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Foreword

the electric current that gives light or power, or that
makes possible communication between distant points.
A child can perform that act as effectively as a man, so
thoroughly has electricity been broken to the harness of the
world’s work: but behind that simple act stand a hundred years
of struggle and achievement, and the untiring labors of thousands
of the century’s greatest scientists. To compact the results of
these labors into the compass of a practical reference work is
the achievement that has been attempted—and it is believed
accomplished —in this latest edition of the Cyclopedia of Applied
Electricity.

O NE of the simplest acts in modern life is switching on

€ Books on electrical topics are almost as many as the subjects
of which they treat and many of them are worthy of a place
in the first rank. But many, also, worthy in themselves,
are too scientific in their treatment to be available for the mass
of electrical workers; and all of them, if gathered into a great
common library, would contain so many duplicate pages that
their use would entail an appalling waste of time upon the man
who is trying to keep up with electrical progress. To overcome
these difficulties the publishers of this Cyclopedia went direct
to the original sources, and secured as writers of the various
sections, men of wide practical experience and thorough tech-
nical training, each an acknowledged authority in his work; and
these contributions have been correlated by our Board of
Editors so as to make the work a unified whole, logical in
arrangement and at the same time devoid of duplication.




@ The Cyclopedia is, therefore, a complete and practical work-
ing treatise on the generation and application of electric power.
It covers the known principles and laws of Electricity, its
generation by dynamos operated by steam, gas, and water power;
its transmission and storage; and its commercial application for
purposes of power, light, transportation, and communication.
It includes the construction as well as the operation of all plants
and instruments involved in its use; and it is exhaustive in its
treatment of operating ‘‘troubles’ and their remedies.

¢ It accomplishes these things both by the simplicity of its text
and the graphicness of its supplementary diagrams and illus-
trations. The Cyclopedia is as thoroughly scientific as any
work could be; but its treatment is as free as possible from
abstruse mathematics and unnecessary technical phrasing,
while it gives particular attention to the careful explanation
of involved but necessary formulas. Diagrams, curves, and
practical examples are used without stint, where they can help
to expiain the subject under discussion; and they are kept
simple, practical, and easy to understand.

€ The Cyclopedia is a compilation of many of the most valu-
able Instruction Books of the American School of Corre-
spondence, and the method adopted in its preparation is that
which this School has developed and employed so successfully
for many years. This method is not an experiment, but has
stood the severest of all tests —that of practical use—which has
demonstrated it to be the best devised for the education of the
busy, practical man.

Q In conclusion, grateful acknowledgment is due to the staff
of authors and collaborators, without whose hearty co-operation
this work would have been impossible.
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ELEMENTS OF ELECTRICITY
AND MAGNETISM*

MAGNETISM

1. Natural and Artificial Magnets. It has been known for many
centuries that some specimens of the ore known as magnetite (Fe,0,)
have the property of attracting small bits of iron and steel. This
ore probably received its name from the fact that it is abundant in the
province of Magnesia in Thessaly, although the Latin writer Pliny
says that the word magnet is derived from the name of the Greek
shepherd Magnes, who, on the top of Mount Ida, observed the
attraction of a large stone for his iron crook. Pieces of ore which
exhibit this attractive property for iron or steel are known as natural
magnets. '

It was also known to the ancients that artificial magnets may be
made by stroking pieces of steel with natural magnets, but it was not
until the twelfth century that the discovery was made that a sus-
pended magnet would assume a north-and-south position. Because
of this property natural magnets came to be known as lodestones
(leading stones), and magnets, either artificial or natural, began to
be used for determining directions. 'The first mention of the use of a
compass in Europe is in 1190. It is thought to have been introduced
from China.

Artificial magnets are now made either by repeatedly stroking a
bar of steel, first from the middle to one end on one of the ends, or
poles, of a magnet, and then from the middle to the other end on the
other pole, or else by passing electric currents about the bar-in a
manner to be described later. The form shown in Fig. 1 is called a
bar magnet, that shown in Fig. 2 a horseshoe magnet.

*This paper is a modification and abridgment of the treatment of Magnetism and

Electricity found in Millikan and Gale's First Course in Physics (Ginn & Co., Boston), to
which the student is referred for a more complete presentation of the subject.
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2 ELECTRICITY AND MAGNETISM

2. The Poles of a Magnet. If a magnet is dipped into iron filings,
the filings arve observed to cling in tufts near the ends, but scarcely
at all near the middle (Fig. 3). These places near the ends of the
magnet, in which its strength seems
to be concentrated, are called the
poles of the magnet. It has been
decided to call the end of a freely
suspended magnet which points to the north, the north-seeking or
north pole, and 1t is commonly
designated by the letter N. The
other end is called the south-seck-
tng or south pole, and is desig-
nated by the letter S. The direc-

Fig. 1. Bar Magnet.

tion in which the compass needle Fig. 2. Horseshoe Magnet.
points is called the magnetic meridian.

3. The Laws of Magnetic Attraction and Repulsion. In the
experiment with the iron filings, no particular difference was ob-
served between the action of the two
poles. That there is a difference,
however, may be shown by ex-
perimenting with two magnets,

either of which may be suspended
" (see Tig. 4). If two N poles are
brought near one another, they
are found to repel cach other.
The S poles likewise are found to
repel each other. But the N pole
of one magnet is found to be attract-
ed by the S pole of another. The
results of these experiments may be
summarized in a general law:
Magnet poles of Ulke kind repel
each other, while poles of wunlike
kind attract.

Fig. 3. Experiment Showing Existence ot N
of Magnet Poles. The force of attraction is found,

like gravitation, to vary inversely
as the square of the distance between the poles; that is, separat-
ing two poles to twice their original distance reduces the force

12



ELECTRICITY AND MAGNETISM 3

acting between them to one-fourth its original value, separating
them to three times their original distance, reduces the force to
one-ninth its original value, etc.

4. Magnetic Substances. Iron and steel are the only common
substances which exhibit magnetic properties to a marked degree.
Nickel and cobalt, however, are also attracted
appreciably by strong magnets. Bismuth,

antimony, and a number of other substances

are actually repelled instead of attracted, but S

the effect is very small. Until quite recently i \

iron and steel were the only substances = |
whose magnetic properties were sufficiently @&
strong to make them of any value as magnets. S
Within the last five years, however, it has

been discovered that it is possible to make Qﬁ
certain alloys out of non-magnetic materials

such as copper, magnesium, and aluminum Fie ton 1o gring Varls-
which are almost as strongly magnetic as iron. B0 B
These are known as the Heussler alloys.

5. Magnetic Induction. If a small unmagnetized nail is sus-
pended from one end of a bar magnet, it is found that a second nal
may be suspended from this first nail, which itself acts like a magnet,

N £ Js

S S
N N
S S
N N
S |s
N N
Fig. 5

. B. Fig.
Experiments Showing Magnetic Induction.

a third from the second, etc., as shown in Fig. 5. But if the bar
magnet is carefully pulled away from the first nail, the others will
instantly fall away from each other, thus showing that the nails were
strong magnets only so long as they were in contact with the bar
magnet. Any piece of soft iron may be thus magnetized temporarily

13



4 ELECTRICITY AND MAGNETISM

by holding it in contact with a permanent magnet. Indeed, it is not
necessary that there be actual contact, for if a nail is simply brought
near to the permanent magnet it is found to become a magnet. This
may be proved by presenting some iron filings to one end of a nail
held near a magnet in the manner shown in Fig.-6. Even inserting
a plate of glass, or of copper, or of any other material except iron
between S and N will not change appreciably the number of filings
which cling to the end of §’. But as soon at the permanent magnet
is removed, most of the filings will fall. Magnetism produced in this
way by the mere presence of adjacent magnets, with or without contact,
is called induced magnetism. If the induced magnetism of the nail
in Fig. 6 is tested with a compass needle, it is found that the remote
induced pole ' is of the same kind as the inducing pole S, while the
near pole N is of unlike kind. 'This is the general law of magnetic
induction.

Magnetic induction explains the fact that a magnet attracts an
unmagnetized piece of iron, for it first magnetizes it by induction,
so that the near pole is unlike the inducing pole, and the remote pole
like the inducing pole, and then, since the two unlike poles are closer
together than the like poles, the attraction overbalances the repulsion
and the iron is drawn toward the magnet. Magnetic induction also
explains the formation of the tufts of iron filings shown in Fig. 3,
each little filing becoming a temporary magnet such that the end
which points toward the inducing pole is unlike this pole, and the
end which points away from it is like this pole. The bush-like
appearance is due to the repulsive action which the outside free poles
exert upon each other.

6. Retentivity and Permeability. A piece of soft iron will very
easily become a strong temporary magnet, but when removed from
the influence of the magnet it loses practically all of its magnetism.
On the other hand, a piece of steel will not be so strongly magnetized
as the soft iron, but it will retain a much larger fraction of its mag-
netism after it is removed from the influence of the permanent magnet.
This power of resisting either magnetization or demagnetization is
called retentivity. Thus, steel has a much greater retentivity than
wrought iron, and, in general, the harder the steel the greater its
retentivity. :

A substance which has the property of becoming strongly mag-

14



ELECTRICITY AND MAGNETISM 5

netic under the influence of a permanent magnet, whether it has a
high retentivity or not, is said to possess permeability in large degree.
Thus, iron is much more permeable than nickel. Permeability is
measured by the amount of magnetization which a substance is able
to receive; while retentivity is measured by the tenacity with which
it holus it.

7. Magnetic Lines of Force. If
we could separate the N and S
poles of a small magnet so as to
£ obtain an independent N pole, and
Fig. 7. Direction of Magneuc Lines of WerTe to P]ace this N POIe near the

For N pole of a bar magnet, it would
move over to the S pole of the bar magnet, along some curved
path similar to that shown in Fig. 7. The reason that the motion
is along a curved rather than along a straight path is that the free
pole is at one and the same time repelled by the N pole of the bar
magnet and attracted by its S pole, and the relative strengths of
these two forces are continually changing as the relative distances
of the moving pole from these two poles are changed.

It is not diflicult to test this conclusion experimentally. Thus,
if a bar or horseshoe magnet is placed just beneath a flat dish con-
taining water (see Fig. 8), and a cork carrying a magnetized needle
placed near the N pole in the manner shown in the figure, the cork
will actually be found to move in a curved path from N around to S.
In this case the cork and the needle actually move as would an
independent pole, since the upper pole of the needle is so much farther
from the magnet than the lower pole that the influence of the former
on the motion is very small.

Any path which an independent N pole would take in going from
N to Sis called a line of
magnetic force. The simplest
way of finding the direction
of this path at any point
near a mﬂgnet is to hold a Fig. 8. Direct Proof that Magnetic Lines of
compass needle at the point Force are Curved
considered, for the needle must obviously set itself along the line in
which its poles would move if independent, that is, along the line of
force which passes through the given point (see C, Fig. 7).
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6 ELECTRICITY AND MAGNETISM

8. Magnetic Fields of Force. The region about a magnet in
which its magnetic forces can be detected is called its field of force.
The simplest way of gaining an idea of the way in which the lines of

force are arranged
b‘t\\‘{\‘,‘s'uz‘s'{r'"”,’ IS “““"1;;"""”/ in the magnetic
\‘\\3':{‘:\“{‘{ (fy ’r{,',”};;?//'f,jff//;l'}; field about any
\\\‘,lé‘fi,;):‘l"&{;)”/” / magnet is to sift
iron filings upon a
piece of paper
placed immediately
g/l.’({"’ﬁ‘l,‘m B, m\p}‘—‘\ T2 i”ri’/'?'f//% /‘,”; 0 Each little filing
becomes a tempo-
rary magnet by in-
duction, and therefore, like the compass needle, sets itself in the
direction of the line of force at the point where it is. Fig. 9 shows
the shape of the magnetic field about a bar magnet. Fig. 10 shows
the direction of the lines of force about a horseshoe magnet. Fig. 11
is the ideal diagram corresponding w1 1y /,,
to Fig. 9 and showing the lines of “‘.\\N' 2((,, /'
force emerging from the N pole and \\m\} il il
passing around in curved lines to the \:\ié\*li\t‘t'\‘?ql'}/
S pole. This way of imagining IS
the lines of force to be closed &
curves passing on the outside of the 8
magnet from N around to S, and 3
on the inside of the magnet from S
back to N, was introduced by #:
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Fig.9. Shape of Magnetic Field about a Bar Magnet.
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Faraday about 1830, and has been ZZ T
found of great assistance in correla- (,”,/ Z: S;}:
ting the facts of magnetism. 7 RS \\}{i\_\‘
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9. Molecular Nature of Mag ? ,,‘ fglil(‘- N i )//))115\))\

netism. If a small test-tube full of V? {/(l Gk \§;§“;%y,,},,;,,,‘\\
iron filings be stroked from one end g,
to the other with a magnet, it will

be found to behave toward a compass needle as if it were itself a
magnet, but it will lose its magnetism as soon as the filings are shaken
up. If a magnetized needle is heated red-hot, it is found to lose its

g. 10. Direction of Lines of Force
about a Horseshoe Magnet.
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ELECTRICITY AND MAGNETISM 7

magnetism completely. Again, if any magnet is jarred or hammered
or twisted, the strength of its poles as measured by their ability to pick
up tacks or iron filings, is found to be greatly diminished.

. These facts point to the
conclusion that magnetism
has something to do with the .
arrangement of the molecules,
since causes which violently
disturb the molecules of the
magnet weaken its mag-
netism.  Again, if a magnet-
ized needle is broken, each

part will be found to be a
Fig. 11. Ideal Diag:g;l; %agrilré? of Force about complete magnet. That iS,
two new poles will appear at
the point of breaking, a new N pole on the part which has the
original S pole, and a new S pole on the part which has the original
N pole. The subdivision may be continued indefinitely, but always
with the same result, as indicated in Fig. 12. This points to the
conclusion that the molecules of a magnetized bar are themselves
little magnets arranged in rows with their opposite poles in contact.
If an unmagnetized piece of hard steel is pounded vigorously
while it lies between

S <3 e 22 =2 = :
the poles of a mag- L S ‘3”3 N ¥ N s N
~f it 1 - 2= =< . 553
net, or if it is heat = Y % 5 =
ed to redness and e i
then allowed to S N

1 1 j- Fig. 12. A Magnet Broken into Smaller Magnets, Showing
0001 L0 thlS pOS] 3 Connection between Magnetism and ! °

tion 1 t w l 1 1 b e Molecular Arrangement.
H

found to have become magnetized. This points to the conclusion
that the molecules of the steel are magnets even when the bar as
a whole is not magnetized, and that magnetization consists in
causing these molecular magnets to arrange themselves in rows,
end to end.

In an unmagnetized bar of iron or steel, then, it is probable that
the molecules themselves are tiny magnets which are arranged either
haphazard or in little closed groups or chains, as in Fig. 13, so that,
on the whole, opposite poles neutralize each other throughout the
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8 ELECTRICITY AND MAGNETISM

bar.  But when the bar is brought near a magnet, the molecules are
swung around by the.outside magnetic force into some such arrange-
ment as that shown by Fig. 14, in which the opposite poles com-
pletely neutralize one another only in the'middle of the bar. Accord-

OVWPEME, POUNG I Gm PG
VPVIBDV P A= P s o0 ¢
ST e d Y RSV
Ol vametm Pt Qe # IQ 0

Fig. 13. Theoretical Arrangement of Molecules in a Bar of
Ordinary Iron or Steel.

ing to this view, the reason that heating and jarring weaken a magnet
is that disturbances of this sort tend to shake the molecules out of
alignment. On the other hand heating and jarring facilitate mag-
netization when an unmagnetized bar is between the poles of a magnet,
because they assist the magnetizing force in breaking up the molecular
groups or chains and getting the molecules into alignment. Soft iron,
then, has higher permeability than hard steel, merely because the mole-
cules of the former substance do not offer so much resistance to a
force tending to swing them into line as do those of the latter sub-
stance. Steel has on the other hand a much greater retentivity than
soft iron, merely because its molecules are not so asily moved out of
position when once they have been aligned.

VY& ¢ Dmmmmn GRS O
VA S Y AL =T cUEPel SPal =P =f Noyoq §
Vi Swwmmmmmnn g9t ¢
AN SN ikl & & A

Fig. 14. Theoretical Arrangement Assumed by Molecules
when Bar is Magnetized.

10. Saturated Magnets. Strong evidence for the correctness of
the above view is found in the fact that a piece of iron or steel cannot
be magnetized beyond a certain limit, no matter how strong the
magnefizing force. 'This limit probably corresponds to the condition
in which the axes of all the molecules are brought into parallelism, as
in Fig. 14.  The magnet is then said to be saturated, since it is as
strong as it is possible to make it.

Il. The Earth’s Magnetism. The fact that a compass needle
always points north and south, or approximately so, indicates that
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ELECTRICITY AND MAGNETISM 9

the earth itself is a great magnet, having an S pole near the geographi-
cal north pole and an IN pole near the geographical south pole; for
the magnetic pole of the earth which is near the geographical north
pole must of course be unlike the pole of a suspended magnet which
points toward it, and the pole of the suspended magnet which points
toward the north is the one which by convention it has been decided
to call the north pole. The magnetic pole of the earth which is near
the north geographical pole was found in 1831 by Sir James Ross
in Boothia Felix, Canada, latitude 70° 30" N, longitude 95° W. It
was located again in 1905 by Captain Amundsen at a point a little
farther west. Its approximate location is 70° 5’ N.,and 96° 46’ W.
It is probable that it slowly shifts its position.

12.  Declination, It is, of
course, on account of the fact
that the earth’s magnetic and
geographical poles do not alto-
gether coincide, that the magnetic
needle does not point exactly
north, and also that the direction
in which it does point changes
as the needle is moved about
over the earth’s surface. This
last fact was first discovered by Columbus on his voyage to America,
and caused great alarm among his sailors. There are other local
causes, however, such as large deposits of iron ore, which cause local
deviations of the needle from the true north. The number of
‘degrees by which the needle varies from the north and south line at
a given point, is called the declination at that point.

13. Inclination or Dip. Let an unmagnetized knitting needle
a (Fig. 15) be thrust through a cork, and let a second needle b be
passed through the cork at right angles to a. Let the system be
adjusted by means of wax or a pin ¢, until it is in neutral equilibrium
about b as an axis, when a is pointing east and west. Then let a be
strongly magnetized by stroking one end of it from the middle out
with the N pole of a strong magnet, and the other end from the middle
out with the S pole of the same magnet. ‘When now the needle is
replaced on its supportsand turned into a north-and-south line with
its N pole toward the north, it will be found, in the north temperate

Fig. 15. Dipof the Magnetic Needle.
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10 ELECTRICITY AND MAGNETISM

zone, to dip so as to make an angle of from 60° to 75° with the hori-
zontal. This shows that in the latitudes mentioned the earth’s mag-
netic lines are not at all parallel to the earth’s surface. The angle
between these lines and the earth’s surface is called the dip, or
inclination, of the needle. At Washington it is 71° 5’; at Chicago,
72° 50/; at the magnetic poles it is of course 90°; and at the so-called
magnetic equator—an irregular curved line passing through the tropics
—the dip is 0°.

14. The Earth’s Inductive Action. ® A very instructive way of
showing that the earth acts like a great magnet is to hold any ordinary
iron or steel rod parallel to the earth’s magnetic lines, that is, about
in the geographical meridian, but with the north end slanting down
at an angle of say 70° and then to strike one end a few blows with
the hammer. The rod will be found to have become a magnet with
its upper end an S pole, like the north pole of the earth, and its lower
end an N pole. If the rod is reversed and tapped again with the
hammer, its magnetism will be reversed. If held in an east-and-west
position and tapped, it will become demagnetized, as is shown by
the fact that both ends of it will attract either end of a compass needle.

STATIC ELECTRICITY

15. Electrification by Friction. If a piece of hard rubber or a
stick of sealing wax is rubbed with flannel or cat’s fur and then brought
near some dry pith balls, bits of paper, or other light bodies, these
bodies are found to jump toward the rod. After coming into contact
with it, however, they become repelled. These experiments may be
very satisfactorily performed in winter with the aid of a pith ball
suspended by a fine silk thread, as shown in Fig. 16.

This sort of attraction was observed by the Greeks as early as
600 B. C., when it was found that amber which had been rubbed with
silk attracted various sorts of light bodies. It was not, however, until
1600 A. D. that Dr. William Gilbert, physician to Queen Elizabeth,
and sometimes called the father of the modern science of electricity
and magnetism, discovered that the effect could be produced by rub-
bing together a great variety of other substances besides amber and
silk, sueh, for example, as glass and silk, sealing wax and flannel, hard
“rubber and cat’s fur, etc.
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ELECTRICITY AND MAGNETISM 11

Gilbert named the effect which was produced upon these various
substances by friction, electrification, after the Greek name for amber,
electron.  "Thus, a body which, like rubbed amber, has been endowed
with the property of attracting
light bodies is said to have been
electrified, or to have been given a
charge of electricity.  In this state-
ment nothing whatever is said
about the nature of electricity. We
simply define an electrically charged
body as one which has been put
into the condition in which it acts
toward light bodies like the rubbed
amber or the rubbed sealing wax.
To this day we do not know with
certainty what the nature of elec-’
tricity is, but we are fairly familiar
with the laws which govern its
action. It is these lawsto which
attention will be mainly devoted in the following sections.

16. Positive and Negative Electricity. If a pith ball has touched
a glass rod which has been rubbed with silk and thus been put into the
condition in which it is strongly repelled by this rod, it is found
not to be repelled, but on the contrary to be very strongly attracted by
a stick of sealing wax which has been rubbed with cat’s fur or flannel.
Similarly, if the pith ball has touched the sealing wax so that it is
repelled by it, it is found to be strongly attracted by the glass rod.
Again, two pith balls both of which have been in contact with the
glass rod are found to repel one another, while pith balls one of which
has been in contact with the glass rod and the other with the sealing
wax attract one another.

Evidently, then, the electrifications which are imparted to glass
by rubbing it with silk, and to sealing wax by rubbing it with flannel
are opposite in the sense that an electrified body that is attracted
by one is repelled by the other. We say, thercfore, that there are two
kinds of electrification, and we arbitrarily call one positive and the
other negative. Thus, a positively electrified body is one which acts
with respect to other electrified bodies like a glass rod whick has been

Fig. 16. Electrification by Friction.
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12 ELECTRICITY AND MAGNETISM

rubbed with silk, and a negatively electrified body is one which acts like
a piece of sealing wax which has been rubbed with flannel. These
facts and definitions may then be stated in the following general law:
Eiectrical charges of like sign repel each other, while charges of unlike
sign attract each other. The forces of attraction or repulsion are
found, like those of gravitation and magnetism, to decrease as the
square of the distance increases.

17. Conductors and Insulators. If a pith ball is in contact
with a metal body 4 (Fig. 17), and if this body is connected to another
metal body B by a wire, then, when B is rubbed with an electrified
glass rod, A will be found immediately to repel the pith ball from
itself. That is, a portion of the charge communicated to B evidently
; passes instantly over the wire to
i A. If the experiment is repeated
| when 4 and B are connected with
& @ a thread of silk, or with a rod of

_ wood instead of metal, no effect will

Figd&éuﬁg Eﬁ?ﬁéﬁ?ﬁuﬁé°1§?§§er‘&eo?°“' be observed at all upon the pith

Various Materials. ball. If a moistened thread con-

nects A and B, the pith ball will be affected, but not so soon as when
A and B are connected with a wire.

These experiments make it clear that while electric charges
pass with perfect readiness through a wire, they are quite unable to
pass along dry silk or wool, while they pass with considerable difficulty
along moist silk. We are therefore accustomed to divide substances
into two classes, conductors and non-conductors or tnsulators, according
to their ability to transmit electrical charges from point to point. Thus
metals and solutions of salts and acids in water are all conductors of
electricity, while glass, porcelain, rubber, mica, shellac, wood, silk,
vaseline, turpentine, paraffin, and oils generally are insulators. No
hard and fast line, however, can be drawn between conductors and
non-conductors, since all so-called insulators conduct to some extent,
while the so-called conductors differ greatly among themselves in
the facility with which they transmit charges.

The fact of conduction- brings out sharply one of the most
essential distinctions between electricity and magnetism. Magnetic
poles exist only in iron and steel, while electrical charges can be
communicated to any body whatsoever, provided they are insulated.

22




ELECTRICITY AND MAGNETISM 13

These charges pass from point to point over conductors, and can be
transferred by contact from one body to any other, while magnetic
poles remain fixed in position, and are wholly uninfluenced by contact
with other bodies, unless these bodies themselves are mugnets.

18. Electrostatic Induction. If a metal ball A, Fig. 18, is
strongly charged by rubbing it with a charged rod, and then brought
near an insulated metal body B N
which is provided with pith balls or ; i \Q L ! )

. (- B +)
strips of paper, a, b, ¢, as shown, / —

the divergence of a and ¢, will show
that the ends of B have received
electrical charges because of the presence of .1, while the failure
of b to diverge will show that the middle of B isuncharged.
Further, the rod which charged .4 will be found to repel ¢ but to

attract @.  When A4 is removed all evidences of electrification in B

Fig. 18. Electrostatic Induction.

will disappear.

From experiments of this sort we conclude that when a conductor
is brought near a charged body the end away from the charged body
becomes electrified with the same kind of electricity as that on the
charged body, while the end near the charged body receives a charge
of opposite sign.  This method of producing electrification by the mere
influence which an electric charge has upon a conductor placed in uts
neighborhood, is called electrostatic induction. 'The fact that as soon
as A4 is removed, a and ¢ collapse, shows that this form of electrifica-
tion is only a temporary phenomenon.

19. The Two=Fluid Theory of Electricity. We can describe
the facts of induction conveniently by assuming that in every con-
ductor there exists an equal number of positively and negatively
charged corpuscles, which are very much smaller than atoms and
which are able to move about freely among the molecules of the con-
ductor. According to this view, when no electrified body is near the
conductor B, it appears to have no charge at all, because all of the
little positive charges within it counteract the effects upon outside
bodies of all the little negative charges. But as soon as an electrical
charge is brought near B, it drives as far away as possible the little
corpuscles which carry charges of sign like its own, while it attracts
the corpuscles of unlike sign. B, therefore, becomes electrified like 4
at its remote end, and unlike A at its near end. As soon as the
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14 ELECTRICITY AND MAGNETISM

inducing charge s removed, B immediately becomes neutral again
because the little positive and negative corpuscles come together
under the influence of their mutual attraction. "T'his picture of the
mechanism of electrification by induction is a modern modification
of the so-called two-fluid theory of electricity, which conceived of all
conductors as containing equal amounts of two weightless electrical
fluids, called positive clectricity and negative electricity. Although
it is extremely doubtful whether this theory represents the actual con-
ditions within a conductor, yet we are able to say with perfect positive-
ness that the electrical behavior of a conductor is exactly what 1t would
be if it did contain equal amounts of positive and negative electrical
fluids, or equal numbers of minute positive and negative corpuscles
which are free to move about among the molecules of the conductor
under the influence of outside electrical forces. Furthermore, since
the real nature of electricity is as yet unknown, it has gradually
become a universally recognized convention to speak of the positive
electricity within a conductor as being repelled to the remote end, and
the negative electricity as being attracted to the near end by an outside
positive charge, and wvice versa. This does not imply the acceptance
of the two-fluid theory. It is merely a way of describing the fact
that the remote end oes acquire a charge like that of the inducing
hody, and the near end a charge unlike that of the inducing body.

20. The Electron Theory. A slightly different theory has
recently been put forward by physicists of high standing both in
England and in Germany. According to this theory a certain amount
of positive electricity is supposed to constitute the nucleus of the
atom of every substance. About this positive charge are grouped
a number of very minute negatively charged corpuscles or electrons,
the mass of each of which is approximately 4% of that of the
hydrogen atom. The sum of the negative charges of these electrons
is supposed to be just equal to the positive charge of the atom, so
that in its normal condition, the whole atom is neutral and uncharged.
But in the jostlings of the molecules of the conductor, electrons are
continually getting loose from the atoms, moving about freely among
the molecules, and re-entering other atoms which have lost their
electrons. Therefore, at a given instant, there are always in every
conductor a large number of free negative electrons and an exactly
equal number of atoms which have lost electrons and which are
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ELECTRICITY AND MAGNETISM 15

therefore positively charged. Such a conductor would, as a whole,
show no charge of either positive or negative electricity. But if a
body charged, for example, negatively, were brought near such a
body, the negatively charged electrons would stream away to the
remote end, leaving behind them the positively charged atoms which
are not supposed to be free to move from their positions. On the
other hand, if a positively charged body is brought near the conductor,
the negative electrons are attracted and the remote end is left with the
immovable positive atoms.

The only advantage of this theory over that suggested in the
preceding section, in which the existence of both positive and negative
corpuscles is assumed, is that there is much direct experimental
evidence for the existence o
of free negatively charged
corpuscles of about ¢ l
the mass of the hydrogen
atom, but no direet evi-
dence as yet for the exist-
ence of positively charged
electrons.

21. The Gold-Leaf Elec=
troscope.  One of the most pig 10, miectroscope. tor Detecting Presence of
sensitive and convenient e A
instruments for detecting the presence of an electrical charge upon
a body and for determining the sign of that charge, is the gold-leaf
Llectroscope (Fig. 19). It consists of a glass jar, through the neck
of which passes a metal rod supported by a rubber stopper or
some other insulated material, and carrying at its lower end two
gold leaves or strips of aluminum foil. To detect with this instru-
ment the presence of an electrical charge, it is only necessary to bring
near the upper end of the electroscope the body which is to be tested.
If it is charged, it will repel electricity of the kind which it possesses
to the leaves and draw the unlike kind to the upper end. The
leaves under the influence of the like charges which they possess
will stand apart or diverge. If the body is not charged the gold
leaves will not be affected at all.

To determine the sign of an unknown charge with an elecizo-
scope, we first impart a charge of known sign to the electroscope by
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16 ELECTRICITY AND MAGNETISM

touching it with a piece of sealing wax, for example, which has been
rubbed with cat’s fur. This charges the leaves negatively and causes
them to diverge. The unknown charge is then slowly brought near
the upper end of the electroscope; and if the divergence of the leaves
is increased, the sign of the unknown charge is negative, for the in-
creased divergence means that more negative electricity has been
repelled to the leaves. If the divergence is decreased instead of
increased, the sign of the unknown charge is positive, for, the de-
creased divergence of the leaves means that a part of the negative
electricity already on the leaves has been drawn to the upper end.

22. Charging by Induction. If a positively charged body C
(Fig. 20) is brought near two conductors 4 and B in contact, we have

seen that a positive charge will

: appear upon A and a negative

ee < charge upon B. If C were removed

these charges would recombine and

% A and B both become neutral.

Fig. 2. Ciﬁzgggg%?ufggﬁi Jn Contact,  But if, before C has been removed,

A and B are separated, and if then

C is removed, there is no opportunity for this recombination. Hence

A is left permanently charged positively, and B negatively. These

charges can be easily detected by bringing A and B into the neigh-

borhood of a charged electroscope. One will cause the divergence of
the leaves to increase, the other will cause it to decrease.

Again, if a positively charged body C (Fig. 21) is brought near a
conductor B, and if, while C is still in position, the finger is touched
anywhere to the conductor B and then removed, then, when.C is
removed, B is found to be negatively charged. In this case the body
of the experimenter corresponds to the conductor A of the preceding
experiment, and removing the finger from B corresponds therefore to
separating the two conductors 4 and B. In the use of this method
of charging a single body by induction, it makes no difference with
the sign of the charge left upon B where the finger touches the body B,
whether at a or at b or at any other point, for it is always the kind
of electricity which is like that on the charging body C that is re-
pelled off to earth through the finger; while the charge which is unlike
that upon C is drawn to the part of B which is next to'C, and as soon
as C is removed this spreads over the whole body B. Whenever, then,
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ELECTRICITY AND MAGNETISM 17

a single body is charged by induction in this manner, the sign of the
crarge left upon i is always opposite to that of the inducing charge.

Thus, if we wished to charge an electroscope negatively by induc-
tion from a positively charged glass rod, we should first bring the
rod neay the knob of the electroscope, thus causing the leaves to
diverge because of the positive electricity which is repelled to them.
Then while the rod —

& 5 =)

was still in position
near the electro-

TG

scope, we should
touch the knob of
the latter with the
finger. The leaves would at once collapse. This is because the
positive electricity on the electroscope passes off to earth through
the finger, while the negative is held attracted to the knob of the
electroscope by the positive charge on the rod. In this conditior
the negative is sometimes said to be bound by the attraction of th-
positive charge on . We should then remove the finger and finally
the rod. The negative would then be free to pass to the leaves
and cause ‘them to diverge. The electroscope would thus be

Fig. 21. Single Body Charged by Induction.

charged negatively. This is often one of the most convenient
methods of charging an electroscope. It should always be used
where it is desired to obtain a charge of opposite sign to that of the
charging body. If it is desired to obtain a charge on the electro-
scope of like sign to that of the charging body we simply touch the
body directly to the knob of the electroscope, and thus charge it by
conduection rather than by induction.

One advantage of charging by induction lies in the fact that
the charging body loses none of its own charge, whereas, in charging
by conduction the charging body must of course part with a portion
of its charge.

23. Positive and Negative Electricities Always Appear Simul-
taneously and in Equal Amounts. If a strip of flannel is stuck fast
to one side of a rod of sealing wax and rubbed back and forth over a
a second rod of sealing wax, and if then the two bodies are
brought near the knob of a charged electroscope before they are
separated, it is found that they give no evidence at all of electri-
fication. But if they are separated and brought in succession
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18 "ELECTRICITY AND MAGNETISM

to the knob of the electroscope, they will exhibit positive and
negative charges of equal strength, the flannel being positive and
the bare sealing wax negative. Similarly, when a glass rod is charged
positively by rubbing it with silk, the silk when tested is always found
to possess a negative charge. These experiments show that in pro-
ducing electrification by friction, positive and negative charges appear
simultaneously and in equal amount. This confirms the view,
already brought forward in connection with induction, that the process
of electrification always consists in a
separation of positive and negative
charges which already exist in
equal amounts within the bodies in
which the electrification is develop-
ed. Certain it is that it is never
possible to produce in any way what-
ever one kind of electricity without
producing at the same time an equal

Fig. 22. Showing that an Electric Charge
Lies on Outer Surface of Conductor.

amount of the opposite kind.

24. An Electrical Charge Resides upon the Outside Surface of a
Conductor. If a deep metal cup is placed upon an insulating stand
and charged as strongly as possible, either from a charged rod or from
an sectrical machine (see Fig. 22), and a metal ball suspended by a
silk thread is touched to the inside of the cup, the ball is found upon
removal to show no evidence of charge when brought near the knob
of the electroscope. If, on the other hand. the ball is touched to the
outside of the cup, it exhibits a strong cnarge. Or, again, if the metal
ball is first charged and then touched to the inside of the cup, it loses
completely its charge, even though the cup itself may be very strongly
charged. These experiments show that an electric charge resides
entirely on the outside surface of a conductor. This is a result which
might have been inferred from the fact that all the little electrical
charges of which the tota! charge is made up repel each other and
therefore move through the conductor untii they are on the average
as far apart as possible, that is, until they are all upon  the surface.

25. Density of Charge Greatest where Curvature of Surface is
Greatest. Since all of the parts of an electrical charge tend, because
of their mutual repulsions, to get as far apart as possible, we might
infer that if a charge of either sign is placed upon an oblong coad uctor,
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ELECTRICITY AND MAGNETISM 19

like that of Fig. 23 (1), it would distribute itself so that the electrifica-
tion at the ends will be stronger than that in the middle. The cor-
rectness of this inference is casy to verify experimentally, for it is only
necessary to attach a penny to the end of a piece of sealing wax and
touch it first to the middle of a long charged conductor, and then
bring it over the knob of the electroscope, then to repeat the operation
when the penny is touched to the end of the

conductor. The electroscope will be affected /== =m=mmz=cmoa=an
much more strongly in the latter case than 8 <
in the former. If we should test in this
way the distribution on a pear-shaped body,
Fig. 23 (2), we should find the density of
electrification considerably greater on the
small end than on the large end. By density Fig.

23. Variation of Electric

h i s g Charge with Curvature ot
of electrification is meant the quantity of “"*"#°"§fCen,

electricity on unit-area of the surface.

26. The Discharging Effect of Points. It might be inferred
from the above that if one end of a pear-shaped body is made more
and more pointed, then, when a charge is imparted to the body, the
electric density on the small end will become greater and greater as
the curvature of this end is made less and less. 'That this is in fact,

s the case is indicated by the effect

. / which experiment shows that points

. )ﬁg’% have upen electrical charges; for if

a very sharp needle is attached to
any insulated conductor which is
provided with paper or pith-ball
indicators (as shown in Fig. 18), it
is found impossible to impart to

the body a permanent charge; that

¥ig. 24. Influence of Pointed Conduetor is, if one attempts to charge it
upon Eleetric Charge.

by rubbing over it a charged glass
rod or other charged body, the indicators will be found to collapse
as soon as the rod is removed. That this is due to an effect of the
point can be proved either by removing the needle, or by covering up
the point with wax, when the charge will be retained, as in the case of
any insulated body. The probable explanation of the phenomennss
is as follows:
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20 ELECTRICITY AND MAGNETISM

The density of the charge becomes so intense upon the point that the
molecules of air immediately adjoining the point are broken apart into posi-
tive and negative parts, and portions which are of unlike sign to the charge
on the point are attracted to it, thus neutralizing the charge upon the body,
while portions of like sign are repelled away.

The effect of points upon an electrical charge may be shown
very strikingly by holding a very sharp needle in the hand and bring-
ing it toward the knob of a charged electroscope. The leaves will
fall together rapidly. Or, if the needle is brought near a tassel of
tissue paper which is attached to an electrified conductor (see Fig.
24), the electrified streamers, which stand out in all directions because
of their mutual repulsions, will at once fall together. In both of these
cases the needle becomes electrified by induction and discharges to the
knob of the electroscope, or to the tassel, electricity of opposite sign
to that which it contains, thus neutralizing its charge.

. An interesting variation of the last ex-

, ~ periment is to mount an electric whirl (see

— E /,7 Fig. 25) upon one knob of an electrical
machine. As soon as the machine is started,
the whirl will rotate rapidly in the direction
of the arrow. The explanation is as follows:
On account of the great magnitude of the
electric force near the points, the molecules

®ig. 25. Electric Whirl on 3 H
i e of the gas just in front of them are broken

Machine.

into positive and negative parts. The part
of sign unlike that of the charge on the points is drawn to them, while
the other part is repelled. But since this repulsion is mutual, the
point is pushed back with the same force with which the particles
are pushed forward; hence the rotation. 'The repelled particles
in their turn drag the air with them in their forward motion, and
thus produce the electric wind, which may be detected easily by the
hand or by a candle held in front of the point.

27. The Lightning Rod. The discharging effect of a sharp point
is utilized in the lightning rod, invented by Franklin in 1752. The
way in which the rod discharges the cloud and protects the building -
is as follows: As an electrically charged cloud approaches a building
provided with a lightning rod, it induces an opposite charge in the
earth and in the rod which is connected to the earth. As soon as the
charge on the point becomes strong enough to break apart the mole-




ELECTRICITY AND MAGNETISM 21

cules of the air in front of it, a stream of electrified particles, of sign
opposite tothat of the charge on the cloud, passes from the neighborhood
of the rod to the cloud and thus neutralizes the charge of the cloud. We
are accustomed to say merely that the point discharges the cloud.
28. Electrical Potential. 'There is a very instructive analogy
between the use of the word potential in electricity and pressure in
hydrestatics. For example, if water will flow from tank 4 (Fig. 26)
to tank B through the connecting pipe R, we infer that the hydro-
static pressure at a must be greater than that at b, and we attribute the
flow directly to this difference in pressure. In precisely the same way,
if, when two bodies .1 and B (Fig. 27) are connected by a conducting
- wire r, a charge of positive electricity is found to pass from 4 to B, or
of negative from B to .1, we are accustomed to say that the electrical
potential is higher at 4 than at B, and we assign this difference of
potential as the cause of the flow. Thus, just as water tends to flow
from points of higher hydrostatic
pressure to points of lower
hydrostatic pressure, so electricity
is conceived of as tending to
flow from points of higher elec-
trical pressure or potential to
points of lower electrical pres-
sure or potential.

Again, if water is not continu-
ously supplied to one of the tanks
of Flg' 26’ we know that the pres- Figs. 26 and 27. Illustrating Analogy be-.
sures at @ and b must soon be- tween Electric Potential and
A Hydrostatic Pressure,
come the same. Similarly, if no
electricity is supplied to the bodies .1 and B of Fig. 27, their poten-
tials very quickly become the same. In other words, all points
on a system of connected conductors in which the electricity is in a
stationary, or static, condition are necessarily at the same potential;
for if this were not the case, then the electricity which we imagine
all conductors to contain would move through the conductor until
the potentials of all points were equalized. In other words,
equality in the potentials of all points on a conductor in the static
condition follows at once from the fact of mobility of electrical
charges through or over a conductor.

Fig. 27.
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But if water is continually poured into 4 (Fig. 26) and removed
from B, the pressure at a will remain permanently above the pressure
at b, and a continuous flow of water will take place through R.  Simi-
larly if A (Fig. 27) is connected with an electrical machine and B to
earth, a permanent potential difference will exist between 4 and B
and a continuous current of electricity will flow through r.  Difference
in potential is commonly denoted simply by the letters P. D. (potential
difference).

When we speak simply of the potential of a Lody we mean the
difference of potential which exists between the body and the earth,
for the electrical condition of the earth is always taken as the zero to
which the electrical conditions of all other bodies are referred. Thus
a body which is positively charged is regarded as one which has a
potential higher than that of the earth, while a body which is nega-
tively charged is looked upon as one which has a potential lower than
that of the earth. Fig. 28 represents the hydrostatic analogy of
positively and negatively
charged bodies. Since it
has been decided to regard
the- flow of electricity as
taking place from a point
of higher to that of lower
potential, it will be seen
that when a discharge takes

Fig.28. Hydrostatic Analogy of Positively and - Place between a negatively
Negatively Charged Bodles. char ged bo dy and the
earth we must regard the positive electricity as passing from the
earth to the body, rather than the negative as passing from th: body
to the earth. This is, indeed, a mere convention, but it is one which
it is very important to remember in connection with the study of
current electricity. From the point of view of the electron theory
(§ 20), it would be natural to invert this convention exactly, since
this theory regards the negative electricity alouz as moving through
conductors. But since the opposite convention has become estab-
lished, it will not be wise to attempt to change it until the electron
theory has become more thoroughly established than is at present
the case.
29. Some Methods of Measuring Potentials. Omne of the
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simplest methods of comparing the potential difference which exists

between any two charged bodies and the earth, is to connect the

charged bodies successively to the knob of an electroscope, the con-

ducting case of which is in electrical connection with the earth. The

amount of separation of the gold leaves is then a measure of the P. D.
ctween the earth and the charged body.

Another very convenient way of measuring approximately a
very large P. D. is to measure the length of the spark which will pass
between the two bodies whose P. D. is sought. This P. D. is approxi-
mately proportional to the spark length, provided the dimensions of
the bodies are large in comparison with the distance between them,
each cent'meter of spark length representing a P. D. of about 30,000
volts. :

30. Condensers. If ametal plate 4 is mounted on an insulating
plate and connected w'th an electroscope. as in Fig 29 and if a

A B
P
+ |* -
e
+ 4T =
P -
+ |F B

‘Fig. 29. TIllustrating the Principle of the Condenser.

second plate B is similarly mounted and connected to earth, then,
when a charge is placed on 4, it will be found that the gold leaves fall
together as B approaches 4 and diverge farther as B recedes from A.
This shows that the potential of 4 is diminished by bringing B close
to it, in spite of the fact that the quantity of electricity on 1 has
remained unchanged. If we convey additional plus charges to 4, we
find that many times the original amount of electricity may be placed
on A when B is close to it, before the leaves return to their original
divergence, that is, before the body regains its original potential.

We say, therefore, that the capacity of A for holding electricity
has been very greatly increased by bringing near it another conductor
which is connected to earth. It is evident from this statement that
we measure the capacity of a body by the amount of electricity whach
must be put upon it in order to raise its potential to a given point. 'The

33




24 ELECTRICITY AND MAGNETISM

explanation of the increase of capacity in this case is obvious. As
soon as B was brought near to A, it became charged, by induction,
with electricity of sign opposite to that of .1, the electricity of sign
like that of A being driven off to earth through the connecting wire.
'The attraction between these opposite charges on 4 and B drew the
electricity on .1 to the face nearest to B, and removed it from the more
remote parts of .1, so that it became possible to put a very much
larger charge on A before the tendency of the electricity on A4 to pass
over to the electroscope becaine as great as at first, that is, before the
potential of A rose to its original value. Under circumstances of
this sort the electricity on 4 is said to be bound by the opposite elec-
tricity on B.

An arrangement of this sort consisting of two conductors sepa-
rated by a nonconductor is called a condenser. If the conducting
points are very close together and one of them is joined to earth, the
capacity of the system may be thousands of times as great as that of
one of the plates alone.

31, The Leyden Jar. The most common form of condenser is
a glass jar coated part way to the top inside and outside with tinfoil
(Fig. 30). The inside coating is connected by a chain to the knob,
while the outside coating is con-
nected to earth. Condensers of
this sort first came into use ir
Leyden, Holland, in 1745.
Hence they are now called Leyden
jars.

Such a jar is charged by hold-
ing the knob in contact with one
terminal of an electrical machine
and connecting the outer coat to
earth either by a wire or simply
by holding it with the hand. As
fast as electricity passes to the knob, it spreads to the inner coat of
the jar where it attracts cleetricity of the opposite kind from the earth
to the outer coat, repelling electricity of the same kind. If the inner
and outer coatings are now connected by a discharging rod (as in
Fig. 30), a very powerful spark will be produced. If a charged jar
is placed on a glass plate so as to insulate the outer coat, the knob

Fig. 30. Leyden Jar.
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may be touched with the finger and no appreciable discharge noticed.
Similarly the outer coat may be touched with the finger with the same
result. But if the inner and outer coats are connected with the dis-
charger, a powerful spark passes.

The experiment shows that it is impossible to discharge one side
of the jar alone, for practically all of the charge is bound by the opposite
charge on the other coat. Therefore, the full discharge can occur
only when the inner and outer coats are connected.

32. Electrical Screens. We have seen that if a positively
charged body A (Fig. 31) is brought near an uncharged conductor
B, negative electricity is attracted to the near end of the conductor and
positive electricity appears on the
remote end. This appearance of
the two opposite charges on the two 6 _ B'p D)
opposite ends of the conductor j

] Fig. 3. Illustrating Principle of the
evidently tends to create a field of Electrical Screen.
force at any point p, inside the con-
ductor, which is opposite in direction to the field due to the charge on
«1. Since the electricity within the conductor is free to move under
the influence of any electrical force which is acting upon it, it is clear
that the accumulation of negative eléctricity at one end and of positive
at the other will cease only when all electrical forces inside the con-
ductor are reduced to zero, that is,when the charges on .1 and B, acting
jointly, neutralize one another completely at any point p within the
conductor. It appears, therefore, that the distribution of the induced
charge on the surface of a conductor in the electrical field of a charged
body must always be such that there is no force whatever inside the
body. This theoretical conclusion was first experimentally verified
by Faraday, who coated a large box with tinfoil and went inside the
box with delicate electroscopes. He found that these electroscopes
showed no effects whatever, even when powerfully charged bodies
were brought near the outside of the box. The experiment is often
repeated in a small way by placing an electroscope under a wire cage
of rather small mesh. A charged rod brought near the cage will pro-
duce no effect whatever upon the electroscope. We thus learn that
electrical influences can be completely cut off from a body by sur-
rounding it on all sides with a conductor. .
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ELECTRICAL GENERATORS.

33. The Electrophorus. The electrophorus is a simple elec-
trical generator which illustrates well the principle underlying the
action of all electrostatic machines. All such machines generate
electricity primarily by induction, not by friction. B (Fig. 32) is a
hard rubber plate which is first charged by rubbing it with fur or
flannel. A4 is a metal plate provided with an insulating handle.
When the plate A is placed upon B, touched with the finger, and then
removed, it is found possible to draw a spark from it, which in dry
weather may be a quarter of an
inch or more in length. The proc-
ess may be repeated an indefi-
nite number of times without
producing any diminution in the
size of the spark which may be
drawn from A.

If the sign of the charge on A
is tested by means of an electro-
scope, it will be found to be posi-
tive. This proves that 4 has been
 charged by induction, not by contact with B, for it is to be remembered

Fig. 32. The Electrophorus.

Fig. 33. Toepler-Holtz Static Machine.

that the latter is charged negatively. The reason for this is that even
when 4 rests upon B it is'in reality separated from it, at all but a very

36




ELECTRICITY AND MAGNETISM 27

few points, by an insulating layer of air; and, since Bis a non-conductor,
its charge cannot pass off appreciably through these few points of
contact. It simply repels negative electricity to the top side of the
metal plate .4, and draws positive to the lower side of this plate. The
negative passes off to earth when the plate is touched with the finger.
Hence, when the finger is removed and A lifted, is possesses a strong
positive charge.

34. The Toepler-Holtz Static Machine. The ordinary static
machin€ is nothing but a continuously acting electrophorus. Fig. 33
represents one type of such machine. Upon the back of the stationary
glass plate E are pasted paper sectors, beneath which are strips of
tinfoil .1 B and C' D, called inductors. In front of E is a revolving
glass plate carrying disks I, m, n, o, p, and g, called carriers. To the
inductors 4 B and C' D are fastened metal arms ¢ and «, which bring
C and D into electrical contact with the disks I, m, n, o, p, and ¢,
when these disks pass beneath the tinsel brushes carried by ¢ and .
A stationary metallic rod r s carries at its ends stationary brushes as
well as sharp-pointed metallic combs. The two knobs R and S
have their capacity increased by the Leyden jars L and L.

The action of the machine is best understood from the diagram
(Fig. 34). Suppose that a small + charge is originally placed on the
inductor C D. Induction takes place in the metallic system consisting
of the disks  and
o and the rod r s,
! becoming nega-
tively charged,
and o positively
charged. As the
plate carrying {,
m, n, 0, P, ¢
rotates in the
direction of the

arrows, the nega-
tive charge on lis

carried over to IMig. 34, Tlustrating Action of Static Machine.
the position m,

where a part of it passes over to the inductor 4 B, thus charg-
ing it negatively. When [ reaches the position n, the remainder
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of its charge, being repelled by the negative which is now on 4 B,
passes over into the Leyden jar L. When [ reaches the position
0, it again becomes charged by induction, this time positively,
and more strongly than at first, since now the negative on 4 B, as
well as the positive on C' D, is acting inductively upon the rod r s.
. When [ reaches the position u, a part of its now strong positive charge
passes to C D, thus increasing the positive charge upon this inductor.
In the position v, the remainder of the positive charge on ! passes over
to L’. . This completes the cycle for L. Thus, as the rotation con-
tinues, 4 B and C D acquire stronger and stronger charges, the induc-
tive action upon 7 s becomes more and more intense, and positive
and negative charges are continuously imparted to L and L’ until a
discharge takes place between the knobs R and S.

There is usually sufficient charge on one of the inductors to
start the machine, but in damp weather it is often found necessary
to apply a charge to one of them by means of a piece of sealing wax
or a glass rod before the machine will work.

ELECTRICITY IN MOTION—ELECTRICAL CURRENTS

35. The Magnetic Effect Due to a Charge in Motion. An
electrical charge at rest produces no magnetic effect whatever. This
can be proved by bringing a chargell body near a compass needle or
suspended magnet. It will attract both ends equally well by virtue
of the principle of electro-
static induction. If the
effect were magnetic, one
end should be repelled and
.the other attracted. Again,
if a sheet of zine, aluminum,
or copper is inserted between
the deflected needle and the
charge, all effect which was

Fig. 35. Deﬁzggircagltllg‘el\éagnetic Effect of produced upon the needle
by the charge will be cut off,

for the metallic sheet will act as an clectric screen (cf. § 32). But if
such a metal screen is inserted between a compass needle and
magnet, its insertion has no effect at all on the magnetic forces

(cf. § 5).
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If, however, a charged Leyden jar is discharged through a coil
which surrounds an unmagnetized knitting needlc in the manner
shown in Fig. 35, the needle will be found after the discharge to have
become distinctly magnetized. If the sign of the charge on the jar is
reversed, the poles will, in general, be reversed also.

This experiment demonstrates the existence of some connection
between electricity and magnetism. Just what this connection is, is
not yet known with certainty; but it is known that magnetic efects
are always observable near the path of a moving
electrical charge, while no such effects can ever + —_
be observed near a charge at rest. 4

An electrical charge in motion is called an
electrical current, and the presence of such current
in a conductor is most commonly detected by the
magnetic effect which it produces. A

36. The Galvanic Cell. When a Leyden
jar is discharged, but a very small quantity of

electricity passes through the connecting wires, C Z
since the current lasts but a small fraction of a Fig. 36,

. Simplest Form of
second. If we could keep the current flowing Galvanic Cell.

continuously through the wire, we should expect
the magnetic effect to be more pronounced. This might be done by
discharging Leyden jars in rapid succession through the wire. In
1786, however, Galvani, an Italian anatomist at the University of
Bologna, accidentally discovered that there is a chemical method for
producing such a continuous current. His discovery was not under-
stood, however,
until Volta, pro-
fessor of physics
+ , : at Como, devis-
( N S ed an arrange-

,.) ment which is
now known

Fig.37. Demonstrating Flow and Magnetic Effects of sometimes as the
Current from Galvanic Cell. Vo lt aie some-
3

’

times as the galvanic cell.
Such a cell consists in its simplest form of a strip of copper and a
- strip of zinc immersed in dilute sulphuric acid (Fig. 36). If the wires

-
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leading from the copper and the zinc are connected for a few seconds
to the end of the coil of Fig. 35, when an unmagnetized needle lies
within this coil, the needle will be found to be much more strongly
magnetized than it was when the Leyden jar was discharged through
the coil.  Or, if the wire connecting the copper and zinc is simply held
above the needle in the manner shown in Fig. 37, the latter will be
found to be strongly deflected. It is evident from these experiments
that the wire which connects the terminals of a galvanic cell carries a
current of electricity. Historically the second of these experiments,
performed by the Danish physicist Oersted in 1819, preceded the dis-
covery of the magnetizing effect of currents upon needles. It created
a great deal of excitement ar ‘he time because it was the first clew
which had been found to a relationship between eclectricity and
magnetism.

It might be inferred from the above experiments that the two
plates of a galvanic cell when not connected by a wire carry static
positive and negative charges just as do the two coats of a Leyden
jar before it is discharged through the wire. This inference can be
easily verified with an electroscope.

Thus, if a metal plate 4 (Iig. 38) covered with shellac on its
lower side and provided with an insulating handle, is placed upon a
similar plate B which is in contact
with the knob on an electroscope;
and if the copper plate, for ex-
ample, of a galvanic cell is con-
nected to .4 and the zinc to B; then,
when the connecting wires are re-
moved and the plate 4 lifted away
from B, the leaves of the electro-
scope will diverge and when tested

Fig. 38. Showing Existence of Static will be found to be negatively
(HERET CRALIACRE A 0 charged. If the deflection observed

in the leaves of the electroscope is too small for purposes of demon-
stration, the conditions can be bettered by using a battery of from
five to ten cells instead of the single cell. If, however, the plates 4
and B are sufficiently large—say, three or four inches in diameter—
and if their surfaces are very flat, a single cell will be found to be
sufficient. If, on the other hand, the copper plate is connected to B
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and the zincto 4 in the above experiment, the electroscope will be
found to be positively charged. This shows clearly that the-copper
plate possesses a positive electrical charge, while the zinc plate pos-
sesses a negative charge, these charges originating in the chemical
action within the galvanic cell.

In this experiment the two metal plates separated by shellac
constitute an electrical condenser which is charged positively on
one side and negatively on the other by connecting it with the two
plates of the galvanic cell, in precisely the same way in which a
Leyden jar is charged by connectirig its two coats one to one terminal
and the other to the other terminal of a static machire. The potential
of plate B is increased bymoving 4 awayfrom it, just as in the arrange-
ment shown in Fig. 29 the potential of A was increased by moving
B away from it. This device makes it possible to detect very small
potential differences.

37. Comparison of a Galvanic Cell and Static Machine. If one
of the terminals of a galvanic cell is touched directly to the knob of
the gold-leaf electroscope without the use of the condenser plates
4 and B of Fig. 38, no divergence of the leaves can be detected; but
if one knob of a static machine in operation were so touched, the
leaves would be thrown apart very violently. Since we have seen
that the divergence of the leaves is a measure of the potential of the
body to which they are connected, we learn from this experiment that
the chemical actions going on in a galvanic cell are able to produce
between its terminals but very small potential differences in com-
parison with that produced by the static machine between its
terminals. As a matter of fact, the potential difference between
the terminals of the cell is but one volt (cf. § 40), while that
between the terminals of an electrical machine may be several
" hundred thousand volts.

On the other hand, if the knobs of the static machine are con-
nected to the ends of the wire shown in Fig. 37, and the machine
operated, the current will not be large enough to produce any
appreciable effect upon the needle. Since, under these same
circumstances the galvanic cell produced a very large effect
upon the needle, we learn that although the cell develops a
much smaller P. D. than does the static machine, it neverthe-
less sends through the wire a very much larger amount of electricity
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per second. This means merely that the chemical actions which
are going on within the cell are able to recharge the plates when
they become discharged through the electric wire, far more rapidly
than is the static machine able to recharge its terminals after they
have once been discharged.

38. Shape of the Magnetic Field about a Current. If we place
the wire which connects the plates of a galvanic cell in a vertical
position (see Fig. 39), and explore with a compass needle the shape
of the magnetic field about the current, we find that the magnetic
lines are concentric circles lying in a plane perpendicular to the wire
and having the wire as their common center. If we reverse the
direction of the current, we find that the direction in which the com-
pass needle points reverses also. If the current is very strong (say
40 amperes), this shape of the field can be shown by scattering iron
filings on a plate through
which the current passes,
in the manner shown in
Fig. 39. The relation be-
tween the direction in which
the current flows and the
direction in which the posi-
tive end of the needle points
(this is, by definition, the
direction of the magnetic
field) is given in the follow-
ing convenient rule: If the
%, Brvloring Magneo Fled rownd s Coneright hand grasps the wire

as i Fig. 40, so that the
thumb points in the direction in which the positive 2lectricity is moving,
that s, in the direction from the copper toward the zinc, then the mag-
netic lines encircle the wire in the same direction as do the fingers of
the hand. Another way of stating this rule is as follows: The rela-
tion between the direction of the current in a wire and the direction of
the magnetic lines about it, is the same as the relation between the direc-
tion of the forward motion of a right-handed screw and the direction
of rotation when it is being driven in. In this form the rule is known
as the right-hand screw rule. i
39. The Measurement of Electrical Currents. Electrical cur-
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rents are, in general, measured by the strength of the magnetic
effect which they are able to produce under specific conditions.
Thus, if the wire carrying a current is wound into circular form as in
Fig. 41, the right-hand screw rule shows us that the shape of the mag-
netic field at the center of the coil is similar to that shown in the figure.
If, then, the coil is placed in
a north-and-south plane and
a compass needle is placed
at the center, the passage of
the current through the coil
tends to deflect the needle so Figi;gierlli}?,ffggtﬁ%egii%ﬂtﬁ%ﬁdgﬁgffcwplﬁa%? for
as to make it point east and
west. The amount of deflection under these conditions is taken as
the measure of current strength. The unit of current is called the
ampere and is in fact approximately the same as the current which,
flowing through a circular coil of three turns and 10 cm. radius, set
in a north-and-south plane, will produce a deflection of 45 degrees
at Washington in a small compass needle placed in its center (as in
Fig. 41). Nearly all current-measuring instruments, commonly
called ammeters, consist essentially either of a small magnet sus-
pended at the center
of a fixed coil as in
Fig. 41, or of a mov-
able coil suspended
between the poles of
a fixed magnet. The
passage of the cur-
rent through the coil
Fig. 41. Arrangement of Circular Conductor and Com- produces a deflection »
pass tor Measuring Current Strength. .

, in the first case,of the
magnetic needle with reference to the fixed coil, and in the second case,
of the coil with reference to the fixed magnet. If the instrument
has been suitably calibrated, the amount of the deflection gives at
once the strength of the current in amperes.

40.  Electromotive Force and its Measurements. The potential
difference which a galvanic cell or any other generator of electricity
is able to maintain between its termiinals when these terminals are
not connected by a wire, 1. e., the total electrical pressure which the
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generator is capable of exerting, is commonly called its electromotive
force, usually abbreviated to E.M.F. The E. M. F. of an electrical
generator may then be defined as s capacity for producing electrical
pressure,or P.D. 'This P. D. might be measured, as in §§ 29 and 36,
by the deflection produced in an electroscope, or other similar instru-
ment, when one terminal was connected to .the case of the electro-
scope and the other terminal to the knob. Potential differences are
in fact measured in this way in all so-called electrostatic voltmeters,
which are now coming more and more into use.

The more common type of potential difference measurers,
so-called voltmeters, consists, however, of an instrument made like
an ammeter, save that the coil of
wire is made of an enormous num-
ber of turns of extremely fine wire,
so that it carries a very small cur-
rent. The amount of current which
it does carry, however, and there-
fore the amount of deflection of its
needle is taken as proportional to
the difference in electrical pressure
existing between its endswhen these
are touched to the two points whose
P.D. is sought. The principle
underlying this type of voltmeter

. will be better understood from a
consideration of the following water
analogy. If the stop-cock K (Fig.

Fig. 42. Hydrostatic Analogy of Poten- 42) in the P‘Pe connecting the

tial Difference. water tanks C and D is closed, and
if the water wheel 4 is set in motion by applying a weight W,
the wheel will turn until it creates such a difference in the water
levels between C' and D that the back pressure against the left face of
the wheel stops it and brings the weight ¥ to rest. In precisely the
same way, the chemical action within the galvanic cell whose termi-
nals are not joined (Fig. 43) develops positive and negative charges
upon these terminals, that is, creates a P. D. between them, until the
back electrical pressure through the cell due to this P. D. is sufficient
to put a stop to further chemical action.
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Now, if the water reservoirs (Fig. 42) are put in communication
by opening the stop-cock K, the difference in level between C and D will
begin to fall, and the wheel will begin to build it up again. But if
the carrying capacity of the pipe a b is small in comparison with the
capacity of the wheel to remove water from D and to supply it to C,
then the difference of level which permanently exists between C' and
D when K is open will not be appreciably smaller than when it is
closed. In this case the current which flows through 4 B may
obviously be taken as a measure of the difference in pressure which the
pump is able to maintain between C and D when K is closed.

In precisely the same way, if the terminals €' and D of the cell
(Fig. 43) are connected by attaching to them the terminals @ and b of
any conductor, they at once begin to dis-
charge through this conductor, and their P.
D. therefore begins to fall. But if the chemi-
cal action in the cell is able to recharge C and
D very rapidly in comparison with the ability
of the wire to discharge them, then the P.D.
between €' and D will not be appreciably
lowered by the presence of the connecting
conductor. In this case the current which
flows through the conducting coil, and there-
fore the deflection of the needle at its center,
may be taken as a measure of the electrical
pressure developed by the cell, that is, of the R o oinustrating Princi.
P. D. between its unconnected terminals.

The common voltmeter is, then, exactly like an ammeter, save that
its coil offers so high a resistance to the passage of electricity through
it that it does not assist appreciably in discharging, that is, in reducing
the P.D. between the points to wkich it is connected.

The unit of P.D. may be taken for practical purposes as the
electrical pressure produced by a simple galvanic cell consisting of
zinc and copper immersed in dilute sulphuric acid. It is named a
wvolt in honor of Volta.

41. The Electromotive Forces of Galvanic Cells. When a
voltmeter of any sort is connected to the terminals of a galvanic cell,
it is found that the deflection produced is altogether independent of
the shape or size of the plates or their distance apart. But if the
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nature of the plates is changed, the deflection changes. Thus, while
copper and zinc in dilute sulphuric acid have an E. M. F. of one volt,
carbon and zine show an E. M. F. of af least 1.5 volts, while carbon and
copper will show an E. M. F. of very much less than a volt. Similarly,
by changing the nature of the liquid in which the plates are immersed,
we can produce changes in the deflection of the voltmeter. We learn
therefore that the E. M. F. of a galvanic cell depends simply wtpon the
matertals of which the cell is composed and not at all wpon the shape,
size, or distance apart of the plates.

42. Electrical Resistance. If the terminals of a galvanic cell
are connected first to, say, ten feet of No. 30 copper wire, and then
to ten feet of No. 30 German-silver wire, it is found that a compass
needle placed at a given distance from the copper wire will show a
much larger deflection than when placed the same distance from the
German-silver wire. A cell, therefore, which is capable of develop-
ing a certain fixed electrical pressure is able to force very much more
current through a given wire of copper than through an exactly similar
wire of German-silver. We say, therefore, that German-silver offers
a higher resistance to the passage of elec-
tricity than does copper. Similarly, every

particular substance has its own characteris-
Fig. 4. Bxact dze N7 tie power of transmitting electrical cur-

rents. Silver is the best conductor of any
known substances. The resistances of different substances are
commonly referred to silver as a standard, and the ratio between the
resistance of a given wire of any substance and the resistance of an
exactly similar silver wire is called the specific resistance of that sub-
stance. The specific resistances of some of the commoner metals
are given below:

Silver....... 1.00 Soft iron........ 7.40 German silver........ 20.4
Copper...... 1.13 Nickel.......... 7.87 Hardsteel........... 21.0
Aluminum ... 2.00 Platinum........ 9.00 Mercury............. 62.7

The unit of resistance is the resistance at 0° of a column of mer-
cury 106.3 cm. long and 1 sq. mm. in cross-section. It is called an
ohm, in honor of the great German physicist, Georg Ohm (1789-
"1854). A length of 9.35 feet of No. 30 copper wire, or 6.2 inches of
No. 30 German-silver wire, has a resistance of about one ohm.
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Copper wire of the size shown in Fig. 44 has a resistance of about 2.62
ohms per mile.

The resistances of all of the metals increase with rise in tempera-
ture. 'The resistances of liquid conductors on the other hand usually
decrease with rise in temperature. Carbon and a few other solids
show a similar behavior: the filament in an incandescent lamp has
only about half the resistance when hot that it has when cold. The
resistances of wires of the same material are found to be directly
proportional to their lengths, and inversely proportional to their cross-
sections.

43. Ohm’s Law. In 1827 Ohm announced the discovery that
the currents furnished by different galvanic cells, or combinations of
cells, are always directly proportional to the E. M. F.’s existing in the
circutts in which the currents flow, and inversely proportional to the
total resistances of these circuits; i.e., if C' represents the current in
amperes, I/ the E. M. F. in volts, and R the resistance of the circuit in
ohms, then Ohm’s law as applied to the complete circuit is:

‘ E

C= s 1. e., Current =

Electromotive force. 1
Resistance ( )

As applied to any portion of an electrical circuit, Ohm’s law is.

C= P—rl?:; 1. e., Current =

Potential difference
Resistance ’ (2)
where P.D. represents the difference of potential in volts between any
two points in the circuit, and r the resistance in ohms of the conductor
connecting these two points. 'This is one of the most important laws

in physics.
Both of the above statements of Ohm’s law are included in the
equation:

Volts
Amperes = Obms (3)

44, Internal Resistance of a Galvanic Cell. If the zinc and
copper plates of a simple galvanic cell are connected to an ammeter,
and the distance between the plates then increased, the deflection
of the needle is found to decrease, or if the amount of immersion is
decreased the current also will decrease. But since the E. M. F. of
a cell was shown in §41 to be wholly independent of the area of the
plates immersed or of the distance between them, it will be seen from
Ohm’s law that the change in the current in these cases must be due
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to some change in the total resistance of the circuit. Since the wire
which constitutes the outside portion of the circuit has remained the
same, we must conclude that the liquid within the cell, as well as the
external wire, offers resistance to the passage of the current. This
internal resistance of the liquid is directly proportional to the distance
between the plates, and inversely proportional to the area of the im-
mersed portion of the plates. If, then, we represent the external
resistance of the circuit of a galvanic cell by R, and the internal by

R;, then Ohm’s law as applied to the entire circuit takes the form:
E

TR (4)
Thus, if a simple cell has an internal resistance of 2 ohms and an
E. M.F. of 1 volt, the current which will flow through the circuit
when its terminals are connected by 9.3 ft. of No. 30 copper wire

(1 ohm) is .33 ampere. This is about the current which

L
142
is usually obtained from an ordinary Daniell cell (see § 49).

PRIMARY CELLS

45. The Action of a Simple Cell. If the simple cell already
mentioned—namely, zinc and copper strips in dilute sulphuric acid—
is carefully observed, it will be seen that, so
long as the plates are not connected by a con-
ductor, fine bubbles of gas are slowly formed
at the zinc plate, but none at the copper

C— © plate. As soon, however, as the two strips
9 O| are put into electrical connection, bubbles
EU ;Ti instantly appear in great numbers about the
58 g’U copper plate and at the same time a current
:_: EGE) manifests itself in the connecting wire (Fig.
’g $3| 45). The bubbles are of hydrogen. Their
4+ °§ ;":) original appearance on the zinc plate may be
) §8 prevented either by using a plate of chemi-
ﬁ"?— s g cally pure zine, or by amalgamating impure

zinc, that is, by coating it over with a thin film

Fig.45. Action of a Sim-  of mercury. But the bubbles on the copper
ple Cell. . o

cannot be thus disposed of. They are an

invariable accompaniment of the current in the circuit. If the cur-
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rent is allowed to run for a considerable time, it will be found that
the zinc wastes away, even though it has been amalgamated, but the
copper plate does not undergo any change.

An electrical current in a simple cell is, then, accompanied by
the eating up of the zinc plate by the liquid, and by the evolution of
hydrogen bubbles at the copper plate. In every type of galvanic cell,
actions similar to these two are always found. That is, one of the
plates is always eaten up, and on the other some element is deposited.
The plate which is caten is always the one which is found to be
negatively charged, while the other is always found to be positively
charged; so that in all galvanic cells, when the terminals are connected
through a wire, the positive electricity flows through this wire from
the uneaten plate to the eaten plate. It will be remembered that the
direction in which the positive electricity flows is taken for conven-
ience as the direction of the current (see §§ 19 and 28).

46. Theory of the Action of a Simple Cell. A shnple cell may
be made of any two dissimilar metals immersed in a solution of any
acid or salt. For simplicity, let
us examine the action of a cell
composed of plates of zinc and
copper immersed in a dilute
solution of hydrochloric acid.
'The chemical formula for hydro-
chloric acid is IICL  'This
means that each molecule of
the acid consists of one atom of
hydrogen combined with one

atom of chlorine. Inaccordance
with the theory now in vogue  FIE i, Iursing Plserition ot fone
among physicists and chemists,
when hydrochloric acid is mixed with water so as to form a dilute
solution, the HCI molecules split up into two electrically charged
parts, called ions, the hydrogen ion carrying a positive charge and
the chlorine ion an equal negative charge (Fig. 46). This phenomenon
is known as dissociation. The solution as a whole is neutral; u. e.,
it is uncharged, because it contains just as many positive as negative
ions.

When a zinc plate is placed in such a solution, the acid attacks
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it and pulls zinc atoms into solution. Now, whenever a metal dis-
solves in an acid, its atoms, for some unknown reason, go into solu-
tion bearing ‘ little positive charges. The corresponding negative
charges must be left on the zinc plate in precisely the same way in
which a negative charge is left on silk when positive electrification
is produced on a glass rod by rubbing it with the silk. It is in this
way, then, that we attempt to account for the negative charge which
we find upon the zinc plate in the experiment described in § 36.

The passage of positively charged zinc ions into solution gives
a positive charge to the solution about the zinc plate, so that the
hydrogen ions tend to be repelled toward the copper plate. When
these repelled hydrogen ions reach the copper plate some of them
give up their charges to it and then coilect as bubbles of hydrogen
gas. It is in this way that we account for the positive charge which
we find on the copper plate in the experiment described in § 36.

If the zinc and copper plates are not connected by an outside
conductor, this passage of positively charged zinc ions into solution
continues but a very short time, for the zinc soon becomes so strongly
charged negatively that it pulls back on the plus zinc ions with as much
force as the acid is pulling them into solution. In precisely the same
way the copper plate soon ceases to take up any more positive elec-
tricity from the hydrogen ions, since it soon acquires a large enough
plus charge to repel them from itself with a force equal to that with
which they are being driven out of solution by the positively charged
zinc jons. It is in this way that we account for the fact that on open
circuit no chemical action goes on in the simple galvanic cell, the
zinc and copper plates simply becoming charged to a definite differ-
ence of potential which is called the E. M. F. of the cell.

When, however, the copper and zinc plates are connected by a
wire, a current at once flows from the copper to the zinc, and the
plates thus begin to lose their charges. This allows the acid to pull
more zinc into solution at the zinc plate, and allows more hydrogen
to go out of solution at the copper plate. These processes, therefore,
go on continuously so long as the plates are connected. Hence a
continuous current flows through the connecting wire until the zine
is all eaten up or the hydrogen ions have all been driven out of the
solution, 7.e., until either the plate or the acid has become exhausted.

47. Polarization. If the simple cell which has been described
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is connected to an ammeter and the deflection observed for a few
minutes, it is found to produce a current of continually decreasing
strength; but if the hydrogen is removed from the copper plate by
taking out the plate and drying it, the deflection returns to its first
value. 'This phenomenon is called polarization.

The presence of the hydrogen on the positive plate causes a
diminution in the strength of the current for twc reasons: First, since
hydrogen is a non-conductor, by collecting on the plate it diminishes
the effective area of the plate and therefore increases the internal
resistance of the cell; second, by collecting upon the copper plate it
lowers the E. M. F. of the cell, because it virtually substitutes a hydro-
gen plate for the copper plate, and we have already seen (in §41)
that a change in any of the materials of which a cell is composed
changes its E. M. F.

The different forms of galvanic cells in common use differ
chiefly in different devices employed either for disposing of the hydro-
gen bubbles or for preventing their formation.

The most common types of such cells are A
described in the following sections.

48. The Bichromate Cell. "i'he bichro-
mate cell (Fig. 47) consists of a plate of zinc
immersed in sulphuric acid between two plates L'I
of carbon, carbon being used instead of cop- |
per because it gives a greater E. M.F. In
the sulphuric acid is dissolved some bichro-
mate of potassium or sodium, the function of ; /
which is to unite chemically with the hydro- i
gen as fast as it is formed at the positive ||
plate, thus preventing its accumulation upon
this plate.*  Such a cell has the high E. M. F.
of 2.1volts. Tts" iuternal resistance is low,
from .2 to .5 ohm, since the plates are gener-
ally large and close together. It will be seen, Fig. 47
therefore, that when the external resistance is
very small it is capable of furnishing a current of from 5 to 10 amperes.
Since, however, the chromic acid formed by the union of the sulphuric

NI

. Bichromate Cell.

*To set up a bichromate cell, dissolve 12 parts, by weight, of sodium bichromate in
180 parts of boiliug water. After cooling, add 25 parts of commercial sulphuric acid.
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acid with the bichromate attacks the zinc even when the circuit is open,

it is necessary to lift the zinc from the liquid by the rod .1, when the
cell is not in use. Such cells are useful where large currents are
needed for a short time. The great disadvantages are that the fiuid
deteriorates rapidly, and that the zinc cannot be left in the liquid.

49. The Daniell Cell. The Daniell cell consists of a zinc plate
immersed in zinc sulphate, and a copper plate immersed in copper
sulphate, the two liquids being kept apart either by means of a porous

earthen cup, as in

g the type shown in

O - Fig. 48, or else by

3 ‘Tt:f)) < 1 gravity, as in the

059 Porous +  type shown in Fig.
NED Cu .

30EN cu ' 49. Thislast type,

O&N /é& W I commonly called

o 00
o oo
=

TS the gravity, or
b crowfoot type, is
: used almost ex-
clusively on tele-
|

graph lines. The
copper sulphate,

being the heavier

Fig. 48a. Typical Section Fig. 48b. Daniell Cell
of Daniell Cell. (Gommercial Ty pe) of the two liquids,

remains at the bot-
tom about the copper plate, while the zinc sulphate remains at the
top about the zinc plate.

In this cell polarization is almost entircly avoided, for the reason
that no opportunity is given for the formation of hydrogen Lubbles.
For, just as the hydrochloric acid solution described in § 46 consists
f positive hydrogen ions and negative chlorine ions in water, so the
zinc sulphate (ZnSO,) solution consists of positive zinc ions and
negative SO, lons. Now the zinc of the zinc plate goes into solution
in the zinc sulphate in precisely the same way that it goes into solution
in the hydrochloric acid of the simple ccll described in §46. This
gives a positive charge to the solution about the zinc plate, and
causes a movement of the positive ions between the two plates from
the zinc towards the copper, and of negative ions in the opposite
direction, both the Zn and the SO, ions being able to pass through
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the porous cup. Since the positive ions about the copper plate con-
sist of atoms of copper, it will be
seen that the material which is
driven out of solution at the cop-
per plate, instead of being hydro-
gen, as in the simple cell, is metal-
lic copper. Since, then, the element
which is deposited on the copper
plate is the same as that of which
it already consists, it is clear that
neither the E. M. F. nor the resist-
ance of the cell can be changed
because of this deposit; i.e., the
cause of the polarization of the
simple cell has been removed.

The great advantage of the
Daniell cell lies in the relatively
high degree of constancy in its
E. M. F. (1.08 volts). It has a
comparatively high internal resist- k_/
ance (one to six ohms) and is there-

. . Tig. 49. Daniell Cell in which Zinc and
fore incapable of producing very RS o RS
large currents, about one ampere
at most. It will furnish a very constant current, however, for a
great length of time; in fact, until all of the
copper is driven out of the copper sulphate
solution. In order to keep a constant supply
of the copper ions in the solution, copper
sulphate crystals are kept in the compart-
ment S of the cell of Fig. 48, or in the bottom
of the gravity cell. These dissclve as fast as
the solution loses its strength through the
deposition of copper on the copper plate.

The Daniell is a so-called closed-circuit
cell, 7.e., its circuit should be left closed
(through a resistance of thirty or forty ohms)
whenever the cell is not in use. If it is left on open circuit, the copper
sulphate diffuses through the porous cup, and a brownish muddy

T
t

Fig. 50, Leclanché Cell.
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deposit of copper or copper oxide is formed upon the zine. Pure cop-
per is also deposited in the pores of the porous cup. Both of chese
actions damage the cell. When the circuit is closed, however, since
the electrical forces always keep the copper ions moving toward
the copper plate, these damaging effects are to a large extent avoided.
50. The Leclancheé Cell. The Leclanché cell (Fig. 50) con-
sists of a zinc rod in a solution of ammonium chloride (150 g. to a liter
of water), and a carbon plate placed inside of a porous cup which is
packed full of manganese dioxide and powdered graphite or carbon.
As in the simple cell, the zinc dissolves in the liquid, and hydrogen is
liberated at the carbon, or positive, plate. Here it is slowly attacked
by the manganese dioxide. This chemical action is, however, not
quick enough to prevent rapid polarization when large currents
are taken from the cell. The cell slowly recovers when allowed
. to stand for a

+ —_— ‘ ~— while on open cir-
/ntlacaonoo:oa.ooacnoc. cuit. The E. ML

T F. of a Leclanché
‘ ‘ cell is about 1.5

volts,and its initial

_| , =!__ al internal resistance
%‘5 == ;: = is somewhat less
i E Eg ] =i than an ohm. It
_ -5 = ] EC - therefore furnishes
=== = = ———===—=1  a momentary cur-

Fig. 51, Cells Connected in Series. rent of from one
to three amperes.

"The immense advantage of this type of cell lies in the fact that
the zinc is not at all eaten by the ammonium chloride when the cir-
cuit is open, and that, therefore, unlike the Daniell or bichromate
cells, it can be left for an indefinite time on open circuit without
deterioration. Leclanché cells are used almost exclusively where
momentary currents only are needed, as, for example, on door-
bell circuits. The cell requires no attention for years at a time,
other than the occasional addition of water to replace loss by evapora-
tion, and the occasional addition of ammonium chloride (NH,C) te
keep positive NH, and negative C1 ions in the solution.

51.  The Dry Cell. The dry cell is only a modified form of the
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Leclanché cell. It is not really dry, since the zinc and carbon plates
are imbedded in moist paste which consists usually of one part of
crystals of ammonium chloride, three parts of plaster of Paris, one
part of zinc oxide, one part of zine chloride, and two parts of water.
The plaster of Paris is used to give the paste rigidity. As in the
Leclanché cell, it is the action of the ammonium chloride upon the
zinc which produces the current.

52. Combinations of Cells. There are two ways in which cells
may be combined: First, in series; and second, in parallel. When
they are connected in series the zinc of one cell is joined to the copper
of the second, the zinc of the second to the cop-
per of the third, etc., the copper of the first and
the zinc of the last being joined to the ends of the
external resistance (see Fig. 51). The E. M. F.
of such a combination is the sum of the . M.
F.s of the single cells. The internal resistance
of the combination is also the sum of the internal
resistances of the single cells. Hence, if the ex-
ternal resistances are very small, the current
furnished by the combination will not be larger
than that furnished by a single cell, since the
total resistance of the circuit has been increased
in the same ratio as the total E. M. F. DBut if
the external resistance is large, the current pro-
duced by the combination will be very much Fi&5% Cells Gonnected
greater than that produced by a single cell. Just
how much greater can always be determined by applying Ohm’s law,
for if there are n cells in series, and E is the I&. M. F. of each cell, the
total E. M. F. of the circuit isn . Hence if R, is the external resist-
ance and R; the internal resistance of a single cell, then Ohm’s law gives

_ nk
R-e —+ TLRi ’

C'

If the n cells are connected in parallel, that is, if all the coppers
are connected together and all the zincs, as in Fig. 52, the E. M. F. of
the combination is only the E. M. F. of a single cell, while the internal
resistance is 1/n of that of a single cell, since connecting the cells in
this way is simply equivalent to multiplying the area of the plates n
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times. The current furnished by such a combination will be given
by the formula:

E
7ot B
n

=

If, therefore, R, is negligibly small, as in the case of a heavy
copper wire, the current flowing through it will be n times as great as
that which could be made to flow through it by a single cell. These
considerations show that the rules which should govern the combina-
tion of cells are as follows:

When the external resistance is large in comparison with the
internal resistance of a single cell, the cells should be connected in series.

When the external resistance vs small in comparison with the
internal resistance of a single cell, the cells should be connected in
parallel.

CHEMICAL EFFECTS OF THE ELECTRIC
CURRENT

53. Electrolysis. If two platinum electrodes are dipped into
a solution of dilute sulphuric acid, and the terminals of a battery
producing an . M. F. of 2 volts or more is applied to these electrodes,
oxygen gas is found to be given off at the electrode at which the
current enters the solution, called the anode, while hydrogen is given
off at the electrode at which the current leaves the solution, called
the cathode. The modern theory of this phenomenon is as follows:
Sulphuric acid (H,S0,), when it dissolves in water, breaks up into
positively charged hydrogen ions and negatively charged SO, ions.
As soon as an electrical field is established in the solution by con-
necting the electrodes to the positive and negative terminals of a
battery, the hydrogen ions begin to migrate toward the cathode, and
there, after giving up their charges, unite to form molecules of hydro-
gen gas. On the other hand, the negative SO, ions migrate to the
positive electrode (that is, the anode), where they give up their charges
to it, and then act upon the water, H,O, thus forming H,SO, and
liberating oxygen.

If the volumes of hydrogen and of oxygen are measured, the
hydrogen is found to occupy in every case just twice the volume
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occupied by the oxygen. 'This is, indeed, one of the reasons for
believing that water consists of two atoms of hydrogen and one of
oxygen.

54. Electroplating. If the solution, instead of being sulphuric
acid, had been one of copper sulphate, CuSO,, the results would have
been precisely the same in every respect, except that, since the hydro-
gen ions in the solution are now replaced by copper ions, the substance
deposited on the cathode is pure copper instead of hydrogen. This
is the principle involved in electroplating of all kinds. In commercial
work, the positive plate, that is, the plate at which the current enters
the bath, is always made from the same metal as that which is to be
deposited from the solution; for in this case the SO, or other negative
ions dissolve this plate as fast as the metal ions are deposited upon

K A

.1,\[

'f:“”

Fig. 53. Silver-Plating Bath.

the other.  The strength of the solution, therefore, remains unchanged.
In effect, the metal is simply taken from one plate and deposited on
the other. Fig. 53 represents a silver-plating bath. The bars joined
to the anode A are of pure silver. The spoons to be plated are con-
nected to the cathode K. Thesolution consists of 500 g. of potassium
cyanide and 250 g. of silver cyanide in 10 L. of water.

55. Chemical Method of Measuring Current. In 1834, Faraday
found that a given current of electricity flowing for a given time
always deposits the same amount of a given element from a solution,
whatever be the nature of the solution which contains the element.
For example, one ampere always deposits in an hour 4.025 g. of
silver, whether the solution is of silver nitrate, silver cyanide, or any
other silver compound. Similarly, an ampere will deposit in an hour
1.181 g. of copper, 1.203 g. of zinc. ete. This fact is made use of in
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calibrating fine ammeters, since it is possible to compute with great
accuracy the strength of a current which will deposit a given weight
of metal in a known time. In fact, the Electrical Congress held in
Chicago in 1893 defined the ampere as the amount of current which
will deposit 001188 g. of silver per second.

56. The Storage Battery. If two lead plates are immersed in
sulphuric acid and the current sent through the cell, the anode
or plate at which the current enters the solution will be found in
the course of a few minutes to turn dark brown. This brown coat is
a compound of lead with the oxygen which, in the case of the plat- -
inum electrodes, was evolved as a gas. The
other lead plate is not affected by the
hydrogen, which is, in this case, as in that

Fig. 51. Fig. 55.
Tlustrating the Magnetic Properties of a Loop.

of the platinum,evolved as a gas. Since, then, the passage of the current
through this cell has left one plate unchanged, while it has changed
the surface of the other plate to a new substance, namely, lead per-
oxide, PbO,, it might be expected that if the charging battery were
removed, and these two dissimilar plates connected with a wire, a
current will flow through the wire, for the arrangement is now essen-
tially a simple galvanic cell, which in its essentials consists simply of
two dissimilar plates immersed in an electrolyte (a conducting liquid
other than a molten metal). In this case the plate having the lead
peroxide upon it corresponds to the copper of an ordinary cell, and
the unchanged lead plate to the zinc. The arrangement will furnish
a current until the lead peroxide is all used up. The only important
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difference hetween a commerical storage cell and the two lead plates
Just considered, is that the former is provided in the process of
manufacture with a very much thicker coat of the active material
(lead peroxide on the positive plate, and a porous, spongy lead on the
negative) than can
be formed by a =S
single charging
such as we con-
sidered. In one
type of storage
cell this active
material is actu-
ally formed by the
repeated charging

N

and  discharging
of plates which are
originally ordinary sheets of lead.  With cach new charging a slightly
thicker layer of the lead peroxide is formed. In the more common
type of commercial cell the active material
is pressed into interstices of the plate in the

Fig. 56. Illustrating the Magnetic Properties of a Helix.

form of a paste. It will be seen from this
discussion that a storage battery is not, prop-
erly speaking, a device for storing elec-

Fig.57, MagneticFiela  tricity. It is rather a device in which the

Surrounding a Helix. 1 . o
electrical current produces chemical changes,

and these new chemieals, so long as they last, are capable of genera-
ting a new electrical current.

ELECTROMAGNETISM

57. Magnetic Properties of a Loop. e have seen in § 38 that
an electrical current is surrounded by a magnetic field the direction
of which is given by the right-hand rule. We have seen also that a
loop or coil of wire through which a current flows produces a magnetic
field of the shape shown in Fig. 41.  Now, if such a loop is suspended
in the manner shown in Iig. 54 while a current is passed through it,
it is found slowly to set itself in an east-and-west plane, and so that
the face of the loop fromn which the magnetic lines emerge (see right-
hand rule, § 38 and also Fig. 55) is toward the north. In other words,
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the loop will be found to behave with respect to the earth or to any
other magnet precisely as though it were a flat magnetic disc whose
boundary is the wire, the face which turns toward the north, that is,
that from which the magnetic lines emerge, being an N pole and
the other an S pole.

58. Magnetic Properties of a Helix. If a wire carrying a cur-
rent be wound in the form of a helix and held near a suspended magnet
as in Fig. 56, the coil will be found to act in every respect like a magnet,
with an N pole at one end and an S pole at the other.

This result might have been predicted from the fact that a single
loop is equivalent to a flat-disc magnet. For when a series of such
discs is placed side by side, as in the helix, the result must be the
same as placing a series of disc magnets in a row, the N pole of one

Stion of cw“eﬂ\'
Fig. 58. Right-Hand Rule for Determining Direc- Fig.59. A Simple Eletromag-
tion of Magnetic Field of a Helix. net and Its Field.
being directly in contact with the S pole of the next, ete. These poles
would therefore all neutralize each other except at the two ends. We
therefore get a magnetic field of the shape shown in Fig. 57, the
direction of the arrows representing as usual the direction in which
an N pole tends to move.

59. Rules for North and South Poles of a Helix. The right-
hand rule, as given in § 38, is sufficient in every case to determine
which is the N and which the S pole of a helix, t.e., from which end
the lines of magnetic force emerge from the helix and at which end
they enter it. But it is found convenient, in the consideration of
coils, to restate the right-hand rule in a slightly different way, thus:

I} the coil is grasped in the right hand in such a way that the
fingers point in the direction in which the current is flowing in the wires,
the thumb will point in the direction of the north pole of the helix (see
Fig. 58). _

Similarly, if the sign of the poles is known, but the direction of
the current unknown, the latter may be determined as follows:
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I} the right hand s placed against the coil with the thumb pointing
i the direction of the lines of force (i.e., toward the north pole of the

I I
Fig. 60. Horseshoe Electromagnet, Iig. 61. Showing Lines of Force in
with Armature. Horseshoe Electromagnet,

helix), the fingers will pass around the coil in the direction in which
the current s flowing.

60. The Electromagnet. If a core of soft iron be inserted in
the helix (Fig. 59), the poles will be found to be enormously stronger
than before. This

. is because the core
is magpetized by
induction from the
field of the helix in
precisely the same
way in which it
would be mag-
netized by indue-
tion if placed in the
field of a permanent

magnet. The new
field strength about
the coil is now the
sum of the fields
due to the core and
that due to the coil.
If the current is broken, the core will at once lose the greater part of its
magnetism. If the current is reversed, the polarity of the core will be
reversed. Such a coil with a soft-iron core is called an electromagnet.

Fig. 62. Simple Electric Bell, and Connections.
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The strength of an electromagnet cun be very greatly increased

by giving it such form that the magnetic lines can remain in iron
throughout their entire length instead of emerging into air, as they
do in Fig. 59. Tor this reason electromagnets are usually built in
the horseshoe form and provided with an armature .1 (Fig. 60)

Chicago New York

K@?—éwzi
7@

[¢]

z
z

(¢]

H

Earth

Fig. 63. Illustrating the Principle of the Electric Telegraph.
through which a complete iron path for the lines of force is estab-
lished, as shown in Fig. 61. 'The strength of such a magnet depends
chiefly upon the number of ampere-turns which encirele it, the expres-
sion ampere-turns denoting the product of the number of turns of wire
about the magnet by the number of amperes flowing in each turn.
Thus a current of 4y ampere flowing 1,000 times around a core
will make an electromagnet of precisely the same strength as a current
of 1 ampere flowing

Armature .
Electro ~ Contact 10 times about the
Magnet., g Toints core.

61. The Elec-
tric Bell. The elec-
tric bell (Fig. 62) is
one of the simplest
applications of the
electromagnet.
When the button P
is pressed, the elec-

\\\/J\‘// tri(I::) circuit of the
Fig. 64. Telegraphic Relay. .
battery is closed and
a current flows in at A, through the raagnet, over the closed contact C,
and out again at B. But no sooner is this current established than the
electromagnet £ pulls over the armature @, and in so deing breaks the
contact at C. This stops the current and demagnetizes the magnet E.
The armature is then thrown back against C by the elasticity of the
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spring s which supports it. No sooner is the contact made at C
than the current again begins to flow and the former operation is
repeated.  Thus the circuit is automatically made and broken at
and the hammer H is in consequence set into rapid vibration against
the rim of the bell.

62. The Telegraph. The electric telegraph is another simple
application of the electromagnet. The principle is illustrated in Fig.
63.  As soon as the key K at Chicago, for example, is closed, the
current flows over the line to, we will say, New York. There it
passes through the electromagnet m, and thence back to Chicago
through the eartll. The armature b is held down by the electro-
magnet m as long as the key K is kept closed.  As soon as the circuit
is broken at K, the armature is pulled up by the spring d. By means
of a clockwork device the tape e is drawn along at a uniform rate
beneath the pencil or pen carried by the armature b. A very short
time of closing of K produces a dot upon the tape, a longer time a dash.
As the Morse, or telegraphic, alphabet consists of certain combina-
tions of dots and dashes, any desired message mayv be sent from
Chicago and recorded in New York.

AMERICAN MORSE CODE

A — J —. — 8 ... 2 . —..
B . Ko T SR—n
G L -— U . 4 .-
D M - VA = 5 =
E . N W . 6
10w — o . X . 7
G P . Y . 8
H . Q . Z . 9 .. —
I R . 1 0 ——

In modern practice the message is not ordinarily recorded on a
tape, for operators have learned to read messages by ear, a very short
interval between two clicks being interpreted as a dot, a longer interval
as a dash.

The first commercial telegraph line was built by S. F. B. Morse
between Baltimore and Washington. It was opened on May 24,
1844, with the now famous message: “What hath God wrought¢”

63. The Relay and Sounder. On account of the great resistance
of long lines, the current which passes through the clectromagnet is
so weak that the armature of this magnet must be made very light in
order to respond to the action of the current. The clicks of such
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an armature are not sufficiently loud to be read easily by an operator.
Hence at each station there is introduced a local circuit which con-
tains a local battery, and a second and heavier electromagnet which
is called a sounder.
The electromagnet
on the main line is
then called the relay
(see Figs.64,65,and
66). The sounder
has a very heavy
armature (4, Fig.
65), which is so ar-
ranged that it clicks
both when it is
drawn down by its
electromagnet
against the stop S
and when it is pushed up again by its spring, on breaking the current,
against the stop ¢. The interval which elapses between those two
clicks indicates to the operator whether a dot or dash is sent. The

Fig. 65, Telegraphic Sounder.

New York
Key

Sounder

Earth Earth
Fig. 66. Diagram of Arrangement of Parts in a ’I‘elegraphic System

between Chicago and New York
current in the main line simply serves to close and open the circuit
in the local battery which operates the sounder (see Fig. 66). The
electromagnets of the relay and the sounder differ in that the former
consists of many thousand turns of fine wire, usually having a resist-
ance of about 150 ohms, while the latter consists of a few hundred
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turns of coarse wire having ordinarily a resistance of about 4 ohms.
64. Plan of a Telegraph System. The actual arrangement of
the various parts of a telegraphic system is shown in Fig. 66. When
an operator at Chicago wishes to send a message to New York, he
first opens the switch which is connected to his key, and which is
always kept closed except when he is sending a message. He then
begins to operate his key, thus controlling the clicks of both his own
sounder and that at New York. When the Chicago switch is closed
and the one at New York open, the New York operator is able to send
a message back over the same line. In practice a message is not
usually sent as far as from Chicago to New York over a single line,
save in the case of trans-oceanic cables. Instead, it is automatically
transferred at, say, Cleveland, to a second line which carries it on
to Buffalo, where it is again transferred to a third line which car-
ries it on to New York. The transfer is made in precisely the same
way as the transfer from the main circuit to the sounder circuit.
If, for example, the sounder circuit at Cleveland is lengthened so
as to extend to Buf-
falo, and if the €
sounder itself is re-
placed by a relay c
(called in this case k ;
a repeater), and the '
local battery by a
main battery, then
the sounder circuit has been transformed into a repeater circuit,
and all the conditions are met for an automatic transfer of the message
at Cleveland to the Cleveland-Buffalo line. There is, of course, no
time lost in this automatic transfer.

INDUCED CURRENTS

65. Induction of Currents by Magnets. If a coil of wire C' is
connected to any sensitive current detector, as in Fig. 67, and then
thrust over the pole of a magnet from the position a to the position ¢,
a momentary current is observed to flow through the circuit. If the
coil is held stationary over the magnet, the needle will come to rest
in its natural position. If the coil is removed suddenly from the pole,
the needle will move in the direction opposite to that of its first deflec-

Fig. 67. Illustrating the Principle of Elsctromagnetic
Induction.

65



]

56 ELECTRICITY AND MAGNETISM

tion, which shows that a reverse current is now being generated in
the coil.

These experiments show that a current of electricity may be in-
duced in a conductor by causing the laiter to move through a magnetic
field. 'This discovery, one of the most important in the history of
science, was announced by Faraday in 1831. From it have sprung
directly most of the modern industrial developments of electricity.

When we test the direction in which the current is induced in
the coil C' (Fig. 67) by applying the right-hand rule to the direction
of deflection of the needle, we find that while the coil €' was mov-
ing from a down to ¢ the induced current flowing through it was
in such a direction as to make its lower face an N pole and its
upper face an S pole. Now if we split up this motion into two
parts, namely, that from a to b and that from b to ¢, we see
that while the coil is being moved from a to b the repulsion of
the N pole of the magnet for the N pole of the coil is greater
than the attraction of the N pole of the magnet for the S pole
of the coil, so that the motion must be made against an opposing
force.  Similarly, while the coil is going from b to ¢, the S pole
of the coil is nearer the N ‘pole of the magnet than is the N
;pole of the coil, and consequently the attrac-
tion of the N pole of the magnet for this S
pole of the coil is greater than the repulsion
of the two N poles. Hence the motion from
B to C also must be made against an opposing
force. When the coil was moving from ¢ to a, _
the current was in the reverse direction, hence

. ) the poles of the coil were reversed, so that at
Fig. 68. Showing that a . . .
Conductor must Cut Lines epery pOW-Lt the motion had to be made against
to Inducean E. M. F. an opposing fOTCG.

From these experiments and others of a similar kind, it has been
discovered that whenever a current is induced in a conductor by the
relative motion of the conductor and the magnetic field, the direction
of the induced current is always such as to set up a magnetic field
which opposes the motion. 'Thisis known as Lenz’s law. It is alaw
which might have been predicted beforehand from the principle of
the conservation of energy, for, since an electrical current possesses
energy, the principle of conservation of energy tells us that no such
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current can possibly be created without the expenditure of work of
some sort. In this case there is no place for the energy to come from
except from the mechanical work done in pushing the coil against some
resisting force.

If, instead of moving the coil up and down over the pole, we
had held it in the position shown in Fig. 68, and moved it back and
forth so that its motion was parallel to the line N' S, no induced current
would have been observed. By experiments of this sort it is found
that an E. M. F. is induced in a coil only when the motion takes place
in such a way as to change the total number of magnetic lines of force
which are enclosed in the coil.  Or, to state this rule in a more general
form: An E.JM.F. is induced in any element of a conductor when
and only when that element is moving in such a way as to cut magnetic
lines of force.

Tt will be noticed that the first statement of the rule is included
in the second, for whenever the number of lines of force which pass
through a coil changes, some lines of force must cut across the coil
from the inside to the outside, or vice versi.

In the preceding statement we have used the expression induced
E. M. F. instead of induced current for the reason that whether or not
a continuous current flows in a conductor in which an E. M. F. (i.e.,
a pressure tending to produce a current) exists, depends simply on
whether or not the conductor is a portion of a closed electrical circuit.
In our experiment the portion of the wire in which the E. M.F. was
being generated by its passage across the lines of force running from
N to S was a part of such a closed circuit, and hence a current resulted.
If we had moved a straight conductor like that shown in Fig. 69,
the E. ML F. would have been induced precisely as before; but since
the circuit would then have been open, the only effect of this E. M. F.
would have been to establish a P.D. between the ends of the wire,
u.¢., to cause a positive charge to appear at one of its ends and a
negative charge at the other, in precisely the same way that the E.M.F.
of a battery causes positive and negative charges to appear on the
terminals of the battery when it is on open circuit.

66. Strength of the Induced E.M.F. The strength of an induced
L. ML F. is found to depend simply upon the number of lines of force
cut per second by the conductor, or, in the case of a coil, upon the
rate of change in the number of lines of force which pass through
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the coil. The strength of the current which flows is then given by
Ohm’s law; . e., it is equal to the induced E.DM. F. divided by the
resistance of the circuit. The number of lines of force which the
conductor cuts per second may always be determined if we know
the velocity of the conductor and the strength of the magnetic field
through which it moves.*:

In a conductor which is cutting lines at the rate of 100,000,000
lines per second, there is an induced electromotive force of exactly
one volt.

67. The Dynamo Rule. Since the experiment' illustrated in
Fig. 67 shows that reversing the direction in which a conductor is

Fig. 69. Showing Rela-
tion between Directions
of Motion of Conductor,
Magnetic Lines, and In- Fig. 70. Illustrating the “Dynamo
duced Current. Rule.”

cutting lines of force also reverses the direction of the induced electro-
motive force, it is clear that a fixed relation must exist between these
two directions and the direction of the magnetic lines. What this
relation is may be obtained easily from Lenz’s law. When the con-
ductor was moving upward (Fig. 68), the current flowed in such a
direction as to oppose the motion, that is, so as to make the lower
face of the coil an S pole. This means that in the portion of the
conductor between N and S where the E. M. F. was being generated,

* A magnetic pole of unit strength'is by definition a pole which when placed at a
distance of one centimeter from an exactly similar pole repels it with a force of one dyne
(about omne thousandth of a gram, or ;g5 Oof an ounce). A magnetic field of unit
strength is, by definition, a fleld in which a unit-poleis acted upon by a force of one dyne.
Hence, if a unit-pole is found ina given field to be acted upon by a force of one thousand
dynes, we say that the fleld strength is one thousand units. Now, it is customary to
representa magnetic field by drawing as many lines per square centimeter taken at right
angles to the direction of the field as the field has units of strength. Thus, a fleld of unit
strength is said to contain one line per square centimeter, a field of a thousand units
strength a thousand lines per square centimeter, etc. The magnetic fields used in pow-
erful dynamos will have sometimes as high as 20,000 1ines per square centimeter.
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its direction was from back to front, that is, toward the reader (see
arrow, Fig. 69). We therefore set up the following rule, which is
found to apply in every case:

I} the forcfinger of the right hand points in the direction of the
magnetic lines (see Fig. 70), and the thumb in the direction in which
the conductor is cutting these lines, then the middle finger, held at right
angles to both thumb and jorefinger, will point in
the direction of the induced current. /

This rule is known as the dynamo rule.

68. The Principle of the Dynamo. A dynamo
is essentially nothing but a coil of wire rotating
continuously between the poles of a magnet. Thus,
suppose that starting with the coil in the position
shown in Fig. 71, it be rotated through 180 degrees
from left to right as one looks down upon it.
During the first half of the revolution the wires
on the right side of the loop are cutting the lines

. 0 o Fig. 71. Illustrating
of force while moving toward the reader, while the Prineiple of

. . . the Dynamo.
the lines on the left side are cutting the same :

lines while moving away from the reader. Hence, by applying the
dynamo rule, we find that a current is being generated which flows
down on the right side of the coil and up on the left side. It will be
seen that both currents flow around the coil in
the same direction. The induced current is
strongest when the coil is in the position shown
in Fig. 72, because there the lines of force are
being cut most rapidly. Just as the coil is being
moved into or out of the position shown in Fig. 71,
it is moving parallel to the lines of force and
hence no current is induced, since no lines of force
are being cut. As the coil is now moved through
the last 180 degrees of a complete revolution, both
sides are cutting the same lines of force as be-

Fig.72. Position of . 0 0 .
Revolving Coil when fore, but they are cutting them while moving in

Current is Strongest. . 2 . | A
an opposite direction from that in which they were

first moving, hence the current generated during this last half is
opposite in direction to that of the first half. If the coil is continu-
ously rotated in the field, therefore, an alternating current is set up in
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it, which reverses direction every time the coil passes through the
position shown in Fig. 71. This is the essential principle of the
alternating-current dynamo. The direct-current dynamo differs from
the alternating-current dynamo, only in that a so-called commutator
is used for the purpose of changing the direction of the current in
the external circuit every time the coil passes through the position
shown in Fig. 71, so that the current always flows in the same
direction through this external portion of the circuit in spite of the fact
that in the rotating coil it changes direction every half-revolution.
69. The Principle of the Electric Motor. If a vertical wire
a b is made to pass between the poles of a magnet in the manner shown
in Fig. 73, and the current from an outside source—for example, a
Leclanché cell—sent through it from a to b, the wire a b will be found
to move through the mercury, into
which its lower end dips, in the
qg direction indicated by the arrow f,
a namely, at right angles to the direc-
tion of the lines of magnetic force.
If the direction of the current in
l a b is reversed the direction of the
motion of the wire will be found to
be reversed also. This experiment
", shows that @ wire carrying a cur-
l %}7 rent in a magnetic field tends to move

AAC
Left Hand MoaNe” Zs
Lines

wn a direction at right angles both to
the direction of the field and to the
. direction of the current. 'The experi-
Fig. 73. Tllustrating the Principle 6t ment ill-UStrates the essential prind'
the Tecuric Motor. ple of the electric motor. The
relation between the direction of the magnetic lines, the direction of
the current, and the direction of the force, is often remembered by
means of the following rule, known as the motor rule. It differs
from the dynamo rule, only in that it is applied to the fingers of the
left hand instead of to those of the right.

Let the Jorefinger of the left hand point in the direction of the
magnetic lines of force and the middle finger in the direction of the
current sent through the wire; the thumb will then point in the direc-
tion of the mechanical force acting to move the wire (see Fig. 73).
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In practice the motor does not differ in construction at all from
the dynamo. Thus, if a current is sent into the right side of the coil
shown in Fig. 72, and out of the left side, the wires on the left side
of the coil will be seen, by an application of the motor rule, to be urged
toward the reader, while the wires on the right side are urged away
from the reader. Ience the coil begins to rotate.  After it has rotated
through the position shown in Fig. 71, if the direction in which the
current flows through it were not changed, it would be urged to
rotate back to the position of Fig. 71; but in the actual motor, at the
instant at which the coil passes through the position shown in Fig.
71, the commutator reverses the direction of the current as it enters
the coil. Hence the coil is always impelled to rotate in the same
direction.

70. The Principle of the Induction Coil and Transformer. If a
coil of wire p is wound about an iron core, as in Fig. 74, and connected
to the circuit of a
battery, and if an-
other coil of wire is
wrapped about the
same core, and its
terminals connected

(7 ) S |

to any current (10— Fig. 74. Illustrating the Principle of the Induction
. Coil and Transtormer.

tector as shown in

the figure, it is found that when the key K is closed, the deflection
of the detector indicates that a temporary current has been induced
in one direction through the coil s, but when it is opened an equal
but opposite deflection will indicate an equal induced current in the
opposite direction.

The experiment illustrates the principle of the induction coil
and the transformer. 'The coil p, which is connected to the source
of the current, is called the primary coil, and the coil s, in which the
currents are induced, is called the secondary coil. Causing lines of
force to spring into existence inside of s—in other words, magnetizing
the space inside of s (that is, the core about which’the coils are wound)
—has caused an induced current te flow in s; and demagnetizing
the space inside of s has also induced a current in s in accordance
with the general principle stated in § 65 that any change in the number
of magnetic lines of force which thread through a coil induces a cur-
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rent in the coil. We may think of the lines which suddenly appear
within the iron core upon magnetization as springing from without
across the loops into the core, and as springing back again upon
demagnetization, thus cutting the loops while moving in opposite
directions in the two cases.

71. Direction of the Induced Current. TLenz’s law, which, it
will be remembered, foilowed from the principle of conservation of
energy, enables us to predict at once the direction of the induced cur-
rents in the above experiments; and an observation of the deflections
of the galvanometer enables us to verify the correctness of the pre-
dictions. Consider first the case in which the primary circuit is
made and the core thus magnetized. According to Lenz’s law, the
current induced in the secondary circuit must be in such a direction
as to oppose the change which is being produced by the primary cur-
rent, 7. e. in such a direction as to tend to magnetize the core oppositely
to the direction in which it is being magnetized by the primary. This
means, of course, that the induced current in the secondary must
encircle the core in a direction opposite to the direction in which the
primary current encircles it. We learn, therefore, that on making
the current in the primary, the current induced in the secondary is
opposite in direction to that in the primary.

When the current in the primary is broken, the magnetic field
created by the primary tends to die out. Hence, by Lenz’s law, the
current induced in the secondary must be in such a direction as to
tend to oppose this process of demagnetization, i.c., in such a direc-
tion as to magnetize the core in the same direction in which it is
magnetized by the decaying current in the primary. Therefore, at
break, the current induced in the secondary is in the same direction as
that which is dying out in the primary.

72. E. M.F. of the Secondary. If half of the turnsof the sec-
ondary s (Fig. 74) are unwrapped, the deflection when K is opened
or closed, will be found to be just half as great as before. Since the
resistance of the circuit has not been changed, we learn from this that
the E. M. F. of the secondary s proportional to the number of turns of
wire wpon . This result followed also from the statement made in
§ 66 that the electromotive force induced in any circuit is equal to the
rate of cutting of lines of force by that circuit. For all of the lines
which pass through the core cut all of the coils on s. If, therefore,
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there are twice as many coils in one case as in another, twice as many
lines of force cut the circuit, and hence'the E. ML F. is twice as great.
If, then, we wish to develop a very high IX. M. F. in the secondary,
we have only to make it of a very large number of turns of fine wire.
The wire must not, however, be wrapped so far away from the core as
to include the lines of force which are returning through the air
(see Fig. 59), for, when this happens, the coils are threaded in both
directions by the same lines, and hence have no current induced in
them.

73. E.M.F. at Make and Break. If the secondary coil s is
replaced by a spool or paper cylinder upon which are wound 5,000
or 10,000 turns of No. 36 copper wire, and if the ends of the coil are
attached to metal handles and held in the moistened hands, then,
when the key K is closed, no shock whatever will be felt; but a very
marked one will be observable when the key is opened. The experi-
ment can easily be tried with an inexpensive medical coil. It shows
that the E. M. F. developed at the break of the circuit is enormously
greater than that at the make. The explanation is found in the
fact that the Ii. M. F. developed in a coil depends upon the rate at
which the number of lines of force passing through it is made to
change (sec § 66). When the circuit of the primary was made, the
current required an appreciable time, perhaps a tenth of a second,
to rise to its full value, just as a current of water, started through
a hose, requires an appreciable time to rise to its full height, on account
of the inertia of the water. An electrical current possesses a prop-
erty similar to inertia. Hence the magnetic field about the primary
also rises equally gradually to its full strength, and therefore its lines
pass into the coil comparatively slowly. At break, however, by
separating the contact point very quickly, we can make the current
in the primary fall to zero in an exceedingly short time, perhaps not
more than .00001 of a second; .e., we can make all of its lines pass out
of the coil in this time. Hence the rate at which lines thread through,
or cut, the secondary is perhaps 10,000 times as great at break as at
make, and therefore the 1. M. F. is also something like 10,000 times
as great. It should be remembered, however, that in a closed second-
ary the make current lasts as much longer than the break current as
its . M. F. is smaller; hence the total energy of the two is the same,
as was indeed indicated by the equal deflections in § 65.
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INDUCTION COIL AND TRANSFORMER

74. The Induction Coil. The induction coil, as usually made
(Fig. 75), consists of a soft iron core C, which is composed of a
bundie of soft iron wires; a primary coil p wrapped around this core,
and consisting of, say, 200 turns of coarse copper wire (e. ¢., No. 16),
which is connected into the ecircuit of a battery through the contact
point at the end of the screw d; a secondary coil s surrounding the
primary in the manner indicated in the diagram, and consisting gen-
erally of between 30,000 and 1,000,000 turns of No. .6 copper wire
the terminals of which are the points ¢ and ¢'; and a hammer b, or

Condenser
Tig. 75. Induction Coil, and Diagrammatic Representation of Same.
other automatic arrangement for making and breaking the circuit of
the primary.

When the current is first started in the primary, it magnetizes
the core C. Thereupon the iron hammer b is drawn away from its
contact with d and the current is thus suddenly stopped. This
instantly demagnetizes the core and induces in the secondary s an
1ML F. which is usually sufficient to cause a spark to leap between
{ and . As soon as the core is demagnetized, the spring r which
supports the hammer restores the contact with d and the operation is
repeated. The condenser, shown in the diagram with its two sets
of plates connected to the conductors on either side of the spark gap
between r and d, is not an essential part of a coil; but when it is
introduced, it is found that the length of the spark which can be seut
across between t and ¢’ is considerably increased. The reason is as
follows: When the eircuit is broken at b, the inertia of the current
tends to make a spark jump across from d to b; and if this happens,
the current continues to flow through this spark (or arc) until the
terminals have become separzded through a considerable distance.
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ELECTRICITY AND MAGNETISM 65

This makes the current die down gradually instead of suddenly, as
it ought to do to produce a high E. M. I'.  But when a condenser is
mserted, as soon as b begins to leave d, the current begins to flow into
the condenser, and this gives the hammer time to get so far away from
d that an arc cannot be formed. This means a sudden break and
a high K. M.F. Since a spark passes between ¢ and ¢ only at break,
§73, it must always pass in the same direction. Coils which give
24-inch sparks (perhaps 500,000 volts) are not uncommon. Such
coils usually have hundreds of miles of wire upon their secondaries.
75. The Transformer. The commercial transformer is a modi-
fied form of the induction coil. 'The chief difference is that the
core R (Fig 76), instead of being straight, is bent into the form
of a ring or is given some other
shape such that the magnetic lines
of force have a continuous iron
path, instead of being obliged to
push out into the air, as in the
induction coil. Furthermore, it is
always an alternating instead of an
intermittent current which is sent
through the primary 4. Sending

I[R

Fig. 76. Diagrammatic Representation
of Commercial Transformer.

such a current through A is equivalent to magnetizing the core
first in one direction, then demagnetizing it, then magnetizing it in
the opposite direction, ete. The result of these changes in the mag-
netism of the core is of course an induced alternating current in the
secondary B.

76. Pressure in Primary and Secondary. If there are a few
turns in the primary and a large number in the secondary, the trans-
former is called a step-up transformer, because the P. D. produced at
the terminals of the sccondary is greater than that applied at the
terminals of the primary. Thus, an induction coil is a step-up
transformer. In clectric lighting, however, transformers are mostly
of the step-down type;i.e., a high P. D, say 2,200 volts, is applied
at the terminal of the primary, and a lower P. D., say 110 volts, is
obtained at the terminals of the secondary. In such a transformer the
primary will have twenty times as many turns as the secondary. In
general, the ratio between the woltages at the terminals of the primary
and secondary is the ratio of the number of turns of wire upon the two.
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77. The Simple Telephone. The telephone was invented in
1876 by Llisha Gray, of Chicago, and Alexander Graham Bell, of
Washington. In its simplest form it consists, at each end, of a per-
manent bar magnet A (Fig. 77) surrounded by a coil of fine wire B,
in series with the line, and an iron disc or diaphragm E mounted
close to one end of the magnet. When a sound is made in front of
the diaphragm, the vibrations produced by the sounding body are
transmitted by the air to the diaphragm, thus causing the latter to
vibrate back and forth in front of the magnet. These vibrations of
the diaphragm produce slight backward and forward movements of
the lines of force which are continually passing into the disc or
diaphragm from the magnet.
Some of these lines of force,
A A therefore, cut across the coil

B, first in one direction and

W / (s //% then in the other, and in so

— it
Fig. 77. Simplest Form of Electric Telephone. doi g 1_nduce currents 1n 1t
These induced currents are

transmitted by the line to the receiving station, where those in one direc-
tion pass around B’ in such a way as to increase the strength of the
magnet A’, and thus increase the pull which it exerts upon E’; while
the opposite currents pass around B’ in the opposite direction, and
therefore weaken the magnet A’ and diminish its pull upon E’.
When, therefore, E moves in one direction, E’ also moves in one
direction; and when E reverses its motion, the direction of motion of
E’ s also reversed. In other words, the induced currents transmitted
by the line force E’ to reproduce the motions of E. FE’, therefore,
sends out sound waves exactly like those which fell upon E. In
exactly the same way, a sound made in front of E’ is reproduced at E.
Telephones of this simple type will work satisfactorily for a distance
of several miles. This simple form of instrument is still used at the
receiving end of the modern telephone, the only innovation which
has been introduced consisting in the substitution of a U-shaped
.magnet for the bar magnet. The instrument used at “the transmit-
ting end has, however, been changed, as explained in the next
paragraph, and the circuit is now completed through a return wire
instead of through the earth. A modern telephone receiver is shown
in Fig. 78. G is the mouthpiece, I/ the diaphragm, 4 the U-shaped

E =4 £’
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magnet, B the coils, consisting of many turns of fine wire, and D
the terminals of the line.

78. The Modern Transmitter. To increase the distance at
which telephoning may be done, it is necessary to increase the strength
of the induced cur-
rents. Thisis done
in the modern trans-
mitter by replacing
the magnet and coil
by an arrangement
which is essentially
an induction coil,
the current in the
primary of which is
caused to vary by the motion of the diaphragm. This is accomplished
as follows: The current from the battery (B, Fig. 79) is led first to
the back of the diaphragm E, whence it passes through a little chamber
C filled with granular carbon to the conducting back d of the trans-
mitter, and thence through the primary p of the induction coil, and
back to the battery. As the diaphragm vibrates it varies the pressure
upon the many contact points of the granular carbon through which
the primary current flows. This produces considerable variation
in the resistance of the primary circuit, so that as the diaphragm
moves forward, ¢.e., toward the carbon, a comparatively large current

Fig. 78. Sectional View of Modern Telephone Receiver,

Recetver Receiver

Transmitter

Fig. 79, Connections of Modern Transmitter.

flows through p, and as it moves back, a much smaller current. These
changes in the current strength in the primary p produce changes in
the magnetism of the soft-iron core of the induction coil. Currents
are therefore induced in the secondary s of the induction coil, and
these currents pass over the line and affect the receiver at the other
end in the manner explained in the preceding paragraph. Fig.
80 shows a section of a complete long-distance transmitter.
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79. The Subscriber’s Telephone Connections. In the most
recent practice of the Bell Telephone Company, the local battery at
the subscriber’s end is done away with altogether, and the primary
current is furnished by a battery at the central station. Fig. 81
shows the essential elements of such a system. A battery B, usually
of 25 volts pressure, is always kept
connected at central to all the lines
which enter the exchange. No
current flows through these lines,
however, so long as the subscriber’s
receivers I} are upon their hooks H;
for the line circuit is then open at
the contact points . It would be
closed through the bell b were it
not for the introduction of the
condenser C in series with the bell.

Fig. 80. Sectional View of Modern  T)yis makes it impossible for any
direct current to pass from one side

of the line to the other, so long as the receiver is upon the hook.
But if the operator at central wishes to call up the subscriber, she
has only to throw upon the line an alternating current from the mag-
neto M, or from any alternating-current generator whose terminals
she can connect to the subscriber’s line by turning a switch. This
alternating current surges back and forth through the bell into the

Subscriber Line Central

Fig. 81 Essential Elements of Subscriber’s Telephone Connections.

condenser and out agam, first charging the condenser plates in one
direction, then in the other. By making the capacity of this con-
denser sufficiently large, this alternating current is made strong enough
to pull the armature a first toward the electromagnet m, then toward
n. In this way it rings the bell.

On the other hand, if the subscriber wishes to call up central,
he has only to lift the receiver from the hook. This closes the line

78



ELECTRICITY AND MAGNETISM 69

circuit at ¢, and the direct current which at once begins to flow from
the battery B through the electromagnet ¢ closes the circuit of B
through the glow lamp [ and the contact point r. This lights up
the lamp I which is upon the switchboard in front of the operator.
Upon seeing this signal, the latter moves a switch which connects her
own telephone to the subscriber’s line. Then, as the latter talks
into the transmitter T, the strength of the direct current from the
battery B, through the primary p, is varied by the varying pressure
of the diaphragin I upon the granular carbon ¢, and these variations
induce in the secondary s the talking currents which pass over the
line to the receiver of the operator. Although with this arrangement
the primary and secondary currents pass simultaneously over the
same line, speech is found to be transmitted quite as distinetly as
when the two circuits are entirely separate, as is the case with the
arrangement of Fig. 79. When the operator finds what number
the subsecriber wishes, she connects the ends d and ¢ of his line with
" the ends of the desired line by means of a flexible conducting cord
which terminates in a metallic plug u, suitable for making contact
with d and e. As soon as the subseriber replaces his receiver upon
its hook, the lamp [ is extinguished, and the operator thereupon
withdraws u and thus disconnects the two lines.
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THE ELECTRIC CURRENT.

Electromotive Force. When a difference of electrical poten-
tial exists between two points, there is said to exist an electro-
motive force, or tendency to cause a current to flow from one point
to the other. In the voltaic cell one plate is at a different potential
from the other, which gives rise to an electromotive force between
them. Alsoin the induction coil, an electromotive force is created
in the secondary circuit caused by the action of the primary. This
electromotive force is analogous to the pressure, caused by a dif-
ference in level of two bodies of water connected by a pipe. The
pressure tends to force the water through the pipe, and the
electromotive force tends to cause an electric caurent to flow.

The terms potential difference and electromotive force are
commonly used with the same meaning, but strictly speaking the
potential difference gives rise to the electromotive force. Electro-
motive force is commonly designated by the letters E. M. F. or
simply Z. It is also referred to as pressure or voltage.

Current. A current of electricity flows when two points, at
a difference of potential, are connected by a wire, or when the
circuit is otherwise completed. Similarly water flows from a high
level to a lower one, when a path is provided. In either case the
flow can take place only when the path exists. Hence to produce
a current it is necessary to have an electromotive force and a closed
circuit. The current continues to flow only as long as the electro-
motive force and closed circuit exist.

The strength of a current in a conductor is defined as the
quantity of electricity which passes any point in the circuit in a
unit of time.

Current is sometimes designated by the letter C, but the
letter 7 will be used for current throughout this and following
sections. The latter symbol was recommended by the Interna-
tional Klectrical Congress held at Chicago in 1893, and has since
been universally adopted.
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4 THE ELECTRIC CURRENT.

Resistance. Resistance is that property of matter in virtue
of which bodies oppose or resist the free flow of electricity. Wate
passes with difficulty through a small pipe of great length or
through a pipe filled with stones or sand, but very readily through
a large clear pipe of short length. Likewise a small wire of con-
siderable length and made of poor conducting material offers great
resistance to the passage of electricity, but a good conductor of
short length and large cross section offers very little resistance.

Resistance is designated by the letter R.

Volt, Ampere and Ohm. The wolt is the practical unit of
electromotive force.

The ampere is the practical unit of current.

The ohm is the practical unit of resistance. The wmicrolm is
one millionth of an chm and the megohm is one million chms.

The standard values of the above units were very accurately
determined by the Tnternational Electrical Congress in 1893, and
are as follows :

The International ohm, or true ohm, as nearly as known, is
the resistance of a uniform column of mercury 106.3 centimeters
long and 14.4521 grams in mass, at the temperature of melting
ice.

The ampere is the strength of current which, when passed
through a solution of silver nitrate, under suitable conditions,
deposits silver at the rate of .001118 gram per second. Current
strength may be very accurately determined hky electrolysis, and
it is used therefore in determining the standard unit.

The volt is equal to the E. M. F. which, when applied to »
conductor having a resistance of one ohm, vilJ produce in ita
current of one ampere. One volt equals 1794 of the E. M. F. of
a Clark standard cell at 15° Centigrade.

RESISTANCE.

All substances resist the passage o' electrioity, but the resist-
ance offered by some is very much greater than that offered by
others. Metals have by far the least resistance and of these, silver
possesses the least of any. In other words. silver is the best con-
dyctor. Tf the temperature remains the same. the resistance of a
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THE ELECTRIC CURRENT. 5

conductor is not affected by the cwrrent passing through it. A
current of ten, twenty or any number of amperes may pass through
a circuit, but its resistance will be unchanged with constant tem-
perature. Resistance is affected by the temperature and also by
the degree of hardness. Annealing decreases the resistance of a
metal.

Conductance is the inverse of resistance ; that is, if a condue-

. . . 1
tor has a resistance of 72 ohms, its conductance is equal to =

Resistance Proportional to Length. The resistance of a
conductor is directly proportional to its length. Hence, if the
length of a conductor is doubled, the resistance is doubled, or if
the length is divided, say into three equal parts, then the resist-
ance of each part is one third the total resistance.

Example. — The resistance of 1283 feet of a certain wire is
6.9 ohms. What is the resistance of 142 feet of the same wire ?

Solution. — As the resistance is directly proportional to the
length we have the proportion,

required resistance :6.9 : : 142 : 1283

or, required resistance _ 142
6.9 1283
Hence, required resistance = 6.9 X 1
1283

= .76 ohm (approx.)
Ans. .76 ohm.

Example. — The resistance of a wire having a length of 521
feet is .11 ohm. What length of the same wire will have a
resistance of .18 ohm?

Solution. — As the resistance is proportional to length, we
have the proportion,
required length : 521 : : .18 : .11
required length _ .18

or, it bl - =S
521 A1
Hence, reqnired length = 521 X _;%

= 852 feet (approx.)
Ans. 852 feet.
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Resistance Inversely Proportional to Cross=Section. The
resistance of a conductor is inversely proportional to its cross-sec-
tional area. Hence the greater the cross-section of a wire the less
is its resistance. Therefore, if two wires have the same length,
but one has a cross-section three times that of the other, the
resistance of the former is one-third that of the latter.

Example.—The ratio of the cross-sectional area of one wire

~

. to that of another of.the same length and material is 29_7 . The

101
resistance of the former is 16,3 ohms. What is the resistance of
the latter ¢

Solution.—As the resistances are inversely proportional to
the cross-sections, the smaller wire has the greater resistance, and
we have the proportion :

required resist. : 16.3 : : 257 : 101

or, required resist. 257
16.3 101
Hence, required resist. = 16.3 X 257
101

= 41.5 ohms (approx.)
Ans. 41.5 ohms,

Example. — If the resistance of a wire of a certain length
and having a cross-sectional area of .0083 square inch is 1.7 ohms,
what would be its resistance if the area of its cross-section weve
.092 square inch ?

Solution. — Since increasing the cross-sectional area of a wire
decreases its resistance, we have the proportion,
required resist. : 1.7 : : .0083 : .092
required resist. .0083

o 17 092

0083
.092
= .15 ohm (approx.)
Ans. .15 ohm.
As the area of a circle is proportional to the square of its
diameter, it follows that the resistances of round eonductors are
inversely proportional to the squares of their diameters.
Example. — The resistance of a certain wire having a diam.

Hence, required resist. = 1.7 X
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eter of .1 inch is 12.6 ohms. What would be its resistance if the
diameter were increased to .32 inch ?
Solution. — The resistances being ‘inversely proportional to
the squares of the diameters, we have,
required resist. : 12.6 : : .12 : .322

. required resist. g2
or, _
12.6 322
% . . o RE
ence, required resist. = 12.6 X 503
__ 126 x .01
1024

=1.23 ohms (approx.)
Ans. 1.23 ohms.
Specific Resistance. The specific resistance of a substance
is the resistance of a portion of that substance of unit length and
unit cross-section at a standard temperature. The units commonly
used are the centimeter or the inch, and the temperature that of
melting ice. The specific resistance'may therefore be said to be
the resistance (usually stated in mierohms) of a centimeter cube or
of an inch cube at the temperature of melting ice.. If the specific
resistances of two substances are known then their relative resist-
ance is given by the ratio of the specific resistances.
Conductivity is the reciprocal of specific vesistance.
Example. — A certain copper wire at the temperature of
melting ice has a resistance of 29.7 ohms. Its specific resistance
(vesistance of 1 centimeter cube in microhms) is 1.594, and that of
platinum is 9.032. What would be the resistance of a platinum
wire of the same size and length of the copper wire, and at the
same temperature ?
Solution. — The resistance would be in direct ratio of the
specific resistances, and we have the proportion:
required resist. : 29,7 : : 9.032 : 1.594
- Hence, roquired resist. = 29.7 X ?g—‘gi
= 168. ohms (approx.)
, Ans. 168. ohms.
Calculation of Resistance. From the preceding pages it is
evident that resistance varies directly as the length, inversely as
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the cross-sectional area, and depends upon the specific resistance
of the material. This may be expressed conveniently by the
{ormula,

I
R=s.
'

in which R is the resistance, L the length of the conductor, A4 the
area of its cross section, and s the specific resistance of the
material.

Example.— A telegraph relay is wound with 1,50 feet of
wire .010 inch in diameter, and has a resistance of 150 ohms.
What will be its resistance if wound with 400 feet of wire .022
inch in diameter ?

Solution.—If the wires were of equal length, we should
have the proportion,

Required resistance : 150 : : (.010)* : (.022)? .

2
or, Required resistance = 150 X %%3—5 == 30.99-} ohms.
For a wire 400 feet long, we have, therefore, by direct proportion,
Required resistance — %) X 30.99 = 6.88--.

Ans. 6.88-+- ohms.

If a circuit is made up of several different materials joined in
series with each other, the resistance of the circuit is equal to the
sum of the resistances of its several parts. In calculating the
resistance of such a circuit, the resistance of each part should first
be calculated, and the sum of these resistances will be the total
resistance of the circuit.

The table on page 9 gives the resistance of chemically pure
substances at 0° Centigrade or 32° Fahrenheit in International
ohms.  The first column of numbers gives the relative resistances
when that of annealed silver is taken as unity. For example, mer-
cury has 62.78 times the resistance of annealed silver. The
second and third columns give the resistances of a foot of wire
001 inch in diameter, and of a meter of wire 1 millimeter in
diameter, respectively. The fourth and fifth columns give
respectively the resistance in microhms of a cubic inch and cubic
eeﬁtimeter, that is, the specific resistances.
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Table Showing Relative Resistance of Chemically Pure Substances at
Thirty-two Degrees Fahrenheit in International Ohms,

Resistance | Resistance Resistance in
of a wire of a wire Microhms.
Metal Relative |1 footlong, [l meterlong,|—
Resistance. | .001 inch in (1 millimeter{ Cubic |CubicCen-

diameter. |in diameter.] Inch. timeter.
Silver, annealed. 1.600 9.023 | .01911 | .5904, 1.500
Copper, annealed. 1.063 9.585 | .02028 | .6274) 1.594
Silver, hard drawn. 1.086 9.802 | .02074 6415] 1.629
Copper, hard drawn. 1.086 9.803 | .02075 | .6415| 1.629
Gold, annealed. 1.369 12.35 02613 80797 2.0562
Gold, hard drawn. 1.393 12.56 02661 8224 2.088
Aluminum, annealed 1.935 17.48 03700 | 1.144 1 2.904
Zine, pressed. 3.741 33.76 07143 | 2.209 | 5.610
Platinum, annealed. 6.022 54.34 1150 3.6656 | 9.082
Iron, annealed. 6.460 58.29 1234 3.814 | 9.689
Lead, pressed. 13.05 117.7 .2491 7.706 | 19.58
(ferman silver, 13.92 125.5 2659 8.217 | 20.87
Platinum-silver alloy
(% platinum, % silver.) | 16.21 146.3 3097 9.576 | 24.32
Mercury. 62.73 570.7 1.208 37.056 | 94.06

It should be noted that the resistances in the above table are
for chemically pure substances, and also at 32° Fahrenheit. A
very small portion of foreign matter mixed with a metal greatly
increases its resistance. An alloy of two or more metals always
has a higher specific resistance than that of any of its constituents.
For example, the conductivity of siiver mixed with 1.2 per cent
in volume of gold, will be 59 when that of pure silver is taken as
100. Annealing reduces the resistance of metals.

The following examples are given to illustrate the use of the
table above in connection with the formula at the top of page &,
and to show the application of preceding laws.

Example. — From the specific resistance of annealed alu-
minum as given in the next to the last column of the table,
calculate the resistance given in the second column of figures for
that substance.

Solution.—The resistance in microhms of a cubic inch of
annealed aluminum at 32° F. is 1.144, which is equal to
000001144 ohms. The resistance of a wire 1 foot long and .00§
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~—

inch in diameter is required. In the formula on page 8, we
have s =.000001144, Z = 1 foot = 12 inches and
wd? __ 3.1416 X .0012

A= === 4 =.0000007854 sq. in.
Substituting these values in the formula,
1{ — 8 é
A
we have,
R = .000001144 L
= X 0000007854
= 17.48 ohms. Ans. 17.48 ohms.

Example.—The resistance in microhms of a cubic centimeter
of annealed platinum at 32° F. is 9.082. What is the resistance
of a wire of the same substance one meter long and one millimeter
in diameter at the same temperature ?

Solution. —1In the formula for resistance we have the quan-
tities s = 9.032 microhms ==.000009082 ohms ; L = 1 meter =
100 centimeters ; and

4_Td? _ 3.1416X.12
4 4
the diameter being equal to 1 millimeter = .1 cm.
Substituting these values we have,
100

=.000009032
H= 2032 X 007854

= .1150 ohms. Ans, .115 ohms.

Example. —From the table the resistance of 1 ft. of pure
annealed silver wire .001 inch in diameter at 82° F. is 9.028
chms. What is the resistance of a mile of wire of the same sub-
stance .1 inch in diameter at that temperature ?

Solution. — As the resistance of wires is directly proportional
to their length and inversely proportional to the squares of their
diameters, the required resistance is found by multiplying the
resistance per foot by 5,280 and the product by the inverse
squares of the diameters.

= .007854 sq. cm.

Therefore 2 = 9.023 x 5280 X g .0(1)1 ; 2

= 4.76 ohmws (approx.)
Ans. 4.76 ohms.
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Example,—A mile and one-half of an annealed wire of pure
iron has a resistance of 46.1 ohms. What would be the resist-
ance of hard drawn wire of pure copper of the same length and
diameter, assuming each to be at the temperature of melting ice?

Solution.—The only factor involved by this example is the
relative resistance of the two metals. From the table, page 9,
annealed iron has 6.460 and hard-drawn copper 1.086 times the
resistance of annealed silver. Hence the resistance of the copper
is to that of the iron as 1.086 is to 6.460, and the required resist-
ance is

1.086

=461
& X 5460 =

7.75 ohms (approx.)

Ans. 7.75 ohms,
Example. —If the resistance of a wire 7,423 feet long is
18.7 ohms, what would be its resistance if its length were reduced
to 6,253 feet and its cross-section made one half again as large ?
Solution. — As resistance 1is directly proportional to the
length, and inversely proportional to the area of the cross-section,
the required resistance is

253
= 18.
B 7X723 3

= 10.5 ohms (approx.)
Ans. 10.5 ohms,
Resistance Affected by Heating. The resistance of metals
depends upon the temperature, and the resistance is increased by
heating. The heating of some substances, among which is carbon,
causes a decrease in their resistance. The resistance of the
filament of an incandescent lamp when lighted is only about half
as great as when cold. All metals, however, have their resistance
increased by a rise in temperature. The percentage increase in
resistance with rise of temperature varies with the different
metals, and varies slightly for the same metal at different tem-
peratures. The increase is practically uniform for most metals
throughout a considerable range of temperature. The resistance
of copper increases about .4 per cent..per degree Centigrade, or
about .22 per cent. per degree Fahrenheit. The percentage
increase in resistance for alloys is much less than for the simple
metals. Standard resistance coils are therefore made of alloys, as
it is desirable that their resistance should be as nearly constant as
possible.
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The change in resistance of one ohm per degree rise in tem-
perature for a substance is called the temperature coefficient for
that substance. The following table gives the temperature coeffi-
cients for a few substances.

TEMPERATURE COEFFICIENTS.

RISE IN R.OF 1 OHM WHEN HEATED?

MATERIAL. 1 P, ® @
Platinoid 00012 . .00022
Platinum-silver 00014 00025
German silver . 00022 .00040
Platinum - 0019 0035
Silver 0021 .0038
Copper, aluminum 0022 .0040
Iron .0026 .0046

If the resistance of a conductor at a certain temperature is
known, the resistance the conductor will have at a higher tem-
perature may be found by multiplying the temperature coefficient
for the substance, by the number of degrees increase and by the
resistance at the lower temperature, and adding to this result the
resistance at the lower temperature. The product of the temper-
ature coefficient by the number of degrees increase gives the in-
crease in resistance of one ohm through that number of degrees,
and multiplying this by the number of ohms gives the increase in
resistance for the conductor. The result obtained is practically
correct for moderate ranges of temperature.

The above method of calculating the resistance of conductors
at increased temperatures is conveniently expressed by the follow-
ing formula:

By,=R, (1+ad)
where R, is the resistance at the higher temperature, R, that at
the lower temperature, a the temperature coeflicient for the sub-
stance and ¢ the number of degrees change.

From the preceeding formula it follows that if the resistance
at the higher temperature is known, that at the lower temperature
will be given by the formula:
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In caleulating resistances at different temperatures, the tem-
perature coefficient based on the Fahrenheit scale should be used
if the number of degrees change is given in degrees Fahrenheit,
and that based on the Centigrade scale if given in degrees
Centigrade.

Example.— The resistance of a coil of German silver wire at
12° C. is 1364 ohms. What would be its resistance at a temper-
ature of 60° C.?

Solution.— From the statement of the example B, = 1304
t =60 — 12 = 48, and from the table page 12, ¢ = .0004.
Substituting these values in the first of the preceding formulas we
. have,

R, = 1304 (1 4 .0004 X 48)
= 1304 X 1.0192
= 1329 ohms (approx.)
Ans. 1329 ohms,

Example. — If the resistance of a copper conductor at 95° F.
is 48.2 ohms, what would be the resistance of the same conductor
at 40° F.?

Solution. — In this case R, =.48.2, t = 95 — 40 = 55,
and from the table @ = .0022, Substituting these values in the
formula at the foot of page 12, we have,

48.2 48.2
By = = -
1 .0022 x 55 1.121
= 43. ohins (approx.)
Ans. 43 ohms,

The first table o page 14 gives the resistance of the most
common sizes of copper wirs according to the American or Brown
and Sharpe (BB. & S.) gange. The resistance given is for pure
>opper wire at a temperature of 75° F. or 24° C.

The first column gives the number of the wire, the second
ihe diameter in thousandths of an ineh or mils, and the third the
diameter in millimeters, ‘The fourth eolumn gives the equivalent
number of wires each one mil or cne thousandth of an inch in
diameter, This is called the size of the wire in circular mils and
is equal to the square of the diameter in mils. The fifth column
oives the ohms per thousand feet and the resistance per mile is
found by multiplying these values by 5.28.  Ordinary commercial

o1



14 THE ELECTRIC CURRENT.

copper has a conductivity of about 95 to 97 per cent. of that of
pure copper. The resistance of commercial wire is therefore about
3 to 5 per cent. greater than the values given in the table. The
resistance for any metal other than copper may be found by mul-
tiplying the resistance given in the table by the ratio of the spec-
ific resistance of the given metal to the specific resistance of
copper.

American Wire Gauge (B. & S.)

Diameter in Diameter in
GCircular | ODms Circular| Obhms
No. er No. h per
Mils. {1060 Ft Mils. 1000 Ft.
Mils. | Millim. . Mils. | Millim.
0000 460.00 11.684 | 211600.0 051 19 35.89 912 1288.0 8.617
000 409.64 10.405 167805.0 064 20 31.96 812 1021.5 10.566
00 364.80 9.266 133079.4 081 21 28.46 723 810.1 13.323
0 324.95 8.254 105592.5 .102 22 25.35 644 642.7 16.799
1 289.30 7.348 83694.2 129 23 22.57 b73 509.5 21.185
2 257.63 6.544 66373.0 .163 24 20.10 .511 404.0 26.713
8 229.42 5.827 52634.0 205 25 17.90 .455 320.4 33.684
4 204.31 5.189 41742.0 .259 26 15.94 405 254.0 42.477
b5 181.94 4.621 83102.0 326 27 14.19 .361 201.5 53.563
[ 162.02 4.115 26250.5 411 28 12.64 321 159.8 67.542
7 144.28 3.665 20816.0 519 29 11.26 .286 126.7 85.170
8 128.49 3.264 16509.0 654 30 10.03 255 100.5 107.391
9 114.43 2.907 13094.0 824 31 8.93 227 9.7 135.402
10 101.89 2.588 10381.0 1.040 32 7.95 202 63.2 170.765
1 90.74 2.305 8234.0 1.311 33 7.08 180 50.1 216.312
12 80.81 2.053 6529.9 1.653 34 6.30 .160 39.7 271.583
13 71.96 1.828 5178.4 | 2.084 35 5.61 143 31.5 342.443
14 64.08 1.628 4106.8 2.628 36 5.00 127 25.0 431.712
16 57.07 1.450 3256.7 | 3.314 87 4.45 113 19.8 544.287
18 50.82 1.291 2582.9 4.179 38 3.96 101 15.7 686.511
17 45.26 1.150 2048.2 5.269 39 3.53 090 12.5 865.046
18 40.30 1.024 1624.1 6.645 40 3.14 .080 9.9 1091.865

The following table gives the size of the English or Birming-
ham wire gauge. The B. & S. is however much more frequently
used in this country. The Brown and Sharpe gauge is a little
smaller than the Birmingham for corresponding numbers.

Stubs’ or Birmingham Wire Gauge (B. W. G.)

Diameterin Diameter in Diameter in
No. |———mm No, |[——————— No. —
Mils, | Millim. Mils. ‘ Millim. Mils. i Millim.
[
|

0000 | 454 |[11.58 8 165 419 | 18 49 1.24
00 | 380 9.65 10 134 3.40 20 35 0.89

1| 300 7.62 12 109 2.77 24 22 0.55

4 | 238 6.04 14 83 211 30 12 0.31

6 | 203 5.16 16 65 1.65 36 4 0.10

22
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EXATMPLES FOR PRACTICE.
1. What is the resistance of an annealed silver wire 90 feet
long and .2 inch in diameter at 82° F.? Ans. .02 ohm.

2. What is the resistance of 300 meters of annealed iron
wire 4 millimeters in diameter when at a temperature of 0° C.?
Ans. 2.31-+ ohms.

3. What is the vesistance of 2 miles of No. 27 (B. & S.) puwre

copper wire at 75° F.? Ans. 565.4 ohrus.
4. The resistance of a piece of copper wire at 32°F. is 3
ohms. What is its resistance at 49°F.? Ans. 3.114 ohms.
5. The resistance of a copper wire at 52°F. is.7 ohms.
What is its resistance at 32°F.? Ans, 6.70-}ohms.
. 6. What is the resistance of 496 ft. of No. 10 (B. & S.)
pure copper wire at 45°F.? Ans. 4834 ohms.

On pages 16 and 17 is given a table disclosing among other
data the resistance of various primary cells. The resistance of a
circuit of which a battery forms a part, is made up of the external
resistance, or the resistance of outside wires and connections, and
the internal resistance, or the resistance of the battery itself.
The table referred to gives in the first column the name of the
cell. In the second and third column arpears the name of the
anode and kathode respectively. These terms are commonly
used with reference to electrolysis but may also be applied to
primary cells. The current passes from the anode to the kathode
through the cell, and therefore with reference to the cell itself,
the anode may be considered the positive element and the kath-
ode the negative element. In regard to the outside circuit how-
ever, the current passes of course, from the kathode to the anode,
and hence with reference to the outside circuit the kathode is
positive and the anode negative; ordinarily the external circuit
is considered. As the anode of almost all primary cells is zinc it
may readily be remembered that the current passes from the other
element Zo the zine through the external circuit. The fourth and
fifth columns of the table give the excitant and depolarizer respec.
tively. The sixth column gives the E. M. F. of each cell when it
is supplying no current, and the last column gives the internal
resistance in ohins.
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TABLE IN RELATION TO PRIMARY CELLS, ELECTRO-
TMOTIVE FORCE, RESISTANCE, ETC.

NAME E. M. F. | INTERNAL
OF ANODE. KATHODE, EXCITANT. DEPOLARIZER. iN ARNE:;,‘S';;
CELL. VOLTS. Ty
Volta . Solutior of |
(Wollas- Zinc Copper |Sulphuric Acid None 1t0 0.5
ton, etc.) (H, S0,)
Arfl Solution of
Smee zine | Platinized igyiphyric Acia Nouwe Lto 0.5 05
(1, 504)
Solution of
Law Zinc Carbon (Sulphuric Acid None 1to00.5
(H, 80,)
Poggen- : Solution of Potassium
dorff Zine ?J:ﬁ}‘gg? Sulphuric Acid| Dichromate 2.1
(Grenet) (H, 804) (K;Cr; Op)
Saturated Solu-
Poggen- ) )
dorff . Graphite tion of Hotass None
(Grenet) | + Zine (Carbon) blllnltDlChEO- Separate 198 | .001t0 .08
two fluid mate and
Sulphuric Acid
: : Sulphuric Acid| Nitric Acid
Grove Zinc Platinum |57101e (H, 80,) (HNO,) 1.96 0.1 to 0.12
] Graphite |Sulphuric Acia| Nitric Acid 1.8t01.98 0.08t00.11
BUssEs Zinc (Carbon) |dilute (H,80,)| Chromic Acid 1.8 0.1t 6.12
q Anmonium Manganese
Leclanche| Zinc ?5:5;‘(;;‘; Chloride Dioxide | 1-4to1.6)1.13101.15
(NH, Cl; (MnO,)
Lalande q Caustic Potash
Lalande— Zinc ((}é:;’gl(:s or Potassium | Cupric Oxide [0.8100.98 1.3
Chaperon Hydrate (KOH)
Graphite | Zinc Chloride q
Upward Zinc (Carbon) (ZnCl,) Chlorine (Cl) 20
< Sodium & Potas-
Fitch Zine Graphite Ag‘h’igjr’;a%m sium Chlorates 11
(Carbon) (NH, C) (Na C10; - .
G K Cl10;)
Graphite [Ferric Chloride
Papst Iron (Carbon) (Fe, Clg) (Fe, Clo) 04
Ar(lemonium .
hi hloride Manganese
%’fc)h zine | GEaghite | (NH,C])in Dioxide 1.46
y (Car Calcium Saul- (MnO,) :
Sl phate (CaSOy) [
anl
(Meidin- . Zinc Sulphate | Copper Sul- o
ft?_o Mén-) Zinc Copper (Zn SO0 phate (Cu 80,) 1.079 2t03
, ete.
q Ammonium |Silver Chloride| 1.03 to
Ve 1a Rue Zinc Silver Chloride (AgCl) 1.42 0.4t0 0.8
< : .+ Paste of Sulph-

N Graphite |Sulphuric Acid .
Marie . H ate of Mercury 1.52 A7 iol
Davy Zinc (Carbon) |dilute (H;80,)| (Hg, SO,)

q Zinc Sulphatc |[Mercurous Sul- 0
lark Mercu 434* 0.3 53
lstgnat‘irard) Zinc ercury (Z1So,) phate (Hg,S0,) 1.434 to 0.
. . Cadmium Sul- Mercurous Sul-
Weston |Cadmium | Mercury phate (CdSO,) ‘phate (Hg, SO,) 1.026
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m . v [IETERRAL
op ANODH. | KATHODE. EXCITANT. DEPOLARIZER. IN N T
CELL. VOLTS. | “oHums.
: : Mercurons
Von Zinc Chloride s
Chlorid 1.0
Helmholtz| im0 | Mercury (Zn Cly) Heo s
Ohronyic i Graphite | Sulphuric and None 23 | o8to .8
slﬂx‘lﬁ(lie Zino {Carbon} thi{ﬁﬁ“i,f}%ff’ Beparate
s s Potassium
Graphite [Sulphuric acid| f
Fuller Zine Dichromate 2.0 0.5t00.7
(Carbon) (H,S0,) (K, Cry On)
Zinc Chloride |Silver Chlorid
Gaiffe Zine Silver Zn Cly (Ag C1) € 102 | 0.5to0.8
Zinci I Common Salt N
scraps in | Platinize Solution 4. e. one
Maiche }*F %th of Carbon | Sodium Chlo- Separate 1.2 tws
Mercury ride (NaCl)
Common Salt Ch]olride of
: s Graphite Solution 4. e. cium
Niaudet Zine (Carpbon) Sodinm Chla- e 10to1.6] 5to6
ride (NaCl) (Ca Cly)
Schans- Graphite Mercurial None
chieff Zine (Cax?bon) Solution Separate .56 10.05t00.73
Caustic Potash{ Chloride of
Skrivanoff] Zine Silver or Potassium Silver | ) 1.8
Hydrate 'KOH) (AgCl

* At 15 degrees Centigrade or 59 degrees Fahrenheit.
Resistances in last, column measured in cells standing 6” x 47

OHMI’S LAW.

One of .the most important and most unsed laws of electri-
city is that first formulated by Dr. G.S. Olm, and known as
Ohw’s law. This law is as follows:

1he current zs directly proportional to the electromotive forcs
and inversely proportwnal to the resistance.

That is, if the electromotive force applied to a circuit is in-
creased, the current will be increased in the same proportion, and
if the resistance of a eircuit is increased then the current will he
decreased proportionally. Likewise a decrease in the electromotive
force causes a proportional decrease in cnrrent and a decrease in
resistance canses a proportional inerease in current. The cnrrent
depends only upon the electromotive force and resistance and in
the manner expressed by the above simple law. The law may be
expressed algehraically as follows:

electromotive force

carrent varies s ——
resistance

295
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\

The wnits of these quantities, the ampere, volt and ohm, have
Leen so chosen that an electromotive force of 1 volt applied to a
resistance of 1 ohm, causes 1 ampere of current to flow. Ohm’s
law may therefore be expressed by the following equation:

7

&)
M

-
where / is the current in amperes, /2 the electromotive foree in
volts and 72 the resistance in ohms.

Tt is therefore evident, that if the electromotive force and
resistance are known the current may be found, or if any two of
the three quantities are known the third may be found. If the
current and resistance are known the electromotive force may be
found from the formula:

EF=nrr
and if the current and electromotive force are known, the resist-
ance may, be found from the formula:

) E
R = 7
Simple Applications. The following examples are given to
illustrate the simplest applications of Ohm’s law.
Example.—If the E.M.F. applied to a circuit is 4 volts and
its resistance is 2 ohms, what current will flow ?
Solution.—By the formula for current,
I = % = = 2 amperes.
Ans. 2 amperes.
Example.—What voltage is necessary to cause a current of
28 amperes to flow through a resistance of 520 ohms?
Solution.—By the formula for E.M.F.,
FE = RI =820 x 23 = 18,860 volts.
Ans, 18,860 volts.
Example.—The EALF. applied to a cireuit is 110 volts, and
it is desired to obtain a current of .6 ampere. What should be
the resistance of the cireuit?
Solution.—By the formula for resistance,

R =f; = 1(1)_0 = 183. 4+ ohms.

Ans. 183 ohms.
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Series Circuits. A circuit made up of several parts all
joined in series with each other, is called a series circuit and the
resistance of the entire circuit is of course the sum of the separate
resistances. In calculating the current in such a circuit the
total resistance must first be obtained, and the current may then
be found by dividing the applied or total E.M.F. by the total
resistance. This is expressed by the formula,

E
TRy + Ry - Ry + ete.
Example. — Three resistance coils are connected in series with

each other and have a resistance of 8, 4 and 17 ohms respectively.
What current will flow if the E.M.F. of the circuit is 54 volts?

Solution.— By the preceding formula,

Z 54 of _ 1.8} amperes.

“ B,y B, +R, 8F4+17 29
Ans. 1.8} amperes.

I

Example. -——Six arc lamps, each having a resistance of §
olims, are connected in series with each other and the resistance
of the connecting wires and other apparatus is 3.7 ohms. What
must be the pressure of the circuit to give a desired current of 9.6
amperes ?

Solution. — The total resistance of the circuit is R = (6 X 5)
-+ 8.7 = 33.7 ohms and the current is to be [ = 9.6 amperes,
Hence by the formula for E.M.F,,

E=RT=337 X 9.6 = 323.+4 volts.
Ans. 323.4 volts.

Example. — The current passing in a certain circuit was 12
amperes and the E.M.F. was 748 volts. The circuit was made up
of 1 seetions all connected in series, and the resistance of three
sections was 16, 9 and 26 ohms respectively. ~What was the
resistance of the fourth section?

Qolution. — Let oz = the resistance of the fourth section, then
R=164+9426 4+ 2 =51+ I=12 and = 743. By
the formula for resistance,

= 22 or, 51 + =z = %4;: 61.9 ohms (approx.)

I
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.20 THE ELECTRIC CURRENT.

If 51 4 z = 61.9 we have, by transposing 51 to the other

side of the equation,
z = 61.9 — 51 = 10.9 ohms.
Ans. 10.9 ohms.

Example.-— A current of 54 amperes flowed through a cireuit
when the E.M.F. was 220 volts. What resistance should be
added in series with the circuit to reduce the current to 19
amperes ?

Solution. — The resistance in the first case was,

220
R= = = 4.07 ohms (approx.)

The resistance in the second must be,
99
I = % = 11.58 ohms (approx.)

The required resistance to insert in the circuit is the differ-
ence of these two resistances, or 11.58 —4.07 = 7.51 ohms.
Ans. 7.51 ohins.
Fall of Potential in a Circuit. Fig. 1 illustrates a series
circuit in which the resistances A, B, ¢, I and F are connected
in series with each other and with the source of electricity.
If the E. M. F. is known, the current may be found by divid-
ing the . M. F. by the sum of all the resistances. Ohm’s law
may, however, be applied to any part of a circnit separately,
as well as to the complete circuit. Suppose the resistances of
A, B, O, D and ¥ are 4,3,6,3 and 4 ohms respectively, and
assume that the source has no resistance. Suppose the current
flowing to be 12 amperes. The E.M F. necessary to force n
current of 12 amperes through the resistance A of 4 olms is, by
applying Ohm’s law, equal to B = RT=4 X 12 = 48 volts.
Hence between the points a and b outside of the resistance A,
there must be o difference of potentiul of 48 volts to force the
current through this resistance. Also to force the same current
through B, the voltage necessary is 3 X 12 = 36. Similarly, for
eachr part C, D nd F, there are required 72. 36 and 48 volts
respectively.
As 48 volts are necessary for part A and 86 volts for part B,
it is evident that to force the current through hoth parts a differ-
ence of potential of 48 4 86 = 84 volts is required ; that is, the
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voltage between the points a and ¢ must be 84 volts. For the
three parts A, B and ¢, 48 4 86 4- 72 = 156 volts are necessary,
and for the entire circuit, 240 volts must be applied to give the
current of 12 amperes. From the above it is evident that there
is a gradual fall of potential throughout the circuit, and if the
voltage between any two points of the circuit be measured, the
E.M.F. obtained would depend upon the resistance included
between these two points. For example, the voltage between
points & and  would be found to be 72 4 36 = 108 volts, or
between d and e 86, volts, etc. From the preceding it is apparent
that the fall of potential in a part of a circuit is equal to the
current multiplied by the resistance of that part.

) E f ] a A b
—AINA—] WAAA——
P
o§ :
g —AVAMANA- .
Fig. 1.

This gradual fall of potential, or drop as it is commonly
called, throughout a cireuit, enters into the calculations for the
size of conductors or mains supplying current to distant points.
The resistances of the conductors cause a certain drop in trans-
mitting the current, depending upon their size and length, and it
iy therefore necessary that the voltage of machines at the supply
station shall be great enough to give the voltage necessary at the
receiving stations as well as the additional voltage lost in the
conducting mains.

For example, in Fig. 1 the voltage necessary between the
points e and b is 144 volts, but to give this voltage the source
must supply in addition the voltage lost in parts A and E, which
equals 96 volts.

Example.—The voltage required by 17 arc lamps connected
in series is 782 volts and the current is 6.6 amperes. The resist

99
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ance of the cennecting wires is 7 ohms. What must be the
E. M. F. applied to the circuit ?

Solution.—The drop in the connecting wires is £ = R I =
T X 6.6 = 46.2 volts. The E.M. F. necessary is therefore 782
-+ 46.2 = 828.2 volts. Ans. 828.2 volts.

Example.—The source of E.M.F. supplies 114 volts to a
circuit made up of incandescent lamps and conducting wires.
The lamps require a voltage of 110 at their terminals, and take a
current of 12 amperes. What should be the resistance of the
conducting wires in order that the lamps will receive the necessary
voltage ?

Solution.— The allowable drop in the conducting wires is
114-—110 = 4 volts. The current to pass through the wires is
12 amperes. Hence the resistance must be

R = %:% = .88 4 ohms.

Ans. .33 4 oums.

Divided Circuits. When a circuit divides into two or more
parts, it is called a divided.cireuit and cach part will transmit a
portion of the current.

Such a circuit is illustrated in Fig. 2, the two branches being
represented by b and e. The current passes from the positive
pole of the battery through a and then divides; part of the
current passing through b and part through e. The current then
unites and passes thro’ugh d to the negative pole of the battery.
"The part ¢ may be considered as the main part of the circuit and

4 b b as a by-pass about it. A branch
which serves as a by-pass to an-
other circuit is called a shunt
— circuit, and the two branches are
_ said to be connected in parallel.

d | + 2 In considering the passage
Fig. 2. of a current through a circuit of

this sort, it may be necessary to determine how much current
will pass through one branch and how much through the other.
Evidently this will depend upon the relative resistance of the two
branches, and more current will pass through the branch offering
the lesser resistance than through the branch having the higher
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resistance, If the two parts have equal resistances, then one half
of the total current will pass through each branch. If one branch
lLias twice the resistance of the other, then only one-half as much
of the total current will pass through that branch as through the
other ; that is, 1 of the total current will pass through the first
branch and the remaining 2 will pass through the second.

The relative strength of current in the two branches will be
inversely proportional to their resistances, or directly proportional
to their conductances.

Suppose the resistance of one branch of a divided circuit is
r, (see Fig. 3), and that of the other is »,. Then by the pre-
ceding law,

o 1 . > 1 L] . \
current 1n r; current inry 227y 1y
Also,
current m r, : total current : 3 re:7 47y
and
current in r, : total current : : 7, : 7, + 7,

Let I represent the total current, ¢, the surrent ‘through the
resistance r, and ¢, the current through the resistance »,. Then
the two preceding proportions are expressed by the following
formulas :

. Ir . r
¢, =—"2_ and iy = Iry
ry 4y T

Example.—The total current passing in a circuit is 24
amperes. The circuit divides into two branches having resist-
ances of 5 and 7 ohms respectively. What is the current in each
branch ?

Solution.—In this case =24, r, =5 and r, = 7. Sub-
stituting these values in the above formulas we have,

. Ir, 24 X T
= = =14 .
i, = 5T amperes
. Ir 24 %X 5
d — 1 — =10 ,
an o8 —r 5T amperes

Ans In 5 ohm branch, 14 amperes.
* | In 7 ohm branch, 10 amperes.

Joint Resistance of Divided Circuits. As a divided circuit
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_— e - —

offers two paths to the current, it follows that the joint resistance
of the two branches will be less than the resistance of either branch
alone. The ability of a circuit to conduct electricity is repre-
sented by its conductance, which is the reciprocal of resistance ;
aud the conductance of a divided ecircuit is equal to the sum of
the conductances of its parts.

For example, in Fig. 8, the conductance of the upper branch

equals x and that of the lower branch equals L If B repre-
ry ry

sents the joint resistance of the two parts then the joint conduct-
ance equals:
1 1 1 _ rydr,
/e rq ry ry T,

Maving thus obtained the joint conductance, the joint resist-
ance is found by taking the reciprocal of the conductance, that is,

R=_"1"2_
ryFr,
This formula may be stated as follows:
The joint resistance of a divided circuit is equal to the product
of the two separate resistances divided by their sum.

For example, suppose the resistance of each branch to be
2 ohms. The conductance of the circuit will be,

1 1 1
= = o + = = 1, and hence 2 =1 ohm.
Also by the preceding formula,
R=2%X2_ 1,
= o) + g = olim.

The resistance of a divided ecircuit in which each branch has
a resistance of 2 ohms is therefore 1 ohm.
Example.—The resistances of two separate conductors are 3
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and T ohms respectively. What would be their joint resistance
if connected in parallel ?
Solution.—In this case »;, =3 and 7, =7, hence by the
formula,
R = DR 2.1 ohms. Ans. 2.1 ohma.
341
Suppose, as illustrated in Fig. 4, the conductors having
resistances equal to r;, r, and r; respectively, are connected in

./fﬁ\
\;/

Ty
Fig. 4.

varallel.  The joint total conductance will then be equal to,

1 | +L+L:r21'3—{—'7'1r3+7°1r2

R ry Py rq T Ty T3

and as the joint resistance is the reciprocal of the joint conduct
ance, the joint resistance R of the three branches is expressed Ly
the formula,

T Ta "
rary A ryrg vy,

Example.—What is the joint resistance when connected in
parallel, of three wires whose respective resistances are 41, 52 and
29 ohmns respectively ?

Solution. —In this case r; =41, », =52 and r; = 29.
Hence, by the preceding formula,

_ 41 % 52 X 29
T 52X 2941 X 29 - 41 X 52

= 12.8 4 ohms,

Ans. 12.8 4 ohms.

In general, for any number of conductors connected in
parallel, the joint resistance is found by taking the reciprocal of
the sum of the reciprocals of the separate resistances.

Example.—A circuit is made up of five wires connected in
parallel, and their separate resistances are respectively 12, 21, 28.
8 and 42 ohms. What is the joint resistance ?
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Solution.—The sum of the conductances ist

1 1 1 1 1 538
wratm Ts T2~ 15

Hence the joint resistance equals:

R = 168 _ 3.1 4- ohms, Ans. 3.1 4 ohms,

53

If the resistance of each branch is known and also the poten-
tial difference between the points of union, then the current in
each branch may be found by applying Ohm’s law to each branch
separately. For example, if this potential difference were 96
volts, and the separate resistances of the 4 branches were 8, 24, 3
and 48 ohms respectively, then the current in the respective
branches would be 12, 4, 32 and 2 amperes respectively.

If the current in each branch is known and also the poten-
tial difference between the points of union, then the resistance of
each branch may likewise be found from Ohm’s law.

The following examples are given to illustrate the applica-
tion of the preceding principles.

EXAMPLES FOR PRACTICE.

1. Two conductors having resistances of 71 and 19 ohmy
respectively are connected in parallel, and the total current pass
ing in the circuit is 87 amperes. What current passes in the
conductor whose resistance is 71 ohms ? Ans. 7.8 -} amperes.

2, What is the joint resistance of two wires connected in
parallel if their separate resistances are 2 and 8 ohms respectively?

: Ans. 1.6 ohms.

3. What is the joint resistance of three wires when con.
nected in parallel, whose separate resistances are 5, 7 and 9 ohms
respectively ? Ans. 2.2 4 ohms.

4. Three wires, the respective resistances of which are 8, 10
and 20 ohms, are joined in parallel. What is their joint resist-
ance ? Ans. 3.6 4 ohms.

5. Four wires are joined in parallel, and their separate
resistances are 2, 4, 6 and 9 ohms respectively. What is the
joint resistance of the conductor thus formed?

Ans. .97 4 ohm.
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Battery Circuits. Iig. 5 illustrates a simple circuit having
a single cell (7 connected in series with a resistance. This is the
customary manner of representing a cell, the short, heavy line
representing the zine and the long light line representing the
copper or carbon plate. In determining the amount of current
which will flow in such a circuit, the total resistance of the cireuit
must be considered. This is made up of the external resistance
1?2 and the internal resistance », or the resistance of the cell itself.
If £ represents the total EM.F. of the cell, then the current
7 which will flow is expressed by the formula,

FE

L+

It has been shown that whenever a current passes through
any resistance, there is always a certain drop or fall of potentml
The total EDMLF. above referred to, expresses the total poten-
tial difference between the plates of the cell and is the E.M.F.
of the cell on open circuit. When
the current flows, however, there |
is a fall of potential or Joss of
voltage within the cell itself,
and hence the I.M.F. of the
cell on closed circuit is less than
on open cireuit.  That is, if the Fig. 5
vo]ta(re be measured when the
cell is supplying current, it will be found to be less than when
the voltage is measured on open cireuit, or when the cell is sup-
plying no current. The voltage on closed eireuit is that available
for the external circuit, and is therefore called the external or

[ =

cl

availuble voltage or E.M.F.

The external E.M.I. depends of course upon the strength
of current the cell is supplying, and may be caleulated as
follows:

If the current passing is / and the resistance of the cell s
», then from Ohm’s law the voltage lost in the cell equals » /. If
I/ represents the total EM.F. of the cell and 7/ the external
EDM. I, then,

E=Fr—rl
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The K. M. F. of a cell is understood to be the total E. M. F.
unless otherwise stated.

When two or more cells are intercounected they are said to
form a battery.

Fig. 6 illustrates three cells connected in series with each
other and with the external circuit. That is, the positive terminal
of one cell is connected to the negative of the next, and the posi-
tive of that cell to the negative of the adjacent, ete. By this
method of connecting, the E. M. F. of each cell is added to that
of the others, so that the total l¢. M. Ir. of the circuit is three
times that of a single cell. If one of the cells were connected so
that its K. M. I, opposed that of — l | +
the other two, it would offset l]———l' !
the 1. M. I. of one of the cells j
and the resultant K. M. ¥. would (/m&'

be that of a single cell.  The con-

. . . . . Fig. 6.
necting of cells in series as in g 0

Fig. 6 not only increases the E. M. I. of the circuit but alse
increases the internal resistance, the resistance of each cell heing
added to that of the others. If /" equals the E. M. I'. of each
cell, » the internal resistance of each and /2 the external resist-
ance, then the current that will flow is expressed by the formula,

/ 3
T+ 3
or for 2 cells connected in series the formula for current is,
A
/= 12 + nwyr

Fig. 7 illustrates two cells connected in parallel, and sup-
])lying current to an ex-
ternal circuit. Ilere the
two positive terminals are
connected with each other
and also the two negative,
The E. M. F. supplied to
the cireuit is equal to that

Fig. 7. .
& of a single cell only. 1In

fact connecting cells in parallcl. is squivalent to enlarging the
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plates, and the only effect is to decrease the internal resistance
It is evident that coupling two cells in parallel affords two
paths for the current and so decreases the resistance of the two
cells to one-half that of a single cell. The formula express-
ing the current that would Hlow in the external circuit with two
cells in parallel is therefore,

I—=_%

na4X
+2

or for n cells connected in parallel, the formula for current is,
7

pR— .
L4
7w

1

1

1

._l
__I

Fig. 8.

Fig. 8 represents a combination of the series and parallel
nuethod of connecting and represents four files of cells joined in
parallel and each file having four cells connected in geries. The
E. M. F. of each file and consequently of the circuit is 4 F. The

resistance of each file is 4 » and that of all the files -44{— Ience,
the formula for current is,
4 F

4
Rt
g

[ =

if there were = files connected in parallel and 7 cells were
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conrected in series in each file, the formula expressing the current
in the external circuit would be,

. ™ E
mr
R4 —
where # is the E. M. F. of each cell, B the external resistance,
and » the internal resistance of each cell.

The most advantageous method of connecting cells depends
upon the results desired, the resistance of the cell and the external
resistance. Suppose it is desired to pass a current through an
external resistance of 2 ohms, and that Daniell’s cells are to be
used each having an E. M: F. of 1 volt and an internal resistance
of 3 ohms.

With one cell only in circuit, the current will be,

E 1 .
= = .2 ampere,
R4-r 23
and with 5 cells all in series the current will be,
5E 5

= .3 ampere (approx).

RE5r 2415

Therefore with 5 cells in series the current is only .1 ampere
greater than with a single cell, and with 100 cells in series the
current is only,

100E __ 100

— — .33 .
EF 1007 23300 ampere

Hence with a comparatively low external resistance, there is but
little gain in current strength by the addition of cells in series.
This is due to the fact that, although the E. M. F. is increased
1 volt by each cell, the resistance is increased by 3 ohms."

Now suppose 5 Daniell cells to be connected in parallel with
the external circuiv of 2 ohms. The E. M. F. of the cirenit will
then be that of a single cell and the current will be,

£ - L .4 ampere (nearly),

7 3
R+ 24 -
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and with 100 cells connected in parallel the current will be,

B _ 1
o 3
Ry 242
+ 100 - 100
A larger current is therefore obtained in this case by connect-

ing the cells in parallel than by connecting them in series.

=.5 ampere (nearly).

With a large external resistance on the other hand, a larger
current is obtained by connecting the cells inseries. For example,
suppose the external resistance to be 500 ohms. One cell will
then give a current of .00198 4- ampere, and 5 cells in'series will
give about .0097 ampere, whereas 100 cells will give .125 ampere.
With 5 cells connected in parallel the current will be .00199 4
ampere, and with 100 cells the current will amount to approxi-
mately .002 ampere. With an external resistance of 500 ohms,
there is practically no advantage in connecting the cellsin parallel.
The only effect of the latter method is to decrease the internal
resistance which iz almost negligible in comparison with the
external resistance.

It may be shown mathematically that for a given. external
resistance and a given number of cells, the largest current is
obtained when the internal resistance is equal to the external
resistance. In order to obtain this result the values of m and »

in the formula on page 30, should be so chosen that mr equals
n

R. This arrangement, although giving the largest current
strength, is not the most economical. With the internal resist-
ance equal to the external resistance there is just as much energy
used up in the battery itself asis expended usefully in the external
circuit.

In order to obtain the most economical arrangement, the
internal resistance should be made as small as possible, that is,
all the cells should be connected in parallel. The loss of power
in the battery is then the smallest amount possible.

In order to obtain the quickest action of the current the cells
should be connected in series. When the external circuit possesses
considerable self-induction, as is the case when electromagnets are
connected in the circuit, the action of the current is retarded.
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82 : THE ELECTRIC CURRENT.

This retardation may be decreased by having a high interna’
resistance, which is obtained by connecting the cells in series.
Example.—Sixteen cells, each having an internal resistance of
.1 ohm are to be connected with a circuit whose resistance is .4
ohm. How should the cells be connected to obtain the greatest
current ?
Solution.—Here the external resistance &, equals.4 ohm and
the resistance # of each cell equals .1 ohm. For maximuw
current,

mr dm
—_— R, or =] .4
n n

Therefore_, m=4n
and as m n = 16, the only values of m and » which will be true
for both of these equations are m = 8 andn = 2. Hence there
must be 2 files of cells, with 8 cells in series in each file.

Ans. 2 files, 8 cells in each.

Example.—The external resistance in a circuit is 4 ohms.
The cells used each have an E. M. F. of 1.2 volts and an internal
resistance of 3.8 ohms. If 20 cells were used, which method of
connecting would supply the larger current, — 5 files with 4 cells
in series, or 4 files with 5 cells in series?

1st Solution.—Applying the formula on page 30, we have
R=4,F =12 r=8.8and with 5 files and 4 in series, m = 4
and n = 5. Hence, the current is,

m K _ 4%1.2

4 % 3.8

= = .681 |- ampere.
R4+™T 44 TXO0
n 5

With 4 dles and 5 cells in series, m = 5 and n = 4. Hence
the current is,
5x 1.2

5X 8.8
4+><4_

= .685 4~ ampere.

The larger current is therefore supplied by having 4 files
with 5 cells in series, Ans. 4 files, with 5 cells in series.

2nd Solution.—The maximum current is supplied when the
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internal resistance equals the external resistance or when

mr

= R.
n
With 5 files and 4 cells in series,
mr o _ 4_X 328 = 38.04 ohms,
N H

and with 4 files and 5 cells in series,
m ¥ 5x 3.8 -
r_ 9o Xo ~ — 4.75 olims.
" 4
The latter value is nearer to 4 ohms, which is the external resist-
ance, than is 8.04, hence the larger current will be supplied with
4 files and 5 cells in series. Ans. 4 files, with 5 cells in series.
Example.—1It is desired to pass a current of .025 ampere
through an external resistance of 921 ohms. The cells are to be
connected in series and each has an I. M. IV, of .8 volt and an
intermal resistance of 1.3 ohms.  What number of cells must be
used ?
Solution.—From page 28, the general formula for cells in
series is,
nE
[=__"—""
R4+ nr
and in this case I=.025, K= .8, BR—=921 and » = 1.8. Substi-
tuting these values gives,
n.s
921 4+»1.3
Multiplying by 921 4 1.3 » gives

28.025 + .0325 % = .8n

025 =

Transposing 0325 » gives
8Sn—.0825 0 = 23.025

or L1675 n = 23.025
hence, n = 30

Ans. 30 cells.
EXAMPLES FOR PRACTICE.

1. Ten cells in series have an E. M. F. of 1 volt each and
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an internal resistance of .2 ohm. The external resistance is 3
ohms. What is the current ? Ans. 2 amperes.
2. Six cells, each of which has an E. M. F. of 1.2 volts and
a resistance of 2 ohms, are connected in parallel.  With an external
resistance of 10 ohms, what is the current? Ans. .116 -}~ ampere.
8. What is the current supplied by the same cells if joined
in series and the external resistance is 20 ohms?
Ans. .225 amper 3.
4. A single cell whose E. M. F. on open circuit is 1.41 volts
and whose internal resistance is .5 ohm is supplying a current of
.3 ampere. What is the available I&. M. F. of the cell?
Ans. 1.26 volts.
5. What would be the available E. M. F. with 8 of the
cells referred to in example 4, when connected in series and sup-
plying the same current ? Ans. 10.08 volts.
6. Eight Daniell cells (E. M. F. = 1.05, resistance = 2.5
ohms each) are joined in series. 'Three wires A, B and C of 9,
86 and 72 ohms resistance respectively are arranged to be connected.
to the poles of the battery. Find the current when each wire is in-
serted separately, and when all three wires are connected in parallel.
Ans. Through A, .29 ampere nearly ; through B, .15 ampere ;
through () .091 4- ampere; and through all three, .31 - ampere.
7. A battery of 28 Bunsen cells (1i. M. F. =1.8, resistance
‘=1 ohm each) are to supply current to a circuit having an
external resistance of 30 ohms. Find the current (a) when all
the cells are joined in series, (b) when all the cells are in parallel,
(¢) when there are 2 files each having 14 cells in series, (d) when
there are T files each having 4 cells in series.
Ans. (a) 1.53 43 (&) .06 nearly; (¢) .82+ (d) .28+
ampere. '
QUANTITY, ENERGY AND POWER.

Quantity. The strength of a current is determined by the
amount of electricity which passes any cross section of the conduc-
tor in a second; that is, current strength expresses the rate at
which electricity is conducted. The gquantity of electricity con-
veyed evidently depends upon the current strength and the time
the current continues.
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The Coulomb., The coulomb is the unit of quantity and is
equal to the amount of electricity which passes any cross-section
of the conductor in one second when the current strength is one
ampere. If a current of one ampere flows for two seconds, the
quantity of electricity delivered is two coulombs, and if two
amperes flow for one second the quantity is also two coulombs.
With a current of four amperes flowing for three seconds, the
quantity delivered is 12 coulombs. The quantity of electricity in
coulombs is therefore equal to the current strength in amperes
multiplied by the time in seconds, or

Q=1Ixt

where @ i the quantity in coulombs, 7 the current in amperes and
¢ the time in seconds.

The coulomb is also called the ampere-second. The quantity
of electricity delivered in one hour when the current is one
ampere is called one ampere-hour. The ampere-hour is equal to
3,600 coulombs, us it is equal to one ampere for 3,600 seconds.

From the formula Q@ = I¢t, it follows that

= @ @
I= = and ¢ = T

Example.—A current of 18 amperes flows through a circuit
for 2 lours.  What quantity of electricity is delivered ?

Solution.-—Reducing 2} hours to seconds gives 8,100 seconds,
and 8,100 ¥ 18 = 145,800. Ans. 145,800 coulombs.

Example.—What is the strength of current when 11 ampere-
hours pass in a circuit in 89 seconds ?

Solution.— One .and one-half ampere-hours equal 5,400
coulombs and as current strength is expressed by quantity divided
by time, the cwrrent is 5,400 < 89 = 60. - amperes.

Ans. 60, 4- amperes.

EXAMPL.ES FOR PRACTICE.

1. How many coulomls are delivered in 9 minutes, when

the current is 174 amperes ? Ans. 9,450 coulombs,
' 2. What is the current when 480 coulombs are delivered
per minute ? Ans. 8 amperes,
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3. In what time will 72,000 coulombs be delivered when the

current is 80 amperes ? Ans. 15 minutes.
4. How many ampere-hours pass in a circuit in 23 hours
when the cwrrent is 22 amperes ? Ans. 60.5 ampere-hours.

Energy. Whenever a cwrent flows, a certain amount of
energy is expended, and this may be transformed into heat, or
mechanical work, or may produce chemical changes. The unit of
mechanical energy is the amount of work performred in raising a
mass of one pound through a distance of one foot, and is called
the foot-pound. The work done in raising any mass through any
height, is found by multiplying the number of pounds in that mass
by the number of feet through which it is lifted. Electrical work
may be determined in a corresponding manner by the amount of
electricity transferred through a difference of potential.

The Joule. The joule is the unit of electrical energy, and is
the work perforined in transferring one coulomb through a ditfer-
ence of potential of one volt. That is, the unit of electrical energy
is equal to the work performed in transferring a unit quantity of
electricity through a unit difference of potential. It is evident
that if 2 coulombs pass in a circuit and the difference of potential
is one volt, the eunergy expended is 2 joules. Likewise it 1 cou-
lomb passes and the potential difference is 2 volts, then the energy
expended is also 2 joules. Therefore, to find the number of joules
expended in a circuit, multiply the quantity of electricity by the
potential difference through which it is transferred. This is
expressed by the formula,

W=QUZE or W=1Ft,
where Wis the work in joules, @ the quantity in coulombs, E the
potential difference in volts, I the current in amperes and ¢ the
time in seconds.

By Ohm’s law = £ I and by substituting this value of Z
in the equation for energy, we obtain the formula,

W=1?% Rt
which may be used when the current, resistance, and time are
known, R being the resistance in ohms.

Example.—With a potential difference of 97 volts and a cur-
rent of 14 amperes, what energy is expended m 20 minutes ?

Solution.—Work is expressed by the product of the quantity
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and potential difference. The time in seconds equals 20 X 60=
1200, and the work W = 14 X 1200 X 97 = 1,629,600 joules.
Ans. 1,629,600 joules.

Example. — The resistance of a circuit is .9 ohm, and the
current is 25 amperes. What energy is expended in half an hour?

Solution.— Substituting these values of vesistance, current
and time in the formula W= 12 R ¢, we have, W =252 X .9 X
30 K 60 = 1,012,500 joules. Ans. 1,012,500 joules.

Power. Power is the rate of doing work, and expresses the
amount of work done in a certain time. The horse-power is the
unit of mechanical energy, and is equal to 38,000 foot-pounds per
minute or 550 foot-pounds per second. A certain amount of work
may be done in one hour or two hours, and in stating the work
done to be so many foot-pounds or so many joules, the rate at
which the work is done is not expressed. Power on the other
hand, includes the rate of working.

It is evident that if it is known that a certain amount of work
is done in a certain time, the rate at which the work is done, or
the power, may be obtained by dividing the work by the time,
giving the work done per unit of time.

The Watt. The electrical unit of power is the watt, and is
equal to one joule per second, that is, when one joule of work is
expended in one second, the power is one watt. If the number of
joules expended in a certain time is known, then the power in
watts is obtained by dividing the number of joules by the time in
seconds. The formulas for the work done in joules as given
on the preceding pages are,

W=IFtand W=12 R

By dividing each of these by the time ¢, we obtain the cor-
responding formulas for power as follows:

P=1 E, and P =12 R, where I’ is the power in watts, I
the curreut in amperes, % the potential diffevence in volts, and B
the resistance in ohms.

The power is obtained therefore, by multiplying the current
by the voltage, or by multiplying the square of the current by the
resistance.

The watt is sometimes called the volt-ampere.

For large units the kilowatt is used, and this is equal to 1,000
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watts. The common abbreviation for kilowatt is K. W. The
ktlowatt-hour is a unit of energy, and is the energy expended in
one hour when the power is one kilowatt.

EXATIPLES FOR PRACTICE.

1. A current of 40 amperes is supplied to a circuit and the
voltage is 110.  What is the power in watts? Ans. 4400 watts.
2. What is the power in kilowatts supplied to a number of
‘incandescent lamps when the current is 84 amperes and the volt-
age of the circuit 977 Ans. 8.1+ kilowatts.
8. A circuit has a resistance of 50 ohms and the current is

12 amperes. What power is expended in the circuit ?
Ans. T2 K. W.

4. The voltage of an incandescent lamp circuit is 220 volts,
and the resistance 2 ohms. What power is expended in the cir-
cuit? Ans. 24.2 K. W.

Notk. — First find current by Ohm’s law.

Equivalence of Electrical Energy in Heat Units.” Wlen-
ever there is any resistance to the flow of a current there is always
a certain amount of electrical energy transformed into heat. The
current in passing through such resistance expends a certain
amount of energy in overcoming the resistance, and this energy is
dissipated as heat. The entire electrical energy of a circuit may
be transformed iuto heat, as in a lamp circuit, or only part of the
energy may appear as heat, the remainder being transformed into
mechanical or chemical work. The energy which appears as heat
raises the temperature of the circuit to an amount depending upon
its radiating surface, and the temperature of the surrounding
medium.

When the resistance of a cireuit and the current are known,
the electrical energy expended may he calculated by finding the
product of the square of the current, the resistance, and the time,
as by the formula at the foot of page 36. All this energy is
transformed into heat. Other work may be done by the current,
as would Dbe the case if an electric motor were "connected to the
circuit, but this requires additional energy to that which is dissi-
pated as heat. The formula referred to gives only the energy lost
as heat, which is the total energy when no other work is done.
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This formula, which gives the energy in joules, is in accordance
with Joule’s law, which is as follows :

The number of heat units developed in a conductor is propor-
tional to its resistance, to the square of the current, and to the time
the current lasts.

As we have seen, the unit of electrical energy is the joule.
The common unit of heat is the calorie, which is the amount ot
lieat necessary to raise the temperature of 1 gram of water through
1 degree Centigrade. By careful investigations it has been found
that the joule is equivalent to .24 of a calorie ; that is, one joule
of electrical energy when transformed into heat is equal to .24
calovie. Electrical energy may therefore be expressed in heat
units by multiplying the number of joules by .24 ; that is,

U=T12 X R XtX.24
where U is the heat in calories.

As one joule is equivalent to .24 calorie, it follows that one
calorie is equivalent to 4.2 joules approximately.

EXAMPLES FOR PRACTICE.

1. How many calories will be developed by a current of 30
amperes flowing through a resistance of 12 ohms for 10 seconds?
Ans. 25,920 calories.
9, What amount of heat will a current of 20 amperes
develop if it flows through a resistance of 80 ohms for 2 seconds?
Ans. 15,360 calories.
Equivalent of Electrical Energy in echanical Units. The
common unit of mechanical energy is the foot-pound, and from
experiment it has been found that one joule is equivalent to
7873, foot-pound; that is, the same amount of heat will be
developed by one joule as by .7873 foot-pound of work.
As one horse-power is equal to 550 foot-pounds per second, it
follows that this rate of working is equivalent to
550
Hence one horse-power is equivalent to 746 watts. There-
fore ta find the equivalent of méchanical power in electrical
power multiply the horse-power by 746, and to find the equiva-

’

= T46 joules per second (approx.).
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lent of electrical power in mechanical power divide the number of
watts by T46.
EXATPLES FOR PRACTICE.
1. A power of 287 watts is equivalent to how many horsc-
power? Ans. .38 H. P
3. The voltage applied to a circuit is 500 and the current is
196 amperes. What is the equivalent lhorse-power of the circuit?
Ans. 1314 H. D.
3. What is the equivalent of 43 I1. P. in kilowatts?
Ans. 324+ K. W.
4. How many horse-power approximately are equivalent to
one kilowatt? Ans. 11 11 P,

THE SUPPLY OF ELECTRICAL ENERGY.

Electrical energy is now made use of on such a large scale
for lighting, power, heating, ete., that it is gencrated or pro-
duced by machines of great capacity. The dynamo is used for
this purpose and machines having a capacity of several thousand
kilowatts are now common.

Central Stations, Large central stations or power liouses
are built at convenient places and here are collected the generat-
ing, controlling and measaring apparatus.  Usually steam engines
or turbines are used to drive the dynamos, and from the latter,
large copper mains conduct the current to the switchboard located
within the station. [lere are assembled all the regulating devices,
instruments, and switches for the control of the system. From
the switchboard conducting mains run out to various distant
points, where the energy is to be used, to the receiviug apparatus,
such as electric motors, lamps, heating devices, etc. A complete
system is therefore made up of three sub-divisions —the generat-
ing plant, the conducting mains, and the receiving apparatus.

Isolated Plants. Besides large central stations which oceupy
one or more entire buildings and which are usually built and
designed especially for such purpose, there are the comparatively
small anl simple plants called isolated power plants. They are
purely local systems and supply energy to a single building, or to
buildings in the immediate vicinity. The generating apparatus
in this case is usually located in the basement of the building.
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Large hotels and office buildings are frequently provided with
individual generating plants.

Losses in Energy. In operating an electrical machine there
is always some loss in energy, that is, the machine does not give
out an amount of energy equivalent to the amount it receives.
Besides ordinary mechanical losses there is in addition the electri-
cal loss, which always occurs when a current flows through any
resistance.  This loss as previously explained, is equal to the
square of the eurrent multiplied by the resistance.

The ratio of the amount of energy which a machine gives
out, to the amounnt which it receives is called the commercial
efficiency of the machine. For example, if the commercial elfi-
ciency of a dynamo is stated to be 80 %, then 209 of the energy
given to the dynamo is lost, partly in overcoming friction and
partly in electrical losses.

Where electricity is transmitted some distance by means of
conducting mains, there takes place a loss in the line due to heat-
ing, whicli is frequently as much as 10%. Also at the receiving
station, if the electrical energy is converted into mechanical by
means of an electric motor, there will be a further loss.

IMlustrative Example. For example, suppose it is desired to
ascertain the losses in a system which comprises a generator,
conducting mains and an electric motor. Suppose the efficiency
of the generator is 929 and that 1000 horse-power are imparted
to it by the driving engine. The output of the dynamo will be
.92 % 1000, or 920 horse-power, and this is equivalent to
920 X T46, or 685,820 watts. The energy lost in the dynamo
will be 80 X T46, or 59,680 watts. We will assume the voltage
of the dynamo and the circuit to be 1000, and as the power in
watts is equal to the product of the voltage and current, the cur-
rent must be 686,320 — 1000, or 686 amperes approximately.

Now suppose the resistance of the conducting mains is equal
to .11 ohms. Knowing the cwrrent in the mains and the resis-
tance, the loss therein is obtained by applying the formula I% I
giving 6862 X .11, or 51,765 watts. The energy available at the
receiving end of the line will therefore be 686,320 — 51,765, or
684,555 watts.

The remaining loss to be considered is that in the electrie
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motor. Assuming the efficiency of the motor to be 909, the
power lost therein will be .10 X 634,555, or 63,455 watts. The
output of the motor is therefore equivalent to 634,555— 63,455,
or 571,100 watts. This in mechanical units is equal to 571,100
746, or 765 horse-power approximately.

Hence from an input of 1,000 horse-power at the generating
station, the work the motor is capable of performing at the receiv-
ing station is 765 horse-power. The efliciency of the entire
system under the assumed conditions is therefore 765 = 1,000, or
76.5%.

Among the great variety of generating machines, systems of
distribution and auxiliary devices. each has its particular advan-
tage for special conditions, and the selection of the type of ma-
chine and system of distribution depends almost entirely upon the
special circumstances. For example, a low voltage systen: is best
adapted for isolated plants, whereas for the transmission of power
Jong distances very high voltages are used. The various types of
machines, systems, etc., with their special advantages and disad-
vantages, will be fully considered in the following Instruction
Papers.
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ELECTRICAL MEASUREMENTS

PART I—ELEMENTARY

SYSTEMS OF UNITS

Physical quantities are measured in terms of quantities called
units. These units, as a rule, are related to one another and form
systems; as, for example, the British system and the C. G. 8. system.

Fundamental Units. The arbitrarily chosen units of a system are
called fundamental in distinction to the related units depending on
them, which are called derived units. The C. G. S. system, univer-
sally used in electrical measurements, takes its name from three of its
fundamental units—the centimeter, the gram, and the second of mean
solar time. Besides the three units from which it takes its name, the
C. G. S. system includes other fundamental units; for example, the
degree centigrade, the calorie, and the unit magnetic pole.  Whenever
the arbitrary choice of a property of a substance enters into the choice
of a unit, the unit itself becomes fundamental. Thus the calorie
depends on the thermal capacity of water; the unit magnetic pole
depends on the magnetic property of air, etc.

Derived Units. Geometrical units, such as area and volume,
are derived from the unit of length. That is, areas are measured in
square centimeters, and volumes in cubic centimeters, involving units
of the second and third degree with reference to the unit of length.
We say that an area has a dimension of 2 and a volume of 3 in terms of
a length. Put algebraically, an area may be expressed as L2, and a
volume as L® in terms of a length L. In mechanics we use derived
units depending on length L, mass M, and time 7. Thus velocity,
which may be measured by the ratio of length and time, has as dimen-
sions LT, and acceleration L 7™ Force is more complicated and
may be defined in terms of the acceleration of a mass. The dimen-
sions of force are then LM T 'The C.G.S. unit of force is called the
dyne. Work and energy may be measured in terms of force exerted
through space, and the unit, equal to one dyne acting through one

Copyright, 1909, American School of Correspondence.
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centimeter, is called the erg. The dimensions of the erg are L2 M T
In the same way power (time rate of doing work) may be expressed
in ergs per second. This unit of power is so small that for practical
purposes we use the watt which is 10,000,000 ergs per second. Even
the watt is small and so we frequently use the kilowatt (one thousand
watts) for measurement of power. As we shall see later, the watt is
used also for the measurement of power for electric circuits. Besides
the C. G. S. units we use many units which are multiples or sub-
multiples and so are related. For example, we use the meter (100
centimeters) and the kilometer (100,000 centimeters) and the milli-
meter (0.1 centimeter). Evidently the meter was intended to be the
fundamental unit, the centimeter and the millimeter submultiples,
and the kilometer a multiple; butinthe C. G. S. system the meter
becomes a multiple of the fundamental unit.

In clectrical measutements the unit of resistance—the ohm—
is practically taken as 1,000,000,000 C. G. S. units; the unit of elec-
tromotive force (e. m. f.)—the voli—is taken as 100,000,000 C. G.S.
units; and the unit of current—the ampere—is taken as 0.1 C.G.S.
unit. These units were originally recommended by a committee of
the British Association for the advancement of science in 1873, and
were internationally adopted at Paris in 1881. 'The watt is the prac-
tical unit of power and is equal to an e. m. f. of one volt multiplied
by a current of one ampere. If the current is constant the product of
current and e. m. f. gives the power. If the current is not constant,
the average product of current and e. m. f. gives the average power.
As we shall see later in the case of alternating currents, the readings
of alternating-current voltmeters and ammeters cannot be multiplied
together to get the power; but an instrument called a wattmeter must
be used. The wattmeter gives the correct result. The watt is 10,-
000,000, <. e., 107 C. G. S. units.

The unit of charge (or quantity)—the coulomb—is the quantity
of electricity equal to a flow of one ampere for one second. The
coulomb is 0.1 C. G. S. unit. The farad is the unit of capacity.
A condenser has one farad capacity if it can store one coulomb with
a potential difference of one volt at its terminals.  Potential difference,
like e. m. f., is practically measured in volts. At higher potential
differences a condenser takes a proportionately higher charge. The
farad is a very large capacity and condensers are practically rated
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in microfarads, 7. e., in millionths of a farad. The henry is the unit of
inductance. When a current is started in a coil of wire a magnetic
field is produced. This requires more e. m. f. than to maintain the
current when once started. If the coil requires one volt more to in-
crease the current at the rate of one ampere per second than to main-
tain it, we say the inductance of the coil is one henry. The henry is
1,000,000,000, 7. e., 10° C. G. S. units. These practical units are all
related, as is seen above, to the C. G. S. units by factors, of powers
of 10.  There are other units in the electro-magnetic system for which
the reader is referred to more advanced works.

Relation of C. G. S. to British Units. To reduce British to
C. G. S. units and vice versd, we make use of the relations between
them. One inch equals 2.54 centimeters; one pound mass equals
453.50 grams mass; and a like relation between pounds weight
(force) and grams weight. The second of mean solar time is the
same in both systems. It should be kept in mind that for equal
quantities the number of units is inversely proportional to the size
of the unit.

ELECTRICAL MEASURING APPARATUS

Galvanometers. In the year 1819 Oersted discovered that a
current flowing through a conductor produced an effect on a magnet.
This effect is now explained by saying that lines of force surround the
conductor, and that the north pole of the
magnet tends to move along the lines of —

force in one direction and the south pole LJN,

in the opposite direction. TIn other

words the magnet, if free to move, tends I

to take a direction across the conductor.

In the case of a long, straight wire the '
lines of force are circumferences of cir- CHED
cles with the conductor at the center.
The force on the magnet pole in this
case falls off in proportion to the increase in the distance from the
center of the conductor; 1. e., the force is inversely proportional to
the distance. If the magnet is already in a magnetic field, such as
that of the earth for instance, a current in a north and south wire
above or below the magnet, tends to turn the magnet away from the

Fig. 1. Oersted’s Experiment.
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magnetic north and south, the tangent of the angle through which it
turns being proportional to the current, Fig. 1. The effect of a single
wire is small unless the current is very large.

Tangent Galvanometer. If the conductor is wound in a coll
whose plane is north and south and vertical, the effect on a magnet at
the center is multiplied many times, Fig. 2. Such an instrument is
called a tangent galvanometer. 1f the thumb of the right hand is
placed along the outside of the conductor pointing in the direction

N

Fig.3. Diagram of D’Arsonval
Fig. 2. Tangent Galvanometer. Galvanometer.

of the current, the fingers of the hand may be curled around the con-
ductor and will point in the direction toward which the north pole of
the magnet will be urged by the ficld produced. A similar arrange-
ment of the left hand will indicate the direction in which the south
pole will be urged.

D’ Arsonval Galvanometer. If the magnet is fixed and the coil
free to turn, the latter will turn in the reverse direction. If the
magnet is of the horseshoe type with the coil of wire between the
poles a similar rule will determine the direction of motion. Gal-
vanometers of the moving coil type were invented by D’Arsonval
and Deprez, and are usually called D’Arsonval galvanometers,

Fig. 3.
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Astatic Galvanometer.  An improvement may be made in the
tangent galvanometer, if greater sensitiveness is desired, by mounting
on the same support two magnets of nearly but uot quite equal
strength, care being taken to turn the poles in exactly opposite direc-
tions. This is very important. One mag-

a
net is placed at the center of the coil through
which the current is sent and the other Ve
magnet is above or below the coil and in-
fluenced relatively little by the current, Fig. \ S Y
4. The directive action of the earth’s
magnetic field is little on such a system— + =

- ig. 4. tati S ystem.
called astatic—and a small current conse- I n RERH Siicen

quently turns the system more easily from the magnetic meridian. A
similar effect is produced if part of the coil is about one magnet and
the rest, with reversed direction of the current, about the other mag-
net.  Another way to produce an equivalent effect on a single, sus-
pended magnet is to mount a powerful control magnet near by
(above, below, or behind) so as to reduce to
a very small amount the magnetic field due
to the earth and the control magnet at the
center of the coil.

An extremely sensitive galvanometer may
be made by combining the control magnet
with the astatic system of magnets. The
magnet (or system of magnets) of tangent
and astatic galvanometers is suspended gen-
erally either by a fine silk or quartz fiber.
The current is led into and out of the coil of
the D’Arsonval galvanometer through two
wires, both above in the bifilar suspension,

- . one above and one below in the unifilar sus-
Fig. 5. Section of Suspen-

sion of Portable Gal- pGIlSiOH.
vanometer.

Less sensitive galvanometers may have their
moving parts mounted on pivots or other bearings, and in such gal-
vanometers of the D’Arsonval type the current is brought in and out
through spiral springs which tend to hold the coil in its zero position,
Fig. 5. Galvanometers of this type are used for ammeters—to meas-
ure amperes of current; or for voltmeters —to measure e. m. f. in
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volts.  Such instruments are provided with some damping arrange-
ment so that they come to rest quickly. The deflection of such
galvanometers is indicated by a pointer moving on a scale. If the
poles of the magnet are properly shaped the deflection may be made
proportional to the current passing.

Mirror Galvanometers. Very sensitive galvanometers must be
made with moving parts of little weight. 1t is, however, very desirable

Fig. 6. Thomson Mirror Galvanometer with Lamp and Scale.

that the pointer be very long so that a large number of scale parts
may correspond to small deflections. This may be accomplished by
using a pencil of light rays for a pointer, as shown in Fig. 6, which
illustrates the lamp-and-scale method, in which a lamp is placed
behind a slit in a screen on which the scale is mounted. A concave
mirror carried on the moving part of the galvanometer focuses an
image of the slit at the reference point of the scale (usually the middle).
When current passes, the mirror is deflected, thus deflecting the rays
of light to another part of the scale. If the mirror turns through 1°,
the image is deflected 2°. In place of a slit an opening of another
form with cross wires may be substituted. Also if desired the lamp
may be mounted at the side, and its light reflected by another mirror
to the mirror on the galvanometer. In this last case it is more conven-
ient to have the scale printed on a strip of translucent ground glass or
paper, and to view the image through the glass or paper. If a tele- .
scope is substituted for the lamp, an image of the reference point of the
scale may be made to coincide with the cross wire of the telescope
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when no current is passing, and other parts of the scale will take the
place of the reference point when a deflection is produced, Fig. 7.
In this case a plane mirror may take the place of the concave. The
telescope-and-scale method is more satisfactory for very sensitive
galvanometers than the lamp-and-scale method, though the latter,
usually used in a darkened room, is easier on the eyes unless an ex-
cellent gaivanometer mirror and telescope are used.

Choice of Galvanometers. In choosing a galvanometer for use,
it is desirable that the instrument should not be too sensitive for the
experiment. As a rule the D’Arsonval galvanometer is the most
satisfactory galvanometer for general use, as it is not much affected

Tig. 7. Ballistic D’Arsonval with Telescope and Scale.

by changes in the magnetic field, even if of as great amount as pro-
duced by dynamo-electric machinery or moving of masses of iron in
the neighborhood. The astatic galvanometer is, however, as a rule,
far more sensitive and for certain purposes must be used.

Use of the Control Magnet. In using astatic or other galvanom-
eters with moving magnets, the use of the control magnet is some-
times very puzzling to beginners. The galvanometer should be set
up with its coils in a north and south plane.  The mirror then faces to
the west (or east sometimes). The control magnet is then placed
in position as far away as its support will allow and turned with its
north pole to the north. The magnets and the mirror of the galvanom-
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eter, as a rule, are somewhat deflected because of the presence of the
control magnet. 1If the latter is slightly turned in one direction, the
mirror should turn in the opposite direction. As the control magnet
is brought nearer, the period of swing of the mirror should increase,
and the sensibility should increase in a greater proportion (as the
square). If by chance the control magnet is with its south pole to
the north, the mirror will turn in the same direction as the control
magnet is turned, and the period of swing will decrease as the
control magnet is brought nearer. Control magnets as a rule have
the north pole marked in some way, so that there is no need for
any mistake. When the control magnet is brought so close that
the effect of the earth’s field is overcome, the magnets and mirror
of the galvanometer will try to turn half way around, thus turning the
back of the mirror to the observer,if the construction of the galva-
nometer will allow. As a rule it does not pay to increase the sensitive-
ness of the galvanometer to the highest possible limit, as the zero
reading will become very easily influenced by slight magnetic changes
due to movement of small masses of iron, or the currents in neighboring
conductors, or even the variation in the magnetic field due to a cloud
cutting the sunlight off from the walls of a red brick laboratory, small
as such an effect must be. If the galvanometer is of the astatic type,
it is presupposed in the above that the support for the control magnet
is arranged to weaken the field of the stronger magnet of the astatic
pair more than it does the field of the weaker magnet. Insome poorly
adjusted galvanometers, the control magnet may produce the con-
trary result, and it may be necessary to make appropriate allowance.
If the magnets of the astatic galvanometer take an east and west
position before the control magnet is put on, it is evident that the
magnets of the astatic pair are not exactly in opposite directions and
that the result is a magnetic system having its effective or resultant
north pole about half way between the north poles, and its resultant
south pole about half way between the south poles of the two magnets.
The line joining these resultant poles lies in the magnetic meridian
and the magnets of the astatic pair lie nearly east and west. To cor-
rect this error in adjustment is a very delicate matter and should not
be attempted by the novice.

Ballistic Galvanometer.  When a charge condenser is discharged
through a circuit containing a galvanometer, the galvanometer de-
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flects. The period of swing should be long enough for practically
the whole charge to pass during the early part of the swing. If the
galvanometer has a short period, the return swing may begin before
the discharge is complete. It may be assumed that the first deflec-
tion is a measure of the quantity discharged; but it is evident that
this is an error if the discharge is slow in comparison with the time
occupied by the deflection. To be on the safe side the period of
swing should be large.  Galvanometers which are suitable for measur-
ing discharges are called ballistic. Depending on circumstances,
their period may be between, say, five and twenty seconds for the
complete swing. The D’Arsonval galvanometer may be made with
high enough period and sensibility to give satisfaction as a ballistic
instrument; but for extreme sensibility an instrument of the astatic
type is more generally used. The D’Arsonval galvanometer is more
nearly free from the drift of the reference point, which is due mostly
to varying magnetic field and somewhat to elastic fatigue or sub-
permanent set in the suspension. Freedom from drift is very impor-
tant, as the deflection is uncertain in proportion as the reference point
is in doubt.

Damping of Vibrations. The motion of the moving system of a
galvanometer may be impeded by damping. This may be accom-
plished by mounting vanes on the system so that the air in an enclosed
chamber impedes the motion, or by electromagnetic damping pro-
duced by eddy currents induced in metal moving in a strong magnetic
field. In D’Arsonval galvanometers if the coil is wound on a metal
frame, currents will be induced in the frame while the coil is in motion.
Such damping ensures a speedy coming to rest after a deflection and is
very helpful, especially in ballistic galvanometers where certainty of
zero is important. It is evident that any damping reduces the sensi-
bility of a galvanometer. Some galvanometers are provided with so
much damping that on the return swing the system does not swing
past the zero or reference point. Galvanometers without a period of
complete vibration are said to be aperiodic (the a denoting without).
As a rule galvanometers have a complete period, that is, they are
damped less than the aperiodic galvanometer. The effect of
damping is to shorten the time and amplitude of the outward
part of the swing (though it lengthens the complete period), and to
this extent damping is objectionable. There are, however, counter-
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balancing advantages and so for most purposes some damping is
considered wise.

Plunger Type Instruments 1If in place of the magnet of a gal-
vanometer, some soft iron is substituted in such a position that the
action of the current is to magnetize the soft iron and to draw it into
a stronger part of the magnetic field, we have a current indicator of
the plunger type. The coil frequently takes the form of a solenoid
and the soft iron that of a rod which is drawn by the action of the

current into the solenoid.

The restraining force
\2 may be gravitational or
that of a spring.  Such
an instrument is shown
in Fig. 8. It is evident
that the direction of the
+ deflection does not de-
pend on the direction of
the current. In fact,
plunger type instruments
may be used to measure
alternating currents.
There are many possible
variations of this type of
instrument. As the iron
has a certain amount of residual magnetization, the deflection with
smaller following large currents is more than would have been pro-
duced by the same current following a smaller one. For this reason
the plunger type of instrument is less reliable than the usual types
of galvanometers. The scale is usually of unequal divisions as the
pull increases more rapidly than the current.

Electrodynamometers. If the magnet of a galvanometer is re-
placed by a coil through which the current passes in series with the
other coil, we have what is known as an electrodynamometer.  As
in the case of the plunger type instruments, the electrodynamometer
deflects in the same direction for all currents unless disturbed by
being placed in a magnetic field of outside origin. It is desirable to
set up an electrodynamometer with the moving coil (or coils, if more
than one) with its axis (or their axes) along the magnetic meridian.

Fig. 8. Diagram of Plunger Instrument.
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The disturbing effect of a permanent field is negligible when the
electrodynamometer is used to measure alternating currents. For
direct currents, the action of the outside field is
eliminated by reversing the connections. The
deflection is approximately proportional to the
square of the current. For the best types of
electrodynamometers the suspended coil is
brought back to its zero position by twisting
a torsion head which operates through a spiral
spring on the suspended coil. The current
in this type of instrument is proportional to
the square root of the reading of the torsion 5 A
head necessary to restore the moving coil to
its zero position. A direct current producing l l \
the same deflection as an alternating current
is said to be the effective value of the alter-

nating current. Fig. 9 illustrates the usual ’

tvpe of clectrodynamometer. Fig. 10 illus- L
trates another form invented by Lord Kelvin

and called a Kelvin balance. The figure shows

the connections viewed from the back of the + \ _i[i

balance. The fixed coil is subdivided into Fig. 9. Electrodynamom-
R . eter Diagram.

four parts B, and the moving coil into two

parts 4, placed symmetrically between the parts of B. The parts of

A are supported on opposite arms of a balance and the balance is

restored to its zero position by displacing a weight along the beam.
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Fig.10. Diagram of Coils in Kelvin Balance.

-

The action of the current is thus weighed, and the square of the cur-
rent is proportional to the distance the weight is moved along the
beam. The beam is divided accurately into equal parts and it is
possible to obtain the reading with a high degree of accuracy. The
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current is proportional to the square root of the reading. The ef-
fect of dividing the two parts of 4 is to free the instrument from
the disturbing effect of the earth’s magnetic field or any other stray
field of fairly uniform intensity.

Electrometers. Electrometers depend on the attraction be-
tween electrostatic charges of opposite signs. The only electrometer
which we shall describe is the electrostatic voltmeter which consists of
fixed and movable me-
tallic parts of relatively
large surface. These
surfaces may be plane or
curved. The terminals

are connected, as a rule,
one to the fixed part and
the other to the movable
part—the vane. These
parts take charges pro-
portional to the potential
difference between them
—e. m. . applied—and a
certain attraction results
therefrom. If the vane
is allowed to move, the
electrostatic capacity of
the combination in-

creases somewhat, thus

increasing the amount of
the charges and the at-
tractive force. If it is desired, the vane may be brought back to its
zero position by some counter force. As a rule electrostatic instru-
ments are allowed to deflect and are calibrated by comparison with
other forms of voltmeters. More complicated forms of electrostatic
instruments may have two sets of fixed surfaces and a movable
vane. In some cases a battery of cells of known e. m.f. may he
used to charge the fixed surfaces, and the e. m. f. to be measured ma v
be applied between one fixed surface and the vane. Electrostatic
voltmeters are generally used to measure high electromotive forces.
Fig. 11 shows an electrostatic voltmeter of an old type, which shows

Fig. 11. Electrostatic Voltmeter.
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the general scheme more clearly than hetter and more complicated
clectrometers.

Hot Wire Instruments. If current passes through a wire, a
heating effect results and the wire lengthens because of its rise in
temperature. 1f a pointer is held in a position of equilibrium between
turning moments produced by two wires pulling or. opposite arms of
a lever, the heating of one of these wires by an electric current will
produce a change in the position of equilibrium. Tt is evident that
change in the temperature of the room affects both wires alike and
produces no change in the zero position. The deflection of a hot wire
instrument is dependent on the square of the current (as the heating
is proportional to the square of the current). For this reason the
hot wire instrument deflects in the same direction for currents in either
direction and for alternating currents as well.  As the effective value
of an alternating current is equal to the square root of the mean square,
it is evident that a hot wire instrument calibrated by direct currents,
will give proper readings for alternating currents also. Hot wire
instruments are made use of as ammeters (low resistance) and volt-
meters (high resistance). As a rule hot wire instruments are used for
alternating currents. They are usually less accurate than electro-
dynamometers of the best types.

Wattmeters. e have seen that an electrodynamometer has a
turning moment proportional to the square of the current passing
through it. If the current passing through the fixed coil is different
from that passing through the movable coil, the turning moment will
be proportional to the product of these currents. If the power de-
livered to a line is to be measured, the average product of the volts
and amperes gives the result in watts. The current delivered from the
line to the load may be passed through one coil (usually of low resis-
tance) whose terminals are 4 and B, Fig. 12, and the e. m. f. may be
applied at the terminals of the other coil (usually of high resistance)
whose terminals are @ and b, and produce a second current proportional
to thise. m. f.  In order to avoid measuring the effect of the pressure
current it is led backward through coil F shown in dotted line, thus
subtracting its effect. The instrument may be calibrated to read
watts. As a rule it is easier to make the second coil of moderate re-
sistance and to insert a non-inductively wound high resistance coil R
in series. If the wattmeter is to be calibrated by the use of current
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and e. m. f. in separate circuits, the terminals 7 and b are used. The
resistance of S is equal to that of /. The currents in both coils will
reverse if the e. m. f. is reversed, but the deflection will be unchanged.
The average power of a varying current equals the average product of
current and e. m. f.; consequently a wattmeter calibrated with direct
currents gives correct results for al-
ternating currents. If the current
and e. m. f. are alternating, the mean
product will in general be less than
the product of the effective values
of current and e. m. f. (as measured
by A. C. voltmeters and ammeters);
consequently when dealing with al-
Fig. 12. Diagram of Wattmeter. ternating current and e. m. f. the
product must be multiplied by a

factor, called the power factor, which is usually less than unity, if
the correct value is to be computed from ammeter and voltmeter
readings. As a rule the power factor is found by dividing the watts
as measured by a wattmeter by the product of volts and amperes.
Recording Voltmeters and Ammeters. If any of the voltmeters

or ammeters described above are
arranged with a pen which traces

Load

a line on a disk or roll of paper 9 '
coon, |1l TR

drawn by clockwork past the pen,
the instrument will record the
variations of e. m. f. or current.
There are several good types of
recording voltmeters and am-
meters on the market. A re-
cording ammeter is shown in
Fig. 13.

Integrating Watt=Hour Me-
ters. Integrating meters show
the total consumption of the thing
to be measured; for example, in-
tegrating gas meters show the consumption of gas in cubic feet. In
the same way an integrating watt-hour meter (commonly, though
inexactly, called an integrating wattmeter) shows the consumption

Fig. 13. Recording Ammeter.
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of energy in watt-hours. Such an instrument is shown in Fig. 14.
The instrument is essentially an electric motor geared to a train of
" wheels moving hands over dials. The speed of the motor is propor-
tional to the power in watts, and the product ef the average power and
the time in hours (that is, watt-hours) is indicated by the change in
the position of the hands on
the dial since the last reading.
To give correct readings the
driving motor must be de-
signed for the circuit on which
it is used. The essential fac-
tors of the circuit are the e. m.
f., maximum current, whether
direct or alternating current is
used, ete. Ina three-wire sys-
tem a single meter may be
designed to measure the power
of the two or three circuits in-
volved.

Integrating Ampere=Hour
Meters. An integrating am-
pere-hour meter (commonly called integrating ammeter) is similar to
the watt-hour meter. It is used generally in connection with storage
batteries to keep account of the charge and discharge. It is of
little general use.

Rheostats and Resistance Coils. The word rheostat means an
apparatus for stopping the current. In actual fact it does not wholly
stop the current, but only reduces it to a desired extent. Every
material interposes some resistance to the flow of an electric current.
Substances interposing extremely high resistance are known as insula-
tors, and those interposing relatively little resistance, as conductors.
Metals, as a rule, are the best conductors. The metals most used

Fig. 14. Watt-Hour Meter.

commercially for electrical transmission are copper, aluminum, and
iron (or steel). Alloys in general have much higher resistance than
the metals of which they are composed. Carbon and solutions of
various salts have much higher resistance than metals. Rheostats
may be made of any of these materials, but those most generally used
are steel wire or sheets, German silver wire or other alloys, carbon
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rods or plates, and solutions in tanks in which metal plates are im-
mersed, the metal plates being connected to the terminals of the cir-
cuit.  Such metal plates are known as electrodes.  This last arrange-
ment is usually called a water rheostat,  Pure water has a very high
- resistance and is never used in water rheostats, but the resistance may
be reduced as desired by dissolving salt in the water. The metal

plates are usually arranged so that
] one electrode may be brought
nearer the other when it is desired

L
il

8

12

I
|| to increase the current. When the
word rheostat is used, it is generally
understood that the resistance is
not exactly known. A rheostat is
shown in Fig. 15.

When it is desired that the re-
sistance have a certain exact value,

metals are the only practical ma-
terials to use. Coils of wire ex-

Fig. 15. Rheostat for Varying the Cur- B - a3 o (o y )
Tont n Any Oleenie g actly adjusted are called resistance

coils. They are adjusted to certain
values in ohms. For very low resistances, e. g., small fractions of an
ohm, metal strips may be used. As most pure metals increase their
resistance with increase of temperature by about 0.49, per degree
centigrade, resistance coils are almost always made of certain alloys
which change little in resistance with change in temperature. One
alloy in particular, manganin, changes so little in resistance with
change in temperature that it is usually chosen for standard resistance
coils.  Figs. 16 and 17 show standard resistances in the form of a coil
and a strip. - As mentioned above alloys have relatively high resistance
and for this reason also the alloy manganin is preferable to any pure
metal for resistances.
Lamp Rheostats. A very convenient form of carbon rheostat
is a bank of incandescent lamps. The usual 16 c. p. lamp for a 110-
volt circuit has a resistance when hot of about 220 ohms. Its resist-
ance when cold is about twice as much. Carbon and solutions,
unlike metals, are better conductors when hot than cold. Tt is evident
that incandescent lamps, because of their change in resistance from
cold to hot, are not suitable for standard resistances. If two lamps
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are arranged in series, 1. e., if the current is made to pass through one
after the other, the resistance of the combination is twice that of a
singlelamp.  On the other hand if the lamps are connected in parallel,
1. e., if the cur-
rent divides be-
tween them, the
resistance of the
combination is
only half of that
of a single lamp.
This result is
evident as the
same e, m.f. pro-
duces twice as
much current in
two lamps as in
a single one. In
the same way
ten lamps in
parallel have a
combined resistance only one-tenth as much as a single lamp.

Multiplying Power of Shunts. The word shunt is the British
name for a side track (or as we would call it, switch) on a railway.
Any electrical side path
is called a shunt. If the
current has two or more

Fig. 16. A Standard Resistance Coil.

paths in parallel offered
to it, the current divides
in inverse proportion to
the resistance or, as more

simply expressed, in di-

Fig. 17. A Standard Resistance Strip.

rect proportion to the
conductivity of the various paths. Thus if a galvanometer has
a shunt across its terminals whose resistance is one-ninth of
that of the galvanometer, nine times as much current will go
through the shunt as through the galvanometer and consequently
only one-tenth of the current will go through the latter. The total
current is then ten times the current through the galvanometer and we
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say that the multiplying power of the shuntis ten. If the galvanom-
eter has a shunt of one ninety-ninth of the former’s resistance, one
one-hundredth of the current will pass through the galvanometer and
the multiplying power of the shunt will be one hundred. In general,

of that of the galvanometer,

if the resistance of the shunt is
. /)n_

the multiplying power of the shunt will be m. The evident effect of
the shunt is to reduce the resistance of the galvanometer circuit to

1 . . 1 .

o of its former value, 7. e., to . of the resistance of the galva-
nometer itself; the resulting fall of potential over the galvanometer
and shunt is, therefore, only%as much as if the shunt were not

there. Galvanometers are provided by their makers, if desired, with
shunts having a multiplying power of 10, 100, and 1,000, marked to
go with the particular galvanometer. It is evident that the usual
shunt cannot be used with other galvanometers without recalculation
of its multiplying power, which under such circumstances would
probably be some inconvenient number.

Professor Ayrton has devised a form of shunt box with extra
resistance which is automatically connected in series in proper amount
to keep the total resistance constant but allowing only %, 1i5, or
19w of the current to pass through the galvanometer.

OHMW’S LAW

In 1827, Dr. G. 5. Ohm of Berlin published a treatise, now
famous, entitled The Galvanic Circuit Investigated ﬂlaz‘heﬁatically,
in which he announced the fundamental law of electric circuits now
known as Ohm’s law. 'This is usually stated in the algebraic
formula:

E
I'=%

In words, the current (in amperes) equals the e. m. f. (in volts)
divided by the resistance (in ohms). It is truly a surprising fact that
the resistance of an electric circuit is a constant not dependent on the
current passing. Many experimenters have tried in vain to find any
inaccuracy in Ohm’s law. 1f any two of the three quantities involved

are known, the third may be found by solving the equation. Thus,

140




ELECTRICAL MEASUREMENTS 1
I= %’R ;—%‘, and =T R

As will be seen later, one of the most convenient methods of
measuring low resistances, as of a dynamo armature, is a simple
application of Ohm’s law.

MEASUREMENT OF RESISTANCE

Resistance Boxes. Measurement of resistance is made by com-

parison with certain standards of known resistance, the different
methods of measurement varying to a great degree. The standard
resistance coils are made of such alloys as manganin—an alloy of
manganese copper and nickel—which has a high specific resistance
and changes its resistance with rise in temperature to a much less
extent than other metals. It is of course desirable that this change
should be as small as possible. The size and length of the coils are
such that they have resistances of a definite number of ohms at a
certain temperature. ‘The coils are insulated with silk or paraffined
cotton and are very carefully wound. Each wire is doubled on itself
before being coiled up, and then wound as
shown at 4 and B in Fig. 18; or, as is some-
times preferred, the wire may be wound
single in layers, the direction of winding
being reversed for alternate layers. In-
ductance and capacity effects are by these Figz.18. Resistance Box Cofls
means reduced to a minimum. The ends of Showing Hon-iaductive
the coils are soldered to brass piecesasC, D,
E. Removable conical plugs I and @ of brass are made to fit accuratel y
between the brass pieces. When these are inserted as shown, the coils
will be short circuited and a current will pass directly through C, F,
D, G, and E without going through the coils. If F is withdrawn the
coil .1 will then be inserted in the circuit; if G is also withdrawn then
coils 4 and B will both be inserted, as the current cannot pass from
C to E without going through the coils.

Resistance boxes are constructed consisting of a large number
of resistance coils, and of such resistances that by withdrawing plugs
varying resistances may be built up. A common form of resistance
box has coils of the following ohms resistance: 1, 2, 2, 5, 10, 20, 20,
50, 100, 200, 200, 500, 1,000, 2,000. A resistance of 497 ohms
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could be made up by withdrawing plugs corresponding to the coils
200 + 200 + 50 + 20 + 20 + 5 + 2 = 497, or 768 by coils 500 +
200 + 50 + 1045+ 2+ 1= 768. -

Resistance by Substitution. By Ohm’s law the greater the
resistance inserted in a circuit the less becomes the current, provided
the e. m. f. remains constant. This gives us a simple although not
very accurate method of measuring electrical resistance. If a battery
of constant e. m. f., the unknown resistance, and a simple galvanom-
eter are connected in series, the strength of the current passing will
be indicated by the latter. Suppose the unknown resistance to be
replaced by known resistances, enough resistance coils being inserted
so that the deflection of the galvanometer needle is the same as when
the unknown resistance was in circuit. The current will then be
the same, and as the e. m. f. remains unchanged, the resistances
must be equal in each case. The sum of the known resistance coils in-
serted will then be equal to the unknown resistance.

The advantages of this method are that it is rapid, and that only
crude apparatus is required, as the galvanometer and resistance
box can be very simple in form. The resistance of the battery

and galvanom-

B eter should be

but a few ohms,
otherwise small
resistances can-
not be measured
closely. Only
small currents
should be used so
that the error

Fig.19. Theoretical Diagram of a Wheatstone's Bridge. from heating may
be negligible.

Wheatstone’s Bridge. All ordinary measurements of resistance
are usually made by use of a Wheatstone’s bridge.

The principles of this instrument will be understood from Fig.
19. There are four arms to the bridge with the resistances M, N,
X,and P. From the points of junction A and €, wires connect with
a battery £. A galvanometer (7 is connected between the junction
points B and D. 'The current from the battery divides at 4 and
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passes through the resistances M and X, and N and P, uniting again
at C. The fall of potential between .4 and C' must of course be the
same in amount through the resistances M and X as through N and
P. 1If no current passes through the galvanometer then the points
" B and D will be at the same potential, and there will be the same fall
of potential in the resistances 3 and N, and in the resistances X
and P. Under these circumstances the ratio of the resistances of
M to N will be the same as X to P, or
M X
NT P
If M, N, and P are known resistances, the resistance of X is readily
found by the formula,
M
| X = ~ X P

The method of using the bridge will be better understood from
Fig. 20. The bridge arm M has coils of 1, 10, 100 ohms resistance,
and arm N, coils
10, 100, 1,000.
The series of
coils P for ob-
taining a balance
usually has re-
sistances of 1, 2,
2, 5, 10, 20, 20,
50, 100, 200, 200,
500, 1,000, 2,000

ohms, but coils Fig. 20. Diagram Showing Method of Making Bridge
’ Measurements.

up to 100 only

are shown. There is a key K in the galvanometer circuit and a key
IT in the battery circuit. The battery key H should always be
closed before the galvanometer key K, and should be kept closed
until after K is opened. This not only insures steadiness in all
currents when the galvanometer circuit is closed, but also protects
the galvanometer from self-induction currents which would occur if
the battery circuit were closed after that of the galvanometer. A
double successive contact key, Fig. 21, may with advantage be sub-
stituted for the two single keys, thus insuring that the battery and
galvanometer branches will be closed and opened in the proper se-
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quence. A reflecting galvanometer is used for accurate measurement

In making a measurement of an unknown resistance it is first
necessary to gain a knowledge of its approximate resistance. For
this purpose the 100-ohm plug is withdrawn from both arms M
and N, the unknown resistance being connected at X. The ratios
of M to N will then be unity, and hence for a balance the number
of ohms required in the resistance coils P will be the same as the
resistance X'.  The 1,000-ohm plug in P should first be drawn and
the keys depressed in their proper order for an instant only. The
galvanometer needle or mirror, as seen by the light reflected on the

lIlIIIIIIIIIIIIIilI' 5
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Fig. 24. 4-Point Contact Key.

scale, is deflected—say to the right, and the resistance is probably too
large. 'T'he plug is replaced and the 1-ohm coil withdrawn. On
depressing the keys suppose the spot of light is deflected to the left.
Then the 1 ohm is too small and the 1,000 ohms too large; also in
this case deflections to the right mean that the resistance inserted is
too large, and to the left, that the resistance inserted is too small.
The 1-ohm plug is now replaced, and 500, 200, etc., are successively
tried until it is found that 12 ohms is too large and 11 ohms too
small, that is, the unknown resistance is between 11 and 12 ohms.
Suppose that it is desired to find the correct value of the unknown
resistance to the second place of decimals. The ratio of the arms
M to N must then be changed so that the resistance coils P will have
a value of between 1,100 and 1,200 ohms when a balance is obtained.
The ratio of .\ to P will then be 11 to 1,100 approximately, or about
1 to 100. To obtain a balance the ratio of the arms M to N must also
be 1 to 100. Ilence the 100-ohm plugs first withdrawn are replaced
and the 10-ohm plug withdrawn from M and the 1,000-ohm plug
from N giving the required ratio. The same ratio could be obtained
by withdrawing the 1-ohm plug in M and the 100-ohm plug in N.
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The bridge is now arranged for the final measurement. As the
resistance in P will now be over 1,100 ohms, the 1,000- and 100-ohm
plugs are first removed.  Suppose the 50-ohm plug to be also removed,
and a deflection to the right shows that this is too great. The plug
is replaced and 20 withdrawn, which proves to be too small. The
next twenty plug is also withdrawn and a deflection to the left shows
the resistance to be still too small. 'The 5-, 2-, and 2-ohm plugs are

QU
L

areRasion

Fig. 22. Portable Testing Set.

successively withdrawn, the last two ohms proving to be too great.
This is replaced and ihe 1-ohm plug withdrawn, and suppose no
deflection is then obtained. The total number of ohms in P is now
1,000 + 100 + 20 + 20 + 5 + 2 + 1 = 1,148. The value of X is
therefore 3% X 1,148 = 11.48 ohms.

"The above example illustrates the general method of using the
bridge. Usually the resistance to be measured is known approxi-
mately and the required ratio between 3 and N can be determined
without making a preliminary measurement. The possible changes
in the ratio between M and N gives the bridge a great range of
measurement. When M is 1 and N is 1,000 ohms, measurements of
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resistance as small as .001 ohm may be made. Bridges are usually
arranged with a reversing key so that 3 and N may be interchanged,
hence M could be 1,000 and N 1, and measurements of resistance as
high as 4,110,000 ohms could be made with the bridge we have con-
sidered.

Portable Testing Set. There are many different varieties of
bridges and their form always differs from that of the diagrams in
Figs. 19 and 21. A portable testing set including Wheatstone’s bridge,”
galvanometer, battery,and keys, is illustrated in Fig. 22. The rheostat
of the bridge is made up of coils, 16 in number, of denominations
1,2, 3, 4, 10, 20, 30, 40, 100, 200, 300, 400, 1,000, 2,000, 3,000, 4,000
ohms—11,110 ohms in all. Bridge coils are 1. 10, and 100 on one
side and 10, 100, and 1,000 on the other. A reversing key admits of
any ratio being obtained in either direction so that the range of the

set is from .001 to 11,110,000 ohms. Tt

e is, however, impossible to construct a
@ Q portable galvanometer of sufficient sensi-

o) o

6 tiveness for these measurements, and the

actual limits are from .001 ohm to 300,-
000 or 400,000 ohms.

The reversing key, shown in Fig. 23, consists of the blocks 3/ , N,
P, and X and two plugs which must both lie on one diagonal or the
other. The blocks are connected with the resistances indicated
by their letters. In the left-hand figure M is connected with X and N
with P, and the bridge arms have the relation

i}é = %, or Y = %X p

In the right-hand figure A is connected with P and N with X, the
bridge arms then having the relation

M P N

Ay T "7, O X =—X P

N X M
The advantages of having a reversing key in the bridge arms are:
the increase in range obtained, six coils being made to do the work of
eight, and also that any error in the initial adjustment of the
bridge arms can be detected by having the two arms equal, bal-
ancing and reversing. Unless the resistance of the coils inserted in

M and N are exactly equal, the system will be unbalanced after re-

Fig. 23. Reversing Keys.

versing.
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The galvanometer, the needle and scale of which are shown at
the left in Iig. 22, is of the D’Arsonval type, and the coil is mounted
in jewels. As this galvanometer is not affected by external magnetic
fields or electric currents, it is suitable for dynamo or shop testing.
The key for the galvanometer circuit is shown in front at the right.

The battery is made up of chloride of silver cells mounted in
the bottom of the box. The cells will last a number of months even
with daily use. Flexible connecting cords, running from the cells,
have their terminal sockets combined with small binding posts so
that connection may be made to an extra battery or other source of
e. m. f. if desired. The left-hand key controls the battery circuit.

A plan of the connections of this testing set is shown in Fig. 24.
The two lower
rows of coils
(marked 1 to
4,000) are con-
nected beneath
the top at the
right by a heavy
copper rod and
constitute the
rheostat arm, or
what corre-
sponds to P in
the formula.
By withdrawing the proper plugs in these rows any number of ohms
from 1 to 11,110 may be obtained. The upper row of coils
consists of the two bridge arms, M at the left and N at the right,
with the reversing key between them. The two extremes of the
upper row are joined by a heavy copper connection and correspond
to the point 4 in Tig. 19. The upper block X of the reversing key
is connected with the binding post B, the block P is joined to the left
of the middle row of coils while the other end of the rheostat combi-
nation is connected with the binding post C. The resistance to be
measured X is connected between the terminals B and C. ‘

Example. Suppose a balance is obtained with an unknown re-
sistance connected between B and (', when the plugs are withdrawn
as shown in Ifig. 24.  What is the value of the unknown resistance?

Fig. 24, Diagram of a Testing Set.
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Solution. The reversing key is arranged so that M is connected
with P and NV with X, hence
M _ P

Z = _"_ or X=l X P
N X M
In the figure ¥V = 100, M = 10, and P = 2,000 -+ 1,000 + 300 +
200 + 100 + 30 + 3 -+ 2 = 3,635. Therefore
X = % X 3,635 = 36,350 ohms
Ans. 36,350 ohms.

Use and Care of Bridge. Before beginning a measurement it is
essential that each plug be examined to see that it is firmly twisted
into place, also in replacing a plug the same care should be used. A
slight looseness will considerably increase the contact resistance and
so introduce errors in the result. DModerate force only is needed in
placing plugs. A strong person may damage the apparatus. For
the same reason the plug tapers should be kept clean and the top of the
bridge should be free from dust and moisture. Special care should
be taken with the surfaces between adjacent blocks. The plugs
should be handled only by their vulcanite tops, and care should be
taken not to touch the blocks.

Fig. 25. Slide Wire Wheatstone's Bridge.

The plug tapers may be cleaned with a cloth moistened with
alcohol and then rubbed with powdered chalk or whiting. "The pow-
der should be entirely removed with a clean cloth before the plugs
are replaced. Sand paper or emery cloth shouldnever be used to
clean the plugs or bridge blocks. If there are no idle sockets for the
reception of the plugs when they are withdrawn, they should be stood
on end or placed on a clean surface.

Slide Wire Bridge. The simplest form of Wheatstone’s bridge
is the slide wire bridge. Tig. 25 illustrates the apparatus. The
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foundation of the bridge is a board well braced to avoid warping,
which, after being well dried, is saturated with hot paraffin to make
it a good insulator. The bridge wire is usually one meter long and
stretched between substantial anchorages at the ends. Ieavy straps
of copper or brass serve as connections of negligible resistance to the
other parts of the bridge. The known resistance is inserted at R
and the unknown at .Y. Openings at -1 and A’ are closed by heavy
mietal straps for the usual method of use, or in more complete methods
by resistances which are, in effect, extensions of the bridge wire.
The battery and its key are connected between B and B, and the gal-
vanometer between ¢ and (. The heavy rod back of and above the
bridge wire is a support for the galvanometer key K and the index
which is adjacent to the meter scale shown. The key and the index
may be moved along the rod to find the balancing point. A com-
mutator shown at the center of the apparatus serves to exchange the
relative position of X and R in the arrangement. The commutator
makes connection in four mercury cups. If the portion of the bridge
wire to the left of the galvanometer key is a cm. long, the rest of the
wire is 100-a long. If the commutator is arranged so that R is con-
nected to the left end and .Y to the right end of the wire, when a balance
is reached we have

i—: a ,orX:R]OO_a
X 100 — « t
If the commutator is reversed and the new reading is «’ we get
’
XY=Rr_"

. 100 — o

If the balancing point is near the end of the wire, it is evident that
any small error in the reading and the assumption that the connec-
tions are of negligible resistance, will result in greater error in the
final formula. Tor this reason it is well to treat the first balance as
only approximate and after calculating X to take as known resistance
a new value of It as nearly as possible equal to .Y. In this way the
balancing point will be brought near the center of the wire.

For very exact comparison of two nearly equal resistances, we
insert auxiliary resistances at 44 and 1’.  These are in effect extensions
of the bridge wire. ~ Call these resistances equal to .1 and 4’ ¢m. of the
wire. When a balance is obtained at the points a and «’ for the two
positions of the commutator, we have

149




28 ELECTRICAL MEASUREMENTS

A" +100 — a and X = R A+
A+ a 44100 -

While it is still of advantage under these conditions to have «
and &’ somewhere near 50 cm. it is no longer necessary, for with the
bridge wire extended by 4 and A" any point of the actual bridge wire
is now near the center.

« If R is materially larger or smaller than X, the balancing point
may be beyond the end of the actual wire, i. e., in one of the exten-

X =R

sions, and no balance can be obtained. It is necessary then to ad-
just R until a balancing point is found on the wire. We may then
proceed with the experiment.

A variation of this method, known as the Carey-Foster method,
is used for the comparison of two standard resistances to discover
small differences in adjustment.

Ezample. 1f with the openings 4 and A4’ closed with straps of
negligible resistance and a resistance of 150 ohms for R, the mean
balance point comes so that ¢ = 68.4 cm. and b = 31.6 cm., what
is the value of X? Ans. 69.3 ohms.

Example. 1f 4 and A’ are equivalent to 500 cm. each, and R =
150 ohms, and the mean balance point makes ¢« = 68.4 ¢m., and b=
31.6 ¢m., what is the value of X'? Ans. 140.29 ohms.

Low Resistance Measurement. The bridge methods described
above are not suitable to use in
the measurement of small re-
sistances, for the lead wires (lead-
ing in wires) used in connecting
the unknown resistance to the
bridge may have more resistance

—i|ifi]

E@Q B

than the unknown. The am-
meter-voltmeter method is that
most generally used. The ap-

Fig.26. Ammeter-Voltmeter Method of e o
Low Resistance Measurement. paratm 1S Connecte(l as shown in

Ilig. 26. 'The current from the
battery is led through the ammeter to the unknown low resistance R.
An adjustable resistance r of a rheostat may be introduced into the
circuit to control the current. The actual resistance r need not be
known. The fall of potential V" through R is measured by the volt-
meter, and the current I by the ammeter. Ohm'’s law then gives
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Ammeter-Voltmeter Method. It is evident that although the
voltmeter is of very high resistance, a small current included in that
measured by the ammeter passes through the voltmeter. In strict-

'[,7

resistance of the voltmeter
subtracted from the ammeter reading to get the value of I to be used
in the formula. This correction is easily made, as all makers of volt-
meters give the value of the resistance, usually marked on the volt-
meter case; but the error resulting from neglecting the correction is
generally imiaterial. Instruments of suitable range should be
used.

Example. 'The reading of the ammeter is 50 amperes, that of
the voltmeter 1.5 volts; what is R? Ans. 0.03 ohm.

In the particular case chosen the ammeter had a range 0 to 75
amperes, and the voltmeter 0 to 3 volts. "The resistance of the volt-
meter was 300 ohms. The current through the voltmeter was 1.5 +
300 = 0.005 amperes. It is evident that the correction is far smaller
than the probable error of reading the ammeter, and any attempt at
correction would be absurd.

This method may also be used to measure the resistance of a
burning incandescent lamp. In such a case the bridge method is
useless as the resistance of a cold lamp is probably double its resistance
when hot.

Example. 'The voltmeter, 0 to 150 volts range and resistance
15,000 ohims, reads 110 volts; the ammeter, 0 to 1 amperes range,
reads 0.5 ampere. What is the resistance R? Ans. 220 ohms.

High Resistance Measurement. Direct Deflection Method. An
excellent method of measuring resistances of one megohm (one million
ohms) or more, is the direct deflection method. The maln instru-
ments needed are a sensitive galvanometer, usually of high resistance
and fitted with appropriate shunts; some standard resistances of
100,000 ohms (0.1 megohm) or more; and a battery of relatively low
resistance and constant e. m. f. (a storage battery of many cells, if
available). 'The resistance of the galvanometer both alone and conr
bined with its shunts must be known. That of the battery and the
connections is usually neglected. The connections are shown in

ness this current, equal to , should be
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s

Fig. 27. The known resistance R is first connected in series with the
galvanometer (7 and the testing battery B, through a key K. Care
should be taken that the insulation of the apparatus be very high. The
shunt S is adjusted to give a suit-

@ able deflection of the galvanometer
and from this deflection what is

5 .
= known as the constant is calculated.
The value of this constant is the
Frorx Vs resistance that must be inserted in
l = the circuit to reduce the deflection

Fig. 27. Direct-Deflection Method or  t0 one scale division. The value

U0 ORI SRS, of the constant is therefore equal to
¥

the product of the total resistance, assumed to be R —[—ﬁ , the scale
m

deflection d, and the multiplying power of the shunt m. We thus get
Constant = (R + ﬁ) dm
m

As an illustration, suppose & = 0.1 megohm, G = 20,000 ohms

= 0.02 megohm, m = 1,000, and d = 200 divisions; then
Constant = (0.1 + 0.00002) X 200 X 1,000
= 20,004 megohms

This means that if the galvanometer were unshunted and the total
resistance in the circuit were 20,004 megohms, a deflection of one
division would result.

After the constant has been determined the known resistance
R is replaced by the unknown resistance X. The galvanometer shunt
is readjusted if necessary and the deflection obtained is again noted.
'The value of the total resistance is then found by dividing the value
of the constant by the product of the deflection d, and the multiplying
power m, of the shunt used. To continue our illustration suppose d,
= 50 divisions, and m; = 10. 'The deflection, if the full current went
through the galvanometer, would he 50 X 10 = 500 divisions. A
deflection of one division is produced with a resistance of 20,004
megohms; hence a deflection of 500 divisions must correspond to
500 of this, or 40.008 megohms. Subtracting the resistance of the
shunted galvanometer 20,000 + 10 = 2,000 ohms, or 0.002 megohm,
leaves the unknown resistance 40.006 megohms. The algebraic
equation expressing this is
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X =— e m:= 40.006 megohms

Neglecting the resistance of the galvanometer in both cases, a simpler
formula would give

X = Bdns 40 megohms
dl ml °
It may be noted that the difference between these results is an amount
corresponding to a ditference in deflection of 0.0075 of a single scale
division, which is far smaller than the probable error which any
observer would make.  Itis then clearly permissible to use the simpler

formula, Rdm

d, m,

Ezample. In a high resistance measurement by the above
method the known resistance was .2 megoluns, and gave a deflection
of 237 divisions, the multiplving power of the shunt being 100.  With
the unknown resistance inserted, the deflection was 178 divisions
with the full current passing through the galvanometer. What was
the value of this resistance? Ans. 26.6 megohms.

Voltmeter Method. Another method of measuring high resistance
1s that in which a sensitive high
resistance voltmeter such as the = @
Weston is used. This method, O
however, is not as accurate as the _L
preceding and is not adapted to
measurements of resistance greater
than a few megohms. The voit- _—/\/\
meter is connected in series with (O S ol eer Mot ioaioE el
the unknown resistance and a
source of constant e. m. f.,, as shown in Tig. 28. With such an ar-
rangement the resistance .Y will be to the resistance of the voltmeter
R, as the volts drop in X is to that in the voltmeter. The drop v in
the voltmeter is given by its reading, and if the applied elcctromotive
force ™ is known, the drop in X will be I" — ». We therefore have
the proportion,

X =

X

X:R::V —v:o and
x-"""xRr
v

153



32 ELECTRICAL MEASUREMENTS

The voltage 77, which should be at least 100, may be first determined
by measurement with the voltmeter.

Example. A voltmeter having a resistance of 15,000 ohms,
was connected in series with an unknown resistance. The e. m. f.
applied to the circuit was 110 volts and the voltmeter indicated 6 volts.
What was the value of the unknown resistance?

Solution. Applying the preceding formula

I = 110, » = 6, and R = 15,000,

therefore :

X

= 0 X 15,000 = 260,000 ohws, or .26 megohms
6 Ans. .26 megohms.

Insulation Resistance. The measurement of insulation resist-
ance is performed by either of the two preceding methods of measuring
high resistance. The voltmeter method is the simpler, but since it
cannot be used to measure resistances greater than a few megohms,
the direct deflection method proves to be the more valuable. The
insulation of low potential circuits, however, need not exceed five
megohms, and in testing such circuits the voltmeter method may be
used. If little or no defl2ction is obtained it is then evident that the
insulation is at least several megohms, which is all that is desired. ~As
the insulation of high potential circuits must be greater than five or
ten megohms, the direct deflection method should then be used.

The connections in testing the insulation of a circuit by these
two methods are similar to those shown in Figs. 27 and 28, the resist-
ance .Y being replaced by the insulation of the circuit. This is ac-
complished by connecting one wire to the line and the other to the
"ground such as, to a gas or water pipe. The insulation of the line
from the earth is then included in the testing circuit; the current
passing from the battery, or other source, through the voltmeter or
galvanometer to the line, from the line through the insulation to the
ground, and then to the battery.

The insulation of a dynamo, that is, the resistance between its
conductors and its frame, is tested in a similar manner. This re-
sistance should be at least one megohm for a 110-volt machine, but
two megohms is to be preferred and is customary. This insulation
is measured by connecting one wire to the frame and the other to the
binding post, brushes, or commutator. The insulation is then in-
cluded in the circuit. Insulation 1esistance decreases with increase of
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ELECTRICATL. MEASUREMENTS 33
temperature so that this test of a machine should be made after a full
load run of several hours.

The e. m. f. used should be constant and of one to two hundred
volts value.  Sccondary batteries are the best for this purpose
but silver chloride testing cells are much used. The resistance of
dielectrics increases by continued action of the current and this pro-
perty is known as elecrification. For this reason the deflection should
not be read until after a certain period of clectrification—usually one
minute. "This action is quicker in some materials than in others, and
is also greater at low than at high temperatures.

Insulation Resistance of Cables. In the preceding cases of
insulation resistance only a part of the insulation is under electric
strain. In the ease of submarine cables and lead covered cables used
on land, the whole of the insulation is subjected to the clectric strain.
To test the resistance of a waterproof insulation, the insulated wire or
cable may be immersed in a tank of water.  Care should be taken to
leave enough of the cable out of the water so that surface leakage
near the ends may not interfere with the test. For short lengths of
cable the resistance of the wire inside the insulating material may be
ignored. The resistance between the wire and a metal plate im-
mersed in the tank is practically the resistance of the insulation.  Iig.
27 shows the wrrangement of the apparatus. As a cable takes a cer-
tain charge as a condenser when subjected to an e. m. f., it is necessary
to protect the galvanometer, by a short-circuiting switch between the
galvanometer terminals, during the rush of current on first closing the
circuit. The switch box S, I'ig. 27, has such a short-circuiting switch.
This is important as otherwise the galvanometer may be injured. If
the insulation resistance is not too high the direct deflection method
above described may be used. If the insulation is excellent the de-
flection produced by the leakage should be very small and some other
method must be used.

Charge and Recharge Method. An excellent method in such
cases is the charge and recharge method. In this method, Fig. 27, the
cable is first charged for several minutes, care being taken to short-
circuit the gulvanometer. The circuit is then opened for, say, one
minute and the circuit closed again, the short-circuiting switch of the
galvanometer meanwhile having been opened.  While the circuit was
open, a certain part of the charge leaked out and this is now replaced
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by an equal added charge. The galvanometer makes a sudden throw
due to this added charge and after many oscillations comes to rest.
If the relation between the added charge and the galvanometer throw
is known, the quantity added may be computed, and the leakage cur-
rent is equal to the added charge (equal to that lost) divided by the
time in seconds for which the circuit was open. If the steady leakage
produces a measurable deflection, account should be taken of this in
estimating that part of the sudden throw produced on closing the
circuit again. This correction we here suppose to be negligible. To
find the relation between charge and throw, a condenser of known
capacity (farads) is charged by a known e. m. f. and then discharged
through the galvanometer. 'The charge equals the product of capac-
ity and e. m. f. used. The charge divided by the throw produced,
gives the constant of the instrument as a ballistic galvanometer. As
condensers are rated in microfarads (millionths of farads) care must
be taken to use the value in farads if the value in ohms insulation
resistance is required. If the value in microfarads is used, the final
result will come out in megohms. If an e. m. f. IS, volts and capacity
C microfarads produces a ballistic throw d,, and if an e. m. f. of E,
volts produces a throw of d, on closing the circuit through the insulation
under test after the circuit has been open for ¢ seconds, ignoring the
resistance of other parts of the circuit, the insulation resistance is
X = —g—z >><< ((112‘ >>: émegohms

Ezample. 1f E, is 1.44 volts, C is 0.5 microfarad, d, is 28.8 cm.,
E, is 100 volts, d, is 20 cm., and ¢, is 60 seconds, what is X'?

Ans. 12,000 megohms.

As a nile the insulation resistance per mile is required. The
longer the cable the more surface is exposed to leakage; consequently
it is evident that the insulation resistance per mile is found by multi-
plying the resistance of the sample by its length in fractions of a mile.
That is, a mile of cable would have, say, one-quarter as much insula-
tion resistance as a quarter of a mile of cable.

In the case of lead covered cables, no tank is required, as con-
nection may be made with the lead covering instead of the immersed
metal plate before mentioned.

Resistance of Lines. Telegraph, telephone, and power trans-
mission lines may be measured in place to best advantage if one or

156

P Ty



ELECTRICAL MEASUREMENTS 35

more additional lines are available between the terminals. If only
one wire is available both ends may be connected to ground and the
resistance, which involves that of the connections to ground and that
of the earth return, may be measured by one of the methods described
above. Such a method though unsatisfactory may be the hest avail-
able. The resistance of the earth return is generally low, but there is
always much uncertainty as to the resistance to earth at the ends.
Earth currents of electricity, due

to many causes, may much com-

plicate the problem. When a

second line of resistance .\, is x/ .

available, that and the unknown

resistance X, may be connected

together at the distant end and

the combined resistance R, which

equals X, + X, measured. Next,

the distant junction may be

grounded and the two wires con- = P
nected as the proportional arms
of a Wheatstone's bridge, as L 1

illustrated in Fig. 29. The re- ;J-

sistances in the other propor-
tional arms are R and R,. One
terminal of the battery is ground-
ed. When a balance is obtained the proportion of the whole resist-

ance Rin X Is

Fig. 29. Bridge Diagram for Line Resist-
ance Measurement.

R
X = R .-t
=R ESR,
In a similar way, X, = R R
[e ) J 1] Pe 2 - Rl _l_ ‘Rz

It is well to connect the battery in that branch of the bridge
which includes the earth return as there may be a difference of potential
due to earth currents, which does not disturb the bridge as it simply
adds to or subtracts from the battery e. m. f. If a third line is avail-
able it may be used in the battery branch in place of the earth return.
It will be noted that the resistance to earth at both ends is not in any
of the four proportional arms and consequently does not affect the

result.
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Example. 'The two wires looped together have a resistance of
248 ohms. When a balance is obtained with them as arms of the
bridge, R, = 1,000 ohms and R, = 1,127 ohms, the proportion being
R:R,::X:X, Whatarel, and X,?

Ans. X, = 116.6 ohms; .Y, = 131.4 ohms.

Locating Grounds. In case a line wire is grounded at some
unknown point, the above method may be used in locating
the ground. The grounded wire and a second wire free from
grounds may be looped together and their combined resistance
measured. The loop, as before, is connected as two arms of a
bridge, but the junction is left insulated. X, is now the resist-
ance from the testing station to the point where the wire is
grounded. X, is the combined resistance of the rest of that wire
and the whole of the other wire. The resistance to the grounded
point is then

Rl
R+ R,

As a rule the resistance of every line is part of the office data,
and therefore R = X, + X, is known in advance and need not he
remeasured. As the resistance per mile is also usnally part of the
office data, the actual distance corresponding to .\, may be computed
and a lineman sent to the point to make the repair. If in a severe
storm several grounds occur on the same wire, this method, of course,
cannot be used to locate the trouble. In the case of ocean cables
this method is used with excellent results. "The cable repair steamer
can be sent to the point of trouble where the cable is raised and re-

X, =

paired.

Locating Faults. This method may be used in the care of a
broken submarine cable if both ends are exposed to the water,
but it cannot be used for broken land-lines because the ends,
even if both on the ground, are too imperfectly grounded. If
the conductor of a submarine cable is broken but the insulation
left intact, this method cannot be used. A method, however, in
which the distributed capacity of the cable is measured in mi-
crofarads (see Capacity Measurements later) can be used to de-
termine the location of the break. 'This latter method may also be
used for a broken land-line where the end of the wire hangs free of
the ground.
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MEASUREMENT OF BATTERY RESISTANCE

Voltmeter Method. The following voltmeter method may be
used to measure battery resistance. 'The battery of one or more cells
is connected in circuit through a key K, with a known resistance R.
The voltmeter of appropriate range
1s connected, as shown in Fig. 30,

¥
O

to the terminals of the battery.
With the key K open, }',—the e. 7
m. f. of the battery—is measured.
The key K is then closed and T, |
-—the reading of the voltmeter—

is observed. By Ohm’s law the ~ p

T o
current is ﬁ A part of the bat- .

Fig. 30. Voltmeter Method of Measuring
Battery Resistance.

[@)
O>»
Q
x
T

tery’s e. m. ., equal to V, —V,, is
now lost inside the battery because of the resistance X of the bat-
tery. We then have the relation,

o1 =xY a
1 2 “ F’

y-prh=h
IZ

If the resistance R is not known, an amnmeter may be introduced

into the circuit in series with R, and the current I measured directly.
Then
XI =V, -V, and
X = =T,
I
It will be noticed that it is tacitly assumed that when the key K
is open, not enough current will pass through the voltmeter to intro-
duce any error. If the battery resistance is large this error is not
negligible and a sensitive high resistance galvanometer with con-
siderable additional resistance, perhaps 100,000 ohms besides, may
be substituted for the voltmeter. If the deflections of the galvanom-
eter in the two cases (open and closed) are d; and d,, we then have
X =R 4 —d,

]
As the battery when furnishing a current begins at once to fall
off in e. m. f., that is, polarize, a small error due to polarization makes
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the battery resistance appear too high.  Such a value of the resistance
R should be chosen as to make the deflections materially different.
Otherwise a slight error in ¥, and 17, or d, and d, will make their
difference I, — 17, or d, — d, many per cent in error.
Example. A cell has ane. m. f., 17, = 1.47 volts when § is open
and 1.12 when S is closed. R is 5 ohms. Whatis X'?
: Ans. X = 1.56 ohms.
Mance’s Method. Another method is Mance’s method, in
which the battery, whose resistance .Y is to be determined, forms one
arm of a Wheatstone’s bridge, as indicated in IFig. 31. No key is
. placed in the galvanom-
eter branch and no ad-
ditional resistance, in
the branch which in-
cludes the key S. The
resistance in R, is ad-
justed until the galva-
nometer does notchange
its deflection on closing
the key S. It is usually
necessary to put consid-

Fig. 31. Bridge Diagram for Mance's Method.

erable additional resist-
ance R in the galvanometer arm to keep the deflection small. If
the deflection does not change on closing the key S, it is evident that
the decrease in the potential difference at the terminals of the cell due
to its increased current when S is closed, must exactly equal the de-
crease in the potential difference between the terminals of R, due to
this path being robbed of a part of its current because of the new
path. Otherwise the potential difference at the galvanometer termi-
nals, which is the difference of the potential differences over the two
arms, would change and the deflection change. Similar reasoning
applies to R, and R,, only here the difference over R, increases by
just the amount that that over R, falls, thus keeping the total amount
constant for the combination of R and R,. The arrows show the
direction of the currents in the various arms. If no change in the
galvanometer current occurs, the changes in R, and R; must be equal
and so also the changes in R, and .X. Tt follows then if the galvanom-
eter deflection remains constant whether S is open or closed, that
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R :R,::R: X, or
, R, X R
N == "3
R

1
Should the battery polarization change on closing the key S, the

galvanometer deflection will change. For this reason the key §
should be closed for an instant only.

Besides these methods there are excellent methods in which
alternating currents are used, but theyare too advanced to be de-
seribed in this course. Such alternating-current methods should be
used in measurement of the resistance of solutions (so called elec-
trolytes) which are decomposed by a direct current.

MEASUREMENT OF ELECTROMOTIVE FORCE

Voltmeter Method. ‘The simplest method of measuring an elec-
tromotive force is by the use of a voltmeter which indicates directly

Fig. 32. Commercial Portable Voltmeter.

the number of volts. A voltmeter of the proper range should be
chosen.  For very small c. m. f’s the nillivoltmeter, usual range 1 to
300 millivolts, i.e., 1 to 0.3 volt, may be used. For higher e.m. f.’s,
voltmeters reading to 1.5, 15, 150, and 300 volts respectively, are made
by the Weston Electrical Instrument Co. and others. A voltmeter
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is simply a galvanometer calibrated to be read in volts. Tt is evident
that if an additional resistance equal to that of the voltmeter is placed
in series with the latter, twice the voltage will be required to produce
the same deflection as before. In general, any resistance in series
which makes the total resistance n times that of the voltmeter alone,
may be used as a multiplier; and the reading of the voltmeter must
be multiplied by n to get the value of the e. m. f.  Such a multiplier
may be bought with a voltmeter in order to make its effective range
greater. For example, if the resistance of a voltmeter of range 0 to
150 volts, is 15,000 ohms, a multiplier having a resistance of 60,000
ohms will bring the total up to 75,000 ohms, and the constant n of the
multiplieris 5. With this multiplier in the circuit the upper limit of the
voltmeter is extended to 750 volts. If the multiplier is mounted
inside the voltmeter, and if on using the binding posts marked 0 and
15 the range is 0 to 15 volts, and using the binding posts marked 0
and 150 the range is 0 to 150 volts, the multiplier evidently must

" have nine times the resistance of the main part. Such a voltmeter,

shown in Fig. 32, is said to be a two-scale voltmeter, and it may be
used equally well on either range. As the extra expense of providing
the multiplier and extra binding post is slight, a two-scale voltmeter
is a very inexpensive substitute for two voltmeters. It is also evident
that a low range voltmeter may be used in connection with any resist-
ance box as a multiplier. The Weston voltmeters have approximately
100 ohms resistance per volt of range and, therefore, take a maximum
of about 0.01 amperes when used on an e. m. f. which is the maximum
of the range. As a rule the current taken by a voltmeter is negligible
in comparison with the current in the rest of the circuit.

The voltmeter method may be used equally well with both direct

- and alternating electromotive forces.

Potentiometer Method. For the comparison of ¢. m. f.’s, the
potentiometer is the most accurate apparatus. When a balance is
reached the e. m. f.’s to be compared are not allowed to furnish any
current, and consequently no polarization results in their source. 'The
effect of internal resistance is absolutely nil also. 'The arrangement of

“apparatus is shown in Fig. 33.

Two resistance boxes M and N, ecach of 10,000 ohms capacity,
are arranged to have plugs withdrawn to a total of 10,000 ohms, and
are connected in series with a battery B. To avoid injuring B, plugs
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corresponding to 10,000 ohms should be withdrawn hefore connecting
itin circuit. The circuit has a high resistance and the effect of polari-
zation of the battery B quickly reaches its limit and a steady current I
flows through the circuit. If the resistance in box 3/ is R ohms, that
in box N is (10,000 — R) olims; and the fall of potential over M is
R I volts, and over the box N is (10,000 — R) I volts. One of the
cells to be compared, a standard cell of e. m. f. 8, is connected in
series with some high resistance .1, a sensitive galvanometer G, and
a key K. In general, on

closing the key K the gal- ]I_H___
vanometer will deflect; but Iz‘a

if the resistances in M and

N are adjusted until the @

potential difference over M _ O

is exactly equal to the e. m.

f. of the cell §, the latteris L1 4 > ~O

in perfect balance and can

neither supply current to S =

the general circuit supplied = «

by B nor can current be l
forced backward through
the cell 8. In that case the  Fig 33 PotentiometerMethod of Measurement
e. m. f. of § equals the fall
of potential through M, and, calling R, the resistance in J/,
S =1R,

If now a second cell of unknown ¢. m. f. X" is substitued for S, and
the resistances in M and N readjusted—but their sum kept 10,000

until on closing the key K no deflection results, calling the new
value of the resistance in M, R,, we have the relation

X =1TR,
It follows that
R
X =8 =2
RI

If S is known, X may be computed. It is well to repeat the
balance with S to be quite sure that no change has meanwhile oc-
curred in the main battery B.  Precaution should be taken in setting
up the apparatus that B is greater than either § or A and that they
are connected into the circuit so that they are in opposition to B. If
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these conditions are not obeyed, it is evident that no balance can be
obtained. If no exact balance can be obtained, but a change of one
ohm changes the galvanometer deflection from up to down the scale,
the fraction of an ohm needed for an exact balance can be obtained by
interpolation. In the next article on the calibration of a voltmeter
such an interpolation is made.

Ezxample. With a total resistance in M and N of 10,000 ohms
of which the resistance in 3/ was R, = 5,267 ohins, when the standard
Clark- cell of 1.433 volts was in the galvanometer circuit, and the
resistance was R, = 5,470 ohms when the Leclanché cell was in the
galvanometer circuit, what is the e. m. f. X of the Leclanché cell?

Ans. X = 1.4882 volts.

Calibration of a Voltmeter. If during the previous experiment,
a voltmeter had been connected for the whole time between the ex-
treme terminals of M and N, the potential difference V" between the
terminals of the voltmeter would have been

V= 10,000 I = 10,000 %

1
This gives a convenient method of calibrating a voltmeter by means

of a standard cell of known e. m. f. S. The calibration may be ex-
tended to various points of the voltmeter by changing the ¢. m. f.
of the main battery B. In such cases the resistance in M, to obtain
a balance, will change in the inverse ratio. It is evident that the
calibration cannot by this method be extended to points below the
e. m. f. of the standard cell. In the case of high e. m. f.’s, it is desir-
able to increase the total resistance in Al and N beyond 10,000 ohms.
For example, if the e. m. f. produced by B at the terminals of the volt-
meter is 150 volts, a total resistance of 100,000 ohms would be about
right. In this case over 99,000 ohms would be in N and less than
1,000 in M. If several standard cells are available, they may be con-
nected in series in the galvanometer branch, thus increasing the
resistance for a balance in the box 3. As most boxes have one ohm
for their smallest resistance, a greater per cent of accuracy is ob-
tained if the resistance in M is large. If an exact balance cannot be
obtained and the nearest smaller resistance produces a deflection d,
one way, and the nearest larger resistance produces a deflection d,
in the opposite direction, the fraction of an ohm which would have
produced a balance is evidently
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dl
dl + d2

Example. With a total resistance of 100,000 ohms in M and N,
and 987 ohms in M producing a deflection of 5 divisions down the
scale, and 988 ohms producing a deflection of 15 divisions up the scale,
and a standard Clark cell of 1.433 volts e. m. f. in the galvanometer
circuit, what is the correction to be added to the voltmeter reading
which was 144.9 volts? Ans. Correction = + 0.25 volt.

Suggestion of Solution. The change in deflection by change of
one ohm 1s 5 4 15 scale divisions; therefore, 987 is 0.25 ohm too
small and 988 is 0.75 ohm too large. The e. m. f. figures out 145.15
volts; therefore, 0.25 volt will be added to the voltmeter reading to
give the correct result.

‘This method, as will be seen later under the head of “Measure-
ment of Current,” can be used with a standard cell to measure a

current.

Condenser Method. If a con-
denser of capacity C is connected
by means of a charge and discharge
key K, which has an upper and a
lower contact, as shown in I'ig. 34,
alternately to a standard cell of e. —
m. f. B, and a ballistic galvanometer
G, the throw d of the galvanometer
will be a measure of the charge of L B8
the condenser equal to B X C. If, I
now, a cell of unknown e. m. f. X is Tig 3 CondenserMethod of Measure-
substituted for B, the deflection
d, will be a measure of the charge of the condenser now equal to

X x C. Tt follows that

©

X=8B &

a 1
This method is free from difficulties due to polarization and
internal resistance of the cells; because the very small charge taken
by the condenser produces no measurable polarization, and the effect
of internal resistance is only to lengthen the time of charging - of the
condenser, but not to change the total quantity.

The accuracy of the method, however, is limited to that of the
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reading of the deflections d, and d,, and it is difficult to get results
much closer than, say, §+ of 19;. The potentiometer method will
give results easily to 15'5y of 19 if the resistances used are accurate;
and in general the accuracy of the potentiometer method is limited
only by the accuracy of the resistances. For accurate comparisons
the potentiometer method is always used.

VOLTAIC CELLS AND BATTERIES

A wvoltaie cell is usually composed of a pair of electrodes
immersed in a liquid or in two liquids separated from one another
by a porous partition. The liquid, or liquids, must be what is
known as an electrolytc; and must undergo a chemical breaking
up, called electrolysis, with chemical action on one or both elec-
trodes when the circuit is closed and a current flows through the
cell.

Some cells fall rapidly in e. m. f. when the circuit is kept closed.
This phenomenon is known as polarization, and it frequently is due
in large part to the deposit of a film of hydrogen gas on the surface
of one of the electrodes (the cathode). This gas is one of the products
of the electrolysis of the liquid. If the cathode, for example a copper
plate, as in the case of the gravity cell, is surrounded by a solution
of copper sulphate, the hydrogen does not reach the copper plate but
is intercepted by the copper sulphate solution, and copper instead of
hydrogen is deposited. Naturally, the deposit of copper on a copper
plate produces no polarization. The copper sulphate solution is
called a depolarizer. 'The other electrode of the gravity cell is zinc
and is immersed in a dilute solution of either zinc sulphate or sul-
phuric acid.

In the Grove and the Bunsen cells, the depolarizer is nitric acid
in a porous cup in which the cathode is immersed. The nitric acid
is rich in oxygen which it gives up to oxidize the hydrogen gas, thus
forming water (H,0O) which makes the solution more dilute but
causes no polarization. Cells with liquid depolarizers cannot be left
on open circuit as the liquids diffuse into one another and the cell is
spoiled.  Cells for open circuit use must have either a solid or a
paste for a depolarizer. The Leclanché cell has manganese dioxide
(a solid) packed in a porous cup about its cathode of carbon. The
data of various cells can be found in books on cells.
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Standard Cells. There have been various cells used as standards
of e. m. f. of which the Clark and the Weston have received most at-
tention. A standard cell must be composed of materials which,
while the cell is in use, do not change; that is, no new substance may
be formed by the action of the cell; the cell should have little or no
polarization when used by zero methods like the potentiometer
method described above; the cell also must not deteriorate when left
on open circuit.

Both the Clark and the Weston cells fulfill these requirements.
At the International Electrical Congress, held in Chicago, 1893, the
normal Clark cell was recormmended for international legalization and
its e. m. f. at 15° C. was voted to be considered for practical purposes
as 1.434 volts; and a committee, consisting of Professors von Helm-
holtz, Ayrton, and Carhart, was charged with the duty of drawing up
specifications for the precise form of the cell. Von Helmholtz died
soon afterward and the other members of the committee could not
agree on the specifications, with