 10.—Force on a conductor carrying current in a magnetic field.
Left Hand Ruel: thumb—foree; forefinger—lines of force; middle finger—
current.

to the current and to the strength of the field. The direction
of this force may be determined by what is called the left-hand
rule which states that if the thumb, the forefinger and the

F1a. 11.—Moving coil ammeter.

middle finger of the left hand are placed at right angles to one
another as in Fig. 9 so as to represent three coordinates in space,
with the thumb pointed in the direction of the mechanical force
and the forefinger in the direction of the lines of force, then the
middle finger will point in the direction of the current.
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11. Moving Coil Ammeters.—The above principle is applied
in one of the most satisfactory types of instrument for the
measurement of direct current.

Such an instrument is shown in Fig. 11. NS'is a permanent
horseshoe magnet with pole shoes bored out cylindrically and
E is a cylindrical soft iron core concentric with the pole faces,
lines of force therefore pass as shown in diagram A and the flux
density in the air gaps is uniform. In this magnetic field a coil
C is placed and is supported on jewelled bearings. The coil
consists of a number of turns of fine insulated wire wound on a
light aluminium frame and the current to be measured is intro-
duced to the coil through the spiral springs D, diagram B. Since
the sides of the coil are carrying current and are in a magnetic
field they are acted on by forces which turn the coil through an
angle against the torsion of the springs D and this angle may be
read on a scale over which plays a pointer B attached to the
coil.



CHAPTER III

ELECTROMAGNETIC INDUCTION

12. Electromagnetic Induction.—Faraday’s experiments
showed that when the magnetic flux threading a coil undergoes a
change, an electromotive force (e.m.f.) is generated or induced in
the coil and that this e.m.f. is pro-
portional to the time rate of change
of the flux. If the coil 4, Fig. 12;

Y

be moved from position 1 where the 2~ |5
flux threading the coil is ¢ lines, to !
position 2 where the flux threading ¥ 7_s i
the coil is zero, in a time of ¢ seconds, %I R e
then the average rate of change of oA
flux is ¢/¢ lines per sec. oy

The c.g.s. unit of e.m.f. is that
generated in a coil of one turn when gci*‘w“
the flux threading the coil is chang- %
ing at the rate of one line per sec.

The practical unit, called the volt,
is equal to 10% c.g.s. units so that
when the flux threading a coil of one
turn changes at the rate of ¢ lines

in ¢t seconds the average e.m.f. in- ®
duced in the coil = ff 10~ 8 volts and /""‘\/

: de . _
the em.f. at any instant = —= 107® s 12.—Generation of elec-

dt tromotive force. Right Hand
volts. Rule: thumb—motion; fore-

That portion of the coil wherein the gﬁgg:gﬁiirgfnég{ﬁ: w g
~e.m.f. is actually induced is the con-
ductor zy which cuts the lines of force, and the quantity de¢/d¢ is
the rate at which the lines are cut.

13. The direction of the induced electromotive force may
be determined by Fleming’s three-finger right-hand rule which
states that if the thumb, the forefinger and the middle finger of
the right hand be placed at right angles to one another so as to

9
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represent three coordinates in space, with the thumb pointed -
in the direction of motion of the conductor relative to the
magnetic field and the forefinger in the direction of the lines of
force, then the middle finger will point in the direction of the
induced e.m.f. ;

The direction of the current in-zy, as determined by the right-hand rule, is
shown in Fig. 13 for the case where the coil is moving downward and the
number of lines of force threading the coil is decreasing. This current sets
up a magnetic flux ¢, the direction of which, found by the corkscrew law
(page 5) is the same as that of the main flux ¢ and tends to prevent the flux
threading the coil from decreasing.

8
Motion \
I\
1
S
-

9

Fic. 13. - Fia. 14.
Direction of the generated electromotive force.

If now the direction of motion of the coil be reversed so that the number of
lines of force threading the coil is increasing, the current will be reversed, as
shown in Fig. 14, and the magnetic flux ¢. will oppose the main flux ¢ and
tend to prevent the flux threading the coil from increasing.

The general law for the direction of the induced e.m.f. in a coil,
known as Lenz's Law, states that the induced e.m.f. tends to
send an electric current in such a direction as to oppose the change
of flux which produces it.

If the coil abed, Fig. 15, is moved from m to n, the flux threading
the coil does not change and the resultant e.m.f. generated in the
coil is zero; the portions ab and cd of the coil are cutting lines
of force but the e.m.fs. generated in these portions are equal
and opposite. '
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14. Mutual Induction.—The flux threading a coil may be
changed without moving the coil. Suppose a constant current is
flowing in the coil 4, Fig. 16, this produces a constant flux ¢ which
threads coils A and Bbutnoe.m.f.isgenerated in coil B since there

b

i__¢J Direction of
Lines of Force

r
N

\

C

Direction of \
Motion

Fig. 15.

is no change in the flux. If the current in coil A is increased, the
flux threading coil B will increase and this change of flux will in-
duce an e.m.f. in coil B which will cause a current I to flow in such
a direction as to oppose the increase in flux. If the current in coil
A is decreased, the flux threading coil B will decrease and this
change of flux will induce in coil B an e.m.f. which will send a cur-
rent I, in such a direction as to oppose the decrease in flux.

A B A B
n N

nn pEI® N -
Flux is | I, Flux is I ‘ l
Increasing]| Decreasing J
YUV Uvuv ’ P s

Fia. 16.—Direction of electromotive force of mutual induction.

Increasingd
Current is

Current is
Decreasingd

16. Self Induction.—When the current in a‘coil is changed, an
e.m.f. is generated in the coil itself in such a direction as to oppose
the change in the current. In Fig. 17, for example, when the
switch k is closed, the current flowing in the coil does not reach its
final value instantaneously because, as the current increases in
value, the flux ¢ threading the coil increases and causes an e.m.f.
to be induced in the coil in such a direction as to oppose the in-
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crease of the current. This opposing e.m.f., called the e.m.f. of
self induction, exists only while the current is changing.

If, after the current has reached its final value, the switch k is
suddenly opened, the current in the coil tries to decrease suddenly
to zero but, as it decreases, the flux threading the coil decreases
and causes an e.m.f. to be induced in the coil in such a direction

N\ N N

¢ Applied Voltage

i
¢

Voltage of Self Induction
=3 const. x

dt

a

[«

a

d
G

[«
e

Voltage, Current and Flux

+ =] Time
Fic. 17. Fia. 18.—Growth of current in a coil.

as to oppose the decrease of the current; this e.m.f. is generally
large enough to maintain the current between the switch contacts
as they are being separated and accounts for much of the flashing
that is seen when a switch is opened in a circuit carrying current.

When the switch is closed, the current inereases to its final value
as shown in Fig. 18. As the current 7 increases, the correspond-
ing increase of the flux ¢ threading the coil induces an e.m.f. of
self induction which is proportional to d¢/dt, the rate of change
of the flux. When the current has ceased to change, the e.m.f.
of self induction becomes zero. '



CHAPTER 1V
WORK AND POWER

16. Transformation of Mechanical into Electrical Energy.—
If the conductor xy, Fig. 19, be moved downward so as to cut at
a constant rate the lines of force passing from N to S, a constant
e.m.f. is induced in the conductor and, by adjusting the resistance
R, the current in the circuit may be maintained at the value 2

&
Q
ag
°3
3a
s3S |
& I
|
Y 8 en
s e o
S
N 11|~ "Lincdlot
LAt
o Yoreg,
(&) |
(4 )‘ ——————
o v
2|leZ
o
=y
R
Fie. 19.

Right Hand Rule for generation of e.m.f.: thumb—motion; forefinger—
lines of force; middle finger—e.m f.

Left Hand Rule for direction of force: thumb—force on conductor fore-
finger—lines of force; mlddle finger—current.

in the direction shown; the direction of the current may be de-
termined by the right-hand rule (page 9).

As this conductor is carrying current in a magnetic field, it is
acted on by a force F' the direction of which may be determined
by the left-hand rule (page 7). This force, as shown in Fig. 19,
opposes the motion of the conductor and hence mechanical

energy must be expended in moving the conductor.
13
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If ® is the density of the-magnetic field in lines per sq. em.
L is the length in em. of that part of the conductor which is cutting lines of
force
V is the velocity of the conduector in em. per see.
1 is the current in the conductor in c.g.s. units, then
e, the e.m.f. generated in the conductor in e.g.s. units,
= the lines of force cut per sec.
= QLV
Now F, the force acting on the conductor = ®Li dynes (page 6) and
the mechanical power in dyne em. per sec. required to keep the
conductor moving
=FV
= (BL)V
(BLV)i
= el
= (volts X 10%)(amperes/10); pages 9 and 5
= volts X amperes X 107

The mechanical power required to obtain I amperes at a
difference of potential of £ volts from an electrical machine which
has an efficiency of 100 per cent.

= EI 107 ergs per sec.
= EI watts

where the watt, the practical unit of power, is equal to 107 ergs
per second.

The power developed by large electrical machines is expressed
in kilowatts, where 1 kw. is equal to 1000 watts.

The horsepower = 550 ft. 1b. per sec. .
= 746 X 107 ergs per sec.
= 746 watts.

this result gives a connecting lmk between the electrical and the
mechanical units.

17. Unit of Work.—Work is done when a force is moved
through a distance. The c.g.s. unit of work is the erg, which
is the work done in moving a force of 1 dyne through a distance
of 1 em.

Power is the rate at which work is done and is expressed
either in ergs per sec., in watts (107 ergs per sec.), or in horse-
power (746 X 107 ergs per sec.).

When the power, or rate at which work is bemg done, is 1
watt, or 107 ergs per sec., then the work done in 1 sec.
is 1 watt-second or 107 ergs and is called 1 joule. A more
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convenient unit for practical work is the kilowatt-hour (3600 X 103
joules) and this will gradually replace the horsepower-hour
because it is based on a system of international units.

18. Heat Energy and Electrical Energy.—The energy required
to raise the temperature of 1 lb. of water by 1° F. is called
the British Thermal Unit (B.T.U.) and is equal to 780 ft. 1b.
The energy required to raise 1 gm. of water through 1° C.
is called the gramme calorie and is equal to 4.2 X 107 ergs so
that

1 gm. calorie = 4.2 X 107 ergs
= 4.2 watt-seconds (joules).

19. Conversion Factors.—Although the c.g.s. system of units
is the only possible international system, much ecalculation
work is still carried out in the foot-pound-second system. The
conversion factors given below help to simplify the work of
changing from one system to another.

C.g.s. unit Other units

Length 1 em. 1in. = 2.54 cm.

Mass 1 gm. 11b. = 453.6 gm.

Time 1 sec.

Force 1 dyne 1 gm. = 981 dynes

11lb. = 444,800 dynes

= 453.6 gm.

Work or energy 1 erg = 1 dyne-cm. 1 joule = 1 watt-sec.

107 ergs

1ft. Ib. = 1.356 X 107 ergs
1 kw.-hour = 3600 X 10® joules
1 gm. calorie = 4.2 joules
1 Ib. calorie = 1900 joules
Power 1 erg. per sec. 1 watt= 107 ergs per sec.
1 kw. = 1000 watts
1 h.p.= 550 ft. Ib. per sec.
= 746 watts
20. Problems on Work and Power.
1. A boist raises a weight of 2000 Ib. through a distance of 300 ft. in a
time of 1 min. Find the work done and the power expended.
If the efficiency of the-hoist is 75 per cent. and that of the motor is 90 per
cent, find the horsepower of the motor and also the current taken by the
motor if the voltage is 110.

a.. Work done = 2000 X 300
= 600,000 ft. Ib.
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b. Power expended = 600,000 ft. Ib. per 60 sec.
10,000 ft. Ib. per sec.
_ 10,000

I

= 18.2 h.p.
550 18.2 h.p
18.2 X 746 4
= =36 kaw.
1000 i
) . 13.6
¢. The power input to the hoist = Py 18.1 kw = 24.3 h.p.
.75
18.1

The power input to the motor = PR 20 kw.

d. Since watts = volts X amperes, therefore 20 X 1000 = 110 X amperes
and the current in amperes = 182.

2. An electric iron takes 5 amp. at 110 volts. What does it cost to operate
this iron for 2 hours if the cost of energy is 6 cents per kw.-hour.
The rate at which energy is used = 110 X 5 = 550 watts

= 0.55 kw.
The energy used in 2-hours = 0.55 X 2 = 1.1 kw.-hour
The cost of this energy = 1.1 X 6 = 6.6 cents

3. A 32-candle power, 110-volt tungsten lamp requires 40 watts. Whatis
the current taken by this lamp and what is the cost of energy for 15 lamps
burning for an average time of 4 hours if the cost of energy is 5 cents per
kw.-hour?

watts 40 i
amperes = T I 0.36 amp.
power = 40 X 15 = 600 watts
= 0.6 kw.

I

2.4 kw.-hours
12 cents.

energy used = 0.6 X 4
cost of energy = 2.4 X 5

]

4. An electric water heater has an efficiency of 80 per cent. and takes 3
amp. at 110 volts. How long will it take to raise 1 pint (1.25 1b.) of
water from 20° C. to the boiling point and what will this cost when the
rate is 5 cents per kw.-hour?

energy required = 1.25 (100 — 20) = 100 lb. calories
100 X 1900 = 190,000 watt-sec.
100

energy delivered = 190,000 X 80

= 238,000 watt-sec.

= 238 kw.-sec.
- = 0.066 kw.-hours
cost of energy = 0.066 X 5 = 0.33 cents .

Now 238,000 watt-sec. are supplied at the rate of 110 X 3 = 330 watts
therefore the time during which energy must be applied
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5. 1f a ton (2000 1b.) of coal heats a house for a month what would it cost
to give exactly the same heating effect electrically if the cost of energy is 3
cents per kw.-hour?

With a good heating system 1 lb. of coal burnt on the grate will deliver
8000 B.T.U. or 4450 Ib. calories to the house.

The energy required per month therefore = 4450 X 2000 Ib. calories
= 8,900,000 Ib. calories.
= 8,900,000 X 1900 watt-sec.
_ 8,900,000 X 1900
~ 3600 X 1000
4,700 kw.-hours

14,100 cents
141 dollars.

kw.-hours

the cost of this energy = 4,700 X 3

The reason for this enormous difference in the cost of heating by the two
methods is that the efficiency of a heating system is about 60 per cent.
while that of an electric generating station is about 6 per cent.; moreover
the cost of the coal required per kw.-hour is about 0.5 cents or 1/6 of
the selling price of the electrical energy.



CHAPTER V

ELECTRIC CIRCUITS AND RESISTANCE

21. The flow of electricity through electric circuits i§ similar
in many ways to the flow of water through hydraulic circuits.
This may be seen by a comparison between the circuits shown

diagrammatically in Fig. 20.

w
a ===

Pum Turbine

w
b <

a I S ) Ammeter

o

M 2.

| Voltmeter

u

i Motor

Gen%ra or
V
Y

Fia. 20.—Hydraulie and electric circuits.

To maintain a steady current
of w gm. of water per sec.
through the hydraulic ecircuit
and to raise the water from b to
a through a difference of poten-
tial of A em., an amount of power
= wh gm. em. per sec. must be
put into the circuit by the
pump. 1

In returning from a to b
through the external part of the
circuit, the water falls through
a difference of potential of & cm.
and supplies an amount of
power = wh gm. cm. per sec. to
drive the turbine and to supply
the frictional resistance loss in
the pipes.

To maintain a steady elec-
tric current of I coulombs per
sec. (amperes!) through the
electric circuit and to raise the
electricity through a difference
of potential of E volts, an
amount of power = EI watts
must be put into the circuit by
the electric generator.

In returning from a to b
through the external part of the
circuit, the electricity falls
through a difference of poten-
tial of £ volts and supplies an
amount of power = EI watts
to drive the motor and to
supply the resistance loss in the
connecting wires.

1A current of electricity is expressed in amperes; there is no corresponding
unit for a current of water which must therefore be expressed in gm. ecm. per

sec.

pressed in coulombs where 1 coulomb is 1 amp.-sec.

ampere-hour.

18

The quantity of electricity which passes any point in a circuit is ex-

A larger unit is the
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The current of water (the
quantity passing any point per
sec.) is the same at all points
in the circuit since the circuit is
closed.

ELECTRIC CIRCUITS AND RESISTANCE
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The electric current (the
quantity passing any point per
sec.) is the same at all points
in the circuit since the circuit is
closed.

22. Ammeters and Voltmeters.—-The current in a circuit may
be measured bymeans of an instrument such as that described
on page 8, connected directly in the circuit as shown at A,
Fig. 20, while the difference of potential between two points
may be measured by means of a similar instrument connected
directly between the points as shown at B. The essential differ-
ence between the two instruments is that the ammeter must -
carry the total current in the circuit with only a small difference
of potential across its terminals and must therefore offer a
small resistance to the flow of current through it, the volt-
meter on the other hand must divert only a small portion of
the current from the circuit and must therefore offer a large
resistance to the flow of current through it.

2 I
f———

&

Pump. I

Gengrator

F1g. 21.—Hydraulic and electric circuits.

23. Resistance Circuits.—Consider the case represented dia-
grammatically in Fig. 21 where there isno turbine in the hydraulic
circuit nor any motor in the electric circuit.

The difference of potential of
h em. maintained by the pump
is used up in forcing w gm. of
water per sec. against the fric-
tional resistance of the pipe, and

Ty E= Ui

where r is called the resistance
of the pipe circuit.

The difference of potential of
E volts maintained by the elec-
tric generator is used up in
forcing I amperes against the
resistance of the wires, and

E =1R

where R is called the resistance
of the electric circuit and is a
constant for a given circuit.
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This resistance increases with This resistance increases
the length and decreases with ~with the length and decreases
the cross section of the pipe. with the cross section of the

wire, or
R leng.’gh
section

24. Ohm’s Law.—The above relation E = IR is known as
Ohm’s law and the unit of resistance, called the ohm, is chosen
of such a value that a circuit with a resistance of 1 ohm will
allow 1 amp. to flow when the difference of potential between
the ends is 1 volt, therefore

volts = amperes X ohms

If for example the current in the heating coil of a 110-volt
electric iron is 5 amp., then the resistance of this coil = 110/5
= 22 ohms.

25. Specific Resistance.—As pointed out in art. 23, the re-
sistance of a wire is directly proportional to its length and
inversely proportional to its cross section or

L
R=LZ

where R is the resistance of the wire in ohms
L is the length of the wire
A is the cross section of the wire
k is a constant called the specific resistance and depends
on the material and on the units chosen. If centimeter units are
used then the specific resistance is the resistance of a piece of
the material 1 em. long and 1 sq. em. in cross section and is
expressed in ohms per em. cube. \
In practice the unit of cross section is generally taken as the
circular mil which is defined as the cross section of a wire 1 mil
(1/1000 in.) in diameter.
Since a wire 1 mil in dia. has a section of 1 cir. mil a wire 1
inch in dia. has a section of 10° cir. mils and a wire 1 sq. inch in

; . ‘ 4 : :
section has a section of = 106 cir. mils.

The specific resistance of copper wire! is 1.6 X 10—% ohms per
cm. cube or 9.7 ohms per cir. mil foot at 0° C.; the specific

1 For values of specific resistance of various materials see Standard Hand-
book for Electrical Engineers.
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resistance of cast iron is 80 X 10~% ohms per cm. cube or 480
. ohms per cir. mil foot, approx., at 0° C.

26. Variation of Resistance with Temperature.—The resist-
ance of most materials varies with the temperature and

Rt — Ro(]. + at)

where R, is the resistance at ¢° C.
R, is the resistance at 0° C.
¢t is the temperature of the material in deg. C.
a is called the temperature coefficient of resistance.

For all pure metals the resistance increases with the tempera-
ture and « is approximately equal to 0.004. The resistance of
carbon and of liquid conductors decreases with increase of tem-
perature, while the resistance of special alloys such as manganin
remains approximately constant at all operating temperatures.

A coil has 1000 turns of copper wire with a cross section of 1288 cir. mils
and a length of mean turn of 15 in.

a. Find the resistance of the coil at 0° C.

b. Find the resistance of the coil at 25° C.

¢. Find the current that will flow through the coil at 25°C. and 110 volts.

d. After current has passed through the coil for some time it is found that
its value has dropped to 9 amp., find the average temperature of the coil
under'these conditions. 2

a. The resistance of 1 cir. mil foot = 9.7 ohms at 0° C.

; < 9.7 X 1000 X 15
The resistance of the coil at 0° C, = 2 P 9.4 ohms.
1288 X 12

b. Theresistance of the coil at 25° C. = 9.4 (1 + 0.004 X 25) = 10.3 ohms.

11
. Th Rt R () :
c e curren 103 10.7 amp

110
d. The hot resistance of the coil = SRl 12.2 ohms at ¢° C.

The resistance of the coil also = 9.4 ohms at 0° C.
Therefore the resistance of the coil at ° C. = 9.4(1' 4 0.004¢)
= 12.2 ohms
from which 1 4 0.004 = 12.2/94 = 1.3.
and t = 0.3/0.004 = 75° C.
27. Power Expended in a Resistance—To force a current of
I amperes through a circuit which has a resistance of B ohms, a
voltage E = IR is required so that
the power expended in the circuit = EI watts
=1 CER
= I’R watts.
This power is transformed into heat.
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In the electric flat iron and other such heating apparatus this
heat is utilized, the heating element consisting of a coil of high
resistance wire, insulated with heat resisting insulation such as
asbestos, or mica, and embedded in the.iron.

28. Insulating materials are materials which offer a very large
resistance to the flow of electric current and for that reason they
are used to keep the current in its proper path. Inatransmission
line, current is prevented from passing between the wires by
porcelain insulators attached to cross arms as shown in Fig. 22.
When the wires are placed close to one another, as in house wiring,
they are covered throughout their entire length with insulating
material such as paper, rubber or cotton; the electrical resistance
of these materials is greater than 10'° ohms per cm. cube.

‘1 I Porcelain
! | Insulator,

Cross Arm ]

"

F1g. 22.—Insulators for transmission lines.

29. Dielectric Strength of Insulating Material.—If a sheet of
insulating material . is placed between two terminals and the
voltage between the terminals is gradually raised the material
will finally break down and a hole be burnt through it, the
material is then said to be punctured, and a large current will flow
through the puncture if the voltage is maintained. The property
of an insulating material by virtue of which it resists breakdown
is called its dielectric strength.

30. Series and Parallel Circuits.—If several conductors are
connected in series as shown in Fig. 23, then the current is the
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same in each conductor while the total voltage is the sum of the
voltages across the different parts of the ecircuit so that

E=E+E +E; 4+ E,
=I(R1+ R: + Rs + Ry)

If several conductors are connected in parallel as shown in Fig.
24, then the voltage across each conductor is the same while the
total current is the sum of the currents in the different paths so
that

I=Li+1I,+1:+ 1,

PR P A b
= E T s o 3
<R1+R2+R3+R4>

I, R

§ 7

I 5 1

Fig. 23.—Series circuit. Fia. 24.—Parallel circuit.

Four coils having resistances of 3, 5, 10 and 12 ohms respectively are
connected in series across 120 volts, find the current in the circuit and the
voltage drop across each coil.

120 = I(3 4+ 5 + 10 + 12)

= 301
therefore I =4amp.
E, =4 X 3 =12 volts
E; =4 X 5 = 20volts

E; = 4 X 10 = 40 volts
Ey =4 X 12 = 48 volts

If these coils are now connected in parallel across 120 volts, find the current
in each coil and also the total current.

I, = 120/3 = 40 amp.
I, = 120/5 = 24 amp.
I; = 120/10 = 12 amp.
I, = 120/12 = 10 amp.

total current I = 86 amp.

31. Voltage Drop in a Transmission Line.—When electric
energy is transmitted from one point to another over wires, a
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voltage, called the drop in the line, is required to force the cur-
rent through the wires. This voltage = IR where R is the total
resistance of the connecting wires and I is the current flowing,
so that if E,, Fig. 25, is the voltage at the generating station, and
E, is the voltage apphed to the load in the receiving station,
then E, = E, + IR.

Hia ' 25) .

The power to be delivered at the end of a 2 mile line is 30 kw. If the
receiver voltage is 600, find the size of wire required to limit the voltage drop
in the line to 5 per cent., find also the power loss in the line.

FRT 30 X 1000

Current in line = 600 50 amp.

The voltage drop in the line = 5 per cent. of 600 = 30 volts

The resistance of the wire in the line = 30/50 = 0.6 ohms’

The resistance of copper = 9.7 ohms per eir. mil foot at 0° C. -

= 9.7 (1 + 0.004 X 25) .
= 10.6 ohms per cir. mil foot at 25° C.
The resistance of 2 miles of line or 4 miles of wire

1
_106X4X5H0
cir. mils

From which cir. mils = 370,000
The loss in the line = 30 volts X 50 amp.
= 1500 watts
= 5 per cent. of the‘power delivered.



CHAPTER VI

RHEOSTATS AND RESISTORS

32. Rheostats.—A rheostat is an adjustable resistance of
such a form that it can be conveniently used. In the rheostat
shown in Figs. 26 and 27, the resistance ab is tapped at eight

Fia. 26.

Fra. 27.—Sliding contact type of rheostat.

points which are connected to contact studs s over which the
handle H is free to move.
Such a rheostat is used to control the current in a circuit.
25



26 PRINCIPLES OF ELECTRICAL ENGINEERING [CHuar. vi

When the handle is in the position shown in Fig. 26, all the re-
sistance ab is in the circuit and the current I has its minimum
value. When the handle is in the position H,, current flows
through the path Tedeb@ so that the resistance between a and
e has been cut out. As the handle is moved further over, the
resistance in the circuit is further decreased until finally, when
the handle is in the position H,, the resistance is all cut out and
the current in the circuit has its maximum value.

33. Resistors.—For economy in manufacture, resistances such
as ab, Fig. 26, are generally built up of standard resistance

_ Slate
Asbestos

“ Porcelain Tube l

Fia. 30. Fig. 29. Frg. 31.
Resistance units.

units called resistors, which may be connected in series or in
parallel as desired. Different types of resistance units are shown
in Figs. 28 to 33.

The unit shown in Fig. 28 consists of a length of wire wound
on an iron tube, from which it is insulated by fireproof insulation
such as asbestos.

In Fig. 29 a similar unit is shown which consists of a length of
wire wound in a spiral groove cut on the surface of a tube of
porcelain or some other such material, adjoining turns of the
wire being thereby separated from one another.

Such units are mounted in frames as shown in Fig. 27. They
are always placed vertically so that air can circulate freely
through the tubes and over thesurface of the resistance wire
and thereby keep the temperature of the rheostat within
reasonble limits.

For carrying comparatively small currents, round wire is
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suitable; strip metal is preferred for larger currents, as it gives
a larger surface for a given section. An excellent type of con-
struction is shown in Fig. 32 where the resistance unit consists
of a length of resistance strip metal wound on a frame consisting
of an iron plate A insulated at the edges with porcelain sup-
porting pieces B. These units may be mounted on iron rods
which pass through the holes C.

34. Heater Units.—Fig. 30 shows the external appearance
of a type of resistor which is largely used for electric irons
and other such heating appliances. It is constructed of re-
sistance strip wound in the form of a helix and placed in a metal
tube which is lined with mica, the tube is then packed with fire-

Porcelain

/

ITon¥Es "

Fig. 32.—Resistance unit.

proof cement to insulate adjacent turns from one another, and
the open end of the tube is closed with a cement plug through
which the leading in wires are brought.

Another type of heater unit is shown in Fig. 31 and consists
of a length of resistance wire wound into a helix of small diameter,
which helix is then coiled into a flat spiral and mounted in a
frame with mica between the convolutions. This unit is held
against a layer of quartz grains which are embedded in enamel on
the bottom of the heater.

35. Cast-iron Grid Resistance.—When large currents have to be
controlled, the necessary cross section to carry the current and the
necessary radiating surface to dissipate the heat are best obtained
.by the use of zig-zag units of the shape shown in Fig. 33. For
small rheostats, these zig-zag pieces may be punched out of sheet
metal, but for larger sizes they are generally of cast iron as
shown in Fig. 34. :

The method or assembling these castings is shown in Fig. 35
which is a plan of a rheostat similar to that in Fig. 34. Theunits
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A are mounted on iron rods B which are insulated throughout their
entire length by mica or asbestos tubes C. The individual units

0] O

Fre. 33.—Zig-zag resistance unit.

Fig. 34.—Cast-iron grid resistance.

D Metal Washer r
F' Insulating Washer

i1
=y )
fi

| L P

F1a. 35.—Flow of current in Fic. 36.—Carbon pile rheostat.
a grid resistance.

are separated from one another by washers which are either of
metal as at D and E or of insulating materials as at F, depending
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on the direction in which it is desired to make the current flow.
The four metal washers E act as terminals from which leads
can be taken to the contacts on the control faceplate.

36. Carbon Pile Rheostat.—An entirely different type of rheo-
stat is shown in Fig. 36 and consists of a column of graphite discs
A, enclosed in a steel tube B which is lined with fireproof insula-
tion such as asbestos. The resistance of such a pile decreases as
the mechanical pressure between the ends increases, because the
contact between adjacent discs improves. In the type of rheo-
stat shown in Fig. 36 the pressure is applied by turning the hand-
wheel D and is communicated to the carbon pile through the
plungers £. The two units shown may be connected in series or
in parallel as desired, and the resistance of such a rheostat can be
changed gradually through a total range of about 100 to 1.

Fie. 37.—Liquid rheostat.

37. Liquid Rheostats.—Such a rheostat is shown in Fig. 37
and consists of a cast-iron trough 4 which contains a solution of
caustic soda or some similar material which does not attack iron,
and an iron plate B which is insulated from the tank as shown at B
and which dips into the liquid. Between the terminals T;and T,
therefore there is the resistance of the path through the liquid
between A and B, and the section of this path canbe increased or
decreased by lowering or raising the plate B. The resistance may
be finally short circuited by lowering B far enough to allow the
contact H to close, then current can pass direct from 7' to T
without passing through the liquid.

Another type of liquid rheostat is shown in Figs. 38 and 39.
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In this case the plates are fixed but the level of the liquid is
varied. The pump D sends a continuous stream of liquid from
the cooling chamber A through the resistance chamber B, and
the level of the liquid in this latter- chamber may be raised
or lowered by a weir C.
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Fre. 39.—Liquid rheostat.

The liquid is cooled in the lower chamber by water which flows
through cooling pipes. Thiscooling chamber sometimes takes the
form of a concrete tank made large enough to allow the rheostat
to be self cooling.
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Liquid rheostats are largely used in making load acceptance
tests on generators. Two electrodes in a barrel of water in which
a handful of common salt has been dissolved will dissipate about 5
kw. if the water is stationary. The type of temporary rheostat
most generally used however consists of a bank of cast-iron grids
mounted in a wooden frame and placed in running water, the grids
will carry about four times as much current under these conditions
as when air cooled.!

38. The size of a rheostat depends principally on the amount
of power which it is required to dissipate. If two rheostats have
to dissipate the same amount of power but one has only half as
much current flowing as the other then, since the loss in the
rheostat = I?R watts, the former rheostat must have four times
the resistance of the latter, that is the wire must have half the
section and twice the length, but the weight of wire and the space
occupied by the rheostat will be approximately the same in each
case.

L For design data on such temporary rheostats see the Standard Handbook
for Electrical Engineers. i

+~



CHAPTER VII

MAGNETIC CIRCUITS AND MAGNETIC PROPERTIES
OF IRON

39. Magnetic Field due to a Solenoid.—A solenoid is a coil of
wire wound in the form of a helix as shown in Fig. 8, page 5.
When an electric current is passed through such a coil it acts as
an electromagnet and the direction of the magnetic field may be
found by the corkscrew law, page 5.

Fi1a. 40.—Closed solenoid.

The solenoid in Fig. 40 has T turns wound on a cardboard spool and is
bent to form an annular ring. A current of ¢ c.g.s. units flowing through
these T turns produces a magnetic field of intensity JC which field can
therefore be represented by JC lines of force.

If a unit pole n be moved once round the magnetic circuit through a dis-
tance of 27 centimeters in a time of ¢ seconds then, since the force on this
pole due to the electromagnet is JC dynes, the work done in moving the
pole = JC X 2xr ergs. But a unit pole has 4« lines of force, see page 3,
and while this pole is moved once around the magnetic circuit these lines
cut the 7' turns of the coil in a time of ¢ seconds and generate in the coil an
e.m.f. ¢, which in c.g.s. units = 4x7'/{, the number of lines cut per second.
The coil therefore acts as a generator and supplies an amount of power = et
ergs per second so long as the unit pole is moving, that is for a time of ¢
seconds. This power must be obtained at the expense of the power ex-
pended in keeping the unit pole moving so that -

32
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JC X 2r r = eit ergs
= (4xT/t)it
= 4xT%

therefore JC = 4r QI?' where 7 is in c.g.s. units and L = 2xr

4r TT s
e Vi where I is in amperes.

In a magnetic circuit such as that shown in Fig. 40 the field
intensity 3¢ is given by the formula

4r TI
10 L
where [ is the current in amperes
T is the number of turns of the solenoid
TT is called the ampere-turns
L is the length of the magnetic circuit in em. = 277 in the
above case _

-3C is the field intensity in the magnetic circuit and is also
the flux density or the number of lines of force per sq.
cm. of solenoid cross section. _

The total magnetic flux threading the magnetic circuit is
¢ = XA

_ 4TI

T

where A is the cross section of the solenoid in sq. cm.

40. Permeability.—If the solenoid is wound on a core of mag-
netic material such as iron or steel it is found that for the same
number of exciting ampere-turns a much larger magnetic flux is
produced and that

gc:

A

®, the flux density = i%-% u lines per sq. em.

4r TI : .
110" I A plines of magnetic flux.

where u is a quantity called the permeability of the material and
is equal to unity for air and is greater than unity for magnetic
materials such as iron and steel.

41. Reluctance of a Magnetic Circuit.—The above general law
for the magnetic circuit may be expressed in slightly different form
namely

¢, the magnetic flux =

Ap

4
e e
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m.m.f.
SR
or m.m.f. = ¢®

where m.m.f. called the magnetomotive force, is that which

produces the magnetic flux and = %’I’I ampere-turns
¢ is the number of lines of magnetic flux in the magnetic circuit
® called the reluctance of the magnetic circuit =v,1; I;I

From its similarity to the law for the electric circuit, namely
e.m.f. = IR, the above law is sometimes called Ohm’s law for
the magnetic circuit.

Since the permeability of iron is much greater than that of air,
the reluctance of an iron path is much lower than that of an air
path of the same dimensions.
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Fra. 41.—Magnetization curves.

42. Magnetization Curves.—The magnetic properties of iron
and steel are generally shown by means of magnetization curves
such as those in Fig. 41; the data from which these curves are
plotted is determined in the following way.

Test pieces of iron are made in the form of an annular ring
with a cross section of A sq. em. and a mean length of magnetic -
path of L em. These rings are then wound uniformly with 7'
turns of wire as in Fig. 40 and the flux ¢ is measured for different
values of the current I by means of special instruments.
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The value of ¢/A, the flux density, is then plotted against
corresponding values of TI/L, the ampere-turns per unit length
of magnetic path, as shown in Fig. 41, to give what is called the

magnetization curve of the material.
The permeability u = I < 34 may then be determined
TI/L ™ 4 W '
When this value is plotted against flux density, as in Fig. 42,
it may be seen that, once a particular density has been reached,
the permeability decreases rapidly with increase of flux density.
Permeability curves are seldom used in practice, it is found to
‘be more convenient to work with magnetization curves such as
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Frg. 42.—Permeability curves. .

those shown in Fig. 41. An example of the use of such curves
is given on page 44.

43. Residual Magnetism.—If, after a piece of iron has been
magnetized by means of an exciting coil, the exciting current is
reduced to zero, it will be found that the magnetism has not be-
come zero but that some of it, called the residual magnetism,
remains. If theiron is soft and annealed, this residual magnetism
will be of negligible amount and the last traces of it may be made
to disappear if the iron is subjected to vibration. If hard tool
steel is used the residual magnetic field will be strong and the
residual magnetism can be removed only with difficulty so that
permanent magnets are generally made of this material.
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44, Molecular Theory of Magnetism.—To account for the
peculiar magnetic behavior of iron, Ewing suggested that mole-
cules of iron are natural magnets each with its own north and
south pole. When the iron does not exhibit magnetic properties
then the molecular magnets are arranged in groups as shown in
diagram A, Fig. 43, and their magnetic effects neutralize each
other.

If the iron is placed in a strong magnetic field the molecular
magnets will turn and point in the direction of the field as shown
in diagram B, Fig. 43.

If a piece of iron is placed in an exciting coil, a small current in
this coil will turn these molecular magnets which are not strongly
held together and will line them up in the direction of the mag-

AN -8 l’é Dirccgion [ == P e
4 o | c—m =)
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A not Magnetized ¢ B Magnetized
Fra. 43.—Arrangement of the molecules of an iron bar.

netizing force, these magnets will then add thelr own magnetic
flux to that which the coil would produce if no iron were present.
As the exciting current is increased, more of these magnets are
lined up until, when the point B has been reached on the curve
in Fig. 41 all but the most rigid of the molecular magnets have
been lined up and the magnetic flux can then increase but little
even for a large increase in the excitation.

When the exciting current is reduced to zero and the magnetiz-
ing force thereby removed, the molecular magnets reform into
groups but, on account of molecular friction, they do not return
quite to their original position but have a slight permanent dis-
placement in the direction in which they have been magnetized
and this accounts for the residual magnetism.

45. Hysteresis.—There is another phenomenon in connection
with the magnetization of iron which can readily be explained
by the molecular magnet theory, namely, that if the magnetism
of a piece of iron is reversed rapidly the iron becomes hot. What
is called hysteresis energy has to be expended in overcoming the
molecular friction of the magnets and this appears in the form of
heat.



CHAPTER VIII
SOLENOIDS AND ELECTROMAGNETS

46. Pull of Solenoids.—A solenoid is a conductor wound in
the form of a helix. When an electric current is passed round a
solenoid a magnetic field is produced, the direction of which may
be determined by the corkscrew law, page 5. This field may
be represented by lines of force as shown in diagram A, Fig. 44.
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F1a. 44.—Action of a solenoid.

If long bar magnets are placed in the solenoid field as shown in
diagram B, Fig. 44, then the n pole of magnet z will tend to move
in the direction of the lines of force, see page 2, and be pulled
into the solenoid, while the s pole of magnet y will tend to move
in a direction opposite to that of the lines of force so that it also
tends to move into the solenoid.

If the current in the solenoid is reversed, the magnetic field of
the solenoid will reverse and the magnets z and y will be repelled.

37
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If asin diagram C, Fig. 44, soft iron plungers are used instead
of bar magnets, then the lines of force produced by the solenoid
will pass through the plungers and cause magnetic poles to be
induced; north poles will be formed where the lines of force leave
the iron and south poles where they enter, see page 3. The
induced polarity of the plungers shown in diagram C is the same
as the polarity of the bar magnets in diagram B so that the
plungers are pulled into the solenoid.

If the current in the solenoid is now reversed, the magnetic
field of the solenoid will reverse but, since the induced polarity
of the plungers will also reverse, the direction of the pull on the
plungers will be unchanged.

47. Electric Hammer.—The two types of electric hammer
shown diagrammatically in Figs. 45 and 46 illustrate the action
of a solenoid with a magnet plunger and with a soft iron plunger
respectively.
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Diagrammatic representation of electric hammers.

In Fig. 45, current passed through coil C makes the iron plunger
into a magnet with the polarity as shown. If now a current I is
passed through coils A and B in the direction indicated by the
arrows, then the plunger p will be attracted by A and repelled
by B and will move toward the left. If this current I is now re-
versed, the plunger will move in the opposite direction, so that,
by continually reversing the current that flows through A and B,
the plunger p may be made to reciprocate.

Another type of hammer is shown in Fig. 46. The soft iron
plunger is pulled into the position shown when coil 4 is excited,
while if coil B is excited the plunger is pulled into this latter
coil. By alternately exciting the two coils, the plunger may be
made to reciprocate.

48. Variation of the Pull of a Solenoid.—When the plunger is
in the position shown in A, Fig. 47, the reluctance of the magnetic
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circuit is large since the path of the lines of flux is nearly all
through air, so that the magnetic ficld and the plunger poles are
both weak. As the plunger moves toward F, the reluctance of
the magnetic circuit decreases because the amount of iron in the
magnetic path is increasing, so that the magnetic field and the
plunger poles become stronger.

With further motion of the plunger in the same direction, the
reluctance of the magnetic circuit continues to decrease and the

Pull on Plunger

Distance &

c
Fi1g. 47.—Pull of a solenoid.

strengths of the magnetic field and of the plunger poles to
increase, but the induced south pole of the plunger now begins
to come under the influence of the solenoid field and is repelled
so that, although the north pole is still attracted, the resultant
- pull decreases and finally becomes zero when the plunger is in the
position shown in diagram B; the reluctance of the magnetic
circuit has then its minimum value.
The pull on the plunger varies with its position as shown in
diagram C; over a considerable range the pull is constant.
49. Circuit Breaker.—The variation in the pull of a solenoid is
taken advantage of in the type of circuit breaker shown dia-
grammatically in Fig. 48. Such a circuit breaker. consists of the
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switch C closed against the force of the spring S and held closed
by the lateh d. This lateh is released by the plunger p which is
lifted when the line current passing round the solenoid M reaches
a predetermined value, the spring S then forces the switch open.
If the plunger p is moved further into the solenoid by means of
the adjusting screw a then the current required to lift this plunger
will be decreased, by this means the circuit breaker can be
adjusted to open with different currents.

Solenoid M

Flexible
Connector

Slate Base

F1g. 48.—Automatic circuit Fre. 49.—Electromagnetic motor.
breaker.

50. Laws of Magnetic Pull.—The law of inverse squares, art.
2, page 1, applies only to imaginary point magnets; in prac-
tical work the following laws are applied.

The force on a piece of iron in a magnetic field in air tends to
move the iron in such a direction as to reduce the reluctance of
the magnetic circuit.

The magnitude of this force at any point is proportional to the
space rate of change of the magnetic flux as the iron passes the
given point.

An interesting application of this rule is shown diagrammatie-
ally in Fig. 49. The lines of force due to the coils A and B pass
through the magnetic circuit as shown by the arrows and the
pivoted piece of iron p tends to move until the reluctance of the
magnetic path is a minimum, that is, until the air gaps between
n and s have their minimum value and p is pointing in the
direction ab. If the shape of the curved parts from a to b is such
that the magnetic flux ¢ increases uniformly with the angle turned
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through by p then the turning force, being proportional to the
space rate of change of flux, will be constant over the whole
range of motion.

The above principle is frequently used in toy electromagnetic
motors, provision being made for cutting off the current in the
exciting coils when p approaches close to the position ab and for
switching the current on again when this point is passed.

51. Solenoids with Long and with Short Plungers.—When the
plunger is of the same length as the solenoid, the pull becomes zero
when the plunger is in the position shown in diagram B, Fig.
47, the position of minimum reluctance.

B R]unger

=T
Pull

Distance &

F1g. 50.—Pull of a solenoid.

When the plunger is longer than the solenoid, as is generally
the case in practice, the reluctance does not become a mini-
mum until the plunger projects equally from both ends as
shown in diagram B, Fig. 50, so that the range of the solenoid
is increased, as may be seen by a comparison between the curves
in Fig. 47 and Fig. 50.

52. Ironclad Solenoids.—In order to reduce the reluctance of
the return part of the magnetic circuit and at the same time to
protect the windings, the ironclad construction shown in Fig.
51isused. When the plunger is in the position shown in diagram
A, the reluctance of the magnetic circuit is nearly all in the air
path ab. As the plunger moves toward b, the flux increases and
changes very rapidly toward the end of the stroke so that, while
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the average pull is not much higher than that of the same solenoid
with an air return path, a large pull over a short distance is ob-

Stopped Ironclad Type

Fra. 51.—Types of ironclad electromagnet.

tained at the end of the stroke as shown in curve B, Fig. 52.!
If a hole for the plunger be bored through the iron cover as
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F1a. 52.—Pull of electromagnets.
shown in diagram B, Fig. 51, then there is no sudden jar at the end
of the stroke but rather a cushion effect; the large increase of pull

1Taken from an article by Underhill, Electrical World and Engineer,
Vol. 45, p. 934 (1905.)



ArT. 53] SOLENOIDS AND ELECTROMAGNETS 43

at the end of the stroke is lost however, although this is seldom
a disadvantage.

Fig. 53 shows a series of test curves on ironclad magnets of
the cushion type and will give the reader some idea of the magni-
tude and range of pull that can be obtained.
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F1a. 53.—Pull of cushion type of electromagnet.

63. Lifting and holding magnets are generally of the horse-
shoe or of the annular type shown diagrammatically in Figs. 54
and 55. As the iron to be lifted moves from a to b, Fig. 55, there

Fia. 54.—Horseshoe type of  Fia. §5.—Annular type of
electromagnet. electromagnet.

is little change in the flux threading the coil M and therefore only
a small pull; when the iron approaches close to the poles of the
magnet, however, the flux increases rapidly and the pull, being
proportional to the space rate of change of flux, becomes large.
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For such magnets the holding power may be determined very
closely by Maxwell’s formula

pull in dynes = il
- 8r
where ® is the flux density across the contact surface in lines per
$q. cm.
A is the total pole face area in sq. em.

In the case of the magnet shown in Fig. 56, the scale on the iron to be lifted
is assumed to be 0.05 em. thick, it is required to determine how the pull varies
with the exciting current.

To solve this problem it is necessary to assume different values for the
total flux in the magnetic circuit then calculate the pull by the use of the
above formula and the excitation by the use of the curves in Fig. 41, page 34.
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F1a. 56.—Pull of a horseshoe magnet.

1, the length of the cast steel path = 20 em.
l;, the length of each air gap = 0.05 cm.
15, the length of the cast iron path = 12 em.
A,, the cross section of the cast steel path = 2 X 4 = 8 sq. em.
A, the cross section of each air path = 8 sq. cm.
A, the cross section of the cast iron path = 4 X 5 = 20 sq. cm.
If ¢, the total flux = 80,000 lines
then @, the flux density in the cast steel = 10,000 lines per sq. cm.
®;, the flux density in the air gaps = 10,000 lines per sq. cm.
®;, the flux density in the cast iron = 4,000 lines per sq. cm.
and the ampere turns per cm. for the cast steel = 7, see Fig. 41.

r ® 10
the ampere turns per cm. for the air gaps = ad i , see page 33.

4r
. = 8000
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the ampere turns per cm. for the cast iron = 13, see Fig. 41

and the total ampere turns = 7 X 20 4+ 8000 X 2 X 0.05 + 13 X 12
140 -+ 800 4+ 156

1096

I

Winding

Steel Plate o magnetic Plate

Fia. 57.—Annular type of electromagnet.

: 10,000)2 X 2 X 8
the magnetic pull = ﬁ_____)?%(_ X8
64,000,000 dynes
65,000 gm.
= 65 kg.

dynes

0o
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Other values are worked out in the same way, the work generally being
carried out in tabular form as below:

Flux density rfmoete t urx:: o _ Total ampere turns
centimeter m

R Rl W ot PR R RA N i A PR T ~ Pull

, , Cip—~ P80
Steel | Air | Iron |Steel Air | Iron I‘Stecl Air | Iron ehit

64,000 8,000| 8,000 3,200 5 6,400 9 ‘ 100/ 640 108 848 0.848 42 kg.
80,000, 10,000 10,000, 4,000 7 8,000 13 | 140 800 156 1,096 1.096 65 kg.
96,000, 12,000| 12,000 4,800 11 | 9,600 19 222 960 228 | 1,408 1.408 94 kg.
112,000‘ 14,000, 14,000 5,600 19 11,200, 25 | 380 1,120 300 | 1,800 1.800 126 kg.
128,000, 16,000 16,000/ 6,400 55 | 12,800 34 | 1,100 1,280 408 2,788 2.788 164 kg.

These results are plotted in Fig. 56.

The possibilities of the annular type of magnet are illustrated
in Fig. 57. A magnet which weighs 2250 1b. will lift skull cracker
balls up to 12,000 lb., billets and slabs up to 20,000 lb. and mis-
cellaneous serap up to 500 Ib. The power required to operate the
magnet being 11 amp. at 220 volts or 2.42 kw.

54. Saturation of a Magnetic Circuit.—From the figures in the
last problem, under the heading of total ampere turns, it may be
noted that, when the flux densities in the steel and iron are low,
most of the excitation is required for the air path or most of the
reluctance of the magnetic circuit is in the air gap.

When the densities exceed 15,000 lines per sq. em. for cast steel
and 6000 for cast iron, the reluctance of the magnetic circuit
increases rapidly and the curve showing the relation between flux
and excitation, called the magnetization curve of the circuit,
bends over rapidly as shown in Fig. 56, the circuit is then said to
be nearly saturated.

55. Electromagnetic Brakes and Clutches.—One type of brake
used on crane motors is shown in Fig. 58. The annular steel
frame A of the electromagnet is fastened to the housing of the
motor and carries the exciting coil E. The sliding disc B is
fastened to the frame A of the magnet by means of a sliding key
F and is free to move axially but cannot rotate.

When the motor is disconnected, the magnet is not excited and
the springs S push the dise B into the ring C which is keyed to the
motor shaft, the motor is thereby braked and brought rapidly to
rest. When current is applied to start the motor, the coil E is
excited at the same time and the disc B is attracted, releasing the
ring C, so that the motor shaft is then free to rotate. Electro-
magnetic clutches are built on the same principle.



ART. 56] SOLENOIDS AND ELECTROMAGNETS 47

56. Magnetic Separator.—A useful application of the electro-
magnet is shown diagrammatically in Fig. 59. The magnetic
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Fig. 58.—Electromagnetic brake.

pulley consists of an iron shell containing an exciting coil C which
produces the magnetic field shown. Any iron particles carried
over this pulley by the conveyer belt are attracted and are

Magnetic

e

For Col:le_yi“g f[.X\
Magnetic Mnterinlf\t’/m

F1a. 59.—Magnetic separator.

Fo-r_Conveying
Non Magnetic
Material

therefore carried further round than the nonmagnetic materials
with which they are mixed.



CHAPTER IX

~ ARMATURE WINDINGS FOR DIRECT-CURRENT
: MACHINERY

67. Principle of Operation of the Electric Generator.—The
simplest type of electric generator is shown diagrammatically in
Fig. 60. If the conductor abis moved alternately up and down so
as to cut the lines of force that pass from N to S, an e.m.f. will
be generated or induced in the conductor which will cause an
electric current to flow in the closed circuit abed.

The direction of the current in the conductor ab may be deter-
- mined by the right-hand rule, page 9. The current will reverse

P

_Motion

Fi1c. 60.—Generation of electromotive force.

when the direction of motion of the conductor is reversed, so that
the current will flow first in one direction and then in the other;
such a current is said to be alternating.

58. Gramme Ring Winding.—The first satisfactory machine
that would give a direct current, that is a current which flows con-
tinuously in one direction, is shown diagrammatically in Fig. 61.
Since this diagram is rather complicated, the stages in its develop-
ment will be taken up.

The poles NS, Fig. 62, are bored out cylindrically and then, in
order to reduce the reluctance of the magnetic circuit, a soft iron
core is placed concentrically with the pole faces so as to make the
air gap clearances ¢ and b small. In these air gaps the conductors

48
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¢ are moved in the direction of the arrow so as to pass down in
front of the N pole and up in front of the S pole and thereby cut
the lines of force that pass from N to S, so that e.m.fs. are gener-
ated in these conductors, the direction of which, determined by
the right hand rule, is shown in Fig. 62 at a particular instant.
The next step in the development 6f the machine is to attach
the conductors ¢ to the central core as shown in Fig. 63, so that

F1ae. 61.—Gramme ring winding.

they are carried around when the core is driven by a prime mover;
the lines of force still pass from N to S and do not rotate with the
core. When this construction is used it is found necessary to
laminate the core for the reason given in art. 62, page 55. The
core area should be large enough to keep the flux density below
the saturation point, see page 46, so that, while the centre of the

Fra. 62.
Stages in the development of the Gramme ring winding.

core may generally be cut out as shown so as to save material,
the depth d must not be made too small.

It is now necessary to connect the individual conductors to-
gether so that their voltages add up and this is done by joining
them as shown in Fig. 64 so as to form an endless helix. The
complete core and winding formy what is called the armature

of the machine.
4



50 PRINCIPLES OF ELECTRICAL ENGINEERING [Cuar.1x

Since the lines of force pass through the iron core as shown
rather than directly across the central air space from m to =,
only the face conductors ¢ cut these lines, no lines being cut by the
inner conductorse. The direction of the e.m.f. in each conductor
isindicated by crossesand dotsin the usual way and it may beseen
that no current can flow through this closed winding because the
voltages in the conductors under the N pole are opposed by those
in the conductors under the S pole. A difference of potential
however will be found between f and ¢ so that if stationary con-
tacts placed at these two points are connected to an external cir-
cuit as in Fig. 65, then current will flow through this circuit and
back through the two paths of the winding as shown. As long
as the generator rotates in the direction of the arrow, the voltage

Fic. 64. Fi1G. 65.
Stages in the development of the Gramme ring winding.

distribution will always be as indicated and the voltage between
the points f and ¢ will be constant in magnitude and direction.

59. Commutator and Brushes.—Machines have been con-
structed in which the stationary contacts B_ and B, called the
brushes, were allowed to rub directly on the winding as shown in
Fig. 65, but the standard practice is to provide a special rubbing
contact on each coil such as that shown dotted at s, Fig. 65. The
complete winding supplied with these contacts is shown diagram-
matically in Fig. 61 and is also shown in Fig. 66. These rubbing
contacts form what is called the commutator, and the individual
contacts are called the commutator segments.

In Fig. 61, current enters the machine at the negative brush
B_, passes through the commutator leads a to the- winding
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through which it passes to the positive brush B, and then on to
the external circuit. The voltage between B_ and B, is main-
tained so long as the armature conductors cut lines of force, while

F1a. 66.—Armature with a Gramme ring winding.

the amount of current passing through the machine depends
entirely on the resistance R of the external circuit.
60. Multipolar Windings.—It has been found economical in

Incomplete Winding Complete Winding

Fic. 67. Fia. 68.

T+
Diagrammatic Representation of a 4 Pole Winding

F1a. 69.
Gramme ring winding for a four pole machine.

practice to build machines with more than two poles, see page
56, the poles being arranged in pairs alternately N and S. In
Fig. 68 the winding for a four-pole machine is shown diagrammat-
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ically. The direction of the lines of force and of the e.m.f. in the
conductors is shown in Fig. 67, from which diagram it may be
seen that no current can flow in the closed winding because the
voltages in the conductors under the.N poles are opposed by
equal voltages in the conductors under the S poles. A difference
of potential however will be found between a and b due to the
conductors cutting lines of force under pole S; and there is an
equal difference of potential between a and d due to the conduct-
ors cutting lines of force under pole N, so that b and d are at the
same potential and may be connected together. For the same
reason the stationary contacts a and ¢ may also be connected
together as shown in Fig. 68. The external circuit to be supplied
with current is connected between the terminals 7, and 7T_.
This current will divide when it enters the machine and pass
through the four paths in the winding as shown in Fig. 68 and
also diagrammatically in Fig. 69.

61. Drum Windings.—One obvious objection to the ring wind-
ing is that only the outer conductors ¢, Fig. 63, cut lines of force,

N

%

F16. 70.—Coil of a drum winding.

the remainder of the winding being inactive. To overcome this
objection most modern machines have what is called a drum wind-
ing made with coils which are shaped as shown in Fig. 70 and are
placed on the surface of the armature core in such a way that the
conductors ¢ and b are ‘under poles of opposite polarity. The
e.m.fs. generated in these conductors therefore act in the same
direction around the coil.

In Fig. 71, two four-pole machines are shown which are alike
in every respect except that machine A has a ring coil between
two adjacent commutator segments whereas machine B has a
drum coil.

In Fig. 72, the same two machines are shown with quarter of
the armature winding in place, the conductors being numbered in
the order in which they are connected in series. By following
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each winding from the negative to the positive brush, it will be
found that in each case the e.m.f. between the brushes is due

A. Gramme ring coil. B. Drum coil.
Fig. 71.—Comparison between ring and drum coils.

A. Gramme ring winding. B. Drum winding.
F1a. 72.—Comparison between ring and drum windings.

Fig. 73.—Complete winding. Fia. 74.—Diagrammatic
representation.

Drum winding for a four pole machine.

to the voltage generated in four conductors in series, no voltage
being generated in conductors 1 and 6 since they are not under
the poles and so are not cutting lines of force.
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Fig. 73 shows the complete drum winding, which has four paths
between the negative and the positive terminals of the machine
and may therefore be represented diagrammatically by Fig. 74.

F1a. 75.—Armature with a drum winding.

A complete drum winding has the appearance shown in Fig. 75
but, so far as the generation of voltage is concerned, it produces
the same result as the ring winding shown in Fig. 66. By choos-

Fig. 76.—Two turn coil for a drum winding.

ing a suitable strength of magnetic field, and a suitable number of
conductors in series between negative and positive brushes, the
designer is able to wind armatures for different voltages. The
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coils shown in the diagrams in this chapter have only one turn
between adjacent commutator segments but, in order that the
voltages used in practice may be attained, it is generally neces-
sary to make the coils as shown in Fig. 76 with several turns
between segments.

62. Lamination of the Armature Core.—Fig. 77 shows an
armature core on which may be placed either a ring or a drum
winding. If this core is made of a solid block of iron, then, as it

Fi1g. 77.—Eddy currents in a solid armature core. Fia. 78.—TLaminated
armature core.

rotates, e.m.fs. are induced in the surface layers and force current
through the iron in the direction shown, which direction may
be determined by the right-hand rule. These currents cannot be
collected and utilized but power is required to maintain them.

To keep these eddy currents small, a high resistance is placed
in their path by laminating the core as in Fig. 78, the laminations
being separated from one another by varnish.

’



CHAPTER X

CONSTRUCTION AND EXCITATION OF DIRECT-
CURRENT MACHINES

63. Multipolar Construction.—Fig. 79 shows a two-pole ma-
chine and-also a six-pole machine built for the same output, the
machines having the same armature diameter and the same total
number of lines of force crossing the air gaps. The armature core
of the two-pole machine must be deep enough to carry half of the
total flux, while in the six-pole machine the total flux divides up
among six paths so that the core need be only one-third of the

Two-pole machine. Six-pole machine.
Fic. 79.—Machines with the same output.

depth of that of the two-pole machine. For the same reason the
six-pole machine has the smaller cross section of yoke.

By the use of the multipolar construction therefore there is a
considerable saving in material, but this is at the expense of an
increase in the cost of labor because of the increased number of
parts to be machined and handled. The number of poles is
chosen by the designer to give the cheapest machine that will
operate satisfactorily.

: 56
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64. Armature Construction.—Fig. 80 shows the type of con-
struction generally adopted for small machines. The armature
core M is built up of sheet steel laminations which are separated
from one another by layers of varnish; see page 55.

The winding shown is of the drum type, see Fig. 75, page 54,
and the armature coils G are carried in slots F from which they
are insulated by paper, cotton and mica. It is found that, even
when embedded in slots, the conductors eut the lines of force
crossing from pole to pole. :

The core is divided into sections by spacers P, so that air can
circulate freely through the machine and keep it cool. The core
laminations and the spacers P are clamped between end heads N
which carry coil supports L attached by arms shaped like fans.
The coils are held against these supports by steel band wires .
- 65. Commutator.—The commutator is built of segments J,
see page 50, which are of hard-drawn copper. These seg-
ments are separated from one another by mica gtrips and are then
clamped between two cones S from which they are separated by
mica, the segments being thereby insulated from one another
and from the frame of the machine. The segments are connected
to the winding through the leads H which, in modern machines,
have air spaces between one another as shown, so that air is
drawn across the commutator and between the leads thereby
keeping the commutator cool.

66. The brushes, see page 50, are attached to the studs X,
which studs are insulated from the supporting arm V, and con-
nection is made from these studs to the external circuit.

67. Poles and Yoke.—The armature revolves in the magnetic
field produced by the exciting or field coils A which are wound on
the poles B. These poles must have sufficient cross section to
carry the magnetic flux without the flux density becoming too
high, the same applies to the cast steel yoke C to which the poles
are attached by screws.

68. Large generators are similar to small generators such as
that described above; some changes are generally required in the
mechanical design because of the heavier parts to be supported
and also because of the different kinds of service for which ma-
chines have to be built. In the case of the engine type generator
shown in Fig. 81 for example, the armature core is built up of
segments instead of complete rings, while the commutator is
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supported from the armature spider since the shaft is supplied by
the engine builder.

1o o

Fic. 82.—Separately excited Frg. 83.—Shunt excited
machine. machine.

69. Excitation.—Permanent magnets are used as field poles
for small machines called magnetos; large machines are supplied
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with electromagnets the excitation of which can readily be
controlled.

When the generator itself supplies this exciting current it is said
to be self excited; when the exciting current is supplied from
some external source the machine is said to be separately excited.
The different connections used are shown in Figs. 82, 83, 84
and 85.

Fig. 82 shows a separately excited machine.

Fig. 83 shows a shunt machine in which the field coils form a

o [

L !
— b :——‘—" c
Short Shunt

b ¢
Short Shunt

e 4

5 c
Long Shunt

a

-~ Fic. 84.—Series excited Fic. 85.—Compound excited
machine, machine.

shunt across the armature terminals and have many turns of small
wire carrying a current I; = E,/Ry, the terminal voltage divided
by the resistance of the field coil circuit. This exciting current
seldom exceeds 5 per cent. of the full-load current supplied to the
external circuit.

Fig. 84 shows a series machine in which the field coils are in
series with the armature and have only about 5 per cent. of the
number of turns that a shunt winding would have, but employ a
larger size of wire because they have to carry the total current of
the machine.
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Fig. 85 shows a compound machine in which there are both
shunt and series field coils. When the shunt coils are connected
outside of the series coils the machine is said to have a long shunt
connection; when connected inside of the series coils the connec-
tion is said to be short shunt.



CHAPTER XI
THEORY OF COMMUTATION

70. Commutation.—As the armature of a direct-current genera-
tor revolves, the direction of the current in each conductor
changes while that conductor passes from one pole to that
adjoining. " In Fig. 86 for example, the direction of the current
in the coil M is shown at three consecutive instants in diagrams
4, B and C.

As the armature moves from 4 to C the brush changes from seg-

M

Neutral Line

F1g. 86.—Diagram showing the reversal of the current in coil M.

ment 1 to segment 2 and the current in the coil M is automatically
reversed. For a short period, as at B, the brush is in contact with
both segments and, during this interval of time, the coil M is short
circuited, but no e.m.f. is generated in the coil since it is not
cutting lines of force, so that no current passes through the short
circuit.

When in position B, the coil is said to be in the neutral position
and the line L is called the neutral line.

The operation of reversing the current in an armature coil by

62
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means of the brush and commutator segments is called commuta-
tion. Unfortunately the operation is not so simple as described
above, because the coils have self induction and resist a change of
current, and this we shall see causes sparking and gradual deteri-
oration of the brushes and commutator. It is therefore neces-
sary to make a detailed study of the subject because of its
importance.

To study the variation of the current in the coil being com-
mutated, the student should draw the brushes B, and B_ and
also the poles N and S, Fig. 87, on a piece of heavy paper, and the
armature and commutator on tracing paper. The armature
should then be placed in the magnetic field and the direction
of the current in a particular coil noted as the armature
goes through one revolution. Such a model illustrates the
operation much better than any set of diagrams such as those
in Figs. 88, 89 and 90.

71. Theory of Commutation.—Fig. 88 shows part of a machine
with a ring winding having two turns per coil and with the current
in the coil M undergoing commutation. The brush B is made of
copper so that the resistance of the contact between the brush and
the commutator is negligible.

In diagram A, the currents I enter the brush through the com-
mutator lead a.

In diagram B, the brush makes contact with two segments and
the eurrent flowing to the brush through the coils under the S
pole no longer requires to flow round coil M because it has an
easier path through the lead b, the currentin coil M therefore dies
down to zero because, being in the neutral position, the coil M is
not cutting lines of force so that no e.m.f. is generated in it to
maintain the current.

In diagram D, segment 1 of the commutator is about to break
contact with the brush, and the coil M carrying no current is
about to be thrown in series with the coils under the N pole.
At the instant the contact is broken, as shown in diagram E, the
current in coil M tries to increase suddenly from zero to a value
I, but this change of current is opposed by the self induction of
the coil M, so that the current prefers to pass to the brush across
the air space x, causing sparking.

72. Shifting of the Brushes.—For sparkless commutation, it
is necessary that the current in the coil M shall be reduced to zero
and then, by some means or other, raised to a value I in the oppo-
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Fia. 88. Fia. 89. Fia. 90.

Fia. 88.—With low resistance brushes on neutral line.
Fia. 89.—With low resistance brushes shifted in the direction of motion.
F1a6.°90.—With high resistance brushes.

Stages in the process of commutation.
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site direction during the time the coil is short circuited by the
brush, so that when the contact at x is broken, there shall be no
sudden change of current in the coil.

This result may be obtained by shifting the brushes forward
in the direction of motion as shown in Fig. 89 so that, while coil
M is short circuited, it is in a magnetic field and an e.m.f. is gen-
erated in it which will produce the required growth of current.
This magnetic field is called the reversing field. The correspond-
ing diagrams in Figs. 88 and 89, and particularly diagrams D
~ and E, should be carefully compared.

If the current taken from the generator is increased, the
strength of the reversing field must also be increased if commuta-
tion is to be sparkless, so that the brushes must be moved nearer
to the pole tips and further from the no-load position. The
brush position must therefore be changed with change of load.

73. Interpole Machines.—It has been shown in the last para-
graph that the commutation of a generator is improved if the

(N

Fie. 91. Fia. 92.
Diagrams illustrating the prineiple of the interpole generator.

brushes are shifted forward in the direction of motion of the
.machine so that the short circuited coils are in a reversing mag-
netic field, thus in Fig. 91 the brush B, is moved so as to come
under the tip of the N pole and the brush B_ is moved so as to
come under the tip of the S pole. The same result may be accom-
plished by leaving the brushes in the neutral position and
bringing an auxiliary n pole over the brush B, and an auxiliary s
pole over the brush B_, as shown in Fig. 92. These auxiliary
poles are called interpoles and a machine so equipped is called an
interpole machine. 4
It is desirable that the strength of the reversing field increase

with the current drawn from the armature and to obtain this
5

=
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result the interpoles are supplied with series field coils as shown
in Fig. 92.

74. Carbon brushes have a contact resistance which is gener-
ally about ten times that of copper brushes. The effect of this
high contact resistance is to improve commutation, as may be
seen by a comparison between Figs. 88 and 90.

In diagram B, Fig. 90, the brush makes contact with segment 2
and some of the current I that was flowing round coil M now
flows directly to the brush through lead . Since however the
contact with segment 2 is small in area, the current i, flowing
through this contact is small and some of the current I continues
to flow around coil M.

As the armature rotates and the contact area between the
brush and segment 2 increases, the current 7, increases and that
in coil M decreases until, at the instant shown in diagram C,
the current in this coil has become zero.

Indiagram D, the contact area between the brush and segment 1
is small while that between segment 2 and the brush is large so
that the current in lead a is throttled by the high resistance of the
small contact area and current is forced around coil M in the
direction shown. As the contact area between the brush and
segment 1 decreases, the current 7, decreases and that in coil M
increases until, at the instant shown in diagram FE, when the
contact at x is broken, the current in coil f has been raised to the
value I by this slide valve action of the high resistance brush.
The contact can then be broken without causing any sudden
change of current in the coil M and therefore without sparking.

In the above theory, the action at the positive brush has been
considered; the action at the negative brush is similar and need
not be considered separately. The theory applies to a drum
winding as well as to a ring winding, the only difference between
the two cases being in the shape of the coil, see Fig. 71.

By the use of carbon brushes it is possible to operate generators
from no-load to full-load without shifting of the brushes during
operation, and for that reason carbon brushes have superseded
copper brushes on modern machines.



CHAPTER XII

ARMATURE REACTION

75. The Cross-magnetizing Effect—In Fig. 93, diagram A
shows the distribution of the magnetic flux in a two-pole machine
when the field coils are excited and no current is flowing in the
armature winding; the flux density is uniform under the pole face
so that the same number of lines of force cross each square centi-
meter of the air gap between the pole face and the armature
surface. :

Diagram B shows the distribution of magnetic flux when the
armature is carrying current, the brushes being in the neutral

B
Flux distribution due Flux distribution due to the Resultant flux
to the field coils armature winding distribution

Fig. 93.—Armature reaction with the brushes in the neutral position.

position and the field coils not excited. The current passing
downward in the conductors under the S pole of the machine and
up in those which are under the N pole causes the armature to
become an electromagnet with lines of force which pass through
the ‘armature in a direction determined by the corkscrew
law, see page 5, and which return across the pole faces to com-
plete the circuit.

Diagram C shows the resultant distribution of magnetic
flux when, as under load conditions, the armature is carry-
ing current and the field coils are excited; C is obtained by
- combining the magnetic fields of A and B. Under pole tips a and
¢ the magnetic field due to the current in the armature is opposite

67 /
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in direction to that due to the current in the field coils while under
tips b and d the two magnetic fields are in the same direction.

Since the armature magnetic field is at right angles to that pro-
duced by the field magnets, the effect produced is called the cross-
magnetizing effect of armature reaction.

76. The Demagnetizing Effect.—In a direct-current generator
the brushes are shifted from the no-load neutral in the direction of
motion so as to improve commutation, see page 63, the distribu-
tion of the magnetic flux when the armature is earrying current
and the field coils are not excited will then be as shown in diagram
A, Fig. 94. The armature field is no longer at right angles to that
produced by the field magnets but acts in the direction oz, it
may however be considered as the resultant of twomagnetie fields, *
one in the direction oy, called the cross-magnetizing ecomponent
and the other in the direction oz, called the demagnetizing com-
ponent because it is directly opposed to the field produced by the
field magnets. Diagram B, Fig. 94, shows the armature divided

Fic. 94.—Flux distribution due to the armature winding when the brushes
are shifted in the direction qf motion.

so as to produce these two components; the belts of conductors ab
and cd, when carrying current, tend to demagnetize the machine,
while the belts ad and bc are cross-magnetizing in effect.

77. Effect of Armature Reaction on Commutation..—When
interpoles are not supplied, the brushes are shifted forward in the
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