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PREFACE

Tuis book is & new edition of Jackson and Jackson's ELE-
MENTARY ELECTRICITY AND MaaNETIEM, which was first pub-
lished in 1902. To meet present educational needs and to
bring the subject matter up to date it has been rewritten and
enlarged. Thus, much of the material on static electricity has
been omitted, and the discussion of slternating currents and
their applications has been greatly extended. The elementary
style of the first edition has been retained, frequent use has
been made of analogies, and the applications of principles have
been shown at the points where the latter are discussed.

We have had in mind two types of readers: first, the student
who has had one year’s work in physics and who wants a
course in Applied Electricity ; ‘and second, the general reader
who is interested in or handles electrical machinery and who
wants to know how and why it works. To-day there are great
numbers of people who are in electrical businesses or are in-
terested financially in electrical power plants and who need to
have access to de-eriptive statements of the uses of various
electrical machines. It is hoped that this book will in 8 mess-
ure bridge the gap between the electrical engineer and the
general reading public,

To meet these various needs great effort has been made to
state the fundamental principles so clearly that the reader will
really know what the principle or law means in a practical sense.
For this reason there are many illustrative examples worked
out in the text and numerous groups of problems, not too
difficult, based on electrieal industries. At the end of each
chapter we have placed a summary and a series of questions

v
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which will greatly aid the student in reviewing and mastering
the material therein. In these sumtnaries we have aimed
to make the phrasing brief and vivid so that it may be readily
remembered and easily used.

We have endeavored to state the fundamental facts and
theories relating to electricity and its present-day applications
in such & way that any man who understands arithmetic and
has had the elements of algebra and geometry can get the meat
out of the book. Much time and thought have been expended
in preparing the illustrations so that each one, as far as is
{feasible, tells its own story.

+ It is hardly necessary to state that suitable laboratory exer-
cises should accompany the use of this book in schools. Such
laboratory work should not only include the performance of
the simpler electrical measurements but should aim to give the
student some first-hand experience in running commercial
electrical machines and a livelier conception of the phenomena
treated of in the book. Small wooden or metal models as well

- as pictures, charts, and lantern slides of essential machine parts
and instruments not used in the laboratory add an element of
life and interest to classroom instruction as well as conduce to
clearer conceptions on the part of the pupils, Every oppor-
tunity to extend one's acquaintance with electrical machinery
should be taken by visiting power stations, repair shops, tele-
phone exchanges, and various factories which use electrical
machinery.

Abundant material has been supplied for a year’s work in
Arrriep ErecTrICITY, but, where the time for classroom in-
struction ig limited, well-informed teachers may readily select
the portions of the book which are most suitable for their
purpose.

In a work of this sort it is quite impossible to mention all
the books and men that have helped in its preparation. First
of all the author of this edition acknowledges the great aid and
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inspiration wh'ch the authors of the first edition have given him.
To Professor W. H. Timbie of Wentworth Institute, Boston,
both as a personal friend and as a maker of practical electrical
textbooks, and to Mr. Elmer E. Burns of the Joseph Medill
High School, Chicago, who through his books and apparatus
has done much to make the teaching of alternating currents in
high schools practicable, he is greatly indebted. The author
is also under especial obligations to Mr. Charles Q. Gibbon,
asgsistant in Electrical Engineering at the Massachusetts Insti-
tute of Technology and instructor in the Franklin Union, Bos-
ton, for his correction of the manuscript, and to Dr. William
Gallagher, Head Master of Thayer Academy, South Braintree,
Massachusetts, for his untiring aid in the correction of the
proof sheets and for his many helpful suggestions toward a
clearer statement of the subject matter.

The author of this revised edition, however, is alone re-
sponsible for such errors as still remain, and will be sincerely
grateful to any reader who will point out (1} fypographical
errors, (2) mallers which are nol s0 clearly put as lo be readily
undersiood, and (3) subjects which should be added and those
which might well have been omilled.

Among the concerns and people that have cobperated in
furnishing material for the illustrations are the following :

Allis-Chalmers Manufacturing Co., Milwaukee
American Telephone and Telegraph Co., New York
Boston Elevated Railway Co.,

Boston Public Library }

The J. G. Brill Co., Philadelphia

Edison Electric Appliance Co., Chicago

Edison Electric Illuminating Co. of Boston

Edison Storage Battery Co., Orange, N. J.

General Electric Co., Schenectady

Dr. Arial W. George, Boston
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Dr. James W. Hinckley, Boston

Hurley Machine Co., Chicago

Leeds & Northrup Co., Philadelphia

Lorain Steel Co., Johnstown, Pa.

Physical Laboratory, Harvard University
Simplex Eleetric Heating Co., Cambridge
Stone & Webster Engineering Co., Boston
Thomson Electric Welding Co., Lynn

Victor Electric Corporation, Cambridge
Wagner Eleetric Manufacturing Co., St. Louis
Walker Vehicle Co., Chicago

Westinghouse Electric & Manufacturing Co., East, Pittsburg
Weston Electric Instrument Co., Newark, N. J.
Widener Library, Harvard University.

To Mr. James 8. Conant of the Suffolk Engraving and Elec-
trotyping Co., Boston, the author is greatly indebted for much
patient care, ingenuity, and skill in preparing the illustrations,

N. HENBY BLACK.
January 1919,
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ELECTRICITY AND MAGNETISM

CHAPTER 1

BATTERIES FOR PRODUCING ELECTRIC CURRENTS

Electricity at work — meaning of the word — fluid theory
— difference of potential — electric current — voltaic cell —
hydraulic analogy — units of current, resistance, and electro-
motive force: ampere, ohm, and volt — electric cireunit, ex-
ternal and internal, open and closed — chemical action of
cell — primary battery — voltage of eell — eells in seriea —
defects, polarization, and local action — various types of com=
mereial cella — source of energy in a battery.

1. Electricity in the service of man. Up to the beginning
of the nineteenth century almost the only useful electrical
invention was the lightning rod. Yet the people of the eight-
eenth century were fascinated by electricity and it was the most
exciting topic with which scientific men dealt ; but it was merely
a plaything in laboratories. In the last half of the nineteenth
century, as we shall see in the following chapters, electricity
suddenly leaped into a commanding position in the arts and in
engineering,

The electrical industries may be said to have had their birth
and development within the last forty years — the telephone,
electrie light, electric motor, trolley cars, radiotelegraphy, elec-
tric transmission of power — all these have appeared and have
become almost everyday affairs, Yet how few of us appreciate
how these machines work. We are quite apt to dismiss the
whole matter by saying that a machine runs by electricity.

B 1



2 ELECTRICITY AND MAGNETISM

2. Electricity. The exact nature of electricity, which makea
itself evident in so many ways, has never been determined.
Many surmises or theories have been advanced, but none has
yet been able fully to stand the teat of close examination.
But by experimental evidence (which has been gathered for
decades) we have been able to determine some of the laws
which govern the action of electricity, although we do not
know its constitution, very much as we have learned the laws
of gravitation, although we do not know what * gravity ”
really is.

The meaning of the word * electricity ” has developed
parallel with the experimental growth of the sctence which
bears 'its name. Springing from the Latin name for amber,
eleciricus or electrum, the adjective electrical comes imme-
diately from the word * electric,” which was used in a book
published in 1600 by*Dr. Gilbert (a great scientist of Queen
Elizabeth's reign) to designate the anciently observed attrac-
tion for light bodies like chaff and bits of paper which amber
and similar substances exhibit when briskly rubbed.

From the word * electric ' also comes the word electricity.
Since the day Dr. Gilbert first applied the word * electric ”’ to
a particular phenomenon, our knowledge of all the sciences
has widened, and the term * electricity ” is now applied to
cover a vast field of facts unknown either to the ancients or to
Dr. Gilbert, but which are supposed to be based on the same
underlying causes as the phenomenon exhibited by rubbed
amber above referred to.

3. The nature of electricity. The action of electricity ex-
hibited when amber or similar substances are rubbed led many
experimenters who lived long after Gilbert to the belief that it
was a fluid which was not perceptible to their senses. Our
own great philosopher and statesman, Benjamin Franklin
' (Frontispiece), assumed it to be a fluid, and bodies which ex-
hibited electrical manifestations were thought by him to con-



BATTERIES FOR PRODUCING ELECTRIC CURRENTS 3

tain either more or less than a normal amount of the fluid. A
Frenchmsan named Dufay and an Englishman named Symmer
considered electricity to be composed of two Auids which were
contained in neutral bodies in equal amounts. When by any
means this equality was disturbed in a body, electrical mani-
festations occurred.

These theories, and a large number that were promulgated
gimilar to them, are now disearded in the light of later acientific
knowledge.* But.the conception of the fiuid theory is very useful
in giring & clear undersianding of some of the phenomena of
“electricity

Fra. 1. — Difference of leveal tends to make water flow,

4. Difference of Jevel or potential. Suppose we have a water
tank mounted beside the railroad track for filling the tank of
a locomotive tender, as shown in figure 1. It is evident at
once from our ordinary experience that the water will flow

*Briol discussion of modern theories of clectricity is given in Chapter
XXII1, .



4 ELECTRICITY AND MAGNETISM

from the tank down through the pipe and out into the tender.
The water flows * downhill ”’ on account of the difference in
level, which causes & pressure or motive force. This hydraulic
pressure or “head” is measured by the difference of level
between the water in the tank and the water at the end of
the pipe.

Similarly, if two pieces of metal, such as the binding posts
or terminals of a dry cell, be maintained at different electrical
states, this difference of condition causes a difference of electri-
cal patential or electromotive force (e.m.f.), which in turn tends
to make electricity flow. 1If a metal wire connects one binding
post A in figure 2 with the other binding post B, electricity
will flow through the wire, as is indicated by the ringing of the
bell when the button is pushed. Such a flow of electricity is
called an electric current. The means of setting up and msain-
taining such a current by chemical action will be deseribed in
this chapter,

Many of the simpler phenomens. of electricity may be illus-
trated by the action of fluids, but the reader must carefully
bear in mind that the comparison is merely for convenience,
and that electricity is not a fluid, but acts as if 3t were a weighi-
less, invisible, noncompressible
fuid  permeating all  space—
saturating everything. It must
also be remembered that in using
these comparisons we do not
touch upon the true nature of
electricity, which is not yet known,
but only upon the laws of its action
which have been experimentally de-
termined. Also, that while water
Fira. 2. — Difference of potential and gas may be direc'tl'y pgrceived

in the dry cell causes electricity by our senses, electricity is _abs?-
to flow along the wire,_ lutely impalpable, — that is, it

Bl |
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Aveesanpro Voura (1745-1827).

Great Italinn physiciat, professor at Como and at Pavia; inventor of the firat

electric battery (voltaic pile) and various electrostatic instruments, such as
tbe electroscope, the electrophorus. and the condenser; first one to measure
the difference of potential arising from the contact of dissimilar substances;
the volt, the unit of electromotive force, is named in his honor.
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Axprg Marie AuriRrE (1775-1836).

French physicist and mathematicinn; professor at the Polytechnie School in
Paris and later at the College of France; in 1820 began his experimenta on
the relations of electricity to magnetism ; in 1823 published his great memoir
on the magnetic effects of currents; first stated the rule for the relation be-
tween the direction of g eurrent in 4 wire and the direction of the magnetic
::Id about it. The ampere, the unit of intensity of current. is named in his
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BATTERIES FOR PRODUC:‘ING ELECTRIC CURRENTS &

cannot be directly perceived by our senses, —and the only way
in which we may recognize it is by its various effects.

6. A simple electric cell. Suppose we take & tumbler and place
in it o strip of zine and a strip of copper so that they do not touch
eash other and then pour in some dilute sulphurie acid (Fig. 3).
We observe that the copper plate is not affected by the acid while
the zino plate is s0on oovered with bubbles which rise to the top and
the zine plate is gradually eaten away,

Not only is there a difference in the chemical action of the
acid on the two metal plates, but the two plates are maintained
at different electrical states and an electromotive force exists
between them which tends to cause a current to fiow from cne
plate through a wire outsidé the liquid to the other. There-
fore, if we connect the plates by wire containing an electric
bell and push button as in figure 2, a current will flow through
this wire from cne plate to the other, as is indicated by the
ringing of the bell. :

It is customary to call the plate which is attacked the less

readily by the liquid, in this case the copper, the positive plate
(that is, the one of higher potential).
Therefore in figure 3 the terminal at-
tached to the copper plate is marked (+)
and the zine (—) and the electric current
18 assumed o flow in the wire from the
copper lo the zinc,

A little more than a hundred years ago
an Italian scientist named Volta (Plate
1, opposite page 4} discovered that an
electromotive force may be set up through
such an arrangement and so the latter is  Fro. 3.— A gimple elos
often called a voltaic cell. This dis- tric cell,
covery lies at the foundation of a great deal of our electrical
work of to-day and is thus worthy of a little more study.

Almost any two electrical conductors might be used for
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the plates instead of zine and copper, but the two plates must
not be of the same material. Likewise, other liguids might
be used in the place of the sulphuric acid, but it is necessary
that the liquid should attack one of the metals chemically.
In order lo get a current of electricity it is necessary to furnish a
complete conducting path or ring. Such a path through which
the current flows is called an electric circuit. That portion
of the circuit which is outside the cell, including the electric
bell, push button, and connecting wires, is called the external
circuit; that part which is within the cell itself, such as the
plates and liquid, is called the internal circuit. The arrows
show the direction of the current, and it will be noted that the
current in the external ¢ircuit flows from the copper to the zine
through the metal wires and that its path is completed by the
internal circuit from the zinc to the copper through the liquid.
If we sever the wires outside the liquid, that is, break the cir-
cuit, the electromotive force will still remain but no current ean
then flow because the conducting path is broken. If we again
join the wires, that is, make or cloge the circuit, the current
again can and does flow,

6. Hydraulic analogy. The action of a voltaic cell, such as
has just been deseribed, may be compared, in a rough but handy
analogy, to a pump for circulating water through a system of
pipes. A cellmay be considered asa machine for pumping electricity.

Suppose two deep tanks, A and B in figure 4, are placed at
different levels with a pump P connected in a pipe leading
from the bottom of one to the bottom of the other. If the
tanks are partly full of water and the pump is started, water
will be drawn from one tank B and sent into the other one 4,
thus raising the water level in the latter. If an overflow pipe
is carried from the one tank to the other, the overflow will
run back inte the depleted tank, and the water will simply be
circulated by the pump in a current flowing through the system
of pipes and the two tanks.
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This is similar to the conditions in an electric cell when the
poeitive and negative terminals are connected by a wire, as
illustrated in figure 2.

Now, if the overflow pipe is closed
by a valve V, the pump will soon
empty the tank B, after which it may
continue to run, but it cannot pump
any water, and ne current of water
will flow through the pipes.

In the same way, if the two ter-
minals of an électric cell are not
connected by a wire, the plates will
be maintained in different electrical Fio. 4. — Hydrsulic anslogy
states (that is, their difference of of  voltaic cell. .
electrical level or the electromotive force is maintained), but the
action of the cell in circulating electricity must cease until a
closed path is provided along which the current may flow,

7. Unit of current. The ampere. The quantity of water
circulated by the pump in a unit of time depends upon the
pressure which,the pump produces and the size of the connect-
ing pipes; and a similar rule holds for the circulation of elec-
tricity by an electric cell. The rate of the stream or current
of water may be designated as a certain number of gallons or
cubic feet per second. In the same way the rate of a current of
electricity may be designated as one which conveys a certain
quantity of electricity per second. The unit of quantity of
electricity is called a coulomb in honor of the French scientist
aamed Coulomb. The methods by which such a quantity of
electricity may be measured are explained in Chapter VIIL
An electric current carrying one coulomb per second is called
current of one empere, and the intensity of an electric current
or is rate of flow is generally given in gmperes. This pame
was given in honor of a great French scientist who was called
Ampére (Plate 11, opposite p. 5).
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In our study of electrical machinery we shall aimost always
be concerned with electricity in motion, for electricity at rest
(static electricity) has few effects of practical value, There-
fore we shall be studying not quantities of electricity but
currents of electricity and shall constantly use the term ampere,
and rarely the term coulomb.

For EXAMPLE, & hew dry cell when short-circuited with a short stout
wire eauses about 20 amperes to flow through the wire. A 40-waitt
tungsten lamp takes leas than half an ampere, while the are lamps uased
for etreet lighting require from 5 to 10 amperes. A telephone receiver
operates on less than (1.1 amperes, while the motor on a street car often
takes as much as 40 or 50 amperes.

8. Elestrical resistance. We are familiar with the fact
that a stream of water fiowing through a pipe is held back or
retarded by the friction of the pipe. If the pipe is small and
rough, we know that it offers a large resistance to the flow of
water through it. In a similar way electrical resistance is the
opposition which is offered by electrical conduclors to the flow of
current. We divide substances into two classes, conductors
and nonconductors or insulators; but even the best conductors
of electricity are not perfect. This means that all conductors
offer some resistance to the flow of electricity and transform
part of the energy which they carry into heat.

The electrical resistance of a conductor depends upon four factors:

(1) The malerial used ; iron, for example, has nearly seven
times as much resistance as copper;

(2) The length a wire 10 feet long has twice as much re-
sistance as a wire 5 feet long;

(3) The size of the wire, that is, the area of cross section;
& wire 0.04 inches in diameter has four times the cross-sectional
area, and hence one fourth the resistance of a wire 0.02 inches
in diameter ;

(4) The lemperalure; heating a copper wire from 0° to 100° C.
increases its resistance about 40 per cent.
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9. Unit of resistance. The ohm. The practical unit of re-
sistance is the ohm, which is named after the German scientist,
Dr. Ohm, who first set forth the law of electric currents, which
will be discussed in the next chapter.

For ExamrLE, 1000 feet of No. 10 copper wire has a reeistance
of almost precisely an chm. About 157 feet of No. 18 copper
wire (the size ordinarily used to connect electric bells) or 26 teet of
iron wire or 6 feet of manganin wire of the same siae has a resistance of
lohm, A 24-inch vibrating bell will ordinarily have a resistance some-
where between 1.5 and 3 ohms, a telegraph sounder about 4 ohms, a
relay 200 ohms, a telophone receiver 60 ohms, and a 40-watt Mazda
lamp 300 chms when hot.

10. Electromotive force. Voltage. In hydraulics we know
that to get water to flow along a pipe it is essential to have some
driving or motive force such as that furnished by a pump.
It much the same way, to get electricity to flow along a wire
we must have an electromotive force such as that furnished by
a battery or dynamo. The unit of electromotive foree is called
the wvolt, after the Iialian scientist Volta, who discovered the
chemical means for producing electric current. A volt may be
defined as the eleciromotive force needed lo drive a current of one
ampere through a resistance of one ohm.

For BXAMPLE, one volt is about the electromotive foree of a simple
cell made of zine and copper plates and dilute sulphuric acid. A
sommon dry eell gives about 1.5 volts and a storage cell about 2 volts.
The current for lighting a building is usually delivered at 110 or 220
volts, and street ears operate on about 550 volts,

The term * electromotive force,” abbreviated e.m.f., is some-
times called voltage or difference of potential. Each of these
terms means the same thing and designates the * push”
that moves or tends to move electricity.

11. Distinction between volts and amperes. The intensity
of an electric current is measured in amperes, the electromotive
force driving the current is measured in volte. In a given
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‘cireuit the greater the electromotive foree is, the greater is the

current. We know that we must have a certain * head " of
water in order to get s given number of gallons of water to
flow through a given pipe per second; so we must have a cer-
tain electromotive force to make a given current of eleciricity
flow through a given wire. With both water and electricity
we must have a motive force in order to have a current, but we
may have the motive force and yet have no current, If the
valve is closed in the water pipe or the switch is open inthe
electric circuit, we might have motive force (volis) but no cur-
rent (amperes),

Throughout our study of electricity we shall have very
much to do with the flow of electricity along a conductor and
80 it is of the utmost importance that we get a clear conception
of these three things:

(a) cuwrrent (rate of flow of electricity),

(b) resistance (opposition which regulates the flow),

(c) voltage (moving force which causes current to flow).

The following table will help to fix the meaning of the units,
ampere, chm, and volt.

Unrm WaTER ErecTRIOITY
Quantity Gallon Coulomb
Current Gallon per second Ampere

Quantity per second. Coulomb per second.
Resgistance (no unit) Ohm
Motive force “Feet of head” Volt

12. Energy expended in continuous flow. When two in-
sulated metal bodies at different electrical potentials are con-
nected by a wire, & brief current flows; just as a current of
water flows through the pipe connecting two tanks in which
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water stands at different levels; but the current ceases as soon
as the pressure is equalized. In order that a continuous current '
may be produced ¢ difference of electrical potential or voliage must
be continuously maintained in a closed circuit. If some method
is used to maintain the difference of potential or electromotive
force (as would be the case if we kept pumping the water from
the lower to the higher vessel in our analogy of vessels of water
connected by a pipe), the flow of electricity will be continuous,
One method of accomplishing this is by means of the electric
cells which have grown out of Volta’s discovery and which may
be considered for convenience as chemical engines for pumping
electricity from a lower potential to a higher.

If we desire to have a continuous flow of water from one
vessel to another at a lower level, it is necessary to keep re-
filling the higher vessel as water runs out of it. To do this
the water must be raised from the lower level to the higher,
which means that work must be performed to raise the water.
There are various ways in which this work may be done:
we may divert rain water or a flowing stream into the higher
vessel, thus utilizing the effects of the energy from the heat of
the sun, by means of which the water was raised from the earth
to become clouds; we msy pump the water directly from the
lower vessel to the upper one by means of a pump driven by
a steam engine, thus utilizing the energy of the steam, which
was given to it from the heat of the burning coal.

We may then say that it requires a continuous expenditure of
energy to keep water in circulation. Some of this energy may
be recovered by putting water motors in the pipe through which
the water flows from the higher to the lower vessel, but much
of the energy is lost by friction in the pipes and pump.

In the same way, il requires a condinuous ezpenditure of
energy to keep an electric current flowing, and this energy may
be gained from the chemical action resulting from dissolving
zine or some other metal in an electric cell.
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13. Chemical action of an electric cell. We have already
seen that a cell consists of two different electrical conductors,
one the copper (or the carbon which often replaces it), called
the positive electrode or cathode, and another the zine, called
the negative electrode or anode, and a solution of some acid
or salt called the electrolyte. In general it can be ssid that
the electric current depends on the difference in chemical ac-
tion of the electrolyte on the two electrodes,

In chemistry we learn that sulphuric acid is made up of two atoms

of hydrogen, one atom of sylphur, and four atoms of oxygen, as expressed
by the tormuls, H;50,. When sulphuric acid ie dissolved in water,

some of it breaks up into positive and negative jons; thus 2ﬁ and S_(_)..
‘When zino (Zn) is placed in the acid, a little of it dissolves, becoming

zine ions (E;), which unite with the sulphate ions (56.) to form zino

sulphate (Zn80,). The displaced hydrogen ions (2ﬁ) give up their
oharge and rise to the surface as hydrogen (He) bubbles.

But when the circuit is closed by connecting the electrodes with a
conducting wire, then the hydrogen ions migrate through the elec-
trolyte to the copper plate and give up their charge to this plate and
rise to the surface as gus bubbles. Tt will be noted that the positively

charged part of the electrolyte (2ﬁ) goes with the current through the
eell.

In this way an electric current will flow through the wire
from the copper to. the zinc as long as the chemical action is
maintajned. Thus we see that it is the energy of the chemical
action which forces the electricity to run ‘“ yphill ” inside the
cell. In short, an eleciric cell is merely a device for transforming
chemical energy tnlo elecirical energy.

In a good commercial eell the chemical action takes place
only when the cell is delivering electrical energy. The rate at
which this energy is delivered by the cell determines the rate
at which the zinc is used up; just as the rate at which steam
energy is delivered by a boiler determines the rate of coal con-
sumption, Zinc then ts the fuel of the eleciric cell.
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14. What determines the voltage of a cell? The magnitude
and direction of the electromotive force or voltage between the
electrodes of a cell depend upon the materials in the plates and
the character of the electrolyte. Forinstance,if sineand copper
compose the plates of a cell containing dilute sulphuric acid,
the voltage of the cell is about nine tenths of a volt and the
copper plate is the posgitive electrode. If two cells are made with
dilute sulphuric acid as the liquid, using zinc and lead for the
plates of one cell, and lead and copper for the plates of the
other, the lead is the positive plate in the former and the nega-
tive plate in the latter. Also, the voltage developed in each of
these is less than in the case of the zinc—sulphuric acid-copper
cell,

In cells which are to be obtained from dealers, the negative
electrodes are nearly always of zine, the posilive electrodes are
usually of carbon or copper. The liquids, however, consist of
various acids, or solutions of sal ammoniae, caustic soda, or
blue vitriol in water.

The voltage of a cell depends only upon the nature of the
plates and the liquid, and is eniirely independent of the size of
the plates.

It we conneot a simple cell, such as the copper—sulphuric acid-zine
eell described in section 5, to a high-resistance galvanometer or the
more convenient direct-reading voltmeter, we note the voltage of the
coll. If we move the plates as far apart as possible in the jar and again
note the voltage, we find that the distance hetween the plates does
not seem to affect the electromotive force of the cell. Finally, if we
litt one plate alowly until it is nearly out of the liguid, we find that the
area of the plates immersed does not seem to affect the electromotive
force of the cell.

In general then the size of a cell makes no difference in its
voltage.

15. Electric battery. Cells in series. An electric battery
isa group of two or more cells. Broadly speaking, a battery
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is a group in which similar units are assembled to serve a
common end; thus we speak of “a battery of boilers” or
“a battery of artillery,” but it is not correct to speak of one
cell as a battery.

An electric battery may be composed of primary cells or
secondary cells. A primary cell, such as a voltaic cell or dry
cell, has a negative electrode or anode (zine) and the electro-
lyte, which are consumed or used up in producing current.
Often they can be replaced when they are exhausted and then
the cell is as good as new. A secondary cell is a storage cell
or accumulator. This will be deseribed more fully in Chapter
X1, but it may be stated here that in a storage cell, instead of
replacing the worn-out negative plate, we send a current from
an outside source through the cell in the reverse direction and
thus restore the plates and the electrolyte to their original
condition,

If & number of cells, such as the zine~sulphuric acid-copper
cell described above, are connected in a series so that the zine
electrode of the one is
connected with the
copper electrode of
the next, and so on
(Fig. 5), then the total
voltage measured be-
tween the free copper
plate at one end of the
set and the free zinc plate at the other is equal to the sum of
the voltages developed by the individual cells. When 2 battery
is connected in this manner so that the voltages developed in
the individual cells are all added together, the cells are said to
be connected in series.

16. Polarization. It was soon found that Volta's simple cell
has a great defect which shows itsell whenever the terminals
are connected by a wire; namely, the current does not remain

Fre, 5. — Four voltaie cella connected in series,
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constant but rapidly becomes weaker. This is due to polari-
zation. .

Let us set up a zine—sulphuric acid—copper cell and conneet it to an
electric bell. When the vircuit is first closed, the bell rings loudly,
but it soon weakens and after a time ceases to ring altogether. Tf
we examine the cell, we find that the copper plate is coated with little
hydrogen bubbles., We may restore the cell by lifting the copper
plate out of the acid for a moment, or by brushing off the hydrogen
bubblea. This collecting of hydrogen bubbles on the positive plate is
called polarization.

In a similar way we may also show polarization in a carbon-
gulphuric acid-zine cell, but in this case we can easily restore
the cell by pouring into the acid a solution of potassium bi-
chromate, a substance rich in oxygen. This increases the current
because the hydrogen is taken up chemically by the oxidiz-
ing agent.

The effect of the hydrogen bubbles is twofold: first, they
form a gaseous coating on the copper or carbon plate. This
layer of hydrogen is a poor conductor of electricity and there-
fore weakens the current. Second, the hydrogen layer has a
slight battery action of its own, tending to send a current
in the direction opposite to that desired, and this also weakens
the current delivered by the cell.

17. Depolarization. In order that a cell may be eapable of
working continuously, some plan must be adopted to keep it
from polarizing ; or, aa it is often called, to keep it depolarized.
This may be effected in three different ways: first, by me-
chanical action, which removes the hydrogen from the positive
plate; second, by direct chemical action, which absorbs the
hydrogen:; third, by electrochemical action, by which the
hydrogen is exchanged for a metal which is deposited upon the
positive plate.

In all cells that use & mechanical method of depolarization
and in many that use a chemical depolarizer, the depolar-
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izing is effected so slowly that the cells cannot give a long-
continued steady flow of current, and for that reason they
are called open-circuit cells. These cells are extensively used
for ringing bells, for setting signals, for telephones, ete., where
the work is intermittent and the cells have time to regain a
proper working condition while resting between the periods of
activity. :

A majority of the cells making use of the elecirochemical
methods of depolarizing have no tendency fo polarize, and

[ Zine

Solution

\SII Ammoniac

e
Fia. 6. — Carbon cell with zino rod in sal ammoniae aclution,

may therefore be used continuously. Such cells are called

constant or closed-circuit cells.

The first method of depolarizing requires that the hydrogen
bubbles be cleared off the positive plate as fast as they are
deposited upon it. This masy be done by continually stirring
the liquid or by blowing air into it. If the positive plate is
well roughened, the hydrogen bubbles will not adhere to it
8o closely, but many will float off to the surface of the liquid
and escape. This plan was employed in a cell commonly
called Smee's cell, which was used commercially: many years
ago, but it was not very successful.

There are also cells used for ringing bells, etc., which depend
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entirely upon the use of a large positive plate surface to lessen
the rapidity of polarization. It is evident that such cells can
be used only intermittently. Figure 6 shows such a cell.
It eonsists of zine and carbon electrodes immersed in a solution
of sal ammoniac (the scientific name is ammonium chloride).
The carbons are made with very large surfaces.

18. Chemical depolarization. If some substance is added
to the liquid of the cell which will combine with the hydrogen
as ‘quickly as it is
formed, the polariza-
tion will evidently be
avoided. This ia the
foundation of the
second method of de-
pelarizing. Various
substances may be
used for this purpose,
guch as manganese
dioxide, potassium
bichromate, and so-
dium bichromate.

The bichromate bat-
tery, which is often
used for experimental
purposes in isolated e
places where no form F19. 7. — Plunge battery with four bichro-
. . mate cells.
of electric power is
available, is a zinc-carbon battery with a liquid composed of
sulphuric acid in which potassium bichromate or sodium bi-
chromate has been dissolved. When this cell is in operation,
polarization is prevented by the immediate combination with
the potassium bichromate of the hydrogen which is liberated
from the sulpburic acid. Carbon is used for the positive plate
in this cell because the bichromate of potash will attack and
<
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destroy copper. In the bichromate battery the zincs are gen-
erally arranged so that they may be lifted out, of the fluid when
the cells are not in use, because the fluid eats up zinc when
the circuit of the cell is open. From this comes the name
plunge battery (Fig. 7).
The ordinary proportions in which the solution for this type of bat-
tery is made up are as follows, the parts being measured by weight :
180 parts of water
25 parts of commercial aulphurie aeid
12 parta of bichromate of potash, or bichromate of soda-
The crushed bichromate should first be dissolved in the water at
boiling temperature, after which the acid may be added slowly to the
eooled solution. .Always ddd the aecid to
: the solution; never add the solution to the
acid, as serious burns are apt to reault.

When manganese dioxide is used as

8 depolarizer, it is generally broken

up into small lumps and put into a

porous cup surrounding a positive

plate of carbon. When sal ammoniac

dissolved in water is used as the liquid

in this form of cell, it makes the famil-

iar Leclanché cell (Fig. 8), which is

frequently used for ringing door bells

and doing similar service. Some-

e b times the manganese dioxide is pul-
Fia. 8, — Leclanché cell with  yerized and placed inside of the carbon
Parotia cap- positive plate and the porous cup is
omitted (Fig. 9). In this case the zinec is bent into a cylinder
around the carbon electrode. The depolarizing effect of the man-
ganese dioxide is not, however, sufficiently powerful to prevent
a cell from becoming polarized if used continuously. Conse-
quently, Leclanché cells are satisfactory only in service which
is intermittent, such as ringing door bells, where the circuit
is open a large part of the time and the battery rests without
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chemical action. Leclanché cells are called open-circuit cells
on account of the small chemical action which goes on in them

when the circuit is open, and be-
cause they are not satisfactory in
continuous service.

19. Electrochemical depolariza-
tion. Daniell cell. The third
method of depolarizing introduces
more complicated chemical reac-
tions, but concerning these we
need not give much detail. By
this method cells are constructed
which give excellent results in
continuous service, and which are,
therefore, called closed-cireust cells.
One of these is probably the most
commonly used of any form of
wet battery. This is the or-

dinary gravity battery, or copper

4 Ammoni
Solution

2

Fia. 9. — Sal ammoniac cell with
depolarizer placed inside carbon
and with zinc outside.

sulphate battery, which is so much used in telegraphy.

Fig. 10. — Daniall cell,

The original Daniell cell
(Fig. 10), from which the
gravity cell came, is still often
used in experimental work
when a constant voltage is
needed in electrical measure-
ments. The active liquid is
dilute sulphuric acid in which
is immersed the zinc or nega-
tive plate. The copper plate
is immersed in a depolarizing
solution of ordinary ecopper
sulphate or blue vitriol (some-
times called bluestone). The
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two solutions are separated by a porous cup made of unglazed
porcelain. In general terms, the chemieal action which occurs
when the battery is working is as follows: the sulphuric acid
attagks the zine, and zine sulphate is formed. At the same
time hydrogen is liberated from the sulphuric acid and goes
with the electric current toward the copper plate, where it
would be deposited if it were not for the copper sulphate which
surrounds the copper plate. When the hydrogen gets into the
copper sulphate solution, it goes into chemical combination,
and copper is separated from the solution and deposited upon
the copper plate, which is accordingly kept bright and in good
working condition.

During the operation of the cell the chemical action, which
has been briefly explained, causes a change in the character
of the solutions. The sulphuric acid in its action om the
zinec changes to a solution of zine sulphate, and the copper
sulphate changes to sulphuric acid. If the sulphuric acid is
replaced by a dilute or weak solution of zine sulphate, a cur-
rent is set up as before, and the chemical action is similar, but
the copper sulphate is converted into zinc sulphate. In order
that the depolsrizing action may continue during the life of the
cell, the strength of the copper sulphate sclution must he kept
up. This is done by putting crystals of copper sulphate or
blue vitriol into the cell so that they may be dissolved.

20. Gravity or crowfoot cell. In the commercial modifica-
tion of the Daniell cell the sulphuric acid or zine sulphate solu-
tion is ordinarily much diluted or weakened by water, while
the copper sulphate solution is %kept quite concentrated or
saturated. When in this condition, the solution of zinc sul-
phate is lighter than the other and will float upon it, just as
oil floatzs on water. Consequently, if the copper plate, sur-
rounded by the solution of copper sulphate, is placed in the
bottom of a battery jar, s weak solution of zine sulphate or
dilute sulphuric acid may be carefully poured on top, and the
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solutions will mix only very slowly. The zine in the shape
of a crowfoot is hung from the top of the jar in the upper solu-
tion (Fig. 11). This is called the gravity cell, because the
solutions are separated by gravity through the difference of
their densities instead of by a porous cup.

In setting up such a cell it is usual to put the copper in the
bottom of the jar surrounded by crystals of copper sulphate.
The jar is then filled with water nearly to its top, and the
ginc is immersed in the upper part
of the liquid. The cell may be
placed on short circuit for a time

. by connecting the positive terminal

directly with the negative terminal
by a short piece of wire, and it will
work itself into good operating
condition; or a little sulphuric
acid or zine sulphate solution may
be carefully poured into the water,
and the cell will at once be in con-
dition,

If a gra\rity cell is allowed to Fia. Il.—Gr:;ityorcmwfoot
stand with the circuit open, the )
two solutions will slowly mix by diffusion. When any of the
copper sulphate solution reaches the zinc, a black deposit of
oxide of copper is made upon it. This puts the cell in such
condition that it will not work satisfactorily until the zinc has
been cleaned. When the cell is in operation, the copper sul-
phate is changed into zinc sulphate g0 rapidly that it gets no
chance to mix with the lafter. A gravity battery, therefore,
in satisfactory only in service which keeps it constantly work-
ing. For this reason and also because it does not polarize
in the least, it is called a closed-circuit battery. When not
in use, the gravity cell should be short-circuited through a
registance of from 300 to 400 ochms,
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21. Dry cell. During the last few years, what is called a
“dry” cell has come into extensive use for open-circuit or
intermittent work, like ringing bells, operating telephones,
operating signal devices, flash lights, and for ignition on gas
engines. This type of cell, which is really a modification of
the Leclanché cell, has zinc and carbon electrodes, while the
electrolyte is in the form of a paste instead of being liquid as
in the ordinary cells. The zine plate is commonly made in the
form of a deep cup, which is also the containing vessel (Fig.
12). About 80 per cent of the dry cells manufactured in this

+  _ country are made with this zinc
can 6 inches high and 2.5 inches
in diameter. Inthe middle is the
carbon electrode, which may be
etther cylindrical or fluted. The
gine can i9 lined with an absorb-
ent layer of pulp board or blotting
paper which is saturated with a
solution of sal ammoniac and zine
chloride. The zinc chloride is
necessary to reduce the rapid de-
terioration which would otherwise
take place on open circuit. The
epace between the lining and the carbon electrode is filled with
a mixture of granulated carbon and manganese dioxide. This
latter is used as the depolarizer. The top of the cell is gener-
ally sealed up with a pitch composition. This cell has a volt-
age of about 1.5 volts and will polgrize rapidly if kept long on
closed circuit.

There are a great many dry cells with pastes of various
modified compositions now on the market, and they have
proved themselves very convenient and effective.

22. How long will a dry cell last? The “life ” of a dry cell
is not a fixed quantity, but depends on the circuit in which

F1a. 12, — Dry cell, showing inside
conatruction,
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it is used. Oftentimes dry cells which are merely standing
on a shelfl for a year and not being used at all will dry up and

DPry Cull

F16. 13. — Testing
a dry cell with
pocket ammeter.

larize rapidly, and one giving less than 15
amperes is likely to be made of poor
materials. Cells not in use should be
stored in a cool place; this prevents rapid

evaporation.

Recently there has been put on the market
a modified form of dry cell called the Burn
Boston Battery. This (Fig. 14) is built very
much as the regular dry cell, except that it
is made really dry, and when it is ready fo
be used, and not until then, the water is \
added through = pinhole in the top. It is [

become practically useless, Sometimes a bat-
tery of 5 dry cells, such as would be used for
gas-engine ignition, which is in pretty constant
use, will last a couple of months. The work-
ing life of a dry cell is extended by arranging
the circuit so0 that the current drawn from any
one cell will be small. The effective life of a
dry cell also depends on the length of time
that it is left on open circuit, which gives it
a chance to depolarize.

A new cell of good manufacture should, when
tested, give a short-circuit current of at least 15
amperes and not more than
25 amperes {Fig. 13). A
cell giving more than 25
amperes will probably po-

N

claimed that such a cell will keep for apy ¥ie. 14.— Bum Bos-

length of time and in any climate.

ton Battery.

28. Edison primary cell. ‘The positive electrode in this cell
(Fig. 15) is a plate of compressed copper oxide which has a



24 ELECTRICITY AND MAGNETISM

surface reduced to metallic copper. The negative electrode
is zine, and the electrolyte is a concentrated solution of sodium
hydroxide (caustic soda). The hydrogen reduces the copper
oxide to metallic copper and thus does not polatize the cell.
To prevent the evaporation of the solution, as well as to stop
the formation of ‘ creeping " salts, a layer of heavy mineral
oil is placed on the top of the electrolyte. The construction
is made very rigid by fastening the positive and negative
plates firmly to the top of the containing jar. This jar is
made of enameled steel and the plates are sepamted by porce-
lain spacers.

This type of cell may be
left set up for months with-
out deterioration and is there-
fore suitable for open-circuit
work. But it is also largely
used on closed-circuit work
such as in some gystems of
telegraphy and in alarm cir-
cuits, because it can be 80
e Edison ord 1 designed that all the constit-

T primeny cet. uents are exhausted ai the
same time. Although the voltage of this cell is low (about
0.75 volts), yet its resistance is also low and thus it is capable of
producing large currents. For example, a battery designed to
deliver 7 amperes for 85 hours (a 600-ampere-hour battery)
would give over 40 amperes on short circuit.

24. Local action. In nearly sll cells some chemical action
by which the zinc is wasted goes on even when the main cir-
cuit is open. This may also proceed while the main circuit is
closed without adding to the useful current in the cell. Such
wasteful chemical action is called local action. It is usually
caused by bits of impurity, such as carbon or iron, on the sur-
face of the zine, which form little local cells with the other
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portions of the zinc (Fig. 16} and thus continually eat it away
in spota. This action may be seen by placing a piece of or-
dinary commercial zine in dilute sulphuric acid, when chemical
action takes place which is similar to that described above in
the case of a cell generating a current, and the zinec is dis-
solved ; while, if the zinc is chemically pure (that is, does not
contain any impurities), the action does not occur. °

Local action is also caused in some cells by differences in
the density of the liquid at various parts of the cell. In this
case, the zinc near the top of the liquid is oy zie
ordinarily wasted away, and it may be.
entirely eaten off. This will often be ob-
served in cells with sal ammoniac solution
which are used for ringing door bells.

26. Amalgamation. Local action caused
by impurities may be largely avoided by
amalgemating the zinc; that is, by alloying
s surface with mercury. For this purpose
the zinc is cleaned by dipping it into a dilute
acid solution, and then it is rubbed with
mercury, which makes a pasty alloy on its
surface. The impurities in the zinc do not
readily form an amalgam with the mercury
and are therefore covered up, while pure zine is brought to the
surface. As the zinc is eaten away, the mercury remains and
combines with the zine below, thus keeping the zinc plate in
good condition until it is practically all used up.

Zine electrodes may be conveniently amalgamated by immersing
them in a saturated solution of mercury in equal volumes of nitrio
and hydrochlorio acids and water. The zino is at the same time

cleaned and evenly amalgamated. After removal from the solution
the electrode should be rinsed in water.

Zine plates, or zincs for batteries, are also sometimes cast
with a small percentage of mercury in their composition,

F1a. 16. — Local se-
tion in a cell.
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which is intended to take the place of amalgamation. The
mercury scems to cover all impurities and to present only
pure zinc at the surface.

26. Amount of chemical action in a cell. The amount of
metal, such a8 zinc, usefully consumed in a cell depends di-
rectly upon the gquantity of electricity (coulombs) which is
permitted to pass through the electrolyte. The amount of
hydrogen gas, copper, or other metals liberated from the liquid
also depends upon the number of coulombs of electricity which
pass through the cell. This may be stated as a general law of
electrochemical action: the amount of chemical aclion in a
cell depends directly upon the amount of eleclricily which passes
through it, and therefore the chemical action is the same in all
the cells of a number connecled in series, gince the same amount
of current will flow through them sll,

The weight in grams (metric measure) of a metal which
is dissolved or deposited when one coulomb of electricity
passes through a cell, is called the electrochemical equivalent
of the metal.

A table which shows the electrochemical equivalents of
various chemical elements expressed in grams per ampere hour
is included in Chapter XI.

27. Value of zinc as a fuel. One of the effects of chemical
action is to give out heat. When wood or coal is burned, the
- carbon of the burning material combines with oxygen from the
air, and heat is given out as the result of the chemical com-
bination which we call combustion or burning. In the same
way, if zinc is dissolved in sulphuric acid, the acid combines
with the zine, and heat is given off as the result of the chemical
combination. This heat represents a certain energy or capacity
Jor doing work. It has been found that, under the conditions
already described, the energy represented by chemical action
may be converted indo an electric current, and, by taking advan-
tage of this, we get electric cells.
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In nearly all primary cells' the metal which is consumed is
zinc. The law of electrochemical action already stated shows
that no current can be produced without an equivalent con-
sumption of metal, just as no heat can be given out from an
ordinary fire without an equivalent consumption of coal or
wood.

The consuming of zine in a primary cell to furnish elec-
trical power in the form of an electric current is similar to
the burning of coal under a boiler to furnish steam power.
It can, be readily seen that zinc makes an expensive fuel, even
though the consumption of a pound of zinc in a battery pro-
duces several times a8 much energy 8s is produced by the com-
bustion of a pound of coal in the furnace of a boiler; and,
moreover, primary cells in which zinc is consumed cannot be
used commercially to furnish electricity where currents of
great magnitude are required, as on electric railways.

For such purposes the battery can' never compete with
the dynamo driven by a steam engine, unless a cell is invented
in which coal may be economically consumed in the place of
zing and the heat due to the combustion of coal may be
directly transferred into electrical energy; or, until a cyclic
system is commercially developed in which the metal dis-
solved in the battery may be recovered through the action of
electric currents generated by water power. If this is ever
done, the electric battery will displace the steam boiler and
engine ; but bateries tn which zine ts consumed can never eco-
nomically furnish current for light and power.

On the other hand, there are many domestic operations such
a8 ringing electric bells, regulating dampers, etc., in which
primary batteries can continue to fill an important place. In
telephony and telegraphy and in other commercial applications -
of electricity and magnetismm on a large scale in which com-
paratively weak currents are required, they are algo used in
large numbers.



28 ELECTRICITY AND MAGNETISM

SUMMARY OF CHAPTER 1

PRIMARY CELL traneforms chemical energy into electrical
energy. It consists of two unlike conductors (electrodes) im-
mersed in a fluid (electrolyte) which attacks one of the electrodes
(negative) chemically,

TYPICAL COMMERCIAL CELLS

ELECTRODES . mnrnns.isl"rn
TYPES OF o.m.f., .
CELLS  'Positive Negative] CLSCIROLYTE | "oy’ | Ance
ohms
Gravity Copper Zinc | Zinc sulphate 1.0 0.1-6

Copper sulphate

Leclanché | Carbon Zinc An:_.lnd:onium chlo-| 1.5 1-6
L]

Edison- Copper Zinc | Sodium hydrox- 0.76 | 0.02-0.1
Primary oxide ide

Dry Cell | Carbon Zinc | Ammonium chlo-
ride and zinc
chloride 1.5 0.04-0.5

ZINC 1S THE FUEL CONSUMED in batteries. 1Its cost is so
high that it prevente the extensive use of batteries as a source
of electric power.

POLARIZATION is the formation of hydrogen bubbles on the
positive plate, which reduces the current. This is prevented by
using & two-fluid cell, such as the Daniell cell, which is used for
constant-current work. It is reduced by putting into the electro-
Iyte oxidizing agente, such as manganese dioxide and copper oxide,
but these act so slowly that cells can be used only on intermittent
service.
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" LOCAL ACTION is set up when there are impurities on the sur-
face of the zinc. These impurities (with fluid and zinc) form little
local cells, which use up zin¢ without furnishing useful energy.
This defect is largely remedied by amalgamation of the zinc.

ELECTRICAL UNITS: -

QUANTITY measured in COULOMBS
CURRENT measured in AMPERES
ELECTROMOTIVE FORCE mesasured in VOLTS
RESISTANCE measured in OHMS

' USEFUL ANALOGY

UNITS WATER BLECTRICITY
Quantity Gallon Coulomb
Current Gallon per second | Ampere
(Quantity per second) (Coulomb per second)
Resistance (No unit) Ohm
Motive force Pounde per sq. in. | Volt
or ¢ feet of head ”
QUESTIONS

1. How does electricity manifest itself ?

2. Give a reason for sssuming that there is direction to an electric
eurrent.

8. What is the setion of dilute sulphuric acid on commercial zine?
What is the action on pure zine?

4. What is an electrolyte?

5. Upon what does the e.m.t. of a cell depend?

8. Why are zine and ecarbon commonly used as electirodes in a
battery?

7. Distinguiah between the internal and external circuit of a cefl,
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8. Explain the depolarization of the Daniell cell and of the
Leclanché cell.
9. Why isa Leclanché cell better thun a Daniell cell for ringing deor

belis ?

10, Why and how are zinc plates amalgamated ?

11. In what respect does a dry cell differ from a wet cell?

13. Why should the cirenit of & dry battery which is not in use be
kept open?

13. Why must the zinc of the bichromate battery be lifted out of
the liguid when not in use?

14. Why is the solution of zine sulphate diluied and the copper
sulphate made concentrated in & gravity ocell?

15. Why is & gravity battery short-circuited for a time when it is
first set up?

18. Why must copper sulphate crystals (blue vitriol) be occasion-
ally added to a Daniell cell?

17. Why are there so many different makes of cells on the market ?

18. Draw a diagram to show how six dry cells are joined in series.

19. Whaot effect does inereasing the internal resistance of a cell
produce upon the current? Why?



CHAPTER II

ELECTRIC CIRCUITS AND THE FLOW OF
ELECTRICITY. OHM’'S LAW

Conduetors and insulators -- conduetance and resistance
— Ohm's Law — standards of resistance, current, and volt-
age — offect of temperature on resistance — computation of
resigtance — series and parallel cireuits — fall of potential
in & eireuit — Kirchhoff's Laws.

28. Conductors and insulators. Some materials readily
conduct electricity and these are called conductors. Other
materials either do not conduct it at all or conduet it only in
a very small degree, and these are called noncenductors or
insulators. Other materials have the conducting-power in
an intermediate degree and are often called partial conductors.

The cause of the difference in the conducting powers of the
various materials is not kmown and will probably not be known
until the exact constitution of electricity is more clearly under-
stood. When science succeeds in unraveling that mystery,
we ghall probably also learn the exact nature of light, and the
cause of the attraction of gravitation, together with the reasons
for many other highly important laws, the explanations of
which are now among the profound secrets of nature,

The following table gives a list of materials placed approxi-
mately in the order of their conducting powers:

1. Metals, 8. Pure water. 12. Shellas.

2. Charcoal, coke, and 7. Various oils. 13. Vuleanite.
graphite. 8. Dry wood. 14. Paraffin.

3. Acids. 9. 8ilk. 15. Porcelain.

4. Balt aclutions. 10. India rubber. 18. Glaas,

6. Plants and animals. 11. Mieca. . 17. Dry air.

, 31
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We ordinarily restrict the term “ conductor ¥’ o the metals
and to carbon in the forms of charcoal, coke, and graphite.
The materiala in the table numbered from 3 to 6 may be
called * partial conductors,” and the last eleven materiala may
be ecalled “ insulators.” Of all the materials named, dry air
may be said to be the only one which has absolutely no conduct-
ing power under ordinary conditions, although that of glass, .
poreelain, ete., i exceedingly small at ordinary temperatures.

Fra. 17. — A bell cireunit in a house,

But even dry air, when under the stress of very high voltages,
becomes a partial conductor. .

Chemically pure water and ice are practically nonconductors.
The presence of a very slight percentage of impurities, however,
renders water a partial conductor. Since water found in nature
is never absolutely free from impurities, all natural water is
a partial conductor. For this reason a film of moisture upon
an insulator greatly reduces its insulating guality.

By menns of the conducting property, or conductance, of metals,
electric currents may be readily conducted from place to place. For
instance, if a battery of severnl dry cells is located in the cellar of &
house, a push button is located at the front door, and an electric bell
is looated in the kitchen, a metal wire may be led from one terminal
of the battery to the push button, another wire may be led from the
push button to the bell, and a third may be led from the bell to the
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other terminal of the batiery, in the manner illustrated in figure 17.
Then if the button is pushed 50 as to close the break which it makes in
the oireuit, electricity flows through the battery, wires, push button,
and bell, and the bell rings. The construction of the hell mechanism
for this purpose is deecribed in Chapter IV. The wires which form
the cirouit must be secured so that the current cannot escape from
one wire {0 apother by s short path (or shost circwit) which does not
include the bell. For this reason, wires which are intended to be used
for bell circuits, electric-light circuits, and the like, are usually covered
with a ooating of cotton thread soaked in parafiin or gum, or with a
coating of vulcanized India rubber. Such covered wires are com-
monly called insulated wires.

29. Conductance and resistance. We know by experience
that the amount of energy required to drive water through a
pipe depends upon the size of the pipe and its construction.
Also, in the case of two pipes of the same size, we know that if
one has a rough inner surface and the other a smooth one, the
former is the poorer conductor of the water. Although elec-
tricity is not a fluid, the analogy between its flow and that
of water is in many ways close. For instance, the flow of elec-
tricity is known by experience to be dependent upon the di-
mensions of the conductor through which it flows and the ma-
terial of which the conductor is made. Electricity may be
considered as flowing through the entire cross section of the
conductor, 8o that any resisting action is uniform throughout
the material instead of being a “ skin 7 or friction effect, as in
the caee of water flowing in a pipe. The resistance of a cireujt
then is a8 measure of how difficull it is to force a given current
through that circuit. If we decrease the resatance of a cir-
cuit, we increase the ease with which a given current may be
forced through, or we increase the circuit’s facility for conduct-
ing. This facility for conducling an electric current we call the
conductance of the circust. From this definition it is evident
that the condudance of a circuit ia the reciproeal of that circuit’s
resistance.

D
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The table below shows the comparative order of the conduct-
ing powers of various materials. It is seen that the metals
stand at the head of the list. Their conducting power is so
much greater than that of other materials that we ordinarily
speak of them alone as the conductors of electricity or as electri-
cal conductors; but charcoal, coke, and graphite may also be
included among the electrical conductors. Among the pure
metals themselves there is considerable difference in conduct-
ing power ; furthermore, mixing impurities in metals or mixing
{(alloying) them together generally decreases their conducting
power. In the table the figures at the right hand of the names
of the metals show the average relative conducting powers of
pure metals and of alloys of fixed composition, in percentages
of the conducting power of pure silver. Pure silver and pure
copper are the best conductors known, and no other metals
approach them very closely. Aluminum is so very light in
weight that pure aluminum conductors have even less resist-
ance than copper conductors of equal length and weight; but
the relative conductances which are presented in the table
refer to conductors of equal lengths and cross sections.

Silver . . . . 100 Zine. . . . 27 Tin. . . . . . 14
Copper . . . . 92 Nickel . . . 21 Lead . . , . . 7
Gold. . . . . 67 Platinum . . 13 Castiron. . . . 2
Aluminum . . . 56 Softsteel . . 12 Merewry . . . . 7
Brass (copperand zine) . . . . . . . . . . . . . 2841
Nickel ateel (4.35% nickel) . . . . P
German silver (copper, zine, and mckel) P X i
Manganin (eopper, manganese, and nickel) . . . . ., . . . 3.8
Boker's In I aoft (copperandnjekel}) . . . . . . , , . .31

Pure graphite has s relative conducting power of 0.4 compared
with pure silver,

The quality of o metal and the way in which it has been handled
in the course of manufacture affect the conducting power to a cone
siderable degree. Pure copper that comes from the ore of the Lake
Buperior copper mines or the Montana mines sppears, as a rule, to
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have a little higher conduetance than that coming from the Arizona
mines. Annealod metals (that is, metals which have heen softened
and toughened by properly cooling from a high temperature) gen-
erally have s alightly greater conductance than hardened metals, and
wrought metals than cast metals,

30. Ohm’s Law. When water is forced through a pipe by a
pump, the stream which flows is directly proportional to the
pressure exerted by the pump and inversely proportional to
the frictional resistance of the pipe. In the same way, when a
current of electricity is forced along a wire, the current increases
as the electromotive force or voltage of the battery or other
generator increases, and the current decreases as the resistance
of the circuit increases. This relation between current, electro-
motive force, and registance is called Ohm’s Law, after the Ger-
man scientist (Plate ITI, opposite page 36) who in 1827 formally
announced it. The law is stated thus: The infensily of the
electric current along a conductor equals the electromotive force
divided by the resistance.

Electromotive force

Current~ Resi n
In electrical units:
Volts
Amperes= Obms’
In symbola:
1=
R

when 7=Intensity of current in amperes,
E =FElectromotive force in volts,
R=Resistance in ohms.

For EXAMPLE, suppose we want to find the intensity of the current
sent through a resistance of 5 ohms by an eleetromotive force of 110

volss. E 110
I=E‘ T-22 Amperes.
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If we want to find the electromotive force required to main-
tain a certain current in a circuit of known resistance, we have

E=]IR.

For EXAMPLE, suppose we want to find the voltage required to
send 10 amperes through an are lamp if the resistance (hot) is 5.6 ohma.

E=IR=10x5.5=>55 volts.

If we need to find the resistance {0 be inserted in a circuit
80 that the current may not exceed a given intensity when a
known voltage is applied, we use our fundamental equation
in this form:

E
R=3

For mxamrLE, suppose an elociric heater ean eafely oarry 10 am-
peres. If the heater is used on a 115-voli circuit, what must be the
value of its hot resistance?

<E 115
R T 11.5 ohma,

Since Ohm’s Law is the foundation of all scientific knowledge
of electricity, the student will de well to commit it to memory
and will save himself much work if he learns the law in its three
forms.

It may be well to remember here that the relation expressed in
Ohm’s Law is 8 GENERAL PRINCIPLE Which is found to hold true
throughout the workings of nature; namely, that the result
is proportional to the ratio of the force gpplied to the resistance,

PROBLEMS

1. A wire of 10 ohms resistance haa an e.m.f. of 24 volts impressed
upon its terminals. What current will flow?

4. What is the hot resistance of & lamp filamept which uses 0.4 of
an ampere at 115 volts?

3. How much electromotive force is needed to send 2.5 amperes
through (g} 2 ochma? (b) 50 ohms?




PLATE 111,

Grora SiMox Oam (1787-1854).

German physicist and discoverer of the famous law in electricity beaTing his
name. pln 1826, while teaching mathematics at a @ymuesium in Cologne, he
published his famous paper on the expenrpental proof of his law. At the
time of his death he was professor of experimental phyaice in the university

at Munich.
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4. An electric heater of 30 ohms regsistance can salely carry 4 am-
peres. How high can the voltage run?

B. An electromagnet takes 5 amperes from a 110-volt line. How
much would it draw from a 220-volt line?

6. A dry cell which has an electromotive force of 1.5 volts gives
25 ampered when short-circuited. What is its internal resistance?
What is the internal resistance of the same cell when, alter much use,
it will give only 9 amperes?

7. What voltage will produce a current of (.00 amperes through
a registance of 1000 ohma?

8. The resistance of a telephone receiver is 80 ohms, and the
current required is 0.007 amperes. What voltage must be impressed
across the receiver?

9. A certain relay can safely carry 2 amperes. To determine
whether it may be connected directly across the terminsls of a 110-
volt cireuit, it ia first connected with a battery; by measurement the
ourrent is found to be 0.14 amperes and the terminal voltage 7.0 volts,
{a) May the relay aafely be connected to the 110-volt circuit? (d) What
is the maximum voltage to which the relay may be subjected ?

10. The relay ot problem 9 is kmown to be wound with 1000 feet
of wire and it is necesaary to add sufficient wire so that the relay may
be directly connected with a battery supplying 120 volts. If the only
svailable wire haa but one half the cross section of the wire already
on the coil, how many feet must be added before the reconstructed
relay may be connected with the 120-volt line?

31. Application of Ohm's Law to partial circuits. It is very
importent to remember that Ohm’s Law applies nol only to an
entire cirewil but aleo lo any parl of a cireuit.  Thus, when applied
to an entire circuit, it may be stated as follows:

{1) The current in the entire circuil equals the vollage avail-
able in the enfire cireuil divided by the resistance of the enlire
ctreuil.

‘When applying this law to only a part of & circuit, it may be
stated as follows:

(2) The current in a cerlain part of & circuit equols the vollage
across that same part divided by the resistance of that same pari.
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An ExamrLE will make plain the correct use of this law.

Suppose the electromotive foree of a battery is 3 volts, the resistance
of the bell (Fig. 18) is 3 ochmas, the resistance of the wires and button is

Wire 1.5 chma

Bali & chmas ‘] Bratton

Battery
o | & velts
ULs

0.5 ol
F1o. 18. — Diagram of a bell circuit.

1.5 ohma, and the internsl resistance of the battery is 0.5 ohms, To
find the intensity of the current, wo have

J<Ba 3
R 3415405

The current has the same intensity throughout the cirouit. To find
the voltage acrosa the hell, we have .

EmIR=0.6X3=18 volts.
Teo find the voltage drop within the battery, we have
E=]R=0.0X0.5=03 volts.

Since the totsl clectromotive force of the battery is 3 volts, and
ginee it takes 0.3 volts to send the current through the battery itself,
the terminal voltage of the battery is 3 - 0.3, or 2.7 volts. Of this,
1.8 volts is needed to send the current through the bell, and the re-
mainder, 0.9 volts, is used to send the current through the connecting
wires and push button.

It a voltmeter were connected across the batiery it would reed
2.7 volts, or the terminal voltage. - The total voltage or clectromotive
force (e.m.t.) is computed by multiplying the eurrent in the circuit,
0.6 amperes, by the total resistance, 3 +1.54+0.5=5 ohms:

E=IR=0.6Xx5=3.0 volts, total voltage,
3.0-0.3=2.7 volts, terminal voltage.

= (.0 amperes.
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PROBLEMS

1. A cell with an e.m.I. of 2 volta sends a current through an electro~
magnet with a resistance of 0.4 ochms. If the internal resistance of
the cell is 0.6 ohms, what is the intensity of the current?

%. The terminal voltage of & generator, when not delivering current,
is 115 volts. 1Its internal resistance (armature) is 0.03 ohms. When
it is giving out 120 amperes, what is the voltage drop in the maohine?
What is the terminal voltage at that load?

3. Five cells are connected in series; each has an e.m.f. of 1.4 volis
and an internal resistance of 0.4 ohms. If the external resistance ia
3 ohms, what is the current?

4. A lamp filament has a hot resistance of 6 ohms and requires
1 ampere. How many cells in series, each having an e.m.t. of 2 volta
and internal resistance of .5 chms, will be needed to operate the lamp ?

5. It two ocells which respectively give 1.8 volts and 1.08 volts are
connected with a circuit in opposition (that is, with their poles con-
nected so that they tend to send currents in opposite directions), and
a current of (.4 amperes flows, how much current will flow if the cells
are connected properly to the same circuit in series?

8. A current of 1 ampere flowing through a silver solution will
depogit 4.025 grams per hour. An electroplating apparatus when
connected with a 10-volt generstor is found to deposit 2 grams of
gilver per hour. What is the resistance of the apparatus?

7. An electric lamp when hot has a resistance of 10 ohms. The
current is supplied through a line 750 feet long. The line wire has a
registance of 1 ohm per 1000 feet, At the supply end the potential is
110 volia. (o) What current will flow? (b) What is the voltage
drop in the line? {(¢) What is the voltage at the lamp?

32. The standard of resistance. The resistance to the
flow of water through s pipe, as we have said before, is 8 sur-
face or * skin ” friction effect, and depends upon the velocity
with which the water flows, the number and form of bends in
the pipe, the form of its cross section, and its length. The true
electriea! resistance of a conductor is quite different from this,
gince it simply depends upon the nature of the metal from which
the econductor is made, the area of its cross section, its length,
and its temperature.
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The greater the cross section of a conduclor the grealer i3 the
ease with which the curreni may pass through, and therefore the
leas i3 i3 resistance; and the longer the wire the greater is the
Lotal opposition to be overcome, and hence the greater ils resistance.
We may state this more briefly by saying that the resistance
of a conductor varies directly as its length and inversely as its
croes pection. The cross sections of ordinary cylindrical wires
are proportional to the sgueres of their dismeters, and conse-
quently the conductances of such wires of equal length are
directly proportional to the squares of their diameters. This
makes the resistances of similar wires vary inversely as the
squares of their diameters. For instance, if a certain copper
wire has a resistance of one chm, the resistance of a copper
- wire of the same length but of twice the diameter is only one
fourth of an ohm, sinee the square of twe is four.

The adopted definition of the value of the chm is based upon
this property of electrical resistance, which depends simply
upon the nature of the metal conductor, its temperature, its
length, and the inverse of its cross section. The approved
definitions of all the electrical units were adopted at the Electri-
¢al Congress held in Chicago in August, 1893. The definition
of the unit of resistance makes one ohm equal to the resistance
of a column of pure mercury which is 106.3 centimeters long,
which has a uniform cross section, and which contains 14.4521
grams of mercury; the temperature being that of melting ice,
0°C. This gives to the column a uniform cross section of one
square millimeter. The ohm as thus defined is csalled the
international ohm, to distinguish it from units based on defini-
tions adopted at previous electrical congresses. The defini-
tions given by the Chicago Electrical Congress have been almost
universslly accepted, and it is generally believed that they
will not be changed. The units by which electricity is meas-
ured are therefore the same in all countries. This is true of no
other units which are used in common measurements.
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Since a column of mercury is an inconvenient device to
handle, standards of resistance made of mereury are not em-
pleyed in ordinary measurements of electrical resistance, but
coils of German silver wire, or other wires of high resistance,
are used. These coils are carefully adjusted in resistance to
a desirable number of chms, and they can then be used in the
measurement of the resistance of any conductor by methods ex-
plained on later pages.

33. The standard of current. Before the Chicago Electrical
Congress was held, the fundamental definition of the ampere
had ususally been based upon the electromagnetic effects of
currents ; but at that Congress a definition was adopted which
is based on the electrochemical effects of currents explained
in Chapter XI. The international ampere as thus defined is
the steady current which deposits silver at the rate of 0.001118
grams per second from a solution of silver mitrate in water,
the solution being of a given fixed concentration to insure regu-
lar action.

Mesaurements of electrical currents in practical fests are
made by means of instrements depending upon the magnetic
effects of the currents described in Chapter IV, instead of ac-
cording to the means indicated in the Chicago definition of the
ampere. Methods of measurement based on the electrochemi-
cal effects of currents are valuable for determining whether
the indications of electromagnetic instruments are correct.

84. The standard of voltage. In order that the fixed rela-

tion represented by Ohm’s Law, Current = Voltage 1011 hold

Resistance’
with these definitions, the international volt as defined by
the Chicago Congress is the voltage which causes a current
of one ampere to flow through a resistance of one ohm. This
is practically equivalent to %2 of the electromotive force
of & Weston Normal Cell * at 20° C.
# Bee section 130.
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35. Effect of temperature on the resistance of materials.
The resistance of most materials is affected by temperature.
That of most metals increases as the temiperature rises, but in
the case of a few alloys the resistance falls very slightly as the
temperature increases. The resistance of carbon falls very
rapidly as the temperature rises, and this fall is sufficiently
great to reduce the working resistance, or hot resistance, of a
carbon incandescent lamp filament to only about one half the
resistance which it has at the usual atmospheric temperature,
The resistances of liquids and of most insulating materials,
as far as they are measurable, also decresse as the temperature
rises. This decrease is s0 marked in some insulating materials
(such as glass, for instance) that they actually become conduc-
tors when they are heated red hot or when they are melted.

The resistance of most pure metals seems to change at approx-
imately the same rate; namely, beginning at a temperature
of zero degrees on the centigrade seale, the change of resistance
is about 0.4 of 1 per cent per degree of the centigrade scale.
This change -per degree of the centigrade scale is called the
temperature coeflicient of the material.

The temperature of melting ice is taken as the zero for the oenti-
grade scale, while the temperature of boiling water under normal
oonditions is taken as 100 degrees. These two temperatures corro-
spond to 32 degrees (32°) and 212 degrees (212°) respectively oun the
Fahrenheit scale. Between these two fired poinis we therefore bave
180 Fahrenheit divisions or 100 centigrade divisions. Hence one
division centigrade is equivalent to § divisions Fahrenheit.

To change s temperature expressed on the centigrade scale to the
Fahrenheit scale, we have only to multiply by § and add 32°. For
example :

30° C. = (§ X30)+32=86°F.

To change & temperature expressed on the Fahrenheit scale to the
centigrade scale, we must first subtract 32° and then multiply by §.
For example:

98.6° F, = (98.6 —32)§ =37° C.
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It may be helpful in changing temperatiires from one secale to the
other, to remember the following equations:

Temp. Fabr, = (§ Temp. Cent.) + 82.
Temp. Cent, = § (Temp. Fahr. - 3%).

A change of resistance of 0.4 of 1 per cent (0.004) per centigrade
degres means a change of 1 per cent in resistance up or down for every
2} degrees centigrade when the temperature varies up or down. This
is also nearly equivalent to 1 per cent (0.01) for every 4.5 degrees of
the Fahrenheit or common thermometer scale.

As commercial copper contains but minute impurities, the
temperature coefficient for pure metals applies with reasonable
aceuracy to commercial copper wire.

The temperature coefficient of alloys dcpends very much
upon the composition of the mixture. In general, German
gilver may be taken to have a temperature coefficient about
one tenth as great as that of copper.

36. The circular mil. In the practical measurement of
wires it is usual to use feet in measuring the length, and circular

mils in measuring

] lqr~— —
the cross section. ' 7000 it 1000 miie
One thousandth of i
an inch is called a Area : Area
mil, and a round 1 million 1,278,000
wireonemilin di- |  circulor cireular
ameter is said to | mils i mils
have a cross sec- | E
tion of one circu- & 1 K ‘ s ,

lar mil. The croes F10. 19. — A circle and square in circular mils.

sections, or areas,

of wires are measured in this unit. And it is a very convenient
unit for this reason : the areas of circles are proportiona} to the
squares of their diameters, consequently, if the area of a wire
one mil in diameter is called a circular mil, every other round
wire has an area or cross section which, in circular mils, is nu-
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merically equal to the square of its diameter measured in mila,
A circle one inch in diameter (Fig. 19) is one thousand mils in
diameter, and there are therefore one million circular mils in its
area, Asa square inch has an area 4/x times the area of such a
circle, there must be 4/x X 1,000,000 or 1,273,000 circular milsina
square inch. The symbol w (Greek letter pI) is used to represent
the constant value, 8.1418, which, in inches, equals the length
of the circumference of a circle having a diameter of one inch.

87. Specific resistance. In order to calculate the resistance
of a wire, it is necessary to know the resistance of a piece hav-
ing a unit length and cross section; that is, the resistance of
& wire one foot long which has a cross section of one circular
mil. This may be called the resistivity or specific resistance
of the materia! and is the resistance of a mil foot. The resist-
ance of a mil foot of good commercial copper is very nearly
10.4 ohms at 20° C. In scientific writings, specific resistance
is usually given on the basis of one centimeter as the unit
of length, and one square centimeter as the unit of cross sec-
tion, instead of on the basis of the mil foot, which is commonly
used in practice.

On aceount of its low resistivity, copper is the metal most
widely used for electrical conductors, although aluminum and
even galvanized iron are sometimes used. The resistivity of
aluminum is nearly twice that of copper, being 18.7 ochms per
mil foot at 20° C. However, its specific gravity is less than
one third that of copper. This means that a pound of alu-
minum made into wire will present slightly less resistance be-
tween two points than will a pound of copper, although the
aluminum wire will have approximately twice the cross section
of the copper wire. Bince the resistivity of iron and steel is
about seven times that of copper, these materials can be used
only where a conductor of large cross section can be installed,
as in & third rail, or where very small currents are to be trans-
mitted, as in telegraphy.
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PROBLEMS

1. Find the area of cross section in cireular mils of a wire 0.015
inches in dismeter.

2. What ia the circular mil area of a circle 2,16 inches in diameter?

3. Find the cross-section ares of a round wire } inches in diameter.

4. A round wire has a cross-section area of 250,000 circular mils.
What is its diameter in inches?

5. What is the diameter of a wire containing 22,500 cirenlar mils?

6. What ie the cross-sectional area in ciroular mils of a rectangular
bar 1 inch by 1% inchea?

7. What is the equivalent cross section (circular mils) of & cable
somposed of 10 strands of copper wire, each .2 inches in dismeter?

88. Computation of the resistance of a wire. As has already
been stated, the resistance of & wire or other piece of any par-
ticular conductor depends directly upon its length and inversely
upon its cross section. 8o, if the resistance of o mil fool of the
wire (given in ohma) is multiplied by the total length in feel and
divided by its cross section in eircular mils, thermum&bethe
resistance of the whole wire in ohma,

This may be expressed, for convenience, as follows:

r=£

where R is the resistance in ohms, K the resistance of a mil

foot (which is 10.4 ohms for copper at 20° C.), ! the length in
feet, and & the circular mils in the cross section.

For BEXAMPLE, to compute the resistance of 500 feet of No. 18 copper
wire, we find from the wire tables on page 48 that No. 18 wire is
40.3 mils in dismeter, Since the resistivity of copper at 20° C. is
10.4 chme, we bhave

Ki_10.4 X500
R= s ( 1038 =3.2 ohms,

To compute the resistance at any other temperature it is
convenient to know that the resistance of copper per mil foot
at 0° C. is 9.6 ohms, and that taking the resistance at 0° C. as
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a standard, copper increases 0.00426 ohma per degree for each
ohm. This efiect of temperature on the resistance of copper
may be expressed in the form of an equation:

R,=R, (14+0.00426¢)
when R.=resistance at £° C.
and f =temperature of wire in degrees centigrade.

If the temperature coefficient of resistance is based on the resistance
at some other temperature than 0° C., the coefficient becomes smaller;
thus, based on the resistance at 25° C., it is 0.0038. See Electrical
Engineer's Handbooks for further details.

PROBLEMS

Norte. — Unless otherwise stated, the temperature of wires in all
problems is assumed to be 20° C.

1. Assuming the resistance of copper per mil foot at 20° C, to be
10.4 ohmsz, what is the resistance of 500 feet of copper wire, 0.032 inches
in diameter? '

8. What is the resistance of a mile of copper wire 1 inches in
diameter?

8. How long must a copper wire 0.064 inches in diameter be to
have a resistance of 10 ohma?

4. What diameter will & copper wire have if 1000 feet has s re-
sistance of one ohm?

6. Tt is necessary to transmit 40 amperes over a copper wire half
s mile long with not more than 5 volts “line drop.”” What diameter
wire musat be nsed? :

Hint. — Apply Ohm's Law to find the resistance required and
then compute the size of wire.

8. What is the line drop in a 4-mile copper trolley wire carrying
200 amperes, if the wire is 0.325 inches in diameter?

7. Assuming the specific resistance of aluminum to be 18.7 chms
per mil foot, what is the resistance of a mile of aluminum wire 0.064
inches in diameter?

8. The resistance of & copper wire is 5.45 chms at 0° C. What ia
it at 20° C.?
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9. The registance of the field coils of a motor is 210 ohma at 20° C.
What will he the rosiatance when the coils become heated to 75 C.?
{HinT. — Find resistance at 0° C.)

10. A coil at 0° C. has a resistance of 10.5 ohms. What will be
the temperature when the resistance hecomes 12.5 ohms?

11. A copper rod 1 inch in dismeter and 10 feet long ia drawn out
into a wire 0.1 inches in dismeter. What is the resistance (a) of the
rod? (b) of the wire?

18. Copper weighs 0.32 pounds per cabic inech, A coil containing
1000 feet of wire weighs 38.4 pounds. (6) What is the area of the
wire in cireular mila? (b) What is the resistance of the coil?

18. An eleotrio motor is guaranteed to have in continuocus service
a temperature rise of not more than 50 degrees centigrade above that
of the surrounding air. Under test the following data Were obtained :
ling voltage 110 volts, room temperature 22.5° C., resistance of fisld
coils at first 58 ohma, current in field after continuous service 1.608
amperes. What iz the aetual temperature rise ?

Copper wire is ordinarily manufactured only in certain
standard sizes. In this country these sizes are arranged ac-
cording to the Brown & Sharpe (B. & 8.) Gauge. The table
on page 48 gives a list of the standard sizes, of which only the
even numbers are in general use except in the very small sizes.
The second column shows the diameter of each gauge number
in mals (0.001”). The third column gives the area of cross
section in circular mils, which we have already learned is the
square of the diameter in mils. The fourth column gives the
resistance per thousand feet at 20° C. The use of this table
greatly simplifies all wire computations.

It will be convenient to remember that No. 10 wire is about
v of an inch (100 mils) in diameter or about 10,000 circular
mils in cross section (end area) and has a resistance of practically
1 ohm per 1000 feet. Further, it will be seen that the wires
grow smaller as the numbers increase and that No. 13 wire is
about half the size (cross section) of No. 10 wire and so has
twice as much resistance. In the same way No. 16 wire is
half the size of No. 13 and has double the resistance. As the
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wires grow smaller, every third gauge number halves the area
of cross section and doubles the resistance.

NoTe. — When the computation réguires a wire of a size not in the
table, always choose the size nexi larger,

Resistance or S8oFr ok ANNEALED CoPPER WIRE

b.as. |Durs | famoe | Omoren [l yo| Druse | arns o] omus e
WO ) TMga” | e [ORQT Mya Mg g
0000 ; 460.00 | 211,600 0.04893 1 21 | 28.462 | 810.10 12.78%
0u0 | 409.64 | 167,810 0.06170 || 22 | 25.347 | 642.40 16.12
Q0 |364.80 | 133,080 007780 || 23 | 22.571 | 500.45 20.32
1) 324.86 | 105,530 0.00811 | 24 | 20.100 | 404.01 25.63
1| 25 | 17.900 | 320.40 32.31
1| 289.30 83,604 0.1237 26 | 15.040 | 254.10 40.75
21| 257.63 86,373 0.1560 27 1 14.195 | 201.50 51.38
3| 22042 52,634 0.1967 28 | 12.641 ] 150.79 684.79
4| 204.31 41,742 0.2480 20 | 11.257°} 126.72 81.70
] 5]181.94 33,102 0.3128 30 | 10.025 | 100.50 | 103.0
8| 162.02 28,250 0.3944 31 8928 | 79.70 120.9
7114428 20,816 0.4973 32 7050 63.21| 1838
81 120.40 16,509 0.6271 33 7.080| 50.13| 208.8
9!114.43 13,004 0.7908 34 6.305| 30.75| 260.5
10 [ 101.89 10,381 0.9972 35 56815 | 31.52| 3284
11| 00.742 82340 | 1.257 36 5000{ 2500 414.2
12| 80.808 68,5200 | 1.686 37 4453 19.82| 5222
13| 71.981 -5,178.4 | 1.999 as 3965 1572| 6586
14| 64.084 4,106.8 2.521 39 3.631 1247 | 8304
15| 57.068 32567 3179 40 3.145 9.80 | 1047,
16| 50.820 25829 | 4.000
17| 45.257 20482 | 5.055
18] 40.303 1.624.3 | 6.374
191 35800 1,288.1 | 8.038
201 31.961 1,021.5| 10.14
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PROBLEMS

1. What is the resistance per mile of No. 10 wire, B. & S. ganuge?

2. What size wire, B. & 8., has about 2.5 ohms per mile?

3. How many miles of No. 00 will it take to make 5 ohms?

4. What size copper wire should be used to transmit 25 amperes
from a generator to lamps, a distance of 500 feet, with 2 volte line
drop?

6. A coil of No. 20 wire is found to have a resistance of 40 ohms.
How many feet are there in the eoil?

8. An electromagnst consists of a eoil of 800 turns of No. 24 B. & 8.
coppet wire. If the average length of a turn is 10 inches, what is the
resistance of the eoil?

7. Calculate the equivalent cross seetion of a cable made up of
91 wires, each No. 14 in size. What is the resistance of 1000 feot of
this cable?

8. It is desired to build a ¢oil whose resistance shall not -exceed
300 ohms. The coil muat have 200 turns of about 18 inches average
length. What size wire should be used ?

39. Series circuits. When the current passes around its
circuit in a single path, the path is termed a series circuit,

e 0.1 ohima
i £
A——050hms (o4
— £ ohmE
T 0.1 ohms
— D

Fio. 20. — Berioa cirouit composed of a battery, conducting wires, and an
incandeacent lamp.

The path may be made up of different materials which are of
various dimensions, but fhe resistance of the whole is the sum
of the resistances of all the parts. ‘Thus, suppose wé have a
circuit like that shown in figure 20, where A is a battery «of
large cells having a resistance of 0.5 of an ohm for the battery,
C is a small incandescent lamp having a filament of 5 ochms
hot resistance, and B and D are connecting wires having re-
1
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gistances of 0.1 and 0.2 ohms respectively. The total resist-
ance of the circuit is the sum of these, or 0.5+540.140.2=5.8
ohms. '

The same condition exists when water flows through pipes.
Thus, suppose in figure 21 that 4, B, and C are three pipes of
different sizes jointed together in series for drawing water from
a tank. Evidently the separate resistances to the flow of the
water introdueed by these different pipes and joints must be
added together to get the total frictional resistance from the
tank to the valve. In the illustration, the tanks, valve, and
pump also form parts of the eircuit, and, therefore, if the total

TANK It A - B . c
] I | VALVE

F1a. 21. — Hydraulic analogue of series circuit.

resistance of the circuit is desired, the resistances of these parts
must be added to those of the pipes.
The laws governing series circuits are as follows:

The current in every part of a sertes circuil is the same.

The resistance of several resislances in sertes is the sum of the
separale resistances.

The voltage across several resistances in series 18 equal o the
sum of the vollages across the separate resistances.

Moreover, since the voltage is equal to the resistance times
the current (£ =1IR), and since the current (I) in every part
of a series circuit is the same; it follows that the voltage across
any part of a series civcuil is proportional lo the resistance of
that part.
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For EXaMPLE, in figure 22, if the e.m.l. of each ocell is 2 volts, the
e.m.f. of the three cells in series is 3 times 2, or 6 volta.
A B C
8 ohma. 3 chmas, 1.5 chma,
Battery

T

0.5 0.5 0.5 ohmy,
F1o. 22. — Three cells and three resistances in series.

It the resistance of A is 6 ohms, of B, 3 ohms, of €, 1.5 ohms, and
of each cell, 0.5 ohmas, the total resistance is 6 +34+1.54+{(3x0.5) =12
ohms.

The current is vy, or 0.5 amperes.

The voltage across A is 6 times 0.5, or 3 volts, across B, 3 times 0.5,
or 1.5 volts, and aeross C, 1.5 times (1.5, or 0.75 volts.

The voltage *‘drop” in each cell is 0.5 times 0.5, or 0.25 volts, so
that the terminal voltage of each cell is 2 =0.25, or 1.75 volts.

40. Parallel circuits. If two wires are connecled in parallel
(that is, so that a current divides between them, as shown in
figure 23), the current flowing in each is equal to the vollage be-

4 OHMS

tweens their common terminals divided by their individual resist-
ances,

For examrre, if two wires (Fig. 23) have resistances of 4 ohms
and 6 ohms respectively, and the voltage between their terminals
(the points A and B) is 12 volts, the current Aowing through the first
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wire is J2 =3 amperes, and that through the second is 31 =2 amperes,
1t should be noted that the larger current, 3 amperes, flows through
the smaller resistance, 4 ohms,

The total current flowing through the circuit containing the
two wires in parallel is evidently 2 plus 3, or 5 amperes. Since
the voltage causing these 5 amperes to flow through the wires
is 12 volts, the resistance of the circuit between A and B, or
the joint resistance of the two wires in parallel, must be 32, or
24 ohms. This may be conveniently caleulated directly from
the conductances, which, it will be remembered, are reciprocal

W

F1e. 24. — Hydraulic analogue of parallel circuit.

or inverse to the resistances, The name sometimes given to
a unit of conductance is mho, which is the word “ ohm " spelled
backwards. The conductance of the first wire is therefore }
mhos and that of the second is § mhos, and the joint conductance
3+14, or fy mhos, Therefore the joint resistance is the recipro-
cal of y8& mhos, or 4t ohms.

The joint carrying capacity of two or more pipes which deliver
water between two tanks is equal to the capacities of all the
separate pipes added together. Thus, suppose in figure 24
that A, B, and C are three pipes connecting the two tanks,
Evidently more water will flow through two pipes in a given
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time than through one alone, and still more will low through
three pipes. Henee, as pipes are added between the tanks, the
resistance to the flow of water is decreased; that is to say,
the conductivity is increased. The capacities of the pipes for
carrying water (that is, their conductivities) must therefore
be added together to get the A tokme
total conductivity for the flow
of water from the higher tank to m
the lower one.

In the same way the joint con- Fra. 25.— Three resistances in

h . , — B

ducling power or conductance of “ 1
electric circuits which are con-

neeted tn parallel (or multiple, as they are often oauod,) 18 equal
o the conduciance of the parts added together,
FoRrR BxauMPLE, suppose we have (Fig. 25) three resistances 4, L,
and M in parallel. A =8 ohms, L =16 obhms, and M =80 ohms,.
Conductance of A =} =0.125 mhos;
L = =0.0625 mhos;
M = =0,0125 mhos.
Conductance of the combination is:
$+ 4+ =0.20 mhos,
Bince the resistance equals the reciprocal of the econductance, the re-
sistance of the combination must be 0%2' or 5 ohms.

This shows that simply adding together the resistanees of
the individual parts of a eircuit will not alwaya give the total
resistance of the circuit. In fact, such an addition gives the
total resistance only when all the individual resistances belong
to parts of the circuit which are conneeted in series.

A little consideration of what precedes will show that when
two wires of equal resistance are connected in parallel, their
joint resistance is just half as great as the resistance of either
wire. If three wires of equal resistance are connected in parallel,
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their joint resistance is just one third as great as the resistance
of one of the conductors, and a0 on. If the wires of equal
resistance were connected in serieg instead of parallel, the resist-
ances would be two, three, and s0 on, times as great as a single
wire.

The laws governing parallel circuits are as follows:

The tolal current through the combination is the sum of the
currents through the parts.
" The conductance of the combination is the sum of the conduct-
ances of the parts.
The voltage across several resistances in parallel iz the same
Jor all. '

41. Shunts, When one wire is connected in parallel with
another, it is often called a shunt, because it switches off or
shunts a part of the current from the other wire, The wire
to which a shunt is attached is said to be shunted. Special
ahunta put up in boxes are {frequently used to protect electrical
instruments which are required for electrical measurements.
Their purpose is to shunt a known part of the current around
the instruments when the currents are so great that the instru-
ments might be injured if the total current passed through
them. .

If the resisiance of the instrument is 1 ohm and the resistance of
the shunt is 1 ohm, then as mueh current will low through the shunt
as through the instrument; that is, the inetrument’s reading must
be multiplied by 2 to obtain the total current. This value 2 ie called

the multiplying power of the shunt; that is, the amount by which the
ehunt multiplies the range of the instrument.

PROEBLEMS

1. If a lamp having 45 ochms resistance ie joined in series with a
oofl of 10 chma seress a 110-volt cireuit, what is the vesistance of the
two pieces joined in series? What Is the eurrent?

8. Three resistances, 200, 200, and 40 ohms, are connected in
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series across & 220-volt line. What is the resistance of the circuit?
What current flows in this circuit?

8. If five lamps of 15 ohma each are inserted in series in & line
whose resistance iz 4 ohms, what is the total resisitance? What
voltage is needed to mend 7 amperes through the lamps?

4. A lamp of 55 ohms, another lamp of 30 ohms, and a coil of
15 ohms are connerted in seriea. There is a voltage of 120 volis acroes
the 30-chm lamp.

Find :

{a) Current in the lamps and the coil.

{b) Voltage anross the 55-ohm lamp and the eoil.

{¢) Total voltage.

6. Thres resistances, one 30 ochme, another 40 ochme, and the third
unknown, are connected in series with an ammeter which reads 2.5
ampores. Total voltage on the line is 225 volts.

Find:

(s} Unknown resistance.

{b) Voltage seross 30 ohms.

{¢) Voltage across 40 ohms.

6. What is the joint resistaitce of three parallel branches each of
which has a redistance of 120 chms?

7. What is the joint resistance of two parallel branches which
have respectively 40 and 60 ohms?

8. If the resistance of s wire is 4 ohms, what must be the re-
sistance of another which when put in parallel with it makes the joint
resistance 3 ochms?

8. What is the joint resistance of three circuits in parallel which
have resistances of 1, 0.5, and 0.2 chma?

10. If ten similar incandescent lamps, connected in parsllel, have
a joint resistance of 20 chma, what is the resistance of each lamp?

11. An electromotive foree of 150 volts is impressed on a parallel
circuit which eonasists of four branches of 2, 4, 5, and 10 ohms respec-
tively. (a) What current will low in each branch? (b)) What will
be the totsl current through the combination?

12. What voltage is needed to send @ amperes through a parallel
combination consisting of a 4-ohm and a 12-ohm branch?

13. A circuit has three branches of 12, 6, and 4 ohms respectively.
If the eurrent in the 6-ohm branch is 4 amperes, what cuwrrent will
flow in each of the others?

14. The resistance of an smmeter shunt is 0.02 ohms and of the
instrument 2.4 ohms. If 10 amperes flow through the joint resistance
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of the ammeter and its shunt in parsllel, how many amperes flow
through the ammeter?
16. What i3 the multiplying power of the above shunt?

42, Series and parallel circuits combined. Circuits are

sometimes spoken of as simple circuite when the parts are all

i1l in series, and branched, com-
~—

pound, or derived -ecircuits,
when the parts are in parallel.
Parallel connection is also
sometimes called connection
in multipile or multiple arc,
The latter term was coined in
the carly days of are lighting.

The total resistance of a cire
cutl made up of parts connected
in series s equal to the sum of
the individual resisiances of all
the parts,

The total resistance of a cir-
cutl made up of parts connected
in parallel is equal to the recip-
rocal of the lotal conduclance
of the circuil, and the lotal con~
ductance 13 equal lo the sum of the individual conductances of
the parts,

When part of the total circuit is made up of conductors in
parallel and part of conductors in series, it is necessary to
caleulate the joint resistance of the first part and then add
that to the resistance of the remainder of the circuit which is
in series with the branched portion. It is easily seen that
the joint resistance of conductors in parallel is equal to the resist-
ance of a single conductor by whick the compound circuit might
be replaced without changing the lolal resislance of the circuil.
Suppose that in the circuit shown in figure 26 the resistances

6 DHMS

3 OHMS

1% OHMS
Fio. 26. -~ Compound circuit.
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in chms of the different parts arc as marked; then the resist-
ance of the complete circuit is

6434+ ——, or 12 ohms.
i+1’s

If the voltage developed by each of the two cells, which are
represented by the usual sign (l{), is 1.2 volts, the current

flowing through the circuit 13 ={).2 amperes.

12
This would be analogous to a system of water piping between
two tanks, a8 seen in figure 27.

Fia. 27. — Hydraulic analogue of the compound circuit dlustrated in figure 20
{omitting the pump, which in the anslogy takes the place of the electrio
battary).

PROBLEMS

1. In figure 28, A =100 ochms, B =120 chms,
and C =150 ohms.

Find :

(3} Resistance of parallel combination {4
and B).

() Combined resistance of system.

(¢) Voltage acrosa each resistance when 115
volts is applied across the terminals.

{d) Current through each resistance when
the voltage ia 115 volts across the terminals. Fia. 28,
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2. In figure 29, the voltage from B to C is 40 volts, the eurrent in
X is 3 amperes, the resistance ¥ is 4 ohms, and Z is § ohms.
Find: '

Current through 2. Resistance of X.
Current through ¥. Voltage from 4 to C.
X
+—VWAAAN—
1 Amperm
z
o——t B4
4 £ chmy c
4 ohms
A VANAN—
B 4
Fia, 29,

8. An electric car taking 20 amperes is 3 miles from the power
house and another taking 25 amperes is 4 miles from the power house.
It the trolley wire carrying the current has a resistance of 0.42 ohme
per mile and the track through which the current returns has a re-
aistance of 0.03 ohms per mile and the generator is delivering current
to the line at 550 volts, what is the voltage across each car? What
is the voltage drop in the line? (HinT. — The cars are in parallel.)

43. Fall of voltage along a circuit. Since Ohm’s Law saya
that the voltage between two points in & circuit is equal to
the current flowing in the circuit multiplied by the resistance
of the part of the circuit between the points (E=1IR), we may
say that the voltage along a wire falls or * drops ** in propor-
tion to the resistance passed over. Thus, suppose the terminals
of & copper wire of uniform cross section and 10 feet long are
connected to the poles of an electric battery furnishing a voltage
of two volts. Now, since equal lengths of the uniform wire
may be considered as having equal resistances and since all
parts of the wire carry the same current, the voltage measured
between the middle of the wire and one end must be equal to
the voltage measured between the middle and the other end,
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and this must also be equal to one volt or one half the total
voltage measured between the ends of the wire. In the same
way, the vollage measured across (that is, the * drop in voltage ”
in) any portion of the wire bears the same proportion lo the tolal
voltage as the length of the portion bears lo the whole length of the
wire,

If the wire were not of a uniform cross section, or were com-
posed in different parts of different metals, the resistances of
equal lengths would no longer be the same. The voltages
measured across the portions of the wire would no longer be
directly proportional to the lengths of the portions, but would
be proportional to their resisiances, as before. This assumes
that the current (I) is constant; that is, the same current is
flowing through each part - there are no leakages or branches,

44. General law for fall of potential in a circuit. This gen-
eral rule may therefore be written as a result of Ohm’s Law:
the vollage along a conductor through which a given current flows
Jalls directly as the resistance passed over; and the fall of potential
befween any two points measured in volts is equal lo the resistance
(ohms) between the points, multiplied by the current (amperes)
Aowing through that resislance.

The same rule holds in the case of gas or water flowing through
s pipe. Suppose it requires 10 pounds pressure to cause 500
gallons of water per minute to flow through a certain straight
pipe 200 feet long. If the pipe is cut in half, 5 pounds pressure
ia sufficient to pass the same amount of water through either
half. If pressure gauges are attached, with proper precau-
tions, to the pipe at intervals of 20 feet, each gauge will ghow
8 preasure of one pound less than the preceding one, when
taken in the direction of the current. This shows that the
pressure falls directly as the resistance passed over, as in the
case of the electric current.

The following experiment shows the same thing on & amaller scale.
Thke tank or reservoir R in figure 30 is connectiod with a supply pipe
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. AB. The pressure along the pipe is indicated by the height of the
water in the tubes C, D, and E. When the pipeis closed at B, the
D E level ie the same in R, O,
D, and E; this is called
the static econdition.
e But when the stopper ia
removed from B and
. water flows out, the pres-
.. gure is no longer the
' s same at all points along
~_ the pipe, but falls off
“-* na the distance trom the
F16. 30. — Hydraulic resistance causes drop in reservoir E increases.
prossure. This drop in pressure is
due to friction sgainat the walls of the pipo through which the water
has to run. :

" PROBLEMS

1. Three wires of 2, 6, and 8 ohms resistaiice are connected in series
betwecn the terminals of & battery which maintains 4 volts pressure
when so connected. What is the voltage across each wire?

2. A coll with an internal resistance of 3 ochms gives 1.5 volts on
open circuit. What will be the terminal voltage when a current of
0.2 amperes flows?

3. It the voltage across 5 feet of wire in which 3.5 amperes are
flowing is 7 volts, what will be the voltage across 30 feet of the same
wire?

4. What will be the voltage across 30 feet of the wire used in prob-
lem 3 when the current is 10.5 amperes?

5. What will be the voltage drop per mile of No. 3 copper wire
(diameter 229 mils) when carrying 25 amperes?

45. Kirchhoff’'s Laws. These two laws are deductions from
Ohm’s Law and are especially useful in solving certain com-
plex problems of electrical distribution. Although Kirchhofi’s
laws etate no new facts, yet they regard electric circuita from
8 slightly different viewpoint.



EBLECTRIC CIRCUITS AND FLOW OF ELECTRICITY 61

They may be stated thua:

First Law. At any point in’a circuit the sum of the currents
flowing towerd the point is equal to the sum of the currents
flowing away from the point.

This law may be illustrated by figure 31. Take the point B
where the total current from the battery I is equal to the sum
of the currents in the branches I;+I,. That is, 8 amperes=
543 amperes.

Second Law. In any closed circuit the sum of the IR {(eur-
rent X resistance) drops around any one path is equal to the
e.n.f.’s impressed on that path.

In applying this law care must be taken to get the algebraic
signs of the em.i.’s correct. In any given circuit where there
is no source of em.f.,

I .8 B 3 c
the sum of the IR drops iy g T
in one direction equals t_L“ his :]'
the sum of the IR drops —
in the other direction. =~ — ¢ C:) Q (:D ¢ . ¢O ¢
Applying this second —'[F " }
law to the circuit ABEF - > —

{Fig. 31), we have the
very obvious result that
the e.m.f. of the battery must equal the IR drop in AB+BE
+ EF +the IR drop in the battery itself. Or, congidering the
circuit BCDE which has no source of e.m.{., we have this result,
that the IR drop in BE must be equal to the IR drop of
BC+C D+ DE because the IR drop of BE is counter-clock-
wise in the circuit BCDE and the IR drop of BC+CD+DE
is clockwise.

This same principle may also be stated as two separate
rutes: (1) the IR drop around any path in an electric cir-
cuit equals the sum of the impressed e.m.f.’s, and (2) the
voltage drop along parallel paths between two points is the
same, '

Fic. 31. — Mustrations of Eirchbhoff’'s Laws,
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46. Application of Kirchhoff's Laws. Suppose we have a
trolley line with two cars on the line and a generator at each
end, 83 shown in figure 32. Let generator () feed the line at
600 volta and generator G at 580 volts. Assume car No. 1 takes
100 amperes and car No, 2, 80 amperes, and that the resistances
of the trolley line and track are as marked. Find the voliage

across each car.

K 0l8okme H 0.2( thme, F 0,12 chme E
T = — = %
:% ________
4
3
1= — -
A 0.03 ohma B

F1a. 32. — Trolley line with s generator at each end.

BorvTioN. Let zx=currentin KH and BA,
then : 2 —100 =current in HF and CB,
and 180 —z =current in EF and CD.
This is according to Kirchhoft’s First Law.
[Voltage across car 1 equals
600 —0.21z.
Voltage across car 1 also equals )
580 —0.14(180 — z) 40.28(z — 100).
Therefore {(according to Second Law),
600 —0.21x =580 ~0.14(180 — ) +0.28(x — 100).
Solving for z, we have
£ =116 amperes,
and voltage across car 1 equals _
600 — (0.21 X 116) =576 volta.
Current in EF =180 —116 =64 amperes,
and voltage across car 2 equals
580 — (0.14 X 64) =571 volta.
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PROBLEMS

1. A shunt generator of 125 volts and 0.2 ochms armature resistance
is connected in parallel to another generator of 120 volts and 0.4 ohms
armsture resistance. This parallel combination (Fig. 33) is arranged
to supply a load of 12 ohmns resistance. Compute (a) the voltage across
the line, () the current through each generator.

24y

R It ohms

Ey =120 Voita

Fioe. 33. — Unequal generators in parallet feeding line,

Hint. — Let a =current through let generator,
y =current through 2d generator,
and »+y =current through line.
If the current value comes out negative, reverse the arrowhead.
2. A cireuit is arranged as shown in figure 123. The resistance A
equals 1000 ohms and B equals 100 chms. X is an unknown resistance,
and when R is equal to 252.5 ohms, the potential difference between

the points ¢ and f is zero, as is indicated by zero deflection of the
galvanometer. What is the resistance of X?

Hivr.—The value of X is independent of the voltage impressed
aoroes ¢ and d,
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SUMMARY OF CHAPTER II

MATERRIALS vary greatly in their power to conduct electricity :
some, such s metals, conduct readily and are called conductors;
others like porcelain and glass conduct it only to & very small degree
and are called insulalors; and etill other materials have conducting
power in an intermediate degree,

EVEN THE METALS vary greatly in their power to conduct;
copper is a very good conductor and iron is & poor conductor.

» . = E (volts)
OHM’'S LAW: [ (amperes) R (ohms)’
This applies to & whole circuit, or to any part of a circuit. When
applied to a whole circuit, the resistance (R) is the whole resist-
ance; i.e., internal resistance plus external resistance.

RESISTANCE cof conducters varies direcily as their lengths
and inversely as their cross sections.

RESISTANCE of most metals increases es the lemperalure
riges. Copper increases about 0.4 of 157, per degree centigrade.
Certain alloys, such as German silver, have a much smaller tem-
" perature coefficient.

RESISTANCE OF A WIRE is equal to the resistance of & ril
foot of the wire (ohms) times the length (feet) divided by the cross
section (circular mils),

SERIES CIRCUIT. Resistance of the whole is the sum of
registances of the parts.

PARALLEL CIRCUIT. Conductance of the combination is the
sum of conductances of the parts.

CONDUCTANCE is the reciprocal of resistance.

FALL OF POTENTIAL or voitage drop (volts) between any
two points is equal to the resistance {ohms) between the points,

_multiplied by the current (amperes) flowing through that resistance,

KIRCHHOFF'S LAWS:

1. At any point in a circuit, the sum of the currents flowing
toward the point is equal to the sum of the currents flowing eway
from the point. '
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2. In any closed circuit, the sum of the IR (current resistance)
drops around any one path is equal to the e.m.f’s impressed on
that path.

QUESTIONS

1. A copper wire and an iron wire of the same cross section are
found to have the same resistance. Which is the longer?

2. The conduetivity of a poroe\sin rod is very low. What will
be ite insulating qualities?

8. Explain why some’ slate which has metallic veins running
through it is useleas for switchboards.

4. Why is cotton-covered wire improved by dipping it in parafin?

8. Why is the resistance of wood increased by drying and covering
it with shellac?

6. To test insulating materials, it is a eommon practice to deter-
mine the voltage necessary to puncture a sample by applying to the
two sides of it a high clectromotive force. Why is it neccssary to
apeeify the thickness of the sample?

7. On a constant-voltage line how must the rosistanee be changed
in order to multiply the carrent by 2.57

8. It is found that the intensity of the electrie current entering a
flatiron is 3.5 amperes. What will be the intensity of the current on
leaving ? '

9. How does the resistance of a coil kept at constant tempemture
vary with the voltage? with the eurrent?

10. Is it true that in a divided cireuit an clectrie current “alwa.ys
takesa the line of least resistance’’?

11. How may the joint resistance of two parallcl wires be found if
the individual resiztances are known?

12. How may the total current in a divided cireuit be found if the
voltage and individual resistances are known?

18. Why is the joint resistance of wires in parallel not equal to the
average of the individual resistances?

14. If you have several equal resistances in paraollel, how do you
compitte their joint resistance?

16, How does the * voltage drop” change slong a uniformn wire?

16. Upon what does the fall of potential depend in s wire made up
ol several pieces of different sizes and different materials?

17. Explain how the terminal voltage of a cecll depends on the
eurrent which it is delivering.

b 4 .



CHAPTER IIT

ELECTRIC POWER AND HEATING EFFECTS OF
ELECTRIC CURRENTS

Units of work and power — mechanical and elecirical —
watt, lilowatt, and ldlowatt hours — conservation of energy
-— gfficiency — line loss <« heating offect — joules and calo-
ries — current-carrying capacity of wires — fuses — eleotrie
heaters.

47. Work and its units of measurement. The function of
every machine is to do a certain amount of work. In the
technical language of science, work means the overcoming of
resistance. For example (Fig. 34), a man does work when

; -
- EXPRESS Co. |
== 10 15
100 ’ solbe} ™" H 00
gé I| ibe, -~ b,

Work done in {ifting boo - T Wark dows in dragging b
C o x 100 w300 fR. the, - 10 x 00 = 200 f¥. the,

Fia. 34, — Exami:les of doing work.

<

he lifts a trunk from the sidewalk up into a wagon, or when
he drags the trunk along the platiorm against friction. But
the man does not do any work, in the scientific sense of the word,
no matter how hard he pulls or pushes, if he does not lift or
move the trunk.

If we lift one pound a vertical distance of one foot, we do
one ool pound of work; if we lift 50 pounds 3 feet, we do 150
foot pounds of work; or if we pull hard enough on a trunk to

66
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lift 50 pounds and thus drag it 3 feet, we still do 150 foot
pounds of work. In other words,

work (foot pounds) =force (pounds) X distance (feet).

It should, however, not be forgotten that the distance must
be measured in the same direction as that in which the force
is exerted.

For EXAMPLE, if a machinist pushes down on a file with a foree of
10 pounds and pushes forward 15 pounds, how much work does he do
in 40 horizontal strokes, each 6 inches long?

According to our definition, since the downward push produces
no motion, but merely serves to produce the friction between the
file and the surface being filed, no work in the purely scientific sense
is done by the machiniat in maintaining that downward push of
10 pounds. Concerning the horizontal motion, evidenily the total
distance is 20 fett and the horizontal force is 15 pounds; therefore
the work done is 300 foot pounds.

PROBLEMS

1. How much work is done in lifting one hall pound 30 feet?

2. A man weighing 160 pounds walks upstairs, s 12-foot rise
How much work does he do?

3. A man oarries a ton of coal in baskets up 20 steps, each 7 inchea
high. How much work does he do on the coal?

4. A load of 2 tons is drawn up a hill helf a mile long by a traction
engine. The hill is 275 feet high. How much work is done against
gravity ?

5. A thousand-gallon tank at a mean elevation of 50 feot is filled
with water. How much work was done in filling it, assuming a gallon
of water to weigh 8.34 pounda?

48. Power and its units of measurement. The terma
“work ” and ‘ power” are often confused in colloquial use.
For example, if we carry a pail of water weighing 50 pounds
up a flight of stairs 12 feet high, we do 600 foot pounds of
work. The amount of work done would be the same whether
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we did this in one minute or one hour, but the amount of
power required to do this job in one minute would be 60 times
the power required to do it in one hour. The term “ power '
adds the notion of time. Power means the speed or rate of
doing work.

Mechanieal power is ordinarily ‘measured in units called
horse power, As the result of certain expefiments James
Watt found that a strong dray horse working for a short time
could do work at the rate of 33,000 fool pounds per minule.
This rate is therefore called a horse power. To get the horse
power of any machine, compute the number of foot pounds
of work done per minute and divide by 33,000,

Foot pounds per minute
33,000

Horse power (h.p.)=

For BxampLE, suppose it iz desired to pump 120 gallons (1000
pounds) of water per minute to a tank 33 feet high., The work re-
quired to do this is 33,000 foot pounds per minute, and the power
required is 1 horse power.

Again, suppose & stream discharges 480 gallons (4000 pounds) of
water per minute over a fall 25 feet high; the power of the water is
4000 %25 or 100,000 foot pounds per minute or & little over three horse
power. It should be noted, however, that this is the power of the
falling water, and only 80 to 90 per cent of it could be eonverted into
mechanical power by an ordinary water wheel.

In a similar way the horse power of & steam engine is caleulated.
Suppose an engine is supplied with steam at an average pressure of
40 pounds per square ineh, and that the piston is 100 square inches;
then the total foree against the piston is 4000 pounds. If the stroke
of the engine is 1 foot, the piston moves 2 feet in every revolution,
and eonsequently the stcam does 4000 X2 or 8000 foot pounds of work
each revolution. 1f the engine runs at 250 revolutions per minute
{r.p.m.), the work done by the steam is 250 <8000 or 2,000,000 foot
pounde per minute; therefore the engine is doing work at the rate of
a little more than 6) horse power. This is called the indicated horee
powat of the engine,



PLATE I¥,

James Warr (1736-1819).

A Beoteh instrument maker at the University of Glaagow, famous for his im-
prov ts on the =t engine, which were so important and fundamental
that be is often called ite inventor. The modern industrisl sage may be said
to begin with Watt.

*
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PROBLEMS

1. A horse draws a plow for 2 hours at an average rate of 2 miles
an hour and axerts an average pull of 125 pounds. How much work
does he do? What is the horse power?

4. What is the horse power of an engine that can raise 3 tons to
a height of 22 feet in 2 minutea?

3. How many horse power are there in a waterfall 30 feet. high over
which 500 cubic feet of water pass each minute?

(1 cubic foot of water weighs 62.4 pounds.)

4. How much work ¢an a 5-horse-power engine do in 15 minutes?

5. To what height could & 10-horse-power fire pump send 50 cubio
feot of water per minute?

8. A fire engine is used to pump out a cellar 80 feet long, 40 feet
wide, and 10 feet deep, in which the water stands to a depth of & feet.
How long will it take s 10-horse-power engine? (Hinrt, — Average
lift is 7 feet.)

49, The watt. We have just seen that to measure water
power we must know two things, the rate of flow and the
pressure ; that is, we must know the quantity of water flowing
per minute and the ‘“ head” of the water. The hydraulic
engineer speaks of pressure as “ head of water” ; this means
the pressure due to the weight of a column of water as high
as the ‘“ head of water.,” Thus,

Water power=Quantity of water per minute X Head

1b. per min. X {t
h. b. per min. X{t.
Horse power (h.p.}= 33,000

To measure electrical power, we must multiply the quantity
of electricity flowing per second — that is, the intensity of the
electric current — by the voltage. Thus,

Electric power = Intensity of current X Voltage.

The unit of electric power is called a watt, after James Watt
(Plate IV, opposite p. 68), a great English engineer and the in-
ventor of the modern steam engine. A watt may be defined as
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the power required to keep a current of one ampere flowing
under a drop or ““ head " of one volt. Thus,
Watts = Amperes X Volts.
P=]E
when P=power in watts,
I =current in amperes,
E=e.rnf. in volts.

Since the watt is a very small unit of power, we commonly
use the kilowatt (kw.), which is 1000 watis.

Amperes X Volts
1000

Since mechanical power is usually reckoned in horse power
(h.p.), it will be convenient to remember the relation of the
unit of mechanical power to the unit of electrical power. Ex-
periment shows that

Kilowatts =

1 horse power = T46 watts.
1 kilowatt (kw.) = 1.34 horse power (h.p.).

For ExaMPLE, if & lamp draws (.5 amperes from a 110-volt cireuit,
it is using power at the rate of 0.5 times 110 or 55 watts.

Aguoin, suppose the heaters of a street car have a resistance of 110
ohms. At what rate are they consuming electricity on a 550-volt
line? The current is 4 or 5 amperes, and the power is § times 550,
or 2760 watts, or 2.75 kw.

80. Commercial units of electrical work. Power means the
rate of doing work. The otal work done is equal to the pro-
duct of the rate of doing work by the time. Thus, if a steam
engine is working at the rate of 15 horse power for 8 hours, it
does 8 times 15, or 120 horse-power howrs of work. In a
similar way, if an electric generator is delivering electricity
at the rate of 15 kilowatts for 8 hours, it does 8 times 15, or
120 kilowatt hours of work. .
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For EXAMFLE, we buy eleetricity by the ldlowatt hour. In Boston
the price is about 10 cents per kilowatt hour, If a store uses 100 lampe
for 3 hours, each consuming electricity at the rate of 50 watts, it will -
ocost

100 X3 X 50 x0.10
SR AT AL = $1.60.
1000 $

61. Small units of electrical work. In the laboratory .we
often find it convenient to use a smaller unit of work, the
watt second or joule.

Work (joules) = Current(amperes) X e.m.f. (volts) X Time (seconds).

Or W =IEt
Since 1 kilowatt hour=3,600,000 watt seconds or joules,
and 1 horse-power hour =1,980,000 foot pounds,

1 joule =0.74 foot pounds.

PROBLEMS

1. How much electrical power (watis) is required to light a room
with 5 lamps, if each lamp drawa 0.4 amperes from a 110-volt line?

2. A street-railway generator is delivering current to a trolley
line at the rate of 1500 amperes and at 500 volts, At what rate
(kilowatts) is it furnishing power?

3. How many horse power will be required to drive the generator
in problem 2, if ita efficiency is 80 per cent? (HinT. — Qutput =0.9
input.)

4 A I0-kilowatt generator is working at full load. If the volt-
meter reads 115 volts, how much doea the ammeter read ?

5. How many lamps, each of 120 ohms and requiring 1.1 amperea,
can be lighted by a 25-kw. generator?

6. How much power is required by a laundry which uses 5 electric
flatirons of 50 ohms each on a 110-volt line?

7. How much will it eost at 10 cents per kilowatt hour to run a
220-volt motor for 10 hours, if the motor draws 25 amperes?

8. Would it be cheaper to buy the power needed in problem 7 at
8 cents per horse-power hour? -
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9. How much energy is consumed in & line whose resistance is
0.5 ohms, and which carries a current of 150 amperes for 10 houra?
: 10. How many joules of energy are consumed when a 40-wati
lamp buras 10 minutes?
11. What ourrent will a 40-watt lamp take when burning on a 115-
volt line?

53. Conservation of energy. When mechanical work is used
in overcoming friction or other forms of resistance, # i¢ not
lost, bud is converted inlo an equivalent amount of heatf, which
18 another form of energy. A general law may be stated thus: -
Energy (that is, the capacity for doing work) may be trans-
formed from any of its forms inlo an equivalent amount of energy
in any other of ils forms. This is called the Law of the Conser-
vation of Energy.

When energy is transformed from one form to another,
a8 when mechanical power is changed to electrical power or
the reverse, there is always some loss in the amount of use-
ful energy ; unless the transformation is from some other form
into heat. The seemingly lost energy has not been destroyed,
however, but has been converted into heat. For instance,
when the mechanical power conveyed by a running belt is
changed by means of a dynamo of satisfactory size into elec-
trical power, about 10 per cent of the available energy is lost.
That is, the electrical energy (output) delivered by the dynamo
is about 10 per cent less than the mechanical energy (input)
which is given to the dynamo. Energy has not been destroyed,
but the remainder has been converted into heat in the process
of overcoming the friction of the dynamo bearings, through
the resistance of the wire windings of the dynamo, and in other
ways. A dynamo which is in operation is always found to
be warmer than the surrounding air; this indicates that some
of the energy delivered to the dynamo has been changed into
heat, which goes to warm the machine. The practical use-
fulness of this portion of the energy which has been converted
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into heat is lost, but the energy itself is not destroyed. This
principle may be briefly stated as follows:

Input = Qutput+Work done against friction.

Thus we see that one can never get out of a dynamo an
amount of electrical power that is quite as great as the mechan.
ieal power required to drive it; and, conversely, the amount
of mechanical power which can be got out of any electric moton
i5 not quite as great as the electrical power required to drive
it. A different condition exists when the form of energy
called heat iz the desired result of the transformsation, as in
that case the transformation may be effected without loss.
An eleetric heater iz an example of such a transformation.
In the ordinary electric heaters which are used on electric street
cars, all of the electrical power transmitted to the heater is
given out as heat, )

53. Efficiency of electrical machinery. We have just seen
that no electrical machine gives out all the power it receives.
If we call the power which a machine receives the input and
the power it gives out the output, the ratio of the output o the
input i3 called the efficiency, or

= Output
Efficiency Toput

Bince the output is always smaller than the input, the frac-
tion 0—p—-i';;ul;t is always less than unity, and is usually expressed
a8 a percentage. That is, the efficiency is always less than
100 per cent. In computation it must not be forgotten that
the output and input must always be atated in the same unita.

For ExamPLE, & §-horse-power motor takes 4.85 kw. to operatie it.
What is the efficiency of the motor?

4.85 kw.=4.85X1.34 =6.50 h.p.
somcy = 485 .
Efficiency 8.50 75%.
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PROBLEMS

1. A motor under test was found to take 67 amperes at 113 volte
and developed 8.5 h.p. Compute its efciency.

8. What power in kilowatts is required to run a 15-horse-power
motor which has an efficiency of 90 per eent?

8. If the motor of problem 2 is built for 110 volts, what current
will it require?

4. A 115-volt motor takes 20 amperes and has an efficiency of
85 per cent. What horse power does it deliver?

6. What is the efficiency of a motor which does 425,000 foot pounds
of work in 6 minutes if the input is 2 kw.?

8. A 20-h.p. motor which is 90 per cent efficient operates on a
500-volt line. What current does it draw?

7. The motor for an electric hoist draws 30 amperes from a 220-volt
line. Of the power delivered by the motor 5 per cent ia lost in the
hoisting mechanism. The hoist will raise a load of half a ton 30 feet
in 10 seconds, What is the efficiency of the motor alone?

4. Power used in overcoming electrical resistance. When-
ever a current flows through a circuit, power is required to
keep it flowing against the resistance of the circuit. The
power thus used in overcoming the electrical resistance of
the circuit is converted into heat, which warms the materials
composing the circuit. The heat produced is proportional to
the number of watte expended in causing the electric current
to flow through the resistance of the circuit. This power is
equal to the voltage measured between the terminals of the
circuit multiplied by the current flowing in it, provided all
the power expended in that part of the circuit is used in heat-
ing it.

P=[E.

According to Ohm's Law, voltage is equal to current times

resistance, or
E=IR.

Consequently P is equal to IXIR, or I*R.
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Hence, the power required lo overcome the resistance of a circuit
ts equal bo the square of the currenl mulliplied by the resisiance,
or

Watts = (Amperes)? > Ohms.
P=I'R.

Power is in every case expressed in watts in the electric
eircuit, provided the current is given in amperes, the resistance
in ohms, or the pressure in volts.

Since the line loss (i.e., the portion of the available elec-
trical power of a circuit which is lost in heating the con-
ductors) is equal to the current squared times the resistance
of the conductors, it is often spoken of as the 7 squared R loss,

For EXAMPLE, suppose the line wires connecting & motor with the
generator have a total resistance of 4 ohms and the motor requires
5amperes; then the power lost in the line is [*R, or 25 (4, or 100 watts.

PROBLEMS

1. If a generator is feeding 600 one-hal! ampere lamps at 110
volts, and if the voltage drop in the line is § volts, what is the line
lona?

2. A generator is delivering 5 kw. to the line, and a motor is using
48 kw. Find watts lost in the line.

8. Suppose a generator G (Fig. 35) is delivering 25 amperes to the

line at 115 volis, and the motor M 25 Amp.

is getting only 110 volts. T > b
Find: . I
(a) Watts delivered by the gen- Euj;*

erstor. 8

{b) Whattareseived by the motor.
{c) Watts loat in the line. L l—

(d) Resistance of the line. Fra. 35.

4. A 10-h.p. electric motor js supplicd by a 500-volt generator
over a line having a resistance of 2 ohms. At full load the motor
has an efficiency of 90 per cont. (a) What current is supplied to the
motor? (b) What is the terminal voltage of the motor? (c) What
is the line loss? (d) What is the cutput (kw.) of the generator?

=115 Vol
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8. How much power does an electric fiatiron use on a I15-volt
cireuit if its resistance is 50 ochma?

65. The calorie and its relation to the joule. It is possible
to measure the heat produced by an electric current when it
passes through a known resistance. Thia is usually done in
an instrument called a calorimeter (Fig. 36), which is a vessel
containing water or some other liquid in which the resistance

wire is immersed. The vessel ordi-

% narily ie double-walled or arranged

in some other way ao that it will

not lose heat rapidly by radiation

into the air. A thermometer is

immersed in the liquid to détermine

its rise of temperature due to the

heat given it from the wire. The

amount of heal which ig required Lo

raise the temperature of a grom of

waler one degree cenligrade is called

a calorie. The number of calories

given by the wire to the water in

the calorimeter is determined from

the amount of water and its rise

- in temperature, proper corrections

Fia. M&i:lmo‘:-:?x ofele> heing made for the effect of the

' vessel. The experiments of Joule,

of Rowland (an American scientist), and of others, have shown

that the work represented by one joule (watt second) is equiva-

lent to the heat represented by practically 0.24 of a ecalorie.

Consequently, the total number of calories of heat produced tn one

second by the currend passing through the wire in o calorimeter is

equal to 0.24 I'R. The total heat produced in the calorimeter

in any time is also equal to 0.24 I’R multiplied by the number

of seconds in the time. This may be written in the following
form:
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H=0.24 PRt
when H=Heat in calories,
' I=Current in amperes,
R=Resistance in chms,
t=Time in seconds.

This experimental fact, or law of nature, is sometimes called
Joule’s Law.

By determining the total heat produced in the calorimeter
in a fixed timme when the-current is passed through a wire of
known resistance, the value of the current may be computed.

It will be seen from what precedes that one ampere flowing
through o resistance of one ohm expends coniinuously a power
of one walt (which is equivalent to the expenditure of one joule
of work every second), and thal i will raise one gram of waler
0.24° C. every second,

In steam engineering the unit of heat is the British Thermal
Unit (B.t.u.), which is defined as the amount of heat required
{0 raise 1 pound of water 1° Fahrenheit.

It can be shown that

1 B.t.u.=1055 joules =778 foot pounds

and that
H(B.t.u.) =0.00095 PRt

when PRt represents joules.

PROBLEMS

1. How many calories of heat are generated per hour in a 30-chm
electric flatiron using 4 amperes?

2. H the olectricity costs 10 cents per ldlowatt hour, what ls the
€08t per calorie in problem 17

3. How many calories per hour are given off by a car heater which
takea 6 amperes at 550 volta?

4. How many joules of work will be done in raising the tempera-
ture of 500 grams of water 24°C.?
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8. A calorimeter contains 600 grams of water. If the temperature
is raised 10° C. in 10 minutes, and if § of the heat is lost by radiation,
how mueh power is supplied to the coil by the current?

8. A current of 10 amperes heated the water in & calorimeter
§° C.in 20 minutes. What current will be required to heat it an equal
amount in 15 minutes? Radiation is negligible.

7. What current must be passed through a coil of iron wire, im-
mersed in 2 ponnds of water, 80 that it will be raised to boiling tem-
perature in 45 minutes? The temperature of the water at the start
is 60°F., and the boiling point of water is 212°F. The coil is con-
nected with a 110-volt line.

8. A 110-volt -ampere incandescent Jamp is immersed in a veasel
containing 1 pound of water at 60° F, Neglecting losses due to radia-
tion snd assuming that all the energy is transformed into heat, how
long a time will be required to raise the water to the boiling point ?

9. How many heat units (B.t.u.) are evolved in 5 hours trom an
are lamp requiring 10 amperes and 45 volts?

10. Express the energy expended in problem 9 in foot pounds.

68. Temperature of wire carrying current. The actual rise
of temperature on the part of a wire when a current passes
through it depends upon several things in addition to the
amount of heat produced in it. A long, thick wire and a
, short, thin wire of the same material and having the same
resistance will, when stretched in the air, come to very dif-
ferent temperatures when equal currents are passed through
them. If there is sufficient difference in their dismeters, the
thin wire may become red hot by the passage of a current
which is only sufficient to make the thick wire appreciably
warm, although each wire has the same amount of heat pro-
duced in it.

When a current passes through a wire, a certain amount
of heat iz produced during every second that the current
flows. For a short time after the current is started, the wire
rises in temperature, and finally reaches a certain fixed tem-
perature. When the lemperature becomes fixed, it is evident
upon a little thought that as much heat must leave the wire by
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radiation to surrounding objecls, convection by air currents, or
conduction to objects louching the wire as s produced by the
JRow of the curremrt. That is, we have an equilibrium be-
tween the inflow and outflow of heat. If more heat is given
to the wire than is carried off by these means, its temperature
must rise; and if on account of a decrease in the current the
amount of heat given to the wire is less for a time than the
amount given off, the temperature must fall until the two are
equal again.

The capacity of a wire to get rid of heat by radiation and
convection depends upon the color and condition of its sur-
face, and also roughly upon the extent of the surface. The
amount of heat which leaves any surface in a second aleo
depends upon the number of degrees by which its temperature
is higher than that of the air and surrounding objects. The
amount of heat which is required to bring a wire to a given
temperature also depends upon the capacity of the material
for holding heat, or its specific heat, as it is called. Conse-
quently, the actual temperature to which any wire will rise
when earrying a certain current can be exactly determined
only by trying the experiment.

The explanation of why a short, thin wire will get hotter
than a long, thick wire of equal resistance when equal currents
are passed through them is now easy. The short, thin wire
has a smaller surface exposed to the air than the long, thick
one, and for that reason the radiation and convection of the
heat from the former is more difficult, and the temperature
rises until this difference is offset.

57. Effect of insulating coverings. The fact that the ability
of a wire to emit heat is directly dependent upon the extent of
ita surface causes a wire with an ordinary insulating covering
to remain cooler in the open air than a similar wire without
the covering, although the two wires carry equal currents.

This seems at first sight to be exactly opposed to the facts
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as observed in covered boiler pipes. There is no eontradie-
tion, however, because the thickness of the wall of insulation
is entirely comparable with the diameter of the wire; and the
outside surface of the insulation is therefore 8o much greater
than that of the wire that the additionsl surface more than
makes up for the difficulty which the heat experiences in getting
through the insulation. The heat thus finds it easier to leave
the wire which has the ingulation on it when the wire is in the
open air. This effect is most decidedly shown when the outer
surface of the insulation is black.

When steam pipes are eovered for the purpose of retaining
their heat, the thickness of the covering is thin when com-
pared with the diameter of the pipes, so that the outside sur-
face of the eovered pipes is not much greater than the surface
of the pipes when bare, Consequently, the effect of the
thickness of the covering which is placed in the path of the
heat as it leaves a pipe is greater than the effect of the in-
creased surface, and the heat finds it more difficult to leave a
covered pipe. This is especially the case because the steam
pipes are covered with the very best heat insulators,

On the other hand, when wires are closed up in moldings or
placed under plaster, as is often the case with the electric-
light wires in buildings, they become very much warmer than
when exposed in such a way that they may be cooled by air
currents. This is the case because the moldings and plaster
do not afford an increase of radiating surface comparable
with the hindrance which they put in the path of the escaping
heat.

68. Fuses. We have already seen that the electrical power
lost in the line depends directly on the resistance of the line;
and furthermore, that if too small a wire is used to carry a
certain current, then the temperature of the conductor rises.
This not only increases the resistance and line loss but is likely
80 to heat the insulation that it will take fire. For this reavon
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the National Board of Fire Underwriters has isgued s table
giving the safe carrying capacity of copper wire of the sizes
used in house wiring. Moreover, it requires that fuses be
placed in the line to protect every electrical deviee. The
Juse i8 a sort of “ elecirical safety valve " and is essentially a
strip of an alloy (for example, lead and tin) which melts at
80 low a temperature that the melted metal ean do no harm.
The size of the fuse is such that if by accident too heavy a
cutrent is sent through the wires, the fuse melts and breaks
the circuit. At the moment that
the “ link * fuse (Fig. 37 a) meits,
there is an arc across the gap which
might set things on fire. So the
fuse is commonly inclosed in an
asbestos tube, as in the * cartridge
fuse’’ (Fig. 37 b); or in a poreelain
cup which screws into a socket like
a3 lamp, a8 in the “plug fuse” (Fig.
37 ¢)., When the fuse wire melts ,
because of excessive current, the ¢
fuse is said to “‘ blow out.” Fta. 87. — Different types of
89. Electric heaters. Advantage (oo o 0 e
is taken of the heating effect which
is produced when an electric current passes through a wire
in the construction of electrié heaters. These usually consist
of bare metal wires of rather high specific resistance (such
as an alioy composed of the metals nickel and chromium)
wrapped on poreelain supports or embedded in an insulating
enamel. By careful proportioning of the length and thick-
ness of the wire and by giving due consideration to the way in
which it iz supported, the heater wire can be adapted to the
conditions for which it is to be used. It will then absorb the
correct amount of electrical power from the supply circuit and

thereby produce the desired amount of heat, without so over-
a
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heating the wire that it deteriorates rapidly. Figure 38 shows
an electric heater made for heating electric strect cars. Such
heaters are usually placed under the ear seats.

The heating effects of electric currents flowing through con-
ductors are also depended upon for the operation of incan-

Fio. 38. — Street-car electric heater.

descent lamps and some other devices, which are described in
later chapters.

SUMMARY OF CHAPTER III

WORK means the overcoming of resistance.

Work (foot pounds) =Force (pounds) X distance {feet).

POWER means the refe of doing work.

1 horse power = 33,000 foot pounds per minute.
WATT is the unit of electric power.
Power delivered to circuit =Intensity of current X voltage.

Watts =Amperes X volts.
1 h.p. =748 watts.

ELECTRICAL ENERGY is measured commercially in kilowatt

hours: equals kilowatts Xhours.

ERERGY may be transformed but not destroyed.

Input = Outputlosses.’

EFFICIENCY = Jutput.
Input
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POWER used to overcome resisiance
= Current sqaared Xresistance.
Watls = (Amperes)? Xohms
JOULE iz a watt second.
J=DPRI
HEAT in calories =0.24 FR!.

“CARRYING CAPACITY " of a wire is limited by the rate at
which it can radiate the heat generated in it.

QURSTIONS

1. Distinguish between the popular use of the term ‘‘work” and
ita technical use in engineering, Give an example of “wor * that is
not technically ** work.”

2. What ia the difference between foree and work?

3. Arrange in tabuolar form the units of mechanioal and electrical
work and power,

4. What is the difference between a kilowatt and & kilowatt hour?

8. What unit is used in maldng out electric-light bills? Why?

8. What unit would be used in rating the capacity of & steam
engine, of a gas engine, of an electric generator, of an eleotrie motor,
of an ¢lectric lamp?

7. To what three factors is the heat developed in & conduector
proportionsl ?

8. What electrical deviee has an efficiency of 100 per cent?

9. Equal lengtha of small and large copper wire are connected in
sries to a cell. Compare the intensity of current through each wire
and the heat evolved from each wire.

10. A chain made of alternate links of platinum snd silver wire of
the same size is connected with a storage battery. Why do the plat-
inum links become red hot and the sllver links remain comparatively
ool ?

11. Why is the safe carrying capacity of insulated sluminum wire
about 84 per cent of that given for the same size copper wire with the
"mme kind of insulation? (Sp. ht.: Al, 0.22 and Cu, 0.004.)

13. Why is electricity not more generally used for heating snd
cooking T



CHAPTER 1V
ELECTROMAGNETISM

Magnetic effect of elootric currents-— magnetic field —
lines of toroe — Qersted’s discovery — direotion of electro-
magnetic field. Solenoids — mutusl action between current
and magnet — electromagnets and applications to bella and
telegraphy.

Magnetic and nonmagnetie materisla — magnetio eirenit
— magnetomotive force — magnetic intensity and flux—
density — permeability — curves of magnetization — Ohm’'s
Law for magnetism — reluctance — hyatereais.

60. Effect of a current flowing near a magnetic needle. If
an ordinary ecompass is placed above or below a wire which
, carries an electric current, the
magnetic needle will lurn on s
pivot so as io sel ilself as nearly at

E right angles to the unre as possible.
Wire Carvying Corrent ol ™ This may be readily tried by con-

§—T1—N

Compaas - necting & ahort piece of copper wire
; to one or two dry cells and holding it

above the needle (Fig. 38) while the
ourrent flowa through the wire. The
effeet on the neadle may be made most
evident by malking and breaking the
— - electric cireuit. The needle will swing
Fia. 80, — Tire held sbavemag- 1 vk and forth, since it will be defleoted
every time the circuit is closed and will
return toward its position of natural rest when the cireuit is broken.
The current. in the wire has the greatest effoct in causing the needle to
defleet from the porth and south position when the wire also liesin a
8
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north and south direction — thst is, when the wire is parallel with the
needle.

The earth itself is a great magnet, and it is the force of the
earth’s magnetism that causes the needle to turn into a north
and south position and stay there when it is undisturbed by
other magnetic effects. When the electric current is placed
g0 a8 to flow near the magnetic needle, the needle i3 affected
by the force of magnetism whick is set up by the current, and
this tends to make the needle set itseli at right angles to the
wire earrying the current. The needle takes an intermediate
position, which is the result of the two magnetic forces (that
due to the earth and that due to the current}. Its new posi-
tion, therefore, depends upon the magnitude of the force of
the magnetism get up by the eurrent as compared with the force
of the earth’s magmetism. Studies of the effect of electric
currents on suspended magnets, and their attraction of iron
filings, have proved that electric currents are dlways surrounded
by magnetic effects.

81. Magnetic fields. Any open space in which there is
magnetism, and consequently magnetic force, is called 8 mag-
netic fleld or & magnetic fleld of force. The magnitude or
intensity of the magnetic force at any point is ealled the strength
of the fleld at-that point.

If an independent north magnetic pole could be placed in
front of the north pole of a magnet, it would be repelled by the
latter pole and be attracted by the south pole of the magnet.
This would cause the independent pole to move away from the
magnet’s north pole and towards its south pole, but as it moved
it would continually change its relative distance from the two
poles, and the relative magnitude of the forces exerted upon
it by the two poles would vary. The direction of the motion
of the independent pole would .depend upon the relative direc-
tion and magnitude of the forces which the two poles of the
magnet exerted on it at every point. The actual path would
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" be a curved line very much like the line AB in figure 40. An

independent south magnetic pole would move in an opposite

direction, but over a similar
path.

It is, in fact, impossible to

A4 have an independent magnetic

pole, but for this experiment

Fia. 40. — A line of force set up by the companion pole which is

the magnet N5, always found at the other end

of a magnet may be sufficiently far removed satisfactorily to

show the action.

B™~S N

A shallow glass dish containing s little water may be placed over a
magnet (Fig. 41). By properly sticking s magnetized sewing needle
in a cork, it may be floated upon the water in a vertical position with
one ol its poles close to the bottom of the dish. Then the upper pole
will be so much farther away from the magnet than the lower one that
the latter will be affected by the force due to the magnet almost as
would an independent pole. If the lower pole of the needle is a north
pole, it will tend to move through the water, when placed in front of
the morth pole of the magnet, in & curved line away from the north
pole and toward the south pole. [ the lower pole of the needle is &
south pole, it will tend to move from the south pole toward the north
pole. This iz the exact pro-
cedure which was explained
above for an Independent
magnetic pole. The experi-

ment here outlined may be Fro. 41 . Experiment toll te th

readi ol it g G. 41.— Experimen ustrate the move-
ily tl::d ! “;]m' h;:wever, ment of s free magnet pole when near s

more stnking when the mag- bar magnet.

net beneath the dish is a
atrong electromagnet such as will be deseribed later, because the force
(acting on the flosting needle to move it} is then greater.

The two spots of a magnet which point ome to the north
and one to the south are called the poles: one is called the
north-seeking pole (N) and the other the south-seeking pole
(8).
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It we bring the north-seeking or N-polo of & magnet near the N-pole
of a suspended magnet, the poles repel each other (Fig. 42). I we
bring the two S-polea together, they also repel
each other, But if we bring an N-pole toward
the S-pole of the moving magnet, or an S-pole to
the N-pole, they atiract esch other. 3

That is, ' N -
Like poles repel each other,

Unlike poles atiract each other. g 42 — Maguetio

. . repulsion.
Experiment shows that these attractive

or repulsive forces vary inversely as the square of the distance
between the poles. .

62. Lines of magnetic force. A convenient way of looking
upon a magnetic field is to consider it as a space which is more
or less filled with lines of magnetic force. The strength of the
field may be represented by the number of lines of force to
the square centimeter (metric measure). Thus, if the strength
of the field be such, for instance, that a unit pole when placed
in it experiences s force of ten dynes,* or units of force, we may
consider the field as having ten lines of force per square cen-
timeter. These lines of force no more actually exist than do
definite stream lines, or lines of flow, exist in water which is
flowing around in sstub; but the idea based on this assumed
existence is s very useful and practical one. The directions
of the lines of foree are traced out by iron filings as shown in
figure 43, or by the path of travel of the supposed free magnet
pole shown in figure 40. We ghall find this conception of
lines of magnetic force or magnetic flux a convenient way of
remembering how a magnet will affect other magnets in its
vicinity.

83. Lines of force like elastic fibers. Michael Faraday (Plate
V, opposite p. 88) thought of these lines of force as having
a much more real meaning than this. He thought of them

* Ons dyne = 0.00102 grams = 0.00000225 pounds.
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as actually existing throughout the space around every magnet,
even when there are no filings to show them. He believed
that they represent a real state of strain in the ether in which
all material bodies are immersed. Even now, however, we
know very little about what the ether really is. We know
simply that it is not & kind of matter, but something much
more subtle and fundamental.

At any rate, these lines of force of Faraday's act as if they
were strelched fibers in the ether which are continually trying

F1a. 43. — Lines of force traced by iron filings.

to contract and are thus pulling on the poles at their ends.
They also act as if they were trying lo swell out sidewise as they
coniract, and thus seem to crowd each other apart. It is not
eagy to see why lines of force have these properties, but once
the properties are assumed it is easy to reason out frem them
whal will happen in many practical cases.

64. Oersted’s discovery. The real connection which exista
between magnetism such as is exhibited by the steel magnets
and currents of electricity was not generally kmown until
1820, when Qersted, a Danish scientist, published the fact
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A distinguished English physicist and chemist; one of the most gifted of ex-
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jn 1831 he discovered electromagndtic induction. His extraordinary power
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that a magnetic needle is disturbed by the presence of an
electric current im its neighborhood. This discovery had really
been made earlier, but its importance had not been recog-
nized. It had also been known that under some conditions
lightning discharges had magnetized steel needles, but the
conditions had not been successfully reproduced by experi-
menters. The publication by Qersted of the results of his
experiments led s number of scientists to turn their attention
during the early part of the nineteenth century to a deter-
mination (a8 complete as was then possible) of the exact re-
lation existing between electricity and magnetism. We are,
therefore, entirely justified in crediting QOersted with the orig-
ina] discovery of the magnetic effect of the electric current
— one of the epoch-making discoveries of the world.

86. Direction and strength of an electromagnetic field.
Magnetism set up by an electric current is called electro-
magnetism. But this term is merely a convenient indica-
tion of the immediate source of the magnetic force. For the
magnetic force produced by a permanent magnet such as the
earth or a magnetized piece of steel and that produced by
an electric current are exactly alike. The direction of the
magnetic force due {0 electromagnetism is always at right
angles to the direction of the current which produces the
magnetism. The lines of force in the magnetic field due to
the current in & cylindrical wire must, therefore, be circles
surrounding the wire. The strength of the magnetic field of
any point due lo an electric current near by depends directly
upon the sfrength of the current and inversely upon the average
distance of the current from the point. The reason why a mag-
netic field is set up by an electric current is entirely unknown ;
merely the experimental fact and its applications are known.

The magnetic field which surrounds a current may be graphieally
shown in a way that is interesting and instruetive. A stout copper
wire may be passed vertically through a hole in a horizontal sheet of
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F1g. 44. —Iron filings showing
the distribution of magnet-
iam around a wire carrying
an electric current. The
black dot represents a cross

pection of the wire,

ocardboard or stiff paper. If fine iron fil-
ings are sprinkled upon the paper, they
will arrange themselves in drces (not
spirals) around the wire when a current
is passed through it (Fig. 44). 1f a small
magnetic neadle or compass is placed on
the paper with its center over a line of
filings, the needle will tend to stand at a
tangent to the line (Fig. 45). An inde-
pendent magnetic pole (if such a thing
were physically possible} would tend to
move continuously round and round the
wire along any one of the lines of fllings
upon which it might be placed.

If the cardboard has been soaked in
paraflin, the iron filings may be fixed in
position for examination at leisure by

pessing the flame of & Bunsen gas burner quickly over the surface,
thereby softening the paraffin for an instant and allowing the filings to

become embedded in it.

The direction in which the magnetic needle points when

near & wire carrying
an electric current
depends upon two
things: (1) the side
of the wire on which
it stands and (2) the
direction in which
the current flows in
the wire. In figure
45 it is evident from
the positions of the
magnetic needles
(the black ends rep-
resent north poles)
that the lines of force
run counter to the

'
1

Fi1a. 45. — Magnetic lines of force which surround
an electric current shown by small compass
noedles, NS.
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motion of the hands of & clock. If the direction of the current
is reversed by interchanging the connection of the wires leading
to the battery or gemerator, the magnetic needles also reverse
their directions, This shows that the direction of the lines of
foree has a fixed relation to the direction of the current.

66. Rules for determining the direction of a magnetic field
around a current. There are various ways of remembering
the relation between the positive dircction of ...,
the lines of force and the direction of the ¥ a>
current which produces them. One rule is
to consider an ordinary right-handed screw
which is being serewed into or out of a block
(Fig. 46). If an electric current is considered
as flowing through the screw in the direclion in
which the screw moves through the block, then
the direction of the lines of force is shown by the
direction in which the screw turns. Instead of F'g, 3% = Thstre:
a screw and nut, a corkscrew may be thought  out of the relstion
of as being screwed into or out of a cork. ai':“';‘““’c:m“‘:;'

Another mle for remembering the relation  and the magoer
between the direction of the currentina wire ™ produced by
and the direction of ita lines of foree is this:
grasp the wire with the right hand, the thumb being extended
along the wire and the fingers being wrapped around the wire;
then the fingers point in tfw
direction of the lines of force
while the thumb poinis in
the direction of the flow of

g

Diirestion of|

Fr 47 — Thumb rule for magnetio field .
* around s wire, ° the eurrent (Fig. 47).

Thia relation between
the direction of the current flow and the deflection of & mag-
petic needle gives a ready method for determining the direction
of the current in a wire; the only indicator which is required
is 2 amal] compass such as may be obtained of any optician
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and in most hardware stores. The compass may be placed
under the wire and the direction toward which its north pole
turns noted. Then an application of one of the rules gives
the direction of the current. This means is very commonly
used in electrical manufactur-

—

y = \\“ ing establishments and in
— ceeey  testing laboratories.
. 87. Solencids. By applying
| one of the rules given in sec-
— * - -
= tion 66, we see that if a wire
— carrying s current is passed
F1g. 48, — Magnetic needle placed at above a magnetic needle, and
center of coil of wire. N !
then is turned back and passed

helow the needle, both the top and the bottom branches of the

current, tend to deflect the needle in the same direction, so that
the effect on the needle is increased. (See Fig. 48.) If the
two branches are equally near the needle, they act upon it with
equal force, and thus the total force on the needle is doubled.
By coiling the wire about the position of the needle, each ad-
ditional turn will cause an additional deflecting force. In
this way the magnetic effect of & current may be greatly multi-
plied. It has already been
said that the magnetic force
at a given point due to a cur-
rent near it depends upon
the strength of the current.
We now see that when a
current iz coiled around a T 49— Loose solenoid with its lines
point, the force depends upon of force,
the strength of the current mulliplied by the number of turns in
the coil. This product of the current by the turns is usually called
“ ampere turns.”

When a wire carrying a current is coiled into a ring or helix,
the lines of force whick surround each turn seem to join to-
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gether so that they belong to the coil or windings as a whole

(Fig. 49). Such coils are often called solencids, and, when ¢

current i¢ passed through them, they exhibil all the magnetic

effects which are shown by steel magnets. They attrsct. and

repel magnets and other

solenoids, and attract

pieces of iron. If sus-

pended so that they are

free to swing, they turn

into a north and south

position exactly like mag- '

nets. Figure 50showsan ™10 = lron laes horiog the maret

iron filing illustration of

the magnetic field within a solenoid. The illustration is the

longitudinal section taken along the axis of the solenoid, and

the black dots represent the individual conductors of the coil.
Such an arrangement may be made by threading the twrns of a

solenoid like figure 50 through holes in a piece of glass or thiek card-

board or celluloid and sprinkling iron filings on the surface when an
electric current fiows through the solenoid.

By applying either of the rules for finding the relation be-
tween the direction of a current and its magnetic field, the
polarity of a solenoid may be readily

found.
N i, To determine its polarity, we shall
g ’__I,. find it convenient to express the
."/s

e R for oo ¥ J‘f thumb rule as used for a straight
q. 51. — Rule for polarity of  wire jn gnother way, as follows:
coil carrying current. THUME RULE FOR A COIL. Grasp
the coil with the right hand so that the fingers point in the direc-
tion of the currenl in the coil, and the thumb will point lo the north
pole of the coil (Fig. 51).
68. Mutual force acting between a magnet and current.
The experiments described in sections 60 and 61 show that a
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steel magnet is caused to move when brought near a wire
carrying an electric current. Then, since we know that a
force acting between two bodies always affects them both,
we may expect that a wire which carries a current will tend to
move when brought near a fixed steel

magnet.

This may be readily shown by suspending
a very flexible conducting wire near a fixed
magnet a8 in figure 52, When a ourrent is
passed through the wire, the wire winds itaelf
around the magnet. If the current is re-
versed, the wire unwinds and then winds
around the magnet again, but in the opposite
direetion.

The motions of the wire and the magnet

are due to the apparent tendency of mag-
netic lines of force to move oul of a posilion
where they are nol parallel with each other
and into a position where they are parallel
with each other and in the same direclion.

The magnetic lines of force set up by the
magnet in the air near it curve around from
the north pole to the south pole (illustrated
in figure 40) and therefore are more or less
paraliel with the body of the magnet, and they

complete themselves by passing tbrough the

n&fﬁa}gﬁ%ﬁ:‘;{:ﬁﬁ: magoet itsetf. The lines of force set up in the
rying electric curront. 8T by the electric current in the wire are nor-
mally eircles around the wire (illustrated by

the iron filings in figures 44 and 45), When the wire winds itself
around the magnet in the manner shown by the current, it forms a
solencid in which the lines of force are common to the turns of the
solenoid (illustrated in figures 40 and 50). The wire winds itself around
the magnet in such a way that these lines of foree are parsllel with and
in the same general direction as the lines of foree of the magnet. When
the current in the wire ia reversed, which also reverses the direction
of the lines of forco in the solenoid, the magnetic foroes cause the wire
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to unwind and then rewind around the magnet in the reverse manner,
thus again bringing the two magnetic fields into parallelism.

Instead of the steel magnet, the fixed magnet in this experiment
may he & solenoid intensified by the introduction of an iron coil around
which the coila are wound. Such a magnet may be caused to give a
very powerful effect, and for that resson figure 52 shows such an
arrangement.

89. Electromagnets. When a coil of wire (i.e., a solenoid)
is wound arcund a piece of soft iron or ateel for the purpose of
getting a magnetic field, the combination
is called an electromagnet. A piece of hard
steel might be used
instead of soft iron,
but ip this case the
amount of magnetiam
created by a given
current in the turns of
the coil, or number of
ampere turns, would
be much less than is ,
produced in soft iron ; Koopar Ring
moreover, the steel N b
would retain ite mag- "% 55,5, T formeotlectromagoots: ) bore
netism and become a
so-called permanent magnet. Soft iron or mild steel is uni-
versally used, therefore, in electromagnets,

The electromagnet is of the greatest value in electrical
industries because it can be built in practically any desired
size and form, and with enormous magnetic strength because
tts magnelism 13 under the confrol of the current: when the
circuit i8 ““ made,” it becomes a magnet; when the circuit is
‘ broken,” it ceases to act as a magnet. The magnets of
commercial dynamos and electric motors are always electro-
magnets, Figure 53 shows two forms of electromagnets,
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one the horseshoe form and the other the ironclad magnet.
Electromagnets such as are shown in this, figure are often pro-
vided with a movable piece of iron in front of the two poles,
which is called an armature or keeper,

The property of soft iron through which it becomes strongly
magnetized when placed within a solenoid carrying an electric
current, and then loses its magnetism when the current is
broken, was discovered by William Sturgeon of England in
1825. Very shortly after Oersted’s discovery (section 64),
8ir Humphry Davy, Arago, Ampére, and others had mag.
netized steel needles by placing them in solencids. . But it
was reserved for Sturgeon, an otherwise little-known acientist,
to make the discovery of that most important property of
soft iron — the dependence of its magnetism upon the con-
tinued presence of the magnetizing force of the electric current
and the controllability of its magnetism by varying the mag-
netizing force. Like Davy, Faraday, Henry, and others of the
world’s great discoverers in physical science, Sturgeon, as a
boy, was an artisan apprentice and gained his knowledge
of science through study and experiment in his unemployed
hours.

At the time of the discovery of the electromagnet nothing
was thought of its great commercial future; but it was wel-
comed with the highest scientific interest. In that day the
laws of electric circuits were unknown, the common insulated
wire of to-day was not yet made, and the manufacture of an
electromagnet was a matter of much labor. Moreover, the
only sources of current were at first plain zinc-copper cells,
and later Bunsen, Daniell, or similar types of galvanic cells.
Practical electromagnets were made in 1831 by Joseph Henry,
a famous American schoolmaster and scientist then teaching
in the Academy at Albany, N. Y. Henry’s magnet was
capable of supporting fifty times its own weight, which was
considered very remarkable at that time. By the year 1845,
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less than a century ago, the investigators had succeeded in
overcoming their lack of experimental facilities and had mapped
out the laws of magnetic circuits very much as we know them
at the present time. Thus was laid the foundation of the pro-
fession of electrical engineering,

70. Electric bells. One of the earliest applications of elec-
tromagnets to domestic convenience was the electric bell.
The mechaniam of an ordinary vibrating electrie bell consists
of a stationary electromagnet m (Fig. 54), ,
with a vibrating armature A, which is
fastened at one end to a spring hinge S,
and carries at the other end the bell
clapper H. When an electric current is
passed through the electromagnet of a
bell, the armature is attracted and moves
forward so that the clapper strikes the
gong. At the same time the electric cir-
cuit is broken by a spring contact C at the
back of the armature, the magnet loses its
magnetism, and the armature flies back to
its original position. When the armature
flies back, the circuit is again completed
at the spring contact C, the armature Fio. 54. — Eloctric bell
again flies forward, the clapper again with push button.
strikes the gong, and the whole process is rapidly repeated over
and over again as long as the electric circuit is complete at the
push button. The back-and-forth motion of the armature
causes the clapper to strike s succession of blows on the gong,
and thus produces the ringing of the bell. When a bell gets
out of order, the trouble iz ususlly to be found in the spring
contact, which may be dirty or out of adjustment, or the elec-.
tromagnets may be short-circuited.

Figure 55 is a diagram of a push button, the simplicity of
which is to be seen at a glance.

H
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Sometimes it is not desirable to have an electric bell ring
continuously while the push button is depressed, and in that
case the spring contact C is omitted, and the conducting wires
are connected directly with the electromagnet. Such a bell
makes a single stroke for each push of the button, and it is
_therefore often called a * single-stroke bell.”

71. Wiring bell circuits. The wire commonly used inside
of buildings for bell circuits is called * annunciator wire.”
It is copper wire with an insulation consisting of two heavy
cotton wrappings, wound in oppesite directions and thoroughly
waxed with paraffin. These wires are made
in various sizes (No. 16 and No. 18) and are
frequently striped in different colors. Some-
times what is known as * office wire ”’ is used
for telephone and messenger call connections.
The insulation of * office wire" ordinarily
consists of “two braidings of cotton which
are well soaked in paraffin.

O ‘While no danger can arise from the use of
B oo™ these poorly insulated wires for such cirouits,
provided they are not in a position to come in
contact with electric light wires, yet & great deal of inconvenience is
enused by their unsatisfactory and leaky character. This is the eon-
dition of numberless eleotrie-bell cirouits in houses all over the country
where the front door bell fails to ring when the button is pushed. The
trouble is eaused by the battery’s being run down through the con-
stant flow of current leaking from poorly insulated wires where they
come in contact with dampness or at some point where they are both
placed under one metal staple. The difflculty, in a great majority
of the eases, would never have appeared had wire with good rubber
insulation been used. As No. 18 wire of the Brown and Bharpe gauge
is usually taken for bell circuits, the extra expense caused by using
rubber-covered or ‘ weatherproof’ wire is not very great, while the
inconvenience avoided by itz use may bhe considerable.
It must not be sssumed, however, that all the troubles to which
bell cireuits and similar cirouits are subject arise from poor insulation.
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Battery zines become used up or the water evaporates, and the battery
may not work on that account. The mechanism of bells and push
buttons is very simple and not likely to get out of order, but trouble
may oocur even in them. The contact parts in & push button gradu-
ally become corroded, and then when the button is pushed it does not
complete the cironit. This fault is easily remedied by ta.kmg the
oover off the button and soraping the contact points.

If a leak occura from wire to wire, the battery remains in aetion
all the time, the depolarizer (if the batiery has one) soon becomes
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Diagram showing eireuit for riaging two bells from one push &s_uen
Fio. 58. — Diagram of electric-bell circuits,

axhausted, and the battery becomes polarized or “run down.” The
bell then fails t¢ ring when the bution is pushed. If the battery has
no depolarizer, the process of running down occurs in exactly the
same way, but it is more rapid.

Figure 56 is a diagram which shows two arrangements for
electric-bell circuits. The battery consists of one or two
open-circuit cells. These are connected in series with the
bell and push button by wires which may run within the walls
of a house. When the button is pushed, it closes the circuit
and the bell rings. When the button is not being pushed,
the circuit should be open and the battery at rest.
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When one bell is operated from one push button, the circuit
is exaectly the same as though one push button were removed
from the upper diagram in figure 56. The bell service in most
houses is performed by several circuits, each of which includes
a bell and its push button; but one battery is used in common
for alt circuits. This is illustrated in figure 57, from which it
may be seen that the bell circuits are connected in parallel to
the common battery.

Front door

Froni door
bution

Fia, 57. — Diagram of household bell circuit.

72. Telegraph circuit. Another simple application of the
electromagnet is in telegraph sounders, one of which is illus-
trated in figure 58. This consists of a stationary horseshoe
electromagnet and a movable armature. The armature,
which is of soft iron, is attached to a substantial brass bar.
This bar is pivoted near one end, as shown in the figure, so
that its other end may move up and down between adjustable
stops. To the first end of the bar is attached a spring, which
draws the bar against the upper stop when no current is flow-
ing in the magnet. The large cylinders shown in about the
center of figure 58 compose the electromagnet. This magnpet
consists of two cores of soft iron about three eighths of an
inch in diameter and one inch and a half long, wound with a
cotton-covered wire called * magnet wire ” and covered with
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black paper or a short piece of hard rubber tube over all.
The cores are screwed fast to an iron base so as to make a horse~
shoe electromagnet. The armature is shown at the top of
the figure, above the magnet.

When a current fiows in the magnet winding, the armature
is attracted and the bar drawn against the lower stop. As
the bar moves back and forth it makes a sharp click whenever it
strikes one of the stops. ‘The strength of the spring is adjust-
able by means of a screw, Bo that the sounder may be adjusted
for use within a certain range of currents of different strengths.

Fia. 58, — Telegraph sounder. Fia. 59. — Telegraph key.

73. Telegraphic signals. Telegraphic signals are made up
of a combination of long and short current impulses, which
are made by pressing a sending key (Fig. 59) at proper intervala
and for proper periods. A telegraph key of ordinary form is
merely a quick-acting switech for opening and closing the
cirenit. Each combination of dote and dashes represents a
letter of the alphabet or a certain much-used word or phrase.

To read successfully signsls from a sounder much experience
i8 necessary, but operators become very expert by long prac-
tice. It is necessary in reading to distinguish between the
clicks of the armature against the top and bottom stops. A
little reflection will show that the length of time between the
clicks when the armature strikes the bolfom and lop stops
causes the difference between dots and dashes, since the dots
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and dashes represent intervals during which current is flowing
* through the magnet. The interval of time between the fop
click and the boitom click represents the spacing between the
dots and dashes, because the spacing represents intervals
during which no current flows, or during which the signal
key is open.

The Morse Code (Fig. 60), as it is called, was arranged by
Morse (Plate VI, opposite page 102), the inventor and promoter
‘of the telegraph, between 1840 and 1830, and it is still used in

MORSE CODE
A B g D B Fad (1]
L e o = L_E X L & -
H J K L M N
shee - L L 1] —-— - LN -
0 P a- R 3 T u
* & LA AL 1) *e - LI X J LE N —_— - -
v W . X ¥ I 4 &
& & p mm - N - L X N -y o0 *Re @ * #eé
NUMERALS

1 1 ¥ 4 F .
¢ - =y sommes [XTY X ) ‘e s mm - em e

L] 7 L] -~ ¢ 0
[ X 21X X - S L A 1 2 ] _— S - L

PUNCTUATION MARKS

Poriod Comma " Interropation Iwilar mark

¢4 mm mm e [ Xy — g g o ommaese

Fia, 80. — Morse code as used in America.

this country. The international code, which is used all over
the world in radiotelegraphy and for submarine lines, and for
land lines in nearly all countries except the United States, is
given in Chapter XXTI.

74. Telegraph relays. Telegraph sounders require only a
fraction of an ampere to operate them: but to cause that
fraction to flow through a long line, which necessarily has a
high resistance, requires the use of a battery with a very large
number of cells. This is undesirable because the cells are
expensive to buy and to keep up. Long telegraph lines,
therefore, are furnished with instruments which operate like
sounders, but which are made very sensitive by placing a great
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SamurL F. B. Morse (1791-1872).

An American artist and inventor, was born at Charlestown (now part of Bogion),
Massachusetts, was gradunted at Yale College in 1810, and in 1832 invented
the commercial telegraph and the dot-and-dash alphabet known by his name.
In 15844 by the aid of a $30.000 grant frora Congress he built the first com-
mercinlly sucoeeaful telegraph line between Washington and Baltimore,
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matiy turns of fine wire on their magnets. Thus they may be
satisfactorily operated on as little current as eight or ten
milliamperes.® These iDe  iauarvee conracr

struments are called relays o
(Fig. 61).

Reading signals directly
from a relay is not usually
attempted, as the motion
of ite armature is so deli-
cate that it makes very
little sound, but the arma-
ture and one of its stops
are arranged as a part of a local circuit which contains a sounder
and a couple of gravity cells (Fig. 62). As the relay armature
moves back and
forth it makes
and breaks the
local circuit and
reproduces in it

[ ( the signals which
pass over the
( main line. The
AT sounder in the
% local circuit gives

Koy

Fia. 81, — Telegraph relay.

Line

Betay Bounder the signala ex-
actly as they
pass over the

”” line. The tele-

- A w“‘“;l b station. includi graph circuits

A et o e wed i ths

.

country are kept

closed when not in use. Therefore ‘ closed-circuit cells,”

that is, cells with continuous depolarizing qualities, must be
# A milliampere i# on¢ one-thousandth of an ampere.
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used to supply the current; and the key is provided with a
short-circuited switch (Fig. 59), which keeps the circuit closed
when the key i3 not in use. When telegraphing, the switch
is open and the key makes and breaks the circuit as it is
pressed and released by the fingers of the operator.

QUESTIONS

1. An electromagnet is found to be too weak for the purpose in-
tended. How may its strength be increased ?

2. In looking at the N-end of an electromsgnet, in which direction
does the ourrent go around the core, clockwise or anti-clockwise?

3. If you find that the N-pole of a compass held under a north and
south trolley wire points toward the east, what ia the direction of the
current in the wire?

4. A feod wire for an overhead trolley line is conducted up & vertical
wooden pole from an underground duet. If one approaches the pole
from the south, the N-pole of the compass needle is deflected eastward.
Is the current flowing up or down the pole?

6. What limits the lifting power of an electromagnet ?

8. In building an electromagnet, when would you use eoarse wire
and when fine wire? Give examples of each.

7. A coil wound in such a way that a current produces no magnetic
effect is said to be noninduetive. Show by diagram how such a eoil
iz made.

76. Magnetic and nonmagnetic materials. Materials in
which magnetism may be induced by a solenoid carmrying a
current and which thereby intensify the magnetic strength of
the solenoid are called magnetic materials. Iron, in iis
various forms (such as wrought iron, cast iron, and steel),
is the most strongly magnetic material known. There are
only a few other materials that are known to be magnetic.
Of these, the metals called nickel and cobalt are the commonest.
Manganese, platinum, some of the salts of magnetic metala
with their solutions, and oxygen are more or less magnetic,
though usually to a very slight degree. Al materials which

EL
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are not strongly magnetic are usually spoken of as nonmag-
netic, since they are nearly neutral as regards magnetism.,
Magnetic materials are sometimes called paramagnetic, and
nonmagnetic materials are sometimes called diamagnetic;
but these terms have also additional scientific meanings which
need not be discussed here,

Whenever magnetic material is needed in the useful arts,
iron in its various forms (cast iron, wrought iron, and steel)
is almost exclusively used on account of its great magnetic
qualities. In fact, other materials, except nickel and cobalt,
may be considered to be practically neutral when compared
with iron.

Permanent magnets, such as are used in magnetos and elec-
trical instruments, are made from the best grade of crucible
tungsten steel, which contains about 5 per cent tungsten, a
fmall percentage of chromium and manganese, and about
0.65 per cent carbon. After the steel has been hardened and
magnetized it is artificially aged. One method of doing this
(for watt-hour meters) is to pass them through a bath of
boiling water or oil several times and then to demagnetize
them to about 7 per cent of the original value by rotating a
copper disk between the poles.

76. Magnetic circuit. Just as an electric current flows along
& closed circuit, so we think of the magnetie lines of force or
magnetic flux as flowing in a more or less fixed or definite
circuit. Suppose we wind a very thin wire uniformly around a
circular wooden ring (Fig. 63). We find by experiment that
there is no magnetic field or flux outside the ring and that the
field inside the coils represents a very simple magnetic cireuit.
The arrowheads in the diagram represent the direction of the
magnetic flux along concentric circles.

If we now use an iron ring instead of the wooden ring and
wind the same number of turns of insulated wire around it
and magnetize it with the same strength of electric current,
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we have a magnetic circuit made up entirely of iron. If we
plunge such a magnetized ring into iron filings, we shall not

- observe any poles. This shows that
the magnetie flux has a complete cir-
euit within the iron.

If we saw out & small section of the
ring (Fig. 64), we introduce a short air
gap into the magnetic circuit and the
flux has to pass through this air gap
to complete its circuit. If such a
magnetized split ring is dipped into
iron filings, we find that strong N- and
S-poles have been produced where the
Fia. 63, — Magnetic circuit oyt was made and the gap or space

in the form of aringwound o permeated with lines of force or

magnetic flux. It can be shown that,
even though the split ring is magnetized with the same number
of ampere turns, yet the flux through the iron is not nearly so
dense as before, due to the increase in magnetic resistance
introduced by the short air gap. Such
a magnetic circuit made up partly of
iron and partly of air is sometimes
called a compound circuit, and g large
proportion of the magnetic circuits in
electrical machinery are of this kind.
It should also be noted that the mag-
netic circuit ia quite analogous te an
electric circuit in that the introduction . » b s
of resistance diminishes the magnetic F10.84.—Iron ring with
flux. There is, however, this difference:  * magnetie sireutt.
the introduction of an air gap into the ordinary electric circuit
would, unless the voltage were exceedingly high, open the circuit
and stop the flow of current; but in the magnetic eircuit this
cannot happen because there s no magnefic insulator known,

Moo Lt
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77. Magnetomotive force. We have already said that the
magnetizing force of a aolencid or any coil of wire depends upon
the turns of wire as well as upon the intensity of the current.
That is, magnetizing force is proportional to the product of
the current expressed in amperes and the number of turns
of wire, this product being called ampere turns.

For examPLE, 500 turns of wire with a eorrent of 2 amperes flowing
in each will produce the same flux as 1000 turns with 1 ampere, or 200
turns with 5 amperes, because in each case the product is 1000 ampere
terns.

The term magmetomotive force is applied to the total map-
netizing force acting on the magnetic circuit, One may think
of a difference of magnetic level between the two ends of a
solenoid, which tends to set up lines of force between the two
points. This difference of magnetic potential or magneto-
motive force is anslogous to the voltage or electromotive force
of electric circuits, which has been explained in Chapter I1.

In order to express the magnetomotive force in the conven.
tional units, it is necessary to multiply the ampere turns by a
constant factor which is nearly equal to 14, This factor is
% or, more accurately, 1.26. This may be expressed in the
form of an equation thus:

M=1126 NI*
where M =magnetomotive force in a complete magnetic circuit,
N=totsl number of turns,
I=current in amperes.

FoR £xamMPLE, suppose we have a coil of 25 turns and 20 amperes
flowing in it; the magnetomotive force would be 1.26 X25 %20, or 632
units.

* In cane inches instand of centimetars are used, the equation beoomes
M=32NI.

In modern practice the ampere turns themselves are often taken as thy
magbetomotive force.
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78. Magnetic intensity and flux density. It is often con-
venient 1o express the magnetomotive force as the magnetomo-
tive force per unit length of the coil or solenoid. This intensity
of the magnetic field i8 usually represented by the letter H.

Thus M=126 NI,
g M_128 NI*
_ ! ]
where H=field strength,
' N=total number of furns on coil,
I=strength of current,
{=length of coil in centimeters,

Sometimes it is necessary to compute the number of linea
of force per unit area of cross section (such as per aquare cen-
timeter) of any part of a magnetic circuit; this is called the
flux density. For any material except air the flux density is
represented by the letter B.

FoRr ExaMPLE, If the total flux in an iron cireuit is 100,000 lines of
force and the area of eross section is 25 square centimeters, then the
flux density would be 124448 or 4000 lines per square centimeter.

T9. Effect of magnetic materials in a magnetic circuit. We
know that putting an iron core inside a solenoid increases the
magnetic effect of the current. In other words, there are
many more lines of force set up in iron than in air by the same
magnetizing force H because the permeebility of iron is much
larger. Given a certain magnetizing force, then the flux
density in an iron core B (the number of lines per aquare cen-
timeter) is as many times the flux denSIty when the coil has
an air core H as the permeability of the iron is greater than
the permeability of air, which is assumed to be 1. Thus we
may define the permeability of a malerial as the ralio of the
" fluz density B which would be set up in the malerial by the magnel-
1zing force H, to that which would be set up in air by the same

* In practical work H is often expressed in ampers turns per conismaeter,

and from this
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magnetizing force. It is quite common to represent permea-
bility by the Greek letter » (pronounced mu), and to express
this relation in the form of an equation:

Flux density (B)
Field intensity (H)

Permeability, though not constant (see next section), iz o
quolity of the material which may be compared to electrical
conductivilty, and the rectprocal of permeability (u) iz the mag-
netic resistivity or reluclivity, which may be compared to the
specific electrical resistance of the material.

Since the lines of magnetic flux pass through nonmagnetic
bodies exactly as through air, the permeability of nonmagnetic
substances is 1.

80. Permeability depends upon saturation. In comparing
electric with magnetic circuits, magnetic permeability has
been compared to electric conductivity. But there is this
important difference: Given a piece of copper, its conduc-
tivity (that is, the reciprocal of its resistivity) is a definite
fixed quantity, unless the temperature changes. In the case
of a piece of iron which forms a part of a magnetic circuit,
its permeabtlity is nol a fived quantity bul depends upon the
number of lines ¢ already contains. In other words, the value
of u depends upon B, the magnetic state of the iron.

In magnetizing iron there comes a point where, as the flux
density increases, the permeability decreases and so it becomes
more and more difficult to set up a greater number of lines.
For this reason it is imprecticable to magnetize a piece of iron
beyond a certain flux density, which is called the saturation
point. It is pessible, but not usually practicable, to carry the
magnetization beyond the saturation point.

81. Magnetization curves. In the following table will be
found some interesting results of experiments in magnetizing
various kinds of iron.

Permeability (p) =
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A Tunss Linea on: Fonce Livzs pxn Squine CENTIMETER
rzR Esrrr Conn

CENTIMBTER

i Wrought [ron Cast Bloal Cast Lron
& 6.3 9,000 11,000 —

10 12.6 12,000 13,500 2,300
15 18.9 13,300 14,500 3,900
20 252 14,400 15,000 5,000
25b 315 14,900 15,500 5,600
30 37.8 15,300 15,800 6,200

1t is evident from an inspection of this table that the flux
density (B) is greater for east steel than for wrought iron with
the same magnetizing force (H), and that the flux density for
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Fia. 85. — Magnetisstion curves of various kinda

of iron,

both these varieties of
iron is much greater
than for east iron.

This relation of flux
density to magnetiz-
ing force can be very
clearly shown by what
are called magnetiza-
tion curves (Fig. 65) on
which the magnetizing
foree H is represented
horizontally and the
flux density B ver-
tieally.

One sees from these
curves that the per-

meability of various sorts of iron is not a constant quantity
but becomes less as the magnetizing foree increases. It is also
evident that the amount of magnetism which a piece of iron
can take on does not increase directly as the magnetizing force,
but increases more slowly and tends to approach a limit.
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82. Ohm's Law for magnetism. We have already seen that
the magnetic cireuit is quite analogous to the electrie circuit.
We have magnetomotive force, which sets up lines of force or
flux in the magnetic circuit, and we have a magnetic resistance,
called reluctance, which retards or opposes the flow of the
magnetic flux. Just as might be expected, we have a law for
the magnetic circuit which much resembles the statement of
Ohm’s Law for an electric circuit. It may be stated thus:
the number of lines of force in a magnetic circuit is equal to the
magnelomotive force divided by the reluctance.

Magnetomotive force
Reluctance

Magnetic flux=

83. Computation of reluctance. The magnetic reluctance of
a gimple ring (Fig. 63), just as the electric resistance of a wire,
varies directly as the length, inversely as the area of cross
section, and inversély as the magnetic conductivity or per-
meability, which in turn depends upon the flux density used.

ctance Length .
Relu  Cross section X Permeability

This law is easily applicable to such a simple closed magnetic
eircuit as an iron ring, yet we can make a fair approximation
for a nearly closed magnetic circuit such as the split iron ring
(Fig. 64). If the air gap in the iron ring ia short, we can assume
that the lines of force are straight and run from the N- {o the
S-pole face and that only a few lines bend outside the gap.
Now the reluctance of the magnetic circuit can be computed
by adding the reluctance of the iron to the reluctance of the
air gap — u in the case of air being unity. In the case of more
ecomplicated magnetic citcuits the reluctance of each part
should be calculated separately. The combined reluctance
of the entire magnetic circuit may thus be obtained by using
the same rules as for series and parallel electrical circuits,
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except that the magnetic reluctances are used instead of elec-
trical resistances.

For BxaMPLE, given an iron ring whose cross section is 5 aguare
centimetera and length 60 centimeters, The permeability of the iron
is assumed to be 1000. Then the reluctance of the iron ring ie equal

80
——— 012,
to 551000 or 0.012

If we supposs that a slit is cut making an air gap 1 centimeter long,
the reluctance is equal to

59 l = =
5% 1000 + 5 0.0118+0.2=0.212.

As the reluctance of the iron ring 0.0118 is in series in the circuit with
the reluctance of the air gap 0.2, they are added together.

It will be seen that the reluctance of the ring with the air gap is
about 17.7 times as much as that of the olosed ring.

Again, suppose we make two very short air gaps of 0.1 centimeters
ench in the closed iron ring. Then the reluctance will be equal -to

B8 43 (y) =0.052.

51000 5

This iz more than 4 times the reluctance of the olosed ring. In thia
oase the iron and the two air gaps are all in series.

If we want to determine the number of ampere turns required in
each of these three cases to produce, for example, 17,000 lines of torce,
we use Ohm's Law for magnetism.

Magnetic flux = Maguetomotive force

Reluctance
-_M_
17,000 0.012°
then M =204,
204
and Nl-m-l% ampers turns,

In the zecond case, it would be 17.7 X165 or about 2920 ampere
turns; in the third case, it would be about 4 times 165 or about 660
ampere turns. _

Thus one sees how much the number of ampere turns must be in-
creased in order to force the same magnetic flux across an air gap,
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Ohm's Law for magnetism Is very generally used in the
degigning of dynamo machinery, although it is necessary to
use great care in computing as nearly as possible the average
lengths and cross sections of the various iron and air reluc-
tances in the circuit, since they are usually irregular in form.
Care must also be taken in finding the permeability of the
metal parts of the circuit for the particular flux density which
is to be used, since it varies with the flux. It is also necessary
to take into account the leakage paths about the magnet.
The flux in these paths passea through the cores under the
coils and then leaks by outside paths from the iron of one
pole to the other. These leakage paths may be considered
to be in parallel with the main body of flux, which passes
directly from pole face to pole face.

PROBLEMS

1. What is the reluctance of a piece of iron 40 centimeters long with
& crosse-section area of 20 square centimeters? Permeability = 1000.

8. A cast iron ring is 4.8 aquare centimeters in oross section and
has & mean diameter of 20 centimeters (u=200). What is the re-
luctance?

8. Buppose the iron ring in problem 2 has a sectiop cut out, making
an air gap 2 centimeters long. The permeability of air is sasumed
to be 1. What is the reluctance of the circuit?

4. What is the reluetance of a magnetic circuit made up of cast
iron 30 centimeters long with a cross-section ares of 2 X4 centimeters,
#=150; and of annealed steel 25 centimeters long with s cross-section
ares of 3 3.5 centimeters, u =1500?

{In the following problems uge such values as you may require from
the table in section 81.)

5. How many ampere turns are required to produce s Sux density
of 14,900 lines per square centimeter in & wrought iron ring 5 square
centimeters in oross seetion and with & mean dismeter of 25 centi-
meters? ’

8. How many ampere turns are necessary to produce a total flux
of 160,000 lines through » onst steel ring having a cross eection of

1
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10 square centimeters and a mean diameter of 10 centimoters? Age
sume that the ring has a section cut out making an sir gap 1 centi-
meter long.

84. Hysteresis. We have already seen that if we gradually
increase the current which flows spirally around a piece of
iron the iron gradually grows stronger magnetically. This is
graphically represented by the magnetization curve (Fig. 66).

18000 It will also be found
¢ | thatif we gradually
—T [ decrease the elec-
Tt tric current again,
/] the iron becomes
/ weaker magneti-
/ eally. But (this is

/ the new point) as
/ we decrease ‘the
|

magnetizing force
H, the flux density
B does not decrease
along the same line
by which it had in-
B creased, but follows
2 4 « 8 W o1 W N ow the curve CD as

AONETIZING FORCE shown in figure 66.

Frg. 86. — Curve of magnetization BC and curve :
of demagnetitation CD of soft iron. It will be ,aee n that
at the point D the

magnetizing force is zero, but the flux density is still 10,500
lines: that is, we have a residual magnetism of 10,500 lines re-
maining in the iron. 8o we say the flux density B lags behind
the magnetizing force H, and this lagging is called hysteresis.
One can form a sort of mental picture of this process, if
one thinks of a piece of iron as being made up of very tiny
particles called molecules; when the iron is magnetized, these
molecules are oriented or turned about so as to lie in a regular

LMER OF FORCE PO 24. OB,

[
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order. In the process of turning about, they rub against one
another and so interfere with one another. This intermolecu-
lar friction produces heat. At any rate, it is an experi-
mental fact that rapid magnetization and demagnetization
does warm the iron, If the process is carried on rapidly and
continuously, as in alternating-current machinery, the hys-
teresis produces considerable rise in temperature. The heat
thus generated results in a loss of energy, as has been pointed
out in section 52. This loss we call the hysteresis loss, and
in the design of electrical machinery both this loss and the
resulting rise in temperature must be given consideration.

In studying alternating-current machinery in later chapters we
shall learn that the electric owrrents flowing through the ovile are
constantly changing and reverse their direetion many times a second.
Consequently the magnetic flux in the iron cores ia reversed many
times o second. It is, in fact, this rapid reversal of the magnetism of
the oore that causes the humming of a transformer.

We have just seen that magnmetic hysteresis may be considered as
caused by molecular friotion. It is obvious that energy must be ex-
pended to ahift the molecules around, that is, to overcome this molecu-
lar friction. BExperiments ehow that the loss of power due to hysteresia
is much greater in hard steel than in soft iron. It can be shown too
that this hysteresis loss also depends on the frequency (that is, the
oumber of times the magnetism is reversed per second) and the maxi-
mum density B of the flux. Bteinmetz gives the following equation for
computing the hysteresis loss:

P - kv
where P = hysteresis loss in watts; V = volume of iron in cubic cent
msters; { = frequency, number of cycles per second; B = maximum flux
density, lines per 34. em. ; and K = constant, depending on the material.

The hysteresis constant varies from 1 x 107 for the best annealed
transformer sheet metal {silicon steel) up to 25 x 107" for hardened
cast etoel.

For xxaMrLE, what is the hysteresis loss in & machine that contains
2500 cu. cm. of iron, which is subjected to 60 cyeles a second? Given
E=~3x 107 and maximum flux density = 12,000, then

P=3X 107X 2500 X 60X 12,000"* = 152 watts.
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SUMMARY OF CHAPTER IV

ELECTRIC CURRENTS are always surrounded by a magnefic
Sield.
EVERY MAGNET has at least two poles, one the north-gseeking
pole (N) and the other the south-seeking pole (S).
Like poles repel each other.
Unlike poles attract each other.

LINES OF FORCE tend to contract endwige and to swell gide-
wise; that is, there is tension along them and compression at
right angles to them.

LINES OF MAGNETIC FORCE about an electric current are
at right angles to the direction of the current and form concentric
circles about the wire.

If one looks along the wire in the direction in which the current
is flowing, the lines of magnetic force circle around the wire in a
clockwise direction.

An electric current flowing in a coil of wire makes a magnetic
solencid of the coil. '
~ TO DETERMINE ITS POLARITY, grasp the coil with the

right hand so that the fingers point in the direction of the current
in the coil, and the thumb will point to the north-seeking pole of the
coil.

The magnetic effect of a solenoid is enormously increased by a
soft iron or steel core which makes an electromagnet.

ELECTROMAGNETS are used in nearly every electric machine ;
e.g., bells, telegraphs, generators, and motors,

LINES OF FORCE OR MAGNETIC FLUX may be considered
to flow along a closed path or magnetic circuit.

THE MAGNETOMOTIVE FORCE depends on the ampere
turns.

M=128NI.

MAGNETIC INTENSITY H is the magnetomotive force per

unit length,

He mgm.
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FLUX DENSITY B equals field intensity per unit area of cross
section, such as per square centimeter. In air flux density equals
field intensity ; that is, for air

B=H,
. Flux density (B
Permeability (M) = 5 mtenﬁ'ty( (gr) '

Permeability of air is 1; of iron, sometimes several thousand,
depending on the degree of saturation.

RELUCTANCE of magnetic circuit corresponds to resistance in
an electric circuit.

OHM’S LAW for a Magnetic Circuit :

. _ Magnetomotive force
Magnetic flux = Reluctance
To compute reluctance of magnetic circnit use the following
equation:

Length .
Reluctance = Cross section X Permeability

When we remove the magnetizing force the magnetic flux does
not become zero, because there is a certain *“ lag * in the magnetic
flux with respect to the magnetizing force, This *“lagging” is
called * Aysteresis.”

Soft iron and annealed silicon steel show little hysteresis and
80 are used in armature cores and alternating-current machines
in order to make the “ hysteresis loss" as small gs possible.

QUESTIONS

1. If a magnetic needle lies parallel to » wire placed in a north
and south direction, what two forces aot upon it when a eurrent is
sent through the wire?

2. 1z the magnetism created by au electric current in any way
different from the magnetism of a magnetized steel bar?

3. How much strooger is the magnetic field set up by a current
1 inch from the straight wire carrying the eurrent than it is 2 inches
away?

4. How can the direction of a current be determined by means of
& compass ?
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5. It you are standing beside and facing & wire in which a current
flows frorn left to right and you place & compsass needle over the wire,
will the north-seeking pole tend to turn toward you or away from you?

8. In what ways can a solenoid he compared to a permanent
magnet ?

7. It you wish to have a south-saekmg pole at the bottom of a
vertical solenoid, how must the current he made to flow?

8. How many ampere turns has a coil of twenty turns which
earries one half of an ampere ?

#. What happens to a bar of sieel placed within a solenoid?

10. What happens to a bar of soft iron when it is placed in a solenoid ?

11. What happens in Questions 9 and 10 if the current is shut off ?

12. What is residual magnetism ?

13. Which will become the more highly ma.gneuzed by the same
magnetomotive force, hard steel or soft iron?

14. 1f the current in an electromagnet be increased 1 ampere at &
time up to 50 amperes and if 25 amperes saturates the iron, will the
magnetism inerease proportionately to the current?

15. In Question 14 what would be the effect of the last 25 arnperes?

16. It in Question 14 the current be decreased again, will the curve
of magnetism be the same as for the rising current? Will it be higher
or lower?

17. How many ampere turns are required to set up a unit of mag-
netomotive force?

18. How much magnetomotive force will be set up by one hun-
dredth of an ampere in a coil of one hundred turns?

18. How much magnetomotive force will be set up by 1 ampere in
a coil of ten turns?

20. What causes hysteresis? How?

21. In which will a sclenoid set up lines of force most readily : air,
soft iron, or hard steel? In which next most readily ?

22. What is permeability ?

£3. Compare magnetic permeability to specific conductance of
electric conductors,

24. What is the permeability of air, wood, brick, ete.?

25. If one magnetic circuit is twice as long and has twice the cross-
section area of another made of the same material, will they be of
equal reluctance?

26. If a cortain ring of steel has one tenth the permeability of an
equal ring of iron, how much greater will be the reluetance of the steel
than that of the iron?



CHAPTER V
THE NATURE AND PROPERTIES OF MAGNETISM

Early history of magnetism — natural and artificial mag-
nets — methods of making — test of magnetism ~— forms:
bar, horseshoe, laminated — polesa: lecation, number, kind
— field and circuit — induced magnetism depends on per-
meability — reversed polarity and sereens — coercive foree
— demagnetization — laws of atiraction and repulsion, unit
pole and unit field.

Theory of magnetism — experiments — molecular mag-
nets — saturation.

Terrestrial magnetism — earth’s polarity — equator —
meridian — variation and dip — compasses — magnetie ex-
ploration.

85. Historical facts about magnetism. In the last chapter
we saw that the electric current is always associated with mag-
netism. We must not forget, however, that some of the facts
about magnetism were known long before the Christian era
and therefore far antedate our knowledge of the electric cur-
rent. It is even said that the Chinese used a device similar to
the compass many centuries before the birth of Christ to guide
them across the plains of Tartary; but this is not probable.
In Europe the use of the compass did not become general until
the thirteenth century of the Christian era. Many early
Greek writers — Plato, Euripides, and Thales — speak of
lodestone, which is an iron ore occurring in Magnesia and hav-
ing the attractive power of a magnet. This magnetic iron ore
(Fey0,) is called magnetite and is valuable. It is found in
Norway, Sweden, and in wvarious parts of North America.

119
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In about the year 1600 Dr. Gilbert published a large number
of discoveries concerning magnetlsm in his famous work De
- Maegnete.

88, Naturalandarhﬁmalma@ets It was
long ago found that any piece of hard iron when
ribbed with a lodestone (Fig. 67) acquired
the properties characteristic of the stone;
that is, it would attract light bits of iron, and
if hung up by a thread, would point north and
south. When pieces of soft iron touch a mag-

net, they also become magnets and are mag-

ni&?ﬂ’m netized while in contact with the magnet ; but

fione  attrasts when separated from it, the magnetism of the

' soft iron disappears. It was Dr. Gilbert who

observed that the attractive power of a magnet appears to

reside in two spots or regions ; in a long-shaped magnet these

spots or poles are usually near its ends. When a magnet is

suspended on a pivot or a thread, it sets itself in a direction so

as to point nearly north and south. A small elongated magnet
thus suspended is called a magnelic

needle or compass (Fig. 68).

The pole which points toward
the north is called the north-seck-
ing (N) pole and the other, the
south-seeking (S) pole.

87. How to make a magnet.

First the steel must be hardened. Fig. 68. — Magmetic needle in &
To do this, heat to brilliant red ot o Black end is north-
and then quickly plunge into cold

water, oil, or mercury. The steel then becomes intensely brit~
tle and glass-hard. A very simple method of magnetizing the
steel is by stroking it with another magnet. It is better to
stroke one half with an S-pole, beginning at the center and .
repeating this several times on each side; then using the
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N-pole, stroke the other half in the same way. In these days
when electricity is 8o common, it is more usual to magnetize
steel by making it a part in the magnetic circuit of an electro-
magnet, as explained in Chapter IV. Tapping the end of the
steel with a hammer while it is under the influence of the
electric current will produce better results.

88. Forms of magnets. When steel bars, round or flat,
are made into straight magnets, they are called bar magnets.
When a straight bar of steel is bent into the form of a hotseshoe
(Fig. 69) and then properly magnetized, one
end will be an N-pole and the other an -
pole. By thus bringing the poles close
together, the magnet will lift much more
because both poles act together. A piece
of soft iron, called the keeper or armature,
is placed across the ends of the poles when
they are not in use, to retain the magnetism.

This forms a closed magnetic cireuit of iron.

Experimente also seem” to show that a yeere
magnet made up of a number of thin pieces g, g0 — Horseaboe
of steel, magnetized separately, and fastened  msgnet with its
with like poles together, will be strongerthan. ~ X*P°"
one of solid steel of the same dimensions. Such magnets can
be made in any form and are called laminated magnets. They
are used in various electric measuring instruments and mag-
neto-generators.

80. Two poles of a magnet inseparable. In magnetizing
a piece of steel with only one pole of a magnet, it will have an
N- and an S-pole. Even when a magnet is broken into two
pieces, each piece will have an N- and an 8- pole at the point of
breaking. Hence it seems to be impossible to make a magnet
with only one pole. A long steel bar may, however, have more
than two poles (Fig. 70), but it always has at least two opposite
poles, In cases where the bar has a number of intermediate
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poles and neutral points, 88 can be readily shown by plung-
ing its entire length into iron filings, the intermediate poles
are called consequent poles.

90. Distribution of magnetism. Faraday was the first to
see that a true understanding of the action of magnets could
be had only by studying the empty space around them, as well
as the magnets themselves. The familiar experiment of sprin-
kling iron filings on a cardboard placed over a magnet (Fig. 43)
shows very quickly and clearly the magnetic field around a mag-
net, It is assumed, as already explained in Chapter IV, that the
magnetic lines of force, the flux, emanate from the N-pole of .
a magnet and after passing through the surrounding medium,

 Tea=
o mm ome e

Fro. 70. — Bar magnet with two consequent poles.

reénter the S-pole and thus complete the circuit from the S-pole
to the N-pole through the magnet itself. Every line must
have a complete circuit; aswe have said before, it is impossible,
therefore, to have a magnet with only one pole. These mag-
netic lines of force complete their circuits independently and
never cut or cross each other. That the magnetic field inside
the iron is so much smaller in cross section than the external
field, and that the flux density is therefore greater, is accounted
for by the fact that the steel is 30 much more permeable than
the surrounding space and that the lines in the air will distrib-
ute themselves over a large cross section in order to find the
path or paths of lowest reluctance.

91, Iron magmetized by induction. When pieces of soft
iron are placed in a magnetic field, we find that they them-
selves become magnetized (Fig. 71), and when the magnetic
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field is removed, that the pieces of soft iron lose their magnet-
ism. This process is called induction. For example, the iron
filings near a magnet become magnetized by in-
duction. Each little piece of iron, when tapped
or jarred, turns itself in obedience to the attrac-
tions and repulsions in the field and tends to
aagsume the direction of force jointly due to the
simultaneous action of both poles,
The magnetization of iron in a magnetic field
is directly due to the high permeability of the
- iron and the low reluctance of the path through
it. A larger number of lines of force are set up
in the iron than in the air, ag if they left the air
and crowded into the iron. For example, figure
72 shows a small piece of iron A in the field of a Fia. 71, —1ron
magnet M ; it will be noted that the field is dis-  ¢SSonss o
torted because so much flux is apparently trying  magnetby in-
to crowd through the iron. The result is that  duction-
the piece of iron A now has a north and south pole of its own
because lines of force enter one end and leave the other. Itis

—— e T

Fia. 72. — Concentration of magnetic flux in iron due to its high permeability.

casy to see then that the strength of the induced magnet depends
on the permeability of the iron and the strength of the field in
which it chances to be placed. In general, then, a magnetic body,
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Jree lo move under the influence of a magnelic field, lends to
move 30 as lo accommodale through ilself the greatesl number of
lines of force of the field. If the movable bedy is a magnet, it
moves in such a direction that ite own internal magnetic lines
will be in the same direction as those of the field in which it is
placed.

92. Reversed polarity. When a compass needle is brought
near a magnet, it turns so as to indicate the direction of the
field at that point. But if the needle is held so that it is not
free to rotate and is brought near a bar magnet so that two like
poles approach each other, repulsion takes place between the
like poles up to a certain distance, after which attraction ocecurs.
This is due to the induction effect of the stronger magnet,
which has demagnetized the weak magnet of the compass and
_ remagnetized it again oppo-
sitely. This reversal of the
polarity of a compass needle
is quite common in laboratory
testing and so it is necessary
first to test the needle in the
earth’s field to make sure that -
- its marked or N-end points
F1o. 73. — Soft iron can be used to  DOTrth.

shield an instrument 4 from mag- 93 Magnetic screens,

netic flux. . B

Since we know of no magnetic
insulator and since the magnetic .flux passes through all non-
magnetic materials such as wood, copper, liquids, and gases,
or even a vacuum equally well, it would seem impossible to
shield an instrument from a magnetic field. But when a very
permeable material, such as soft iron, is interposed (Fig. 73),
the instrument at A is almost entirely screened from external
magnetism. Watches are sometimes inclosed in a soft iron
case to protect the mainspring and balance wheel from becom-
ing magnetized. They may be demagnetized by moving them
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glowly pear to and away from the pole of an electromagnét
in the coile of which the current is rapidly reversing.

QUESTIONS

1. What is the probable derivation of the word * magnet’”?

2. In what century did the use of the magnetic needle become
usnal?

3. How could you magnetize a steel pen, using a horseshoe mag-
net, so that the point would be a north pole? How could you test it
to prove that you had magnetized it correctly? Make a sketch.

4. How would you magnetize & steel horseshoe by an electro-
magnet ?

8. What kind of steel would you select to make a good permanent
magnet ?

8. What is the difference between magneis and magnetic material?

1. Six magunetized sewing needles are thrust vertically through
six little floats of cork and are placod in a dish of water with their north
poles downwards. How will they affect one another, and what will
be the effect of holding over them the north pole of & magunet?

8. Describe a metkod of making a permanent picture of magnetis
fielda.

9. Whatis meant by the neutral point of a bar magnet ? by the axis?

10. How does a jeweler demagnetize a watch ?

94. Demagnetization. Experiments show that it is more
dificult to get magnetism into steel than into soft iron of the
same dimensions, and that it is also harder to get the magnetism
oul of steel than out of iron. * In other words, the steel retains
the magnetism once put intoit. This power of resisting magnet-
ization or demagnetization is sometimes called coercive force,
or perhaps a better term is retentivity. The harder the steel,
the greater is its retentivity.

Any steel magnet loses magnetism partially or wholly if
subjected to rough usage, but a newly magnetized magnet
loses more of its strength by such treatment than those which
have become somewhat aged. Even slight shocks will destroy
any magpetiBm remaining in soft iron. It was discovered
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by Gilbert that a magnet loses its magnetism on being heated
red hot; on the other hand it has been found that magnets
have their astrength increased when subjected to very low tem-
peratures.

Electrical measuring instruments which have permanent
pteel magnets must be handled with care. The ease with
which soft iron and steel can be magnetized and demagnetized
is made use of in telegraph sounders and in armature cores
of generators, where the magnetic flux surges through many
hundred times in & minute.

96. Force exerted between two poles. We have already seen
(section 61) that unlike poles of 6 magnel attract and like poles
repel each other. We have also seen that a magnet attracts
any piece of iron by induction (section 91) ; but we must always
remember that this magnelic allraciion is o mulual aclion;
> that is, the iron attracts the magnet just as much as the mag-
net attracts the iron because it has itself become a temporary
magnet. In order to be able to estimate how much this force
of attraction or repulsion of the magnetic poles in any given
case will be, we must know three facts; namely, the strength
of the poles and the distance between them. The force ezerted
between two poles is equal to the product of the strenglhs of the
poles divided by the square of their distance apart.

h - mm
Thus F @

when F =force in dynes,
m =gtrength of one pole,
m' =strength of other pole,
d =distance between poles in centimeters.

A unit pole is a pole of such strength that if placed a centimeter
away in the air from a like pole it will repel it with the foree of one
dyne {1 dyne =0.00102 grams =0.00000225 pounds). Tt should, how-
aver, be noted that an isolaled N-pole is a physical impossibility, be-
cause every magnet must have a south pole corresponding to every
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north pole. Moreover, this assumes that a pole is in effect concen-
trated in a mathematical point, whereas this cannot be physically
produced.
The condition required for this law of force can be gained only by
uaing two very long, thin magnets; and even then the foree between
two actual magnets, a8 it is usually measured, does not follow this
law directly, because the poles are of considerable size as compazred
with their distance apart. Every small portion of the pole of one
magnet exerts a force on every small portion of the pole of the other
magnet in accordance with the law, and when all these small forces
are added together, the law ia apparently changed, although it iz based
on the fundamental one.
When s magnetic field exerts & fores of one dyne on & unit pole,
the intensity or strength of that part of the Beld is said to be 1 line
per square centimeter. So the intensity of the field i= theoretically
measured by the number of lines passing through a square centimeter
of it. 'Thus the torce on & magnetic pole in a magnetic field may be
stated as
F=mH

when * F=action of the field on the magnet in dynes,
m =strength of the magnet in unit poles,
H =strength of the fleld in lines,

It should be remembered that these ideas are purely theoreticsl
conceptions, but they form & correct basis upon which practicsl con-
esptions can be built up.

QUESTIONS AND PROBLEMS

1. If a magnet pole is brought nesr a piece of iror, will the pole
exort a pull on the iron? Will the iron exert a pull on the pole? Will
the two pulls be equal?

2. Describe an experiment that will show that the force of attrac-
tion or repulgion between two bodies is mutual.

3. Suppose two long magnets with their poles conoentrated into
pointe of 20 units strength each have their unlike poles 2 eentimeters
spart. Then what force is exerted between their two poles?

4. Suppose two poles as in Question 3 are separated 1 centimeter,
one of them being of one unit strength. If the force betweon them ia
10 dynes, what is the atrength of the second pole?
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6. Suppose two poles of the same strength a8 in Question 3. If
the foroe exerted between the poles is 25 dynes, how far are they apart?

6. If a portion of a field is of 10 units strength, how ean you repre-
sent it?

7. How many lines of force per square centimeter cross section
are there conceived to exist in a fleld of 25 units strength ?
8. It a pole of 10 units strength is placed in a field of & units
strength, with what force will it be acted upon?
8. If a pole of § units strength is acted upon by a force of 20 dynes,
how strong is the field ?
10, It a field having 10 lines of force per square centimeter cross
section acts upon & pole with a force of 2 dynes, how strong is the pole?
11. How could you prove two magnets to be of equal strength?

96. What is magnetism? Although we do not know what
magnetism really is, yet we have a very useful theory, called
the molecular theory of magnetism, which has proved helpful
as a partial explanation of the phenomenon arising from the
magnetism of steel and iron. .

If we fill a glass tube with coarse steel Slings (Fig. 74) and cork up
the ends and test the tube for magnetism, we find that either end

Fra. 74. — Glasa tube of teel ﬁ]mgs before magnetization.

attracts the same ond of s suspended magnetic needle. Now, if we
treat the tube like a steel bar and magnetize it in a solencid, being
careful not to shake it, and test it again, we find that one end repels

Fia. 75. — Glase tube of steel filings aflter magnetization.

one end of a needle and sttracts the other (Fig. 75}, When we shake
the tube thoroughly so as to jar the filings, and repeat the test, we find
it has been demagnetized.
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Again, suppose we magnetize a long, thin piece of hard-tempered stoel
and mark the N-pole. If we break it in halvea and test each piece
separately, we find that we have two magnets. The N-pole in one
piece remains an N-pole but & new S-pole ia developed, and in the
other piece the S-pole remains as before, but & new N-pole is developed.
If we break these piecea again, as shown in figure 76, each piece be-
comes a perfect magnet.

3 N
- I

Fio, 76. — A broken magnet shows poles at the break.

All these facts point t0 a molecular theory of magnetism,
which was suggested by a Frenchman, Ampére, and elaborated
by a German, Weber, and an Englishman, Ewing. Every
molecule of a bar of iron is supposed to be itself a tiny permanent

magnet — why, no one yet TN TP IV LT "3

knows. Ordinarily thesemo- Q??gggghﬂiggﬁz?z
lecular magnets are turned (€9 é30m ™
helter-skelter throughout Q sDamon SOOI

the bar (Fig. 77 a) and have -8
no cumulative effect that nnnnnnnnﬁg:nznn
can be noticed outaside the 23222532:3“3:::
I:m.r. W‘hen the bar iS mag- [ +f =k =¥ af - -f ] =] 7] -Fefefefa).]
netized, however, they get b

lined up more or lesa paral- F16. 77.—Model of (a) unmagnetised bar
lel (Fig, 77 b), like soldiers, sed (&) magnatised bar.
all facing the same way. Near the middle of the bar the front
ends of one row are neutralized by the back ends of the row in
front; but at the ends of the bar a lot of unneutralized poles
are exposed, north-seeking at one end and south-seeking at
the other. These free poles make up the active spots which
we have called the poles of the magret.

On this theory it is easy to see that when a magnet is broken
in two without disturbing the alignment of the molecular

magnets the new poles which appear at the break are simply
} 4
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collections of molecular poles that have been there all the
time, but are now for the first time in an independent, recogniz-
able position.

It will also be evident that, if this theory is true, there is a
periectly definite limit to the amount of magnetism a given
piece of iron can have. For when all the molecular magnets
are lined up in perfect order, there is nothing more that can
be done, no matter how strong the magnetizing force may be.
Such a magnet is said to be saturated.

TERRESTRIAL MAGNETISM

97. The earth is a huge magnet. We have already seen
that a compass needle points north and south. To explain this
LR and many other facts
souh M 11/, /gmp;;;,m about magnetism we con-
Magnetic. o 6,3 7 b gider the earth itself as a
huge magnet with two
magnetic poles (Fig. 78).
But according to the law
of attraction and repul-
sion between magnetic
poles, the mnorth-seeking
pole of a compass must be
2 attracted by the 8-
s : j} ,@,,,'f:c ols netic pole of the earth.

-

AR J S Thus it is that the S-mag-
) netic pole of the earth is
F1a. 78, — The earth is a huge magnet with near the geogmphical

poles. nerth pole and the N-

magnetic pole is nearly opposnte in the southern hemisphere.

98. Variation and dip. Not long after the compass was
invented, it was noticed that it did not point exactly north
and south. For a long time it was supposed that this variation
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was everywhere the same, until Columbus, on his way to America
in 1492, discovered near the Azores a place of no variation. An
exact knowledge of the variastion at different places is evidently
of the greatest importance to mariners and surveyors, and so
careful maps are published by the different governments giving
lines of equal variation. Figure 79 showa such a map. It
will be observed from this map that in the extreme eastern sec-
tion of the United States the variation is as much as 20° W,

DECLINATION EAST . DECLINATION WEIT

Fig. 79. — Map showing vatiation of the compasa in the United States.

This decreases to zero at a place near Cincinnsti, O., and be-
comes an easterly variation amounting to 20° E, in the north-
west.

It was discovered nearly a hundred years after Columbus’
time that if a compass needle is perfectly balanced so that it
can swing up and down as well as sidewise, its north-seeking
pole in the northern hemisphere will dip down to a considerable
angle (Fig. 80). As one goes farther north this angle increases
and as one goes south it decreases, Along a line near the
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equator there is no dip. The points at which the dip is 90°
are the magnetic poles. The magnetic pole in the northern
hemisphere was reached by Bir James Ross in 1831 and found
to be in longitude 96° 48’ W, latitude 73° 31’ N, or about 1400
miles from the geographical north pole.
In 1909 Shackleton’s South Polar Ex-
pedition located the other magmetic
pole in latitude 72° 25" 8., longitude
155° 16’ E. Thus it will be seen that
the magnetic polea are not quite at
opposite ends of a diameter of the earth
and that this approximate magnetic
axis of the earth makes an angle of
about 17° with the axis of rotation.
99. Changes in the earth’s magnet-
ism. Careful measurements of the
Fa. 80. — Compase needle intensity of the earth’s magnetic field
to show magnetic dip, _ 50d of the variation and dip at any
. locality show that these do not remain
fixed but change from time to time. It has been found that
there is a secular change which occurs once a century, another
which is annusal, and that there are atill others which occur
daily. Besides all these, there are erratic disturbances which
occur simultaneously over the whole earth and are called mag-
netic slorms, Thus it is necessary to erect at certain observ-
atories recording instruments or magnetographs, which give
a permanent record of the slight changesin the terrestrial
magnetic field.

It is of such great importance to determine the exact
direction of the earth’s magnetic lines of force or magnetic
meridians, not only on land but particularly on the oceans,
that the Carnegie Institute has had a special ship built,
the “ Carnegie,” almost entirely from nonmagnetic materials.
This vessel with its delicate instruments is making an accu-
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WirLiaM Tromsox, Lorp Kevvin (1824-1907).

A British physicist and cloctrical engineer; born in Belfsst, Ireland; for more
than fifty years profeasor of physics in Glasgow University, Scotland ; in-
vented the mirror galvanometer used in cable signaling: developed an im-
proved form of mariners' compass. His work in thermodynamics is of the
greatest value. He waa one of the first to appreciate the principle of Cone
SERVATION OF ENERGTY.



NATURE AND PROPERTIES OF MAGNETISM 133

rate magnetic survey of the important portions of the earth’s
surface.

100. A ship’s compass. The form of ship's compass which

" h ’ Lord Kelvin

consisting of

is pasted, or

t for the sake

gon to radisl
lations of the
1 some forms
f the weight
, . + vibrations.
Thus it is seen that in the ship’s compass the N-point on the
scale is always pointing approximately toward the north. To
steer in any particular course, as northeast, the ship’s helm
is tarned until the northeast on the movable scale is opposite a
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fixed vertical black line, which is drawn on the inside of the bowl.

Of course, it must always be remembered that the compass needle

tende to point in the direction of the magnetic meridian and this

iz seldom exactly the

game a8 the geographical

meridian. It will also

be noticed that the com~

pass bowt (Fig. 82) is

ﬂ supported on gimbal

bearings, so that, no mat-

ter how much the ship

Fia. 82. — Ship's compass bowl mounted oo may pitch and roll, the

simbals. card wilt always be level.

The navigator not only has to take account of the earth’s

magnetic variations but also of disturbances caused by the mag-

netization of the iron of the ship itself, the cargo, and the

electric-light wires in the vieinity. This necessitates a fre-
quent determination of all these deviations for every ship.

SUMMARY OF CHAPTER V

Dr. Gilbert in 1600 publighed the famous book De Magnete
describing a great many discoveries about magnets,
ALL MAGNETS have three properties:
{1) Attraction for steel and iron;
{2) Pointing in a nearly north and south direction;
(8} Inducing magnetigm in another plece of iron,
HARDENED STEEL can be magnetized by stroking with an-
other magnet or by being placed in the field of an electromagnet.

LAMINATED MAGNETS of horgeshoe form make the strongest
permanent magnets.
Every magnet has at leagt fwo unlike poles.

MAGNETIC FLUX consists of lines of force which are agsumed
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to leave at the N-pole and passing through the suiroundin; me-
dium to enter at the S-pole, making a complete circuit.

MAGNETIC INDUCTION is the getting up in a magnstic sub-
stance of a greater number of lines than would be set up in air
by the same cause.

ARY MAGRETIC BODY, free to move under the influence of
& magnetic field, tends to move 8o as to accommodats through
itself the greatest number of lines of force of the fieid. '
There is no material which will stop the lines, but a shield of
soft iron, because of its high permeability, will take up nearly ali
the magnetic fux. . '
Heat and rough treatment will ruin the best of magnets.

FORCE sxerted by one pole on another:
mm'’

FORCE OF MAGNETIC FIELD on pole placed in it:
F=mH,

THE MOLECULAR THEORY of magnetism agsumes a magnet
to be made up of molecules, each in itself a tiny magnet.

THE EARTH is a magnet with its S-magnetic pole at Peary's
end, about 1400 miles from the géographical north pole,

The angle between the magnetic meridian and the geographical
meridian is the variation.

The angle which a magnetic needle makes with the horizontal
is the angls of dip.

The usge of the compass in surveying and navigation makes it
necesgary to make frequent magnetic surveys.

QUESTIONS

1. 8keteh a long magnet and assume it to be broken into several
pieces. Then sketch the pieces of & broken bar magnet and indieate
their resultant polarity in the order in which they were supposed to be
broken.

2. Why is magnetism supposed to be molecular in nature?
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8. It a magnetic needle is attracted by & certain body, does that
prove that the body is & permaneni magnet?

4. It a piece of soft iron is brought near the positive pole of a
magnet, what kind of pole is induced in the iron nearest the magnet
pole?

5. Why will either pole of a magnetic needle be attracted to a soft
piece of iron?

6. If & magnet is struck by a hammer, ‘what is likely to happen?

7. Will a magnetic needle be attracted by a piece of red-hot iron?

8. It two bar magnets are to be kept side by side in & box, how
should they be arranged? Why?

9. If a very short magnet is placed in a maguetic field, will it tend
to move bodily along the lines of force? State your reasons.

10. Would a magnet floating on a cork in a dish of water float toward
the north, as well as turn north and south?

11. Will a magnet atiract a tin can? Explain.

18. What is meant by the “aging’’ of magneta?

13. A compass needle is deflected from the magnetic meridian by a
bar magnet placed six inches away. What will he the effect of inter-
posing an electrie-light bulb contsining & vacuum? .

14. A piece of wrought iron is interposed in Queation 13. How is
the deflection affected?

15. How oould you with a har magnet diminish the earth’s attrao-
tive force on a magoetic needle?

18, Would a hard-rubber case serve as s magnetic shield for & wateh ?

17. What poeition does a maghetic needle take in Amarica when
allowed to swing freely in all directions?

18. How could you determine whether a compass had had its
polarity reversed?

19. Why are the hulls of most iron ships permanently magnetized ?
What determines the direction in which they are magnetized?

20. How can the compass on an iron ship be " compensated” for
the induced magnetism in the ship?

21. A long sofi-iron bar is standing upright. Why does its lower
end repel the north pole of a4 compass needle?

22. Doea hammering the bar while it is in the position desoribed
in problem 21 increase or decrease the effect? Why?

23, What effect does the angle of dip have on the horizontal in-
tensity of the carth’s magnetism at any point?



CHAPTER VI

ELECTROMAGNETIC INDUCTION

Induction by moving a wire in & magnetic field — diree-
tion and magnitude of induced current -—— induced currents in
a revolving loop — other methods of inducing currents —
mutusl induetion — Lenz’s law — induction coils and their
uses ~— gelf-induction and its application — mutusl atirace~

tion or repulsion of electric currents.

101, Electromotive force induced by moving a conductor
across A magnetic field. The experiments of Oersted (section
64) and others have shown us that an electric current always
produces magnetism. It remained, however, for the brilliant
experimentsl studies of Michael Faraday of the Royal Institu-
tion, London, and of Joseph Heary (Plate VIII, opposite p. 138),

then a schoolmaster at Albany Academy,
Albany, N. Y., to make the most important
additions to our knowledge of the mutual
action between electric currents and mag-
netism ; namely, how magnetism can produce
electricity. Shortly after the publication by
Oersted of the discovery that s magnetic
needle may be deflected by bringing near it
a wire carrying an electric current (section
60}, Faraday produced continuous motion
by means of the effect of an electric current
upon & permanent magnet. It was soon
after learned that a wire hung over the pole

N
e N
w
. LY -

5
Fie. 8% — Wire W ro-

tatea around mag-
netic pole N'S.

of 2 magnet and with one end in & mercury trough, as shown in
figure 83, would continuously revolve around the pole on account

137
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of the mutual attraction between the lines of force belonging to
the magnet and to the current in the wire. In the motion thus
produced lies the principle of the electric motor and of many
of the present-day electrical instruments.

I't must not be forgotten that the best method of generating
an electric current at that time was by means of an electric
battery, and the usefulness of the electric motor could be but
small as long as it depended for its power upon the consumption
of zine in a battery. To the vigorous minds of Faraday and
Henry, the production of motion when an electric current waa
brought under the influence of a magnet suggested the possi-
bility of a reverse action, through which an electric current
might be produced by the motion of a wire in a magnetic field.
Shortly after 1830 this thought led to the magnificent discov-
ery by Faraday that a fendency for electric currents lo flow i
produced in a conduclor when it is moved in a magnelic field so
as to cut through the lines of force of the field. That is, vollage
13 8¢l up in the conduclor when it cuts the lines of force. The two
great experimenters also independently discovered the fact
that any change in the magnetic field around @ wire tends to set
up an eleciric current in the wire; exactly as any change in an
electric current which flows in a wire causes a corresponding
change in the magnetic field about it. '

In this great discovery lies the principle of the operation of
dynamo electric generators or generators, as they are usually
called.

It must not beforgotten, however, that there is a vast difference
between discovering a new principle, such as that of electromag-
netic induction, and building & commercislly efficient machine,
such as the electric generator, which utilizes the principle. It
takes a genius to develop a new principle, but it often requires
years of patient experimenting by a multitude of inventors to
perfect the machine. Sometimes it takes so long to apply the
principle that the public has quite forgotten who discovered it
and rewards only the inventor who has made the machine “ go.”



PLATE VIl

Josere HEnrT (1709-1878).

An American physicist, born in Albany, New York; was for aix years a school-
master at Albany Academy, for fourteen years a professor at Princsoton, and
for the vest of his life the head of the Smithsonian Institution in Washington,
Made the first careful study of the electromeagnet and in 1842 discovered the
oscillatory usture of the electric spark. Sharea with Faraday the honor of
having discovered the laws of electromagnetic induction.
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102. Direction of induced voltage in the moving wire.
Suppese the straight wire A B is pushed down across the mag-
netie field, as shown in figure 84. An induced voltage is set
up in AB, which makes B of higher potential than A. This
can be shown by connecting B
and A with a sensitive galva- A B
nometer or millivoltmeter. It
will also be observed that as
long as the wire remains sta-
tionary no current flows, and
even if the wire does move,
there will be no current if it
moves in a direction parallel F1o. 84 — Indond eomt. in o wi
o the lines of foree. - 84, — Inducod a.nd, In  wire

If the wire were moved up,
the induced current would be from B to 4 ; or if the field were
reversed without changing the direction of the motion of the
wire, the current would reverse.

It will be seen that the current flows in the external cireuit
through the voltmeter from the positive or high-pressure end
B to the negative or low-preasure end A of the wire ; and within
the moving wire the current flows from the low-pressure end to
the high-pressure end. The motion of the wire across the lines
of force causes it to act like a pump which lifts the electric
current from its low-pressure or suction end to its high-pressure
or discharge end. In this respect the moving wire acts exactly
like a primary battery, such as is described in Chapter L.

In short, if & wire is to have an e.m.f. induced in it, it must
move 8o as to cul lines of force. Furthermore, it will be seen
that the direction of the induced e.m.f. depends upon two
factors, (a) the direction of the motion of the wire and (b) the
direction of the flux or magnetic lines of force. The relation
of these three directions may be kept in mind by Fleming’s
rule of three fingers (Fig. 85).
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FLEMING'S RULE. Extend the thumb, forefinger, and center
Jfinger of the right hand so as to form right angles with each other.
If the thumb points in the direction of
the motion of the wire, and the forefinger
in the direction of the magnetic flux, the
center finger will point in the direction of
the induced current.

As an aid to remembering this rule,
notice the corresponding initial letters in

) the words *fore” and “flux,” * center”
P 5 S and ¥ carrnt”

103. Magnitude of the voltage set up
in a moving wire, The magnitude of the voltage depends upon
the rate af which the wire cuts lines of force; that is, upon the
total number of lines of force cut by the wire in a second of
time. When the wire cuts one hundred million (100,000,000 or
108) lines of force in every second during ils motion, the vollage set
up is one voll.

For ExaMPLE, if & wire cuts through lines of force at the rate of
two hundred millions (200,000,000) per second, the induced voltage
is equal to two volts, and if a wire cuts only seventy-five million
(75,000,000) lines each second, a voltage of only three fourths (1)
volts is set up, and so on, which is aceording to the rule given in italics
above.

The number of lines of force which are cut in a second by
8 wire moving in s, magnetic field depends upon four factors:

(1) Upon the slrength of the field, or the number of lines of
force which it contains in each square centimeter.

(2) Upon the length of the wire which is in the field.

(3) Upon the speed with which the wire moves.

(4) Upon the angle at which the wire moves across the lines
of force. If the wire moves diagonally across the lines of force,
it does not cut through so many lines in a given time as when
it moves equally fast at right angles to the lines.



ELECTROMAGNETIC INDUCTION 141

104. Experimental demonstration. If we have alarge electro-
magnet with flat-faced pole pieces (Fig. 86), we can demonstrate the
various laws about induced voltage in a conduector. It we move a
wire down through the gap between the pole pieces, s millivoltmeter
will show the induced voltage. If we hold the wire at rest in the gap,
we observe no voltage. If we
move the wire horizontally
parallel to the lines of mag-
netic flux, we get no voltage.
It wa move the wire up
through the gap, we observe
a voltage in the opposite

TrrTT—— direetion, as predicted by
ETEL o Fleming’s rule. I we in-
Fia, 86. — Electromagnet for domonstrat- ¢rease the magnetio field

ing induced o.m.f. by increasing the current

through the electromagmet,

we inorease the induced voltage. If we move the wire more quickly

through the gap, we inorease the induced voltage. Finally, if we bend

the wire into a loop of several turns, and move the loop dowh over

one pole 8o that all the wires on one side of the loop pass through the
gop, we find that the voltage is increased.

In this experiment we see that the induced e.m.f. is increased
by moving the wire faster across the magnetic field, by making
the magnetic field stronger, and by using more turns of wire.
In short, the amount of tnduced e.n.f. depends on three faclors:
(1) the speed of cutling; (2) the magnelic field; (3) the number
of turnas,

Experiments show that

Induced e.m.f. varies as speed X flux X turns.

FoR EXAMPLE, & wire passes 40 times & second across the pole face
of an electromagnet which has a flux density of 15,000 lines, If the
pole taoe is 30 by 20 centireters, what is the induced e.m.1,?

Flux =30 X 20 15,000 = 9,000,000 =9 x 100
Lines cut per second =9 > 10# x40 =3.6 x10#

Induced o.m.f. -3-61_>3.1Q'- 3.6 volts,
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PROBLEMS

1. What voltage is induced adross the ends of a wire which cuts
6 % 10" lines in 2.5 seconds?

2. A wire cuts through a field of 4,000,000 lines at an average rate
of 18,000 times per minute. What is the average voltage set up scross
the wire?

3. A wire 100 contimeters long passges through s magnetic field
which has a flux density of 8000 lines per square centimeter. If it
moves 1200 centimeters per socond at right angles to the lines, what
voltage is induced in the wire?

4. Twonty conductors, connected in series, cut through 6X10®
linea of forco at the constant rate of 3000 timea per minute. What is
the average voltage set up by the set of conductors?

8. I! a wire which iz cutting across a magnetic field at the rate of
150 feet per minute inducos 5 volts across its terminals, how faat must
it move to generate 8 volts?

106. Current in a revolving loop of wire. If we rotate a
rectangular coil between the poles of an electromagnet (Fig.
88), we can detect an electric current in the revolving coil by
connecting it by means of flexible leads with a galvanometer
or millivoltmeter. As
we turn the coil, the
current is reversed
every half revolution.

It will help us to
understand just what
is happening in the re-
volving coil if we first
consider what' would
happen in a single
loop of wire which is rotated in a magnetic field (Fig. 87). If
we start with the plane of the loop vertical and turn the handle
in a clockwise direction, the wire BC moves down during the
first half turn, and thus, by Fleming's rule, the induced e.m.f,
tends to send the current from C to B. At the same time the

Fia, 87. — Single lcop of wire turning in & mag-
netic field.



ELECTROMAGNETIC INDUCTION 143

wire AD is moving up, and the current tends to flow from

A to D. The result is that during the first half turn the cur- -

rent, goes around the loop in the direction 4 DCB. During the

second half turn the cwrrent is reversed and goes around in the
direction ABCD.

To show that this really does happen in the loop, we can cut

the wire and connect the ends to slip rings x and y (Fig. 88).

The brushes B" and B”/, which

rest on the rings, are connected

to a galvanometer. In this

way it can be shown that there

Fra. 88, — Coil rotating between polens of electromagnet and & single loop con-
nected to alip rings.

is generated in the coil an alternating current, which reverses

its direction twice in every revolution. Moreover, it will be

seen that the induced e.m.f. starting at gero goes up to & maxi-

mum and then back

to zero in the first

half turn; then it g::

reverses, goes to a g

maximum in the op- %
= - . -

posite direction and :4

finally back to zero. Fro. 80, Carve to show relation of taduced e.m.f
3 Q. L UrYe show relation of LG &,

The induced e.m.f. to poRition of loop.

reaches its maxi-

murn when the coil is horizontal, because in this position the
wires A D and BC are cutting lines of force most rapidly. This
is illustrated by the curve shown in figure 89. Machines which _
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are built to deliver alternating currents are called alternators
or alternating-current (a-c.) generators, .

PROBLEMS

1. A eoil of one turn includes 5,000,000 linea of lorce within its
aros whoen the plane of its face is at right angles to the lines. If it ia
turned over at the rate of 1200 revolutions per minute, what will be
the average of the voltage induced during each half revoluiion?
{(Hint. — Each side of the coil cuts all- the lines twice in a revolution.)

2. If the eoil in problem 1 had 25 turns, what would be the average
voltage induced ?

3. One side of a large eoil of wire having 100 turns euts through a
field of 10,000,000 lines of foroe at an average rate of 2400 times per
minute. What is the average voltage developed? (HinT. — The
turns are in series.)

4. A coil of fifty turns with two active sidea cuis through 5,000,000
lines of force at a speed, during the moment considered, of 2400 times
per minute. The resistance of the coil is 0.2 of an ochm and the re-
sistanee of the external cirenit to which it is attached -ia 1.8 ohms.
How much current flowa?

8. How many horse power are required to drive the ooil in prob-
lem 47 :

6. How much e.m.t. is used in the coil and how much in the ex-
ternal eireuit of problem 47

T. What is the voliage acroes the terminals of the coil in problem 47

8. How many watts are used in the coil and how many in the
external circuit of problem 47

9. How many Dauiell cells, each of 2 ohms internal resistance and
an e.m.f. of 1 volt, must be used to supply to the same external cirenit
an amount of power equal to the arrangement in problem 4, suppos
ing that the internal resistance of the battery equals the resistance of
the eoil? How should they be arranged?

1068. Other methods by which voltages may be induced.
It has been experimentally shown that any change in the mag-
netic field around an electric conductor which causes the lines
of force to cut the conductor tends to cause an electric current
to flow in the conductor. We are now sufficiently acquainted
with the mutual effects of electric currents and magnetism
not to be surprised to learn that there are many conditions
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under which the effects of magnetism may result in an electric
current. One of these conditions is seen when the motion of
a conductor across magnetic lines of force causes, as already
described, a current to flow in the electric circuit of which the
conductor is & part. But it is not necessary that the conductor
move ; for the magnetic field itself may move so that its lines
of force cut across stationary conductors. In fact, vollage is
gel wp in a conductor when 14 culs lines of force, whether the culting
& caused by the motion of the conduclor or by themotwnofthe
lines of force.

Moreover, the magnetic lines of force which are cut by a
conductor and so eause voltage in the conductor may not come
from a magnet, but may belong to an electric current in a neigh-~
boring wire. When a conductor is moved toward or away
from a wire carrying a current, the lines of force belonging to
the current are cut by the moving conductor, and voltage is
induced in the moving conductor. If the wire carrying the
current is moved toward or away from the other conduector,
the lines of foree belonging to the current cut
the conductor, whick is now statior
voltage is set up a3 before.

We may demonstrate these prineiples b
ing the ¢oil S, shown in figure 90, to a gal-
and conneoting another coil P to &
battery. When we move the current-
carrying peimary coil P either into or
out of the other secondary eoil 3, an
e.m.f.i8 induced in §, just as when we
move a magnet in and out of a coil.
We find that alter the primary coil P _ ; g
is pushed into the secondary oocil S Fia. 90. ﬁ‘moinliitoed by mov
and its movement is stopped, the
om.t. in the secondary is zerc. Moreover, we observe that if the
primary coil is drawn oul from the secondary ooil the resulting e.m.t.
in the secondary is opposite to that set up when the primary coil was
pushed into the secondary.

L
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e may inorease tbe induced e.m.[. by increasing the intensity of
the current in eoil P or by inserting an iron eoil inside the primary coil.

Finally, we may put the primary coil with its iron ooil inside the
secondary coil, and then generate an induced e.m.f. by merely opening
and closing a switch in the primary circuit. When the switch ia
opened and closed, the deflections are in opposite directionn.

In general, we see that an induced electromotive force iz sed
up in a coil whenever there is a change in the number of lines of
magnelic force passing through the coil,

107. Mutual induction. The effects described in section
106 may be produced by fixing the eoil P in a stationary posi-
tion inside of the coil 8, and then varying the current which
flows through the coil P. When the current increases in the
primary coil, the lines of force belonging to the growing magnetic
field of the growing current cut, as they are produced, the con-
ductors of the secondary coil, and thus set up voltage in the
secondary coil during the time the magnetic field is increasing.
If the primary current is reduced or shut off entirely, voltage
is set up in the secondary coil in the opposite direction during
the time that the magnelic field is decreasing.

Electric currents which are set up in circuits by means of
cutting lines of force are said to be caused by electromagnetic
induction, and they are sometimes spoken of as induction cur-
rents or induced currents. The currents produced by dynamos
are examples of currents induced by electromagnetic action.
When the coils act upon each other by variation of currents
and not by mechanical motion, the effect is called mutual
induction.

108. General rules for the direction of induced voltage.

1. When a primary coil is pushed tnlo a secondary coil, the
tnduced current is opposite in direction to the primary curren.

2. When a primary coil is drawn oul of a secondary col,
the induced secondary current is in the same direclion as the
primary current.
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When the primary and secondary coils are fixed relative to
one another and current is induced in the secondary by making
and breaking the primary current, we have the following rules:

3. When o current iz made (started) in the primary coil, a
momeniary opposile or inverse current 18 induced in the secondary
corl.
4, When o current ts broken (slopped) in the primary coil, a
momentary currenl'of the same direciton ts tnduced in the second-
ary coil.

These rules relate to the flow of current when the secondary
circuit is closed. If the secondary circuit is open, the voltage
which is set up is in auch a direction that the current would
flow in the direction indicated, were the circuit closed.

109. Lenz'sLaw. A careful examination of these rules shows
s very important fact which may be stated in this way: The
direction of an induced currend is always such thal the magnetic
Jield belonging lo it lends to oppose the change in the strength of
the magnetic field belonging to the primary curreni. For instance,
when the primary current of an induction coil i3 “ made,”
an inverse current i8 induced in the .secondary coil, whose
magnetic field opposes the growth of the magnetic field of the
primary current. When the primary cireuit is broken, the
magnetic field of the induced current opposes the decay of the
magnetic field belonging to the primary current. Another
illustration may be taken from the primary coil which is pushed
into a secondary coil. When the primary coil carrying a cur-
rent is pushed into the secondary, an inverse current is induced
which sets up a magnetic field which tends to repel the pri-
mary coil and, therefore, opposes ils motion. 'When the primary
ooil is drawn out of the secondary, the direct induced current sets
up & magnetic field which tends to attract the primary eoil
and, therefore, again opposes ils motion.

The sbove facts may be briefly stated in one sentence:
When electric currents are induced by a changing magnetic field,
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the magnelic field belonging lo the induced currents tends to stop
the change tn the origingl field. We have also the following
staterment which results directly from the former. When
electric currents are induced by the motion of a eonductor,
the induced currents have such a direction that their magnetic
effect tends to stop the motion. This is ealled Lenz’s Law,
after a German scientist who first formally stated the prin-
ciple. )

The principles stated in the preceding paragraph are the
electrical corollaries of the general law of the conservation of
energy, which tells us in effect that we can iransform mechanical
energy tnlo electrical energy or vice versa; or, we can transform
the energy of electrical currents flowing under one voltage
into the energy of electrical currents flowing under another
voltage. But in every case, as much energy must be put into
the transforming spparatus — whether it be dynamo, motor,
or Ruhmkorff coil, —as is taken out; although the useful
““output "' of electrical apparatus is usually smaller than the
“jinpput” by a certain percentage of the total energy, which
has been changed into useless heat. In short, then, the folal
quantity of energy in the universe ia always the same and s
changed only in form and distribution.

110. Induction coils. In the commercial induction eoil
(Fig. 91) the core C is made of soft iron wires; the primary
coil P consists of a few turns of large copper wire, and the
secondary coil 8, which is carefully insulated from the primary,
consists of many turns of very small silk-covered copper wire,
This division of the iron core is necessary for the same reason
that it is necessary to laminate the iron cores of dynamo arma-
tures. It will be described further in Chapter IX. To make
and break the primary current very rapidly, an interrupter
H is commonly made to operate on the end of the coil. This
automatic interrupter works exactly like the electric bell de-
scribed in section 70,



ELECTROMAGNETIC INDUCTION 149

When the primary cireuit to such a coil is broken, the cur-
rent tends to keep on a8 if it had inertia, and may jump the
interrupted gap at A even after it has opened slightly. This
slows up the * break ” and weakens the induced e.n.f. in the
secondary. So a condenser J is connected across the gap,
a8 shown in the cross section in figure 91. Such a condenser
is usually made of sheets of tin foil insulated by paraflin paper.

PM‘

Fia, 91, — lnduction coil and ita cross section.

It furnishes a storage place into which the current can surge
when broken and it diminishes the sparking at the interrupter.
Even with a condenser there is some sparking, and so the
contact points have to be tipped with gilver, platinum, or tung-
sten and kept clean. By shunting a condenser across the
interrupter, the energy of what would otherwise be an are is
absorbed. This prevents the contacts from being burned
away rapidly and increases the induced voltage of the second-
ary by making a sharper break. This type of coil is sometimes
called the Ruhmkorff coil, and is the one in general use for the
jump-spark ignition on gas engines,

111. Uses of induction coils. Very small induction coils,
which are called medical or household coils, are sold as toys
and are sometimes used to stimulate the nerves in paralysis
and other affections. These are usually so made that the
strength of the induced current in the secondary can be varied
either by varying the number of primary cells used to excite
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the primary coil or by moving in and out a brass tube which
fita around the core.

Very large and powerful 1nduct10n coils have been built
for exciting X-ray tubes and for setting up electric waves for
wireless telegraphy. But in recent years more efficient appa-
ratus hasbeen devised for these purposes, which will be deacribed
in Chapters XXII and XXIII.

A very large number of induction coils are used in the igni-
tion system of the Ford automobile engines. Each cylinder
has its own induction coil, which acts as a transformer to raise
the voltage of the dry cells, storage battery, or low-tension
magneto-generator to the several thousand volts required to

A e
ik Plug

Cylinder
No. i

Cyl. No. #

J Ol No. 3

q Cyl. No. }

— Low Voltoge Currind
s High Voliage Curvent
o Grounded Cwrrene

Fic. 92, — Ignition aystem for the Ford automaobile engine,

leap the air gap which exists between the points of the spark
plug in the cylinder. In the wiring diagram shown in figure 92,
the primary circuit includes a timer for closing the circuit
at just the right time; a magneto to supply the energizing
current; and a vibrator or make-and-break mechanism on
the coil. The secondary circuit includes the spark plug and
the secondary winding of the coil. The voltage induced in the
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secondary coil is great enough to cause the current to jump
over the gap between the ends of the circuit in the plug, thereby
causing the spark which ignites the mixture of gasolene vapor
and air in the cylinder and makes the engine run.

112. Seff-induction. A varying current may have an in-
ductive effect upon the coil in which it itself lows, in addition
to its inductive effect upon adjacent é¢onductors. When a cur-
rent is started in a coil, it sets up a magnetic field, which quickly
grows from zero to its full value. As the field grows, its lines
of force cut the turns of the coil itself and induce in them a
voltage which opposes the growth of the current. On stopping
the original current, its magnetic field quickly dies away and
the lines of force again cut the turns of the coil, but this time
in such a direction that the self-induced voltage upholds the
original current. Thus we see that Lenz’s Law applies also
to self-induced voltages. If the coil has a great many turns
wound on an iron core, its self-induction may be of sufficient
magnitude to make a brilliant apark or give a severe shock when
the circuit is broken. The spark at breaking a eircuit is often
spoken of as caused by the ezirg current of self-induction.

This self-induction of a circuit is sometimes considered as
the electromagnetic inertin of the cireuit. In mechanics it
is a familiar fact that bodies act as if disinelined to change
their state, whether of rest or motion, and we call this tend-
ency inertia. Self-induction seems to be a similar electrical
phenomenon. It should be remembered that self-induction
© oceurs only while the current is changing.

The effects of self-induction in a straight wire carrying a
current are exceedingly small; but when it is coiled up so that
the magnetic field of every turn cuts many adjacent turns, and
especially when the coil contpins an iron core, the effects of
self-induction are very much greater. For example, if the
circuit of a coil wound around an iron core is broken at some
point, we see a bright spark, and if the terminals at this point
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of break are held, one in each hand, and then separated, the
body will receive a shock. The intensity of this extra current
due to seif-induction depends upon the size of the coil and the
current used.

113. Applications of self-induction. The effect of self-
induection is made use of in the so-called spark coils, which are
used with devices for lighting gas
B Growsdad to Gon Pipe by eleetricity, and which consist
simply of a single coil containing
a few layers of coarse insulated
1 wire wound on a core of soft iron
wire. This spark coil € is included
in a circuit with a battery and
wires leading to spark points at the
gas jet (Fig. 93). These spark
Dlaloly demis|| points may be touched together by
H |'| H I pulling & chain, whereupon current

Battory flows through the circuit, and when
F”;ﬁ&;&%‘f_‘;ﬁ?&fﬁgﬁfﬁ‘ the spark points are again sepa-
rated so as to interrupt the current,
the large self-induction of the spark coil raises the voltage so
that -a bright spark is maintained
for an instant between the sepa-
rated points, and the gas issuing
from the jet is ignited by it.

This principle of self-induction ==
is also employed in the make-and- ———
break ignition system which is
sometimes used on gas engines. ! g
The spark coil is connected in . N ' bre;k s .
geries with a battery or magneto F19- 94.— Make-and-break spar!
and some kind of n?ake—and-break c0il used for ignition.
contact in the cylinder of the engine, such as is shown in figure
94, The terminals consist of one stationary point A and a mov-

" [Spark Coit
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ing point B. When 4 and B separate, the self-induction of the
coil causes enough induced e.m.f. to make a spark jump across
the gap between them.

114. Mutual attraction or repulsion of electric circuits.
The fact that a conductor carrying an electric current is al-
ways surrounded by a magnetic field should lead us to expect
that conductors carrying electric cur-
rents will attract and repel each other.
This is indeed the fact. We have al-
ready seen that solenoids act toward
each other exactly as though they were
magnets. It has also been learned by
experiment that wherever magnets or
solenoids are brought into the sphere of
each other’s influence, they tend to move
8o that their lines of force shall be placed
parallel to each other and in the same
direction. Exactly the same is true of
straight or curved wires which are
brought into each other's influence. Re-
membering this, we can see that (wo wires
lying side by side must aftracl each other
if they carry currents flowing in the same Fia. 95.— Parallel wires
direction. This is the case because the mh,??n&,ﬁt
lines of force can become parallel and of  rection and repel when
the same direction only when the two in opposite direction.
conductors are very close together. When the currents flow in
opposile direciions, the wires repel each other. In the same
way, if the wires are inclined toward each other, they tend to
turn- around into such a position that the wires are parallel
and the currents flow in the same direction (Fig. 95). This
principle is used in the design of electrical measuring instru-
ments, such as are described among others in Chapter VIL.
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SUMMARY OF CHAPTER VI

VOLTAGE is set up in a conductor when it moves so0 as to cut
acrogs magnetic lines of force.

To get DIRECTION of induced current use righf hand:
Thumb indicates motion.
. Forefinger indicates flux.
‘ Center finger indicates direction of current.
MAGNITUDE of e.m.f. depends on rafe at which & wire cuts
lines of force.
CUTTING 10° lines of force per second gives 1 volt.
Revolving a loop of wire in & magqetic field produces an alfer-
nating current.
INDUCED CURRENT is set up in a coil whenever there is a
change in the number of lines of magnetic force passing through the
" coil.
INDUCED CURRENT has such & direction aa to oppose the
motion that causes it.

INDUCTION COILS are used to increase the e.m.f., but do
not produce energy.

SELF-INDUCTION appears only while the current is changing.

THE EFFECT OF SELF-INDUCTION is always to oppose
the change of the current.

TWO WIRES lying side by side and carrying current flowing
in the same direction atiract each other.

When the currents flow in opposite directions, the wires repel
each other. : '

QUESTIONS

1. Can we have induced electromotive foree and not have an
induced current?

8. In prodwcing an induced current by moving a magnet in and
out of & coil, why is it necessary to use & coil of many turns?
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3. Show how a coil of wire should be rotated in the earth’s mag-
netis field in order to get the maximum induced current.

4. 3how how a coil of wire ean be rotated in the earth’s magnetio
field 80 as to get no induced current.

8. Why is it dangerous to touch the terminals of the secondary
of a large Ruhmkorf! coil?

8. What is likely to happen to an induction coil if you short-
cirouit the secondary while the coil is running ?

T. Why is the induced e.m.f. in the secondary of an induction
ooil so much greater at the break of the primary than at the make?

8. How can a coil be moved in & uniform magnetio field and not
have an indueced e.m.f. within it?

9. Is it neceesary that a eonductor shall move to have em.l,
induced within it?

10. Why is an iron core used in an induetion coil?

11, Will more energy be put into the primary coil of an induetion
coil when the secondary is closed than when it is open? Why?

12. Does it take more work to thrust one coil earrying a current
into another when the latter is conneoted with a closed circuit than i
its cirouit is open?

18. Does Lenz's Law apply to cases of self-induction?

14. What is the difference between the current flowing from a
battery and that from the secondary of an induetion coil ?

16. If an alternating current were used in the primary of an in-
duetion coil, what sort of current would be induced in the secondary ?

18. Given primary snd secondary ooils such as are described in
seotion 106, describe five different methods of inducing a current in
the secondary circuit. .

17. Why is the core of a spark coil not made of solid iron?

18. How could you wind a coil 30 8a to neutralize the effects of
self-induetion; that is, to be noninduotive?

19. What will be the mutual action of two portions of sircuits
epossing one another obliquely ?

20. Is there any case of a conductor which tends to move in the
direction of its own length?



| CHAPTER VII
ELECTRICAL MEASURING INSTRUMENTS

QGalvanometers: tangent and Thomson astatie, d’Arson-
val — constants : semsibility, resistance, and period —
shunts — ammeters: construction and uses — voltmeters —
other types of ammeters: moving-soft-iron fixed coil, hot-
wire — olectrodynamometer — electrostatic voltmeter — in-
dicating wattmeter and watt-hour meter.

115. Galvanometers. Instruments which are made to
measure or detect small currents of electricity are called
galvanometers. The portable form of galvanometer, which
indicates directly the strength of the current passing through
the instrument, is called an ammeter. Practically all galva-
nometers depend for their operation on the force exerted be-
tween one or more wires carrying a current and a meagnetic
field. It is.convenient to divide galvanometers into two main
types according to whether the magnet or the coil is the
moving part.

In the older type of instrument we have a moving magnet
which is acted upon by a current flowing along one or more
stationary coils of wire, The tangent galvanometer is of this
type and consists of a compass needle pivoted or hung at the
center of a large ring-shaped coil. This coil must be set facing
east and west so that the compass needle lies parallel to its
plane. When a current is sent through the wire, an east and
west magnetic field is set up at the center of the coil and the
compass is deflected more or leas according as the eurrent is
stronger or weaker. In such an instrument the eurrent is

proportional to the tangent of the angle through which the
156
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needle is deflected. Although such an instrument is useful
for measuring a cwrrent absolutely in terms of the angle of
deflection, the dimensions of the instrument, and the strength
of the earth’s magnetic field, yet it is now very seldom used.
This is because it is not very senmsitive, and the moving part
keeps swinging back and forth; that is, it is not deadbeat.
Besides the fact that it cannot be made in a convenient port-
able form, there is this disadvantage, that it is subject to
very slight changes in the magnetic field around it, such as
are produced by railway circuits, even though a mile away.

116. Thomson astatic galvanometer. Lord Kelvin, then
Sir William Thomson, while working on submarine cables,
devised an exceedingly sensitive moving-mag- |
net type of galvanometer. He did this by | #fimer
using two coils wound in opposite directions,
and two sets of magnets arranged in what is
called the astatic position. Figure 96 shows
the two coils A and B which consist of many
turns of very fine wire and two sets of needles
within the coils. These needles are joined to-
gether by a stiff wire so that their poles are
reversed and thus neutralize one anpother. |
8ince a very light mirror is attached rigidly Fia. 96.— Thom-
to one of the ncedles in order to reflect a %0 Matic sl
beam of light on to a scale, it is possible to
detect a very slight motion of the magnet, and thus an exeeed-
ingly minute current even down to one fifty-billionth part of
an ampere (2X10™) can be observed.

But the Thomson galvanometer cannot be made to return
quickly to ite zero position, nor can it be made deadbeat.
In fact, such & delicate instrument is suitable only for research
work in a special laboratory.

117. D’Arsonval galvanometer. Nearly all the modern
galvanometers are built with a moving coil and strong fixed
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magnet; such an instrument is called the d’Arsonval type.
This contains the essential principles of most of our modern
commercial ammeters and voltmeters and is constructed
on just the reverse principle of the Thomson type. The in-
strument consists essentially of a coil of fine wire pivoted or
suspended in a powerful magnetic field. In the most sensitive
instruments the coil is suspended by a very fine wire or ribbon,
. usually of phosphor bronze, which also serves to lead the
current into the coil, the current leaving the coil by a spiral
wire or ribbon below. Figure 97 shows one form of galva-

Fra, 97. — D'Arsonvsl galvanometer. N and S, poles of fized magnet.

nometer which is convenient for use in the laboratory. A soft
iron core is supported rigidly between the poles in order to
concentrate the magnetic lines of force. The rotation of the
moving coil of such a sengitive galvanometer is usually measured
by means of a telescope and scale. The observer views the
image of the stationary scale reflected in a small mirror attached
to the coil of the instrument. Since the force tending to turn
the coil is proportional to the current, to the number of wind-
ings, and to the intensity of the magnetic field, it is possible
to make a very sensitive instrument by making the magnet
very powerful. The elasticity of the suspending wires controls
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the poeition of the coil and tends to bring it back to its zero
pogition. .This type of galvanometer is quite independent of
the earth’s magnetic field and of changes in the magnetic
field around it. Perhape its most useful characteristic is that
it is remarkably deadbeat. This damping is not done mechan-
ically but is eflected by means of the induced currents set up
in the metal rectangular frame on which the moving coil is
wound. The production of these “ eddy currents,” as they
are called, will be explained in Chapter IX. The sensitive-
nesg of an imexpensive form of d’Arsonval galvanometer is
such that 1 volt through 70 million ohme (70 megohms) will
cause 8 deflection of 1 millimeter with the scale at 1 meter
distance ; in other words, it is sensitive to 1.4X10™® amperes,
Very highly sensitive galvanometers of this sort are made which
will measure 1 X10™ amperes. ‘Thus it will be seen that the
d’Arsonval galvanometer has been made almost as sensitive as
the Thomson type and yet has practically none of the disad-
vantages which characterize the older form of instrument.

118. Characteristic constants of a galvanometer. The first
characteristic of any galvanometer is its sensibility. There are
several ways of expressing this quality. When we are intending
to use the instrument for current measurements, we express the
sensibility as a certain fraction of an ampere which will cause
a deflection of 1 millimeter at a distance of 1 meter.

FoR EXAMPLE, a certain galvanometer is specified to have a sensi-
bility of 5X10~¥® amperes; which simply means that a current of
0.000,000,000,5 amperes will give a deflection of 1 millimeter at a
distance of 1 meter. 'This is also called its Agure of merit. It is

evident that the amaller the current needed to produce a deflection of
one scale division, the greater the sensibility, -

A more common way of expressing this same quality is to
state the humber of megohms (million chms) which must be
connected in series with the instrument in order to have
1 volt produce 1 millimeter deflection at a distance of 1 meter.
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For example, the same galvanometer mentioned above has
a sensibility of 2000 megohms. In this case it will be seen that
the greater the number of megohms through which 1 volt will
produce the standard deflection, the greater the sensibility.

In purchasing a galvanometer another characteristic to
be considered is its resistance. For general laboratory work
an instrument may have a resistance of from 100 to 500 ohms
and a sengibility of from 70 to 200 megohms; but when it
is used to mesasure insulation or very high resistances, as de-
scribed in section 137, then its resistance may be 1000 ohms
and its sensibility 1000 megohms. Still another factor to be

considered is the period or time of one

swing of the coil. For example, it may
porl take 10 seconds for the coil to swing from
its zero position to one side and back
again, and 80 its period is stated as 10
'/\/-(c)-

seconds. Of course, it is in general de-
sirable to have an instrument of high
sensibility, low resistance, and short
-~ | WA\ period, and at the same time to have
it mechanically strong and convenient
to manipulate.

- | MVYVWAA©A 119, Galvanometer shunts. It will
be obvious that strong currents must

i A Bj— not be passed through such sensitive in-

struments because of the danger of burn-
ing out the coil. Therefore, in order to
Fro. 08.— Disgram of extend the use of a galvanometer over a
| Spgpalvanometer aad - oide range of current measurements,

shunts (Fig. 98} are connected across the
terminals of the instrument so that only a small fraction—say
v OF vy OF ygyy — of the current actually passes through
the moving coil. Suppose that it is desired to divide the

current s0 that f goes through the galvanometer coil and iy

LE
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goes through the shunt. Since the shunt carries 9 times as
much current as the moving coil of the instrument, the re-
sistance of the shunt must be § of the resistance of the galva-
nometer. In the same way we see that the resistance of the
ghunt is ¢ of the resistance of the galvanometer in order that
1hz of the current may flow through the instrument ; and when
the shunt is y}y of the galvanometer resistance, then ygyy of
the current will fow through the galvanometer, according
to the principles of parallel circuits given in section 40.

For EXaMPLE, suppose a galvanometer has a resistance of 550 ohms
and is shunted by a 50-chm coil. What fraction of the main current
goes through the galvanometer?

Sinee the galvanometer has 1) times the resistance of the shunt,
the shunt must carry 11 times as much current, and therefore the
gMlvanometer carries only gy of the main current in the line,

PROBLEMS

1. A galvanometer of 100 chms resistance has a shunt of 10 ohms
resistance. What part of the main current fiows through the gal-
vanometer?

2. If it iz desired to shunt the galvanometer in problem 1 so that
but o5 of the main current goes through it, what must be the reeistance
of the shunt?

8. A galvanometer is so made that a current of 0.000,005 amperes
gives a deflection of 1 millimeter. When the instrument is shunted
by a g}y shunt box and shows s reading of 20 contimeters, what is the
current in the main line?

4. I the galvancmeter in problem 3 has a resistance of 1000 ohms,
what must be the resistance of the shunt to be used in order to get &
defleetion of 25 centimeters with the same current in the main line?

8. Suppose a galvanometer has a resistance of 100 ohms, & sensi-
bility of 70 megohms, and a centimeter scale a4 a distance of 1 meter.
‘What registance must the shunt have to make the instrument s direct-
reading ampere meter? (1 centimeter deflection on the scale corre-
aponds to 1 ampere in the main cireuit.)

120. Construction of an ammeter. A shunted galvanometer

which is graduated so that it reads directly on the scale the
M
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number of amperes flowing through the line is called an ampere
meter or ammeter. The ammeters most commonly used on
switchboards and in the laboratory are merely a more or less
portable form of the d’Arsonval galvanometer. Instead -of
supporting the moving coil by a delieate suspension wire or
ribbon, it is mounted on pivots, which are as accurately fitted
into jeweled bearings as the balance wheel of a watch. The
coniro! of this moving coil is effected by means of two spiral
springs which act against each other and at the same time
serve to lead the current into and away from the coil. .

7 )
* “ n .
"S E
LY
° /D

RS Vi 7 “
v
B 1
\. i:
[ Wi
@ o ' :!

1

| 4
IELLS
»

Fia. 99. — Plan of Weston ammeter.

Figure 99 shows a Weston ammeter with the moving coil
mounted on pivots and arrsnged with a pointer to play over
a scale; and the whole is arranged in a very convenient, port-
able form in a self-contained case (not shown in the figure).
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AA, in the figure, are the binding posts of the instrument,
by means of which wires may be connected to the instrument.
Large wires WW run from these to the shunt E, and amall
wires ww to the armature coil €. This coil is mounted on
pivots 80 that it may move between the pole pieces of the
permanent magnhet MMM. When a current flows through
the coil, it tends to turn so that its magnetism may be parallel
to the lines of force of the permanent magnet. The motion
ia opposed by the springs DD, so that it is proportional to
the current. The pointer B is attached fo the coil and moves
over the scale S so as to indicate the amount of current flowing
through the instrument. The object of the shunt E is ex-
plained in section 119. Figure 100
shows an end view of one of these
instruments with a portion of the
construction cut away so as to show
the works. The movable coil and
permanent magnet, are clearly visible
in both of the illustrations. Similar
letters in figures 99 and 100 refer to
the same parta. The soft iron cyl-
inder, which iz so plainly seen in
figure 100, is used to improve the
magnetic circuit of the magnet, and
to produce a uniform field in which the coil swings, thus making
the scale divisions of the Weston ammeter uniform throughout.
The core is stationary, and the conductors of the coil move
between it and the pole pieces of the magnet. A cylindrical
goft iron core of the same character is shown in the d’Arsonval
galvanometer of figure 97. The instrument is made deadbeat
by the damping effect of the eddy currents set up in the alu-
minum bobbin on which the moving coil is wound.

It must not be forgotten that the moving coil of an ammeter
is made of such fine wire that it can carry but a very small

Fia. 100. — Sectional end \r'mw;r
of Weston ammeter,
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fraction of an ampere (not more than 0.05 amperes). Im

order, therefore, to make the ammeter a mesasuring instru-

ment. of moderately large currents, & shunt must be placed

across the coil. This shunt should be made of such a material

that it does not change appreciably in resistance when its

temperature varies. For currents up to 30 amperes this shunt

can safely be placed inside the ammeter case, as shown in

figure 99. But forlarger

currents this cannof be

done on account of the

%ruwe heat generated; hence

separate shunts are used

(Fig. 101). The instru-

ment (often a millivolt-

meter) with its shunt

and connecting leads

Fi6. 101. — Separate shunt used for large our- iz 80 calibrated that

reats on switchboards. the deflections indicate

directly the number of amperes flowing through the line in
which the instrument and its shunt are placed.

121. Uses of the ammeter. Almost every manufacturer
of dynamos or other electrical machinery manufactures am-
meters for use with his machines. Ammeters are universally
used wherever electricity is used, and they are made to measure
currents consisting of only a few thousandths of an ampere
(called milliamperes, milli- comes from a Latin word meaning
thousand), as well as the enormous currents reaching to thou-
sands of amperes which are generated by some of the larger
electrie-lighting plants. In such works many ammeters may
be seen mounted on a slate board among the switches for
controlling the current. They show the attendants how much
current is being generated by the plant at any moment, and
what proportion is furnished by each genemator.

Ammeters are used in laboratories to determine the amount
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of current used in experiments; also in testing the operation
of electric lamps, electric motors, or other electric devices.
Physicians use ammeters to measure the currents used in the
electrical treatment of their patients. For the Iatter purpose
the currents are generally measured in milliamperes, This is
also true of the currents used in telegraphy. The currenta used
in operating telephones are often measured in microamperes,
or millionths of amperes (micro- comes from a Greek word
meaning small). Ammeters that are especially made to measure
thousandths of amperes, or millismperes, are called milliam-
meters. Externally, milliammeters look like ordinary am-
meters, to which they bear the same relation that a very
sensitive galvanometer bears to a similar but less sensitive
instrument.

When we need to know how many amperes are flowing
through a given part of a cireuit, we must firt break the circuil
and insert the ammeter in such a way that the current flows
through it; in other words, the ammeler is always connecled
in series tn the circuils. Care, of course, must be taken to
use an instrument of sufficient range to earry the current and
to get the + side of the instrument connected to the + side
of the line. Since an ammeter has a very low resistance, ¢
must never be connecied across the line.

Nore. — Wo have already seen that the shunt for an ammeter must
be of such material or combination of materials that it does not change
appreciably in resistance as its temperature changes; in other words,
it muat have a low temperature coeflicient of resistance. Besides this
property it must have low thermoelectric power (seetion 338) where
soldered to copper. Dr. Edward Weaton has invented such a sub-
stanee called * manganin.” It is an alloy of copper, nickel, and ferro-
manganese. There are several other alloys which have nearly aa
low a temperature coefficient but which do not also have a low thermo-
eleotric power. The invention and use of this alloy in shunts is one
of the reasons for the success of the Weston instruments.
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PROBLEMS .

1. The resistance of & millivoltmeter and its connecting leads ia
1.000 ohms, and its maximum resding is 0.050 volte. What resistance
must its shunt have in order to be able to use it 88 an ammeter to
measure 100 amperes ?

2. If the same millivoltmeter used in problem 1 is used. to messure
5 amperes, what must be the resistance of its shunt?

8. The millivoltmeter of problem 1 is connected with a shunt whose
resistance iz 0.01 ohms. What is the intensity of the current in the
main line when the instrument shows its maximum deflection?

4. Suppose a 30-ampere ammeter whose resistance is 0.002 ohms
weore by misiake connected directly across a 6-volt storage battery.
How many amperes of current would rush through the instrament for
an instant before it was burned out?

5. If the current required to obtain a full-scale deflection on &
ocertain ammeter is 0.01 amperes and its resistance is 6 ohms, what
o.m.f. will be required to give tull deflection?

122. Voltmeters or potential galvanometers. Any high-
resistance galvanometer, or any galvanometer with a high
resistance coil ineluded in its circuit, may be used to measure
the difference of potential or voltage which is applied to the
two ends of its circuit. Such a galvanometer allows but very
little current to flow through it ; but what does flow is directly
proportional to the voltage applied and so the instrument may
be arranged to read volts directly on its scale. The commercial
voltmeter is simply a high-resistance galvanometer. The in-
strument (Fig. 102) is generally built on the rame plan as the
ammeter except that it does not have a shunt between its ter-
minals, but does have a high-resistance coil inserted in series.
Only a very small current passes through the instrument, but all
of it goes through the moving coil. In fact, such a voltmeter
gives correct values only when the current used is so small
a8 not to affect appreciably the voltage to be measured. ’

The voltmeter that is shown in figure 102 has three binding
posts. The instrument is connected to a circuit by binding
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posts AA’ for orlinary use. Then, when the key K is closed,
current flows through the high-resistance coil E and the mov-
able coil C, and the pointer is deflected a distance proportional
to the voltage of the circuit. When the instrument is con-
* nected to the circuit by means of the binding posts 4a, and
the key is closed, the current flows through the coil ¢ and

Fia. 102, — Plan of Weston voltmeter.

thence through the movable coil C. The coil ¢ is adjusted so
that the resistance between binding posts Ae is just one
twentieth of the resistance between binding posts AA’, and the
instrument is therefore twenty times more sensitive when the
binding posts Aa are used. If two volts cause a movement of
the pointer a certain distance across the scale in one case, it
requires forty volts to cause an equal! movement in the other
case, Many voltmeters are made with only one resistance
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coi! and only one scale. The letters in this figure refer to the
same parts as the similar letters in figures 98 and 99.

All voltmeters are placed acrogs the line between the two
points the difference of potential of which is to be measured.

Blectric Healsr Voltmeter
3 e =

To D.C, Line

F1a. 103. — How to connect a voltmeter and ammeter.

They are never connected in series with the main line as are
ammeters. The proper connections for both ammeter and
voltmeter are shown in figure 103.

PROBLEMS

1. If the resistance of the moving coil of an instrument is 6 chms
and it takes 0.01 amperes to give a full-scale reading, how much re-
sistance must be put in series to make it a 100-volt instrument?

2. Suppose a millivoltmeter having a resistance of 1 chm is to be
used ae & 150-volt instrument. [If it takes 0.0075 amperes to give the
maximum reading, what reslsta.nee must be placed in series with the
coil?

NoTE, — A series resistance to be used with a millivolimeter to
get various ranges is called s multiplier.

3. What resistance multiplier must be placed in series with the
instrument of problem 2 to give 15 volis as the maximum range?

4. Suppose the ammeter used in figure 103 has & resistance of 0.056
ohms and the voltmeter 15,000 chms, and that the instruments read
2.500 amperes and 110 volts and are correct.

{¢) How much current does the voltmeter take? -

(b) How mueh current then really flows through the heater?
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123, Other types of ammeters. Currents which rapidly
alternate in direction, as do the currents of many electrie-
light plants, cannot be measured by magnetic instruments hav-
ing permanent magnets, since the tendency of such currents
is first to deflect the moving parts in one direction and then
in the other, and the pointer accordingly stands still or nearly
go. But there is another type of instrument which can be

Fig. 104, — Thomson inclined coil meter,

used on either direct-current (d-c.) or alternating-current (a-c.)
circuits and this is the moving-iron and fixed-coil type of
ammeter. One form, known as the Thomson inclined coil
meter because designed by Mr. Elihu Thomson, is shown in
figure 104. In this meter the moving element is a light soft-
iren vane (C) set at an angle on a shaft, which is carefully
pivoted. The shaft itgelf is set at an angle to the axis of the
stationary coil (D). When a current flows through the coil,
the vane tends to turn into such a position that the lines of
magnetic force passing through it shall be parallel to the lines
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within the coil. This moves a pointer (B) across a graduated
scale. It should be noted, however, that the deflecting force is
not proportional to the current and therefore the scale divi-
sions are not uniform throughout.

In the Weston soft-iron type of meter (Fig. 105) the reac-
tion which causes the deflection takes place between two

F1a. 105. — Diagram of Weston soft-iron meter.

pieces of soft iron bent in the form of an arc of a circle and
placed concentrically; one of these is movable, and the other
is stationary. When the surrounding fixed coil has a current
flowing through it, the movable and fixed iron sleeves become
magnetized in like manner and so repel each other. The
only resultant motion possible is the rotation of the movable
sleeve. The stationary sleeve is made triangular in shape
with the pointed end in the direction of rotation so as to make
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the scale more uniform. The control is by means of spiral
gprings and is very delicate. The damping is done by a light
aluminum vane moving in an inclosing air chamber,

Such instruments can be used on either d-¢. or a-c. circuits
and have the advantage of low price, rugged construction,
and small weight. When the instrument is designed for current -
measurement (that is, as an ammeter), it is made so that all
the current goes through the fixed coil, which consists of a
few turns of large wire. But when it is designed to measure
voltage, the coil is made of
many turns of small wire .
and besides has a carefully | .
adjusted resistance coil in
series,

Another type of instru-
ment which is suitable for
current measurement on
both d-¢c. and a-c. circuits
i the hot-wire ammeter.
Figure 106 shows the essén-
tial parts of a modern hot-
wire ammeter. The current to be measured flows along a fine
wire (', which ie stretched horizontally and is pulled down-
wards by a second wire W; this in turn is stretched sideways
by a spring S and by means of a fine thread passing around
a small roller. When a current passes through the fine wire
C, the wire is heated, causing it to expand slightly. As the
spring pulls it down through the second wire, the roller turns and
moves a pointer over a scale. The scale must be calibrated
by finding experimentally the points to which the pointer turns
when 1 ampere, 2 amperes, etc., are passed through the in-
strument. Instruments of this sort are now quite commonly
employed to measure the small alternating currents of high
frequency used in wireless telegraphy.

Fio. 106. — Hot-wire ammeter,
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One of the oldest forme of ammeters is the two-coil type,
which is usually called an electrodynamometer. Figure 107
shows the ordinary form of the Siemens’ electrodynamometer
when arranged for use a8 an ammeter.

One coil ¥ in this instrument is fastened to the frame of the in-
strument, and the other eoil A, which stands at right angles to the
firat, is suspended by a heavy

silk fiber so that it is free to

move. The ends of the wire

composing the movable coil dip

into little eups CC, containing

mereury, which are connected

with a eircuit so that the cur-

rent can enter and leave the

coil. The movable eoil is at~

tached to a spring G, the other

end of which is connected to &

thumbscrew T, called a torsion

head, by means of which this

spring may be twisted. When

a current fiows in the coils, the

magnetic foree tends to turn

the movable coil around so as

to place it parallel with the fixed

coil (section 114). 'This force is

balanced by twisting the spring

Fio. 107, — Siemens’ electrodyns- by means of the _thMbmw'

. mometer. The amount of twist, as shown

by a pointer B attached to the

screw, is proportional! to the force exerted by the coils on each other;
and tkis deflecting force is proportional to the square of the current flou-
ing in the coils, since the magnetism set up by each eoil is proportional
to the current, and they act on each other mutually. So the angle of
deflection is proportionsal to the current squared. The pointer N indi-
cates whether the movable coil is at its zero position. The “binding
posts*’ for connecting the instrument into the eircuit are shown at 4 4.

This instrument can be used on a-e. as well as on d-c. cir-
cuits, and when calibrated for direct current its indiecations
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are correct for alternating currents. It can be made very
sensitive and accurate, but it does require considerable skill
to manipulate it and so its use is largely confined to testing
laboratories. If the coile are made of very high resistance,
this type of instrument may be used as a voltmeter.

124 Electrostatic voltmeter. Another entirely distinet
method of measuring voltage is by means of electrometers.
These are instruments for determining the quantlty of electricity
on a charged body by measuring
its attraction for another charged
body. Electricity at rest af a high
potential or pressure constitutes a
positive charge, and electricity at
rest at low potential or pressure © p
constitutes a negative charge,
These terms, positive and negative I 4.
charge, must be taken as relative
terms, exactly as are the termas A
high and low potential. An elec- '
trometer i8 an instrument for
measuring the attraction between
two charges.

Electrometers made for com- ¥19. 108, — Construction of

. . electroatatic voltmeter,

mercial use in the measurement

of voltage are usually called electrostatic voltmeters. Figure
108 shows the construction of one example of this type of volt-
meter which is commonly used to measure differences of poten-
tial of 1000 volte or more. The vane AA is a paddle-shaped
plate of aluminum supported by knife edges at its center.
The quadrants IT are both behind and in front of it and so
placed that, when a difference of potential exists between the
movable vane and the stationary quadrants, the vane is at-
tracted from its normal position and moves its pointer over a
graduated scale. The movable vane is connected to one side
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of the line and the stationary quadrants to the other side.
The position of the pointer is controlled by gravity, little
weighta being hung on a projection of the axis of the movable
vane. It doesnot matter whether the vane is positively charged
and the quadrants negatively charged, or vice versa; an at-
traction between the two will always take place and therefore
the instrument can be used equally well on d-¢. and a-c. cir-
caits. It should aleo be remembered that this type draws an
inappreciable amount of current from the line and consequently
does not waste any power.

125: Indicating wattmeter. The electric power which is
used in any part of a direct-current circuit may be determined

Fio. 108. -— Measurement of power supplisd t0 o motor by ammeter
and voltmeter,
by measuring the current flowing by an ammeter, and the
voltage at the terminals of that portion of the circuit by a
voltmeter (Fig. 109). The values of these multiplied together
give the power in watts. Instruments are made in which-the
double measurement and multiplication are all made together,
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80 that their indications are directly proportional to the power.
Such instruments are called wattmeters because they measure
watts,

« The gimplest wattmeter is a form of electrodynamometer
(section 123), in which one coil is wound with many turns of
fine wire exactly as though it were to be used as a voltmeter
coil, and the other coil is wound with a few turns of coarse
wire as though it were to be used in an ammeter. For con-
venience we ghall call the Load
two coils respectively the [~X~
voltage coil and the current
coil. The action of such a

L

wattmeter is best explained )
by an illustration (Fig. c
110). Suppose it is desired ;“

to measure the power used
by an electric motor. The
current coil of the watt-
meter is connected in series c
with the motor, and the
voltage coil i8 connected
across the terminals of the
motor. ‘The magnetic ef- Fra, 110, — Messurement of power by
fect of the current coil is wattmeter.

then proportional to the current which flows through the motor,
and the magnetic effect of the voltage coil is proportional to
the voltage at which the current is supplied to the motor.
The indications of an electrodynamometer are proportional to
the product of the magnetic effects of the two coils. Conse-
quently, in this case the indications are proportional to current
fimes voltage, or watts, instead of current times current (i.e.,
current squared) as in the Siemens’ electrodynamometer. It
should also be remembered that a wattmeter, unless compen-
sated, indicates the power consumed by the load plus the power

Line
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consumed by one of ite coils. When the power to be used is
small, this error is appreciable and must be corrected.

These direct-reading wattmeters can be used for alternating
as well as direct currents and may be made in a portable form
to test the efficiency of generators, motors, lamps, or any other
electrical device. The accuracy of a wattmeter may be tested
by comparing its readings when connected with a d-c. circuit
with the indications of standard voltmeters and ammeters.

128. Watt-hour meter. Watt-hour meters are used to show
the amount of energy used each month by the customers of

electric plants. A ecommon form of

meter used for this purpose is that

shown in figure 111, known as the

Thomson watt-hour meter, or inte-

grating meter, after its inventor,

Elihu Thomson. This is built like

a little electric motor but without

any iron in its working parts, It is

arranged with its revolving part or

armature A as a voltage coil, and

F1a. 111.— Interior of Themson it magnetizing windings FF as a

watt-hour meter. current coil., The magnetic pull

which tends to make the armature rotate is proportional to

the product of the two magnetizing effects, and this is pro-

portional to the watts in the circuit, exactly as in an electro~
dynamometer.

If the speed of such an armature ia made to be proportional
to the magnetic pull, every revolution of the armature means
a certain number of watts used for a fixed length of time. Such
instruments usually have a set of dials attached to the spindle
of the armature (Fig. 112) like those of a gas meter, which
record the revolutions and are so marked that the consumption
of electric energy may be recorded in kilowatt hours. Kilo-
wall hours are the product of the number of kilowalts by the number
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of hours during which the power is used. Since the dials record
a total number of kilowatt hours which are added together,
or *‘ integrated,” by a meter during the period that it operates,
these meters are some-
times called integrating
wattmeters.

If no external retard- .
ing force were applied Fio.112.— Dials of a watt-hour meter read-
to the armature of such ing 538 kilowatt hours.
an instrument, it would run away as soon as placed in service,
and in order that its speed may be proportional to the watts,
the retarding force must be in proportion to the speed.
This i8 ingeniously arranged for by placing at the bottom of
the spindle a flat disk D of copper or aluminum, on either
side of which are placed the poles of pertnanent magnets M.
The rotation of the disk between the magnet poles generates
electric currents in it, which according to Lenz's Law are at-
tracted by the magnets and retard the motion of the disk.
To compensate for inevita-
ble friction of the pivots, a
small auxiliary field coil S
is inserted into the shunt
circuit of the armature.
Figure 113 shows how such

nected to & circuit.
Fia. 113. — Connections of a watt-hour Such a watt-hour meter
eter it service. as we have just described
will operate on either a d-¢. or a-c. circuit, even though the rela-
tions which exist between current, voltage, and power in s-c.
circuita are not 80 simple as in d-¢. circuits. The special
measuring instruments for use in a-c. circuits are described in
succeeding chapters, which treat of the important and interest-

ing features of alternating currents,
N

a watt-hour meter is con-



178 . ELECTRICITY AND MAGNETISM

PROBLEMS

1. In using an electrodyuamometer as an ammeter it is found that
2 amperes cause 8 deflcetion of 10°. ~What deflection would a current
of 5 amperes give?

2. If the instrument of problem 1 gives a deflection of 45°, what
current does that indicate?

8. An arc lamp operates on 5 amperes at 85 volts. At what rate
in kilowatta is it using power?

4. It the electric energy in problem 3 is furnished at 10 ocents per
kilowatt hour, what will it cost to run this lamp 6 hours?

8. An electrie flat iron is found to consume electricity at the rate
of 530 watts, and electricity costs 10 cents per kilowatt hour. What
will it cost to do an ironing which takes 2 hours and 15 minutes?

6. A wattmeter, connected as shown in figure 110, reads 250 watte.
The voltage across the load is known to be 500 volts, The resistance
of the current eoil is 0.003 ohms and of the potential coil 5000 ohms.
(a) What is the eorrect power taken by the load? (b) What is the
per cent error in the uncorrected reading?

SUMMARY OF CHAPTER VII

GALVANOMETERS:
‘(1) Tangent: now obsolete.
() Thomson astatic: very sensitive, but not deadbeat, slow.
(3) D’Arsonval: moving coil and fixed magnet, sensitive and
deadbeat.
With shunts, used to measure currents; with series coil, to
measure voltage.
Equation for shunts:

Current in ga.lva.nomeier _ __ Resistance of shunt
Current in line (galv. +shunt) Resistance of shunt4-galv.

Sengibility: (1) Fraction of ampere needed to give 1 mm.
deflection at 1 meter distance, or (2) number
of megohms which may be placed in series
with galvanometer so that 1 volt will give unit
deflection.
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AMMETER — low resistance — put in serles — carriea whole
current.

VOLTMETER — high resistance — put across circuit — divarts
small current.

AMMERETERS AND VOLTMETERS:

(1} Permanent magnet and moving coil: extremely accurate,
deadbeat, uniform scale, used on d-¢. only.

(2) Solenocid instruments with movable soft iron: cimple, cheap,
used on both d-c. and a-¢., fairly accurate,

(8) Hot wire: simple, cheap, slow, used for d-c. and for a-c.,
especially with very amall currents of high frequency.

(4) Electrodynamometer : simple, dificuit to manipulate, accu-
rate, used on d-¢c. and a-¢.

(6) Electrostatic: only as voltmeter, takes no power, used on
d-c. and a-¢., good for high voltage.

WATTMETER. Used for power measurement instead of am-
meter and voltmeter. Built on electrodynamometer principle, —
fized coil in series, moving coil and resisiance coil in shunt.

WATT-HOUR METER. A smell shunt motor with speed in
proportion to rate of electric power consumed.

Armature connected across line — voltage.

Field coils connected in series — current.

Revolving disk between permanent magnels acts as electric
brake. :

QUESTIONS

1. What would happen if an ammeter were connected aeross a
110-volt line? (Don't try it!)

2. What would happen il & voltmeter were put in series with an
electric lamp on a 110~volt line?

3. Why ie the moving-magnet type of galvanometer inconvenient?

4. Why is a shunt used with the permanent-magnet and moving-
coil type of ammeter? )

8. Why is a separate shunt uaed for large current ammeters?

6. Why can the solenoid in a soft-iron type of ammeter carry 200
amperes without shunt ?
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7. Why are shunts not made of copper or iron?
8. What advantage is there in having an instrument with uniform
scale throughout?
9. How would you calibrate an eleotrodynamometer ?
10. How would you test the acouraey of a watt-hour meter?
11. What especial advantages have electrodynamometers and
hot-wire instruments over the other types?
12. What types of voltmeter are really amperemeters calibrated to
read volts?
13. Can an eloctrostetic voltmeter be used to measure currents?
14. Why do we test & dry cell with a 30-ampere ammetsr but do
not 80 test a storage battery?
16. Why cannot instruments containing a permanent magnet be
used to measure alternating currents?
18. Why can instruments with soft-iron cores be used for both
a~0. and d-o.?



CHAPTER VIII
ELECTRIC MEASUREMENTS

Calibration of instruments — coulombmeter — potenti-
ometer — standard cell — methods of measuring resistance ;
voltmeter-ammeter, Wheatstone bridge (slide=wire and box
form) — locating faulis in cables — jnsulation resistance of
electric machines and covered wire. -

127. Calibration of instruments. In all electrical measuring
it is essential not only that we use the right kind of instrument
and in the right way, but also that we know how accurate the
instrument iteelf is. It is quite natural to regard any direct-
reading instrument, whether it is a watch, a thermometer, an
ammeter, or a voltmeter, as correct simply because the seale
is marked off to read minutes, degrees, amperes, or volis.
Experience in careful measurement, however, gradually teaches
us to regard any graduated insirument with suspicion, and so
it becomes necessary from time to time to test the aceuracy of
electric instruments. This process is called calibration. Gen-
erally this is done by comparing the ordinary working in-
strument with a very accurate semi-portable instrument,
which is used as a standard. The errors at various points on
its scale are determined and then plotted as a curve, which is
used to correct the readings of the instrument.

128, Coulombmeter test of ammeter. The so-called stan
dard instruments are occasionally compared with the legal
standarde at the National Bureau of Standards in Washington,
D.C. By international agreement lhe quaniity of electricity
which deposits 0.001118 grams of silver ie one coulomb, and the
current which deposits silver at the rale of 0.001118 grams per

second i3 one ampere. The apparatus used in the accurste
181
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measurement of current by this method is called 8 coulomb-
meter (sometimes called voltameter) and is shown in figure
114. The anode is a silver disk S at the left, and the cathode

Flo.v 114, — Silver cou-
lombmater,

P is the platinum cup at the bottom. A
porous cup C at the right is put between
the anode and the eathode in the solu-
tion like the cup in a Daniell cell. The
object of this cup, however, is to keep
bits of silver from dropping on the cath-
ode. Before s determination is made, the
cathode cup is very accurately weighed ;
then the solution of silver nitrate is
poured into it and the porous cup, and
finally the anode.is put in place. The
current is turned on and continued for a
desirable aumber of seconds. It is then

stopped, the cathode is carefully washed and dried, and finally
again weighed with great care. We may thus compute the
average current in amperes from the fol-

lowing equation :
I

~0.001118¢

W

where [ = current in amperea, W = weight in
grams of gilver deposited, {= totul time of
run in seconds, and 0.001118 =eleotrochemical
equivalent of silver.

- On account of the expense of the silver
consumed and the care required in using
a pilver eoulombmeter, it is not satisfac-
tory for measuring currents exceeding
about one ampere. For larger currents
the copper coulombmeter is generally

Fia. 115.— Copper cou-
lombmeter, AA, sn-
odes and C, cathode.

used. This usually has two anode plates of copper and between
them a copper cathode plate with a solution of copper sulphate
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a8 the electrolyte (Fig. 115). The electrochemical equivalent
of copper is (.000329 grams per second.,

129. Comparison of voltages by potentiometer. The usual
method of measuring voltage is by the use of a voltmeter, which
is simply a high-resistance galvanometer, but this instrument
is often calibrated by means of the much more accurate potential
measuring device called the potentiometer. With this appara-
tug we may determine an unknown voltage in terms of the
voltage of a stan-
dard cell such as the
Weston normal cell,
which has been
adopted as a legal
standard.

In its simplest
form, the potentiome-
ter consiats of a large
known resistance con-
nected between the points whose voltage is to be measured,
such as 4 and B in figure 116,

This causes a small steady current to flow through the resist-
ance from A to B, and the voltage will drop along the path of
the current in proportion to the resistance passed over. This
is simply Ohm’s Law:

Voltage = Current X Resislance.

Now, suppose the terminals of a standard cell S are connected
in peries with a sensitive galvanometer @ and a key K to the
pointa C and B on the resistance, in such a way that the voltage
of the cell is opposed to the potential drop between the points.
Suppose further that the contact point € touches the wire AB
at such a point that the voltage drop (I R) along C'B is greater
than the e.m.f. of the standard cell; then a current will be
foreced in the reverse direction through the standard cel! and

- K G &=L volte
FiG. 116. — Measyring voltage by comparison.
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the galvanometer, as will be indicated by the deflection of the
galvanometer., On the other hand, suppose the contact point
C touches the wire AB at such a point that the voltage drop
(IR) along CB is less than the e.m.f. of the standard cell ; then
a current will flow and the galvanometer will be deflected in the
opposite direction, showing that the current is in the direction
from CB so that the standard cell inereases the current I and
thus raises the voltage drop. Finally, suppose that the portion
of the resistance CB which is between the terminal connections
of the cell ia s0 adjusted that no current flows through the gal-
vanometer; then the voltage drop (JR) through that part of
the resistance exactly equals the e.m.f. produced by the cell.
The total voltage fo be measured is lo the vollage of the standard
cell as the lotal resistance A B is to the balancing resistance CB.

For exampLE, in the figure the e.m.f. of the cell is marked 1.2 volts,
the total resistance is 10,000 chms, and the balaneing resistance is
100 ohma. Then the proportion would be )

z:1.2::10,000; 100 and z =120 volis.

130. Standard cells. On January 1, 1911 the U. 8. Bureau of
Standards adopted the Weston normal cell as the standard of
electromotive force. This cell at 20° C.

gives 1.0183 volts but is not intended to

give a current of more than 0.0001 amperes.

- + It is made up in the H-pattern shown in
figure 117. One limb contains cadmium

amalgam, which serves as the negative elec-

trode, and the other, the positive electrode,

contains mereury which is covered with a

paste of mercurous sulphate. The whole is

filled with a solution of cadmium sulphate

Fla. 117. = Veston  kopt saturated by crystals of cadmium sul-
' phate. Thia cell is intended only for pur-

poses of standardization and testing, and for these purposes it
is remarkably econstant and independent of all local eonditions.
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Exceedingly accurate potentiometers which make use of the
standard cell are used to calibrate voltmeters and, with stan-
dard resistance, to calibrate ammeters. These are all rather
complicated in their construction; hence a detailed deseription
of the various forms is left to the descriptive circulars which are
furnished by the manufacturers.

PROBLEMS

1. The cathode of a copper coulombmeter has gained in ‘weight 1.818
grams in 30 minutes. What was the average value of the current?

2. How long will it take to deposit 5,933 grama of silver on the
anthode of & silver coulombmeter with a current of 2 amperes?

3. In the very simple form of potentiometer shown in figure 116
the Weaton cell of 1.0183 volts e.m.I. is used aa the standard cell. The
resistance hotween B and ¢ when & balance is obtained is 88.5 chma,
What is the voltage across AB?

4. A dry cell was used instead of a standard cell (Fig. 116) and
balanced when ita terminale were 125 ochms across. What waa the
e.m.l. of the dry cell? -0 ok

131. Measurement of re-
gistence by voltmeter-am-
meter. The commonest
method of measuring resiat-
ance, wherever extreme
accuracy i8 not required,
makes use of the common .
instruments, voltmeter and
ammeter. Suppose a lamp Lamp
is the unknown resistance to Fra. 118. — Connections for messuring
be measured (Fig. 118). It: resistance of a lamp by voltmeter and
is connected in series with  AmTen
the ammeter. The volimeter is placed across the lamp. Then,
according to Ohm’s Law, the resistance is equal lo the vollage -
divided by the current; that is,

E

H
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This method not only requires that the instruments be of
suitable range and be accurately calibrated, but also that
the voltmeter be of high resistance. In case there is not much -
current in the circuit, the voltmeter is generally connected
. around botk the resistance and the ammeter, because the voltage
across the ammeter is & smaller fraction of the whole voltage
than the current through the voltmeter is of the whele current.

132. Measurement of resistance by Wheatstone bridge.
A more accurate method of messuring resistance is the Wheat-
stone bridge, which isan
apparatus for balancing
resistances, It consists
essentially of a loop of
four resistapees R, X,
m, and n, arranged as in
figure 119. When the

I+l M key is closed the cur-
Patiery ' rent from the cell flows

® @Mx into the loop at A and

Q) there divides so that

A F I/ 7] = one part I, goes through

’\meg“?ﬂvm—m"ﬂ AC and the other L

through AD. A sensi-
Fia. 110..;:;};:“%3;3:5?‘::“ balance re- tive galvanometer is
] connected between C
and D. Then the resistances R, m, and n are so adjusted
that no current flows through the galvanometer, which means
that all of 1) has to go on through CB and all of I, through DB,
and also that C and D are “equipotential ’ points. When
this adjustment has been made, the voltage drop across AC
is I, R, and the voltage dropacross ADis ym. But since C and
. D are at the same potential, these voltage drops are equal,
and

LB =1Im, n
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For similar reasons
LX=Im. @
Dividing equation (1) by equation (2), we have
R m
I n

From this fundamental equation of the Wheatstone bridge,
if we know R, m, and n, we can compute X,

In one form of this apparatus, called the slide-wire bridge,
the resistance ADB consisis of a wire of uniform cross section
one meter long, Since the resistances m and n are then directly
proportional to the distances AD and DB, the equation be-
comes

R _Distance 4D

X Distance DB

where R is a known resistance, such as a resistance box, and
the distances AD and DB are read off on a meter stick. It
may help one to remember this equation to observe that

Left resistance _ Left distance =

Right resistance Right distance

For ExaurLE, suppose R is 5 ohms and AD is 45.5 centimeters;

then DB is 54.5 centimetars, and

5 _4A5
X 545

X =6.05 ohms.

ProBLEME

A student in using the slide-wire form of Wheatstone bridge (Fig.
119) to measure the resistanoe of several coils records his data as follows :

Com R h ™

1 6.3 ohms. 48.3 cm.
2 8 =« 556 «
3 203 538 ¢
4 408 * 4462

Find the registance of each coil.
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133. Resistance boxes. A resistance box (Fig. 120) cor-
responds for electrical measurements to a set of weights used

Fro. 120. — Box of known resistances.®

in weighing. Such boxes contain spools of silk-covered wire,
each of known resistance, which may be needed in electrical
measurements. Manganin or some similar alloy, having
a comparatively low conductivity and a small temperature

Fra. 121. — 8pools of wire fastened to under side of cover of resistance box,

coefficient, is generally used in making the spools or coils for
resistance boxes. In making the coils the proper length
of wire for each is taken and doubled at the middle, and it
is then wound double upon a spool. The object of doubling
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the wire is to awoid the effects due to self-induction. After
the spools are wound they are dipped in paraffin, placed inside
the box, and fastened to the under side of the top of the box
by brass bolts, which also fasten a series of brass blocks to the
upper side of the top (Fig. 121). The individual ends of each
ooil are connected with adjoining brass blocks, so that all the
coils are in aeries when the blocks are not directly conpected
together. This is shown in figure 122 where the ends a and
b of one of the registance coils are fastened to the brass blocks
L and M, while the ends ¢ and ¢ of the next coil are fastened
to the blocks M and N. The brass
blocks are 80 arranged that they may
be connected together by plugs which
fit in tapering holes, as shown in the
figure, thus * short-circuiting” the
coils.

If such a resistance boxis connected g, 122, — Arrangement of
in a circuit when all the plugs are re-  brass blocks and plugs for
moved, the current flows through all Teeistance box.
the resistance coils in series. If one of the plugs is inserted in
a hole, the corresponding resistance coil is short-circuited ; that
is, & negligibly smasll resistanee (that of the plug) is connected
in parallel with it, and no appreciable current flows through the
ooil. Since the resistance of the plug is practically negligible,
the resistance of the circuit is reduced, when the plug is inserted,
by the amount of the resistance of the corresponding coil.
The resistance of a box may, therefore, be varied at will by
simply inserting or removing plugs. Resistance boxes gen-
erally have a series of coils of different resistances, usually
given in tenths, units, tens, hundreds, ete., of ohms.

184. Box form of Wheatstone bridge. The box form of
apparatus is commonly used in commereial work because it is
much more convenient and sufficiently accurate for most pur-
poses. The principle of operation is, however, just the same
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" whatever the form. When four resistances are grouped as in
figure 123, and a battery and galvanometer form part of the
circuit as shown, the combination is called a Wheatstone
bridge. Such a bridge is said to be balanced when the resist-

Fio. 123. — Diagram of Wheat~
stone bridge.

ances have the relations to each
other %=%", because under this
condition no current will flow
through the galvanometer. It
should also be noted that a bal-
ance can be obtained if the posi-
tions of the galvanometer and the
battery are interchanged, the
battery being between ¢ and f
while the galvanometer is joined
from ¢ to d. The resistance coils

which represent 4 and B are often called the balancing or ratio
ccils and bear a decimal relation to each other, such as.1: 10,

1: 100, or 1: 1000,

Figure 124 shows a box form of bridge which is often called
the Post-office pattern because its arrangement is similar to
the bridge used by the British department of postal tele-

Fis. 124. — Poat~office form and diagram of connections.

graphs. The box contains, besides the resistance coils and ratio
coils, the necessary keys for the galvanometer and battery
circuits, and binding posts marked Ba., Ga., and Livs, which are
all connected so ag to form g bridge.
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135. Portable testing sets. The demand for some instru-
ment with which to measure resistances rapidly and with con-
giderable precision has
led to the portable form
of Wheatstone bridge,
such as is shown in figure
125, which containsinone
box the galvanometer,
resistance coils, battery,
and keys. To save fime,
use is made of the “dial”
control of resistances,
which is much more con-
veniont than the older
method of plug control.
The ratio coils are all
operated by one dial
By means of such an in-
strument one can easily
measure resistances with an accuracy probably greater than }
per cent ; that is, the error is less than 2.5 in one thousand.

Fia. 125. — Portable testing sot.

PROBLEMS

1. Suppose a resistance is connected in series with an ammeter of
0.00090 chms resistance, and a voltmeter of 300 chms resistance is
econnected across both the unknmown resistance and the ammeter.
Assume the voltmeter reads 2.00 volts and the smmeter 50.0 amperes.
Compute the percentage error made in the voltage when thus connected.

2. Suppose the instruments in problem 1 are connected so that the
voltmeter reads the voltage across the unknown resistance, but the
ammeter records the current flowing through bothA the unknown re-
sistance and voltmeter. Compute the percentage error made in the
ammeter aa thus connected.

3. In the slide~wire form of Wheatstone bridge shown in figure 119
suppose R =10.0 ohms, AB=100.0 om., and m =37.5 om, Compute
the value of X.
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4, In testing a Wheatstone bridge, 4-chm and 5-ohm eoils are in-
serted in the loop AC and CB. Find the position which D should have
on the meter wire ADB.

8. If the resistance coils of a box form ol bridge range from 1 to
10,000 ohms, and the ratio coils are 1, 10, 100, and 1000 ochms, what
ratio would you use to measure 1,000,000 ohms? -

8. If the same box used in problem 5 were used to measure an
unknown resistance of (.01 ohms, what must be the ratio?

138. Locating faults in cables. There are two common
methods of locating 8 “ ground " in a cable, such as an under-
ground telephone wire, and these are called the Murray loop
and the Varley loop. Since both methods are simply modifica-

F1a. 126. — Connections for the Murray loop.

tions of the Wheatstone bridge, the same underlying prin-
ciples apply to them.

These tests are called the loop tests, beeause the faulty wire
in always connected at its distant end with a good wire and the
two in combination make a loop. The loop is divided into two
parts by the fault, which here is assumed to be a ground.

In the Mwrray loop arrangement (Fig. 126) these two parts, z and
L —z, are two arms of the Wheatstone bridge, and the other two arms,
A and B, are made up in the testing apparatus. The bridge is balaneed
by moving C or varying the ratio of A and B until there iz no deflection
of the galvanometer. The regular equation of the bridge gives
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A L-z
B = .

when L i8 the entire length of the loop which is known, and £ iz the
distance out to the fault. From this we find

_ B
= (A +B) L.
‘The Varley loop differs from the Murray in having a portion of the

loop made up of resistance in the testing set, as shown in figure 127,
This teet is most nseful when the bridge will permit of making only

F16. 127. — Connections for Varley loop.

decimal ratios of 4 to B, such as 1 to 10, 100, 1000. Tn this test the
balance is effected by varying the resistance R. The fundamental
equation for the bridge gives

A_L-z

B R4z

when L is the total resistance of good and bad eables and z is the
resistance out to the fault. From this we obtain

_BL-AR,

T=TAYE

PROBLEMS

1. The total resistance of a loop one wire of which was grounded
was lound to be 200 ochms. When connected as & Murray loop with
A =1000 ohms and B =450 ohms, a balance was ohtained. Find the
registance to the fault.

o
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2. In the above example the length of one of the two wiree making
up the loop is 8890 fect. Find the distance to the ground.

8. Check the results of problems 1 and 2 by the fact that the above
eircuit consists of No. 22 B. & 8. copper wire, which has a resistance
of 0.0161 ohms per foot.

4. When the eireuit of problem 1 was connected as a Varley loop,
A =100 ochuns, B = 1000 ohma, and a balance was obtained when K = 1910
ohms. Find the resistance and distance to the fault.

B. A Varley loop is connected, a8 in figure 127, with a loop
which has s resistance of 44.9 ohms and is made of No. 14B. & 8.
copper wire. JI A =B and E=4.25 ohms, how far is the fault from
the instrument? (No. 14 B. & S. copper wire has a rezistance of
2.521 ohma per 1000 ft.)

137. Insulation resistance by voltmeter. The insulation
resistance of an electric machine such as a generator or motor
means the resistance of the insulation like that between the
commutator and the frame. It is necessary that this resistance
should exceed a certain mini-
mum number of chms. For
instance, a 100-kw. generator
at 110 velts should have an
insulation resistance of at least
, one tenth of a megohm or
Flt;. 128. — Connections for voltmeter 109’900 Oh!ns' 'TO measure

test of insulation resistance. this insulation resistance, con-
nect a voltmeter across a

110-volt or, better, 8 500-volt d-c. line and call this line voltage
E and the resistance of the instrument R,. Then connect
the frame of the machine with one side of the line and the
commutator in series with the voltmeter to the other pide of
the line, as shown in figure 128. Call ¢ the reading of the
voltmeter in this position, which shows the voltage across the
resistance of the instrument itself. It is evident, then, that
(E-¢) is the voltage drop across the insulation of the machine.
Since these two resistances are in series, it follows that
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the registances are proportional to the voltages across each.
That is,
Insulation resistance _ Voltage acroge insulation
Voltmeter rezistance Voltage across voltmeter

Let X'= msulanon registance, then we have
X E-e

R, e

X- R(E—)

FoR EXAMPLE, & voltmeter has a resistance of 15,000 ohms and is
used on & 113-volt line. When connected as in figure 128, the volt-
meter reads 4 volts. Then the insulation resistance between the frame
and the armature coils is

X =15,000(142 — 1) = 405,000 ohms (about).

138. Testing the insulation of covered wire. The insulation
resistance of a covered wire is usually expressed in megohms
for a given length, such as a kilometer or a mile or one thousand
feet. To determine this resistance, a known length of the wire
in soaked in salt water and then connected through a sensitive
galvanometer with some source of constant voltage, as shown
in figure 129. First the galvanometer is shunted and connected

Calvanmmeter
~ ritheru! Shunt
F1a. 129, — Testing the insulation resistance of & cable,

in series with some very large known resistance, and the deflec-
tion of the galvapometer is read. Then the known resistance is
removed from the circuit, and in its place is inserted the resist-
ance to be measured. Onme connection is made to one end of
the coil of wire, and the other connection is made to the metal
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tub. The deflection of the galvanometer without shuni is read
and the insulation resistance computed ag follows:

Buppose that the knrown resistance is one half of a megohm (500,000
ohms) and that when connected with a galvanometer shunted by the
vby shunt it gives a deflection of 80 scale divisions. This means that
there would have to be 801000} or 40,000 megohms in the cir-
ouit in order to give one scale division with the unshunted galvanometer.
If now with the unknown resistance, that is, the insulation of a covered
wire, the reading of the galvanometer without shunt is, for illustration,
25 divisions, then the insulation resistance of the wire or cable is 44fp2
or 1600 megohms.

It the sample used were § mile long, the insulation resistance per
mile would be only } as great, or 800 megohms. This is beoause the
ourrent would have twice as much area to leak through in a mile as
in half a mile.

PROBLEMS

1. In testing the insulation resistance of & moter the line voltage
is found to be 111 volts with a voltmeter of 15,000 ohma resistance, but
when connected in series with the unknown resistance it reads 1 volt.
What is the insulation resistance?

3. Buppose a galvanometer of negligible resistance without a shunt
gives a deflection of 100 when connected in series with a standard
resistance of 100,000 ohms. If the deflection becomes 25 when an
unknown resistance ia substituted, what is the unknown registance?

3. If in place of the terminals of the standard resistance of prob-

lem 2 one end of an insulated telegraph line and a conneotion to the
ground is subatituted and the deflection becomea 45, what is the in-
sulation resiatance of the line?
, " 4. 'Buppose a galvanometer shunted with the g}y shunt gives a
deflection of 80 using a standard resistance of 50,000 ochms in series;
then suppose the deflection is 120 with the } shunt and with a eertain
resistance substituted for the standard. What ia the value of the re-
gistance?

5. It the galvanometer of problem 4 is connected with another
unknown resistance and the deflection becomes 60 when the ¢, shunt is
used, what is the unknown resistance?

8. In testing the insulation of a certain coil of wire the following
measurements weore recorded :
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Resistance of galvanometer =2000 ohms.

Resdistance of shunt =20 ohms.
- Deflection of shunted galvanometer with 250,000 ohms in series
(Fig. 120) =54.5.

Deflection of galvanometer without shunt and with unknown re-
sistance in series =6.4,

Leagth of coil =750 ft.
What is the insulation resistance per mile?

SUMMARY OF CHAPTER VIII

Every emmeter, volimeter, and watimeter mugt be frequently
tested or calibreted.

One AMPERE is a current which deposgits gilver at the rate of
0.001118 grams per second.

One VYOLT is :+m of the e.m.f.-of & Weston normal cell at
20° C.

A POTERTIOMETER is a very accurate device for measuring
voltage or emJf.; takes no current from source the voltage
of which it measures; it balances e.mm.f. against. voltage drop
(IR) along a wire,

RESISTANCE measurement by voltmeter and ammeter much
used for low registances; instruments must be calibrated.

RESISTANCE measurement by Wheatstone bridge consists
in balancing four resistances; requires a sensitive galvanometer
to determine just when balanced. A slide wire may take the place
of two of the resistances.

FAULTS IN CABLES may be located by modifications of this
bridge as used in Murray and Varley loops.

VOLTMETER may be uged to determine high resistance; that
is, to find whether the insulation on a machine exceeds a certain

INSULATION RESISTANCE of a covered wire is determined
by comparing deflections of a shunted galvanometer in series with
& very large known resistance, with that of the same galvanometer
unghunted in series with the insulation resistance.
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QUESTIONS

1. Why is an emmeter more likely to be injured than a voltmeter?

3. What advantage is it to have a voltmeter with a very high
resistance coil?

3. What objection is there to the more general use of the copper
coulombmeter in the calibration of ammetera?

4. Why is & standard cell used only in connection with poten-
tiometers ?

§. Why is the potentiometer s more sccurate method of measur-
ing voltage than the direct-reading voltmeter?

6. Why is it necessary to use a galvanometer of extreme sensi-
bility with a potentiometer?

7. What objections are there to the voltmeter-ammeter method of
measuring resistance?

8. What are the diffieulties in measuring resistanee with a slide-
wire form of Wheatstone bridge?

9. Why iz manganin wire hetter than German silver wire for use
in redistance boxes?

10. Why iz the wire on a resistanee-box spool wound double?

11. Why should the battery key of a bridge be depressed before the
galvanometer key?

12. When the ratio arme A and B are equal in a bridge, what is t.ho
relation of Rto X? Why?

18. In the use of the slide-wire form of bridge it is desirable to
have A as nearly equal to B aa convenient. Why?

14. What is meant by the plug resistanee in & resistance box?

16. A special form of the slide-wire bridge is often used in the
Murray-loop method of detecting faults,. What advantage has this
over the portable testing set?

18. Show how one can locate the point where two wires are crossed |
by means of a portable testing set.

17. What would be the effect of dampness on the insulation re-
sistance of an electrical machine?

18. How would you mesgure the insulation resistance of & lead-
covered telephone cable?



CHAPTER IX

PRINCIPLES AND CONSTRUCTION OF DIRECT-
CURRENT GENERATORS

Dynamo — generator and motor —simple form — commu-
tator — ring and drum srmature — field magneta — multi-
polar generators — faotors determining o.m.f. — series-,
shunt-, and compound-wound fields — characteristic curves
— regulation — field rheostata — efficiency and losses in
generators — hysteresia and eddy currents — rating of gen-
erators — poaition of brushes — interpoles — operation of
small power station — generators in parallel,

139. Dynamos. A dynamo consists essentially of a machine
for transforming mechanical energy into electrical emergy, or
vice versa, by means of electromagnetic induction. If the
machine derives its mechanical power from some source out-
side of iteelf, such as a water wheel or steam engine, and
delivers electric power, it is called a generator. If, on the
other hand, the electricity iz generated outside the machine
and is brought to it, and if this power puts the machine in
motion and so rune other machinery, such as a sewing machine or
street car, the machine is called a motor. The term “ dynamo
includes both generator and motor. In ghort, the dynameo is
s revergible machine, and the same machine may be driven
part of the time as a generator and the rest of the time used as
a motor to drive another machine; this is sometimes done in
thops and often on self-at&rtmg automobiles which have but a
single unit.

As already stated in Chapter VI, Faraday discovered about

" 1830 that a conductor cutting Yines of force, when part of a
199
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closed circuit, will produce a current. He then constructed
crude machines for utilizing this phenomenon ; he may, there-
fore, be fairly considered to be the primary inventor of the
dynamo. During the following years many investigators,
some of whom bear famous names, entered this fascinating
field of discovery. In the fifties, Siemens, Gramme, and Paci-
notti appeared with improvements which developed the dynamo
into nearly its present form ; since their time many improve-
. ments have been
made and it is

continually being
. .perfected.

140. A simple
generator. If a
closed coil of wire
mounted on an
axis or shaft is re-

Fi10. 130. — Coil arranged to be rotated in magnetic  yolved ag in figure

Seld. \
130, an alternating

current is produced, which has been described in section 105.
If, instead of being short-circuited on itself, the coil is con-
nected with an external circuit by means of such sliding con-
tacts as are shown in figure 131, the
alternating current may be led off to
be used for any desired purpose. The
rings A A, to which the ends of the coils
are attached, are in this case called col-
lecting ringe, and the parts BB, which
bear on the collecting rings, are called
brushes. In an actual machine made
up for the purpose of generating elec-

. . . . . . Fia. 131. — Ends of coil
tricity by a coil revolving in a magnetic - ottached to sliding rings
field, the revolving part is called an r‘:;‘iin:“:mm‘: o
armature. Telephone magnetos, which external circuit,
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are used for ringing telephone call bells, are small alternating-
current generators; each consists of s coil of wire wound on an
iron core which is revolved in the magnetic field between the
poles of a permanent horse-shoe magnet. In the Ford magneto
we have a series of horse-shoe steel magnets attached to the
fiywheel so that their poles move rapidly past stationary coils
(Fig. 92) in which the alternating electric current is generated.
Here we have a moving magnetic field and stationary armature
coils.

141 Comumutator. To get a direct current or continuous
current, that is, one which flows always in the same direction,
we have to use a8 commu- :
tator. To understand how
this works let us study a
very gimple case. If the
ends of the loop in section
140 are connected with a
split ring, asshown in figure
132, we may set the brushes
B+ and B-— on opposite
asides of the ring so that i
each brush will connect first with one end of the loop and then
with the other. By properly adjusting the brushes so that
they shift sections on the commutator just when the current
reverses in the loop (that is, when the loop is in a vertical
position), we may get the current to flow ow? only at one
brush B+, and in only at the other brush B—. The direc-
tion of the current in the external circuit is always the samne,
even though the current in the loop itself reverses twice in
every revolution.

The voltage delivered by such a machine can be represented
by the curve in figure 133. Although it is always flowing in
the same direction, it is pulsating. This is easy to understand
after a little consideration. When the coil stands up and down

Fio. 132, — Split-ring commutation,
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between the pole pieces as in figure 132, it is in such a position

that when it is revolved a amall amount the conductors move

practically parallel

to the lines of force

and no lines are

- cut. When the coil

is in continucus

revolution, no volt-

Fia, 133.—Pulnwtlif§ :o:.tfn ud:;;rorod by loop fitted :l?: ill?stlali::.utlelit al:.

is in this position,

which corresponds with the points 0°, 180°, and 360° on the
curve in figure 133,

When the coil stands as shown in figure 134, it is in such a -
position that the conductors cut squarely across the lines of
force a8 they move, and the largest possible number of lines of
force are cut for a given amount of motion. The position of
the coil shown in
the figure and
the position 180°
therefrom corre-
spond with the
points 90° and
270° on the curve
in figure 133,

A machine with
a commutator for delivering direct current continuously in the

same direction is called a direct-current (d-c) or continuous-
current (c-c.) generator.

142. Armatures having more then one coil. Gramme ring.
Direct-current generators having armatures with one coil are
not satisfactory for general use, for two reasons

(1) The wavy character of the current is a disadvantage for
some purposes.

Fia. 134, — Coil rotated in magnetic Geld,
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(2) The commutation of large currents at the full voltage
which is required for most commercial uses is not practicable.
To overcome these difficulties coils must be uniformly dis-
tributed over the murface of the armature, and the windings
must be connected at equal intervals to commutator segments,
The firat armature of
this kind that was put
into commercial service
was invented in 1870
by a Frenchman named
Gramme.

The Gramme-ring ar-
mature i8 now very sel-
dom used, but it is worth
studying carefully because the fundamental principles of its
action can be understood from very simple diagrams; whereas
most armatures of the common or drum type, although based
on exactly the same principles, cannot be represented by simple
' diagrams.

A rotating soft-iron ring
or hollow cylinder is
mounted between the poles
of an electromagnet, as in
figure 135, The ring serves
to carry the flux across
from one pole to the other.
There are scarcely any lines
Fio. 138. — Gramme ring rotating in & of force in the space inside

magnetic Geld. . - .

the ring. A continuous coil

of insulated copper wire is wound on the ring, threading
through the hole at every turn. When the ring rotates, as in
figure 136, the wires on the outside are cutting lines of force,
but those inside are not. Furthermore, according to the
BigeT-BAND RuULe, the outside wires on the right-hand side

Fig. 135. — Magnetic field in & Gramme dog,
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are moving in such a direction that the induced current tends
to flow toward us. The wires lying on the other side of the ring
are moving so as to induce
a current away from us.

R, If there were no outside
connections, these two
opposing ean.f.’s would

&_)\‘ ; —(’, ; just balance, and no eur-
This
(3]

rent would flow.
would be like arranging
() a lot of cells in series with
Fia. 137. - Batteries {(a) Wyith9ut and () g cqual pumber turned
with an external circuit.
g0 that they are opposed
to the first .group (Fig. 137 (a)); obviously no current would
flow,

But if we imagine the copper wires on the outer surface of
the ring to be scraped bare, and if two metal or carbon blocks
or brushes at the top and bottom rub on the wircs as they pass,
a current could be led out of the armature at one brush and,
after passing through an
external resistance, such
a3 a lamp, could be led
back to the armature
again at the other brush.

In this case the armature

eircuit is double, consist-

ing of its two halves in

parallel. The adding of I —

brushes and the external Fia. 138. — Ring armature with com-

. mutntor.
resistance to the Gramme
ring is like adding an external circuit to the arrangement of
cells described above. This battery analogue for a Gramme-
ring armgture is shown in figure 137 (b).

In the Gramme-ring arrangement there are at every instant
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the same number of active conductors in each half of the arma-
ture cireuit, and so the current delivered by the armature is
not only direct but also steady.

In practice, however, it would be difficult to make a good
contact directly with the wires of the armature, because the
wires must be carefully insulated from each other and from
the iron core, and sc the various turns of wire, or groups of
turns, have branch wires which lead off
to the commutator segments, as in
figure 138,

The commutator consists of copper bars
or segments which are arranged around
the shaft and insulated from each other
by thin plates of mica (Fig. 139). To
get a satisfactorily steady current there
should be many segments in a commu-
tator, so that the brushes may always
be connected with the armature cireuit
in the most favorable way. The brush
iteelf is generally a block of carbon or
graphite held in position by a brass helder
which has an adjustable spring resting
on the brush. The carbon block is also
electrically connected by a short piece of Fie. 139.— Commutator
copper cable. When the current isheavy, 5o brush with its
several brushes are set side by side.

143. Dmum armature. Since very little flux passes across
the air space in the center of a2 Gramme-ring armature, the
wires on the inner surface of the ring do not cut lines of magnetic
force and are useless, except te connect the adjoining wires
on the outer surface. Furthermore, it is very inconvenient
to wind the wire on an armature of the ring form. For these
reasons most armatures are now of the drum type. In thia
form the core i8 made with slots along the circumference, in




206 ELECTRICITY AND MAGNETISM

which the wires lie (Fig. 140). Since the active wires in one
glot are connected across the end with active wires in another
slot, there are no idle wires inside the core.

Fio. 140. — Slotted armature core, drum type. Partly wound.

144. Field magnets. The magnetic field in which the arma-~
ture revolves is ordinarily produced by a great electromagnet.
The frame of this electromagnet (Figs. 141 and 142) ie 8o ar-
ranged that it can hold the windings required to set up the lines
of force; and in order that the lines may be caused to pass

Fio, l4i. —~— Field magnoet of a small Fia. 142. — Fizld magoet of small
old-style two-pole machine, modern twu-pole machine.

through the armature, the poles are arranged to embrace the
armature. ‘These expanded pole pieces are called pole shoes
and the whole of the magnet frame is called the field of the
machine. The parts of the field upon which the windings are
placed are often called the field cores. The portion of the
magnet that connects the cores is called the yoke,
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145. Reluctance of magnetic circuit. It is always necessary
to allow a certain amount of spice or clearance between the
polea and the surface of the armature. This space is usually
called the air gap. The number of ampere turns which are
required to give the magnetomotive force that is needed to set
up the lines of force necessary to induce a given electrical
voltage in the armature windings depends upon the reluc-
tance of the armature core, of the air gap, and of the magnet
frame.

The reluctance of the air gap constitutes the principal re-
luctance of the magnetic circuit. For example, the following
computations for ampere turns were made for two machines:

Macmine 1 1I
Yoke . . . . . 420 250
Polee . . . . . 228 340
Alrgap . . . . 2038 3987
Armature . . . . 37 80
Total ampere turns 2723 4637

Since there is no insulator of magnetism, some of the lines of
foree which are set up in the field magnet will leak around the
armsature instead of passing through it, and the cross section
of iron in the path of the lines of force through the field magnet
must be sufficiently large to hold these leakage lines as well
as the useful ones which pass through the armature. It is
the leakage, or stray lines of force, which sometimes magnet-
izes watches when they are carried near a dynamo.

148. Multipolar generators. The machines which have been
described have two poles and are called bipolar machines.
For eommercial purposes, especially in machines above 10
kw. capacity, it is common practice to use four, six, eight, or
even more poles. Such machines are called multipolar. Figure
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143(a) gives the external view and figure 143(b) gives a diagram
of the electric and magneti¢ circuits of a four-pole generator.
By incressing the number of poles we can get the commereial
voltages (110, 220, or 500 volts) at much slower speeds than
would be necessary in bipolar machines. Since the voltage
depends on the rate at which the wires of the armature cut
the lines of mn.gnet:c force, in a four-pole machine cach wire
on the armature cuts a
complete set of lines of
force four times in each
revolution -instead of
twice as in a two-pole

a 1]
Fia. 143. — Four-pole generator (a) and its diagrammatic cross section (b).

machine. Feor this reason the speed of a four-pole machine is
one half the speed required in a two-pole machine for the same
voltage. Furthermore, the multipolar machine is more eco-
nomical to build, because it requires less iron to carry the
magnetic flux.

The same principles govern the winding of the armatures
for multipolar machines as those already desecribed for bipolar
machines, but each coil reaches around a chord of the armature
instead of across the diameter. The chord must always be
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such that when one conductor of a coil is under one pole the
return conductor of the same coil must be under a pole of
opposite sign; and the chord is usually the same as the chord
from the center of one pole face to the center of the next pole
face, although it may be an odd multiple of the same.

It will be observed from the diagram (Fig. 143(d)) that every
other brush is positive and is connected to the positive terminal
of the machine.

147. What determines the voltage of a generator? In
Chsapter VI it has been shown that when a wire is moving across
a magnetic field the amount of induced e.m.f. depends on three
factors: (1) the speed, (2) the magnetic field, and (3) the

number of turns. For the same reasons it follows that
voltage of a generator varies as gpeed X flux)turns.

The fundamental equation which expresses mathematically
the relation between the generated e.m.i. in volts, the total
magnetic flux cut by the armature conductors, the speed in
revolutions per second, and the number of armature conductors
in geries between the brushes is

_ENCp
E 108

when E =volts generated in armature,
¢ = field lux measured in lines per pole,
N =mgpeed of armature in revolutions per second,
€ = number of armature conductors in series between the brushes,
p=number of field poles.

We have to divide by 100 beeause the units in which the magnetic
flux and the e.m.f. are measured have been 8o chosen that, when
100,000.000 (10*) lines of magnetic force are cut per second, the e.m.1.
induced is one volt.

The direction of the voltage induced in the conductors of an
armature may be determined by applying FLEMING'2 RuLe
of Chapter VI. If we place the right hand alongside of a pole

P
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piece go that the first finger points with the lines of force (i.e.,
in the direction which would be given by drawing a line through
the armature from a north pole to a south pole) and the thumb
points in the direction of rotation of the armature, then the
middle finger points in the direction of the current which should
flow a8 a result of the induced voltage.

This rule, however, will not show which brush is positive,
because the connections of the conductors with each other
affect that. If a diagram showing the eonnections of the
conductors is available, the polarity of the brushes may be
determined by means of the foregoing rule.

PROBLEMS

1. How many revolutions per minute (r.p.m.} would a single-coil
bipolar generator have to make in order that the current might have
120 alternations per second ?

3. How many revolutions per minute would an eight-pole generator
have to make to have the current alternate 120 times a second ?

8. An armature with 100 conduotors in series rotates so that these
conductors eut across a field of 5,000,000 lines 800 times a minute,
What is the average e.m.f. induced ?

4. If the armature resistance in problem 3 is 20 ochms and the ex-
ternal resistance is 80 ohme, {¢) how much power is consumed in the
armature circuit? (b) how much in the complete cirenit?

5. Find the voltage of a four-pole generator with four brushes;
speed 1800 r.p.m.; number of active conductors 416; flux per pole
4 > 10* linea.

8. How fast must the armature of a bipolar generator revolve to
generate 120 volts? Given 460 conductors and flux per pole =6 X 10¢
lines.

7. A six-pole generator has six brushes. The armature has 1200
aotive conductors and a speed of 900 r.p.m. Flux per pole 6X10¢
lines, What is the voltage?

8. A bipolar generator’s fleld magnet gives a flux of 9,000,000 lines,
How many conductors must thore be on the srmature in order that the
generator may give 110 volts at 600 r.p.m.?
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148. Excitation of the field of generators. The exciting
current for the field magnet of a d-c. generator is almost uni-
versally generated by the machine itself, the voltage at start-
ing being obtained by the slight residual magnetism that re-
mains in the magnet. The conductors in cutting through
this residual flux have induced in them a small e.m.f., the
direction of which, according to Fleming’s right-hand rule,
depends upon the relative direction of the residual flux and
the direction of rotation. Due to the small induced e.m.f,,
a slight current flows through the field coils. Ii the field con-
nection is correct for the given direction of rotation, this
slight current increases the flux. This increase in the flux
increases the induced e.m.f., which in turn causes an increase
in the current, etc. until full voltage is reached. When this
action occurs the generator is said to build up. But if the
current which flows as a result of the e.m'f. induced by the
residual flux passes through the field coils in such a direction
as to reduce the field flux, the generator cannot build up.
From the above it is evident that a d-c. generator will build
up only if the field connection is proper for the given direction
of rotation; and that if it is desired to reverse the direction
of rotation the connec-

tions must likewise be s X X
reversed. X

In order to distinguish l L]
the several methods of &
winding the field, gener- e X x_l
ators may be divided into Fhonaias

Fia. i44. — Di { series-wound
three classes. Theseare: — ° D"“‘“:f“gr_” g-wound gen-

1. Seriecs-wound (Fig.
144), in which the field winding is connected in series with
the external circuit and all the current generated by the
machine passes through a thick wire, which is wound a com-
paratively few times around the field cores.
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2. Shunt-wound (Fig. 145}, in which a field winding of high
veaistance is connected in parallel, or as a shunt, with the
external circuit, and only a por-
tion of the current generated by
the machine passes around the
. field cores through a grest many
R — turns of fine wire,

6. 145. — Diagram of shunt- 3. Compound-wound (Fig. 146),

wound generator which is'a combination of the first
two, so that the field magnet is magnetized in the same direc-
‘tion by both a shunt and a series winding.

If three generators of thie same size and shape have their
field magnets wound in the three different ways, the number
of ampere turns in the magnetizing coils must be the same

Fan"
pd

i LT
Berlon
e Field
E
@
rd
{a) Short Shunt {5) Long Shunt
Fia. 146. — Diagrame of compound-wound generators, {(a) short shunt,
(b) long shunt.

in each, if the armatures are alike and the same voltage is to
be produced. Since the series winding carries a large current,
the number of times the current must pass around the magnet
_ core to make a given number of ampere tumms iz compara-
tively small, and the winding has relatively few turns. The
shunt winding carries a comparatively small current, and this
current must, therefore, pass many times around the core in
order that it may have the same magnetizing effect as the
large current passing a few times around the core. In the
compound winding the number of geries turns and of shunt
turns must be so proportioned that the number of ampere
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turns made up by both together shall be approximately the
same a8 in the other cases,

149, Characteristicse of field windings. The purpose for
which a generator is to be used almost always fixes the style

F10. 147, —Connections of s series arc-light machine and ita characteristic curve.

of ita field windings. Series-wound generators are sometimes
used for furnishing a current of constant strength to arc lamps
which are connected in series (Fig. 147).

Shunt- or compound-wound generators are used to fur-
nish the current for incandescent lamps or electric motors,

o
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Fio. 148. — Connections for shunt generator and ita characteristic curve.

which are all connected in parallel (Fig. 148) and require
conatant voltage for their satisfactory operation.



214 ELECTRICITY AND MAGNETISM

It will be noticed that the characteristic curves which show
the relstion between load current and terminal voltage, as
given in figures 147 and 148, are quite different for the series-
and shunt-wound generators. In the first case the curve
does not start from the origin because of the slight residual
magnetism left in the field magnet. It will also be noticed
that from this curve the voltage increases very rapidly with
increasing load until the point X is reached. At that point
the field magnets are saturated so that an increase in current
through the field coils does not thereafter give a corresponding
increase in magnetization and so no great increase in voltage.

In fact, the voltage reaches a maximum and falls off if too much
current is taken from the generator. Thisis due partly to the
great magnetic reaction produced by excessive currents in the ar-
mature, and partly to the increased voltage drop in the armature.

From the characteristic curve for the shunt generator it
will be seen that this machine maintains fairly constant ter-
minal voltage at all loads. But as more current is drawn from
the machine the terminal voltage falls, until at point A the
generator commences to ‘‘ break down.” Any further at-
tempts to increase the load result in an abrupt decrease of both
voltage and current. Therefore OA ia the operating portion
of the curve. In large machines the breask-down point is
many times their normal load. With a fleld rheostat to control
the field current, a constant terminal voltage may be main-
tained throughout the normal operating range of the machine,

Compound-wound generators have quite an advantage for
furnishing current to be used by electric motdrs, that is, for
power distribution, because they automatically keep the voltage
. constant through the combined action of the shunt and series
field windings. The voltage supplied by shunt-wound gen-
erators decreases to a certain degree as the current furnished
by the armature increases on account of the resistance of the
armature and because the magnetism set up by the current






Fia. 149 a. — Direct-curreat generator connected directly to & steam engine.
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in the armature coils interferes with the field magnetism. The
magnetizing power of a series winding (Fig. 149) increases with
the current which is

furnished by the ma- K ) g
chine, and the natural N £ b
fall of voltage in a s i
shunt generator may i

be entirely overcome, |}=S5 b

or even reversed, by £ Shoet

the addition of series

turns.

Fra. 149. — Connpections for compound-wound
1560. Vo‘hse regu- ) d-¢. generator.

lation. A shunt-wound

generator is very generally used to supply a circuit where only
fair voltage regulation is required. Regulation is expressed as
the percentage of “ full-load ”’ voltuge that the voltage falls os the
load rises from * no-load ”’ o * fulldoad " ;

No-load voltage —full-load voltage
Full-load voltage

Voltage regulation =

It is, of course, desirable to keep the voltage constant ; that is,
to have the voltage regulation a small percentage. Sometimes
this is accom-
plished by auto-
matic devices
] for controlling
the speed of the
“prime mover”;
that is, the water
wheel or steam
engine. More
generally with small generators this is done by a hand regulator
or field rheostat. This (Fig. 150) consists of an adjustable re-
sistance mounted on an iron frame with the resistance wire

F16. 150, — View of field rheostat with its connections.
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embedded in enamel, and is placed in the field coil circuit. As
the load on the machine increases and the voltage drops, some

F1a. 151. — Regulation curve of a
compound generator.

of this resistance may be cut
out 80 as to increase the excita-
tion. Still another method of
keeping the voliage constant
is by adding series coils to the
field ; that is, by making the
machine compound-wound. By
the use of a larger number of
series turng the total excita-
tion may increase so much
with the load that the ter-
minal voltage will rise as

shown in the curve in figure 151; then the machine is said to
be over-compounded. TFor street-railway service the generators

are usually wound for 600 volts
at full load and are over-com-
pounded o a8 to maintain the
trolley voltage at some distance
from the power house. If the
compounding effect of the series
coils is too large, it is customary
to reduce the current through
thege turns. This is done by
placing a shunt in parallel
with the series coils, as shown
in figure 152, so that only a

Series Shunt

LR 2y
Serien Fisid

Shunt Field

F1a. 152. — Serien ghunt to vary the
peries excitation,

fixed portion of the total current passes through the series

field coils.

161. Efficiency of generators. The following table gives
some average values of the efficiencies of modern compound-
wound d-c. generators of various capacities under varying

loads.
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ErriciENCY
CarACITY

b }Loas 3 Losn Frw Loap

5 Fii 81 83

25 85 83 89

100 89 90 )]

500 92 92 93

1000 93 23 4

It will be noted that the efficiency is greater at full load
than at half load, especially with small machines, and that
machines of large capacity are in general more efficient than
those of small capacity.

Just as with any machine, the efficiency of a generator is
the ratio of the ouTPUT to the INPUT. Stated as an equation
it is written:

Efficiency = Qutput,
Input

Since it i difficult to measure the input of a generator, we
measure the output and losses. The input equals the output
plus the loases. The equation for the cfficiency of a genera-
tor becornes: Qutput Qutput

Efficlency Input  OQutput+losses

162. Losses in a generator. There are three sources of loss
in generators :

1. Copper losses ('R in armature and field),

2 Tron losses (hyeteresis and eddy currents),

. Mechanical losses (bearing friction and windage).
Smoe the iron losses and mechanical losses are difficult to
measure separately, they are usually included under one term,
stray-power loes,

The copper losses consist of the watts lost in excitation
due to the resistance of field coils (equal ITR; where I,;=




218 ELECTRICITY AND MAGNETISM

field current and R,=field resistance), and of the watts lost in
the copper of the armature due to the resistance of the arma-
ture windings (equal to 3R, where I,=armature current
and R,=armature resistance). It will be seen that the copper
loss in the armature is proportional to the square of the load.

The watts lost in the' iron of the armature are caused by
hysteresis and eddy currents.

Hysteresis seems to be due to a sort of friction between the
iron molecules as they are caused to turn around by the at-
traction of the magnetic field while the armature revolves.
Every time the molecules are caused to turn around under
the influence of a magnetic field, a certain amount of power
is used, which is converted into heat ; consequently, for every
revolution of the armature a certain amount of power is used
and converted into heat. This is an effect of magnetism which
has been described in Chapter V.

The amount of power wasted and heat produced in a core
on account of hysteresis depends upon the amount of iron

Woten Wetee  in the core, the number
of reversals per second
made by the magnet-
ism in it, the density
of magoetism in the
iron, and the quality of
the iron. It may be
said that, in general, the
gofter the iron the less

is the loss due to hyster-
Fio. 153. — Portion of laminated armature core esis ; consequently’ the

with air ducts and insulated conductors, . .
iron used in armature
cores is very soft wrought iron or steel which has been carefully
annealed. ‘
In modern machines the cores for armatures ate built up
of disks which are punched out of sheet iron (Fig. 153). These
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disks are sometimes insulated from each other by thin tisswe
peper, or by thin coverings of varnish or nonconducting oxide.
The object of dividing the cores into disks, or laminating them,
and of insulating the disks from each other is to prevent
eddy currents from being set up in the core itself when it is
revolved in the magnetic field. The rule that electric currents
are set up when a conductor cuts lines of foree applies just as
much to the core of the armature as to the windings. Currents
tend to flow in armature cores from one end to the other near
the surface under one magnet pole, and to return under the
opposite pole, By properly laminating the cores these cur-
rents are nearly all prevented, and at the same time the passage
of linea of magnetic force through the iron from one side of
the core to the other is not interfered with,

The great objection to permitiing currents to circulate in
the armature core is the fact that it takes power to keep them
circulating and that all this power is converted into heat in the
armature core and is wasted. The heating of the core has
another disadvantage; namely, 10
that a high temperature is likely )
to injure the cotton and shellac gw /

§
&

/‘

insulation which is used between -
the coils themselves and between
the coils and core. Even with
the best of lamination a certain
amount of power is lost and heat- %
ing i caused by currents circulat- ||
ing in the core disks. W w0 e

The mechanical losses are made Fig. 154. — Efficiency curve of s
up of the friction of the bear- 1000-k™- 600-volt d-c. generator.
ings, the friction of the brushes rubbing on the commutator,
and the friction of the air, which is called * windage.”

The efficiency curve (Fig. 154) of a generator is drawn by
plotting the percentage of efficiency against the kilowatt output.

&0

L]
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163. The rating of a generator. A generator is rated as
a 5=, 50-, or 500-kw. machine according as it delivers 5, 50, or
500 kilowatts of electrical power. But in any particular ma-
chine the principal factor which limits the amount of elec-
tricity that it can deliver is the safe temperature rise. The
losses in an electrical machine are transformed into heat,
which causes the temperature of the machine to rise above that
of the surrounding air. But insulating materials lose their
mechanical and dielectric strengths at high temperatures, so
that, in general, it is not permissible to let the temperature
of any part of a machine run more than 50 degrees centigrade
above the temperature of the surrounding air, which may be
35° C. It is customary for manufacturers to guarantee that
the machine will operate under full rated load continuously
with s temperature rise of any part not exceeding 40 degreee
centigrade above the surrounding air, and that it will carry
25 per cent overload for two hours without a temperature
rise of more than 55 degrees centigrade. The rise in tempera-
ture is based on a temperature of the surrounding atmosphere
of 25°C. Such temperatures are measured with thermometers
wherever convenient, but in the case of the armature the tem-
perature ia computed on the basis of the increase of the resist-
ance of the copper wire.

PROBLEMS

1. I 25 horee power are used in driving & 15-kw. generator at its
full capacity, what is its full-load efficiency?

2. If the efficiency of a 7.5-kw. generator is 75 per oent, how many
horse power will be required to drive it?

8. The e.m.f. of a shunt generator drops from 1I0 to 93 volts
when the speed is reduced from 000 to 900 r.p.m. If the flux at
the higher speed is 1,000,000 lines, what is the flux at the lower
gpeed ?

4. Suppose the flux in problom 3 were kept constant. What
would be the voltage at the lower speed ?
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5. What causes the flux to docrease with the speed?

6. If the resistance of a generator armature is 0.15 ohms and the
total e.m.f. induced is 120 volts, what will be the terminal voltage
when the armature current is 75 amperes?

7. What ia the voltage regulation in problem 67

8. What is the e.m.[. of the compound-wound generator shown
in figure 146 (b)? Given

resistance of armsature =0,04 chms,
resistance of shunt field =550 ohms,
registance of series field =0.03 ochmas,

ocurrent in line 60 amperes, and voltage in line 550 volts,

9. What is the full-load efficiency of a d-e. compound generator

rated at 1000 kw. sad 800 volts? Given
registance of armature and series coils =0.006 ohms,
resistance of shunt field coils =20 ohms,
stray-power loss =30 kw.

Assume the machine is long eompound.

10. In a similar manner, assuming that the meochanical and iron
losses and ashunt-field copper loss remain constant at various leads,
compute the efficiency at §, {, } loads
snd } overload and plot the efficiency
eurve. Assumse & constant voltago of 600,

184. Position of dynamo brushes.
It might be supposed from the previ-
ous digcussion that the brushes would »
be set on the commutator in such
a position that they would connect
with the coil just as its wires were
passing the neutral line, as in figure .
155. For it is evident that as the coil Fie. 155. — Disgram show-
crosses this line its current reverses i‘g ;‘;:"t::'“g: current ¢
and its induced e.m.f. drops to zero
because the wires are not cutting lines of force. Unfortunately
the situation is not so simple because of the cross-magnetizing
effect of the ammature itself. In figure 156, diagram A, will be
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seen the distribution of magpetic flux in a two-pole machine
when only the field coils are excited, and in diagram B the
distribution of magnetic flux when only the armature is carry-
ing current and the brushes are in neutral position. It will

Fra. 156, — Armature reaction: A, flux due to Geld coils; B, flux due to arms-
ture windingn; C, resultant Bux distribution.

be noted that the armature magnetic field is at right angles

to that produced by the ficld magnets., It will also be observed -
in diagram C that the resultant distribution of magnetic flux
has shifted the neutral line in the direction of the rotation of
the armature. Therefore, as the load in a d-¢. generator
increases, the brushes are shifted from the no-load neutral
position in the direction of motion in order to prevent sparking

Fia. 157, — Diagrams to illustrate the principle of the interpole generator.

at the brushes. This shifting of the brushes, however, is not
necessary in modern machines because of the use of interpoles.
These small interpoles or commutating poles (Fig. 157) are
placed between the main poles and are supplied with series
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field coils a0 that their strength depends upon the armsture
current. They are not there to generate power in the arma-
ture, but are merely to keep the brushes, which are set on the
neutral line, from sparking on heavy loads or high speeds.

1566. Operation of a smsll power station. At the present
time it has beeh estimated that probably ninety-five per cent
of the electric power generated in this country is generated as
alternating current in the large size a-c. generators or alter-
nators which are described in Chapter XIV. The principal
use of d-c. generators is for small plants and as exciters for
furnishing current for the field coils of alternators. In decid-

5000 f'l\
w0 ;" \
§ 1 h
Pha A 5
2000 i Lol P L
3 { I A
P
lmr i 7
£ ¢ 4 6 8 w0 12 2z 4 6 d W 12
Night AM, Noon P.M. Night
Fro. 168, — Load curve for & small power station. Railway, lighting, and

factory loads.

ing upon the equipment for a small power station it is first
necessary to study the probable load curve. Figure 158 shows
such a curve. It might at first appear that we needed a 5000-
kw. generator to carry the load at 8 p.M. But a 4000-kw,
generator would be able to run at overload long enough to
carry the peak. However, in case of an accident to this single
machine the station would be without power until repeired,
and for most of the day the machine would be operating on
less than fifty per cent of its full-load rating, which is not a
very efficient method of operation.

The proper installation to supply such a load as that in-
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dicated by the curve would consist of two 2500-kw. genera-
tors and one 1000-kw. machine. From midnight until 6 a.m.
the 1000-kw. unit would take the load, during most of the
day one 2500-kw. unit would do the work, and during the two
hours of peak load the two 2500-kw. machines would carry
the load. With such an equipment it will be noted that the
generators ate practically always operating at full load, which
is the condition of maximum efficiency, and that any two gen-
erators can carry the load, which guarantees continuity of ser-
viee. It must, however, be stated that the first cost of in-
stallation would be considerably more than that of a one-unit
station,
166. Parallel operation. Since it is often desirable to have
two or more direct-current generators supply current to the
+ same constant-
voltage ¢ircuit, the
L_"“ Bars connections must
be carefully made

p |

| ll l ( in order to get- the
- ~( (+ total load properly
divided between
the machines. The
current from each
generator is led to
a switchbhoard by

No.& - Generatory No. 1.

conducting cables
of the proper size
which are con-
nected with the main awitchboard conductors, called bus bars,
through switches and measuring instruments (Fig. 159).

If two shunt generators are operating in parallel, supplying
current, to the same circuits, it is evident, since they are both
connected with the same bus bars, that the terminal voltages
of the two machines must be equal. Suppose we have two

Fia. 150, — Diagram of station connections for shunt
generators,
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machines in parallel supplying current to a 110-volt circuit
and that one machine has an armature resistance of 0.1 ohmsa
and supplies 20 amperes and that the other has an armature
resistance of 0.08 chma and supplies 40 amperes. Then the
generated em f. of the first machine will be 1104-(20x0.1)
or 112 wvolts, and the generated e.m.f. of the second will be
1104(40x0.08) or 113.2 volts. From this it is evident that
the current carried by any machine operaling in parallel with
others will always be such that the generated e.m.f. (E) minug the
drop through the armature (IR) 78 equal to the terminal vollage
(¥). This may be expressed thus;

E-IR=V

E-V

or =% .

Since the armature resistance and the terminal voltage are
fixed quantities, it is evident that we may control the current
supplied by a machine by means of a field rheostat. Thus, if
we strengthen the field by cutting out resistance in the field
rheostat, thereby increasing the generated e.m.f., we shall in
this way increase the current supplied by the machine. Or if,
on the other hand, we cut in resistance in the field rheostat,
we shall reduce the current supplied by the machine,

For EXAMPLE, & small power house contains two 110-volt shunt
generators. No. 1 haa a rating of 200 kw, and No. 2 a rating of 500 kw.
During the day No. 2 carries the load, but in the early evening a
“peak’ in the load curve requires the addition of No. 1. From
10 p.u, to 6 a.M. No. 1 alone carries the load.

Let us tollow the attendant in his manipulation of the two machines.
He first starts No. 1 and then by closing its field switeh and adjusting
ite field rbeostat "builds up” its voltage to 110 volts, which is the
voltage of the bus bars. A single voltmeter iz so arranged that by
transterring a plug the voltage either of the busses or of the oncoming
machine may be read. This at the same time insures that the polarity
of the oncoming machines is the same as that of the busses. If it were
reversed, the voltmeter would try to read backward.

Q
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Having assured himself that the two voltages are equal and the
relative polarities correct, the attendant closes the switch connecting
No. 1 in parallel with No. 2 on the bus bars. But even yet No. 1 is
carrying none of the load, for its generated e.m.f. was adjusted to
110 volts, exactly the terminal voltage. The attendant now simul-
taneousiy reduces the field resistance of No. 1 and increases the field
resistance of No. 2, keeping his eye upon the voltmeter so that he may
change each by just the proper ateps to shift the load and at the same
time keep the bus voltage constant. The load is thus transferred
from No. 2 to No. 1 until each ia carrying a share of the load in propor-
tion to its rating. The machines are now properly paralleled and
operate together until 10 r.u., when No. 2 is to be taken off.

To take No. 2 out of operation, the sttendant increases the field
registance of No. 2 and at the same time decreases the field resistance
of No. 1, keeping the voliage constant. When its ammeter shows that
No. 2 is supplying no current, the switch is opened, disconnecting
No. 2 from the bus bars. The entire field resistance of No, 2 is then
cut in, after which ita field switch is opened and the machine stopped.

In the case of compound generators the conditions are not
20 simple, because manipulations such as those described are
gure to result in
current flowing
backward through
7 B the egeries field
winding and arma-
ture, and the mag.

Mdin Bumes

A Equslizer Bus netizing effect of
the series field
winding is then re-

= S — versed. It is nec-
we. , Yo o1 essary to prevent

Frg. 160. — Station connection for two compound hi .
generators in parallel. this contingency,

and to do so an
additional connection, called an equalizer bus bar (Fig. 160), is
made between the generators. The terminals of the machine
are connected with the bus bars through a main switch for
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each machine, as in the case of shunt generators; but the
equalizer connection servese like a third bua bar to connect the
respective points where each series field circuit joins a brush.
This has the effect of putting all the field windings directly in
parallel with each other, and the current carried by any series
winding remains unaffected by variations in the proportions of
the total current which the different armatures produce. To
obtain the effect in full it is necessary that the resistance of
the equalizer connections be negligible, even as compared with
the low resistance of the series field windings.

When two compound generators are to be paralleled, the following
sequence of operations should be carried out. (1) Build up the field
until the voltage of the oncoming machine is practically that of the
bua bars, and close the equalizer switches, (2) Close the switeh eon-
necting the free end of the series field to the bus bar. As soon as this
second switoh ia closed, the total eurrent divides equally between the
two series fialds. This eauses an inerease in the voltage of the on-
coming machine and & decrease in the voltage of the busses, Hence,
inerease the shunt-field excitation of the loaded machine until the
standard operating voltage of the busses is recovered. (3) Having
returned the bus voltage to its eorreot value, adjust the voltage of the
oncoming mnachine to the same value and close the remaining switch.
The maohines will now be in parallel, but the new machine will be
carrying no load. Transfer the load exactly as in the case of shunt
generators,

To take a compound generator out of servieo proceed oxactly as
with a shunt machine until the load supplied is zero. Then open the
three switches in the reverse order to which they were closed. The
equalizer swilch should always be the first to be closed and the last to be
opened unless all are arranged to be thrown simultaneously.

Cavrion. Bometimes there is a switch in the shunt-field eircuit of
& generator and then great care muat be taken not to open this switch
until the machine stops, The reason for this is that a shunt field always
has a great many turns through which a Istge magnetic flux goes. Ifa
switch is opened in this cirouit, & large and mudden change in flux occurs
through every one of these turns, A tremendous voltage may thus be
gonerated in the field coils, enough to break down the insulation,
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SUMMARY OF CHAPTER IX

DYNAMO includes both generator and motor. GENERATOR
does not make energy; it {ransforms mechanical into electrical
energy. MOTOR transforms electrical energy into mechanical
energy.

When a wire cuts lines of force, an induced e.m.f. is set up in
the wire. When 10° magnetic lines are cut per second, one volt
of e.m.f, is induced.

GENERATORS are essentiully loops of wire revolved so as to
cut through a strong magnetic field. An alternating e.m.f. is
induced in these loops.

SLIP RINGS give alternating current.
COMMUTATOR gives direct or continuous current,

VOLTAGE induced in d-c. armature equals ;; of the number of

lines cut per second by the conductors in series between two ad-
jacent brushes.

Field magnets generally self-excited and may be series-, shunt-,
or compound-wound.

SERIES. Full-load current flows through a few turns of heavy

wire. Voltage riges as load increases. Used on constant-current
line.

SHUNT. Field consists of many turns of small wire, connected
in paraile] with line; takes small fraction of current. Voltage
nearly constant, regulated by field rheostat.

COMPOUND. Field consists of both series and shunt coils,
Gives constant voltage and iz much used.

_ Qutput
EFFICIENCY of generator Output +losses

LOSSES in a generator are

(1) Copper losses (I'R in armature and field),
(2) Iron losses (hysteresis and eddy currents),
(3) Mechanical losses (friction and windage).
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CAPACITY of a generator limited by permissible temperaturs
rise.

INTERPOLES or COMMUTATING POLES are emall poles
between the main pole pieces to prevent sparking at the brushes.
Coilg consist of & few turns of heavy wire in series with
armature, '

SEVERAL SMALL UNITS generally to be preferred to one
large unit for small power stations.

SHUNT AND COMPOUND GERERATORS MAY BE OPER-
ATED IN PARALLEL. The latter require an equalizer bus bar.

QUESTIONS

1. The electric generator is said to have revolutionized modern
industry by furnishing cheap electricity. Explain.
2. Why is the priee of electricity dependent on the price of coal
or the availability of water power?
3. Why are not one-coil armatures used commercially ?
4. Why is the Gramme armature so seldom used to-day?
5. Why are armature cores laminated?
8. What kind of iron or steel is used in the construetion of the
armature eore, pole pieces, and voke?
7. What effect has the quality of iron and length of air gap on
the magmetic reluctance?
8. What advantages have the slotted or toothed armatures?
9. What iz magnetic leakage?
10. Why must the power applied to & dynamo armature be in-
crensed if the current generated is increased ?
11. Tell how the law of CoNsERVATION oF ENERGY applies to the
work put into and obtained from a genersator.
12. What iz meant by the efficiency of & generator?
13. What becomes of the energy lost in a generator?
14. Of what use is residual magnetism when a generator is
started ?
16. What is meant by ' building up” the field of a generator?
18. Why are many turns of small wire used on a shunt field?
17. Why does a compound generator give constant voltage?
18, What is “‘over-compounding”? When is it nsed?
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19, Why is the resistance wire on a field rheostat tapered?

20. Why must a generator be kept clean and dry?

21. What advantages has carbon over copper for brushea?

22. Why do interpoles help commutation ?

23. Why must the field-coil terminals be reversed when the diree-
tion of rotation is reversed?

24. What harm does sparking at brushes do to the commutator?

26. Why do manufaciurers advise strongly sagainst using emery to
smooth up a rough eommutator?

26. Why is it sometimes desirable to have the fielda of a d-c. genora-
tor separately excited ?

87. How does the angle of lead of the brushes change with the load?

98. It the generator has commutating poles or interpoles, is it
necessary to shift the brushes with the load?

29. A genorator is found to be making an unusual noise. Make a
list of the possible causes for the *‘trouble’ and atate how you would
test for eaoch.

80. A generator fails to build up. Make a list of the possible causes
and show how you would trace up each one.

81. The voltage of a generator is found to be too high. How would
you proceed to test for the cause of this fault?

88. The voltage of a generator ie too low. What are the possible
esuses? In what order would you proceed to test for these causea?



CHAPTER X
DIRECT-CURRENT MOTORS

Dynamo aa a motor — side push on wire earrying current
— motor rule tor direction of motion — forms of motors —
position of brushes and use of interpoles — back ¢.m.t. —
armature resistance — atarting rheostat — automadtic release
for overload and no-voltage — starting and stopping — re-
verasing — torque and epeed of series-, shunt-, and compound-
wound motors — efficiency — uses of stationary motors.

1567. The dynamo as a motor. We have already seen that a
dynamo, when driven by a steam engine, gas engine, or water
wheel, may supply electricity. Now we shall see how this
electric current can be supplied to a second machine, exactly
like a generator but called a motor, which may be used to
drive an electric car, a printing press, a sewing machine, or
any other machine requiring mechanical energy. The dynamo
iz a reversible machine. Strueturally, the motor is exactly
like the generator and consists of an electromagnet, an armature,
and a commutator with its brushes. To understand how these
act in the motor, however, we must get a clear idea of the be-
havior of a wire carrying an electric current in a magnetic
field. We shall se¢ that the motion of a motor is due to the
reaction between (1) the current flownng in a sef of conductors:
mounted on an armature, and (2) a magnetic field in which the
conductors and their armature rolate. ‘The motor exerts its
mechanical effort or torque as a pull on a belt, or thrust on a
gear, or a8 a twisting force on a shaft. The input of an electric
motor is electric power and the output is mechanical power.

231
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168. Side push of a magnetic field on a wire carrying a
current. Suppose we stretch a Bexible wire loosely between two
binding posts A and B, so that & section of the wire lies hetween
the poles of an electromagnet, aa shown in figure 161. Let the ex-
oiting eurrent be so connected with the electromagmet that the poles

Fia. 181. — Side push on wire carrying a cuwrrent,

are N and S as shown. Then, if a strong current from a storage

hattery is sent through the wire from A to B by closing the switch, it

will be seen that the wire hetween the magnet's poles is instantly

thrown upward. If the current ia sent from B to A, the motion of the
’ wire is reversed, and it ia thrown downward.

To understand this side push exerted on a
current-carrying wire in a magnetic field, let
us recall that every current generates a mag-
Fio. 162, — Mag- netic field of ita own, the lines of which are

netic Seld about, concentric circles. Figure 162 shows a wire

s wire with cur- cqrrying & current

rentgolng in. . 10, that is, at right
angles to, the paper and away fr?m N S
us. The lines of force are going
around the wire in clockwise direc- ———— ]
tion. T T "
The magnetic field between the Fro 193.—Tnilorm maguetic

poles of a strong magnet is practi-
cally uniform and is represented by parallel lines of force

(Fig. 163).
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If we put a wire with its circular field in the uniform field
between the N and S poles of the magnet, the lines of force
are very much more crowded above the wire (Fig. 164) than
below. But we have seen in section 63 that we can think of
magnetic lines of force as acting
like rubber bands, which would,

I—-'."""'—.—-h'"""b-—
ﬂ__
in this case, push the wire down. N ﬁ s

If the current -in the wire is re-
versed, the crowding of the lines of
force comes below the wire, and it g, 164 — Lines of force sbout
is pushed up. & wire carrying current in

The force with which the wire  DREetic field.
tends to move sideways acrosa the magnetic field depends upon
the strength of the electromagnet and the amount of current
flowing through the wire. The powerful forces exerted by
motors are obtained by using many wires carrying large cur-
rents placed near strong electromagnets.

The direction of this sideways push on a wire in & magnetic
field can be easily remembered by FLemiNG’s RuLE for the
generator, except that the left
hand instead of the right is used.

169. The action of a motor. In
motors, a8 in generators, the drum
type of armature is almost exclu-
sively used. In this type the
active wires lie in slots along the
outside of the drum, as in figure
165, and the wiring connections
across the ends of the armature are such that when the current
is coming out on one gide — say the right —it will be going in
on the other side — the left. Just how these wiring connections
are made is not important for the present purpose, and indeed
there are many different ways in which they can be arranged.
In any case, from what has just been said it will be clear that

Fio. 165. — Drum-wound motor.
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the wires () on the right side of the armature will be pushed
upward, and those (@) on the left side of the armature will be
pushed downward by the magnetic field. In other words,
there will be a turning effort or torque tending to rotate the
armature counter-clockwise. The amount of this torque de-
pends on the number and length of the active wires on the arma-
ture, on the current in the armature, and on the strength of the
magnetic field.

Another way of looking at this action iz to notice that the
effect of these armature currents is such as to make the arma-
ture core a magnet, with its north pole at the bottom and its
south pole at the top. The atiractions and repulsions between
these poles and those of the field magnet cause the armature
to rotate as indicated by the arrows.

The function of the commutator and brushes is, as in the
generator, to reverse the current in certain coils while the
armature rotates, in order that the current may be kept cir-
culating as shown in figure 165.

160. Formsof motors. Dircct-current generators and motors
are often of identical construction. Thus we have series
motors, such as are used on street cars and automobiles, and
shunt motors, such as are used to drive machinery in shops.
So also we have bipolar and multipolar motors. When it is
desirable that a motor shall run at a slow apeed, it is built with
a large number of poles.

Since the cooling of a motor depends largely on the circula-
tion of air through the core and windings, the frame should
be as open as possible. But if chips and flying particles are
liable to get into the windings, then the openings in the frame
are covered with perforated sheet metal, and such a motor is
gaid to be semi-inclosed. When a motor is to be used out of
doors, as for street-car work, it must be totally inclosed to pro-
tect it against water. The output of a machine thus inclosed
i8 considerably reduced because the supply of air for cooling is
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throttled. For example, a 10-horse-power motor as an open
machine can be used to deliver 9 horse power when semi-inclosed
and only about 6 horse power when totally inclosed.

161. Brughes and interpoles. In a d-c. generator we have
already seen (section 154) that as the load increases the brushes
have to be shifted forward ; that is, in the direction of the mo-
tion of the commutator. The same machine operating as a
motor, with the direction of rotation and the polarity of the
poles unchanged, will have the direction of the current in the
armature coils just reversed, This
means that the newtral line in o
motor, and therefore the brushes,
must be shifted backward -(Fig.
166) ; that is, against the direc-
tion of rotation.

The problem of sparkless com-
mutation with varying loads is
just as difficult to solve for the
motor as for the generator, and Fro. 166, — Shiftine of brashe i
perha.ps more Eo, because motors w; gen;;t.or an?fnoa mot.o:am
have frequently to be quickly
reversed, as in elevator service. We have already seen (sec-
tion 154) that interpoles or commutating poles are very im-
portant for the successful operation of a generator. These
interpoles are even more important in motor operation, because
the load variations are more sudden and violent. Practically
all modern motors are fitted with interpoles. The brushes of
such machines are carefully sel before the machine leaves the
Jaclory and should not be shifted from this position.

162. Back e.m f. in a motor. Suppose we connect an incan-
descent lamp in series with a small motor. If we hold the armature
stationary and throw on the current from a battery, the lamp will
glow with full brilliancy, but, when the armature is running, the lamp
grows dim,
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This shows that a motor uses less curreni when running than
when the armature is held fast. The electromotive force of
the battery and the resistance of the circuit are not changed
by running the motor. Therefore, the current must be dimin-
ished by the development of a back electromotive force, which
acts against the driving em.f. When a motor armature is
caused to rotate by the interaction of the magnetism of the
field magnet and the current in the armature conductors, its
conductors cut the flux of the magnetic field, precisely as
though the armature rotation were caused, as in a generator,
by the external application of mechanical power; and an electro-
motive force is therefore induced in the motor-armature con-
ductors just as it is in the conductors on a generator armature.
The direction of this e.m.f., however, is of especial interest
in the motor, for it is always in opposition to (i.e., contrary or
counter to) the electromotive force of the external source which
sends the current through the motor armature. This follows di-
rectly from Lenz's Law. On account of this relative direction of
the induced e.m.f. in the motor-armature conductors it is called
the back e.m.f. or counter-electromotive force of the motor.

Just as in the generator, when the armature revolves faster
the back e.m.f. is greater, and the difference between the im-
pressed e.m.f. and the back ean.f. is therefore smaller. This
difference is what drives the current through the resistance of
the armature. So & motor will draw more current when running
glowly than when running fast, and much more when starting
than when up to speed.

For ExaMPLE, suppose the impressed or line voltage on a motor
is 110 volts and the back e.m.f. iz 105 volts. Then the net voltage
which will force current through the armature is 110 — 105, or 5 volts,
It the armature resietance is (.50 ohms, the armature current is
5.0/0.5, or 10 amperes. But il the whole voltage (110 volts) were
thrown on the armature while at rest, the current would be 110/0.5,
or 220 amperes.
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183. Effect of armature resistance. The back e.m f. of the
motor armature can never become equal to the voltage of the
supply circuit, because a certain voltage is required to push
the current through the resistance of the armature conductors.
In shunt-wound motors the sum of the back em.f. and this
drop of voltage (IR) through the armature resistance is equal
to the circuit voltage. When the current flowing through
the motor is multiplied by the circuit voltage, the product
gives input or the amount of power (in watts) which is put
into the motor by the circuit.

The product of the armature current by the net voltage
which is required to push the current through the armature
conductors of the motor gives the watts wasted in the heating
of the armature conductors. This is called the I'E loss of the
armature and should be quite small in order that the motor
may be reasonably efficient and regulate well.

The product of the armature current and the back e.m.f.
is equal to the power that is exerted in causing the armature
to rotate; and the more nearly the back e.m.f. approaches the
_circuit voltage when the motor is running, the better is the
efficiency of the motor and the better will it regulate. We
sometimes hear of an attempt to build an improved motor
which produces no counter-voltage; but all such attempts
are doomed to failure, since the success of the motor depends upon
s producing thiz counter-electromotive force.

164. Starting box or rheostat. As the resistance of the
armature of an electric motor is usually quite small, some
special means must be provided for avoiding too great a rush
of current at the start, when a motor is connected with a cir-
cuit,

The resistance of the armature of a 10-horse-power motor,
which is designed to be operated in connection with a 220-volt
circuit, may be about 0.3 ohms or even less. The current
that such an armature may be expected to carry at full load
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is nearly 40 amperes. Now, if this armature is connected
across the 220-volt circuit while it is at rest, the only opposi-
tion which the current meets is that caused by the resistance,
since no back e.m.f, is induced while the armature is standing
still; and the current that instantly tends to flow through the
armature is, in accordance with Ohm’s Law,

220

03 733 amperes

— a sufficient current to overheat and ruin the armature, unless
the cireuit is instantly broken,

It is necessary, therefore, to insert a certain amount of extra
resistance in series with the armature, when the motor is to
be started, so that the current may be choked back until the
rotation of the armature has reached a speed which causes it

Tuterior Exterior
Fia. 167. - Exterior and interior of motor starting box.

to produce sufficient back e.m.f. to prevent an excessive rush
of current through the windings. A rheostat made up for thia
purpose is called a starting box or starting rheostat. A usual
form is illustrated in figure 167. It consists of an iron box
containing resistance coils, wound on asbestos tubes or some
gimilar incombustible material. These are all connected in
series, and one end of the series is connected to one binding
post. The resistance coils are connected at intervals to con-
tact buttons that are shown on the front of the box. The
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lever arm shown in the figure is connected with another bind-
ing post by a short wire behind the box cover.

When the starting box is connected in the circuit with a shunt-
wound motor, as in the illustration (Fig. 168), the motor may
be safely started by the following procedure. When the main
switch is closed, the current. flows through the field winding
and sets up the field magnetism. The handle of the box lever
L is then moved glowly toward the right, from button to button.
When the lever contact spring

is on the button marked A, all Line

the resistance of the starting ————
box is connected in series with Moin Fisld Arm

the motor armature. As the Swihf A | 4 on

lever contact spring is moved ;
toward the right, the resistance No ¥

included in the circuit is grad-
ually reduced; and when the

contact spring stands on the " Lint —_Lire]

button marked "“on,” all of Shwnt Fiald
the resistance has been cut out,
and the motor armature is con- frieid

tare

nected directly with the circuit.
In the mea..ntime the armature mw@deVﬁmx
has been given an opportunity
to come up to its regular speed, ac that the counter-voltage is
aufficient to prevent the current from becoming excessive.
The resistance of the coils in the starting box must be suffi-
cient to prevent much more than the normal current of full load
from flowing through the armature when it is stationary. 1In
the case of the 10-horse-power motor referred to above, the
starting box should contain not less than 4 or 5 ohms, and
the rheostat coils should be capable of carrying the full-load
cwrrent for several minutes without becoming dangerously
hot.
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186. Automatic release. Most starting boxes nowadays are
fitted with an automatic arrangement called a * no-voltage ”
release that allows the contact lever to return to its **off
position in case the main switch is opened or the current supply
fails for any reason. This is very desirable since it discon-
nects the motor from the circuit and prevents it from being
injured in case the ecurrent supply is renewed while the arma-
ture is at rest. This construction also makes it impossible,
after the motor is started, to leave the contact lever permanently
in a mid-position, which might result in dangerously overheat-
ing the resistance coils. Such starting boxes are recommended
in the rules of the Underwriters and are required for many
locations. Figure 168 shows the eircuit connections of a
box of this character. In the arrangement illustrated, the
contact lever of the starting box is provided with a spring
at its pivot which always carries the lever to the left-hand
or “off ” position unless it is foreibly held. The magnet M
has its winding in shunt with the motor and it holds the lever
in the right-hand or “ on” position when it has been moved
to that position, provided eurrent is flowing through the mag-
net cireuit. If the lever is in the “ on ' position (the motor
being in operation) and the eurrent supply fails, the magnet
M loses its magnetism and the lever returns to the “ off ”’ posi-
tion by the compulsion of the spring.

Frequently, as in figure 168, the same magnet M serves for a no-
voltage and & ncfleld release. In case the motor field becomea weak,
the armsture rotates at s speed much above that for which it was
designed and it may have its windings torn off by centrifugal forees.
With no field at all the armature stops and, since there is no counter
e.m.f., an excessive current will be forced through it. For this reason

- the holding magnet M (Fig. 168) is connected in the shunt-field eircuit.

Some starting boxes also have an * overload ” release or
cut-off arrangement which stops the motor if it is overloaded.
In figure 169 the overload release consists of a low-resistance
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coil I which is connected in series with the motor, When the
current becomes excessive, the coil is so strongly magnetized
that it pulls up the armature A and thus short-circuits the
magnet coil M. The arm is released and moves back to the
“off ” position and so stops the motor.

p Lina Wim-l
' ] ! —

e i e e i et i

-9
@

£

Fio. 169. -~ Starting box with overload release and dingram of connections.

168. Starting and stopping motors. When a shunt-wound
motor is to be started, the first thing is to see that the contact
lever of the starting box is in the “ off ’ position. Then the
main switch may be closed. The contact lever of the starting
box is thereupon moved to the first button, the field magnets
become excited, and the motor armature begins to move. The
contact lever is then slowly moved toward the * on ” button,
while the motor gathers speed. Care must be taken to avoid
cutting the resistance of the starting hox out of the cireuit
too raptdly, in order that the starting current may not be too
great ; but the lever must not be permitted to stand more than
a short time (perhaps half a minute) on any one intermediate
button, because the resistance coils are intended to carry a
large current for only a short time.

In stopping a motor the main switch should be opened.

After the armature has nearly stopped, the contact lever of
R
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an automatic starting box returns to its “ off * position. If
the starting box is not automatie, the lever should be returned
by hand before the attendant leaves the motor. If only the
field circuit were open and not the armature at the same time,
a ghunt motor would race. Don’t stop & motor by pulling back
the arm of a starting box, because a bad arc is formed between
the first button and the contact arm.

The starting and stopping of compound-wound motors is
effected in the same manner as shunt.wound motors. Series-
wound motors, which race in speed and “run away'’ when lightly
loaded, are used only for situations where the load increases
with the speed, as, for example, motors driving ventilating
fans, in which case they are started and stopped in the same
way as shunt motors; and, furthermore, for situations where
the load varies, as on cranes and street cars, an attendant must
always be present at the controller. It is very important in
experimental work {o remember never to start an unloaded series
molor and never lo remove oll the load from a series motor while
it i8 running. To do so will result in such excessive speeda
that the armature will fly to pieces, thus wrecking the machine
and perhaps seriously injuring or even killing any one in the
path of the flying pieces of metal,

167. Reversing the direction of rotation. To reverse the
direction of the rotation of & motor armature, it is necessary
to reverse either the current in the armature coila while the
field magnets retain their original polarity, or the polarity of
the field magnets without changing the direction of the current
in the armature. A simple exchange of the positive and nega-
tive terminal connections of the main eircuit to the motor has
no effect on the direction of the rotation of the armature, since
the polarity of the fields is reversed by this exchange at the
same time that the direction of the current in the armature
coils is reversed. This exchange, therefore, does not change
the relative conditions. Consequently, to e¢ffect a reversal of
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rolation, change either the direction of the current in the field coils,
or the direction of the curren in the armature, bul nol both. Re-
versing the direction of the current in the armature coils is
the commoner method of effecting the reversal of rotation.
If & motor is to be reversed ofter, as in elevator work, it is usual
to provide it with a relatively powerful field magnet, so that
the positions of the brushes on the commutator need not be
changed during its ordinary operation.

PROBLEMS

1. A motor is connected with a 110-volt line and draws 7.5 amperes
jn the armature. If the resistance of the armature is 0.33 ohms, what
back electromotive foree is being generated? .

2. If the impressed voltage ia 220 volts, the back e.m.t. is 212 volts,
and the armature current is 16 amperes, what must the armature
resistance be?

8. A shunt motor is connected with a 115-volt cirouit. The fleld
windings have a resistance of 200 chms and the armature has & re-
gistance of 2 ohms. When the machine is at rest, what current will
it take from the line?

4. If a starting box made up of five 2-ohm eoils in series is used in
problem 3, what is the starting current of the motor?

8. If the motor in problem 3 takee 3.2 amperes when up to speed,
what is its back e.m.f.?

8. The total current taken from a 110-volt line by a shunt motor
is 80 amperes. The registance of the field is 50 ohms and the resistance
of the armature is 0.04 chma, How many watts are used utp in heating
the field and armature?

7. A 4-h.p. shunt motor takes 20 amperes when running at full
load on a 200-volt line. The resistance of the fleld is 400 ohms and
the resistance of the armature is 1.5 chms. What starting resistance
must be used in order that the starting eurrent may not exeeed one
and one quarter times the full-load current?

8. A small series sutomobile motor is used on a 75-volt battery
and under full load draws 37 amperes. The armature resistance is
0.13 ohms and the field resistance is 0.062 ohms. Find the input of
the machine, the watts used in heating the field windings, and the watta
used in heating the armature,
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168. Torque. When a generator armature is revolved in s
magnetic field so as to produce a current, the linea of foree
belonging to the current in the armature windings are attracted
by the lines of force belonging to the field. This attraction
tends to stop the motion, so that power has to be exerted to
keep the armature moving. The greater the current the greater
must be the pull or torque given to the shaft of the generator
armature to make it rotate.” Likewise in a motor the current
flowing in the armature must be sufficient to give the necessary
pull to keep the armature going, whatever the load upon the
motor pulley. By Ohm’s Law the amount of current that
will flow through the resistance of the armature will be pro-
portional to the net voliage acting to overcome the resistance.
In a motor the net voltage sending currents through the arma-
ture windings is the difference between the voltage applied to
the armature by the external circuit and back electromotive
forces. [Evidently, then, when a load is put on the pulley, the
motor armature must either slacken a little in speed, or the
field magnet must be weakened, to reduce the counter-voltage
80 that sufficient current will low through the armature wind-
ings and give the proper torque,

Motor torque may he defined as the turnmg tendency or
moment of the motor armature. 'The armature produces
torque (i.e., effort to rotate) whenever the field magnet is excited
and current flows in the usual manner through the armature
conductors., This is true whether the armature is running or
is forcibly held stationary.

It is a principle of nsture that a force acting between two
bodies always reacts on one at the same time that it acts on
the other, and that the action and reaction are equal and op-
posite. This is true of a dynamo. The armature torque is an
exhibition of electromagnetic force acting between the arma--
ture current and the field-magnet flux,. When the motor torque
tends to rotate the armature in one direction, it also tends to
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rotate the field magnet in the other direction; and the field
magnet instead of the armature would rotate if the magmet
were rotatably mounted and the armature were held stationary.
The fact. is that relative motion between the armature conduc-
tors and excited field magnet is all that is required for the motor
(or generator), and the armature is usually designed to be the
rotating part in direct-current machines, because it is simpler
to have the commutator rotate in contact with stationary
brushes than to have moving brushes rotating around a station-
ary commutator with which they are in contact.

The function of a motor is to produce torque. The unit of
torque is the pound-foot or the turning effect of one pound
acting at one foot radius.

For EXAMPLE, if & man cranks an automobile by pulling up with
& foroe of 45 pounds on a crank of 8-inch radius, he exerts the same
turning effect as if he were pulling with a foree of 30 pounds on a orank
of 1-foot radius; that is, he exerts a torque of 30 pound-feet. 1f he
substitutes for his own right arm an electric motor, the machine must
be designed to exert an equal or greater torque.

The amount of torque produced by a motor is proportionsl
to the produet of (1) the field flux, (2) the number of armature
conductors, and (3) the current lowing through the conductors,

Torque varies as flux X turnsarmature current.

In a series motor, increasing the current in the armature
increases the current in the field exactly as much and there-
fore increases the flux nearly as much. Hence, for a series
motor the torque varies nearly as the square of the current.
In other words, if we double the current in a series motor we
have increased the torque four times.

In the shunt motor, however, the field current remains nearly
constant ; therefore doubling the current means doubling only
‘the torque. Accordingly, the torque is directly proportional
to the armature current.
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These facts and many other interesting features about the

torque of motors can be shown in the current-torque curves

for various types of motors,

such as are shown in figure

170. It will be noticed that

the curve for the compound

motor is a compromise be-

tween the curves of the

other two types of motors.

It will also be seen why

the series motor is used for

traction work. In starting

Armciers current a heavy train the necessary

F1e. 170. — Current-torque curves for starting torque is excessive,

sories, shunt, and compound motors, But for large overloads the
series motor requires less current than the shunt motor.

189. Speed regulation. In a generator the induced voltage
is directly proportional to the product of (1} total field flux,
(2) speed of armature, and (3) number of armature conductors;
and the terminal voltage is equal to the induced voltage less the
IR drop through armature resistance. In a motor the induced
voltage (back e.m.f.) is also directly proportionsl to the product
of total field flux, speed of armature, and number of armature
conductors, but the terminal voltage (i.¢., the voltage of the sup-
ply circuit which is impressed on the machine} is equal to the in-
duced voltage plus the I R drop through the armature resistance.

This may be shown in the form of the following equations:

E=-e+I.R,
where E =impressed voltage on motor,
e =induced voltage in motor (back e.m.t.),
and LR, =voltage drop in armature.
Since e=E—I.R.
and € =g constant X flux Xspeed,
we get S’egﬂ - __LE—_L__R;._L__’

a constant X flux
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In general, then, we see that the speed of & motor varies
directly as the difference between the impressed voltage and
the voltage drop in the armature, and inversely as the strength
of the field. This means that with a fixed line voltage we may
increase the speed of a motor by decreasing the strength of the field.

It seems at first & bit strange that weakening the field of a
shunt motor should increase its speed. Increasing the resist-
ance in series with the field coils decreases the current through
them, and 50 decreases the magnetic field of the motor. If the
motor were to continue at its original speed, the wires on the
armature would cut fewer lines of force and generate less back
e.m.f. Therefore the armature takes more current from the
line; and since under ordinary circumstances the current
increases much more in proportion than the field decreases,
the motor delivers more power and speeds up under a constant
load. That is, putting in resistance in the shunt field speeds
up the motor. It should be noticed that if the increase in cur-
rent were merely proportionsl to the decrease in field there
would be no change in speed.

For ExamrLE, decreasing the ﬂﬁ per pole to eighty per cent makes
the armature current 4.5 times its normal value and the torque 3.6
times its normal value.

CaumioN. When starting & shunt or compound motor which
is provided with a field rheostat, always be sure this resistance
is all cut out before moving the handle on the starting box..
Never for any reason open the field circuit of a shunt or com-
pound motor while it is running. A study of the above speed
equation shows that to do so will reduce the denominator of
the right-hand member to zero, whereupon, theoretically, the
speed will become infinite. Practically the result willi be an
excessive speed which will cause the armature to fiy to pieces,
thus destroying the machine and perbaps causing seerious
injuries,
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The way in which the speed of a shunt, series, or compound
motor of the same rating varies as the load changes will now be
diacussed.

170. Shunt-wound motor. Since the field current and there-
fore the field fiux does not change with the current, the only
internal change which occurs when the load on the motor and
therefore the armature current changes, is the IR drop in the
armature. This is small, being
at full load usually not more than
. three to five per cent as large as
A > the impressed (2.¢., supply-circuit)
voltage ; and the change of speed,
ps from the condition when the
/: 31 motor runs without load and the

EI IR drop is negligible to the con-

[ dition of full lead, is eorrespond-

Armature Garreat Aingly small (compared with the

Fra. 171_;:' g}?:;:cm? curves gpeed at no load). The dro.p of

speed which occurs when a light~

running motor has been loaded to its normal full load, measured

in percentage of the no-load speed, is called the regulation of
the motor,

Speed regulation =

Torque sod Spesd
N

No-load speed —Full-load speed
No-load speed

The variation of speed from no-load to full-load for a shunt
motor is illustrated by the curve shown in figure 171,

171. Series-wound motor. The field flux changes with the
load on this motor because the armature and field windings
are in series, and the excitation of the field magnet therefore
varies with the load. If the load is small, the current through
the field winding is small and the field flux is therefore small.
Consequently the required counter-voltage is produced only
when the armature rotates very rapidly.: A series motor there-
fore races and “ runs awny " when lightly loaded. When the
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load of the motor is increased, the excitation of the field magnet
and the flux increase, and the speed therefore decreases if the

impressed voltage remains the same,
The relation between load and speed
for a series motor is illustrated in
figure 172. The inflection of the
curve in its lower part is caused by
the gradusl saturation of the field-
magnet jron as the flux increases,
172. Compound-wound motor,
When a compound dynamo is con-
nected with a cireuit, the direction
of eurrent through the shunt wind-
ing is the saame whether the machine
runs as a generator or motor; but
the direction of current through the
armature and series field winding for

\
\

6-15

Toryoe and Speed
¥,
[

F1a. 172. — Characteristio curves
of a series motor.

the motor is the reverse of the direction for the generator. Con-
sequently, if the generator is arranged so that the series winding

i’

L
1 Zs
T 7
3 7&4(
§ <]
= //J gi

E‘
f//
Armaturs Careol

Fi6. 173. — Characteristic curves
of a compound maotor,

aids the excitation produced by
the shunt winding (i.e., the two
are cumulative}, then the ma-
chine running as a motor has the
ampere turns of the series wind-
ing opposing the ampere turns of
the shunt winding (i.e., the two
are differential}). In this latter
case, with increasing load on the
motor {Fig. 173), the series wind-
ing decreases the excitation and
field flux and therefore may be
used to overcome the tendency of

a ghunt motor to fall off a few per cent in speed as it is loaded
up. A motor giving almost s uniform speed, or even increasing
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in speed somewhat as it is loaded up, may thus be constructed.
The differential motor is used to drive certain textile machines.
When such a motor is being started, howevér, the armature
current is likely to be quite large, and so0, the differential effect
of the series winding being also large, the field flux and there-
fore the torque are likely to be small. For this reason differ-
ential compound motors are not much used.

For elevator service, where it i8 desired to have motors with
especielly strong starting torque, cumulative compound motors
are used. These are like differential compound motors, except
that the connection of the series field winding is reversed com-
pared with the regular connection. These motors give a strong
starting torque, but they do not regulate so well as do shunt
motors. Cumulatively compound motors are also often used
to drive ventilating fans, and are suitable for driving such

. machines as rock crushers, which may have to be started up
full of rock.

173. Efficiency of the eleciric motor. One reason for the
extensive use of electric motors is their great efficiency, which is

sometimes as high
as ninety or ninety-
five per cent. 'The
eficiency of a mo-
tor, just as of any
machine, means the
Fia. 174. — Prony brake used to messure output of i1, of output to in-
a motor, +

- put, We caneasily
meaaure the number of amperes and the number of volts sup-
plied to the motor and thus compute the watts put in,

To get the output of mechanical work, engineers usually
make a “ brake test.” One simple form of brake is the Prony
brake illustrated in figure 174. It consists of a steel band lined
with canvas which embraces the pulley of the motor and is
fastened to a lever; the other end rests on platform scales.
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When the motor revolves, friction is developed between the
lining of the brake and the pulley, which thus converts the
power of the motor into heat. The brake pressure is controlled
by a emall handwheel, and thus any desired load is obtained.

From the force (F) axerted at the end of the lever and length of the

arm {r), we may compute the turning moment or torgue (T),
Torque = Foree Xradius.
T =Fr.

This torque gives us the equivalent force acting at I foot radivs. In
one revolution, then, the work done (foot pounds) is equal to the
produet of the distance (the circumference of a circle 1 foot in radius)
and the force (the torque T), and in one minute, if the motor makes
N revolutions, the work done is equal to 2N T foot pounds. Sinoe
one horse power is equal to 33,000 foot pounds per minute, the general
equation for computing the horse power from the Prony-brake test

becomes ; -~
Sl

‘Finally, to get the efficiency we must express the output
and the input of the motor in some common unit of power and
then divide the output by the input. The result is usually
expressed as per cent,

For EXAMPLE, in testing & 3-h.p. 75-volt series automobile motor
with » Prony orake the following data were obtained: length of
brake lever =2 ft.; force at end of lever =12.6 Ib.; speed =770 r.p.m.;
current = 45.2 amperes; voltage =75.0 volta.
2X3.14 XTT0 X2 X12.6 _

33,000 3.70
45.2X75
T 4.54

. Output h.p. =

Input b.p. =

Efficiency =i'—gg =0.815 or 81.5%.

‘We often wish to know the efficiency of a motor when it is
either inconvenient or impossible to absorb the energy output.
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This is done by the method of losses. The efficiency of a
motor may be expressed as the ratio of the input minus the
losses to the input. That is,

_ Output _ Input—losses
Efficiency Taput Toput

The various losses in a motor are the I’R losses in the field
and armature windings, core losses (due to hysteresis and eddy
currents) in the armature core and pole faces, bearing friction,
and wind friction.

If we measure the input of & shunt motor by ammeter and
voltmeter without load, this gives us approximately the sum
of the I’R loss in the shunt field, core loss, bearing friction, and
wind friction. Then we measure the input again, but with
the motor under full load. Finally we measure the resistance
of the armature when it is blocked so as to remain stationary.
Then, by computing the I’R loss in watts for the armature
carrying the current shown by the ammeters when the motor
is loaded and by adding this to the watts obtained by the first
measurement, we gel approximately the total losses in the
loaded motor; and by subtracting these from the input of the
loaded motor, we get approximately the output. The ratio
of output to input is the efficiency. This approximate test
is more accurate if separate and simultaneous readings are
made of the currents in field and armature circuits. Then
the only inaceuracy which can occur in the caleulated efficiency
is caused by errors in the ammeter and voltmeter readings
and by small changes of the stray losses when the load is put
on the motor. It is important that the supply-circuit voltage
impressed on the motor shall remain the same throughout the
duration of such a test.

The simplest way of measuring the efficiency of a direct-
currenf, generator is to operate it as a motor and to test it in
the second manner above stated.
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For EXAMPLE, in testing a 10-h.p. motor, the following data
were obtained :
No-load current = 15.0 amperes; voltage =115 volta;
tull-load current =85.0 amperes; voltage=115 volts;
resistance of armature =0.09 ohma.
Losses in field, core, friction =15 X 115 =1725 watts.
I'R loss in armature = 65' X0.09 = 380 watts,
Total losses =2105 watta.
Input of loaded motor =65 X 115 = 7475 watta.
Output of loaded motor -7475 —=2105 = 5370 watts.

Efficiency 777 75 T2 %

PROBLEMS

1. Fiod the efficiency of a certain motor from these data as given
on the name plate: 110 volts, 38.5 amperes, and 5 h.p.

2. If a 25-h.p. motor has an efficiency of 90 per cent, what is the
input in kilowatts?

3. 1! the motor of problem 2 is ron 8 hours & day and 24 days in
a month in a place where electricity costs 5 cents per kilowatt hour,
what does it cost per month to run it?

4. A shunt motor is tested at tull load with a Prony brake and the
following data are obtained :

8peed = 1200 r.p.m. ;
Forcoe at end of lever = 20.5 pounds;
Length of arm =24 inches;
Impressed voltage =112 volts;
Current intake =80.4 amperes.
Calculate (s) the torque in pound feet; (b) output in horse power;
(¢} output in watte; and (¢) eficiency of the motor.

8. A shunt motor which has an armature resistance of 0.2 ohma
and a fleld resistance of 220 chma draws 2.8 amperes from a 110-volt
line, and runs at 1000 r.p.m. If 55 ohms are added in series with the
fleld, 1 ohm in series with the armature, and the motor is loaded until
it draws 20.4 amperes from the line, at what speed will the motor run?
Assume that the field flux is proportional to the field current.
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6. A shunt motor has an armature resistence of 0.9 ohms. When
connected acrosa a 110-volt line, it draws 10.5 amperes and runs at
1200 r.p.m. The field resistance is 220 ohms. What is the back
o.m.[. generated ?

7. If the motor in problem 6 is mechanically driven as a generator
at & speed of 1500 r.p.m. and its field flux increased 20 per cent, what
would be its terminal voltage when delivering 8 amiperes? The fleld ia
separately excited.

8. If the speed of the motor in problem 6 is held at 1200 r.p.m.
and the fleld is inereased 2 per cont, what is () the efficiency, (b) the
horse-power output, and (c) the torque? Assume a stray-power loas of
6 per oont and that the field flux is proportional to the field current.

9. A 10-h.p. motor is fed from a switohboard at 115 volts, The
motor is located at a distance of 500 feet from the switchboard, and
it is desired to have a voltage of 110 at the motor terminals when the
motor is carrying its full load of 10 horse power. What must be the
diameter (mils) of the copper wire used to eonnect the motor to the
switchboard? Assume a temperature of 50° C. and that the efficiency
of the motor is 86 per cent.

10. Repeat the computiation of problem 9 for a switchboard-voltage
of 550 and for the same per cent voltage drop to the motor,

174. A few of the uses of stationary electric motors. The
uses to which electric motors are put are almost endless. They
have become & practical necessity for small manufzcturing

establishments in cities, and & welcome
convenience and comfort in the house-
hold. Only a few of the commoner
household applications are illustrated

F1a. 175. — Portable fan
operated by s series Fia, 176. — Bowing machine run by s shunt
motor, motor.
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here. Figure 175 shows
an ordinary portable
electric fan; figure 176
a sewing machine with
& motor; and figure 177
& small refrigerating ma-
chine with a cooling coil
to put in the refrigerator
in the place of ice, the
compressor pump being
driven by a small motor.
Figure 178 shows a wash-
ing machine and wringer
driven by a motor,
Other common appli-
cations-outside of manu-
facturing establishments
are: driving the bellows

Fro. 178. — Motor-driven washing machine

and wringer,

=

-

Fra. 177. — Motor-driven com=
pressor for small refrigerator.

of church organs, driving
ventilating fans in large
buildings, driving pumps
used in a great variety
of service, operating con-
tractor’s hoists used in
the construction of large
buildings, operating min-
ing machinery, and start-
ing automobile engines.

This list might be ex-
tended indefinitely with-
out exhausting the uses
of electric motors.
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Figure 179 shows a motor-generator for a Dodge automobile.
The dynamo is connected with the gasolene engine by means
of a chain. When the engine is running, the dynamo acts as
a generator and furnishes current for charging the storage
battery and operating the lights. When the engine is standing
still and is to be started, the dynamo serves as a motor, which
receives current from the storage battery and starts the engine.

F1a. 179. — Sell-atarter on a Dodge sutomobhile,

176. Motors and manufactories. The place above others,
perhaps, in which electric motors have come to be very much
appreciated and widely used is in large manufactories. The
ordinary method of carrying power through shops by means
of great belts and heavy shafts is very wasteful of power. The
attached table, taken from one in Professor Flather’s book on
power measurements, shows the amount of power lost in belt-
ing and shafting, and the amount actually delivered where it
is required for use, for every hundred horse power developed
by the engine. The table shows that from one fourth to four
Sifths of the power of the engines was actually wasled, simply in
making shafling revolve and in cousing the bells and gears fo run -
where the old-faskioned main belts and shafls were used to distrib-
tle the shop power.,
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Nownor Worze PRaT | PR
Union Iron Works . . e e e 23 rii
Frontier Iron and Bmss Works e e e . 32 68
Baldwin Looomotive Works . . . . . 80 20
Wm. Sellers sod Company . . . . . 40 60
Pond Machine Tool Company . . . . 41 L
Bridgeport Forge Company . . . . . 50 50
Yale and Towne Company . . . . . 40 51
Ferracute Machine Company . . . . 31 69

Bhafts and belts are a menace as well a8 a great nuisance
in shops, and any convenient arrangement which can take
their place would be useful even if it did not save power. 1t
is in this field of usefulness that the electric motor shows one
of its finest characteristics. Figure 180 represents a large

Fia. 180. — Maechine chop in which . Fie. 181. — Machine shop in which
the machinery is driven by belts. the machinery ia driven by electric
motors.

machine shop where the power is distributed by shafts and
belts, which give the shop somewhat the appearance of a forest ;
while figure 181 shows a similar shop after the lathes, planers,
and other machines are arranged to be driven by electric motors.
The motors are on the machines, and the electric wires leading
- to them are put out of the way so that the shop presents a

much improved appearance.
-]
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The improvement is a8 great in fact as in appearance, because
the removal of shafting and belts disposes of a source of danger
to the workmen and of inconvenience in the manufacturing;
moreover, electrical distribution of the power is much less waste-
ful than distribution by shafts and belts. A properly arranged
system of electrical distribution of power also makes it possible
to place every lathe, planer, or other machine at the position in
the shop where it may be used nost conveniently; and the
speed of each machine may be adjusted by the turn of a hand
to suit best any work that is being done. These conditions

Mo

Sariing

- ®

|-

Fia, 182. — Machinist's lathe arranged to be driven by eleciric motor.

enable an electrically driven factory to execute more work than
a similar establishment where belt driving is used. Figure
182 shows the way in which a motor may be applied to drive
a lathe or drill or other machine, while figure 183 shows a
large traveling crane which is driven by electric motors. Such
cranes are used in nearly all large machine shops.

“The disposition of electric motors which will give the best
results in any shop depends upon a great many things, and can
be arrived at only by good judgment. The ideal method would
be to have one or more motors built as a part of every machine
in the establishment; but this arrangement would make the .
machinery too costly and consequently could not be carried
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out. The next best arrangement, and the one which is usually
adopted, is to have all large machines which require consider-
able power each furnished with an individual motor. These
may be built into the machines, thus doing away with all un-

F1a. 183, — Tmveling crane with electric moters.

necessary belting or gearing; or they may be directly belted
or geared to the usual driving pulieys of the machines. Smaller
machinery may be arranged in groups of from two to six ma-
chines with a motor to supply power to the machines of each
group through a light shaft.

Finally there remains the problem of determining the type and size
of the electrio motor required to drive a certain machine or group of
machines, First it is desirable but often very difficult to get complete
information about the machinea to be driven so as to determine the
aotual power required. There is a tendenoy for machine-tool builders
and motor manufacturers to overestimate the horse power required of
& motor in order *‘to be on the safe side.”” Much useful information
on this subject has been collected in the various engineering hand-
hooks,* but probably the best method is to arrange a temporary test
motor to drive the machine by belt and then to messure the input to
this motor. From the efficiency horse-power curve of the motor its
actusl horse-power output ean be computed.

* Mechanical Engineers’ Handhook — Lionel S. Marks, Editor; MecGraw-
Hilt Book Co.

8tandard Handbook for Electrical Engineers — Frank FP. Fowle, Edilor;
MeGraw-Hill Book Co.

American Handhook for Electrical Engineera — Harold Pender, Editor;
John Wiley and Bons, Inc,
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SUMMARY OF CHAPIER X

MOTOR transforms electrical energy into mechanical energy.

A wire carrying a current, when set at right angles to & magnetic
field, is pushed sideways by the field.

To get direction of motion use left hand ; let
Thumb indicate Motion,
Forefinger indicate Flux,
Center finger indicate Current.
INTERPOLES prevent sparking at the brushes, so that brushes
need not be shifted with the load,

Every motor, when running, is acting at the same time as a
generator, The emf thus induced opposes the impressed
voltage and ig the bock e.m .

NET E.M.F. equals impressed voltage minus back e.mf. Net
e.m. f. drives the current through the armature.

Ohm’s Law applies to a motor armature only if net e.m.f. is
used.

IN STARTING A MOTOR a resistance must be placed in
serieg with the armature until it produces sufficient back e.m.f.

A NO-VOLTAGE releage throws the motor off the circuit if
the voltage of the line drops below & certain point.

An OVERLOAD release throws the motor from the line when
the armature is carrying too much current.

TO REVERSE the direction of rotation of & motor, reverse the

direction of the current in either the field or the armature, not in
doth.

TORQUE means turning tendency or turning moment, and is
measured in pounds at one foot radius (pound-feet).

MOTOR TORQUE varies ss flux Xturns Xcurrent in arma-
ture.
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DIRECT-CURRENT MOTORS

CHARACTERISTICS
Kinbs Gsks
SPBED TORQUE
Shunt Nearly constant | Varies as Line shafts
Increased by current Wood-working
weakening machines
field
Series speed on | Big starting Small fans,
mﬁ:ht load, torque, good cranes, suto-
races for overloads mobiles, all
traction work
Compound | Constant speed | Good starting | Rock crushers
Does not race torque Express ele-
vators

_ Output _ Input—losses
EFFICIENCY = Taput Toput
Blectric motor is used to drive industrial machinery, either
individually or in groups. Saves power lost in friction in line shaft- -
ing, increases output of production, gives freedom in placing ma-
chines, eliminates danger and nuisance of belting. Question of
installation is a financial one.

QUESTIONS

1. A belt-@riven shunt dynamo is used to charge a storage battery.
The belt breaks but the dynamo keeps on running. Explain,

2. Why does an electric truck take more current going up hill
thaun on the level?

3. Upon what factors does the back e.m.f. depend?

4, Why is it imposesible for the back e.in.f. of a motor to attain
& value equal to the impressed e.n.t.?
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5. A 10-kw. shunt motor is to be used as a generator. Will ita
outpui be more or less than 15 kw.? Why?

8. A shunt motor is cslled a conatani-speed motor. If constant
speed means constant back e.m.f., why does it take eurrent from the
line in proportion to the load ?

7. How does the law of the ConsrrvarioN oF ENTraT apply to
the input and output of & motor?

8. What ja the difference in the construction and use of a field
rheostat and a starting rheostat?

9.- What will happen if the brushes of a motor are not placed in
the right position?

10. How can one tell whether the brushes are set correctly?

11. What special features muat be considered in the design of erane
motors?

13. Make a list of the *“Don’ts ” for starting and stopping & motor.

18. Why are not electric motors universally used to drive the
machinery of manufactories?

14. What advantage has the compressed-air drill over the eleo-
trioally driven drill for tunnel work?

16. Why is a high-zspeed motor always cheaper than a low-speed
motor of the same capaecity?

18. What type of motor would you recommend for driving a press
for punching sheet metal?



CHAPTER XI
ELECTROCHEMISTRY. STORAGE BATTERY

Liquid ¢onductors -~ chemieal action in electrolytio cell
— theory of ions — electrolysis of water — electrochemical
equivalents — Faraday’s Laws — industrial applications of
electrolysia : nickel and silver plating; electroplating with
other metals; electrotyping; refining of copper — reduction
of aluminum — electrolytic destruction of water mains.

Storage batitery — sonstruction of lead cells — chemistry
of charge and discharge — care and testing of storage bat-
tory —uses of storage battery — Edison storage battery, its
chemical changes — comparison of lead and Edison cells,

176. Importance of electrochemistry. The rapid improve-
ment in the machinery used to generate and transmit elec-
tricity has led to a great extension in the uses of electricity.
The recent development of water-power plants for generating
electricity has been followed by the development of the electro-
chemiecal processes for the manufacture of materials which were
formerly made in other ways. Electrical methods are now
used extengively in the extraction and refining of such metals
as aluminum and copper, and in the manufacture of other
valuable substances such as chlorine, caustic soda, caustic
potash, caleium carbide, and the nitrates. A few of these
important relations between electricity and chemistry as well
a8 the more familiar examples, such as electroplating and
storage cells, will be discussed in this chapter.

177, Liquid conductors. Electrolytes. When an electric
current flows along a copper wire, the wire becomes warm and

is purrounded by a magnetic field. When an electric current
263
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flows through a solution of salt and water, the solution is
warmed and is surrounded by a magnetic field, and it is at
the same time decomposed or broken up. For exampie, under
certain conditions an electric current will decompose brine
into a metal, sodium, and a gas, chlorine, which are the two
elements composing common sslt. Not all liquids, however,
conduct electricity ; thus alcohol and kerosene are noncon-
ductors. But all solutions which do conduct electricity are
more or less decomposed in the process.

Substances which act as conductors of electricity may be
divided into two classes. The first class includes metallic
conductors, such as copper, aluminum, brass, iron, and mer-
cury, and some solid nonmetallic substances of which carbon is
the most important. The second class, known as electrolytes,
includes Water solutions of acids, bases, and salts of metals
as well as some melted compounds. When a current of elec-
tricity passes through an electrolyte, two different substances
are aiways liberated. One of these appears at the terminal
where the current enters the solution, called the anode, and the
other at the terminal at which the cur-
rent leaves, called the cathode.

178. Chemical action in an electrolytic
cell. Suppose an electrolytic cell is made
by placing copper (Cu) plates in & vessel
containing a solution of copper sulphate
(CuB0y) in water (Fig. 184), and an elec-
tric current from a battery or other gen-
erator is sent through the cell. It will
Fio. 184, — Elsctrolytic b€ 8Seen that the anode plate is graduaily

cell with copper elec- eaten away or dissolved in solution, while

f',’f"f:;p::d m;l;zt:ly“ the cathode grows from the deposited
copper. The solution itself appears to

remain practically unchanged. This is the way copper plating
is done, except that the cathode to be plated is not usually
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made of copper and in fact may be of any conducting mate-
rial. The weight of copper deposited depends, as we have seen
in section 128, on the intensity of the current and the length of
time it is allowed to flow through the cell.

To explain this result it will be useful to state very briefly
the theory of electrolgtic diesociation. When an electrolyte
is dissolved in water, a part at least of its molecules (little
particles) break up into two parts, one charged ‘with positive
electricity and the other with an equal amount of negative
electricity. The charged portions of the molecule are called
respectively positive and negative ions. For example, when
common salt (sodium chloride) is dissolved in water, an equal
amount of positive sodium (Na*) ions and of negative chlorine
(Cl-) ions are produced. This may be indicated in an equa-
tion, thus:

NaCl = Na+r + CI-.
Sodlum chloride sodium chlorine
molecule jon jon

When we dissolve the blue crystals of copper sulphate
{(blue vitriol) in water, there are copper (Cu**) ions and sul-
phate (830, ) ions formed.

CuS80, = Cutr + B0,
oopper sulphate oOpper suiphate

It will be noticed that a double charge is here indicated on
each ion.

Molecules of the dissolved substance in an electrolyte dissociale
on dissolving tnfo positive metallic ions and negative nonmetallic
tons,

When the copper electrodes are dipped into the copper
sulphate (CuSO,) solution and the circuit is closed, the copper
(Cutt) ions, which have been wandering around in the solu-
tion, are immediately attracted toward the cathode or nega-
tive electrode. The sulphate (SO,~=) ions begin to move
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toward the anode or positive electrode. As soon as a copper
jon reaches the cathode, the opposite charges on ion and elec-
trode neutralize each other, and metallic copper is deposited.
When a sulphate ion reaches the anode, the opposite charges
neutralize each other and a bit of metallic copper on the anode
goes into solution as a copper ion. Thus the ions serve fo con-
duct the eleciricily through the solution. :
Many soluble substances, especially organic compounds
such as sugar, aleohel, and glycerin, do not dissociate on dis-
solving, and such solutions are called nonelectrolytes. These
are nonconductors of electricity. Pure water
is a very poor conductor, and so its molecules

are only very slightly dissociated.

179. Electrolysis of water, Water (made
slightly acid with sulphuric acid) ean be decomposed
by an eleetric current in the apparatus shown in
figure 185. The platinum electrodes are connected
with a battery or generator giving at least 5 or 6
volts. The electrode in tube A, which is connectod
to the positive (4 ) pole, is called the anode, and the
other electrode in B is the cathode, The current
passes through the solution from the anode 4 to
the cathode B. Small bubbles of gas are seen to
rise from both electrodes, and the gas collects in
tube B twice as fast as in tube A. When tube B
is tull, we open the switch and test the collected
gases. To test the gas in tube B, we open the stop-
cock at the top and carefully apply a lighted match.
This gaa burns with a pale blue flame, which showa
it to be hydrogen. If we open the stopeock in tube
A and bring a glowing pine stick near, it bursts

Fio. 185. —Water ., 5 flame, which shows the gas to be oxygen.

i broken up into
drogen. 30d BY-  Thus we see that water is decomposed by
electricity into its constituent elements, hydro-

gen and oxygen. This process of decomposing a compound by

means of an electric current is ealled electrolysis.
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The theory of this process may be stated as follows: The
emall gquantity of sulphuric acid (H,50,), when put into the
waler, breaks up into hydrogen ions (2 H*) and sulphate
ions (80, ), which have positive and negative charges of
electricity respectively. When the current is sent through the
solution, the positive hydrogen ions (2 H*) wander toward the
cathode and the negative sulphate iong (80,~) toward the
anode. At the cathode the hydrogen ions give up their posi-
tive charges and rise to the surface as bubbles of hydrogen.
At the anode the sulphate ions give up their negative charges
of electricity and react with the water (H,0) to form sulphuric
acid (HS80p) and to set free oxygen (0,). In this way the
sulphuric acid, which is added to conduct the electricity, is
not used up, while the water (2 H,O) is broken into hydrogen
(2 H,) and oxygen (0,).

180, Electrolytic cells in series. Supposec two electrolytic
cells, one with copper plates in copper sulphate solution and
the other with silver plates .
in silver nitrate solution,
are connected in series, as
shown in figure 186, so that
the same current will pass
through each of them. On
weighing the cathode plates
in each cell before and after
the current has been allowed — -
to low through, we find that sPper Swlphate Siloer Nitrals

the weight of silverdeposited Fie. 186.— A current produces equivalent
in a little over three timesag  decomposition in cells containing differ.

ent electrolytes joined in serice.
great as that of copper.

To explain this constant ratic between the weights of silver
and copper deposited by the same current in the same time,
we shall need the idea of * chemical equivalent.”” The chem-
ists have analyzed substances into about seventy simple
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substances, called the elements. For example, we have just
seen that water may be decomposed into the two elements,
oxygen and hydrogen. They alsc have assigned to each ele-
ment a number, called its atomic weight, which expresses the
relative weights of the atoms * of the different elements. Thus
the atomic weight of oxygen (O} is 16 and that of hydrogen
(H) is approximately 1. In our discussion of ions (section
178), we assumed that some ions, such as sodium (Nat),
carried one unit charge of electricity, and others, such as copper
(Cutt), two charges. An eement which forms an ion with
one unit charge of electricity 1s said lo be univalent and one which
Jorms an ton with two 13 said to be bisalend.

In electrolytes the valence of each ion is numerically equal
to the number of charges of electricity carried by it. Thus
silver (Ag") is univalent and copper (Cut+) is bivalent.

The ratio of the atomic weight of an element to its valence
is generally known as its chemical equivalent.

Thus the chemical equivalent of silver is equal to its atomic
weight, 107.88, divided by its valence, 1, and that of copper
is equal to its atomic weight, 63.57, divided by its valence, 2,
or 31.79. Accordingly we see that the weights of silver and
copper depogited in two electrolytic cells are directly propor-
tional to their chemical equivalents; that is, as 107.88 to 31.79,
or 3.304: 1.

When chemical elements combine with each other to form
compounds, experiments show that they join the combinations
in certain fixed proportions, which are characteristic of the in-
dividual elements. These combining weights are the chemical
equivalents. Many of the elements are not, however, confined
to a single relation in all of their compounds, but possesa two
or more combining proportions which are gimple multiples of
each other. Thisis true, for instance, of copper, whose chemical

* An atom is the smalleat particle of an element which takes part in a chemi-
cal change, -
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equivalent in the usual compounds (cupric) is 31.79, but also
in other compounds (cuprous) is 63.57.

181. Faraday’s laws. During the years 1833 and 1834
Faraday made a very careful study of many phenomena, such
as we have just been considering, and he summarized his re-
'sults as follows;

1. The weight of an electrolyle which is decomposed by an
eleclric current is proportional to the current flowing aend o the
time during which it flows.

In other words, the amount of chemical action under such
circumstances is an exact measure of the number of coulombs
{ampere seconds) of electricity passed through the electrolyte.
This law may be stated in the form of an equation, thus:

Wa=Zt
where W = gain in weight of cathode in grams,
I =vcurrent in amperes,
{=time in seconds,
Z =electrochemical equivslent of the element;
i.¢., grams deposited per coulomb.

For BxaMpPLE, how many grams of silver are deposited in 8 hours
from & silver nitrate solution by a current of 5 amperes? We know
{ssotion 128) that 1 ampere deposite 0.001118 grams each second.
Then

W =0.001118 X5 X8 xX3600

=161 gramas.

2. When equal gquontities of electricity are passed through
different electrolytes, equivalent weighis of the elecirolyles are
decomposed,

This second law was stated by Faraday thus: *If the
same quantity of electricity passes through different electrolytes,
the masses of different ions liberated at the electrodes are
proportional to their chemical equivalents.”

This means that the electrochemical equivalents of elements
are directly proportional to the chemical equivalents; that
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is, the atomic weights of the elements divided by their respec-
tive valences. This is shown in the following table of electro-
chemical equivalents.

Busumxr | §IS | Viwaxos | [CaSMIcaL (Gnane 7an Coououn
Alyminum 271 111 9.03 0.0000936
Chlorine . 35.46 1 35.46 0.0003679
Copper {(ous) 63.57 1 63.57 0.0006588
Copper {(io) . 63.57 1I 31.79 0.0003294
Hydrogen 1.008 1 1.008 0.0000104
Iron {(ous) 55.85 I 27.93 0.0002804
Iron (ie) 55.85 I 18.62 0.0061930
Niokel 58.68 1I 29.34 0.0003039
Oxygen 16.00 11 8.00 0.0000829
Bilver 107.88 1 107.88 0.001118

The gram-equivalent of silver is the same number of grams
as its atomic weight; that is, 107.88 grams. The number of
coulombs of electricity required to deposit this weight of

gilver is then
107 .88

0.001118

This same number of coulombs will deposit the equivalent

weight of any other metal which can be electroplated in the

same way, and it is the electrochemist’s unit quantity of elec-
trieity. '

=96,500 coulombs.

PROBLEMS

1. How many ounces of silver will be deposited by 100,000 coulombs
of electricity? (1 ounce =28.35 grams.}

4. How many ounces of aluminum will be deposited from a suit-
able electrolyte by 100 amperes flowing for one hour?

3. How many liters of hydrogen will be generated by s current of
10 amperes in 4 hours? (A liter of hydrogen weighs 0.09 grams under
standard conditions.) ,



ELECTROCHEMISTRY. STORAGE BATTERY 271

4. How many amperes will be needed to deposit 2.5 pounds of
copper per day of 24 hours?
5. How long will it take a current of 500 amperea to refine » ton

of copper?
6. If the atomio weight of zino is 65.37 and its valenoe is 2, what is
the eleotrochemioal equivalont of zino?

183. Industrial applications of electrolysis. The eleciro-
chemical operations which result in depositing metals from
solutions of their metallic salts are very widespread in the
industries, and are of great usefulness. The ordinary elec-
trolytic operations do not appeal to the casual observer as
do the applications of electricily to transmitting messages,
driving street cars, or furnishing light or power. Neverthe-
less, we owe to electrochemical operations many of the com-
monest necesaities of life. The commercial applications of
electrolysis cover an extensive range, from nickel and eilver
plating to electroplating for use in printing; from methods of
bronzing and gilding to methods of smelting certain ores and
refining metals. Electrolysis is also becoming a most impor-
tant factor in chemical manufactories. At Niagara Falls alone
several hundred thousand kilowatts are utilized in manufac-
turing bleaching powders and other commercial chemieal
products, and much more is utilized elsewhere for the same
purpose, Nearly all these processes depend upon the laws
of chemical action which have just been described; but the
golutions used are frequently quite complex and the conditions
of successful operation have to be carefully regulated. Even
to-day the chemical action is 80 complicated that it is not al-
ways fully understood. Therefore, in this chapter we shall
attempt to give only a brief account of certain electrochemical
proocesses.

183. Electroplating. The electrical deposition of a coating
of one expensive metal on another cheaper one is one of the
most important applications of electrolysis. The process of
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copper plating may be taken as a typical example. The

electroplating vat (Fig. 187) contains a solution of some salt

of the metal to be deposited. The anode consists of plates or

rods of the same metal as that which is plated out on the cathode.

The positive terminal of a low-voltage d-c. generator is con-

nected to the anode, while the negative terminal of the generator

is connected to the cathode, which consists of the object to be

plated. The anode dissolves approximately to the same extent

that the cathode gains, so that the amount of the metal ions

in the bath remains nearly constant. The cathodes are always

suspended in the vat be-

tween two rows of anodes

so that they will be plated

uniformly on both sides. In

" fact, when the cathode is

large or of irregular shape, it

has to be turned frequently

during the plating in order

to get a uniform deposit.

Both cathodes and anodes

) are suspended from hori-

Fio. 187. — Electroplating vat with one zontal metal tubes, whose

gt cyimey soes b he s onds rest on the edge of

anodes. C,C,C, supports for cathodes,  the plating vat. Small ob-

jects, such as screws, are -

suspended in the vat in a wire basket, which of course is plated

at the same time. To get a uniformly plated surface the
objects have to be well shaken during electrolysis.

Large vats are made of wood lined with lead or some espe-
cially prepared substance resembling pitch, and small tanks
for gold and silver plating are often porcelain lined. Special
low-voltage generators giving about 5 or 6 volts are used for
electroplating,. The proper current density (amperes per
squsare inch} is carefully controlled by a rheostat.
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Washing and pickling is the first step in electroplating, for
the object must be smooth and perfectly clean in order to make
the metal adhere well. Grease is removed by dipping it into
a hot alkaline solution, about 10 per cent by weight, of sodium
carbonate or caustic soda. After washing off the alkali, the
object is pickled in order to remove any oxide which may have
been produced by the alkali and to give it a bright surface.
Finally, the pickle is washed off with water, and the object
is at once suspended in the electroplating vat. The pickling
solution varies with the nature of the metal. With iron a
dilute solution of sulphuric acid is used, with zinc dilute hydro-
chloric acid, and with copper and brass dilute nitric acid.

184. Plating by dipping. There is a method of plating by
simply dipping the article into a solution of a salt of a metal;
for example, by dipping iron into a copper sulphate solution.
A small amount of iron dissolves and an equivalent amount of
copper is deposited on the remaining iron. It is evident that
only a very thin film can be produced in this way, for as soon
as the iron is covered with copper the action stops. In this
process no external electric current is needed, for it is simply
a chemical replacement, the more active metal replacing the
less active metal in solution.

186. Nickel plating. A solution which is much used in
nickel plating is made by dissolving 50 parts by weight of the
double nickel-ammonium sulphate, NiSO, . (NH,); SO, . 6H;0,
with from 25 to 50 parts of ammonium sulphate in 1000 parts
of water. The solution is made slightly acid by adding a
small amount of sulphuric acid or citric acid. The proper
current density is about 5.5 amperes per square foot of ex-
posed surface on the cathode.

Sometimes iron is copper plated before it is nickel plated
to insure the nickel’s adhering well to the metal.

186. Silver plating. If a solution of silver nitrate is used
in silver plating, the deposit is in the form of isolated crystals,

T
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which do not entirely cover the surface. 8o the double eyanide
of potassium and silver is used because of the smooth deposit
obtained with the solution. One formula for making a silver
plating bath is as follows:

20 parts by weight potassium silver eyanide, KAg(CN).,
10 parte by weight potassium cyanide, KCN,
100G parts by weight distilled water.

The proper current density is about 2.7 amperes per square
foot.

Silver is deposited only on a surface of copper or some alloy
of copper. Other metals must be copper plated before silver-
ing. To make the silver adhere well, the copper surface
must be amalgamated; that is, coated with a very thin layer
of mercury. This is done by dipping the cleaned surface into
a “ quicking bath,” which consists of a solution of some mer-
cury salt, such as potassium-mercury cyanide. After removal
from the quicking bath, the articles are washed and placed
immediately in the silvering bath,

During the operations of dipping and washing the articles
should be supported upon wires or in wire baskets and must
not be touched with the fingers, for the points so touched are
made greasy and the deposit will not take. It must also
be remembered that all cyanide sclutions are extremely pois-
onous, and must therefore be handled with care. On account
of the value of the silver which they contain these solutions
must be handled without waste.

187. Finishing processes. After the metal has been de-
posited in the electrolytic bath, the articles must be put through
a series of operations to give the plated surface the proper
finish. This is largely done by polishing and buffing on rapidly
revolving wheels made of brass wires, leather, and canvas.
The same tools are used for polishing the articlea before plat-
ing. In the case of some articles the polishing is done by
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means of hand burnishers (Fig. 188), which are smooth tools
made of steel, agate, or similar hard materials.

second thin coat, and then a

Burnishing a silver-plated ar-
ticle hardens and toughens the
layer of silver very materially.
Therefore, a thin coat of silver
is put on and burnished, then a

third, the result being a layer Fia. 188 — Smr-l forma of wivel
of gilver that wears better than
if it had been put on all at once. Such an article is said to

be triple-plated.

188, Gold plating. Plating with gold is carried on in very
much the same way as plating with silver. The commonest
solution is of a double cyanide of gold and potassium made
up in a manner quite similar to that used in making up the

Fic, 188, — Arrange-
ment of circuit for
gilding inzde of
metal cream pitcher,

cyanide of gilver solution. The solution is
generally used when hot, and great care to
have gll the details exactly right is neces-
sary to get a deposit of satisfactory color.
It is particularly important that all the
materials used in making the solution shall
be pure.

Gilding the inside of silver cups, sugar
bowls, and cream pitchers is commonly done
by filling the article to be gilded with the
hot sclution, hanging a gold anode in the
shape of a cylinder in the center of the
solution, and finally connecting up a gen-
erator so that the article to be gilded is
the cathode (Fig. 189). The cleaning of
articles for gold plating is usually not so

important as in silver plating, since the hot solution helps in

the cleaning.
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189, Plating with other metals. Zinc plating has come into
considerable vogue of late years as a substitute for the process
of galvanizing, which consists in merely dipping the articles
in a bath of melted zinc. However, the zine deposited electro-
Iytically (called “ cold galvanizing *’) is of a dull color and is
not so pleasing in appearance as the layer obtained by * hot
galvanizing " ; but it has been shown that electrolytic zinc does
protect iron better for a given thickness of deposit than a
coating made of melted zine.

It is even possible to deposit electrolytically brass, German
silver, or other alloys. These require extreme care, however,
in the management of the solutions and the regulation of the
voltage and current supplied to the vats. Sometimes plating
with platinum, tin, lead, and iron is carried out for special
purposes,

It is also interesting to note that the electrolytic process
is one method of detinning serap tin and old tin cans. This is
just the reverse of the usual electroplating and is generally
carried out as an anode reaction. The object of this procesa
is to recover both the tin and iron-separate and pure.

190. Electrotyping. The object of electrotyping is to make
& copper plate which shall be an exact duplicate of the printer’s
set-up type, engravings, and other illustrations. This copper
plate is then used for printing in place of the original type.
The great advantages of this procedure are, first, that it saves
the wear on the type and, second, that it enables a relatively
small amount of type to be distributed and used over and over
again. Most books which are made in large rumbers are
printed from electrotype * plates.”

A wax impression of the page as set up in type is first made
in such a way that every letter leaves its imprint on the wax
mold. Since the wax i3 itself a nonconductor, it has to be
coated with a thin layer of graphite. The plumbagoing, as
it is called, consists in dusting the fine powder over the surface
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with soft brushes. A very thin layer of copper is then formed
by sprinkling the surface with iron filings and pouring over
the surface a solution of copper sulphate. The iron goes
into solution, depositing copper on itself and on the graphite.
The wax plate is then washed in water and suspended as the
cathode in an acid bath of copper sulphate; the anode plate
is pure copper. The current density ranges from 0.9 to 1.8
amperes per square foot, After the current has depoeited
copper on the wax mold to the thickness of a visiting card,
this shell of copper is separated from the mold and * backed
up ” with type metal to give the necessary strength for use in
printing. ]

191. Refining copper. Copper as it comes from the smelting
works is not pure enough for certain purposes, such as making
wires and cables for carrying electricity. So the copper for
electrical machinery is refined by electricity and is known as
electrolytic copper. The crude copper which comes from ordinary
smelting works with from two to five per cent of impurities is
refined by electrolysis so that it is about 99.95 per cent pure
copper.

In electrolytic refining the crude copper is cast into heavy
plates, which are used as anodes in depositing vats (Fig. 190).
The solution in these vats is copper sulphate with a little
sulphuric acid. The cathodes at first are thin sheets of pure
copper, but they grow by deposition into thick plates of copper,
which may be worked into bars and drawn into wires as de-
gired. The action in the depositing vats is quite similar to
that which goes on in a copper electrolytic cell.

Enormous d-c. generators are used in copper refining works,
and a great number of tanks or vats, each containing a number
of anodes and cathodes, which are arranged in slternate rows,
are provided. The vats are ordinarily connected in series;
or seta of a number of vats connected in series are connected
in parallel with each other. The several rows of anodes in
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each vat are connected in parallel, as are also the cathodes.
The voltage required to pass the current through each vat is
quite small, and consequently a number of vats may be con-
nected in series without causing the total voltage to exceed
100 volts. _ :

It is desirable that the voltage required at each vat be as
small as possible, in order to avoid the deposition of impuri-

From Browndes and Others' Chomiatry.
F1a. 190, — View of vats in tank house for copper refining.

ties on the cathodes, and also to save power. The power
used in each vat is equal to the voltage from an anode to a
cathode multiplied by the current flowing through the vat.

It ia desirable, furthermore, to have as great a current flow
as will give a fairly smooth deposit, in order that the time re-
quired for depositing each pound of copper may be as small
sh possible. Any reduction made in the current without chang-
ing the voltage simply reduces in a proportional rate the
amount of copper deposited per hour, so that the power re-
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quired to deposit a pound of copper is not materially changed.
If the voltage required to pass the current through the vats
is reduced without changing the current, it at once reduces
the power required to deposit a pound of copper, and a saving
in the cost of manufacture is effected. In order to reduce the
voltage, the anodes and cathodes are set ag closely together
as possible without interfering with the circulation of the
solution. There is an old saying, that for electrolytic work
electrical energy consists of two factors, one of which, the volts,
cosis money, and the other, the ampere hours, drings money.

During the process of refining copper by this means, the
impurities of the crude copper, usually some silver and gold,
are mostly dissolved in the solution or are thrown to the bottom
of the vats as mud. Sometimes there is enough of these pre-
cious metals recovered from the mud to pay for this final step
in the refining of copper.

192. Commercial extraction of aluminum. Although alu-
minum compounds in the form of clay, marl, slate, feldspar,
mics, and many other minersls compose an amazing proportion
of the material of the earth’s crust, yet it was not until 1886
that a commercially satisfactory method of extracting it from
the compounds was discovered by Hall in the United States
and Heroult in France. Before this time aluminum sold for
$4 a pound, while at present the price of aluminum is about
20 cents a pound in ingot form. This discovery has made
aluminum one of the common metals and it is extensively
used in making cooking utensils, electric eables, parts of auto-
mobiles, and valuable alloys. '

Aluminum cannot be electrolytically deposited from solu-
tions of its salts in water, as the metal at once becomes oxi-
dized at the cathode, and hence some other solvent must be
used. In the process of Hall and Heroult this solvent is a
melted “ bath ” of the mineral cryolite (3 NaF - AlFy), and
the aluminum compound which composes the electrolyte in
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this bath is an oxide of aluminum (AlyQ;), or alumina. For-
tunately for the process, beds of a reasonably pure natural
aluminum oxide, called bauxite, are found in several parts of
the worid. Alumins is also a * by-product ” of certain chemi-
cal manufacturing processes. :
In the operation of the process, melted cryolite is put into
large iron pots, which are lined with a hard, baked carbon
mixture, and carbon anodes are
dipped into the bath. The carbon
lining of each pot serves as the
cathode, An electric ecurrent of
about 10,000 amperes is passed
through each bath, with a pres-
gure between the terminals of each
pot of 5.5 volts, 'This represents
sufficient power to heat the bath
and to keep the cryolite in a
molten condition. The tempera-
ture is about 900° C.
The aluminum oxide is dis-
Fra. 101.—Vataused inextraction  golved in this bath (Fig. 191) of
of aluminum from slumina. CC, . .
carbon anodes suspended in bath,  Molten cryolite, and the electric
gjf blTo“iri.cfwm : A-biﬂ:l?cmé current causes it to separate into
aorves as mm:m ath #8¢ jts constituents — aluminum and
oxygen. The sluminum goes
with the current to the cathode and lies in a melted condition
in the bottom of the pot until tapped off. The oxygen goes
to the positive pole or anode and combines with the carbon,
which is gradually consumed. After the melted aluminum has
been drawn off from the pot, it is cast into ingots, from which
it may be made into sheets, rods, wires, or other forms, as may
be desired. )
Many thousands of horse power are used in the manu-
facture of aluminum at Niagara Falls, and equally great powers



ELECTROCHEMISTRY. STORAGE BATTERY 281

are utilized elsewhere in the world; and the demand for the
metal ia growing with a truly wonderful rapidity as the price
becomes more reasonable.

ELECTROCHEMICAL EQUIVALENTS
ELEMENRT Srupor. Guams PER Aurane Horr
Alumioum . . . . . Al 0.337
Copper . . . . . . Cu 1.186
God. . . . . . . Au 3.677.
Hydrogen . . . . . H 0.0376
Niekel . . . . . . Ni 1.004
Oxygen . . . . . . 0 0.298
Silver . . . . . . Ag 4.025
PROBLEMS

1. An iron easting is to be copper plated and then nickel plated..
If the current used in each case is 5 amperes, how long must it remain
in each vat t¢ have 8 ounces of each metal deposited on it? (I ounce
=28.35 grams,) .

2. What weight of water will be decomposed by a current of 10
amperes flowing for 1 hour?

3. 1If the produection of 1 Lilogram of aluminum requires 22 ldlo-
watt hours, what is the cost for electricity in extracting 1 pound of
aluminum? QGiven 1 kg. =2.2 pounds and electricity ooating 1.5 centa
per Lkilowatt hour,

4. A certain plant for the reduction of aluminum found that the
average yield was 1.75 pounds of aluminum per horse-power day.
Compare this result with the dota given in problem 3.

5. A plant for refining copper uses 1000 amperes 23 hours per day
for 300 days in the year through 60 electrolytic cells arranged in series.
How many tons of copper are refined each year?

193. Electrolytic action on water mains. In the usual ar-
rangement of electric railways, the tracks serve as return con-
ductors; that is, the rails are connected to the negative ter-
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minal of the generator in the power station, Since the rails are
in contact with the ground, part of this current will shunt off
through the earth and will follow any low-resistance con-
ductor, such as a water or a gas main. Under ordinary con-
ditions soils contain considerable water with various salts
in solution, which make the soil an electrolytic conductor.
Figure 192 illustrates a very simple case where such electro-
lytic action might be expected. Where the current enters the
pipe at B, no destructive action takes place, but at 4 where
the current leaves the pipe, ususally near the power station,

+

Fra. 192, — Conditions for electrolysis of water maina at A.

we have corrosion due to electrolysis produced. The pipe
in moist ground serves as the anode plate in an electrolytic
~cell. Where these stray electric currents leave an iron pipe
for the soil, there we find corrosion, which forms oxide of iron,
eventually going entirely through the wall of the pipe. This
electrochemical action has led to various city and state regu-
lations which are designed to reduce to a‘minimum the stray
electric currents from electric railways using a grounded return
circuit,
STorRAGE BATTERIES

194, What is a storage battery? When the zinc in a primary
cell, such as the gravity cell, is nearly consumed, we usually
replace it by another piece. But if instead of replacing the
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*

worn-out negative plate we send a current in the reverse direc-
tion through the cell from some outside source of electro-
motive force, 80 as to deposit the zinc back on the negative
plate, then the cell would be called a storage cell. Since a
storage cell does not differ fundamentally from a primaty cell,
any primary cell might be used as a storage cell by restoring
its negative plate by electrolysis, just as in the ordinary storage
cell. This, however, is not yet a feasible proposition, except
in the case of two types of cells which will presently be described.

Some people think a storage battery is a sort of condenser
(Chapter XIIT} where electricity is stored, but it is not that.
In the storage battery, as in any other battery, the electrical
energy comes from the chemical energy in the cells. The
charging process consists in forming certain chemical sub-
stances by passing electricity through a solution, just as hydro-
gen and oxygen are formed in the electrolysis of water. In
the discharging process, elec-
tricity is produced by the chem-
ical action of the substances
which have been formed in the
charging process.

F 3

196. Construction of a lead

storage battery. We may ma