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Foreword

0

NE of the simplest acts in modern life is switching on
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.
41, 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 technical 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.

Q The Cyclopedia is, therefore, a complete and practical working 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.
41 It accomplishes these things both by the simplicity of its text

and the graphicness of its supplementary diagrams and illustrations. 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 explain the subject under discussion; and they are kept
simple, practical, and easy to understand.

41. The Cyclopedia is a compilation of many of the most valu-

able Instruction Books of the American School of Correspondence, 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.

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 (Fe304)

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 suspended 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 ana 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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ELECTRICITY AND MAGNETISM
2. The Poles of a Magnet.

If a magnet is dipped into iron filings,

the filings are 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

Fig. 1. Bar Magnet.

suspended magnet which points to the north, the north -seeking or

north pole, and it

is

commonly

designated by the letter N.

The
other end is called the south -seeking or south pole, and is designated by the letter S.
tion in which the compass needle
points is called the magnetic meridian.

eilill111111H111 II

The direcni

S

Fig. 2. Horseshoe Magnet.

3. The Laws of Magnetic Attraction and Repulsion. In the
experiment with the iron filings, no particular difference was observed between the action of the two
poles. That there is a difference,

however, may be shown by experimenting with two

magnets,

either of which may be suspended
(see Fig. 4). If two N poles are

brought near one another, they
are found to repel each 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 like kind repel
other, while poles of unlike
kind attract.
Fig. S. Experiment Showing Existence
The force of attraction is found,
of Magnet Poles.
like gravitation, to vary inversely
as the square of the distance between the poles; that is, separateach

ing two poles to twice their original distance reduces the force
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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
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.
Within the last five years, however, it has
been discovered that it is possible to make
certain alloys out of non-magnetic materials
such as copper, magnesium, and aluminum Fig. 4.
nV
tion inSho Awictiog n ofaria

which are almost as strongly magnetic as iron.
These are known as the Heussler alloys.

Magnet Poles.

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

S

S
N

Fig. 5.
Fig.
Experiments Showing Magnetic Induction.

13.

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
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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 S'. 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 S' 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 magnetism 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-
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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 ho'itis it.

7. Magnetic Lines of Force.

If

we could separate the N and S
poles of a small magnet so as to
B

Fig. 7.

obtain an independent N pole, and

A

Direction of Magnetic Lines of were to place this N pole near the
Force,

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 difficult to test this conclusion experimentally. Thus,
if a bar or horseshoe magnet is placed just beneath a flat dish containing 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 S is called a line of
magnetic force. The simplest
way of finding the direction
of this path at any point

near a magnet is to hold a

c.

/2

N

Fig. 8. Direct Proof that Magnetic Lines of

Force are Curved.
compass needle at the point
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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curves passing on the outside of the ;:si---z---27-:,1
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introduced
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netism.

If a small test-tube full of Keitic c<1.%.s.::..?-',.z.f;-:.......iviiiiii/;//il

iron filings be stroked from one end

Fig. 10. Direction of Lines of Force

about a Horseshoe Magnet.
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
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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
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conclusion that magnetism
has something to do with the
arrangement of the molecules,

,

I

I

;

,

I

since causes which violently
disturb the molecules of the

magnet weaken its magnetism.

Again, if a magnet-

ized needle is broken, each

\
Fig. II. Ideal Diagram of
es of Force about
a liarMagLn inet.

part will be found to be a
mplete 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

the poles of a mag- jrs

S

N

.N

't

N

net, or if it is heat-

ed to redness and
then allowed to
Broken into Smaller Magnets, Showing
cool in this posi- Fig. 12. A Magnet
Connection between Magnetism and

tion,

it will be

Molecular Arrangement.

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.
found to have become magnetized.

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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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 completely neutralize one another only in the middle of the bar.

Accord-

424tEut4()p.,4g-(4
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e4c)e
e%e,

Fig. 13. Theoretical Arrangement of Molecules in a Bar of

Ordinary Iron or Steel.

ingto 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 magnetization 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 substance. Steel has on the other hand a much greater retentivity than
soft iron, merely because its molecules are not so easily moved out of
position when once they have been aligned.
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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
magnetizing 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.
11. The Earth's Magnetism. The fact that a compass needle
always points north and south, or approximately so, indicates that
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the earth itself is a great magnet, having an S pole near the geographi-

cal north pole and an N 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 altogether 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

Fig. 15. Dip of the Magnetic Needle.

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 c, 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 supports and turned into a north -and -south line with
its N pole toward the north, it will be found, in the north temperate
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zone, to dip so as to make an angle of from 60° to 75° with the horizontal. This shows that in the latitudes mentioned the earth's magnetic 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 900; 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
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
15.

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 rubbing together a great variety of other substances besides amber and
silk, such, for example, as glass and silk, sealing wax and flannel, hard
rubber and cat's fur, etc.

20

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 statement 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 electricity is, but we are fairly familiar
with the laws which govern its

Fig. 16. Electrification by Friction.

action. It is these laws to 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, therefore, 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 which has been
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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:
Electrical 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 A (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
A. If the experiment is repeated
when A and B are connected with

a thread of silk, or with a rod of
Fig. 17. Experiment Showing the Con-

ducting or Insulating Property of
Various Materials.

wood instead of metal, no effect will

be observed at all upon the pith
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 insulators, 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.
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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 magnets.
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
which is provided with pith balls or
strips of paper, a, b, c, as shown,
the divergence of a and c, will show

1)4

Fig. 18. Electrostatic Induction.

that the ends of B have received
electrical charges because of the presence of A, while the failure
of b to diverge will show that the middle of B is uncharged.
Further, the rod which charged A will be found to repel c but to
attract a. When A is removed all evidences of electrification iii B
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 its
neighborhood, is called electrostatic induction. The fact that as soon
as A is removed, a and c collapse, shows that this form of electrification 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 conductor 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 conductor. 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 A

at its remote end, and unlike A at its near end. As soon as the
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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. This 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 electricity and negative electricity. Although
it is extremely doubtful whether this theory represents the actual conditions within a conductor, yet we are able to say with perfect positiveness that the electrical behavior of a conductor is exactly what it 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 vice 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 does acquire a charge like that of the inducing
body, and the near end a charge unlike that of the inducing body.

The Electron Theory. A slightly different theory has
recently been put forward by physicists of high standing both in
20.

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 7-017)--0- 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
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
electrons.
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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
of free negatively charged

of about 2 010 0
the mass of the hydrogen
atom, but no direct evidence as yet for the existcorpuscles

ence of positively charged
electrons.
21. The Gold -Leaf Elegy
troscope. One of the most
sensitive a n d convenient

F'g. 19. Electroscope, for Detecting Presence of

Electric Charge.

instruments for detecting the presence of an electrical charge upon
a body and for determining the sign of that charge, is the gold -leaf
,clectroscope (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 instrument 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 eleccoscope, we first impart a charge of known sign to the electroscope by
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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 decreased 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 A and B in contact, we have
seen
CAll\y 1-13-\

that a positive charge will

appear upon A and a

negative

charge upon B. If C were removed
these charges would recombine and

A and B both become neutral.
Fig. 20. Two Conductors in 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 neighborhood 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 A 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
Charged by Induction.

of electricity which is like that on the charging body C that is repelled 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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a single body is charged by induction in this manner, the sign of the
charge left upon it 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 Tod, we should first bring the
rod near 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
B

was still in position
near the electroscope, we should

touch the knob of
Fig. 21. Single Body Charged by Induction.
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 condition
the negative is sometimes said to be bound by the attraction of thc..
positive charge on C. We should then remove the finger and finall:,

would then be free to pass to the leaves
The electroscope would thus be
charged negatively. This is often one of the most convenient
methods of charging an electroscope. It should always be used

and cause them to

diverge.

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 electroscope 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
conduction 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 Simultaneously 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 electrification.

But if they are separated and brought in succession
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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 producing 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 developed.

Certain it is that it is never

possible to produce in any way whatFig. 22. Showing that an Electric Charge

Lies on Outer Surface of Conductor.

ever one kind of electricity without
producing at the same time an equal

amount of the opposite kind.
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 electrical 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
24.

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
of the electroscope.

might have been inferred from the fact that all the little electrical
charges of which the total charge is made up repel each other and
therefore move through the conductor until they are on the average
as far apart as possible, that is, until they are all upon the surface.

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
25.

infer that if a charge of either sign is placed upon an oblong cond uctor,
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like that of Fig. 23 (1), it would distribute itself so that the electrification at the ends will be stronger than that in the middle. The correctness of this inference is easy 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 t\C

much more strongly in the latter case than
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
of electrification is meant the quantity of

11. 23. variation of Electric
Charge wgth Caucer.vature of

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
the case is indicated by the effect,
which experiment shows that points
have upon 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
Fig. 24. Influence of Pointed Conductor is, if one attempts to charge it
upon Electric 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 phenorrienrms
is as follows:

29
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The density of the charge becomes so intense upon the point that the
molecules of air immediately adjoining the point are broken apart into positive 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 bringing 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 experiment is to mount an electric whirl (see

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
of the gas just in front of them are broken
Machine.
into positive and negative pirts. 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
Electric Whirl on
Knob of Electrical

Fig. 2.5.

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 -
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cules of the air in front of it, a stream of electrified particles, of sign
opposite to that 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
hydrostatics. For example, if water will flow from tank A (Fig. 26)
to tank B through the connecting pipe R, we infer that the hydrostatic 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 A and B (Fig. 27) are connected by a conducting
wire r, a charge of positive electricity is found to pass from A to B, or
of negative from B to A, we are accustomed to say that the electrical
potential is higher at A 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

A

pressure to points of lower
hydrostatic pressure, so electricity
is

conceived of as tending to

flow from points of higher electrical pressure or potential to
points of lower electrical pressure or potential.
Again, if water is not continuously supplied to one of the tanks
of Fig. 26, we know that the pres-

sures at a and b must soon be-

Fig. 28.

r
Fig. 27.

Figs. 26 and 27. Illustrating Analogy be.

tween Electric Potential and
Hydrostatic Pressure.

come the same. Similarly, if no
electricity is supplied to the bodies A 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.
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But if water is continually poured into A (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. Similarly if A (Fig. 27) is connected with an electrical machine and B to

earth, a permanent potential difference will exist between A and B
and a continuous current of electricity will flow through r. Difference
in potential is commonly denoted simply by the letter's P. D. (potential
difference).

When we speak simply of the potential of a body 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 negatively charged is looked upon as one which has a potential lower than

that of the earth. Fig. 28 represents the hydrostatic analogy of
A

Fig. 28. Hydrostatic Analogy of Positively and

Negatively Charged Bodies.

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
positively

that when a discharge takes
place between a negatively

charged body and the

earth we must regard the positive electricity as passing from the
earth to the body, rather than the negative as passing from the 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 aloi.2 as moving through
conductors. But since the opposite convention has become established, 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.
39. Some Methods of Measuring Potentials. One 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 conducting 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.
between 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 approximately proportional to the spark length, provided the dimensions of
the bodies are large in comparison with the distance between them,
each centimeter of spark length representing a P. D. of about 30,000
volts.
30. Condensers.

If a metal plate A is mounted on an insulating

plate and connected w'th an electroscope.
B
A -t

9.cl

in Fig 29 and if a

Fig. 29. Illustrating the Principle of the Condenser.

second plate B is similarly mounted and connected to earth, then,
when a charge is placed on A, it will be found that the gold leaves fall
together as B approaches A and diverge farther as B recedes from A.
This shows that the potential of A is diminished by bringing B close

to it, in spite of the fact that the quantity of electricity on A has
remained unchanged. If we convey additional plus charges to A, 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 which
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 A, the electricity of sign
like that of A being driven off to earth through the connecting wire.
The attraction between these opposite charges on A and B drew the
electricity on A to the face nearest to B, and removed it from the more

remote parts of A, so that it became possible to put a very much
larger charge on A before the tendency of the electricity on A to pass
over to the electroscope became 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 A is said to be bound by the opposite electricity on B.
An arrangement of this sort consisting of two conductors separated 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
30). The inside coating is connected by a chain to the knob,
while the outside coating is connected to earth. Condensers of

this sort first came into use it

Leyden,

Holland, in 1745.
Hence they are now called Leyden

jars.
Such a jar is charged by holding the knob in contact with one
terminal of an electrical machine
and connecting the outer coat to
earth either by a wire or simply
Fig. 30. Leyden Jar.
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 electricity 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
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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 discharger, 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
opposite ends of the conductor

evidently tends to create a field of
force at any point p, inside the con-

B
Fig. 31.

Illustrating Principle of the
Electrical Screen.

ductor, which is opposite in direction to the field due to the charge on
A. 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 electricity at one end and of positive
at the other will cease only when all electrical forces inside the conductor are reduced to zero, that is,when the charges on A 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 surrounding it on all sides with a conductor. .
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ELECTRICAL GENERATORS.

The Electrophorus. The electrophorus is a simple electrical 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
33.

hard rubber plate which is first charged by rubbing. it with fur or
flannel. A 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 electroscope, it will be found to be positive. This proves that A has been

1

II

I

Pig. 32. The Electrophorus.

charged by induction, not by contact with B, for it is to be remembered

r-

Fig. 33. Toepler-Holtz Static Machine.

that the latter is charged negatively. The reason for this is that even
when A rests upon B it is in reality separated from it, at all but a very
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few points, by an insulating layer of air; and, sinceB is 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 A, 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=tioltz Static Machine. The ordinary static
machine 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 A B and C D, called inductors. In front of E is a revolving
glass plate carrying disks 1, m, n, o, p, and q, called carriers. To the
inductors A B and C D are fastened metal arms t and u, which bring
C and D into electrical contact with the disks 1, m, n, o, p, and q,
when these disks pass beneath the tinsel brushes carried by t and u.
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 1 and

o and the rod r s,
1 becoming nega-

tively charged,
and o positively
charged. As the
plate carrying 1,
n,

o

p, q

rotates in the
direction of

the

arrows, the negative charge on 1 is

carried over to

Fig. 34. Illustrating Action of Static Machine.

t h e position in,

where a part of it passes over to the inductor A B, thus charging it negatively. When 1 reaches the position n, the remainder
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of its charge, being repelled by the negative which is now on A B,

passes over into the Leyden jar L. When 1 reaches the position
o, it again becomes charged by induction, this time positively,
and more strongly than at first, since now the negative on A B, as
well as the positive on C D, is acting inductively upon the rod r s.
When 1 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 1 passes over
to L'. This completes the cycle for 1. Thus, as the rotation continues, A B and C D acquire stronger and stronger charges, the induc-

tive action upon r 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 charged body near a compass needle or
suspended magnet. It will attract both ends equally well by virtue
of the principle of electrostatic induction. If the

effect were magnetic, one
end should be repelled and
.the other attracted. Again,
if a sheet of zinc, aluminum,
or copper is inserted between
the deflected needle and the
charge, all effect which was
Fig. 35.

Demonstrating Magnetic Effect of
Electric Current.

produced upon the needle

by the charge will be cut off,
for the metallic sheet will act as an electric 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 needle 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 effects
are always observable near the path of a moving
electrical charge, while no such effects can ever
be observed near a charge at rest.
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.
36. The Galvanic Cell. When a Leyden
jar is discha'rgecl, but a very small quantity of
electricity passes through the connecting wires,
since the current lasts but a small fraction of a
Fig. 36.
second.

If we could keep the current flowing

Simplest Form of
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 understood, however,

until Volta, professor of physics
at Como, devis-

ed an arrangement which is

now known
Fig. 37.

Demonstrating Flow and Magnetic Effects of
Current from Galvanic Cell.

times as the galvanic cell.

sometimes as the

voltaic, some-

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 discovery of the magnetizing effect of currents upon needles. It created
a great deal of excitement air she time because it was the first clew

which had been found to a relationship between electricity 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 A (Fig. 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 example, of a galvanic cell is connected to A and the zinc to B; then,
when the connecting wires are removed and the plate A lifted away

from B, the leaves of the electroscope will diverge and when tested
Fig. 38. Showing Existence of Static

Charges on Plates of Galvanic Cell.

will

be found to be negatively

charged. If the deflection observed
in the leaves of the electroscope is too small for purposes of demonstration, the conditions can be bettered by using a battery of from
five to ten cells instead of the single cell. If, however, the plates A

and B are sufficiently large-say, three or four inches in diameterand 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 zinc to A 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 possesses 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 connecting its two coats one to one terminal
and the other to the other terminal of a static machine. The potential
of plate B is increased bymoving A away from it, just as in the arrangement 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
A 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 comparison 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 connected 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 nevertheless 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 compass 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 between the direction in which

the current flows and the
direction in which the positive end of the needle points

(this is, by definition, the
direction of the magnetic
field) is given in the following convenient rule: I f the
Fig. 39. Exploring Magnetic Field around a Con-

ductor by means of Compass .and Iron Filings.

right hand grasps the wire
as in. Fig. 40, so that the

thumb points in. the direction in which the positive 3lectricity is moving,
that is, 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 relation 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.
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 magnetic 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

Fig. 40. Illustrating Eight -Hand Screw Rule for

Determining Direction of Magnetic Field.

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

commonly

called ammeters, consist essentially either of a small magnet suspended at the center
of a fixed coil as in
Fig. 41, or of a movable coil suspended
between the poles of
a fixed magnet. The

passage of the current through the coil
Fig. 41. Arrangement of Circular Conductor and Corn-

produces a deflection,
pass for 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 terminals when these terminals are
nest connected by a wire, i. 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 its 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 electroscope 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 number of turns of extremely fine wire,
so that it carries a very small current. The amount of current which
it does carry, however, and therefore the amount of deflection of its
needle is taken as proportional to
the difference in electrical pressure
existing between its ends when 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

Fig. 42.

Hydrostat'c Analogy of Poten
tial D fference.

consideration of the following water
analogy. If the stop -cock K (Fig.
42) in the pipe connecting the
water tanks C and D is closed, and

the water wheel A is set in motion by applying a weight W,
the wheel will turn until it creates such a difference in the water
if

levels between C and D that the back pressure against the left face of
the wheel stops it and brings the weight W to rest. In precisely the
same way, the chemical action within the galvanic cell whose terminals 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 A 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 C and D of the cell
(Fig. 43) are connected by attaching to them the terminals a and b of

any conductor, they at once begin to discharge through this conductor, and their P.
D. therefore begins to fall. But if the chemical 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 C 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 therefore 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

Pig. 43. Illustrating Princi

ple of Common Voltmeter.

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 which 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
volt 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.
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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 zinc show an E. M. F. of at 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 upon the
materials of which the cell is composed and not at all upon 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 developing 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 electricity than does copper. Similarly, every
particular substance has its own characteristic power of transmitting electrical currents. 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 substance. The specific resistances of some of the commoner metals
are given below:

Fig. 44. Exact Size of No. 7

Copper Wire.

Silver
Copper
Aluminum ..

.

1.00 Soft iron .
1.13 Nickel
2.00 Platinum

7.40 German silver
7.87 Hard steel
9.00 Mercury

20.4
21.0
62.7

The unit of resistance is the resistance at 0° of a column of mercury 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 (17891854). 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 temperature. 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
circuits in which the currents flow, and inversely proportional to the
total resistances of these circuits; i.e., if C represents the current in
amperes, E 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 :
C = IT?

e., Current - Electromotive force
Resistance

(1)

As applied to any portion of an electrical circuit, Ohm's law is.
C=

r 'Resistance

PD

e., Current - Potential difference

(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 :
Amperes =

Volts
Ohms

(3)

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
44.

47

ELECTRICITY AND MAGNETISM

38

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 immersed portion of the plates. If, then, we represent the external
resistance of the circuit of a galvanic cell by Re and the internal by
Ri, then Ohm's law as applied to the entire circuit takes the form :

C-

(4)
+ Hi
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

1+2

Re

- .33 ampere. This is about the current which

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 acidis carefully observed, it will be seen that, so
long as the plates are not connected by a conductor, fine bubbles of gas are slowly formed

at the zinc plate, but none at the copper
plate.

As soon, however, as the two strips
are put into electrical connection, bubbles
instantly appear in great numbers about the
copper plate and at the same time a current
manifests itself in the connecting wire (Fig.
45). The bubbles are of hydrogen. Their
original appearance on the zinc plate may be
prevented either by using a plate of chemically pure zinc, or by amalgamating impure
Fig. 45.

Ac

pleLion
Cell.

of a Sim-

zinc, that is, by coating it over with a thin film
of mercury. But the bubbles on: the copper

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 eaten 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 convenience as the direction of the current (see §§ 19 and 28).
46. Theory of the Action of a Simple Cell. A simple 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

Zn

copper immersed in a dilute
solution of hydrochloric acid.
The chemical formula for hydroThis
chloric acid is HC1.

means that each molecule of
the acid consists of one atom of

hydrogen combined with one
atom of chlorine. In accordance

with the theory now in vogue

Illustrating Dissociation of Ions
and Theory of Action of a Simple Cell.

Fig. 46.

among physicists and chemists,
when hydrochloric acid is mixed with water so as to form a dilute
solution, the HC1 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; i. 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 dissolves in an acid, its atoms, for some unknown reason, go into solu7
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 collect as bubbles of hydrogen
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.
gas.

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 electricity 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 ions. 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 difference 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 zinc
is all eaten up or the hydrogen ions have all been driven out of the
solution, i.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 hydrogen 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 hydrogen bubbles or for preventing their formation.
The most common types of such cells are
described in the following sections.
48. The Bichromate Cell. The bichro-

mate cell (Fig. 47) consists of a plate of zinc
immersed in sulphuric acid between two plates
of carbon, carbon being used instead of copper because it gives a greater E. M. F. In

the sulphuric acid is dissolved some bichromate of potassium or sodium, the function of
which is to unite chemically with the hydro-

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 2.1 volts.

Its internal resistance is low,

from .2 to .5 ohm, since the plates are generally large and close together. It will be seen,
therefore, that when the external resistance is

Fig. 47. Bichromate Cell.

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
*To set up a bichromate cell, dissolve 12 parts, by weight, of sodium bichromate in
180 parts of boiling 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 A, 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 fluid
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
the type shown in
Fig. 48, or else by
w

0 0I 0
0
a- N

cu÷
Cu 4140

Zn
Porous iiAi

11

o

0

5

gravity, as in the
type shown in Fig.
49. This last type,

commonly called
the

gravity,

or

crowfoot type, is

used almost ex -

110°111

elusively on telegraph lines. The
copper

sulphate,

being the heavier
Fig. 48a. Typical Section
of Daniell Cell.

Fig. 48b. Daniell Cell

(Commercial Type)

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 entirely avoided, for the reason
that no opportunity is given for the formation of hydrogen bubbles.
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 (ZnS0,) solution consists of positive zinc ions and
negative SO, ions. 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 cell 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 copper plate, instead of being hydrogen, as in the simple cell, is metallic 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 resistance 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 resistance (one to six ohms) and is thereFig. 49. Daniell Cell in which Zinc and
Copper Plates are Kept Separate
fore incapable of producing very
by Gravity.
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 compartment S of the cell of Fig. 48, or in the bottom
of the gravity cell. These dissolve 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
Fig. 50. Leclanch6 Cell.

cell, i.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
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deposit of copper or copper oxide is formed upon the zinc.

Pure copper is also deposited in the pores of the porous cup. Both of these
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 Leclanche Cell. The Leclanche cell (Fig. 50) consists 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 circuit.

The E. M.

F. of a Leclanch6
6),

cell

_16 -0 -TO

- =--=

--

is about 1.5

volts, and its initial

---r

internal resistance
is somewhat less

than an ohm. It
therefore furnishes

a momentary curFig. 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 circuit is open, and that, therefore, unlike the Daniell or bichromate
cells, it can be left for an indefinite time on open circuit without
deterioration. Leclanche cells are used almost exclusively where
momentary currents only are needed, as, for example, on doorbell circuits. The cell requires no attention for years at a time,
other than the occasional addition of water to replace loss by evaporation, and the occasional addition of ammonium chloride (NH4C1) to
keep positive NH, and negative C 1 ions in the solution.
51. The Dry Cell. The dry cell is only a modified form of the
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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 zinc chloride, and two parts of water.
The plaster of Paris is used to give the paste rigidity. As in the
Leclanche 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
Leclanche cell.

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 copper 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 E. 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. But if
the external resistance is large, the current pro-

duced by the combination will be very much

Fig. 52. Cells Connected

in Parallel.

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 E. M. F. of each cell, the
total E. M. F. of the circuit is n E. Hence if R, is the external resistance and Ri the internal resistance of a single cell, then Ohm's law gives

C= Re nE
+ nRi
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:

C=
Re +

R
n

If, therefore, Re 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 combination 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 is 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 E. 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 (112S0,), 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 hydrogen 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, H2O, thus forming H2S0, 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, CuSO4, the results would have
been precisely the same in every respect, except that, since the hydrogen 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 SO4 or other negative

ions dissolve this plate as fast as the metal ions are deposited upon

A

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 connected to the cathode K. The:solution consists of 500 g. of potassium
cyanide and 250 g. of silver cyanide in 10 I. 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, etc. 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 platinum electrodes, was evolved as a gas. The

other lead plate is not affected by the
hydrogen, which is, in this case, as in that

5
N
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s
A

Fig. 54.

Fig. 55.

Illustrating 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 peroxide, Pb02, 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 essentially 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 between 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
single charging
such as we considered. In one
type of storage
cell this active
material is actually formed by the
repeated charging
and discharging
Fig. 56. Illustrating the Magnetic Properties of a Helix.
of plates which are
originally ordinary sheets of lead. With each new charging a slightly
thicker layer of the lead peroxide is formed. In the more common
type of commercial
material
----oe, --------------------00

is pressed into interstices of the plate in the
form of a paste. It will be seen from this
discussion that a storage battery is not, properly speaking, a device for storing elec-

tricity. It is rather a device in which the
electrical current produces chemical changes,
and these new chemicals, so long as they last, are capable of generating a new electrical current.
Fig. 57. Magnetic Field

Surrounding a Helix.

ELECTROMAGNETISM
57. Magnetic Properties of a Loop. We 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 Fig. 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 from which the magnetic lines emerge (see righthand 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 current 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
Direction

Of magnetic N force

on of Curr
Fig. 58. Right -Hand Rule for Determining Direc-

tion of Magnetic Field of a Helix.

Fig. 59. A Simple Eletromagnet and Its Field.

being directly in contact with the S pole of the next, etc. 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 righthand rule, as given in § 38, is sufficient in every case to determine
which is the N and which the S pole of a helix, i.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:

If 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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If the right hand is placed against the coil with the thumb pointing
in the direction of the lines of force (i.e., toward the north pole of the
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Fig. 60. Horseshoe Electromagnet,

F g. 61. Showing Lines of Force in
Horseshoe Electromagnet.

with Armature.

helix), the fingers will pass around the coil in the direction in which
the current is 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
before. This
.

is because the core
is magnetized

by

induction from the
field of the helix in
precisely the same
way in which it

would be magnetized by induc-

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
Fig. 62. Simple Electric Bell, and Connections.
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.
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The strength of an electromagnet can 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. For this reason electromagnets are usually built in
the horseshoe form and provided with an armature A (Fig. 60)

Fig. 63.

Illustrating the Principle of the Electric Telegraph.

through which a complete iron path for the lines of force is established, as shown in Fig. 61. The strength of such a magnet depends
chiefly upon the number of ampere -turns which encircle it, the expression 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 1-1-F 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
10 times about the
Contact
Electro
Points
Magnet
core.
61.

Spring

Adjusting
Screw

The Elec.

tric Bell. The electric bell (Fig. -62) is

one of the simplest
applications of the

electromagnet.
When the button P
is pressed, the elecPig. 64. Telegraphic Relay.

tric circuit of the

battery is closed and
a current flows in at A, through the magnet, over the closed contact C,
and out again at B. But no sooner is this current established than the
electromagnet E pulls over the armature a, and in so doing 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 C
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.

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 earth. The armature b is held down by the electro63.

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 may be sent from
Chicago and recorded in New York.
AMERICAN MORSE CODE

A.-

JK - .

S

T
-U

C

.

.-

M-V .. - 5 - - N -.
W . -.

3

4

..
..

.

.

E

.

I ..

0

Q

.

X . - ..

.

..

Y

-.

Z

.

.

6

78 -- -

9-. .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 electromagnet 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 contains 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 (A, Fig.
65), which is so arranged that it clicks
both when it is
drawn down by its

electromagnet

Fig. 65. Telegraphic Sounder.

against the stop S

and when it is pushed up again by its spring, on breaking the current,
against the stop t. The interval which elapses between those two
clicks indicates to the operator whether a dot or dash is sent. The

New York

Chicago
Key

Key_

Sounder

Sounder

'®witch

T

x_> -r ---

co-T-

iii-T

.Local Battery
WL
Relay

Local Batter
Relay

L''

Earth

Earth

Fig. 6& Diagram of Arrangement of Parts in a Telegraphic 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 resistance 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 carries 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 Buffalo, and if the
sounder itself is re-

placed by a relay
(called in this case
a repeater), and the

local battery by a

Fig. 67. Illustrating the Principle of Electromagnetic

Induction.

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
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 c,
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 deflec65.
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tion, which shows that a reverse current is now being generated in
the coil.
These experiments show that a current of electricity may be induced in a conductor by causing the latter to move through a magnetic

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 modem 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 C was movfield.

ing from a down to c 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 c, 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 c, 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

Fig. 68.

B to C also must be made against an opposing
force. When the coil was moving from c to a,
the current was in the reverse direction, hence
the
poles of the coil were reversed, so that at
Showing that a

Conductor
must Cut Lines every point the motion had to be made against
of Magnetic Force in order
to Induce an E. M. F.
an opposing force.

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. This is known as Lenz's law. It is a law
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. M. 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.

It 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 versa.
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. M. 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,

i. e., 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

E. M. 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; i. e., it is equal to the induced E. M. 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 exneriment 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 Induced Current.

70.

Illustrating the "Dynamo
Rule."

cutting lines of force also reverses the direction of the induced electromotive 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 conductor 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 one thousandth of a gram, or "ha of an ounce). A magnetic field of unit

strength is, by definition, a field in which a unit -pole is acted upon by a force of one dyne.
Hence, if a unit -pole is found in a given field to be acted upon by a force of one thousand

dynes, we say that the field strength is one thousand units. Now, it is customary to
represent a 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 field of unit

strength is said to contain one line per square centimeter, a field of a thousand units
strength a thousan3 lines per square centimeter, etc. The magnetic fields used in pow.
erful dynamos will have sometimes as high as 20,000 lines 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:
If the forefinger 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 forefinger, 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
of force while moving toward the reader, while

the lines on the left side are cutting the same

Fig. 71.

Illustrating

the Principle of
the Dynamo.

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
Fig. 72. Position of
Revolving Coil when
Current is Strongest.

sides are cutting the same lines of force as before, but they are cutting them while moving in
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 continuously 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 circuitin 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
Leclanche 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
direction indicated by the arrow f,
namely, at right angles to the direction of the lines of magnetic force.

If the direction of the current in
a b is reversed the direction of the
motion of the wire will be found to
Left Hand MacieLtk2-1" be reversed also. This experiment
1-tres shows that a wire carrying a curA7

rto

rent in a magnetic field tends to move

in a direction at right angles both to
the direction of the field and to the
direction of the' current. The experiment illustrates the essential princiPig. 73. Illustrating the Principle of
the Electric 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 forefinger 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 direction 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.

Hence 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.

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
70.

to the circuit of a
battery, and if another coil of wire is

wrapped about the
same core, and its
terminals connected
Fig. 74. Illustrating the Principle of the Induction
to any current deCoil and Transformer.
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 .9-in other words, magnetizing
the space inside of s (that is, the core about which:the coils are wound)

-has caused an induced current to 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.

Direction of the Induced Current. Lenz's law, which, it
will be remembered, followed from the principle of conservation of
energy, enables us to predict at once the direction of the induced currents in the above experiments; and an observation of the deflections
of the galvanometer enables us to verify the correctness of the pre71.

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 current, i. 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.e., 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 turns of the secondary 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 is proportional to the number of turns of
wire upon it. 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. M. F. is twice as great.
If, then, we wish to develop a very high E. 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 experiment 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 E. 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 (see § 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 property 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; i.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 E. M. F. is also something like 10,000 times
as great. It should be remembered, however, that in a closed secondary the make current lasts as much longer than the break current as
its E. 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
The Induction Coil. The induction coil, as usually made
(Fig. 75), consists of a soft iron core C, which is composed of a
74.

bundle of soft iron wires; a primary coil p wrapped around this core,
and consisting of, say, 200 turns of coarse copper wire (e. g., No. 16),
which is connected into the circuit of a battery through the contact

point at the end of the screw d; a secondary coils surrounding the
primary in the manner indicated in the diagram, and consisting generally of between 30,000 and 1,000,000 turns of No. ,6 copper wire
the terminals of which are the points t and t'; and a hammer b, or
t t'

Condenser
Fig. 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 curtent is thus suddenly stopped. This
instantly demagnetizes the core and induces in the secondary s an
E. M. F. which is usually sufficient to cause a spark to leap between
t and t'. 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 sent
across between t and t' is considerably increased. The reason is as
follows: When the circuit 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 separcgbed through a considerable distance.
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This makes the current die down gradually instead of suddenly, as
it ought to do to produce a high E. M. F. But when a condenser is
inserted, 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 E. M. F.

Since a spark passes between t and t' 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
R
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

R
intermittent current which is sent Fig. 76. Diagrammatic Representation
of Commercial Transformer.
through the primary A. Sending
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, etc. The result of these changes in the magnetism 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 transformer is called a step-up transformer, because the P. D. produced at

the terminals of the secondary is greater than that applied at the
terminals of the primary. Thus, an induction coil is a step-up
transformer. In electric 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 tht
primary will have twenty times as many turns as the secondary. In
general, the ratio between the voltages 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 Elisha Gray, of Chicago, and Alexander Graham Bell, of
Washington. In its simplest form it consists, at each end, of a permanent 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

11H

7z

\

A

diaphragm from the magnet.
Some of these lines of force,
therefore, cut across the coil
B, first in one direction and

1111

Earth

Fig. 77. Simplest Form of Electric Telephone.

then in the other, and in so
doing induce currents in it.
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' is also reversed. In other words, the induced currents transmitted
by the line force E' to reproduce the motions of E. E', 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 transmitting 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 me mouthpiece, E the diaphragm, A the U-shaped
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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 currents. This is done
in the modern trans-

mitter by replacing
the magnet and coil
by an arrangement
which is essentially

MIA(

////////////

z#y/l.1

an induction coil,
the current in the
Fig. 78. Sectional View of Modem Telephone Receiver.
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, i.e., toward the carbon, a comparatively large current
Receiver

Receiver

d

d

Transmitter

Fig. 79.

Transmitter

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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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
79.

No
lines,
current flows through these
which enter

the exchange.

however, so long as the subscriber's
receivers R are upon their hooks H;

Arm,
11111111111

11111111111

for the line circuit is then open at
the contact points t. It would be
closed through the bell b were it
for the introduction of the
condenser C in series with the bell.

not
Fig. 80. Sectional View of Modern

Transmitter.

This 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 magneto 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
Central.
Line
Subscriber

Line
Fig. 81

Essential Elements of Subscriber's Telephone Connections.

condenser and out again, first charging the condenser plates in one
direction, then in the other. By making the capacity of this condenser 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
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circuit at t, and the direct current which at once begins to flow from

the battery B through the electromagnet g closes the circuit of B
through the glow lamp 1 and the contact point r. This lights up
the lamp 1 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 diaphragm E upon the granular carbon c, 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 distinctly 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 subscriber wishes, she connects the ends d and e 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 subscriber replaces his receiver upon
its hook, the lamp 1 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 potential exists between two points, there is said to exist an electromotive 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. Also in 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 difference 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 current 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. Electromotive force is commonly designated by the letters B. M. F. or
simply E. 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 electromotive 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 /will be used for current throughout this and following
sections. The latter symbol was recommended by the International Electrical Congress held at Chicago in 1893, and has since
been universally adopted.
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Resistance. Resistance is that property of matter in virtue
of which bodies oppose or resist the free flow of electricity. Water

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 considerable 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 volt is the practical unit of
electromotive force.
The ampere is the practical unit of current.
The ohm is the practical unit of resistance. The microhm is
one millionth of an ohm and the megohm is one million chms.

The standard values of the above units were very accurately
determined by the International 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 by electrolysis, and
it is used therefore in determining the standard unit.
The volt is equal to the E. M. F. whicb, when applied to v.

conductor having a resistance of one ohm, vril produce in it a
current of one ampere. One volt equals 1r8l of the E. M. F. of
a Clark standard cell at 15° Centigrade,
RESISTANCE.

All substances resist the passage o; electriogy, but the resistance 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 conductor. if the temperature remains the same. the resistance of a
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conductor is not affected by the current 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 temperature. 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 conduc-

tor has a resistance of R ohms, its conductance is equal to -1.

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 resistance 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
required resistance
142

or,

1283

6.9

Hence,

required resistance = 6.9 X 142

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
or,

required length

Hence,

required length = 521 X al'18

521

.18
.11

= 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-sectional 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 -257
101

The

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

Hence,

101

required resist. = 16.3 X 257
= 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 is1.7 ohms,
what would be its resistance if the area of its cross-section were
.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
or,
1.7

Hence,

.092

required resist. = 1.7 x .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 conductors are
inversely proportional to the squares of their diameters.
Example. - The resistance of a certain wire having a diam.
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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
.12
required resist.
Or,
Hence,

12.6

.322

required resist.

=12.6X

.12
.322

12.6 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 microhms) 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 resistance is given by the ratio of the specific resistances.
Conductivity is the reciprocal of specific resistance.

Example. -A certain copper wire at the temperature of
melting ice has a resistance of 29.7 ohms. Its specific resistance
(resistance 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
9.032
Hence,
rs,quired resist. = 29.7
1.594

= 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

formula,

B=8 L
in which R is the resistance, L the length of the conductor, A the

area of its cross section, and s the specific resistance of the
material.

Example.- A telegraph relay is wound with 1,00 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)2: (.022)'
Or,

Required resistance = 150 X

2

30.99+ ohms.

(.022)2
For a wire 400 feet long, we have, therefore, by direct proportion,
400
Required resistance =
X 30.99 = 6.88+.
1,800

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, mercury has 62.73 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
centimeter, 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.

Metal

Silver, annealed.
Copper, annealed.
Silver, hard drawn.
Copper, hard drawn.
Gold, annealed.
Gold, hard drawn.
Aluminum, annealed
Zinc, pressed.
Platinum, annealed.
Iron, annealed.
Lead, pressed.
German silver.
Platinum -silver alloy
(A platinum, silver.)
Mercury.

Resistance Resistance
of a wire
of a wire
Relative 1 foot long, 1 meter long,
Resistance. .001 inch in 1 millimeter
diameter. in diameter.

1.000
1.063
1.086
1.086
1.369
1.393
1.935
3.741
6.022
6.460
13.05
13.92

9.023
9.585
9.802
9.803
12.35
12.56
17.48
33.76
54.34
58.29
117.7
125.5

16.21
62.73

146.3
570.7

.01911
.02028
.02074
.02075
.02613
.02661
.03700
.07143
.1150
.1234
.2491
.2659
.3097
1.208

Resistance in
Microhms.
Cubic Cubic Cen.

Inch.

timeter.

.5904 1.500
.6274 1.594
.6415 1.629
.6415 1.629
.8079 2.052
.8224 2.088
1.144
2.904
2.209
5.610
3.555
9.032
3.814
9.689
7.706 19.58
8.217 20.87

9.576
37.05

24.32
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 silver 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 8,
and to show the application of preceding laws.

Example.- From the specific resistance of annealed aluminum 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 .005
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inch in diameter is required. In the formula on page 8, we
have s = .000001144, L = 1 foot = 12 inches and
7rd2
3.1416 x .0012
0000007854 sq. in.

4

Substituting these values in the formula,
R =- 8

A

we have,

R = .000001144 X

12
.0000007854
Ans. 17.48 ohms.

= 17.48 ohms.
Example.-The resistance in microhms of a cubic centimeter
of annealed platinum at 32° F. is 9.032. What is the -resistance
of a wire of the same substance one meter long and one millimeter
in diameter at the same temperature ?

Solution. -In the formula for resistance we have the quantities s = 9.032 microhms = .000009032 ohms ; L = 1 meter =
100 centimeters ; and
7r d 2

3.14146 x .12

4

- 007854 sq. cm.

the diameter being equal to 1 millimeter = .1 cm.
Substituting these values we have,
R = .000009032 X

100

.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 32° F. is 9.023
ohms.

What is the resistance of a mile of wire of the same substance .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.

Therefore R = 9.023 X 5280 X

.001

2

1

= 4.76 ohms (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 resistance 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 resistance is

B= 46.1 X 1.086 = 7.75 ohms (approx.)
6.460
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 is directly proportional to the
length, and inversely proportional to the area of the cross-section,
the required resistance is
= 18.7 X 6253 X
7423

2
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 temperatures. 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.

89

12

THE ELECTRIC CURRENT.

The change in resistance of one ohm per degree rise in temperature for a substance is called the temperature coefficient for
that substance. The following table gives the temperature coefficients for a few substances.
TErIPERATURE COEFFICIENTS.
RISE IN R. OF 1 OHM WHEN HEATED:

MATERIAL.

Platinoid
Platinum -silver
German silver
Platinum
Silver
Copper, aluminum
Iron

1° F.

1° C.

.00012
.00014
.00622
.0019
.0021
.0022
.0026

.00022
.00025
.00040
.0035
.0038
.0040
.0046

If the resistance of a conductor at a certain temperature is
known, the resistance the conductor will have at a higher temperature 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 temperature coefficient by the number of degrees increase gives the increase in resistance of one ohm thr.ough 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 following formula:

B2 = B1 (1 + a t)
where .R2 is the resistance at the higher temperature, .R1 that at
the lower temperature, a the temperature coefficient for the substance and t 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 :

Bi

B2

1 + at
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In calculating resistances at different temperatures, the temperature 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
What would be its resistance at a temper-

12° C. is 1304 ohms.
ature of 60° C.?

Solution.- From the statement of the example B1 = 1304%

t i 60 - 12 = 48, and from the table page 12, a = .0004.
Substituting these values in the first of the preceding formulas we
have,

= 1304 (1 -I- .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 R2 =.48.2, t = 95 - 40 = 55,
and from the table a = .0022.

Substituting these values in the

formula at the foot of page 12, we have,
48.2
R - 1 + .0022
x 55
1

48.2
1.121

= 43. ohms (approx.)
Ans. 43 ohms.

The first table on page 14 gives the resistance of the most
common sizes of copper wire according to the American or Brown
and Sharpe (B. & S.) gauge. 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
the diameter in thousandths of an inch or mils, and the third the
diameter in millimeters, The fourth column 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
gives the ohms per thousand feet and the resistance per mile is
found by multiplying these values by 5.28. Ordinary commercial
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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 multiplying the resistance given in the table by the ratio of the specific resistance of the given metal to the specific resistance of
copper.

American Wire Gauge (B. & S.)
Diameter in
No.

0000
000
00
0
1

2

3
4

5
6
7

8
9

10
11
12
13
14
15
16
17
18

Mils.

Millim.

460.00
409.64
364.80
324.95
289.30
257.63
229.42
204.31
181.94
162.02
144.28
128.49
114.43
101.89
90.74
80.81
71.96
64.08
57.07
50.82
45.26
40.30

11.684
10.405
9.266
8.254
7.348
6.544
5.827
5.189

Circular

4.621
4.115
3.665
3.264
2.907
2.588
2.305
2.053
1.828
1.628
1.450
1.291
1.150
1.024

Mils.

Diameter in
°heraEir
10P00 Ft .

211600.0
167805.0
133079.4
105592.5
83694.2
66373.0
52634.0
41742.0
83102.0
26250.5
20816.0
16509.0
13094.0
10381.0
8234.0
6529.9
5178.4
4106.8
8256.7
2582.9
2048.2
1624.1

No

Circular

Ohms
lock

8.617
10.566
13.323
16.799
21.185
26.713
33.684
42.477
53.563
67.542
85.170
107.391
135.402
170.765
215.312
271.583
342.443
431.712
544.287
686.511
865.046
1091.865

Mils.

Mils.

Millim.
.912
.812
.723
.644
.573
.511

1288.0
1021.5
810.1
642.7
509.5
404.0

.455
.405

320.4
254.0
201.5
159.8
126.7
100.5
79.7
63.2

.051

19

.064

20

.081

21

.102
.129

.163
.205
.259
.826
.411
.519
.654
.824

22
23
24
25
26
27
28
29
80
81

35.89
31.96
28.46
25.35
22.57
20.10
17.90
15.94
14.19
12.64
11.26
10.03
8.93

1.311
1.653
2.084
2.628
3.314
4.179
5.269
6.645

83
84
35
36
37
38
89
40

7.08
6.30
5.61
5.00
4.45
3.96
3.53
3.14

.361
.321
.286
.255
.227
.202
.180
.160
.143
.127
.118
.101
.090

.080

50.1

89.7
81.5
25.0
19.8
15.7
12.5
9.9

The following table gives the size of the English or Birmingham 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.)
No.

No.

0000
00
1

4

6

Mils.

Millim.

454
380
300
238
203

11.53
9.65
7.62
6.04
5.16

Diameter in

Diameter in

Diameter in
No.

8

10

12
14
16

Mils.

Millim.

165
134
109
83
65

4.19
3.40
2.77

92

2.11
1.65

18
20

24
30
36

Mile.

Millim.

49
35
22
12
4

1.24
0.89
0.55
0.31
0.10
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EXAMPLES FOR PRACTICE.

What is the resistance of an annealed silver wire 90 feet
long and .2 inch in diameter at 32° F.?
Ans. .02+ ohm.
1.

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.
2.

3. What is the resistance of 2 miles of No. 27 (B. & S.) pure
copper wire at 75° F.?
Ans. 565.+ ohms.
4. The resistance of a piece of copper wire at 32°F. is 3
ohms. What is its resistance at 49°F.?
Ans. 3.11+ ohms.
5. The resistance of a copper wire at 52°F. is 7 ohms.

What is its resistance at 32°F.?
6.

Ans. 6.70+.ohms.

What is the resistance of 496 ft. of No. 10 (B. & S.)

pure copper wire at 45°F.?
Ans. .483+ 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 aPpears 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 kathode the negative element. In regard to the outside circuit however, 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 to the zinc through the external circuit. The fourth and
fifth columns of the table give the excitant and depolarizer respectively. 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 ohms.
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TABLE IN RELATION TO PRIrIARY CELLS, ELECTROflOTIVE FORCE, RESISTANCE, ETC.

NAME
OF
CELL.

ANODE.

ICATHODE.

EXCITANT.

DEFOLARIZER.

Volta
(Wollaston. etc.)

Zinc

Copper

Solution of
Sulphuric Acid
(H2 SW

None

1 to 0.5

Smee

Zincversuuric Acid

None

I. to 0.6

Law

Zinc

Carbon

Solution of
Sulphuric Acid

None

1 to 0.5

Poggendorff
(Grenet)

Zinc

Graphite

(Greuet)
two fluid

Zinc

(Carbon)

Grove

Zinc

mate and
Sulphuric Acid
Acid
Platinum Sulphuric
dilute (H2 SO4)

Bunsen

Zinc

Graphite

Jeclanche

Zinc

Graphite

Lalande-

Lalande
Chaperon

Graphite

Caustic Potash

Zinc

Zinc

Graphite

Zinc Chloride

Upward

Fitch

Zinc

Papst

Iron

Obach
(dry)

Zinc

Platinized

Daniell
(Meidinger Min)tto, etc.)
Ile la Rue
Marie
Davy

VOLTS.

f

(H2 SO4)

Poggendo rff

Solution

(Carbon)
p

(Carbon)
(Carbon)
(Carbon)

(Carbon)

iN

INTERNAL
RESIST ANCE IN
OHMS.

0.5

(H2 SO4)

Potassium
Solution of
Sulphuric Acid Dichromate
(K2 Cr, 0,)
(H2 80,)
Saturated Solution of Pot asslumDI hTO-

None
Separate

2.1

1.98

.001to.08

Nitric Acid
0.1 to 0.12
1.96
(HNO3)
Sulphuric Acid Nitric Acid 1.8 to 1.98 0.08 to 0.11
0.1 to 0.12
1.8
dilute (H2 SO,) Chromic Acid
Ammonium
Chloride
(NH, Cl)

Manganese
Dioxide

1.4 to 1.6 1.13 to 1.15

(MnO,)0

Cupric Oxide 0.8 to 0.98
t
um
o
Hydrate- (KOH)
(ZnC12)

Chlorine (C1)

1.3

2.0

Sodium & Potas-

.
Zinc

Zinc

Zinc

Zinc
Clark
Standard)
Weston Cadmium

Ammonium sium Chlorates
Chloride
(Na C1(7) +
(NH, Cl)
K C103)
Graphite Ferric Chloride
(Fe,
Cl,)
(Fe2 Cl.)
(Carbon)
Ammonium
Manganese
Chloride
Graphite
Dioxide
(NH4 C1) in
(Carbon)
(MnO,)
Calcium Sulphate (CaSO,)
Zinc Sulphate Copper Sul Copper
phate (Cu SO,)
(Zn SO4)O

Graphite

1.1

(Carbon)

Silver

Ammonium
Chloride

1.46

1'079

Silver Chloride 1.03 to
(Ag Cl)

Paste of SulphGraphite Sulphuric Acid ate of Mercury
(Carbon) dilute (H2 SO,)
(Hg, SO,)
Mercurous Sul Zinc
Sulphate
Mercury
phate (Hg280,)
(Zn So.)
SulCadmium
SulMercury phate (CdSO,) Mercurous
phate (Hg, SO,)

94

0.4

to 5

1.42

0.4 to 0.6

1.52

0.75 to 1

1.434*

0.2 to 0.5

i

i.,,,
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INTERNAL
RESIST ANCE IN
OHMS.

HAMS
OF
CELL.

*NODS.

CATHODE.

EXCITANT.

DEPOLARISES.

Von
Helmholtz

Zino

Mercury

Zinc Chloride
(Zn Cl,)

Mercurous
Chloride
(Hgs Cls)

1.0

None
Separate

9.2

me to 08
.

2.0

0.5 to 0.7

Chromic
Acid
single
fluid

Fuller
Gaiffe

and
Graphite Sulphuric
ZincChromic
Acids
(Carbon)
dilute mixed

.

Graphite Sulphuric Acid
(Carbon)
(Hs SO4)

Zinc
Zinc

Silver

Zinc
bath of
Mercury

Carbon

Niaudet

Zino

Graphite

Schanschieff

Zino

Graphite

Skrivanoff

Zinc

Silver

maid,.

'

scraps in Platinized

(Carbon)
(Carbon)

Potassium
Dichro
Dichromate
(1Cs Cri07)

IN
VOLTS.

Zinc Chloride Silver Chlorid
1.09
0.5 to 0.6
(Zn Cl,)
(Ag C1)
Common Salt
Solution i. e.
None
1.25
1 to 2
Sodium ChloSeparate
ride (NaC1)
Common Salt
Chloride of
Solution i. e.
Qslcium
1.0 to 1.6
5 to 6
Sodium Chlo(Lime)
ride (NaC1)
(Ca Cl,)
Mercurial
None
1.56
0.05 to 0.75
Solution
Separate
Caustic Potash Chloride of
or Potassium
Silver
1.5
1.5
Hydrate '.1i.OH

(Ag CI)

At 15 degrees Centigrade or 59 degrees Fahrenheit.

Resistances in last column measured in cells standing 6" x 4"

ourvs LAW.
One of the most important and most used laws of electricity is that first formulated by Dr. G. S. Ohm, and known as

Ohm's law. This law is as follows:
The current is directly proportional to the electromotive force
and inversely proportional to tile resistance.

That is, if the electromotive force applied to a circuit is increased, the current will be increased in the same proportion, and
if the resistance of a circuit is increased then the current will be
decreased proportionally. Likewise a decrease in the electromotive
force causes a proportional decrease in current and a decrease in
resistance causes a proportional increase in current. The current
depends only upon the electromotive force and resistance and in
the manner expressed by the above simple law. The law may be
expressed algebraically as follows:
current varies as

electromotive force
resistance
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The units of these quantities, the ampere, volt and ohm, have
been 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:

=
where

is the current in amperes, E the electromotive force in

volts and R the resistance in ohms.

It 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:

E=ICI

and if the current and electromotive force are known, the resistance may, be found from the formula:
1

Simple Applications. The following
illustrate the simplest applications of Ohm's law.

to

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=1=

4

= 2 amperes.
Ans. 2 amperes.

Example.-What voltage is necessary to cause a current of
23 amperes to flow through a resistance of 820 ohms?

Solution.-By the formula for E.M.F.,

E = RI = 820 X 23

18,860 volts.
Ans. 18,860 volts.

Example.-The E.M.F. applied to a circuit is 110 volts, and
it is desired to obtain a current of .6 ampere. What should be
the resistance of the circuit ?
Solution.-By the formula for resistance,

R=E

/

110
6

= 183. + 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,

Ri ±R2 + R2 + etc.
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,

E
/ - Ri + R2
+ R2

8 + 4 + 17
54

54
-1
29

8+ amperes.

Ans. 1.8+ amperes.

Example. -Six arc lamps, each having a resistance of 5
ohms, 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 It = (6 X 5)

+ 3.7 = 33.7 ohms and the current is to be I = 9.6 amperes,
Hence by the formula for E.M.F.,

= B I = 33.7 x 9.6 = 323.+ volts.
Ans. 323.+ volts.
Example. - The current passing in a certain circuit was 12
amperes and the E.M.F. was 743 volts. The circuit was made up
of 4 sections 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?
Solution. - Let x = the resistance of the fourth section, then

B = 16 + 9 + 26 + x

51 + x,

= 12, and B = 743. By

the formula for resistance,

B=

or,

51 + x =

74312
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If 51 + x = 61.9 we have, by transposing 51 to the other
side of the equation,

x = 61.9 - 51 = 10.9 ohms.
Ans. 10.9 ohms.
Example. -- A current of 54 amperes flowed through a circuit

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
= 4.07 ohms (approx.)
54

The resistance in the second must be,

R = _2° = 11.58 ohms (approx.)
19

The required resistance to insert in the circuit is the difference of these two resistances, or 11.58 -4.07 = 7.51 ohms.
Ans. 7.51 ohms.
Fall of Potential in a Circuit. Fig. 1 illustrates a series
circuit in which the resistances A, B, C, D and E 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 E. M. F. by the sum of all the resistances. Ohm's law

may, however, be applied to any part of a circuit separately,
as well as to the complete circuit. Suppose the resistances of
A, B, C, D and E 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 a
current of 12 amperes through the resistance A of 4 ohms is, by
applying Ohm's law, equal to E. RI. 4 X 12 = 48 volts.
Hence between the points a and b outside of the resistance A,
there must be a difference of potential 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
each part C, .D end E, there are required 72. 36 and 48 volts
respectively.

As 48 volts are necessary for part A and 36 volts for part B.
it is evident that to force the current through both parts a difference of potential of 48 + 36 = 84 volts is required ; that is, the
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voltage between the points a and c must be 84 volts. For the
three parts A, B and C, 48 + 36 -I-- 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 b and d would be found to be 72 36 = 108 volts, or
between d and e 36, 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.

eb
VVVVV P

A

)I

VVVVVV`

j

le

d

Fig. 1.

This gradual fall of potential, or drop as it is commonl3
called, throughout a circuit, 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 transmitting the current, depending upon their size and length, and it
is 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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ante of the connecting wires is 7 ohms. What must be the
E. M. F. applied to the circuit?

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

=12 .33 + ohms.
Ans. .33 + oums.
Divided Circuits. When a circuit divides into two or more
parts, it is called a divided. circuit and each part will transmit a
portion of the current.
Such a circuit is illustrated in Fig. 2, the two branches being
represented by b and c. 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 c. The current then
unites and passes through d to the negative pole of the battery.
The part c may be considered as the main part of the circuit and
b as a by-pass about it. A branch
which serves as a by-pass to an-

b

other circuit is called a shunt

(1<.

circuit, and the two branches are
said to be connected in parallel.
In considering the passage
of a current through a circuit of

a

Fig 2.

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

has 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, of the total current will pass through the first
branch and the remaining I 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
r1 (see Fig. 3), and that of the other is r2. Then by the preceding law,

current in r1 : current in r2

: r2 : r;

Also,

current in r1 : total current : : r2 : r1

r2

and

current in r2 : total current : : r1 : r1-1- r2
Let I represent the total current, i the 3urrent through the
resistance r1 and i2 the current through the resistance r2. Then
the two preceding proportions are expressed by the following
1

formulas:

Ira

and i2 =

Ir

1

rl r2
r1+r2
Example.-The total current passing in a circuit

is 24

amperes. The circuit divides into two branches having resistances of 5 and 7 ohms respectively. What is the current in each

branch?

Solution.-In this case I= 24, r1 = 5 and r2 = 7.

Sub-

stituting these values in the above formulas we have,

- r Ira r2 - 24 X 7

and1 r
is = r1I-{-r2

5 24+X

5+7

Ans.

- 14 amperes.

- 10 amperes.

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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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 ;
and the conductance of a divided circuit is equal to the sum of
the conductances of its parts.
For example, in Fig. 3, the conductance of the upper branch

equals rl
_1 and that of the lower branch equals 1. If R repreBents the joint resistance of the two parts then the joint conductance equals :
1

1
1

1

r1 + r2

r2

r1 r2

Having thus obtained the joint conductance, the joint resistance is found by taking the reciprocal of the conductance, that is,

- rr1 r2r2
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.

r2

Fig. 3.

For example, suppose the resistance of each. branch to be
2 ohms.

The conductance of the circuit will be,
1

R

= _1
2

1
2

1, and hence R = 1 ohm.

Also by the preceding formula,

B - 22

2
2

-

- 1 ohm.

The resistance of a divided circuit 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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What would be their joint resistance

Solution.-In this case ri = 3 and r2 = 7, hence by the
formula,

R - 3 X 7 - 2.1 ohms.

Ans. 2.1 ohms.

3+7
Suppose, as illustrated in Fig. 4, the conductors having
resistances equal to r1, r2 and r3 respectively, are connected in

Fig. 4.

parallel.

The joint total conductance will then be equal to,
1

=

1

1

r1

r2

r3 + r1 r2
+ r1 -r2 r3 +tr1
rlr2 r3
a

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,

ri r2 ra
r2 r3 + r1 r3 + r1 2'2
Example.-What is the joint resistance when connected in
R

parallel, of three wires whose respective resistances are 41, 52 and
29 ohms respectively?

Solution. - In this case r = 41, r2 = 52 and r3 = 29.
Hence, by the preceding formula,

X 52 X 29
R - 52 X 29+4141
X 29 + 41 X 52

- 12.8 + ohms.
Ans. 12.8 + 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 is:
1 , 1 , 1 , 1 __53
1
12

-

21

-r

28

-r

42

8

168

Hence the joint resistance equals:

It =53 = 3.1 + ohms.

Ans. 3.1 + ohms.

If the resistance of each branch is known and also the potential 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 potential 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 application of the preceding principles.
EXAMPLES FOR PRACTICE.
1. Two conductors having resistances of 71 and 19 ohms
respectively are connected in parallel, and the total current pass

ing in the circuit is 37 amperes.

What current passes in the

Ans. 7.8 + amperes.
What is the joint resistance of two wires connected in

conductor whose resistance is 71 ohms ?
2.

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 -

fleeted in parallel, whose separate resistances are 5, 7 and 9 ohms
Ans. 2.2 + ohms.
respectively ?
4. Three wires, the respective resistances of which are 8, 10
and 20 ohms, are joined in parallel. What is their joint resistAns. 3.6 + ohms.
ance ?
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 + ohm.
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Battery Circuits. Fig. 5 illustrates a simple circuit having
a single cell C connected in series with a resistance. This is the
customary manner of representing a cell, the short, heavy line

representing the zinc 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 circuit
must be considered. This is made up of the external resistance
11 and the internal resistance r, or the resistance of the cell itself.

If E represents the total E.M.F. of the cell, then the current
I which will flow is expressed by the formula,

E
R

r

It has been shown that whenever a current passes through
any resistance, there is always a certain drop or fall of potential.
The total E.M.F. above referred to, expresses the total potential 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

or loss of
voltage within the cell itself,
is

c

and hence the E.M.F. of the
cell on closed circuit is less than
on open circuit. That is, if the

Fig. 5.

voltage be measured when the
cell is supplying current, it will be found to be less than when
the voltage is measured on open circuit, or when the cell is supplying no current. The voltage on closed circuit is that available
for the external circuit, and is therefore called the external or
available voltage or E.M.F.
The external E.M.F. depends of course upon the strength
of current the cell is supplying, and may be calculated as
follows:

If the current passing is I and the resistance of the cell is
r, then from Ohm's law the voltage lost in the cell equals r I. If

E represents the total E.M.F. of the cell and E the external
E.M.F., then,

= E-rI
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The E. M. F. of a cell is understood to be the total E. M. F.
unless otherwise stated.

When two or more cells are interconnected 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 positive of that cell to the negative of the adjacent, etc. By this
method of connecting, the E. M. F. of each cell is added to that

of the others, so that the total E. M. F. of the circuit is three
times that of a single cell.

If one of the cells were connected so

that its E. M. F, opposed that of
the other two, it would offset

the E. M. F. of one of the cells

J

the resultant E. M. F. would
be that of a single cell. The connecting of cells in series as in

I

I

a

Fig. 6.

Fig. 6 not only increases the E. M. F. of the circuit but also
increases the internal resistance, the resistance of each cell being
added to that of the others. If E equals the E. M. F. of each
cell, r the internal resistance of each and R the external resistance, then the current that will flow is expressed by the formula,

I

3E
+3r

or for 9/, cells connected in series the formula for current is,

I_

.E

R nr
Fig. 7 illustrates two cells connected in parallel, and sup-

plying current to an ex ternal circuit. Here the
two positive terminals are
connected with each other
and also the two negative.

The E. M. F. supplied to
the circuit is equal to that
Fig. 7.
of a single cell only. In
fact connecting cells in paralki. is equivalent to enlarging the
1/4
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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 flow in the external circuit with two
cells in parallel is therefore,

1R +42: -

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

HRH
Fig. 8.

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

4r
4

Hence.

the formula for'current is,

4E
R -I-

41,

4

If there were n files connected in parallel and m cells were
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connected in series in each file, the formula expressing the current
in the external circuit would be.

E
B ±na r
n

where E is the E. M. F. of each cell, R the external resistance,
and r 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

Suppose it is desired to pass a current through an
external resistance of 2 ohms, and that Daniell's cells are to be
resistance.

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

r

2+3

- .2 ampere,

and with 5 cells all in series the current will be,

5E
5r

5

2+15

- .3 ampere (approx).

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
R +100 r

100

2 + 300

- .33 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 circuit of 2 ohms. The E. M. F. of the circuit will
then be that of a single cell and the current will be,

E
R+

1

2+

3

- 4 ampere (nearly),
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and with 100 cells connected in parallel the current will be,

E
11+

1

100

2

- .5 ampere (nearly).
100

A larger current is therefore obtained in this case by connecting the cells in parallel than by connecting them in series.
With a large external resistance on the other hand, a larger
current is obtained by connecting the cells in series. For example,
suppose the external resistance to be 500 ohms. One cell will
then give a current of .00198 ampere, and 5 cells inseries will
give about .0097 ampere, whereas 100 cells will give .125 ampere.

With 5 cells connected in parallel the current will be .00199 +
ampere, and with 100 cells the current will amount to approximately .002 ampere. With an external resistance of 500 ohms,
there is practically no advantage in connecting the cells in parallel.

The only effect of the latter method is to decrease the internal
resistance which is 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 n
in the formula on page 30, should be so chosen that II!: equals
n

B. This arrangement, although giving the largest current
strength, is not the most economical. With the internal resistance equal to the external resistance there is just as much energy
used up in the battery itself as is 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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This retardation may be decreased by having a high internal
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 R, equals .4 ohm and
.1 ohm. For maximum
current,

the resistance r of each cell equals
_m r

n

= R, or

.1 m
n

= .4

m=4n
and as m n = 16, the only values of m and n which will be true
for both of these equations are m = 8 and n = 2. Hence there
Therefore,

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
= 4, _R = 1.2, r = 3.8 and with 5 files and 4 in series, m =4
and n = 5. Hence, the current is,
mE
4 X 1.2
- .681 + ampere.
4 x 3.8
+rm
5

With 4 tiles and 5 cells in series, m = 5 and n = 4. Hence
the current is,
5 X 1.2
685 +ampere.

4 + 5 X43.8

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

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

4 X 3.8 - 3 04 ohms,
5

and with 4 files and 5 cells in series,
mr
5 X 3.8 -4 75 ohms.

-

4

The latter value is nearer to 4 ohms, which is the external resistance, than is 3.04, hence the larger current will be supplied with
4 files and 5 cells in series.
Ans. 4 files, with 5 cells in series.

Example.-It 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 E. M. F. of .8 volt and an
internal resistance of 1.3 ohms. What number of cells must be
used ?

Solution.-From page 28, the general formula for cells in
series is,

I - R n En r
and iii this case I= .025, E= .8, R= 921 and r

1.3.

Substi-

tuting these values gives,

n.8

.025 -

921 ± n 1.3
Multiplying by 921 + 1.3 n gives
23.025

.0325 n - n

Transposing .0325 n gives

.8 n - .0325 n = 23.025
.7675 n = 23.025

Or

hence,

n=

30

Ans. 30 cells.
EXAflPLES 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
Ans. 2 amperes.
ohms. What is the current ?
2. Six cells, each of which has an E. M. F. of 1.2 volts and
With an external
resistance of 10 ohms, what is the current? Ans. .116 ampere.
3. What is the current supplied by the same cells if joined
in series and the external resistance is 20 ohms ?
a resistance of 2 ohms, are connected in parallel.

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
.8 ampere. What is the available E. 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 supAns. 10.08 volts.
plying the same current ?

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,
6.

36 and 72 ohms resistance respectively are arranged to be connected.
to the poles of the battery. Find the current when each wire is inserted separately, and when all three wires are connected in parallel.
Ans. Through A, .29 ampere nearly ; through B, .15 ampere ;

through C, .091 + ampere ; and through all three, .31 + ampere.
7. A battery of 28 Bunsen cells (E. 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,
(c) when there are 2 files each having 14 cells in series, (d) when
there are 7 files each having 4 cells in series.
Ans. (a) 1.53 4- ; (b) .06 nearly ; (a) .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 quantity of electricity conveyed 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 = IX t
where Qi, the quantity in coulombs, I the current in amperes and
t 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, as it is equal to one ampere for 3,600 seconds.

From the formula Q =It, it follows that

I= Qandt= Q
Example.-A current of 18 amperes flows through a circuit
for 2k hours. What quantity of electricity is delivered?
Solution.-Reducing 21 hours to seconds gives 8,100 seconds,
and 8,100 X 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 current is 5,400 89 = 60.4- amperes.
Ans. 60. + amperes.
EXAMPLES FOR PRACTICE
1.

How many coulombs are delivered in 9 minutes, when

the current is 1711 amperes?
2.

Ans. 9,450 coulombs.

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 21 hours

when the current is 22 amperes ?
Ans. 60.5 ampere -hours.
Energy. Whenever a current 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 performed 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 performed in transferring one coulomb through a difference 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 energy expended is 2 joules. Likewise if 1 coulomb 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 Q E, or W = 1 _E t,
where TY is the work in joules, Q the quantity in coulombs, E the

potential difference in volts, I the current in amperes and t the
time in seconds.

By Ohm's law E R I and by substituting this value of E
in the equation for energy, we obtain the formula,

W= /2 R t,
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 current of 14 amperes, what energy is expended in 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 resistance, current
and time in the formula W=.- 12 B t, we have, W= 252 X .9 X
Ans. 1,012,500 joules.
30 X 60 = 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 33,000 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.= 1

t, and W=1-2 Rt.

By dividing each of these by the time t, we obtain the corresponding formulas for power as follows :

E, and P = 12 It, where P is the power in watts, 1
the current in amperes, R the potential difference in volts, and R
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

kilowatt-hour is a unit of energy, and is the energy expended in
one hour when the power is one kilowatt.
EXAT1PLES 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 voltAns. 8.1+ kilowatts.
age of the circuit 97 ?

A circuit has a resistance of 50 ohms and the current is
12 amperes. What power is expended in the circuit?
Ans. 7.2 K. W.
4. The voltage of an incandescent lamp circuit is 220 volts,
and the resistance 2 ohms. What power is expended in the circuit?
Ans. 24.2 K. W.
3.

NOTE. -First find current by Ohm's law.

Equivalence of Electrical Energy in Heat Units:

When-

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 into 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 circuit and the current are known,
the electrical energy expended may be 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 be the case if an electric motor were -connected to the
circuit, but this requires additional energy to that whiCh is dissipated 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 proportional 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 of
heat 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
calorie. Electrical energy may therefore be expressed in heat
units by multiplying the number of joules by .24 ; that is,

U=12 XRXtX.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.
EXAr1PLES 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.
2.

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 rlechanical Units. The
common unit of mechanical energy is the foot-pound, and from

experiment it has been found that one joule is equivalent to
.7373 foot-pound; that is, the same amount of heat will be
developed by one joule as by .7373 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 - 746 joules per second (approx.).
.7373
Hence one horse -power is equivalent to 746 watts. There-

fore.t4 find the equivalent of mechanical power in electrical
power multiply the horse -power by 746, and to find the equiva-
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lent of electrical power in mechanical power divide the number of
watts by 746.
EXAMPLES FOR PRACTICE.
1. A power of 287 watts is equivalent to how many horse-

Ans. .38 + H. P.

power ?

The voltage applied to a circuit is 500 and the current is
196 amperes. What is the equivalent horse -power of the circuit?
2.

Ans. 131+ H. P.
3.

What is the equivalent of 43 H. P. in kilowatts?

Ans. 32 + K. W.
4.

How many horse -power approximately are equivalent to
one kilowatt?
Ans. 11- H. P.
THE SUPPLY OF ELECTRICAL ENERGY.

Electrical energy is now made use of on such a large scale

for lighting, power, heating, etc., that it is generated or produced 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 houses
are built at convenient places and here are collected the generating, controlling and measuring 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. Here 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 receiving apparatus,
such as electric motors, lamps, heating devices, etc. A complete
system is therefore made up of three sub-divisions-the generating plant, the conducting mains, and the receiving apparatus.
Isolated Plants. Besides large central stations which occupy

one or more entire buildings and which are usually built and
designed especially for such purpose, there are the comparatively
small ant 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 electrical loss, which always occurs when a current flows through any
resistance.

This loss as previously explained, is equal to the

square of the current multiplied by the resistance.
The ratio of the amount of energy which a machine gives

out, to the amount which it receives is called the commercial
efficiency of the machine. For example, if the commercial efficiency of a dynamo is stated to be 80%, then 20% 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 beating, which 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.
Illustrative 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 92 % and that 1000 horse -power are imparted
to it by the driving engine. The output of the dynamo will be
.92 x 1000, or 920 horse -power, and this is equivalent to
920 X 746, or 686,320 watts. The energy lost in the dynamo
will be 80 x 746, 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 current must be 686,320 ± 1000, or 686 amperes approximately.
Now suppose the resistance of the conducting mains is equal
to .11 ohms. Knowing the current in the mains and the resistance, the loss therein is obtained by applying the formula ]2 R
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
634,555 watts.

The remaining loss to be considered is that in the electric
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Assuming the efficiency of the motor to be 90%, 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 receiving station is 765 horse -power. The efficiency 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 advantage for special conditions, and the selection of the type of machine and system of distribution depends almost entirely upon the
special circumstances. For example, a low voltage system is best
adapted for isolated plants, whereas for the transmission of power
long distances very high voltages are used. The various types of
machines, systems, etc., with their special advantages and disadvantages, will be fully considered in the following Instruction
Papers.

120

a.

.

C. & C. Electric Company

OPERATING DRY-DOCK PUMP

100 H. P. DOUBLE COMMUTATOR MOTOR WITH SERIES PARALLEL CONTROLLER

ELECTRICAL MEASUREMENTS
PART I- ELEMENTARY
SYSTEMS OF UNITS

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

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, universally 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 L3 in terms of a length L. In mechanics we use derived
units depending on length L, mass M, and time T. Thus velocity,
which may be measured by the ratio of length and time, has as dimensions L T', and acceleration L T-9. Force is more complicated and
may be defined in terms of the acceleration of a mass. The dimensions of force are then L M 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 r.
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 milliEvidently the meter was intended to be the
fundamental unit, the centimeter and the millimeter submultiples,
and the kilometer a multiple; but in the C. G. S. system the meter
becomes a multiple of the fundamental unit.
In electrical measurements the unit of resistance-the ohmis practically taken as 1,000,000,000 C. G. S. units; the unit of electromotive force (e. m. f.)-the volt-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 practical 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,meter (0.1 centimeter).

000,000, i. 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,
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 increase the current at the rate of one ampere per second than to maintain it, we say the inductance of the coil is one henry. The henry is
1,000,000,000, i. e., 109 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 versa, we make use of the relations between
them. One inch equals 2.54 centimeters; one pound mass equals

453.59 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 (.
1
in the opposite direction. In other
words the magnet, if free to move, tends
to take a direction across the conductor.

In the case of a long, straight wire the
lines of force are circumferences of circles with the conductor at the center. Fig. 1. Oersted's Experiment.
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; i. 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
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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 coil
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. If the thumb of the right hand is
placed along the outside of the conductor pointing in the direction

Fig. 3.

Fig. 2. Tangent Galvanometer.

Diagram of D'Arsonval
Galvanometer.

of the current, the fingers of the hand may be curled around the conductor and will point in the direction toward which the north pole of
the magnet will be urged by the field produced. A similar arrangement 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 horse -shoe type with the coil of wire between the
poles a similar rule will determine the direction of motion. Galvanometers 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 not quite equal
strength, care being taken to turn the poles in exactly opposite directions. This is very important. One magnet is placed at the center of the coil through

which the current is sent and the other
magnet is above or below the coil and influenced relatively little by the current, Fig.
The directive action of the earth's

4.

magnetic field is little on such a systemcalled astatic-and a small current conse-

Fig. 4. Astatic System.

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 magnet. 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,
Fig. 5. Section of Suspen-

sion or Portable Galvanometer.

one above and one below in the unifilar suspension.
Less sensitive galvanometers may have their

moving parts mounted on pivots or other bearings, and in such galvanometers 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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Such instruments are provided with some damping arrangement 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
volts.

made with moving parts of little weight.

It 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 convenient 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 telescope 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 excellent galvanometer 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

Fig. 7. Ballistic D'Arsonval with Telescope and Scale.

by changes in the magnetic field, even if of as great amount as produced 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 galvanometers with moving magnets, the use of the control magnet is sometimes 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 galvanora-
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eter, as a rule, are somewhat deflected because of the presence of the
control magnet. If 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 galvanometer 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. In some poorly
adjusted galvanometers, the control magnet may produce the contrary 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 correct 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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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 deflection 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
fleets.

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 important, 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 accomplished by mounting vanes on the system so that the air in an enclosed
chamber impedes the motion, or by electromagnetic damping produced 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 sensibility 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 If in place of the magnet of a galvanometer, 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

4

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 depend 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
Fig. 8. Diagram of Plunger Instrument.
instrument. As the iron
has a certain amount of residual magnetization, the deflection with
smaller following large currents is more than would have been produced 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 replaced 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.
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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
head necessary to restore the moving coil to
its zero position. A direct current producing
the same deflection as an alternating current
is said to be the effective value of the alternating current. Fig. 9 illustrates the usual
type of electrodynamometer. Fig. 10 illustrates another form invented by Lord Kelvin
and called a Kelvin balance. The figure shows
the connections viewed from the back of the
balance. The fixed coil is subdivided into

Fig. 9. Electrodynamometer Diagram.

four parts B, and the moving coil into two
parts A, 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.
T
-I '

,-

...

t../.-L............
:

-

B
Fig. 10. Diagram of Coils in Kelvin Balance.

Tile action of the current is thus weighed, and the square of the current 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 effect of dividing the two parts of A 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 between electrostatic charges of opposite signs. The only electrometer
which we shall describe is the electrostatic voltmeter which consists of

fixed and movable metallic 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 proportional to the potential
difference between them

m. f. applied-and a
certain attraction results
therefrom. If the vane
is allowed to move, the
electrostatic capacity of

IT

ink

11111-aill
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the combination increases somewhat, thus
Fig. 11.

Electrostatic Voltmeter.

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 instruments 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 be
used to charge the fixed surfaces, and the e. m. f. to be measured may

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
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the general scheme more clearly than better and more complicated
electrometers.

Hot Wire Instruments. If current passes through a wire, a
heating effect results and the wire lengthens because of its rise in
temperature. If a pointer is held in a position of equilibrium between
turning moments produced by two wires pulling on 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. It 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 voltmeters (high resistance). As a rule hot wire instruments are used for
alternating currents. They are usually less accurate than electrodynamometers of the best types.
Wattmeters. We 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 delivered 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 resistance) whose terminals are A 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 a and b, and produce a second current proportional
to this e. 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 resistance 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 i and b are used. The
resistance of S is equal to that of F. 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 alternating 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);
Load
consequently when dealing with al -

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 voltmetgr
Fig. 12.

Diagram of Wattmeter.

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

a line on a disk or roll of paper
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 ammeters -on

the market. A re-

cording ammeter is shown in
Fig. 13.

Integrating Watt -Hour Meters. Integrating meters show
the total consumption of the thing
Fig. 13. Recording Ammeter.
to be measured; for example, integrating 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
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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 proportional to the power in watts, and the product of 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 designed for the circuit on which
it is used. The essential factors of the circuit are the e. m.
f., maximum current, whether
direct or alternating current is
used, etc. In a three -wire sys-

tem a single meter may be
designed to measure the power
of the two or three circuits involved.

Integrating Ampere -Hour
Meters.

Fig. 14. WattHour Meter.

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 insulators, and those interposing relatively little resistance, as conductors.

Metals, as a rule, are the best conductors. The metals most used
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 immersed, the metal plates being connected to the terminals of the circuit. Such metal plates are known as electrodes. This last arrangement 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
1111111111111111101
11111111111

electrode may be brought

nearer the other when it is desired
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 resistance have a certain exact value,

41
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metals are the only practical materials to use. Coils of wire ex-

Fig. 15. Rheostat for Varying the Cur-

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 0.4% 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.
rent in Any Circuit.

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 resistance when cold is about twice as much. Carbon and solutions,
unlike metals, are better conductors when hot than cold. It 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, i. e., if the current is made to pass through one

after the other, the resistance of the combination is twice that of a
single lamp.

On the other hand if the lamps are connected in parallel,

i. e., if the current divides between them, the
resistance of the
combination is
only half of that
of a single lamp.

N)(11,,lz, \'1111111I ME,

This result is

1111111111111
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evident as the

1111 11_47,
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same e. m. f. pro-

duces twice as
much current in
two lamps as in
a single one. In

the same way

ten h,mps in

Fig. 10. A Standard Resistance Coil.

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
paths in parallel offered
to it, the current divides
in inverse proportion to
the resistance or, as more
Fig. 17.

A Standard Resistan?e Strip.

simply expressed, in direct 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 shunt is ten. If the galvanometer 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,

if the resistance of the shunt is

1

m-1

of that of the galvanometer,

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 of its former value, i.

e.,

tom

of the resistance of the galva-

nometer itself; the resulting fall of potential over the galvanometer

and shunt is, therefore, only mas 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 T1-0, TIT, or
of the current to pass through the galvanometer.
T
OHM'S LAW

In 1827, Dr. G. S. Ohm of Berlin published a treatise, now
famous, entitled The Galvanic Circuit Investigated Mathematically,
in which he announced the fundamental law of electric circuits now

known as Ohm's law.

This is usually stated in the algebraic

formula:

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. If any two of the three quantities involved
are known, the third may be found by solving the equation. Thus,
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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 comparison 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 A 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. Inductance and capacity effects are by these
means reduced to a minimum. The ends of
the coils are soldered to brass pieces as C, D,

Fig. 18. Resistance Box Coils
Showing Non -inductive
Winding.

E. Removable conical plugs F and G of brass are made to fit accurately
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 A will then be inserted in the circuit; if G is also withdrawn then
coils A 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 + 10 + 5 + 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 galvanometer 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 inserted 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-

eter should be
but a few ohms,
otherwise small
resistances can-

not be measured

closely. Only

small currents

Fig. 19. Theoretical Diagram of a Wheatstone's Bridge.

should be used so
that the error
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 C, wires connect with
a battery E. A galvanometer G is connected between the junction

points B and D. The current from the battery divides at A 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 A and C must of course be the
same in amount through the resistances M and X as through N and
P. If 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 M 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
X
M
lcr =

If M, N, and P are known resistances, the resistance of X is readily
found by the formula,

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

0
10

coils P for obtaining a balance

usually has resistances of 1, 2,

2, 5, 10, 20, 20,
50, 100, 200, 200,00,

5

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

H 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 substituted 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
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Fig. 24. 4 -Point Contact Key.

scale, is deflected-say to the right, and the resistance is probably too
large.

The 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 X 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. Hence 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

Fig. 22. Portable Testing Set.

successively withdrawn, the last two ohms proving to be too great.
This is replaced and the 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 TWO- 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 approximately and the required ratio between M 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 M 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 considered.

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. It
is, however, impossible to construct a
portable galvanometer of sufficient sensitiveness for these measurements, and the
Fig. 23. Reversing Keys.
actual limits are from .001 ohm to 300,000 or 400,000 ohms.
The reversing key, shown in Fig. 23, consists of the blocks M, 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
X
M
= --

or X = - A

.L

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

or X =NAP
X'
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, balancing and reversing. Unless the resistance of the coils inserted in
M and N are exactly equal, the system will be unbalanced after reversing.
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The galvanometer, the needle and scale of which are shown at
the left in Fig. 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 connected beneath

the top at the
right by a heavy

copper rod and

constitute the
rheostat arm, or

what corresponds to P in

the formula.

Fig. 24. Diagram of a Testing Set.

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 A in Fig. 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 combination 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 resistance connected between B and C, when the plugs are withdrawn
as shown in Fig. 24. What is the value of the unknown resistance?

147

ELECTRICAL MEASUREMENTS

26

Solution.

The reversing key is arranged so that M is connected
with P and N with X, hence
X-=P, or X= -N

.N

XP

In the figure N = 100, M= 10, and P= 2,000 + 1,000 + 300 +
200 + 100 + 30 + 3 + 2 = 3,635. Therefore

X=

110
00

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. Moderate 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.

F

IiiiHRUI111111111
Fig. 25.

--

IThimmomamil

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 powder should be entirely removed with a clean cloth before the plugs
are replaced. Sand paper or emery cloth should "lever 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. Fig. 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. Heavy 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 X. Openings at A and A' are closed by heavy
metal straps for the usual method of use, or in more complete methods

by resistances which aye, in effect, extensions of the bridge wire.
The battery and its key are connected between B and B, and the galvanometer between G and G. 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 commutator 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 connected to the left end and X to the right end of the wire, when a balance
is reached we have

or X= R 100 - a

a

X
100 - a'
a
If the commutator is reversed and the new reading is a' we get

X=R

100 - a'

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 connections are of negligible resistance, will result in greater error in the
final formula. For 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 R as nearly as possible equal to X. 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 A and A'. These are in effect extensions
of the bridge wire. Call these resistances equal to A and A' cm. of the
wire. When a balance is obtained at the points a and a' for the two
positions of the commutator, we have
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- a and X -R A + a'
X -R A' +100
A+a
A'+ 100 -a'
While it is still of advantage under these conditions to have a
and a' somewhere near 50 cm. it is no longer necessary, for with the
bridge wire extended by A 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 extensions, and no balance can be obtained. It ;s necessary then to adjust 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.
Example. If with the openings A and A' closed with straps of
negligible resistance and a resistance of 150 ohms for It, the mean

balance point comes so that a = 68.4 cm. and b = 31.6 cm., what
is the value of X?
Ans. 69.3 ohms.
Example. If A and A' are equivalent to 500 cm. each, and R =
150 ohms, and the mean balance point makes a = 68.4 cm., and b=
31.6 cm., 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 resistances, for the lead wires (lead-

ing in wires) used in connecting

inn

the unknown resistance to the

bridge may have more resistance
than the unknown. The ammeter -voltmeter method is that
most generally used. The apFig. 26. Ammeter -Voltmeter Method of
Low Resistance Measurement.
paratus is connected as shown in
Fig. 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 voltmeter, and the current I by the ammeter. Ohm's law then gives
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R - IAmmeter -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 V

, should be
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 voltmeters give the value of the resistance, usually marked on the voltmeter case; but the error resulting from neglecting the correction is
generally immaterial. Instruments of suitable range should be

ness this current, equal to

used.

Example. The reading of the ammeter is 50 amperes, that of
Ans. 0.03 ohm.
the voltmeter 1.5 volts; what is R?
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 voltmeter 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 ohms, reads 110 volts; the ammeter, 0 to 1 amperes range,
Ans. 220 ohms.
reads 0.5 ampere. What is the resistance R?
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 main instruments 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
The resistance of the galvanometer both alone and combined with its shunts must be known. That of the battery and the
connections is usually neglected. The connections are shown in
available).
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Fig. 27.

The known resistance R is first connected in series with the
galvanometer G 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 suitable deflection of the galvanometer

and from this deflection what is
known as the constant is calculated.

The value of this constant is the

rrresistance that must be inserted in

RorX

Fig. 27. Direct -Deflection Method of

High Resistance Measurement.

the circuit to reduce the deflection
to one scale division. The value
of the constant is therefore equal to

the product of the total resistance, assumed to be R +-G , the scale
m

deflection d, and the multiplying power of the shunt m. We thus get

Constant = (R + -m) d m
As an illustration, suppose R = 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 be 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
I-6- 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-

(R + 77)d 7n,

31

G

- -= 40.006 megohms
d, m,
m1
Neglecting the resistance of the galvanometer in both cases, a simpler
formula would give
Rdm

X-

- 40 megohms

di m,
It may be noted that the difference between these results is an amount
corresponding to a difference in deflection of 0.0075 of a single scale

division, which is far smaller than the probable error which any
observer would make.
formula,

It is then clearly permissible to use the simpler

X-

Rdm

d, m,
Example. In a high resistance measurement by the above
method the known resistance was .2 megohms, and gave a deflection
of 237 divisions, the multiplying 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

is that in which a sensitive high
resistance voltmeter such as the
Weston is used. This method,
however, is not as accurate as the

preceding and is not adapted to
measurements of resistance greater

than a few megohms. The volt-

WV\XMAi

Fig. 28. Voltmeter Method of High
meter is connected in series with
Resistance Measurement.
the unknown resistance and a
source of constant e. m. f., as shown in Fig. 28. With such an arrangement the resistance X 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 electromotive

force V is known, the drop in X will be V - v. We therefore have
the proportion,

X:R::V-v:v, and
X - V -v
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The voltage V, 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

V = 110, v = 6, and R = 15,000,
therefore

X-

1106 -6

X 15,000 = 260,000 ohms, or .26 megohms
Ans. .26 megohms.
The
measurement
of
insulation resistInsulation Resistance.
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 defi3ction 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 resistance X being replaced by the insulation of the circuit. This is accomplished 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 resistance 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 included in the circuit.

Insulation resistance decreases with increase of
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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. Secondary 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 property is known as electrification. For.this reason the deflection should
not be read until after a certain period of electrification-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 case of submarine cables and lead covered cables used
on land, the whole of the insulation is subjected to the electric 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 immersed in the tank is practically the resistance of the insulation. Fig.
27 shows the arrangement of the apparatus. As a cable takes a certain 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, Fig. 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 deflection 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 shortcircuit the galvanometer. 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 current 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 capacity 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. E1 volts and capacity
C microfarads produces a ballistic throw d1, and if an e. m. f. of E2
volts produces a throw of d2 on closing the circuit through the insulation

under test after the circuit has been open for t seconds, ignoring the
resistance of other parts of the circuit, the insulation resistance is

X-

E., X d, X t megohms
E: X d, X C

Example. If E1 is 1.44 volts, C is 0.5 microfarad, d1 is 28.8 cm.,
E2 is 100 volts, d2 is 20 cm., and ti is 60 seconds, what is X?
Ans. 12,000 megohms.

As a rtite 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 multiplying 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 insulation resistance as a quarter of a mile of cable.
In the case of lead covered cables, no tank is required, as connection may be made with the lead covering instead of the immersed
metal plate before mentioned.
Resistance of Lines. Telegraph, telephone, and power transmission lines may be measured in place to best advantage if one or
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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 best available. 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 complicate the problem. When a

second line of resistance X2 is
available, that and the unknown
resistance X1 may be connected

together at the distant end and
the combined resistance R, which

equals X,-FX measured. Next,
the distant junction may be
grounded and the two wires con-

/5'2

nected as the proportional arms
of a Wheatstone's bridge, as
illustrated in Fig. 29. The resistances in the other proportional arms are R, and R2. One
terminal of the battery is ground-

Fig 29.

Bridge Diagram for Line Resistance Measurement.

ed. When a balance is obtained the proportion of the whole resistance R in X is

-R R, R,+ R,
In a similar way, X2 = R

R, + R,
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 available 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 R2 = 1,127 ohms, the proportion being
R1: R2:: X,: X2. What are X, and X2?
Ans. X, = 116.6 ohms; X2 = 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 resistance from the testing station to the point where the wire is
grounded. X2 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

Xi -R

+1

R,

As a rule the resistance of every line is part of the office data,
and therefore R = X, + X2 is known in advance and need not be
remeasured. As the resistance per mile is also usually part of the
office data, the actual distance corresponding to X, 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 repaired.
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 microfarads (see Capacity Measurements later) can be used to determine 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
is connected, as shown in Fig. 30,

to the terminals of the battery.
With the key K open, V1-the e.
m. f. of the battery-is measured.
The key K is then closed and V2

-the reading of the voltmeteris observed.

current is

V

By Ohm's law the
A part of the bat-

Fig. 30. Voltmeter Method of Measuring

Battery Resistance.

tery's e. m. f., equal to V1 -V is

now lost inside the battery becduse of the resistance X of the bat tery. We then have the relation,

V, - V, = X2 and
R

X = R V'-V2 V2
If the resistance R is not known, an ammeter may be introduced
into the circuit in series with R, and the current I measured directly.
Then

XI=

-

- V2, and
V - V2
2

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 introduce any error. If the battery resistance is large this error is not
negligible and a sensitive high resistance galvanometer with considerable additional resistance, perhaps 100,000 ohms besides, may
be substituted for the voltmeter. If the deflections of the galvanometer in the two cases (open and closed) are d1 and d2, we then have

X = R d' - d,
d2

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

159

38

ELECTRICAL MEASUREMENTS

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 V, and V2 or d, and d2 will make their
difference V, - V2 or d, - d2 many per cent in error.
Example. A cell has an e. m. f., V, = 1.47 volts when S is open
and 1.12 when S is closed. R is 5 ohms. What is X?
Ans. X = 1.56 ohms.
Mance's Method. Another method is Mance's method, in
which the battery, whose resistance X is to be determined, forms one
arm of a Wheatstone's bridge, as indicated in Fig. 31. No key is
placed in the galvanometer branch and no additional resistance, in

the branch which includes the key S. The
resistance in R3 is adjusted until the galvanometer does not change
its deflection on closing

the key S. It is usually
necessary to put considFig. 31. Bridge Diagram for Mance's Method.
erable additional resistance 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 decrease in the potential difference between the terminals of R3 due to

this path being robbed of a part of its current because of the new
path. Otherwise the potential difference at the galvanometer terminals, which is the difference of the potential differences over the two
arms, would change and the deflection change. Similar reasoning
applies to R, and R2, only here the difference over R2 increases by
just the amount that that over R, falls, thus keeping the total amount
constant for the combination of R, and R2. 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 R3 must be equal
and so also the changes in R2 and X. It follows then if the galvanometer deflection remains constant whether S is open or closed, that
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R, : R, : : Rs : X, or

X-

R2 X R3

Should the battery polarization change on closing the key S, the
galvanometer deflection will change. For this reason the key S
should be closed for an instant only.
Besides these methods there are excellent methods in which
alternating currents are used, but they 'are too advanced to be described in this course. Such alternating -current methods should be
used in measurement of the resistance of solutions (so called electrolytes) which are decomposed by a direct current.
MEASUREMENT OF ELECTROMOTIVE FORCE

Voltmeter Method. The simplest method of measuring an electromotive 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 e. in. f 's the millivoltmeter, 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. It 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 72 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
multiplier is 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 resistance 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 e. 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, each 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 before connecting
it in circuit. The circuit has a high resistance and the effect of polarization of the battery B quickly reaches its limit and a steady current I
flows through the circuit. If the resistance in box M is R ohms, that

in box N is (10,000 - R) ohms; 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. S, is connected in
series with some high resistance A, a sensitive galvanometer G, and
a key K. In general, on
closing the key K the galvanometer will deflect; but
if the resistances in M and

N are adjusted until the
potential difference over M
is exactly equal to the e. m.
f. of the cell S, the latter is

in perfect balance and can
neither supply current to
the general circuit supplied

by B nor can current be
forced backward through
Method of Measurement
the cell S. In that case the Fig. 33. Potentiometer
of E. M. F.
e. m. f. of S equals the fall
of potential through M, and, calling R, the resistance in M,

S = I R,
If now a second cell of unknown e. 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 = I R,
It follows that

= S -2
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 occurred in the main battery B. Precaution should be taken in setting
up the apparatus that B is greater than either S or X 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.
Example. With a total resistance in III and N of 10,000 ohms
of which the resistance in M was R, = 5,267 ohms, when the standard
Clark cell of 1.433 volts was in the galvanometer circuit, and the
resistance was R, = 5,470 ohms when the Leclanch6 cell was in the
galvanometer circuit, what is the e. m. f. X of the Leclanche 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 extreme terminals of M and N, the potential difference V between the
terminals of the voltmeter would have been

V = 10,000 I = 10,000
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 extended to various points of the voltmeter by changing the e. 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 desirable to increase the total resistance in M and N beyond 10,000 ohms.
For example, if the e. m. f. produced by B at the terminals of the voltmeter 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 M. As most boxes have one ohm

for their smallest resistance, a greater per cent of accuracy is obtained 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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d,
d,

d,

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 is 5 + 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 condenser 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 Fig. 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
the condenser equal to B X C. If,
Method of Measurenow, a cell of unknown e. m. f. X is Fig. 34. Condenser
ment of E. M. F.
substituted for B, the deflection
d2 will be a measure of the charge of the condenser now equal to
X X C. It follows that

X=B

-d2-

d

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 d2, and it is difficult to get results
much closer than, say, 4- of 1%. The potentiometer method will
give results easily to TDiur of 1% 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 voltaic 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 electrolyte; and must undergo a chemical breaking
up, called electrolysis, with chemical action on one or both electrodes 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 sulphuric 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 (H20) 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 Leclanche 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 attention. 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 recommended 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 Helmholtz, 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 the result that the principal countries
(in electrical matters) have never agreed on a form for the cell.
It has now been displaced by the Weston cell, which, in 1908, was

recommended by an International Conference in London as an
international standard. It is now known that the Clark cell has an
e. m. f. slightly below 1.433 volts, instead of 1.434 volts as thought in
1893. The normal Clark cell uses as materials zinc amalgam in a
saturated aqueous solution of zinc sulphate, with an excess of zinc
sulphate crystals present, and pure mercury in the presence of mercu-

rous sulphate in the form of a paste which acts as the depolarizer.
The action of the cell is to form more zinc sulphate and reduce some
of the mercurous sulphate to mercury, or vice versa, when the current
flows in the direction of the e. m. f. or is driven in the opposite direc-

tion by a greater outside e. m. f. The principal objection to the
normal Clark cell is that its e. m. f. changes by a considerable amount
with change in temperature, falling about 0.08% for every Centigrade
degree rise in temperature.

The Weston normal cell is similar to the Clark cell except that
cadmium replaces the zinc, and cadmium sulphate the zinc sulphate
The Weston normal cell has a much lower temperature coefficient
than the Clark cell, its e. m. f. falling about 0.00406% for each Centigrade degree rise above 20° C. and vice versa. The e. m. f. of the
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Weston normal cell at 20° C. was recommended by the London
conference of 1908 to be taken provisionally as 1.0184 volts.
Storage Cells. Many voltaic cells when exhausted, may be re -

Charged by forcing current through the cell in the reverse direction
by the application of an outside e. m. f. greater than the e. m. f. of
the cell. Such cells are called storage cells. In general only such
cells as form no new kind of material when discharging are reversible,
and evidently a cell to be charged and discharged repeatedly must be
reversible.

All standard cells must be reversible. Reversibility, however,
is not the only requirement of storage cells to be used commercially.
Other qualities required are low internal resistance, large capacity
for charge measured in ampere hours in comparison with size and
weight, long life under service, ability to stand without harm in open
circuit, moderate cost, etc.
The storage cell most used commercially has both plates of lead

with dilute sulphuric acid as electrolyte and lead peroxide as the
depolarizer. The lead peroxide is a solid or paste which adheres to
the positive pole of the battery. The e. m. f. of a lead cell is about
2.2 volts when fully charged and may safely be discharged until its
e. m. f. is reduced to 1.8 volts. When the cell is charged one plate
has a deposit of lead peroxide, and the other has a spongy texture,
due to its reduction from an oxide or a sulphate of lead in its previous
history. When the battery is discharged, the sulphuric acid is electrolyzed; the hydrogen formed reduces some of the lead perox-

ide of the positive, and the sulphion forms some insoluble lead
sulphate from the negative. The sulphuric acid becomes more
dilute. On recharging the cell the lead sulphate is reduced to
spongy lead at the negative, some additional lead peroxide is
formed on the positive, and the density of the sulphuric acid increases. For details as to the manufacture of the various varieties
of lead cells and other storage cells, the reader is referred to works
on storage cells.
To increase the capacity of a cell the negative consists generally
of a number of plates connected together both electrically and mechan-

ically, and the positive consists_ of one plate less in number and
connected together in the same manner. The positive plates are
interlarded between the negative plates.
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Storage cells are also called secondary cells or accumulators by
some writers.
Batteries. The word battery is technically used to mean a group
of cells. In common parlance the word is used sometimes to mean a
single cell; but this use is not to be recommended.
MEASUREMENT OF CURRENT
Electrodynamometers. In the choice of a unit of current, it wqs

decided that a unit of current in a straight conductor at right angles
to a unit magnetic field, should exert a force (at right angles to both
the directions of current and field) of one dyne per unit length of the
conductor. As mentioned earlier, this unit of current was thought to
be inconveniently large by the committee of the British Association
for the Advancement of Science, which had the matter of electrical
units in charge, and as a consequence for practical purposes they
recommended that one -tenth of this theoretical unit should be taken
as the practical unit. The latter unit is called the ampere. As the
magnetic field due to the flow of 'an electric current in coils, may be
computed from the data of the coils and the current, it is evident that
absolute electrodynamometers may be made to measure current without the intervention of other electrical measuring apparatus. These
absolute electrodynamometers may take various forms, including
that of current balance. By means of an absolute electrodynamometer and a standard resistance, the e. m. f. of standard cells may
be determined with a high degree of accuracy according to the
principle of Ohm's law.
By comparison either directly with the standard electrodynamometer or indirectly by means of standard resistances and standard
cells, other forms of electrodynamometers and all forms of ammeters
may be adjusted so as to read amperes. It is evident from the above
that as more improved absolute electrodynamometers are constructed,
we may expect greater exactness in the determination of the e. m. f.
of the Weston normal cell, which for the present is taken as 1.0184
volts at 20° C.
Ammeters. An ammeter is a galvanometer graduated so that
it reads current directly in amperes. This graduation is obtained
directly by comparison with either an absolute electrodynamometer
or indirectly by means of a standard cell and standard resistances.
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Ammeters for any desired range of current are on the market, and
the accuracy of their readings is in proportion to the care with which

they have been constructed and calibrated. Even the best are
moderate in price and the poorest should not be one per cent in error.
Ammeters to measure large currents carry the main portion of
the current through shunts which differ theoretically in no respect
from the shunts used with other forms of galvanometer.
To measure current by means of an ammeter involves introducing the instrument into the circuit, care being taken to connect the
terminal marked + to the positive terminal of the source of e. m. f.
The exact position of the ammeter in an undivided circuit is not important, as the current is the same throughout the circuit. Care
should be taken that the ammeter has a range which the current does
not exceed; otherwise the pointer may be bent or even the ammeter
may be burned out by the action of excessive current. An ammeter
has an exceedingly small resistance, and to connect an ammeter without additional resistance between the terminals of a dynamo or a
battery is to produce a short circuit practically. Excessive current
will flow through the ammeter and it probably will be destroyed.
Ammeters designed for direct -current circuits cannot be used
on alternating -current circuits. Some forms of A. C. ammeters may
be used on D. C. circuits; but as a rule ammeters should be used on
the type of circuit for which they are designed.
Calibration of Ammeters. An ammeter may be compared
directly with another in the same circuit by putting them in series and
observing their readings with various values of the current. The
current may be varied by changing the resistance in the circuit or the
e. m. f. The potentiometer method may be used to calibrate an ammeter.
Potentiometer Method. The most exact method of measuring a
current, assuming that the e. m. f. of a standard cell and the resistance
of standard coils are known, is the potentiometer method. This is
not an absolute method. The arrangement of the apparatus is somewhat complicated; but if it is compared with the potentiometer

Method as used for the comparison of e. m. f.'s (page 41) it
will be seen that the commutator C, Fig. 35, is used to insert in
the galvanometer branch either the standard cell of known e. m. f.
S or a potential difference over a known resistance R due to the
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The current I may be passed also
through an ammeter A in circuit with R, a rheostat and an

current to be measured I.

auxiliary battery B2 which causes the current I to flow through the

In the lower part of the diagram the galvanometer G
and, if desired, a high resistance to protect the galvanometer, are
connected between the left end of the commutator and one terminal of the resistance.
box L; the right end of
11111
the commutator is connected to the other tercircuit.

minal of L.

The auxil-

iary battery B1 serves
to send a constant current through L and M,

tf,

whose combined resistance is kept constant at,
say, 10,000 ohms. In

setting up the apparatus, 10,000 ohms should

be inserted in L and M
before connecting the

Fig. 35. Potentiometer Method of Current
.

batteryBi; otherwise the

Measurement.

battery will become badly polarized due to an excessive current.
This precaution is very important. When a balance is obtained no
current passes through the galvanometer on closing the key K.
The order of procedure is as follows: first, connect S in circuit
by means of the commutator C and shift resistance from L to M, or
vice versa until, an closing the key K a balance is reached, as indicated

by a zero deflection of the galvanometer. The fall of potential
through L, which under these conditions is exactly equal to the e. m. f.
of the standard cell S, is then equal to its resistance R1 multiplied by

the current I from the battery B1, or S = R, Ii; second, close the
upper circuit by K2, reverse the commutator to the position shown in

the figure by dotted lines, which throws the p. d. over R into the
galvanometer circuit. Adjust L and M until no current flows through
the galvanometer on closing the key K1. The total resistance in L
and M is still kept 10,000 ohms. The resistance in L now has a value
113, and the potential difference over L is now R2I, and is also in the
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galvanometer circuit. If no current flows through the galvanometer,
R2 I, must exactly equal and oppose the fall of potential R I over the

resistance R. We then have
S = R1 I1, and R I = R2I1,
or, combining these equations,

S
- I - RR2XXR,
By adjusting the rheostat in the upper, or the battery B2 circuit,
the current to be measured I, and consequently the point at which the
calibration of the ammeter is desired, may be changed at will. The
only limitation is that the battery B1 must have a higher e. m. f. than
the standard cell's e. m. f., and also higher than the largest p. d. over
the resistance R.

As the e. m. f. of B, may be increased, if necessary, by introducing additional cells into B1, there is no limit to the current I (in the

upper circuit) which may be measured. In the case of very large
currents the standard resistance R should be of relatively low resistance. If too much heat is developed in R its temperature may
rise with consequent change of resistance.
Standard resistances are made of manganin which will carry

any reasonable current without undue heating or change of resistance. These standards are arranged so that the wire may be'
immersed in an oil bath (pure petroleum) which may be kept
stirred so that the heat may be carried away. A thermometer in
the oil bath may be used to measure the temperature. Allowance
thus may be made for any change in resistance due to change in temperature.
Such standards are made by the best manufacturers for 100, 10, 1,
0.1, 0.01, and 0.001 ohms resistance. Standard resistances calibrated
by the Bureau of Standards at Washington are moderately expensive,
but the cost is not higher than the cost of manufacture and testing at
the Bureau would warrant. The certificate which accompanies each
coil states the resistance at 20° C. and the change of resistance per
degree change of temperature.
Silver Voltameter Method. If a current is passed through a solution of silver nitrate, each ampere deposits 0.001118 gram of silver
from the solution each second. This is closely equal to 4
giams
per hour. The silver voltameter is very difficult to handle with the
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degree of accuracy that is necessary for good results, so it is not
recommended for general use.
To set up a voltameter, a platinum bowl is used as a cathode and
a plate of pure silver as an anode. The electrolyte, 15 to 20 parts by

weight of pure silver nitrate added to 100 parts of distilled water, is
placed in the bowl, and the anode immersed in the solution. A current density of k ampere or less per sq. cm. is allowed at the anode,
and of
ampere or less per sq. cm. at the cathode. Care is to be

taken that no particles of silver mechanically detached from the
anode shall reach the cathode. This may be accomplished by
wrapping the anode in clean filter paper.
Before weighing the cathode to determine its increase in weight,
any trace of the solution must be. removed by careful working with
distilled water and the cathode dried. This seems easy, but it is difficult, in fact.
The solution should be made anew for each experiment.
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ELECTRICAL MEASUREMENTS
PART II-ADVANCED
MEASUREMENT OF CAPACITY

Ballistic Galvanometer. In the measurement of the capacity
of a condenser by the methods given in the subsequent pages, the
charge of electricity from the condenser is allowed to flow as a momentary current through a galvanometer, giving the suspension a
sudden kick. In order to calculate from this deflection the quantity
of electricity in the condenser, it is necessary to assume that the
galvanometer suspension is so heavy that it will not have moved
very far before the charge has completely passed. This requisite,
viz, a heavy suspension, is the distinguishing feature of the ballistic
type of galvanometer. (See Fig. 7, Part I.)
As a rule the methods of measurement involve only a comparison
of the deflections produced in the ballistic galvanometer by charged
condensers of known and unknown capacity, so that, as long as the
capacity of a standard condenser is known, the unknown factors,
the galvanometer constant, etc., are unimportant. Nevertheless it
may be instructive to know how these unknowns can be determined
and the deflections can be made to give the actual quantity of electricity in the given condensers.
Because of the fact that the deflection of the galvanometer is not
proportional to the current which produces the deflection, it is necessary to know the factor called the constant of the galvanometer before
measurements can be taken. This constant is used in various forms
but can be briefly stated as the constant ratio between the current and
the deflection produced by it. When put in more definite form it can
be given as follows:

K

2ID
d

in which I is the current flowing in the galvanometer, D is the distance
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from the galvanometer mirror to the scale, and d is the deflection produced on the scale.
With this in mind let us consider how to find the quantity of electricity Q from the throw 0 of the galvanometer, the galvanometer contant K, and the half period of the suspension.
As has been stated above, while
the quantity Q is passing through
_tee, the galvanometer, short though
61'

2

Bg

es

it may be in duration, it constitutes a current and the magnetic
effect of this current exerts a
turning moment on the coil.
If I represents the mean value

of this current, then the mean
moment of force Fh acting on the
coil while the current is flowing is

Fh=IHA

en

in which H is the strength of the

field and A is the area of the
galvanometer coil. If T is the

o'
Fig. 36. Damping Diagram.

duration of the discharge, then

the moment of force times the time can be given by

FhT = /THA = QHA
in which Q is the quantity of electricity, equal to IT.

If the moment of inertia M of the suspension and the angular
velocity, which is given to it by this kick, are taken into consideration,
the quantity of electricity Q may be obtained from the above equation
as follows:

Q = Kco

To

in which w is the angular velocity and To is the torsion constant of -the
suspension. By taking the half period of the suspension, which is

easily obtained by counting the time of a given number of swings,
and expressing co in terms of the angle of throw 0, the expression
for the quantity of electricity is given by the following equation:

QKO7r t
in which K is the galvanometer constant, 0 the angle of throw (ob-
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tained by dividing the deflection d by twice the distance from mirror
to scale D), t the half period of the suspension, and r 3.1416.

For accurate work 0 must be multiplied by a damping factor
1/p, derived as follows: With the suspension swinging freely, Fig.
36, take a deflection Om, then after a given number of swings (n -m)

take another deflection, On; p is the (non) root of the ratio
n

Condensers. A condenser consists in its simplest form of two
metal sheets separated by a nonconducting material, Fig. 37. If an
e. m .f. is applied to the two metal sheets, they will take a static charge,

one positive and the other negative. The nonconducting material
is called a dielectric, as the electric force acts through it (dia meaning
through). The capacity of such a condenser is proportional to the

C.

_

A

Fig. 37. Condenser Sheets.

area of the sheets and inversely proportional to the thickness of the
dielectric. If the condenser is in the form of a glass jar coated outside and inside with tin foil, the arrangement is called a Leyden jar.
A considerable portion of the surface near the edges of the jar should
be free from the tin foil coating in order that the charge may not leak
over the surface of the glass. The best condensers are made of many
sheets of mica with sheets of tin foil interlarded, every alternate one
being connected to one, and the others to the other terminal of the
condenser, Fig. 38. By using many sheets of tin foil the capacity is
increased in proportion to the total area. Mica is an excellent material for the dielectric as its resistance is extremely high, and very
thin sheets have enough strength to withstand the mechanical stress
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due to the electric charges without breaking down. The mica and tin
foil are clamped in place and the whole immersed in melted paraffin
and then withdrawn, carrying out a coating of paraffin which protects the condenser from the effects of moisture. Several condensers
of assorted capacities are frequently mounted in one box, Fig. 39.
A 1 m. f. box will frequently have condensers of 0.5, 0.2, 0.1, 0.1, 0.05

Fig. 38. Simple Condenser.

and 0.05 microfarad, Fig. 40. Cheaper condensers have paraffined
paper or other materials in place of mica; but are usually poor since
the dielectric, though it does not break down, is apt to yield gradually to the strain of the charge, producing an effect which is known as
absorption of the charge. It seems as though some of the charge had
been lost for when the condenser is discharged, less charge comes out
than was put in. It
is true that real
leakage causes

a

loss of part of the
charge, but we find
also that a poor con-

denser, if set aside

after being discharged, will, on a

later test, show a
I

g,;9.

unable Condenser.

small charge which

has come from the
gradual return of the dielectric to its original state. The Leyden
jar (glass dielectric) absorbs a considerable portion of its charge.
Standard condensers are sometimes made with massive plates of
metal and with air, which has no absorption, as the dielectric. They
are very expensive and have small capacity. For practical purposes
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the best condensers have mica for the dielectric, for mica shows
' almost no absorption of the charge.

Single conductor submarine and land cables have the properties
of condensers, the water acting as the second sheet in the case of the

.2

3

C

D

'Fig. 40. Plan of Variable Condense'

In
telephone cables, each pair of wires and the insulation between make

former, and the usual lead covering in the case of the latter.

up a condenser. These cables almost always show considerable
absorption of the charge.
Direct Deflection Method. Two
condensers may be compared as to
their capacity, if first one and then

the other is charged by a cell B of
known e. m. f., and then discharged
through a ballistic galvanometer G,
Fig. 41. If the deflection with the

/r

standard of capacity C is Di, and
that with the unknown of capacity X
is d2 then

X=C

Fig. 41. Diagram for Direct Deflection
Method.

di

A charge and discharge key K, Fig.
42, connects the condenser first to the battery and then to the galvanometer.
This method is convenient, but the accuracy of the results depends on the accuracy with which the throw of the galvanometer can
be read. The accuracy is not much better than 1% even if neither
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condenser shows absorption of charge. If either condenser absorbs
charge, the ratio of the deflections will depend on the time of charge

and the slowness of clearing out of the charge. There are better
methods.
Example.

With a condenser of 0.5 microfarads in circuit, 'the
deflection is 46 divisions; with the unknown capacity X in circuit,
the deflection is 69 divisions. What is X?

Ans. X = 0.75 m. f.
Bridge Methods. The Wheatstone's bridge methOd of comparing
resistances may be adapted to the comparison of two capacities.
The apparatus may be arranged as shown in either Fig. 43 or Fig. 44.
In the former a charge and discharge key is used to charge and discharge the condensers.
If all the charge taken
by C1 passes through
R1 and all taken by C2
passes through R2,

both in charging and
discharging, then the
galvanometer will not
deflect ; otherwise it
will deflect in opposite
-

directions for the

charge and discharge.
As the current divides
in parallel circuits in inverse proportion to the resistances; and as
the charge, and therefore the current, taken by condensers in parallel
Fig. 42. Kempe Discharge Key.

is directly proportional to their capacities, it is evident that if no
current passes through the galvanometer
Ci C2:: 112: Ri

therefore

R,
R,
In Fig. 44 the battery circuit produces a current through R1 and
R and they take potential differences between their terminals pro-

C1 = C,

portional to their resistances when the current becomes steady. The
condensers will take a certain charge; and if the galvanometer is
open, both condensers must take equal charges regardless of their
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capacities. If one has a smaller capacity than the other, the former
will acquire a smaller potential difference than the latter, as the charge

is equal to the product of the capacity and the potential difference.
If C, and R1 acquire equal potential differences, and C2 and R, also
equal potential differences, then on closing the galvanometer key no
deflection will result. If on closing the galvanometer key a deflection results, it is evident that the above relation is not satisfied. If no
deflection results
C,: C, : : R2: R

and

C = C2

RZ

Fig. 44.
Fig. 43.
Diagrams for Bridge Methods for Measuring Capacities of Condensers.

The order of closing and opening keys is important. It should be
as follows: First close K then K2 and note deflection if any; second,

open K2, then K1, then close K2 and note deflection (or discharge)
which should be in opposite direction. Then open K2. It is necessary to discharge the condensers before recharging them, otherwise
they will take no new charge beyond what is necessary to make up
for leakage or absorption of charge. If the condensers absorb charges
it is impossible to get a perfect balance.
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Method of Mixtures. In the method of mixtures the positive
charge taken by one condenser is mixed with the negative charge of
the other, and vice versa, and the remaining difference of charges is
discharged through the galvanometer. This method allows the time
of charge and the time of mixing the charges to be varied at will,
thus allowing the absorbed charge more or less time to make itself
felt.

In Fig. 45, the Pohl's commutator P, by bringing the points e and c
and f and d into contact as indicated, allows the condenser C, to charge
until its potential difference is equal to that over R, (due to the current

from the battery B), and also allows C, to charge until its potential
difference equals that over R2. The commutator is then reversed,
bringing e into contact with a, and f into contact with d. The points
a and b are permanently
connected together. The
+ charge on C, can mix
Fr,
with the - charge on C
eo
ae
and the other charges on
dO

C, and C, -which were
previously so-called

2
Fig. 45.

bound charges-now be -

come free and can mix

Diagram for Method of Mixtures.

also.

The remaining

charges are divided between the two condensers in proportion to
their capacities. If now the key K is closed, these remaining charges
are discharged through the galvanometer. If no deflection occurs
the charge remaining must be nil. As the charge taken by a con-

-lenser is equal to the product of its capacity multiplied by its
potential difference, and as the potential differences to which C, and

C, were charged were proportional to R, and R2, then, by Ohm's
law, when the charges on C, and C, are equal we must have the
relation that

C, R, = C2 R2,
or

C, = C,

R,

If condenser C, absorbs part of its charge, its total charge will increase

on charging for a longer time. If the charges are allowed to mix
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for a longer time there is more opportunity for the absorbed charge to
be given up. It follows that if the time of charging is short, the capacity of the Cl will appear to be smaller than if a longer time of charging
were allowed. With good mica condensers little effect of absorption
will be found. With most other dielectrics the absorption is quite
marked.
Example. If in the bridge method or in the method of mixtures,
Cl = 0.5 microfarads, R, = 2,340 ohms, and R2 = 1,000 ohms, what

Ans. C2 = 1.17 microfarads.
Absolute Method. If a condenser is rapidly charged through

is C2?

a galvanometer and then discharged by short circuiting the condenser,
the deflection of the galvanometer will be the same as though an equal
charge had passed through the galvanometer in the form of a steady

current during the same
time. The difficulty with
the method is that the
galvanometer

obstructs

the complete charge of
the condenser when the
charges become very frequent. To get around
this difficulty a second
circuit to the galvanomFig. 46. Diagram for Absolute Method of Capacity
eter is arranged to carry
Measurement.
a steady current equal in
value but opposite in direction to the pulsating current due to the
charge of the condenser. The result is that the galvanometer carries
only the difference of these two currents, and when a balance is
obtained, the resultant current is a small alternating current, alternately helped and hindered by the resistance and inductance of the
galvanometer. The method then becomes somewhat like the Wheat stone's bridge method.
To regulate the number of charges to a uniform number per
second, a small motor running at a constant known speed or an electrically driven tuning fork of known frequency of vibration, may be
used. The apparatus is arranged as in Fig. 46. If the condenser
of capacity C is charged when the movable piece P makes contact
with S, part of the charge will pass through the galvanometer of re -
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sistance G. The condenser is discharged when P makes contact.
with R. The battery B tends to send a steady current through the
divided bridge circuit, part passing through F and G (both of fairly

high resistance) and part through A (of low resistance). The resistance in the battery arm must be made very low in comparison with
F, D, and G. Let us suppose D a fixed resistance, say, 1,000 ohms,
and A,1 ohm. In this case two proportional arms of a postoffiee box
may be used. Adjust F until a balance is obtained, with no deflection
of the galvanometer. Let n be the number of charges of the condenser
per second. We then have the closely approximate relation

(F
C - n FA(DG

G) X 10'

DF + AG)

The capacity C is in microfarads. If the factor 106 is omitted, the
formula will give C in farads.

If the resistances in the battery branch and in A are not small,
it is necessary to use a more complicated formula.

Example. When a balance is obtained A = 1 ohm, F = 2,340
ohms, G = 10,000 ohms, D = 1,000 ohms, and n = 32 periods per
second. What is the capacity of C? Ans. C = 0.01334 microfarad.
Alternating -Current Method. If a circuit through which an
alternating current is flowing includes a condenser, the charge and
discharge of the condenser is repeated with every alternation of the
current. The quantity of each charge is equal to the capacity multiplied by the p. d. to which the condenser is charged. The rate of
charge or discharge is the value of the current at any particular instant.

It is proved in treatises on alternating currents that the effective
value of a current or an e. m. f. is the square root of the average square
of its instantaneous values. Alternating -current ammeters and volt-

meters such as those shown in Figs. 47, 52, and 53, calibrated with
direct. currents, show the effective values of A. C. currents and electromotive forces. The theory of alternating currents shows that the
current passing in and out of a condenser, if the e. m. f. follows a sine
law, is

-

2 r nCE
1,000,000

From this it follows that
1 000 000 /
- 159,155
6.2832 n E
n

C-"
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when I is the effective value of the current in amperes, E the effective
value of the e. m. f. in volts, n the number of cycles per second of the

e. m. f. (and consequently of the current too), and C the capacity
of the condenser in microfarads. If the capacity is rated in farads,
omit the factor 1,000,000.

In Fig. 48 the current I flows through the
ammeter A, and the condenser of capacity C in series. A high resistance voltmeter V measures the potential difference E at the terminals of the condenser.

Fig. 47. Commercial Form of Portable A. C. Voltmeter.

Example. The ammeter reads 1 ampere, the voltineter 220
volts, the frequency n, is 60 cycles per second. What is the capacity
of the condenser?

Ans. C = 12.06 microfarads.
If the voltmeter takes much current in proportion to the whole, a

correction must be made for it. From the theory of alternating
currents a condenser takes a current one -quarter of a period in phase
ahead of its potential difference. A circuit in which there is both
resistance and inductance takes a current lagging behind the potential
difference. As voltmeters have some inductance, which should be
small in comparison with the resistance, it will be seen that the current
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in the voltmeter lags a little over a quarter period in phase behind the
condenser current. The relation of the currents with apparatus set
up as in the previous figure is shown in Fig. 49, in which Ia, It., and

I, are the currents in the
ammeter, condenser, and

voltmeter respectively.

Fig. 48.

Diagram for A. C. Method of Capacity
Measurement.

/<, and I,, are practically
of equal length. The
directions of the arrows
show the phase relations.

If the condenser cur-

rent is small and the voltmeter current large relatively, it will be seen

from Fig. 50 that /a may be materially larger than I and that the
ammeter reading must be corrected. It
may be shown by trigonometry that if the
voltmeter current lags by an angle a behind
its potential difference, we will have

Fig. 49.

= It, sin a + V Ia2 - (Ty cos a)2
By the theory of alternating currents tan a -

2

R

L

where n is the

frequency of the system, L the self-inductance, and R the resistance of
the part of the circuit considered. If n, L, and R are known, a may
be found.
Example. What correction, if any, should be
le
made in the previous example, Ia = 1 amp., E =-

220 volts, n = 60 cycles per second, if the voltFig. 50

meter takes a current 0.06 amp. lagging 1° behind
its potential difference?

Solution.

sin 1° = 0.01745, cos 1° = 0.99985
I, = 0.00105 + V0.9964012 = 0.00105 + 0.99820
= 0.99925 amp.
As the correction of the current is far below the accuracy with which
the ammeter may be read, no correction in the computed capacity of
the condenser should be made.
Example. If the current observed was 0.1 amp., the other data
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remaining the same as in the previous example, what correction, if
any, should be made?
Solution.

= 0.00105 + 7/0.0064012
= 0.00105 + 0.08001 = 0.08106 amp.
The uncorrected formula gives C = 1.206 microfarads
The corrected formula gives
C = 0.978
"
The difference is
0.228
"
which is 19%, a difference much too large to be ignored.
MEASUREMENT OF SELF-INDUCTANCE

Most methods of measuring inductance are too difficult for the
readers of this book. The difficulty is due to the fact that a coil of
wire which has inductance, has resistance also. During the increase of
a current the inductance acts as a false resistance which makes the
resistance appear too high. During the current's decrease, however,
the inductance acts as a negative resistance, which makes the resistance appear too low. In the case of an alternating current the effect
is to make the apparent resistance, called the impedance, higher than
the real resistance. Algebraically expressed we have

Impedance = \IR2 + 4 7r2 n2 L2 = A
in which R is the real resistance in ohms, 7r = 3.1416, n the frequency

in cycles per second, L the inductance in henrys, E the e. m. f. in
volts, and I the current in amperes. The impedance of a coil is therefore not a constant quantity if R and L are constant, but depends on
the frequency n. For commercial lighting n is usually 60, and for
power circuits 25 cycles per second. Coils which have an iron core
do not have a constant self-inductance, for the latter, with increase
of current, rises slightly to a maximum and then falls off greatly for
large values of the current.
Alternatingurrent Method. If in a circuit, Fig. 51, the current
through a coil of known resistance R and unknown inductance L, is
measured by means of an ammeter A (two views of a well-known

commercial instrument are shown in Figs. 52 and 53), and the
potential difference E over the coil is measured by a voltmeter V,
we have the following relation
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2 ir n L =

- R2
12

j

or

L - 2 n1 n N 12

172

Example. In a circuit for which the frequency n = 60 cycles
per second, R = 0.1 ohm, E = 110 volts, and I = 10 amperes, what
is the value of the inductance L?
Ans. L = 0.0292 henry.

If the resistance or inductance is very high, so that the total current is small, a correction
L
must be made for the portion of the current passing through the voltmeter.

The corrected

Fig. 51. Diagram for A. C. Method of Self -Inductance formula is very compliMeasurement.

cated when expressed

directly in terms of L, 1, R, r, the inductances and resistances of the
coil and the voltmeter respectively, n the frequency, E the potential
difference, and /a the current through the ammeter. If the tangents of
the lag of the current in the two

branches of the circuit are for
the coil

tan b - 27rnL
R

and for the voltmeter circuit

tan a -

2nnI

r

we get the equation for the
cosine of the difference be-

Fig. 52. Thomson Inclined Coil A. C.
Ammeter.

tween a and b
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(a-b))=

rR I

1\

1

(Te
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- R2)

Usually b is greater than a, so we write the formula

cos (b - a) = rR (1a2
2

\ E2

1

r2

1

R2\

As the constants of the voltmeter are supposed to be known, the angle
a is known; therefore b may be determined and we finally get

b
L -R2 tan
nn
If b is so small that the difference between a and b is not greater than

Fig. 53. Thomson Inclined Coil A. C. Ammeter.

a, there is always the possibility that the previous formula is the cosine

of (a - b). To determine which result to take, it is necessary to
repeat the experiment with additional resistance in one of the two
branches, and to take the value of L that equals one of the previous
solutions. As a rule, however, the difference between a and b will be
greater than a, and the incorrect result will lead to a negative value for
b. As b must be positive, the negative result is rejected as impossible.
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Bridge Method. Two self -inductances may be compared by a
modification of the Wheatstone's bridge method. In the simplest of
many bridge methods the coil of unknown inductance X is one arm of
the bridge; a double coil, Fig. 54, whose inductance L may be varied

by rotating one part to various positions inside the other part, and
whose inductance is known for each position and marked by a pointer
on a circular scale for each position, is inserted in an adjacent arm.
The other arms are non -inductive resistances R, and R2. The arrangement is shown in Fig. 55. The inductive branches have certain resistances 113 and 114. A regular Wheatstone's bridge balance is
obtained by adjusting the resistances R, and 112, care being taken to

close the key K2 in the galvanometer branch several seconds after

closing the key K, in the
battery branch. This precaution is necessary to in-

sure that the currents are
steady when the galvanom-

eter key is closed, as
inductive effects are produced only when the current
is changing in value. When

a balance is obtained
R, : R3: : R, : R,. If now
the galvanometer key KZ is
closed first, the false resistance due to inductance, will

cause the galvanometer to
deflect when the battery circuit is closed. After oscillating a number of times the
galvanometer finally comes

Fig. 54. Variable Self-inductance.

to rest at its zero position. On opening the battery circuit the first
deflection is in the opposite direction. If, now, the variable inductance is adjusted until there- is no deflection on closing the battery
circuit, the galvanometer circuit having been closed in advance, the
false resistances due to inductance must increase the apparent resistances in both inductive branches in proportion to their real resistances, from which it follows that
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X :L ::R,: R4::Ri:R
and we get the relation

X=L

Rl

If no variable standard of inductance is available, there are various
modifications of the bridge method which may be used. These

methods are as
a rule very com-

plicated and
consequently be-

yond the scope
of this course.

Condenser

Method. The
self-inductance
of a coil may be

compared with
the capacity of a

condenser. The
bridge is set up

Fig. 55. Diagram of Bridge Method of Self -Inductance
Measurement.

as indicated in Fig. 56. The condenser of capacity C is in parallel
with Ill which is one part of a constant resistance Rl. R, = M + N.

R, and R, are
resistances, one
or both of which
may be varied at

The coil
of resistance R,
will.

whose inductance L is to be
measured, is in
the fourth arm of

*the bridge. The
Fig. 56. Diagram of Bridge Method of Self -Inductance
Measurement.

galvanometer G,

battery B, and

keys K1 and K,
are as usual. The resistances are adjusted in ft, and R3 until a
balance is reached, when K, is closed several seconds after closing K1.
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Then R1: R2:: R3 : fl the usual Wheatstone's bridge relation.

The

galvanometer key K2 is next kept closed and resistance shifted between

M and N, care being taken to keep M N = R1 constant, until
no deflection is produced at the instant of closing K1.

The explana-

tion of the method is quite complicated, but leads to the simple
result,

L-

C

2

R12

R306M2

henries.

1

C is in microfarads, Rl, R R2, and M in ohms, and the result for L
in henries.
Example. The resistance //, was kept constant at 1,000 ohms,
part of which M, when a balance was reached, was 516 ohms. R,
= 1,000 ohms, /12 = 1,260 ohms, and C = 1 m. f., makes up the
balance of the data. What was L?
Ans. L = 0.3355 henry.
MEASUREMENT OF MUTUAL INDUCTANCE

If two electric circuits are in the neighborhood of one another,
the increase or decrease of the current of one will produce a change
in the magnetic field which will act to produce an e. m. f., and consequently a current in the second circuit if it is closed. If the current
in one circuit varies at the rate of one ampere increase or decrease per
second and an e. m. f. of one volt is produced in the second circuit,
we say the mutual inductance is one henry. If the mutual inductance
is constant, the e. m. f. produced in the second circuit is proportional
to the rate of change of current in the first; also larger inductances
produce proportionately larger e. m. f.'s in the second circuit with
equal rates of change of current in the first. Algebraically expressed,
if I, and /2 represent any two values of the current, supposed to be
increasing at a uniform rate, and t is the interval of time between these
values of the current, and if E is the e. m. f. produced in the second
coil whose mutual inductance with respect to the first is M, then

MI - I12

E

The inductance between the coils is called mutual because a
certain increase of current in either will produce the same e. m. f.
in the other regardless of which circuit has the original current. The
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If the circuit has an iron core the mutual

inductance is not strictly constant, but with increasing current increases to a maximum and then falls again. As it is very difficult,
if not impossible, to control the precise rate of change of the current
so that it will increase at a uniform rate, either of two methods may be
used to obtain the value of M without keeping the rate of change of
I constant.
Ballistic Galvanometer Method. In this method the second
circuit, called the secondary circuit, is of known resistance R2, and
includes a ballistic galvanometer G and sufficient extra non -inductive

resistance T2 to control

the deflection within
reasonable bounds. The
other circuit, called the
primary circuit, includes

a key K, an adjustable
resistance r1, a battery B,

B

T
Fig. 57.

and an ammeter A. The
arrangement is shown in Fig. 57.

Diagram of Ballistic Method of Mutual
Inductance Measurement.

The primary coil is P and the

secondary S.
On closing the key K the current in P begins to increase and the
galvanometer G begins to deflect. If we make no allowance for the
false resistance due to the self-inductance of the secondary circuit, the

current /2 in the secondary is I =

.

As the current I, in the

primary requires a considerable part of a second nearly to reach its
maximum or steady value, it is evident that the secondary current I,
will require at least an equal time to rise from zero to its maximum
and to fall nearly to zero again. Theoretically it takes an infinite
time for this to happen, but if the total resistance R, in the primary and
RZ in the secondary are reasonably large in comparison with their self-

inductance, the time practically necessary is a second or so. The
current I, in the secondary will, therefore, during the times that it
flows, cause a certain quantity Q of electricity to pass through the
galvanometer. If the ballistic galvanometer has a long period of
swing-a condition required of ballistic galvanometers-practically
the whole of the quantity Q will pass before the galvanometer gets far
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from its zero position.

As the e. m. f. of the secondary is proportional

to the rate of increase of the primary current I it is evident that the
total quantity flowing in the secondary will depend on the total rise of
current in the primary in precisely the same way as the current at any
instant in the secondary depends on the rate of increase of the current

in the primary. As before mentioned, we have ignored the false
resistance due to the self-inductance of the secondary. We have
learned, however, in the chapter on self-inductance, that during the
rise of a current the self-inductance increases the apparent resistance,
but during its fall the opposite effect is produced. Therefore, during
the rise and fall of the current in the secondary, no appreciable error

is caused by ignoring the self-inductance of the secondary. The
final result is M /, = Q R2, or

M - Q R2
/,
To get the value of Q we must know the relation between the
throw d2 of the ballistic galvanometer to the quantity of electricity
producing the throw. This may be found by charging a standard
condenser of known capacity C by a standard cell of known e. m. f. E.,
and noting the deflection d on discharging the condenser through the
ballistic galvanometer. As the charge of the condenser is E. C, we
obtain the result
Q : d,: : C : d,
or
d2 E, c

Q=

d

Substituting in the earlier equation the value of Q and expressing the
capacity of the condenser in microfarads,
d2 Es C R2
M

d I, X 106
Example. The current /, in the primary coil rises on closing
the circuit to 1 ampere. The total resistance in the secondary circuit
is 10,000 ohms. The deflection produced is 21.3 cm. With a Weston

normal cell of 1.0184 volts and a condenser of 0.2 microfarads, a
deflection of 23.0 cm. was produced on discharging the condenser
through the galvanometer. What is the mutual inductance M?
Ans. M = 0.001886 henry.

Alternatingurrent Method. The previous method may be
varied by putting in the secondary an alternating -current voltmeter
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of high resistance, and in the primary an A. C. ammeter, an e. m. f.
source of sine form, and whatever resistance is needed to control the
current. From the theory of alternating currents, the e. m. f. produced in the secondary is

E2 = 27raMI

or

M-

E2

2 7r n

when n is the frequency in cycles per second, M the mutual inductance,

and I, the primary current. This relation assumes that the current
in the secondary is too small to affect the flux of magnetic lines crossing

If the resistance of the secondary

over from primary to secondary.

coil is small in comparison with that of the voltmeter, the voltmeter reading Et, is taken as E2. If the coil is of too high resistance
to make the last assumption allowable, the reading must be multiplied
by R2, when R2 is the total resistance of the secondary and lit, the
,

resistance of the voltmeter. We then get

E2=

2

Et, = 2 n n M 1,,

or

M-

R2 Ev
2

n R,

If the seconddry current /2 is too large for its magnetic effect to
be ignored, or if the current in the primary does not follow a simple
sine law, the problem becomes too complex for easy solution.
Example. The current /, in the primary is 1.1 amperes, the frequency n is 60 cycles per second, the resistance of the secondary coil
is negligible. The reading of the voltmeter E,, is 110 volts. What
Ans. M = 0.2653.
is the mutual inductance M?
Carey=Foster Method. Let a battery of constant e.m.f. be
connected in series with one of the two coils P whose mutual inductance

is to be determined, a known resistance R and a key K, Fig. 58. Let
the ballistic galvanometer G and another resistance R2 be connected
in series with the other coil S. Then if I be the steady current produced by the battery B through P, and M be the mutual inductance,
and r be the resistance of the circuit through S, R2, and the galva-
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nometer, then the quantity of electricity Q, passing through the galvanometer on closing or opening the circuit will be

Qi =

MI

Next, if the galvanometer be removed from this circuit and put
in series with a condenser whose capacity is C, which is connected
as a shunt to the resistance R on opening or closing the battery circuit the quantity of electricity

Q, = IR2C
By combining these two equations it is possible to find the relative
values of C and M.

In practice it is much more desirable to combine

B

T
Fig. 58. Diagram of Carey -Foster Method of Measuring Mutual Inductance.

these two circuits, as shown above, so that the charge and discharge of

the condenser and the currents produced at the same time in S by
mutual induction are in the same direction through C, R2, and S.
Then if the resistance /?,. and 11, and the capacity C are adjusted until
no deflection of the galvanometer is produced, the following may be
written :

Qir = MI, but Qi = IR,C; hence M = CR,r
Attention is called to the fact that in order that the galvanometer

current may be 0 at every instant during the establishment of the
steady current, it is essential that the coefficient of self induction of the
coil S should be equal to the coefficient of mutual induction. Under
this condition it is possible to replace the galvanometer by a telephone.
Example. Small Induction Coil, no iron core. Resistance of

secondary, 194 ohms.

Capacity of condenser, 4.9.26 microfarads
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The secondary coil could slide endways remaining coaxial with the
primary. The following are the results with the centers of the two
coils as nearly coincident as possible:
R,

R,r

r

(C. G. S. UNITS)

194 + 217
+ 247
+ 282
+ 322
+ 367

15
14
1:3

12
11

6165 X 1018
6174
6188
6192
6171

R,r

R,

10
9
8
7

6

(C. G. S. UNITS)

194 + 423
+ 490
+ 576
+ 688
+ 835

6170 X 1018
6156
6160
6174
6174

Mean value of -c= 6172.4 X 1018
Hence

M = 4.926 X 10' X 6172 X 1018 = 3.04 X 107 or .0304 henrys.
MAGNETIC MEASUREMENTS

Certain materials, notably iron (or steel), nickel, and cobalt, have
a property known as magnetism. These materials when magnetized
have the property of attracting soft iron. The modern view of magnetism is that it is a property of the individual molecules of a body.
A body which seems to be unmagnetized probably has its molecules
arranged in more or less irregularly formed closed chains, Fig. 59,
which produce no outside effect. To magnetize a body, it is, according to this theory, necessary to break the chains and to rearrange the
connections of the molecules so that the ends of the chains of mole-

cules come out at points on the surface where so-called magnetic
charges appear, Fig. 60.
The centers of action of

these chain ends are
called poles.

In the sim-

plest magnets there are

Fig. 59. Supposed Molecular Condition of a Piece of
Unmagnetized Steel.

two poles, and if the
magnet is free to turn in a horizontal plane, one of the poles is
turned toward the north and the other toward the south approximately. In general, the magnetic meridian, determined by the line

joining the poles when at equilibrium in the horizontal plane, does
not agree exactly with the geographical meridian. The line of no

197

76

ELECTRICAL MEASUREMENTS

variation at present is located near the eastern shore of Lake Michigan and is moving westward. A century ago it was near the eastern
end of Lake Erie. For points to the east of the line of no variation,
the magnetic compass points west of north; and for points west of
this line of no variation, it points east of north. The north seeking
pole of a magnet is commonly called the north, pole and the other the
south pole of the magnet. If the magnet is free to turn in all directions, the north pole will dip downward and the south pole rise upward for points in the northern hemisphere and vice versa for points
in the southern hemisphere. The dip in Chicago is in the neighborhood of 70°.
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Fig. 60. Supposed Molecular Condition of a Magnetized Piece of Steel.

From the above it appears that the earth has a magnetic field,
meaning by magnetic field an extent of space where magnetic forces

are to be found. If a magnet with poles 1 cm. apart and of unit
strength is in a unit magnetic field, it will act on each pole with a
force of one dyne; and if the poles are turned so that the directions
of the forces are at right angles to the line connecting the poles, a unit
turning moment, or torque, is exerted on the magnet. In the first
chapter of this book, unit magnetic pole was defined as a pole which,
at a distance of one centimeter in air from a like pole, produces a
repulsion of one dyne of force. It appears then that a magnetic field
has both direction and magnitude, and is what is called a vector
quantity. To define a vector quantity both magnitude and direction
must be known.
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Methods of Magnetizing. Besides natural magnets, composed of
the magnetic oxide of iron and known as loadstones, artificial mag-

nets may be made by subjecting hard steel to a magnetic field.
The magnetic field used may be due to a loadstone, or an
artificial magnet previously made, or a magnetic field due to an
electric current in a coil of wire. Before 1819, when Oersted discovered the magnetic field produced by a current, the source of all
artificial magnets was directly or indirectly the loadstone. Permanent magnets nowadays are practically all magnetized by means
of electric currents.

Lines of Force and Permeability. To Michael Faraday we owe
the notion of lines of force to express the vector quantity defining the
magnetization. The direction of the lines is used to indicate the
direction of magnetization, and the number of lines per square centimeter indicates the magnitude of the magnetization. The numbers
of lines per square centimeter is commonly called the flux density or
flux of force per square centimeter. The unit value occurs when there
is one line per square centimeter, and is called the gauss. The symbol B is used to express this quantity algebraically. As different
materials when put in equal fields take different degrees of magnetization, the relation of field strength to flux, known as the permeability,
must be known. If H indicates the field strength, B the flux per sq.
cm., and µ the permeability, we have the relation

B=

H

When the section considered has an area A sq. ems. and the average
flux intensity is B, the total flux designated by 4) is algebraically
expressed as

43 =BA --,LHA
The unit in which 43 is measured is the Maxwell and is equal to
one line of force.
If the lines of force pass from one material into another of difthe lines representing B and 4) will usually
ferent permeability
suddenly change direction at the surface of separation between the
materials, commonly called media, except in the case that the lines are
normal to the surface. If the permeabilities of two media are pi and
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/12, and the angles between the normal and the lines in the two media
are a, and a2, we have the relation

tan a,
tan a2

/42

Lines of force follow by preference paths of high permeability, though, other things being equal, they tend to

follow the shorter paths. Consequently it rarely happens that the
lines are straight, as they converge toward spaces filled with bodies
of high permeability and there diverge again in spaces of low permeability. In general the total flux F distributes itself so that,
length of path and permeability considered, it takes the easiest course.
A line of force never ends, but always returns on itself. Many writers

carelessly confuse and use the same unit (the gauss) for measuring
B and H, for both are vector quantities and may be represented by
lines. To avoid confusion we shall not represent H by lines. For
highly magnetic materials, B is much greater than H. In the case of
iron the ratio may be as high as IL = 3,000 for moderate values of B.
The value of pis not constant for the same material for different values
of B. In the case of soft iron the permeability for low values of B may

be about iL = 120, rising to µ = 2,000, or in good samples ik = 3,000,
when B reaches a value between B = 5,000 to B = 8,500. For.
nickel and cobalt the highest value of the permeability is about it =

As a standard of comparison the permeability of air is taken
as tz = 1 and is believed to remain sensibly constant for all values
of B. It follows that in air H = B (numerically). Materials more
magnetic than air, for which iL > 1, are called paramagnetic. Ma200.

terials less magnetic than air, for which

< 1, are called diamagnetic.

No magnetic material is without permeability, that isµ = 0; in
fact, even the most diamagnetic material, bismuth, is within a fraction
of one per cent as permeable as air. Magnetic insulation is therefore
impossible and to avoid magnetic leakage of lines of force from a prearranged path, it is necessary to distribute the magnetomotive force
over the whole path.
Magnetomotive Force. By analogy with electric circuits, where
the potential difference over each unit length of the circuit is found by
multiplying the current by the resistance of that unit length, or dividing
the current by the conductivity (the reciprocal of resistance) for the
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unit length, we see that in a part of a magnetic circuit, one centimeter
long and one square centimeter in section,µ is analogous to the conductivity per cm. cube of an electric circuit. B is analogous to the
current per sq. cm. of section of the conductor and H is analogous to
the potential difference per centimeter length. H is called the magnetomotive force per unit length, and the total magnetomotive force
is the average value of H multiplied by the length of the circuit 1.
It follows that the magnetomotive force (m. m. f.) is

m. m. f. = H /
If the magnetic field is produced by a current in a wire, the intensity
of the field is greatest at the surface of the wire and falls in value to
zero at the middle of the wire, and outside the wire falls in value according to the law of the reciprocal of the distance from the center.
If, however, the wire is coiled into a long, straight coil of uniform
section, called a solenoid, the magnetic field for the portion far from
the ends is practically zero outside the solenoid and of uniform value
inside the solenoid. If there are n turns of wire per centimeter and a
current of I amperes, the inside magnetic field is

H = 0.4 ir n / = 1.2566 n1
If the whole number of turns of wire is N, the magnetomotive force
is

m. m. f. = 1.2566 N I

The unit of m. m. f. is the gilbert, or that value of magnetic force which

will establish one line or one maxwell per centimeter cube of air.
Many practical authorities prefer to express the m. m. f. in ampere
turns N I omitting the factor 1.2566.

This leads to some confusion if

the fact is not made clear by stating that the m. m. f. is in ampere
turns. If a long solenoid is bent into the form of a ring, it is called
a ring solenoid. If the width of the ring is small in comparison with
its diameter, it is assumed that the average value of H is equal to its
value along the central line of the ring.
Reluctance. If a circuit is 1 centimeters long and averages A
sq. cm. in section, the reluctance R of the whole circuit is

RThe unit in which reluctance is measured is the oersted.
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By analogy with Ohm's law the magnetic flux 4 is

m. m. f.

4:0 -

m. m. f. A

- BA =µ 1-1 A

1
reluctance
When
iron
or
steel
has been magnetized and the
Hysteresis.
magnetizing force removed, a portion of the magnetization will still
remain as more or less permanent magnetization. If next the magnetizing force is applied in the reverse direction, the magnetization will

not be reversed until the m. m. f. has reached a certain value, i. e.,
until H reaches a certain value. The residual value of B when the
field is reduced to zero is called the remanence or retentiveness by some
writers. The reverse field, m. m. f., necessary to reduce B to zero

is called by the barbarous term (as Professor Mascart puts it) of
Further increase of the reverse m. m. f. will cause
a rapid rise of B. With repeated cycles of change between positive
and negative m. m. f.'s the
coercive force.

values of H and B go through
cycles. The tendency of B

a
7000

to lag behind H is called
magnetic lag or magnetic

6000
5000
4000

3000
2000

/000
0

/000

HH
1

2000

hysteresis, hysteresis being
the Greek word for lagging

behind. A certain amount
of energy is expended in the

cycle and appears in the
form of heat generated in
the iron. This loss of energy
per cycle is repeated n times

4000

per second, and the power
used is known as the hys-

5000

teresis loss, and is measured

3000

in watts per cubic centimeter. Sometimes the

0000
7000
9000

/0

energy lost per cycle is meas-

B

2 4 6
Fig. 61. Hysteresis Diagram.

8

6

4

2

0

8

/0

ured in joules. One joule
equals 10,000,000 ergs. The

relation of H and B during
the hysteresis cycle may be expressed in the form of a curve plotted in
terms of H (horizontally) and B (vertically). The curve shown in Fig.
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61 is known as a hysteresis curve. If li and B are plotted to scale, the
area of the curve divided by 40,000,000 97-, or 125,660,000, gives the
energy lost per cycle in joules. For measurements of hysteretic losses

the sample may be made into the form of a ring with small difference
between its largest and smallest radius. The ring may then be wound
with a coil of wire in the form of a ring solenoid and the current and
turns in the coil will determine the m. m. f. and

consequently H in the
core.

Magnetic Dip. By
Dip Needle. If a long
and slender magnetic

needle, Fig. 62, with
pointed ends is mounted

on an axis passing precisely through its center of

gravity, at the middle of
an accurately graduated
circle standing vertically
in the magnetic meridian,
the north pole of the

needle will point downward from the horizontal
by an angle equal to the
magnetic dip. The angle
of dip may then be read
directly from the circle.
As, however, it is difficult

ttt,
11111111.11111
100;
1111111

111111111

---w4

411111,00.7
1111111

Fig. 62. Magnetic Dip Needle.

to magnetize the needle
with exact uniformity, the bearing should be made reversible so
that the needle may be turned over. Any irregularity of magnetization may be eliminated by taking the mean of the two readings of
the magnet in the two positions. In case the bearing fails to pass
exactly through the center of gravity, the error may be compensated
by reversing the magnetization of the needle, care being taken to use
the same magnetic field as before, and then repeat the observations
of the dip with the magnet in both positions. The mean of the four
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readings will give the value of the dip.

If the divided circle is not in

the magnetic meridian, an error will be caused which is slight for
slight deviations from the meridian. A compass needle mounted
over the divided circle will locate the magnetic meridian well enough
for practical purposes.
Earth Inductor Method. Another method is by use of the earth
inductor which is a coil of wire mounted in a frame and which may

be turned about an axis in the plane of the coil. No iron or other
magnetic material should be used in the apparatus. The frame is

carried on a support
by which the axis of
rotation may be made
vertical or horizontal.
The apparatus is
shown in Fig. 63. All
heavy parts are made
of brass which is practically non-magnetic.

If the coil is turned
about a vertical axis,
as shown in the figure,
from an east and west
plane through 180° to
the reverse position in

the same plane, the
number of lines = B
A cos 8 of the earth's

Fig. 63. Earth Inductor.

magnetic field passing
through the coil, will be cut by the coil, and if a ballistic galvanometer
is in the circuit, its deflection di will be proportional to the flux cut. If
now the axis of rotation be made horizontal and the coil horizontal, a

reversal in position will cut the number of lines = B A sin 8 of the
earth's magnetic field passing through the coil. The resulting deflection d2 of the ballistic galvanometer is proportional to the flux cut.
We then have the relation

tan 8 =

dd:

If the deflections are small they may be increased by reversing
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the position of the coil on the return swing of the galvanometer, and
continuing until the amplitude of swing becomes constant. The
deflections in two positions of the axis of the coil are proportional to
the horizontal and the vertical components respectively of the magnetic field, and the ratio of the second to the first gives the tangent of
the dip of the earth's field.
The angle of dip

varies from + 90° at
the earth's north mag-

netic pole to - 90° at
the south magnetic
pole. It is zero at the
magnetic equator.
The Earth's Mag=
netic Field. If in the

previous method, the

data of the earth inductor and of the ballistic galvanometer are
known, the value of B

may be determined.
As the experiment is
performed with air as
the medium, the value

.1111III

for;

.42

ri

of µ is 1, and H is
numerically equal to
B.

The horizontal

component of the

Fig. 64. Magnetometer.

earth's magnetic field

is frequently spoken of
as H, meaning thereby the horizontal component. In the same way
V is the vertical component. The tangent of the angle of dip is the ratio
V

H

Magnetometer Method. The horizontal component may be
measured by means of two magnets, one of which is of light weight
and the other relatively large and heavy, both carrying mirrors. The
little magnet and mirror may be suspended at the center of an instru-
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ment called a magnetometer, Fig. 64. The second magnet, of considerable size, is mounted on a support at its center at a fixed distance
to the east of the little magnet and in an east and west position (point
g of the figure). The small magnet takes up a position parallel to
the resultant of the horizontal component of the earth's field and that
of the large magnet. By means of a telescope and scale at a known
distance, the angle of the deflection is measured. The other pole of
the large magnet is now turned toward the small magnet by turning
the large magnet end for end. The deflection measured by the telescope and scale should be as before, only in the opposite direction.
The large magnet is now transferred to a support b at an equal distance to the west of the small magnet, and the observations repeated,
obtaining two more deflections. All four deflections should be equal.
If they differ slightly the mean is taken; if they differ much, some-

thing is wrong with the arrangement and the apparatus should be
examined and the trouble corrected. The observations are now
repeated at a larger distance (points a and h), and four more observations taken. From the data, assuming that the magnetic field falls
off according to the inverse square of the distance from the poles of

the magnet, a pair of equations may be formed from which the
strength of the magnet's poles in terms of the horizontal component
of the earth's field and their distance apart may be calculated. This
distance apart of the poles will be found to be somewhat less than the
length of the large magnet. The product of the pole strength and
length between poles is called the magnetic moment of the magnet,
represented by M. If r2 = the larger distance, r, the smaller distance,
and 0, and 4)2 the deflections, we get

H rg tan 432 - r tan 0,
2
722 - 72
The large magnet is now hung up by a fine wire and set to vibrating.
The period of vibration T, is determined by measuring with a stop

M-

,

1

watch the time of a considerable number of vibrations and finding the
time of a single swing. If K, is the moment of inertia and 0 the correction for the rigidity of the wire, we have
T,

=rr\I

K1

M H (1 + 0)

As there may be some difficulty in computing the moment of inertia
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K1, it is usual to add a brass ring of rectangular section and easily
computed moment of inertia K2. This ring must be placed on top of
the magnet so that its center lies on the prolongation of the suspending
wire. The moments of inertia are then added to get the total moment. There are reference marks on opposite ends of a diameter

of the ring and corresponding marks on portions of a circle of the same
radius of the ring marked on the top surface of the magnet to ensure
precise centering. With the ring in position, the new time T2 of vibration is determined.

T, =

Al + K2

N M H (1 + 0 )

0 is determined by turning the torsion head, from which the magnet
is hung by the wire, through a considerable angle and determining by
the telescope and scale the angle through which the magnet follows.
This enables one to compute how much effect the rigidity of the wire
has on the restoring force which is due principally to the earth's field.
If on turning the torsion head an angle oc, the magnet follows an

angle 0, there is obtained; 0 -

cc- S

.

Combining the earlier

equations gives

M1-1 -

7T2

( 1 + 0 )( T,2 - T12)

Substituting the value of M previously obtained we get on solving
for H
H = 7T

NI

2 K2 ( 7.22 - 7.12)

(1 + 0)(T22 - Ti) 0.25 tan 4)2 - 7-15 tan 431)

The value of H in the southern. part of Michigan is about 0.18
and the vertical component is about three times as strong or about
0.54. As the presence of masses of iron in the neighborhood has a
considerable effect on the dip of the magnetic field and also on the
value of the field, a measurement made in any place with iron masses
near by, cannot be assumed as valid for even other parts of the same
building. Laboratories for the study of the earth's magnetic field
should have all iron excluded from the building materials and from
the apparatus except the magnets.
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If the angle of dip S has been found by one of the previous
methods, the total value of the earth's magnetic field F is

F=

cos 8
The bars N and L shown in Fig. 51 are not used in this experiment.
Magnetic Flux and Permeability. There are a number of ex-

cellent methods of determining flux and permeability, of which the
following will suffice for the purposes of this work.
Divided Bar Method. The divided bar method assumes that the

material under test is in the form of two long iron bars or rods with
the ends ground and polished into accurately plane surfaces. One
bar, with the polished end upward, is mounted in a long solenoid,
the polished end being at the middle of the solenoid. The other bar
is placed on top of the first with the polished ends resting one on the
other and accurately centered. The upper piece is attached to a
spring balance which is used to measure the tension necessary to
separate the bars. If the weight of the upper piece is subtracted,
the remainder gives the pull. The bars and the solenoid must be
long enough to have the magnetic field H at the surfaces in contact
practically equal to what it would be in an infinitely long solenoid, for
which I is the current in amperes and It the number of turns of wire per
centimeter length, otherwise a correction must be made for the ends.

= 0.4 ir n I = 1.2566 n I
If the area of the ends of the bar is S sq. cm., and the force in grams
(weight) F, the value of gravity g (= 980 about), we get for the flux
density B,

B=

ir

F-9

I F (grams)
N S (sq.cm.)
If the pull F is measured in pounds and the area S in square inches,
we must allow for the ratio of the units. We then obtain
_IF (pounds)
B = 1316
N S (sq. in.)
-

In using the method, the spring balance should be supported in guides
and drawn upward gradually by means of a turn -buckle or analogous

means. The last reading before the bars separate is the one to be
If the bars are rounded at the corners an error will be made
because the value of B will be increased at the smaller section to a
taken.
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greater value than back in the rod, as the total flux cl) is spread over a
smaller area. The pull will be increased because from the above
formula it appears that the pull is proportional to the product SB2.
Therefore avoid rounding the edges. If the surfaces do not fit one
another, the air where they do not touch will have a lower permeability and there will be a tendency for some of the flux to escape at the
side, thus reducing B and consequently the pull.
To obtain the permeabilityµ divide B by H. As mentioned earlier
the permeability increases as B increases, reaching a maximum for
moderate values of B and then falls off rapidly for further increase of B.

A magnetization curve (B, H curve) or a permeability curve
(B, µ curve) may be plotted from values obtained for different values

A bar of iron which has never previously been
magnetized, will behave for small values of H differently from what
it will again. For this reason the values of H used should increase

of B, H, and

gradually from lower to higher values.

A bar once magnetized

cannot be brought back to its original condition by any process except
heating it to the temperature at which it becomes practically unmagnetic and then cooling it again, retempering it if necessary. If it is
demagnetized by reversing the direction of the field and reducing the
latter to lower values gradually on each reversal, most of the magnetism may be removed. This is supposed to reduce the magnetization

of the bar to a set of concentric magnetizations in opposite directions in successive concentric layers. This is not quite equivalent
to the irregular chains of molecules in a bar which has never been
magnetized. A bar which has been demagnetized by a simple reversal of the field to a value apparently reducing B to zero, results in
reversing the outer layer only, making the total flux zero algebraically
as the sum of two equal and opposite fluxes in concentric layers.
Divided Ring Method. The divided ring method has the material in the form of a ring which has been cut in two and the opposite
surfaces polished. The surfaces should be exactly in the same plane

to insure a close fit when the ring is put together again. The pull
necessary to separate the ring is twice as much as for one surface; so
the total pull, after allowing for the weight of the upper part, should
be divided by two before applying the previous formula. The ring
is magnetized by a ring solenoid surrounding it. The solenoid is in
two parts which separate with the parts of the ring.
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Ballistic Method. If the material to be tested is in the form of a
very long rod, say, 50 diameters in length, or better in the form of a
ring, Fig. 65, with little difference between the outer and the inner
radius, surrounded by a solenoid of n turns per cm. length through
which the current I amp. passes. the field is H = 1.2566 it I. A
secondary coil of a
small number of
turns (of which all
or a part only may
be used) is wound
about the ring and
is

connected to a

ballistic galvanometer whose throw for

a known quantity
passing is known.
Fig. 65. Iron in Ring Form for Ballistic Measurement.

The ratio K of
quantity to throw

may be found by charging a condenser of known capacity C micro farads by a standard cell of e. m. f. E volts, and discharging it through
a ballistic galvanometer, producing a deflection d. The constant K
EC
is then K
Or the galvanometer constant may be deterd X 106.
mined by winding a solenoid of n1 turns per cm. on a core of wood
or other material of the same permeability as air, for whichµ equals
1.
H then equals B, and the flux passing through the core whose
area is A1, the current being I is
cD, = 1.2566 n1 A, I,
The total quantity of electricity Q1 passing through a ballistic galvanometer in series with a secondary circuit of m1 turns and in a circuit
of total resistance R1, on making or breaking the primary circuit I is
m (13
1.2566 n, ml A, I,
Qi
R,
If the deflection is d1, the quantity per unit deflection is
Q
1.2566 n, m1 A, I,
di
R d,
K is called the constant of the ballistic galvanometer.

-

-
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If the primary circuit, the solenoid, has n turns per centimeter
length, and the secondary circuit a total number m of turns, and the
area of the section of the ring is A, and the resistance of the secondary
circuit is R, and the deflection is D on reversing the primary circuit of
I amperes, we have the flux
RDK
413

-

2m

and

B-

4)

-

RD K

2 Am
The current must be reversed suddenly, some form of commutator
A

being used, otherwise the galvanometer may not feel the full effect.
We had previously

H = 1.2566 n I
The value of the permeability for any value of H is
B

Fi
In using the method the current in the primary is reversed because
otherwise the residual magnetism will produce a disturbance. If in
the experiment the current starts at small values, the disturbing effects

of previous magnetization is a minimum. We then insert a high
resistance in the circuit at first and note the deflection of the galva nometer on reversing the current. Then increasing the current, the
process is repeated. Several reversals should be made at each value
of the current until enough observations have been made to ensure
an accurate result. The deflection on the first reversal is apt to be
different from those following. The B, FI curve obtained by this
method starts from the origin.
Hysteresis Curves. .If instead of reversing the current it is
simply changed by a sudden change in the resistance, the deflection
will measure the change in B. Starting with no current in the primary
and the ring unmagnetized, the circuit is suddenly closed with auxiliary
resistance in circuit and the throw of the galvanometer noted as well
as the current in the primary. The values of B and H are determined.

Next the current is suddenly increased by cutting out part of the resistance and the deflection noted and the ammeter read. The deflection of the galvanometer measures the increase of B. The value of B
is found by adding the increase to the previous value. The current is
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again increased and the deflection of the galvanometer will measure
the increase of B. This is added to the previous total, and so on
until the value of B is found for the highest value of H which is to be
used. The current, and consequently H, is now reduced by steps,
and the deflections of the galvanometer in the opposite direction will
measure the decrease of B. To obtain the value of B, these decreases
in B are subtracted from the previous value. When the zero value of
the current, and consequently of H, is reached, the value of B will still
be a considerable amount. The current is now reversed and built up
by steps and the deflections will measure the continued decrease of
B to zero and its reversal and building up in the reverse direction.

This is continued until the maximum reverse value H is reached,
equal, we will say, to its previous positive maximum. The current is

reduced by steps to zero, reversed, and built up again in the first
The deflections measuring changes in B are noted and the
total computed by the algebraic sum of all that precede. The sum
of all the deflections corresponding to all the steps from the positive
maximum to the negative maximum, should equal the sum in the
reverse direction. The B, H curve will then make a closed curve
for each cycle after the first quarter cycle. The curve for the first
quarter cycle starts from the origin and never returns there again.
As explained before, the magnetization lags behind the field H, producing the magnetization.
If the curve of B and H, as obtained by this method, is plotted,
it is called a hysteresis curve, Fig. 61. The curve plotted to scale has
an area to 4 7r times the energy in ergs expended per cubic centimeter
per cycle. Dividing the area by 4 X it X 107 gives the energy in
joules per cycle. If the cycle were run through n times per second,
direction.

the power in watts would be equal to

area of curve X n
watts expended
40,000,000 7r

in each cubic centimeter. This is what happens when an alternating
current is used.
There are two sources of error which may cause trouble in this
experiment and which have not been mentioned above. The first is

the effect of the current in the primary producing eddy currents in
the material of the ring, just as currents are produced in the secondary
circuit. In fact, the material of the ring is in itself a secondary cir-

cuit of a single turn, and currents in the material of the ring will be
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parallel to the current in the secondary outside. These eddy currents
produce a magnetic field in the ring which opposes the rise of H and
B in the ring. Therefore, H in the ring rises slower than the current
in the primary coil; and unless the period of the galvanometer is high,
some of the effect of the increase of B, which may be slow in increasing,
will come too late to be measured by the galvanometer deflection.
The other trouble is that if there is any vibration the magnetization

may change by small steps one for each shock. This causes the
magnetization to creep up or down, depending on whether the field
has last been increased or decreased. To avoid the first error it is well
to have the material in the form of thin sheets which give little chance

for eddy currents, and to avoid the second the ring should rest on a
pad of felt or other material which will absorb the vibrations.
Hysteresis Tester. A method of comparing the hysteresis loss
of different samples of iron is to compare their effect in dragging the
magnetic field when samples are rotated in a constant magnetic field.
Suppose the sample takes the form of a disk between a pair of field
magnet poles. If the disk is at rest the field will produce a flux
density B in the disk parallel to H. If the disk is now rotated the
residual magnetization will cause the flux to rotate with the disk until
the tangential component arrests further rotation of the flux. H and
B then make a small angle with one another for very soft iron in the
disk, and a proportionately larger angle for harder iron which shows
more hysteresis. The turning moment required to rotate the disk
will be proportional to the energy expended per cycle. If the poles
are free to turn, they will follow the disk. If the poles are kept from
rotating by some counter moment due to springs or gravitational
action, the displacement of the poles in the direction of rotation of the
disk will measure the relative hysteresis loss. If with one sample
disk the displacement is twice that produced by another sample, the
hysteresis loss is about double. If the hysteresis loss is known for
one disk that of the other may be computed.
As the relative twist of B with respect to H is the same for all
moderate speeds of rotation, it is not necessary to be careful about
the exact speed of rotation. Also it is not necessary that the sample
be in the form of a disk. The same relation for samples in the form
of bundles of equal size strips will be found to hold true. The absolute
angles of twist will be different, but they will have a ratio of equal value.
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Professor Ewing has devised a hysteresis tester in which the
sample, in the form of a bundle of strips, is rotated by means of a
crank and gear train between the poles of a permanent magnet which
is mounted on knife edges at a point above its center of gravity. The
magnet follows the rotating bundle until the gravitational force gives
an equal torque in the opposite direction.
If the sample is in the form of a solid bar, eddy currents of considerable magnitude may be produced which will complicate the results and introduce more or less uncertainty. Moreover, the eddy
currents will be greater at higher than at lower rates of rotation, thus
introducing different corrections at different speeds. For these reasons the bundle must be well laminated to obtain reliable results.
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STANDARD SYMBOLS FOR WIRING PLANS
AS ADOPTED AND RECOMMENDED HT

THE NATIONAL ELECTRICAL CONTRACTORS ASSOCIATION OF THE UNITE!, STATES and THE AMERICAN INSTITUTE OF ARCHITECTS,
and the Sea, et Tits American Inntitt of Architects. Wnshington. D. c

Cnrlee mar De Sad on nspl,entinn to the Seep °rine tint. El. CU.. Amool'A rtIca, N. 1r

MCeiling Outlet, Electric only

Numeral in center indicates number of Standard 16 C. P. Incandescent Lamps
Ceiling Outlet, Combination. 1 indicates 4-16 C. P Standard Incandescent Lamps and 2 Gas Burners. If gas only
Bracket Outlet; Electric only, Numeral in center indicates number of Standard 16 C P. Incandescent Lamps.

31rt,

ri-w

Pracket Outlet, Combination. 1 indicates 4-16 C. P Standard Incandescent Lamps and 2 Gas Burners.

If gas only

Wall or Baseboard Receptacle Outlet.

Numeral in center indicates number of Standard 18 C. P Incandescent Lamps.
Flscr Outlet. Numeral in center indicates number of Standard 16 C. P Incandescent Lamps.
Outlet for Outdoor Standard or Pedestal, Electric only Numeral indicates number of Stand. 16 C. P lamps.

06

Outlet for Outdoor Standard or Pedestal, Combination.

!et

indicates 6.16 C. P Stand. Incan. Lamps; 6 Gas Burners.

Drop Cord Outlet.

®

One Light Outlet, for Lamp Receptacle.
Arc Lamp Outlet.

Special Outlet, for Lighting, Heating and Power Current, as described in Specifications.

c:(2x:) Ceiling Fan Outlet.
S. P Switch Outlet.

SL

Show as many Symbols as there are Switches._ Or in case of a very large group

S2

D. P Switch Outlet.

of Switches, indicate number of Switches by a Roman nu moral, thus:

S3

3 -Way Switch Outlet.

meaning 12 Single Pole Switches,

S4

4 -Way Switch Outlet.

So

Automatic Door Switch Outlet.

SE

Electrolier Switch Outlet.

Ei

Meter Outlet.

St

EII.

Describe Type of Switch in Specifications, that is,
Flush or Surface, Push Button or Snap.

so Distribution Panel.
Junction or Pull Box.

,Ck Motor Outlet, Numeral in center indicates Horse Power.
Motor Control Outlet.

1 Transformer
Main or Feeder run concealed under Floor

Main or Feeder no concealed under Floor above.
Mein or Feeder ran exposed.

Branch Circuit run concealed under Floor
Branch Circuit mn concealed under Floor above.
Branch Circuit run exposed.

- -0- a

- Pole Line.

Telephone Outlet, Private Service.
Telephone Outlet, Public Service.

g

Bell Outlet.

EV

Buzzer Outlet.

is

important that ample space be

ers, branches and distribution panels
It is desirable that a key to the symbols
used accompany all plans.

.ribution panels are shown on the plans,
It is desirable that they be designated by
letters or numbers.
Heights of Centre of Wan Outlets (unless
otherwise specified)

Living Rooms
Chambers

02 Push Button Outlet; Numeral indicates number of Pushes.
Annunciator, Numeral indicates number of Points.

Offices
Corridors

5'

6'

5' 0"
6' 3"

Height of Switches (unless otherwise spec-

Speaking Tube.

-

It

Allowed for the installation of mains, feed-

If mains, feeders, branches and dia.

Riser.

M

-4

SUGGESTIONS IN CONNECTION WITH STANDARD SYMBOLS FOR WIRING PLANS

ified)

-0 Watchman Clock Outlet.
Watchman Station Outlet

-

-_611

Master Time Clock Outlet.

Secondary Time Clock Chalet.

og

Door Opener.

Special Outlet; for Sirnal Systems, as described in Specifications.

III* Battery Outlet.

-"

Circuit for Clock, Telephone, Bell or other Service, ran under Floor, concealed.
Rend of Service wanted ascertained by Symbol to which line connects.
Circuit for Clock, Telephone, Bell or other Service, run under Floor above, concealed.
Kind of Service wanted ascertained by Symbol to which line connects.

NOTE-If other than Standard 18 C. P. Incandescent lamps are desired,
Specifications should describe capacity of Lamp to be used.

Copyright 1906 .}
by the National Electrical Contractors' Association of the United States.
copyright 1907

ELECTRIC WIRING
METHODS OF WIRING

The different methods of wiring which are now approved by the
National Board of Fire Underwriters, may be classified under four
general heads, as follows:
L WIRES RUN CONCEALED IN CONDUITS.
WIRES RUN IN MOULDING.
3. CONCEALED KNOB AND TUBE WIRING.
4. WIRES RUN EXPOSED ON INSULATORS.
2.

WIRES RUN CONCEALED IN CONDUITS
Under this general head, will be included the following:
(a)
(b)
(c)

Wires run in rigid conduits.
Wires run in flexible metal conduits.
Armored cable.

Wires Run in Rigid Conduit. The form of rigid metal conduit now
used almost exclusively, consists of plain iron gaspipe the interior surface, of which has been prepared by removing the scale and by removing the irregularities, and which is then coated with flexible enamel.
The outside of the pipe is given a thin coat of enamel in some cases,

and, in other
cases, is galvan-

ized. Fig.

1

.1 V
shows one make
Fig. 1. Rigid Enameled Conduit, Unlined.
of enameled (unCourtesy of American Conduit Mfg. Co., Pittsburg, Pa.
lined) conduit.
Another form of rigid conduit is that known as the armored conduit, which consists of iron pipe with an interior lining of paper
impregnated with asphaltum or similar compound. This latter form
of conduit is now rapidly going out of use, owing to the unlined pipe
being cheaper and easier to install, and owing also to improved methods
of protecting the iron pipe from corrosion, and to the introduction of
additional braid on the conductors, which partly compensates for the
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pipe being unlined. The introduction of improved devices-such as
outlet insulators, for protecting the conductors from the sharp edges of

the pipe, at outlets, cut-out cabinets, etc.-also decreases the necessity of the additional protection afforded by the interior paper lining.
Rigid conduits are made in gaspipe sizes, from one-half inch to
three inches in diameter. The following table gives the various data
relating to rigid, enameled (unlined) conduit:
TABLE I

Rigid, Enameled Conduit-Sizes, Dimensions, Etc.
NOMINAL
STANDARD

WEIGHT

THICKNESS

PIPE SIZE

PER

100 FEET

i-

1

1+
11
2

21
3

NOMINAL
INSIDE
DIAMETER.
INCHES

ACTUAL
OUTSIDE
DIAMETER.
INCHES

14
14
11/
111
111
111
8

84
112
167
224
268
361
574
754

.109
.113
.134
.140
.145
.154
.204
.217

i

NUMBER OF
THREADS
PER INCH
OF SCREW

.62
.82

.84

1.05
1.31
1.66
1.90
2.37
2.87
3.50

8

1.04
1.38
1.61
2.06
2.46
3.06

Tables II, III, and IV give the various sizes of conductors that
may be installed in these conduits. Caution must be exercised in
TABLE II
Single Wire in Conduit
SIZE WIRE, B. & S. G.

LORICATED CONDUIT, UNLINED; D. B. WIRE

inch

No. 14-4

"

2

"

1

"

0

"
"

00
000
0900

"

C

It

inch or 1
1
1
1

250,000 C. M.
300,000 C. M.
350,000 C. M.
400,000 C. M.
450.000 C. M.
500,000 C. M.
600,000 C. M.
700,000 C. M.
800,000 C. M.
900,000 C. M.
1,000,000 C. M.
1,500,000 C. M.
1,700,000 C. M.
2,000,000 C. M.

11
11
11
1/

"

or

11

"

or

11
11
11
2
2

ft
ft

ft
CC
CC

ft

2

2

"

or

2
21
21
3
3
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TABLE III

Two Wires in One Conduit
SIZE WIRE, B. & S. G.

LORICATED CONDUIT, UNLINED; D. B. WIRE

No. 14
" 12
" 10
8
6

ce

1

4
3
2

11

"

or 11

"

"

or 11

"

11

"

H

1

"

0
00
000
0000

ti

it

"

III
1

1

it

J inch.

irch or

11

II

"

g,

or 2
2

2

250,000 C. M.
300,000 C. M.
350,000 C. M.
400,000 C. M.
450,000 C. M.
500,000 C. M.
600,000 C. M.
700,000 C. M.

"
"
"

or 21

"

2

21
21

or 3

"

21

3
3
3
3

(g

'FABLE IV

Three Wires in One Conduit
SIZE WIRE B. & S. G.

Outside

No. 14
" 12
"

1t

10
8
6
5
4
3
2
1

0

" 2/0
" 3/0

" 4/0
250 M.
250 M.
300 M.
350 M.
400 M.
450 M.

LORICATED TUBE, UNLINED;

D. B. WIRE

Center

No. 12
"

10
8

"
"

6
4
2

"

1

"

0

inch
"
1
1

"
H"
11 inch or if "
1}
1.1

" 2/0
" 3/0
" 4/0
250 M.
300 M.
400 M.
450 M.
500 M.
600 M.
700 M.
800 M.
900 M.

"

or 2
2
2

2

"

or 21
21
21

21

"

or 3

3
3

3
3
3

219

"
"

4

ELECTRIC WIRING

using these tables, for the reason that the sizes of conductors which
may be safely installed in any run of conduit depend, of course, upon
the length of and the number of bends in the run. The tables are
based on average conditions where the run does not exceed 90 to 100
feet, without more than three or four bends, in the case of the smaller
sizes of wires for a given size of conduit; and where the run does not
exceed 40 to 50 feet, with not more than one or two bends, in the case
of the larger sizes of wires, for the same sizes of conduit.
Unlined conduit can be bent without injury to the conduit, if the
conduit is properly made and if proper means are used in making the
bends. Care should be exercised to avoid flattening the tube as a result
of making the bend over a sharp curve or angle.

In installing iron conduits, the conduits should cross sleepers or
beams at right angles, so as to reduce the amount of cutting of the
beams or sleepers to a minimum.
Where a number of conduits originate at a center of distribution,
they should be run at right angles for a distance of two or three feet
from the cut-out box, in order to obtain a symmetrical and workman-

like arrangement of the conduits, and so as to have them enter the
cabinet in a neat manner. While it is usual to use red or white lead
at the joints of conduits in order to make them water -tight, this is
frequently unnecessary in the case of enameled conduit, as there is
often sufficient enamel on the thread to make a water -tight joint.

When iron conduits are installed in ash concrete, in Keene
cement, or, in general, where they are subject in any way to corrosive
action, they should be coated with asphaltum or other similar protective paint to prevent such action.

While the cost of circuit work run in iron conduits is usually
greater than any other method of wiring, it is the most permanent
and durable, and is strongly recommended where the first cost is not
the sole consideration. This method of wiring should always be
used in fireproof buildings, and also in the better class of frame buildings. It is also to be recommended for exposed work where the work
is liable to disturbance or mechanical damage.

Wires Run in Flexible Metal Conduit. This form of conduit,
shown in Fig. 2, is described by the manufacturers as a conduit composed of "concave and convex metal strips wound spirally upon each
other in such a manner as to interlock several concave surfaces and
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present their convex surfaces, both exterior and interior, thereby
securing a smooth and comparatively frictionless surface inside and
out."
The field for the use of this form of conduit is rapidly increasing.
Owing to its flexibility, conduit of this type can be used in numerous
cases where the

rigid conduit
could not possi-

bly be emIts use
is to be recommended above
ployed.

Fig. 2. Flexible Steel Conduit.
Courtesy of Sterling Electric Co., Troy, N. Y.

all the other forms of wiring, except that installed in rigid conduits.
For new fireproof buildings, it is not so durable as the rigid conduit,
because not so water -tight; and it is very difficult, if not impossible,
to obtain as workmanlike a conduit system with the flexible as with the
rigid type of conduit. For completed or old frame buildings, however,
the use of the flexible conduit is superior to all other forms of wiring.
Table V gives the inside diameter of various sizes of flexible coninside diameter of this
duit, and the lengths of standard coils.

conduit is the same as that of the rigid conduit; and the table given
for the maximum sizes of conductors which may be installed in the
various sizes of conduits, may be used also for flexible steel conduits,
except that a little more margin should be allowed for flexible steel
conduits than for the rigid conduits, as the stiffness of the latter makes
it possible to pull in slightly larger sized conductors.
TABLE V
Greenfield Flexible Steel Conduit
APPROXIMATE FEET IN COIL

INSIDE DIAMETER
154

inch

200
200
100
50
50
50
50

It
fl

1

1+
1+

inches

Random Lengths

2

2t
3

oa

it

4,
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This conduit should, of course, be first installed without the con-

ductors, in the same manner as the rigid co:iduit. Owing to the
flexibility of this conduit, however, it is absolutely essential to fasten
it securely at all elbows, bends, or offsets; for, if this is not done, considerable difficulty will be experienced in drawing the conductors in the conduit.
The rules governing the in-

stallation of this conduit are
the same as those covering
rigid conduits. Double -braided
Fig. 3. Use of Elbow Clamp for Fastening Flex-

able Conduit in Place.

conductors are required, and

the conduit should be grounded
as required by the Code Rules. As already stated, the conduit should

be securely fastened (in, not less than three places) at all elbows; or
else the special elbow clamp made for this purpose, shown in Fig. 3,
should be used.
In order to cut flexible steel conduit properly, a fine hack saw
should be employed. Outlet -boxes are required at all outlets, as well
as bushing and wires to rigid
conduit. Fig. 4 shows a coil
of flexible steel conduit. Figs.
5, 6, and 7 show, respectively,
an outlet box and cover, outlet
plate, and bushing used for this
conduit.

Armored Cable. There
are many cases where it is impossible to install a conduit
system. In such cases, probbably the next best results may
be obtained by the use of steel
armored cable. The rules gov-

Fig. 4. A 100 -Foot Coil of Flexible Steel Conduit.
Courtesy of Sprague Electric Co., New York, N.Y.

erning the installation of armored cable are given in the National
Electric Code, under Section 24-A, and Section 48; also in 24-S. This
cable is shown in Fig. 8.
Steel armored cable is made by winding formed steel strips over

the insulated conductors. The steel strips are similar to those used
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for the steel conduit. Care is taken in forming the cable, to avoid
crushing or abraiding the insulation on the conductors as the steel

Fig. 5. Outlet Box for Flexible Steel Conduit.

strips are fed and formed over the same. In the process of manufacture, the spools of steel ribbon are of irregular length, and when a

Fig. 6. Outlet Plate for Flexible Steel
Conduit.

Fig. 7. Outlet Bushing.
Courtesy°, SpragueElectric Co.,NewYork, N.Y.

spool is empty, the machine is stopped, and the ribbon is started on
the next spool, the process being continued. There is no reason why

Fig. 8. Flexible Armored Cable. Twin Conductors.
Courtesy of Sprague Electric Co., New York, N. Y.

the conduit cables could not be made of any length; but their actual
lengths as made are determined by convenience in handling. Armored
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cable is made in single conductors from No. 1 to No. 10 B. & S. G.;
in twin conductors, from No. 6 to No. 14 B. & S. G.; and three -conduc-

tor cable, from No. 10 to No. 14 B. & S. G. Table VI gives various
data relating to armored conductors:
TABLE VI

Armored Conductors-Types, Dimensions, Etc.
SIZE

B. &S

TYPE AND NUMBER OF CONDUCTORS

GAUGE

No. 14
"
"

"

12
10
8
6
14

12
10
ft
tt

It
St

tI

Il

tl

It
if
It

CC

.63
.685
.725
.875
1.3125

BX twin conductor
CS

ft

41
SS

CC

it

BM
twin
conductor (for marine work-ship wiring)
It
It
tt

tt

14
12
10

BX3 three conductor
It

14
12
10

BXL
twin
conductor,
leaded
it
tI
ti
tt

14
12
10

BXL3 three conductor, leaded
(I

10
8
6
4
2

Type D single
conductor,
stranded
it
1(
fI

1

10
8
6
4

SC

2

II

1

ft

.725
.73

CC

ft

.725
.725
.87

if

Cl

.90
.90
.94

if

(I

It

if

it

SC

si

45

it

IS

(I

15

t4

CC

If

It

If

fl

If

((

It

14

It

CC

.550
.550
.575.

.700
.900
.965

Type DL single conductor, stranded, leaded
II

If

IC

it

CC

SC

if
ft

CC

SC

it

.725
.725
.73
.71

tt

It

OUTSIDE
DIAMETER
(INCHES)

SC

CS

II

St

45

ft

It
If

te

le

.625
.710
.700
.760
.920
.910

STEEL ARMORED FLEXIBLE CORD

" 18
" 16
" 14
" 18
" 16
" 14

.40
.40
.47

Type E twin
conductor
It
44

44

It

tt

IC

ft

It

Type EM twin conductor,
re-inforced
It
(I
It

et

ti

ct

it

.575
.585
.595

In Table VI, Types D (single), BX (twin), and BX3 (3 conduc-
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tors) are armored cable adapted for ordinary indoor work. Type
BM (twin conductors) is adapted for marine wiring. Types DL
(single), BXL (twin), and BXL 3 (3 conductors) have the conductors
lead -encased, with the steel armor outside, and are especially adapted
for damp places, such as breweries, stables, and similar places.

Type E is used for flexible -cord pendants, and is suitable for
factories, mills, shQw windows, and other similar places. Type EM
is the same as Type E; but the flexible cord is reinforced, and is suitable for marine work, for use in damp places, and in all cases where it
will be subject to very rough handling.
While this form of wiring has not the advantage of the conduit

system-namely, that the wires can be withdrawn and new wires
inserted without disturbing the building in any way whatever-yet it
has many of the advantages of the flexible steel conduit, and it has
some additional advantages of its own. For example, in a building
already erected, this cable can be fished between the floors and in the
partition walls, where it would be impossible to install either rigid
conduit or flexible steel conduit without disturbing the floors or
walls to an extent that would be objectionable.
Armored conductors should be continuous from outlet to outlet,
without being spliced and installed on the loop system. Outlet boxes
should be installed at all outlets, although, where this is impossible,
outlet plates may be used under certain conditions. Clamps should
be provided at all outlets, switch -boxes, junction -boxes, etc., to hold
the cable in place, and also to serve as a means of grounding the steel
sheathing.

Armored cable is less expensive than the rigid conduit or the
flexible steel conduit, but more expensive than cleat wiring or knob
and tube wiring, and is strongly recommended in preference to the
latter.
WIRES RUN IN MOULDING

Moulding is very extensively used for electric circuit work, in
extending circuits in buildings which have already been wired, and
also in wiring buildings which were not provided with electric circuit
work at the time of their erection. The reason for the popularity of
moulding is that it furnishes a convenient and fairly good-looking
runway for the wires, and protects them from mechanical injury.
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It seems almost unwise to place conductors carrying electric current,

in wood casing; but this method is still permitted by the National
Electric Code, although it is not allowed in damp places or in places
where there is liability to damp-

ness, such as on brick walls,
in cellars, etc.
The dangers from the use of
moulding are that if the wood

becomes soaked with water,
Fig 9. Two -Wire Wood Moulding.

there will be a liability to leakage of current between the conductors run in the grooves of the moulding, and to fire being thereby started , which may not be immediately discovered. Furthermore, if the conductors are overloaded, and consequently overheated, the wood is likely to become charred and finally ignited. Moreover, the moulding itself is always a temptation as affording
a good "round strip" in which to drive nails, hooks, etc. However, the
convenience and popularity of moulding cannot be denied; and until

some better substitute is found, or until its use is forbidden by the
Rules, it will continue to be used to a very great extent for running
circuits outside of the walls and on the ceilings of existing buildings.
Figs. 9, 10, 11, and 12 show two- and three -wire moulding respectively;
and Table VII gives complete data as to sizes of the moulding required
for various sizes of conductors.
While the Rules recommend the use of hardwood moulding, as a
matter of fact probably 90 per cent of the moulding used is of white wood or other similar cheap, soft wood. Georgia pine or oak ordinarily
03

03

[10

Alp -

Ac

Ac
co

to

Fig. 10. Two -Wire Wood Moulding.

costs about twice as much as the soft wood. In designing moulding
work, if appearance is of importance, the moulding circuits should
lx) laid put so as to afford a symmetrical and complete design. For
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example, if an outlet is to be located in the center of the ceiling,
the moulding should be continued from wall to wall, the portion beyond

the outlet, of course, having no conductors inside of the moulding.
If four outlets are to be placed on the ceiling, the r-ctangle of moulding
should be completed on the fourth side, although, of course, no con -

Fig. 11. Three -Wire Wood Moulding.

ductors need be placed in this portion of the moulding. Doing this
increases the cost but little and adds greatly to the appearance.
Moulding is frequently used in combination with other methods
of wiring, including armored cable, flexible steel tubing, and fibrous
tubing.

In many instances, it is possible to fish tubing between

beams or studs running in a certain direction; but when the conductors are to run in another direction or at right angles to the beams or
studs, exposed work is necessary. In such cases, a junction -box or
outlet -box must he placed at the point of connection between the
moulding and the armored cable or steel tubing.
Where circuits are run in moulding, and pass through the floor,
additional protection must be provided, as required by the Code Rules,

Im

Ab

a-

Ab-

a

Ab
co

L
Fig. 12. Three -Wire Wood Moulding.

to protect the moulding. As a rule, it is better to use conduit for all
portions of moulding within six feet of the floor, so as to avoid the
possibility of injury to the circuits. Where a combination of iron
conduit or flexible steel tubing is used with moulding, it is well to use
double -braided conductors throughout, because, although only single -
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TABLE VII
Sizes of Mouldings Required for Various Sizes of Conductors
w
t.7

EL Z

MAXIMUM

o
(1)

z o 0 CC
wtriu
01

DIMENSIONS IN INCHES

SIZE OF WIRE
13 ANo S. GAUGE

W -1

IF,
17:

)-E

D

Z

9 A-2 2

SOLID STRANDED
12

9 A4 2

8

10

9 A-6 2

4-

5
2

9 A-8 2

I

10

Al0 2

10

A-11

2

-

11

13-2

.3

12

II

B-4

3

8

II B-6 3

4-

138

1

9 A-9 2

11

I

14

I

12
12

.3

B-9 3

3
Bil 3
6-10

A Aa Ab Ac 5 5ei 5b Sc
,

1

I

1

1-2-

III

16

p

-

2
1

2

I
2

-5-

16

7
16

5

16

11

8

a4

'1616

9 3 13

16

16

15

J__
1

164

lall a
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16 .32 8 32
7 .3 in 1,1 5
16 16 6 4
16 8 16
31 2,...17 5
15.
48 16
32 16 15 16
C.M.
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9 27 5_ 7
14
`-ig 16 4 32 32 8 32
15 5
5 29 II 7
10
22 32 16 16 52 16 32
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13
5
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32 16 8 '16 I6 4
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9
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I

I

1

1
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1
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I
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I
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-

1
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7
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I
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I
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27 5

G
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7
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9

3
8 16
3 _i_
1

28 4
_i_

9_

4 34

32

16

3
7

S
1

1632
3 9

--

braided conductors are required with moulding, double -braided conductors are required with unlined conduit, and if double -braided conductors were not used throughout, it would be necessary to make a
joint at the outlet -box where the moulding stopped and the conduit
work commenced. Where the conductors pass through floors, in
moulding work, and where iron conduit is used, the inspection authorities, in order to protect the wire, usually require that a fibrous tubing
be used as additional protection for the conductors inside of the iron
pipe, although, if double -braided wire is used, this will not usually be
required. Fig. 13 shows a fuseless cord rosette for use with moulding
work. Fig. 14 shows a device for making a tap in moulding wiring.
Moulding work, under ordinary conditions, costs about one-half
as much as circuit run in rigid conduit, and about 75 per cent, under
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ordinary conditions, of the cost of armored cable. Where the latter
method of wiring or the conduit system can be employed, one or the
other of these two methods should be used in preference to moulding,

Fig. 13,

Fig. It Device for Making"Tap" in

Fuseless Cord
Rosette.

Moulding.
Courtesy of H. T. Paiste Co.,
Philadelphia, Pa.

Courtesy of Crouse -Hinds Co.,
Syracuse, N. Y.

Various forms
of metal moulding have been introduced, but up to the present time
have not met with the success which they deserve.
as the work is not only more substantial, but also safer.

CONCEALED KNOB AND TUBE WIRING

This method of wiring is still allowed by the National Electric
Code, although many vigorous attempts have been made to have it
abolished. Each of these attempts has met with the strongest
opposition from contractors and central stations, particularly in small
towns and villages, the argument for this method being, that it is the
cheapest method of wiring, and that if it were forbidden, many places
which are wired according to this method would not be wired at all,

and the use of electricity would therefore be much restricted, if not
entirely done away with, in such communities. This argument, however, is only a temporary makeshift obstruction in the way of inevitable

progress, and in a few years, undoubtedly, the concealed knob and
tube method will be forbidden by the National Electric Code.

The cost of wiring according to this method is about one-third
of the cost of circuits run in rigid conduit, and about one-half of the
cost of circuits run in armored cable. The latter method of wiring
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is rapidly replacing knob and tube wiring, and justly so, wherever
the additional price for the letter method of wiring can be obtained.
As the name indicates, this method of wiring employs porcelain knobs

'N

.

."

d":0 '-' //,

-.#4:;4X

,:.". r.""°1--ts."'""'"!:9.:;.1-,,,,,,,,,,
,P:'1/41Pr.or

40 Allir

....,;;-,

Fig. 15. Knob and Tube Wiring.

and tubes, the circuit work being run concealed between the floor beams
and studs of a frame building. The knobs are used when the circuits
run parallel to the floor beams; and the porcelain tubes are used when
the circuits are run at right angles to the floor beams.
Fig. 15 shows an example of knob and tube wiring. In concealed
knob and tube wiring, the wires must be separated at least ten inches
from one another, and at least one inch from the surface wired over,

that is, from the beams, flooring, etc., to which the insulator is fastened. Fig. 16 shows a

good type of porcelain
knob for this class of
wiring.

For knob and

tube wiring, it will be
noted that, owing to the

fact that the wiring is
Fig. 16. Porcelain Knob.

concealed, the conductors

must be kept further apart than in the case of exposed or open wiring
on insulators, where, except in damp places, the wires may be run on
cleats or on insulators only one-half inch from the surface wired over.
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Fibrous Tubing. Fibrous tubing is frequently used with knob
and tube wiring, and the regulations governing its use are given in
Rule 24, Section S, of the National Electric Code. This tubing, as
stated in this Rule, may be used where it is impossible and impracticable

to employ knobs and tubes, provided the difference in potential
between the wires is not over 300 volts, and if the wires are not sub -

Fig. 17. Flexible Tubing, "Flexcluet" Type.

Courtesy of National Metal Molding Co., Pittsburg, Pa.

ject to moisture. The cost of wiring in flexible fibrous tubing is
approximately about the same as the cost of knob and tube wiring.
Duplex conductors, or two wires together are not allowed in fibrous
tubing.
Fibrous tubing is required at all outlets where conduit or armored
cable is not used (as in knob and tube wiring) ; and, as required by the
Rules, it must extend back from the last porcelain support to one inch
beyond the outlet. Fig. 17 shows one make of fibrous tubing.

Table VIII gives the maximum sizes of conductors (double braided) which may be installed in fibrous conduit.
TABLE VIII

Sizes of Conductors in Fibrous Conduit
OUTSIDE DIAMETER

gi

sg
16zI

16
laag

inch

INSIDE DIAMETER

ONE WIRE IN TUBE

I inch

No. 12
"
8
" 6
" 1
" 2/0
250,000 C. M.
400,000 C. M.
750,000 C. M.
1,000,000 C. M.
1,500,000 C. M.
2,000,000 C. M.

"
"

11

I

"

116
1158

lig

21
21
21
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WIRES RUN EXPOSED ON INSULATORS

This method of wiring has the advantages of cheapness,durability,
and accessibility.

Cheapness. The relative cost of this method of wiring as compared with that of the concealed conduit system, is about fifty per cent
of the latter if rubber -covered conductors are used, and about forty
per cent of the latter if weatherproof slow -burning conductors are used.
As the Rules of the Fire Underwriters allow the use of weatherproof
slow -burning conductors in dry places, considerable saving may be
effected by this method of wiring, provided there is no objection to it

Fig. k. Large Feeders Run Exposei on Insulators.

from the standpoint of appearance, and also provided that it is not
liable to mechanical injury or disarrangement.
Durability. It ;s a well-known fact that rubber insulation has a
relatively short life. Inasmuch as in this method of wiring, the insulation does not depend upon the insulation of the conductors, but on
the insulators themselves, which are of glass or porcelain, this system
is much more desirable than any of the other methods. Of course,
if the conductors are mechanically injured, or the insulators broken,
the insulation of the system is reduced; but there is no gradual dete-

rioration as there is in the case of other methods of wiring, where
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rubber is depended upon for insulation. This is especially true in hot
places, particularly where the temperature is 1200 F. or above. For
such cases, the weatherproof slow -burning conductors on porcelain
orglass insulators are especially recommended.
Accessibility. The conductors being run exposed, they may be
readily repaired or removed, or connections may be made to the same.

This method of
wiring is especially
recommended for
mills, factories, and

for large or long
feeder conductors.

Fig. 18 shows examples of exposed

Fig. 19. Two-Wire Cleat.

large feeder

con-

ductors, installed in the New York Life Insurance Building, New
York City. For small conductors, up to say No. 6 B. & S.
Gauge each, porcelain cleats may be used to support one, two,
or three conductors, provided the distance between the conduc-

Fig. 21.
Fig. 20. One -Wire Cleat.

Porcelain Insulator for

Large Conductors.

tors is at least 2- inches in a two -wire system, and 21 inches
between the two outside conductors in a three -wire system where the
potential between the outside conductors is not over 300 volts. The
cleat must hold the wire at least one-half inch from the surface to which

the cleat is fastened; and in damp places the wire must be held at
least one inch from the surface wired over. For larger conductors,

Is
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from No. 6 to No. 4 / 0 B. & S. Gauge, it is usual to use single porcelain

cleats or knobs. Figs. 19 and 20 show a good form of two -wire

Fig. 22. Iron Rack and Insulators for Large Conductors.
Courtesy of General Electric Co., Schenectady, N. Y

cleat and single -wire cleat, respectively.
For large feeder or main conductors
from No. 4 / 0 B. & S. Gauge upward, a
more substantial form of porcelain insu-

lator should be used, such as shown in
Fig. 21. These insulators are held in

r

iron racks or angle -iron frames, of which
two forms are shown in Figs. 22 and 23.
The latter form of rack is particularly desirable for heavy conductors and where a

number of conductors are run together.
In this form of rack, any length of conductor can be removed without disturbing the other conductors.
As a rule, the porcelain insulators
should be placed not more than 41 feet

apart; and if the wires are liable to be

1°

disturbed, the distance between supports
should be shortened, particularly for small
conductors. If the beams are so far

apart that supports cannot be obtained
every 41 feet, it is necessary to provide a

running board as shown in Fig. 24, to
which the porcelain cleats and knobs
can be fastened. Figs. 25 and 26 show
two methods of supporting small conductors, For conductors of No. 8 B. & S.
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Fig. 23. Elevation and Plan of

Insulators Held in Angle.
Iron Frames.

SPLICING A 50 -PAIR, PAPER -INSULATED, No. 19 B. & S., GAUGE -ARMORED SUBMARINE CABLE
ACROSS SAN FRANCISCO BAY
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Gauge, or over, it is not necessary to break around the beams, provided
they are not liable to be disturbed ; but the supports may be placed on
each beam.
Where the dis-

tance between the
supports, however,

is greater than 41
feet, it is usually
necessary to provide

sup-

intermediate

Fig. 24. Insulators Mounted on Running -Board across Wide -

Spaced Beams.

ports, as shown in

Fig. 27, or else to provide a running -board.

Another method which

may be used, where beams are further than 41 feet apart, is to

Fig. 25.

Method of Supporting Small Conductors.

.4

f'

inl
Fig. 27. Intermediate Support for Conductor between Wide -Spaced Beams.

run a main along the wall at right angles to the beams, and to
have the individual circuits run between and parallel to the beams.

Fig. 28. Method of Supporting a Small

Conductor.

Fig. 28. Conductors Protected by Wooden

Guard -Strips on Low Ceiling.

In low -ceiling rooms, where the conductors are liable to injury,
it is usually required that a wooden guard strip be placed on each side
of the conductors, as shown in Fig. 28.
Where the conductors pass through partitions or walls, they must

235

20

ELECTRIC WIRING

be protected by porcelain tubes, or, if the conductors be of rubber, by
means of fibrous tubing placed inside of iron conduits.
All conductors on the walls for a height of not less than six feet
from the ground,either should be boxed in, or, if they be rubber -covered,

should (preferably) be run in iron conduits; and in conductors having
single braid only, additional protection should be provided bymeans of
flexible tubing placed inside of the iron conduit.
Where conductors cross each other, or where they cross iron pipes,
they should be protected by means of porcelain tubes fastened with
tape or in some other substantial manner that will prevent the tubes
from slipping out of place.
TWO -WIRE AND THREE=WIRE SYSTEMS

As both the two -wire and the three -wire system are extensively
used in electric wiring, it will be well to give some consideration to the

advantages and disadvantages of each system, and to explain them
somewhat in detail.
Relative Advantages. The choice of either a two -wire or a three wire system depends largely upon the source of supply. If, for example, the source of supply will always probably be a 120 -volt, two wire system, there would be no object in installing a three -wire system
for the wiring. If, on the other hand, the source of supply is a 120240 -volt system, the wiring should, of course, be made three -wire.
Furthermore, if at the outset the supply were two -wire, but with a possibility of a three -wire system being provided later, it would be well

to adapt the electric wiring for the three -wire system, making the
neutral conductor twice as large as either of the outside conductors,
and combining the two outside conductors to make a single conductor
until such time as the three -wire service is installed. Of course, there
would be no saving of copper in this last-mentioned three -wire system,
and in fact it would be slightly more expensive than a two -wire system,
as will be shortly explained.
The object of the three -wire system is to reduce the amount of
copper-and consequently the cost of wiring-necessary to transmit a
given amount of electric power. As a rule, the proposition is usually
one of lighting and not of power, for the reason that by means of the
three -wire system we are able to increase the potential at which the
current is transmitted, and at the same time to take advantage of the
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greater efficiency of the lower voltage lamp. If current for power
(motors, etc.) only were to be transmitted, it would be a simple matter
to wind the motors, etc., for a higher voltage, and thereby reduce the

weight of copper.
If, however, we in-

crease the voltage
of lamps, we find
that they are not so
efficient, nor is their
System, with Neutral Conductor between
life so long. With Fig. 29. Three -Wire
the Two Outside Conductors.
the standard carbon

lamp, it has been found that the 240 -volt lamp, with the same
life, requires about 10 to 12 per cent more current than the corresponding 120 -volt lamp. Furthermore, in the case of the more
efficient lamps recently introduced (such as the Tantalum lamp,
Tungsten lamp, etc.), it has been found impracticable, if not impossible, to make them for pressures above 125 volts. For this reason
the three -wire system is employed, for by this method we can use 240
volts across the outside conductors, and by the use of a neutral conductor obtain 120 volts between the neutral and the outside conductor,
and thereby be enabled to use 120 -volt lamps. Furthermore, if a
240 -volt lamp should ever be placed on the market that was as economi-

cal as the lower voltage lamp, the result would be that the 240 -480 volt system would be introduced, and 240 -volt lamps used. As a
matter of fact, this

has been tried in
several cities-and

particularly in
Providence, Rhode
Island. As a rule,
Fig. 30. Lamps Arranged in Pairs in Series, Dispensing with however, the 120 Necessity for Third or Neutral Conductor.
volt lamp has been
found so much more satisfactory as regards life, efficiency, etc., that
it is nearly always employed.
The two -wire system is so extremely simple that no explanation
whatever is required concerning it.
The three -wire system, however, is somewhat confusing, ana
will now 9e considered.
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Details of Three -Wire System. The three -wire system may be
considered as a two -wire system with a third or neutral conductor
placed between the two outside conductors, as shown in Fig. 29.
This neutral conductor would not be required if we could always have

the lamps arranged in pairs, as shown in Fig. 30. In this case, the
two lamps would burn in series, and we could transmit the current
at double the usual voltage, and thereby supply twice the number of
lamps with one -quarter the weight of copper, allowing the same loss

in pressure in the lamps. The reason for this is, that, having the
lamps arranged in series of pairs, we reduce the current to one-half,
and, as the pressure at which the current is transmitted is doubled,
we can again reduce the copper one-half without increasing the loss
in lamps. We therefore see that we have a double saving, as the current is reduced one-half, which reduces the weight of copper one-half,
and we can again reduce the copper one-half by doubling the loss in
volts without increasing the percentage loss. For example, if in one
case we had a straight two -wire system transmitting current to 100
lamps at a potential of 100 volts, and this system were replaced by one
in which the lamps were placed in series of pairs, as shown in Fig. 30,
and the potential increased to 200 volts -100 lamps still being usedwe should find, in the latter case, that we were carrying current really
for only 50 lamps, as we would require only the same amount of current for two lamps now that we required for one lamp before. Furthermore, as the potential would now be 200 instead of 100 volts,
we could allow twice as much loss as in the first case, because the loss
would now be figured as a percentage of 200 volts instead of a percentage of 100 volts. From this, it will readily be seen that in the second

case mentioned, we would require only one -quarter the weight of
copper that would be required in the first case.
It will readily be seen, however, that a system such as that outlined in the second scheme having two lamps, would be impracticable
for ordinary purposes, for the reason that it would always require the
lamps to be burned in pairs. Now, it is for this very reason that the
third or neutral conductor is required; and, if this conductor be added,
it will no longer be necessary to burn the lamps in pairs. This, then,

is the object of the three -wire system-to enable us to reduce the
amount of copper required for transmitting current, without increasing
the electric pressure employed for the lamps.
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With regard to the size of the neutral conductor, one important
point must be borne in mind; and that is, that the Rules of the National
Electric Code require the neutral conductor in all interior wiring to be
made at least as large as either of the two outside conductors. The

reasons for this from a fire standpoint are obvious, because, if for
any reason either of the outside conductors became disconnected, the
neutral wire might be required to carry the same current as the outside conductors, and therefore it should be of the same capacity. Of

course, the chances of such an event happening are slight; but, as
the fire hazard is all-important, this rule must be complied with for
interior wiring or in all cases where there would be a probability of
fire. For outside or underground work, however, where the fire
hazard would be relatively unimportant, the neutral conductor might
be reduced in size; and, as a matter of fact, it is made smaller than
the outside conductors.
The three -wire system is sometimes installed where it is desired
to use the system as a two -wire, 125 -volt system, or to have it arranged
so that it may be used at any time also as a three -wire, 125 -250 -volt
system. Of course, in order to do this, it is necessary to make the

neutral conductor equal to the combined capacity of the outside conductors, the latter being then connected together to form one conductor, the neutral being the return conductor. This system is not
recommended except in such instances, for example, as where an
isolated plant of 125 volts is installed, and where there is a possibility
of changing over at some future time to the three -wire, 125 -250 -volt
system. In such a case as this, however, it would be better, where
possible, to design the isolated plant for a three -wire, 125 -250 -volt
system originally, and then to make the neutral conductor the same
size as each of the two outside conductors.
The weight of copper required in a three -wire system where the
neutral conductor is the same size as either of the two outside conductors, is of that required for a corresponding two -wire system using
the same voltage of lamps.* It is obvious that this is true, because,
*NoTE.-If, in the two -wire system, we represent the weight of each of the two conductors by #, the weight of each of the outside conductors in a three -wire system would
be represented by 4; and if we had three conductors of the same size, we would have
= # of the weight of copper required in a three -wire system, which would be
+
required in a corresponding two -wire system having the same percentage of loss and
using the same voltage of lamps.
If the neutral conductor were made # of the size of each of the outside conductors,
as is sometimes done in underground work, the total weight of copper required would be
4.4 of that required in the corresponding two -wire system.
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as the discussion proved concerning the arrangement shown in Fig.
30, where the lamps were placed in series of pairs, we found that the
weight of copper for the two conductors was one -quarter the weight
of the regular two -wire system. It is then of course true, that, if we
had another conductor of the same size as each of the outside conductors, we increase theweight of copper one-half, or one -quarter plus
one-half of one-quarter-that is, three -eighths.
In the three -wire system frequently used in isolated plants in
which the two outside conductors are joined together and the neutral
conductor made equal to their combined capacity, there is no saving
of copper, for the reason that the same voltage of transmission is used,
and, consequently, we have neither reduced the current nor increased
the potential. Furthermore, though the weight of copper is the same,
it is now divided into three conductors, instead of two, and naturally
it costs relatively more to insulate and manufacture three conductors
than to insulate and manufdcture two conductors having the same
total weight of copper. As a matter of fact, the three -wire system,
having the neutral conductor equal to the combined capacity of the
two outside ones, the latter being joined together, is about 8 to 10
per cent more expensive than the corresponding straight two -wire
system.

In interior wiring, as a rule, where the three -wire system is used
for the mains and feeders, the two -wire system is nearly always employed for the branch circuits. Of course, the two -wire branch circuits are then balanced on each side of the three -wire system, so as to
obtain as far as possible at all times an equal balance on the two sides
of the system. This is done so as to have the neutral conductor carry
as little current as possible. From what has already been said, it is
obvious that in case there is a perfect balance, the lamps are virtually
in series of pairs, and the neutral conductor does not carry any current.
Where there is an unbalanced condition, the neutral conductor carries
the difference between the current on one side and the current on the
other side of the system. For example, if we had five lamps on one
side of the system and ten lamps on the other, the neutral conductor
would carry the current corresponding to five lamps.

In calculating the three -wire system, the neutral conductor is
disregarded, the outer wires being treated as a two -wire circuit, and
the calculation is for one-half the total number of lamps, the per -
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centage of loss being based on the potential across the two outside
conductors.
The three -wire system is very generally employed in alternating -

current secondary wiring, as nearly all transformers are built with
three -wire connections.

While unbalancing will not affect the total loss in the outside
conductors, yet it does affect the loss in the lamps, for the reason that
the system is usually calculated on the basis of a perfect balance, and
the loss is divided equally between the two lamps (the latter being
considered in series of pairs). If, however, there is unbalancing to
a great degree, the loss in lamps will be increased; and if the entire
load is thrown over on one side, the loss in the lamps will be doubled
on the remaining side, because the total loss in voltage will now occur
in these lamps, whereas, in the case of perfect balance, it would be
equally divided between the two groups of lamps.

CALCULATION OF SIZES OF CONDUCTORS
The formula for calculating the sizes of conductors for direct
currents, where the length, foad, and loss in volts are given, is as follows:
The size of conductor (in circular mils) is equal to the current multiplied
by the distance (one way), multiplied by 21.6, divided by the loss in volts; or,
C XD X 21.6

CM -

(1)

in which C = Current, in amperes;
D = Distance or length of the circuit (one way, in feet);
V = Loss in volts between the beginning and end of the circuit.

The constant (21.6) of this formula is derived from the resistance
of a mil foot of wire of 98 per cent conductivity at 25° Centigrade or

77° Fahrenheit. The resistance of a conductor of one mil diameter and one foot long, is 10.8 at the temperature and conductivity named. We multiply this figure (10.8) by 2, as the length of a
circuit is usually given as the distance one way, and in order to obtain
the resistance of both conductors in a two -wire circuit, we must
multiply by 2. The formula as above given, therefore, is for a twowire circuit; and in calculating the size of conductors in a three -wire
system, the calculation should be made on a two -wire basis, as explained hereinafter.
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Formula 1 can be transformed so as to obtain the loss in a given
circuit, or the current which may be carried a given distance with a
stated loss, or to obtain the distance when the other factors are given,
in the following manner:
Formula for Calculating Loss in Circuit when Size, Current, and Distance are Given

21.6
V - CX DX
CM

(2)

Formula for Calculating Current which may be Carried by a Given Circuit of Specified
Length, and with a Specified Loss

,,
C

-

CM X V
D X 21.6

(3)

Formula for Calculating Length of Circuit when Size, Loss, and Current to be Carried
are Oiven

D

CM x V

(4)

C X 21.6

Formulae are frequently given for calculating sizes of conductors,

etc., where the load, instead of being given in amperes, is stated in
lamps or in horse -power. It is usually advisable, however, to reduce
the load to amperes, as the efficiency of lamps and motors is a variable
quantity, and the current varies correspondingly.

It is sometimes convenient, however, to make the calculation
in terms of watts.

It will readily be seen that we can obtain a formula

expressed in watts from Formula 1. To do this, it is advisable to
express the loss in volts in percentage, instead of actual volts lost. It

must be remembered that, in the above formulae, V represents the
volts lost in the circuit, or, in other words, the difference in potential

between the beginning and the end of the circuit, and is not the
applied E. M. F. The loss in percentage, in any circuit, is equal to
the actual loss expressed in volts, divided by the line voltage, multiplied
by 100; or,

P=-v X 100.
From this equation, we have:
= P100E

If, for example, the calculation is to be made on a loss of 5 per cent,
with an applied voltage of 250, using this last equation, we would have:
5X
100250

Substituting the equation

V=

PE

= 12.5 volts.

in Formula 1, we have:
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CXDX 21.6
P
100

CX DX 21.6 X 100

PE

CX DX 2,160

PE

This equation, it should be remembered, is expressed in terms of
applied voltage. Now, since the power in watts is equal to the applied
voltage multiplied by the current (W = EC), it follows that

C = TP- By substituting this value of C in the equation given above (C M=
C X D X 2,160)
, the formula is expressed in terms of watts instead
PE
of current, thus:

X 2,160
CM - WXD
EPE

(5)

in which W = Power in watts transmitted;

D = Length of the circuit (one way)-that is, the length of one
conductor;
P = Figure representing the percentage loss;
E*= Applied voltage.

All the above formulae are for calculations of two -wire circuits.
In making calculations for three -wire circuits, it is usual to make the
calculation on the basis of the two outside conductors; and in three
wire calculations, the above formulae can be used with a slight modification, as will be shown.
In a three -wire circuit, it is usually assumed in making the cal-

culation, that the load is equally balanced on the two sides of the
neutral conductor; and, as the potential across the outside conductors
is double that of the corresponding potential across a two -wire circuit,
it is evident that for the same size of conductor the total loss in volts
could be doubled without increasing the percentage of loss in lamps.
Furthermore, as the load on one side of the neutral conductor, when

the system is balanced, is virtually in series with the load on the
third side, the current in amperes is usually one-half the sum of the
current required by all the lamps. If C be still taken as the total
*NOTE.

Remember that V in Formula 1 to 4 represents the volts lost, but that

E in Formula 5 represents the applied voltage.
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current in amperes (that is, the sum of the current required by all of
the lamps) in Formula 1, we shall have to divide this current by 2,
to use the formula for calculating the two outside conductors for a
three -wire system. Furthermore, we shall have to multiply the
voltage lost in the lamps by 2, to obtain the voltage lost in the two outside conductors, for the reason that the potential of the outside con.

ductors is double the potential required by the lamps themselves.
In other words, Formula 1 will become:

21.6
CM - CxDx
2XVX2
CXDX 21.6
4V

(6)

in which C = Sum of current required by all of the lamps on both sides of
the neutral conductor;
D = Length of circuit-that is, of any one of the three conductors;
V = Loss allowed in the lamps, i. e., one-half the total loss in the
two outside conductors.

In the same manner, all of the other formulae may be adapted for
making calculations for three -wire systems. Of course the calcula-

tion of a three -wire system could be made as if it were a two -wire
system, by taking one-half the total number of lamps supplied, at
one-half the voltage between the outside conductors.
It is understood, of course, that the size of the conductor in
Formula 6 is the size of each of the two outs de ones; but, inasmuch
as the Rules of the National Electric Code require that for interior
wiring the neutral conductor shall be at least equal in size to the outside

conductors, it is not necessary to calculate the size of the neutral
conductor. It must be remembered, however, that, in a three -wire
system where the neutral conductor is made equal in capacity to the

combined size of the two outside conductors, and where the two
outside conductors are joined together, we have virtually a two -wire
system arranged so that it can be converted into a three -wire system
later. In this case the calculation is exactly the same as in the case
of the two -wire circuits, except that one of the two conductors is split
into two smaller wires of the same capacity. This is frequently done
where isolated plants are installed, and where the generators are wound
for 125 volts and it may be desired at times to take current from an
outside three -wire 125 -250 -volt system.

ELECTRIC WIRING

29

METHOD OF PLANNING A WIRING
INSTALLATION
The first step in planning a wiring installation, is to gather all
the data which will affect either directly or indirectly the system of
wiring and the manner in which the conductors are to be installed.
These data will include: Kind of building; construction of building;
space available for conductors; source and system of electric -current
supply; and all details which will determine the method of wiring
to be employed. These last items materially affect the cost of the
work, and are usually determined by the character of the building
and by commercial considerations.
Method of Wiring. In a modern fireproof building, the only
system of wiring to be recommended is that in which the conductors
are installed in rigid conduits; although, even in such cases, it may be
desirable, and economy may be effected thereby, to install the larger
feeder and main conductors exposed on insulators using weatherproof
slow -burning wire. This latter method should be used, however,
only where there is a convenient runway for the conductors, so that
they will not be crowded and will not cross pipes, ducts, etc., and
also will not have too many bends. Also, the local inspection authorities should be consulted before using this method.

For mills, factories, etc., wires exposed on cleats or insulators
are usually to be recommended, although rigid conduit, flexible conduit, or armored cable may be desirable.

In finished buildings, and for extensions of existing outlets,
where the wiring could not readily or conveniently be concealed,
moulding is generally used, particularly where cleat wiring or other
exposed methods of wiring would be objectionable. However, as
has already been said, moulding should not be employed where there
is any liability to dampness.
In finished buildings, particularly where they are of frame construction, flexible steel conduits or armored cable are to be recommended.

While in new buildings of frame construction, knob and tube
wiring are frequently employed, this method should be used only
where the question of first cost is of prime importance.

While armored
cable will cost approximately 50 to 100 per cent more than knob and
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tube wiring, the former method is so much more permanent and is
so much safer that it is strongly recommended.

Systems of Wiring. The system of wiring-that is, whether
the two -wire or the three -wire system shall be used-is usually determined by the source of supply. If the source of supply is an isolated

plant, with simple two -wire generators, and with little possibility
of current being taken from the outside at some future time, the
wiring in the building should be laid out on the two -wire system. If,
on the other hand, the isolated plant is three -wire (having three -wire
generators, or two -wire generators with balancer sets), or if the current is taken from an outside source, the wiring in the building should
be laid out on a three -wire system.
It very seldom happens that current supply from a central station
is arranged with other than the three -wire system inside of buildings,
because, if the outside supply is alternating current, the transformers
are usually adapted for a three -wire system. For small buildings,
on the other hand, where there are only a few lights and where there
would be only one feeder, the two -wire system is used. As a rule,
however, when the current is taken from an outside source, it is best
to consult the engineer of the central station supplying the current,
and to conform with his wishes. As a matter of fact, this should be

done in any event, in order to ascertain the proper voltage for the
lamps and for the motors, and also to ascertain whether the central
station will supply transformers, meters, and lamps-for, if these
are not thus supplied, they should be included in the contract for the
wiring.

Location of Outlets. It is not within the scope of this treatise
to discuss the matter of illumination, but it is desirable, at this point,
to outline briefly the method of procedure.
A set of plans, including elevation and details, if any, and showing decorative treatment of the various rooms, should be obtained

from the Architect. A careful study should then be made by the
Architect, the Owner, and the Engineer, or some other person qualified

to make recommendations as to illumination. The location of the
outlets will depend: First, upon the decorative treatment of the
room, which determines the aesthetic and architectural effects; second,
upon the type and general form of fixtures to be used, which should

be previously decided on; third, upon the tastes of the owners or
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occupants in regard to illumination in general, as it is found that
tastes vary widely in regard to amount and kind of illumination.

The location of the outlets, and the number of lights required
at each, having been determined, the outlets should be marked on
the plans.
The Architect should then be consulted as to the location of the
centers of distribution, the available points for the risers or feeders,
and the available space for the branch circuit conductors.
In regard to the rising points for the feeders and mains, the following precautions should be used in selecting chases:
1. The space should be amply large to accommodate all the feeders and

mains likely to rise at that given point. This seems trite and unnecessary,
but it is the most usual trouble with chases for risers. Formerly architects
and builders paid little attention to the requirements for chases for electrical
work; but in these later days of 2 -inch and 21 -inch conduit, they realize that
these pipes are not so invisible and mysterious as the force they serve to distribute, particularly when twenty or more such conduits must be stowed away
in a building where no special provision has been made for them.

2. If possible, the space should be devoted solely to electric wiring.
Steam pipes are objectionable on account of their temperature; and these and
all other pipes are objectionable in the same space occupied by the electrical
conduits, for if the space proves too small, the electric conduits are the first to
be crowded out.
The chase, if possible, should be continuous from the cellar to the roof,
or as far as needed. This is necessary in order to avoid unnecessary bends or
elbows, which are objectionable for many reasons.

In similar manner, the location of cut-out cabinets or distributing
centers should fulfil the following requirements:
1. They should be accessible at all times.
2. They should be placed sufficiently close together to prevent the circuits from being too long.
3. Do not place them in too prominent a position, as that is objectionable
from the Architect's point of view.
4. They should be placed as near as possible to the rising chases, in
order to shorten the feeders and mains supplying them.

Having determined the system and method of wiring, the location
of outlets and distributing centers, the next step is to lay out the branch
circuits supplying the various outlets.
Before starting to lay out the branch circuits, a drawing showing
the floor construction, and showing the space between the top of the
beams and girders and the flooring, should be obtained from the Architect. In f --proof buildings of iron or steel construction, it is almost
the invariable practice, where the work is to be concealed, to run the
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conduits over the beams, under the rough flooring, carrying them
between the sleepers when running parallel to the sleepers, and notch-

ing the latter when the conduits run across them (see Fig. 31). In
wooden frame buildings, the conduits run parallel to the beams and
to the furring (see Fig. 32); they are also sometimes run below the

Finished Floor
,7115,0",/i

'7%0

Cement and Ashes

IATC111
Fig. 31.

I

/

Running Conductors Concealed under Floor in Fireproof Building.

beams. In the latter case the beams have to be notched, and this is

allowable only in certain places, usually near the points where the
beams are supported. The Architect's drawing is therefore necessary
in order that the location and course of the conduits may be indicated
on the plans.

The first consideratiOn in laying out the branch circuit is the
number of outlets and number of lights to be wired on any one branch
circuit. The Rules of the National Electric Code (Rule 21-D) require

that "no set of incandescent lamps requiring more than 660 watts,
whether grouped on one fixture or on several fixtures or pendants,
will be dependent on one cut-out." While it would be possible to
have branch circuits supplying more than 660 watts, by placing various

cut-outs at different points along the route of the branch circuit, so
as to subdivide it into small sections to comply with the rule, this
method is not recommended, except in certain cases, for exposed wiring

in factories or mills. As a rule, the proper method is to have the
cut-outs located at the center of distribution, and to limit each branch
circuit to 660 watts, which corresponds to twelve or thirteen 50 -watt
lamps, twelve being the usual limit. Attention is called to the fact
that the inspectors usually allow 50 watts for each socket connected
to a branch circuit; and although 8 -candle -power lamps may be
placed at some of the outlets, the inspectors hold that the standard
lamp is approximately 50 watts, and for that reason the:'; is always
the likelihood of a lamp of that capacity being used, and their inspec-
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tion is based on that assumption. Therefore, to comply with the
requirements, an allowance of not more than twelve lamps per branch
circuit should be made.

In ordinary practice, however, it is best to reduce this number
still further, so as to make allowance for future extensions or to increase

the number of lamps that may be placed at any outlet.

For this

reason, it is wise to keep the number of the outlets on a circuit at the
lowest point consistent with economical wiring. It has been proven
by actual practice, that the best results are obtained by limiting the
number to five or six outlets on a branch circuit. Of course, where
all the outlets have a single light each, it is frequently necessary, for

reasons of economy, to increase this number to eight, ten, and, in
some cases, twelve outlets.
We have already referred to the location of the wires or conduits.
This question is generally settled by the peculiarities of the construction of the building. It is necessary to know this, however, before

laying out the circuit work, as it frequently determines the course of
a circuit.

Now, as to the course of the circuit work, little need be said,
as it is largely influenced by the relative position of the outlets, cutFinished. Floor

Studor
Wall

Wooden Beam
Furring Strips

Conduit
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Lathing

Fig. 3:1

Rough Flooring

Running Conductors Concealed under Floor in Wooden Frame Building.

outs, switches, etc.

Between the cut-out box and the first outlet, and

between the outlets, it will have to be decided, however, whether
the circuits shall run at right angles to the walls of the building or
room, or whether they shall run direct from one point to another,
irrespective of the angle they make to the sleepers or beams. Of
course, in the latter case, the advantages are that the cost is somewhat less and the number of elbows and bends is reduced. If the
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tubes are bent, however, instead of using elbows, the difference in
cost is usually very slight, and probably does not compensate for the
disadvantages that would result from running the tubes diagonally.
As to the number of bends, if branch circuit work is properly laid
out and installed, and a proper size of tube used, it rarely happens
that there is any difference in "pulling" the branch circuit wires.
It may happen, in the event of a very long run or one having a large
number of bends, that it might be advisable to adopt a short and
most direct route.
Up to this time, the location of the distribution centers has been
made solely with reference to architectural considerations; but they
must now be considered in conjunction with the branch circuit work.

It frequently happens that, after running the branch circuits
on the plans, we find, in certain cases, that the position of centers of

distribution may be changed to advantage, or sometimes certain
groups may be dispensed with entirely and the circuits run to other
points. We now see the wisdom of ascertaining from the Architect
where cut-out groups may be located, rather than selecting particular
points for their location.
As a rule, wherever possible, it is wise to limit the length of each
branch circuit to 100 feet; and the number and location of the distributing centers should be determined accordingly.
It may be found that it is sometimes necessary and even desirable
to increase the limit of length. One instance of this may be found in
hall or corridor lights in large buildings. It is generally desirable,
in such cases, to control the hall lights from one point; and, as the

number of lights at each outlet is generally small, it would not be
economical to run mains for sub -centers of distribution. Hence,
in instances of this character, the length of runs will frequently exceed
the limit named. In the great majority of. cases, however, the best
results are obtained by limiting the runs to 90 or 100 feet.

There are several good reasons for placing such a limit on the
length of a branch circuit. To begin with, assuming that we are going
to place a limit on the loss in voltage (drop) from the switchboard to
the lamp, it may be easily proven that up to a certain reasonable
limit it is more economical to have a larger number of distributing
centers and shorter branch circuits, than to have fewer centers and

longer circuits.

It is usual, in the better class of work, to limit the
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loss in voltage in any branch circuit to approximately one volt. Assuming this limit (one volt loss), it can readily be calculated that the
number of lights at one outlet which may be connected on a branch
circuit 100 feet long (using No. 14 B. & S. wire), is four; or in the
case of outlets having a single light each, five outlets may be connected on the circuit, the first being 60 feet frem the cut-out, the others
being 10 feet apart.
These examples are selected simply to show that if the branch
circuits are much longer than 100 feet, the loss must be increased
to more than one volt, or else the number of lights that may be connected to one circuit must be reduced to a very small quantity, provided, of course, the size of the wire remains the same.

Either of these alternatives is objectionable-the first, on the
score of regulation; and the second, from an economical standpoint.
If, for instance, the loss in a branch circuit with all the lights turned
on is four volts (assuming an extreme case), the voltage at which a
lamp on that circuit burns will vary from four volts, depending on the
number of lights burning at a time. This, of course, will cause the
lamp to burn below candle -power when all the lamps are turned on,
or else to diminish its life by burning above the proper voltage when
it is the only lamp burning on the circuit. Then, too, if the drop in
the branch circuits is increased, the sizes of the feeders and the mains
must be correspondingly increased (if the total loss remains the same),
thereby increasing their cost.
If the number of lights on the circuit is decreased, we do not use
to good advantage the available carrying capacity of the wire.
Of course, one solution of the problem would be to increase the
size of the wire for the branch circuits, thus reducing the drop. This,
however, would not be desirable, except in certain cases where there
were a few long circuits, such as for corridor lights or other special
control circuits. In such instances as these, it would be better to

increase the sizes of the branch circuit to No. 12 or even No. 10
B. & S. Gauge conductors, than to increase the number of centers
3f distribution for the sake of a few circuits only, in order to reduce
the number of lamps (or loss) within the limit.
The method of calculating the loss in conductors has been given
elsewhere; but it must be borne in mind, in calculating the loss of a
branch circuit supplying more than one outlet, that separate calcu-
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lations must be made for each portion of the circuit. That is, a
calculation must be made for the loss to the first outlet, the length in
this case being the distance from the center of distribution to the first
outlet, and the load being the total number of lamps supplied by the
circuit. The next step would be to obtain the loss between the first
and second outlet, the length being the distance between the two outlets, and the load, in this case, being the total number of lamps supplied by the circuit, minus the number supplied by the first outlet;
and so on. The loss for the total circuit would be the sum of these
losses for the various portions of the circuit.
Feeders and Mains. If the building is more than one story, an
elevation should be made showing the height and number of stories.
On this elevation, the various distributing centers should be shown

diagrammatically; and the current in amperes supplied through
each center of distribution, should be indicated at each center. The
next step is to lay out a tentative system of feeders and mains, and to

ascertain the load in amperes supplied by each feeder and main.
The estimated length of each feeder and main should then be determined, and calculation made for the loss from the switchboard to
each center of distribution. It may be found that in some cases it
will be necessary to change the arrangement of feeders or mains, or
even the centers of distribution, in order to keep the total loss from the
switchboard to the lamps within the limits previously determined.
As a matter of fact, in important work, it is always best to lay out the
entire work tentatively in a more or less crude fashion, according to
the "cut and dried" method, in order to obtain the best results, because
the entire layout may be modified after the first preliminary layout
has been made. Of course, as one becomes more experienced and
skilled in these matters, the final layout is often almost identical with
the first preliminary arrangement.
TESTING

Where possible, two tests of the electric wiring equipment should
be made, one after the wiring itself is entirely completed, and switches,

cut-out panels, etc., are connected; and the second one after the
fixtures have all been installed. The reason for this is that if a ground

or short circuit is discovered before the fixtures are installed, it is
more easily remedied; and secondly, because there is no division of
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the responsibility, as there might be if the first test were made only
after the fixtures were installed. If the test shows no grounds or
short circuits before the fixtures are installed, and one does develop
after they are installed, the trouble, of course, is that the short circuit
or ground is one or more of the fixtures. As a matter of fact, it is a
wise plan always to make a separate test of each fixture after it is
delivered at the building and before it is installed.
While a magneto is largely used for the purpose of testing, it is
at best a crude and unreliable method. In the first place, it does
not give an indication, even approximately, of the total insulation
resistance, but merely indicates whether there is a ground or short
circuit, or not. In some instances, moreover, a magneto test has
led to serious errors, for reasons that will be explained. If, as is
nearly always the case, the magneto is an alternating -current instru-

ment, it may sometimes happen-particularly in long cables, and
especially where there is a lead sheathing on the cable-that the
magneto will ring, indicating to the uninitiated that there is a ground
or short circuit on the cable. This may be, and usually is, far from
being the case; and the cause of the ringing of the magneto is not a
ground or short circuit, but is due to the capacity of the cable, which
acts as a condenser under certain conditions, since the magneto producing an alternating current repeatedly charges and discharges the cable
in opposite directions, this changing of the current causing the magneto
to ring. Of course, this defect in a magneto could be remedied by

using a commutator and changing it to a direct -current machine;
but as the method is faulty in itself, it is hardly worth while to do this.
A portable galvanometer with a resistance box and Wheatstone

bridge, is sometimes employed; but this method is objectionable
because it requires a special instrument which cannot be used for
many other purposes. Furthermore, it requires more skill and time
to use than the voltmeter method, which will now be described.
The advantage of the voltmeter method is that it requires merely
a direct -current voltmeter, which can be used for many other purposes,
and which all engineers or contractors should possess, together with
a box of cells having a potential of preferably over 30 volts. The voltmeter should have a scale of not over 150 volts, for the reason that if
the scale on which the battery is used covers too wide a range (say
1,000 volts) the readings might be so small as to make the test inac-
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curate. A good arrangement would be to have a voltmeter having
two scales-say, one of 60 and one of 600-which would make the
voltmeter available for all practical potentials that are likely to be
used inside of a building. If desired, a voltmeter could be obtained
with three connections having three scales, the lowest scale of which
would be used for testing insulation resistances.

Before starting a test, all of the fuses should be inserted and
switches turned on, so that the complete test of the entire installation

can be made. When this has been done, the voltmeter and battery
should be connected, so as to obtain on the lowest scale of the voltmeter the electromotive force of the entire group of cells. This
Immediately after this has been done,
the insulation resistance to be tested

connection is shown in Fig. 33.

placed in circuit, whether the
insulation to be tested is a switchboard, slate panel -board, or the
entire wiring installation; and the
connections are made as shown in
is

34. A reading should then
again be taken of the voltmeter;
and the leakage is in proportion
Fig.

Fig. 33. Connections of Voltmeter and
Battery for Testing Insulation
Resistance.

to the difference between the first
and second readings of the volt -

meter. The explanation given below
will show how this resistance may be calculated: It is evident that
the resistance in the first case was merely the resistance of the voltmeter and the internal resistance of the battery. As a rub, the internal
resistance of the battery is so small in comparison with the resistance
of the voltmeter and the external resistance, that it may be entirely
-neglected, and this will be done in the following calculation. In the
second case, however, the total resistance in circuits is the resistance
of the voltmeter and the battery, plus the entire insulation resistance
on all the wires, etc., connected in circuit.
To put this in mathematical form, the voltage of the cells may
be indicated by the letter E; and the reading of the voltmeter when
the insulation resistance is connected by the circuit, by the letter E'.
Let R represent the resistance of the voltmeter and Rx represent the
insulation resistance of the installation which we wish to measure.
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It is a fact which the reader undoubtedly knows, that the E. M. F. as
indicated by the voltmeter in Fig. 34 is inversely proportional to the
resistance: that is, the greater the resistance, the lower will be the
reading on the voltmeter, as this reading indicates the leakage or current passing through the resistance. Putting this in the shape of a
formula, we have from the theory of proportion:
E : E'

Rx : R ;

R

or;
E' R

E' Rx

E' Rx

E R - E' R

Transposing,
and

ER.

R (E-F),

Rx = R (E - E')
E'

Or, expressed in words, the insulation resistance is equal to the resist-

ance of the voltmeter multiplied by

the difference between the first read-

Battery

ing (or the voltage
in the cells) and

the second reading

Key

(or the reading of
the voltmeter with
the insulation re-

cS
Fig. 34. Insulation Resistance Placed in Circuit, Ready for

Testing.

sistance in series with the voltmeter), divided by this last reading of
the voltmeter.
Example. Assume a resistance of a voltmeter (R) of 20,000 ohms,
and a voltage of the cells (E) of 30 volts; and suppose that the insula-

tion resistance test of a wiring installation, including switchboard,
feeders, branch circuits, panel -boards, etc., is to be made, the insulation resistance being represented by the letter Rx . By substituting
in the formula

Rx =R (EE'- E')
and assuming that the reading of the voltmeter with the insulation
resistance connected is 5, we have:

R=

20,000 X (30-5)
5

- 100,000 ohms.

If the test shows an excessive amount of leakage, or a ground or
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short circuit, the location of the trouble may be determined by the
process of elimination-that is, by cutting out the various feeders
until the ground or leakage disappears, and, when the feeder on which
the trouble exists has been located, by following the same process
with the branch circuits.

Of course, the larger the installation and the longer and more
numerous the circuits, the greater the leakage will be; and the lower
will be the insulation resistance, as there is a greater surface exposed
for leakage. The Rules of the National Electric Code give a sliding
scale for the requirements as to insulation resistance, depending upon
the amount of current carried by the various feeders, branch circuits,
etc. The rule of the National Electric Code (No. 66) covering this
point, is as follows:
"The wiring in any building must test free from grounds; i. e., the complete installation must have an insulation between conductors and between
all conductors and the ground (not including attachments, sockets, receptacles, etc.) not less than that given in the following table:
Up to
5 amperes
4,000,000 ohms
"

10
25

"
"

2,000,000 "
800,000 "
400,000 "
200,000 "
100,000 "
50,000 "
25,000 "
12,500 "

50
100
200

"

400
800
1,600

"
"

"
"
"The test must be made with all cut-outs and safety devices in place. If
the lamp sockets, receptacles, electroliers, etc., are also connected, only onehalf of the resistances specified in the table will Le required."

ALTERNATING -CURRENT CIRCUITS
It is not within the province of this chapter to treat the various
alternating -current phenomena, but simply to outline the modifications

which should be made in designing and calculating electric light
wiring, in order to make proper allowance for these phenomena.
The most marked difference between alternating and direct current, so far as wiring is concerned, is the effect produced by selfinduction, which is characteristic of all alternating-current circuits.

This self-induction varies greatly with conditions depending upon
the arrangement of the circuit, the medium surrounding the circuit,
the devices or apparatus supplied by or connected in the circuit, etc.
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For example, if a coil having a resistance of 100 ohms is included in
the circuit, a current of one ampere can be passed through the coil
with an electric pressure of 100 volts, if direct current is used ; while
it might require a potential of several hundred volts to pass a current
of one ampere if alternating -current were used, depending upon the
number of turns in the coil, whether it is wound on iron or some other
non-magnetic material, etc.
It will be seen from this example, that greater allowance should
be made for self-induction in laying out and calculating alternating current wiring, if the conditions are such that the self-induction will
be appreciable.
On account of self-induction, the two wires of an alternating current circuit must never be installed in separate iron or steel conduits, for the reason that such a circuit would be virtually a choke coil
consisting of a single turn of wire wound on an iron core, and the selfinduction would not only reduce the current passing through the circuit, but also might produce heating of the iron pipe. It is for this
reason that the National Electric Code requires conductors constituting a given circuit to be placed in the same conduit, if that conduit
is iron or steel, whenever the said circuit is intended to carry, or is
liable to carry at some future time, an riternating current. This does
not mean, in the case of a two-phase circuit, that all four conductors
need be placed in the same conduit, but that the two conductors of a
given phase must be placed in the same conduit. If, however, the
three -wire system be used for a two-phase system, all three conductors
should be placed in the same conduit, as should also be the case in a
three -wire three-phase system. Of course, in a single-phase two- or
three -wire system, the conductors should all be placed in the same
conduit.
In calculating circuits carrying alternating current, no allowance
usually should be made for self-induction when the conductors of the
same circuit are placed close together in an iron conduit. When,
however, the conductors are run exposed, or are separated from each
other, calculation should be made to determine if the effects of selfinduction are great enough to cause an appreciable inductive drop.
There are several methods of calculating this drop due to self-induction-one by formula, and one by a mathematical method which will
be described.
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Skin Effect.

Skin effect in alternating -current circuits is caused

by an incorrect distribution of the current in the wire, the current
tending to flow through the outer portion of the wire, it being a wellknown fact that in alternating currents, the current density decreases
toward the center of the conductor, and that in large wires, the current
density at the center of the conductor is relatively quite small.
The skin effect increases in proportion to the square of the diameter, and also in direct ratio to the frequency of the alternating current.
For conductors of No. 0000 B. & S. Gauge, and smaller, and for
frequencies of 60 cycles per second, or less, the skin effect is negligible
and is less than one-half of one per cent.
For very large cables and for frequencies above 60 cycles per
second, the skin effect may be appreciable; and in certain cases, allowance for it should be made in making the calculation. In ordinary
practice, however, it may be neglected. Table IX, taken from Alternating -Current Wiring and Distribution, by W. R. Emmet, gives the
data necessary for calculating the skin effect. The figures given in
the first and third columns are obtained by multiplying the size of the
conductor (in circular mils) by the frequency (number of cycles per
second); and the figures in the second and fourth columns show the

factor to be used in multiplying the ohmic resistance, in order to
obtain the combined resistance and skin effect.
TABLE IX
Data for Calculating Skin Effect
PRODUCT OF CIRCULAR
MILS X CYCLES PER SEC.

10,000,000
20,000,000
30,000,000
40,000,000
50,000,000
60,000,000

FACTOR

PRODUCT OF CIRCULAR
MILS X CYCLES PER SEC.

FACTOR

1.00
1.01
1.03
1.05

70,000,000
80,000,000
90,000,000
100,000,000
125,000,000
150,000,000

1.13
1.17
1.20
1.25
1.34
1.43

1 .08

1.10

The factors given in this table, multiplied by the resistance to direct currents, will give the resistance to alternating currents for copper conductors of
circular cross-section.

Mutual Induction. When two or more circuits are run in the
same vicinity, there is a possibility of one circuit inducing an electromotive force in the conductors of an adjoining circuit. This effect
may result in raising or lowering the E. M. F. in the circuit in which a
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mutual induction takes place. The amount of this induced E. M. F.
set up in one circuit by a parallel current, is dependent upon the current, the frequency, the lengths of the circuits running parallel to each
other, and the relative positions of the conductors constituting the
said circuits.
Under ordinary conditions, and except for long circuits carrying
high potentials, the effect of mutual induction is so slight as to be
negligible, unless the conductors are improperly arranged. In order

to prevent mutual induction, the conductors constituting a given
circuit should be grouped together. Figs. 35 to 39, inclusive, show

O0

.035 Volts.

Alt.

.016 Volts.

16p00 Alt.

.015 Volts.

Alt.

.0065Voits.

1E000 Alt.

.070 Volts.
.032 Volts.

7,200

O0

Fig. 35.

7,200
Fig. 36.

00

0

1e3000 Alt.

7200

Alt.

Fig. 37.

16000 Alt.
7200

Alt.

.006 Volts.
.0027Volts.

g. 38.

0

16,000 Alt.

.112

3200 Alt.

.0.50 Volts,

Volts.

Fig. 39.

Various Groupings of Conductors in Two Two -Wire Circuits, Giving Various
Effects of Induction.

five arrangements of two two -wire circuits; and show how relatively
small the effect of first induction is when the conductors are properly
arranged, as in Fig. 38, and how relatively large it may be when improperly arranged, as in Fig. 39. These diagrams are taken from

a publication of Mr. Charles F. Scott, entitled Polyphase Transmission, issued by the Westinghouse Electric & Manufacturing
Company.

Line Capacity. The effect of capacity is usually negligible,
except in long transmission lines where high potentials are used; no
calculations or allowance need be made for capacity, for ordinary
circuits.
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Calculation of Alternating -Current Circuits. In the instruction
paper on "Power Stations and Transmission," a method is given for
calculating alternating -current lines by means of formulie, and data are
given regarding power factor and the calculation of both single-phase
and polyphase circuits. For short lines, secomlary wiring, etc., however, it is probably more convenient to use the 11art method devised

by Mr. Ralph D. Mershon, described in the Am?rican Electrician of
June, 1897, and partially reproduced as follows:
DROP IN ALTERNATING -CURRENT LINES

When alternating currents first came into use, when transmission
distances were short and the only loads carried were lamps, the question of drop or loss of voltage in the transmitting line was a simple one,

and the same methods as for direct current could without serious
error be employed in dealing with it. The conditions existing in
alternating practice to-day-longer distances, polyphase circuits,
and loads made up partly or wholly of induction motors-render
this question less simple; and direct -current methods applied to it
do not lead to satisfactory results. Any treatment of this or of
any engineering subject, if it is to benefit the majority of engineers,
must not involve groping through long equations or complex diagrams
in search of practical results. The results, if any, must be in available and convenient form. In what follows, the endeavor has L yen
made to so treat the subject of drop in alternating -current lines tl,at

if the reader be grounded in the theory the brief space devoted to
it will suffice; but if he do not comprehend or care to follow the
simple theory involved, he may nevertheless turn the results to his
practical advantage.
Calculation of Drop. Most of the matter heretofore published
on the subject of drop treats only of the inter -relation of the E. M. F.'s
involved, and, so far as the writer knows, there have not appeared
in convenient form the data necessary for accurately calculating this
quantity. Table X (page 47) and the chart (page 46) include, in a

form suitable for the engineer's pocketbook, everything necessary
for calculating the drop of alternating -current lines.
The chart is simply an extension of the vector diagram (Fig. 40).
giving the relations of the E. M. F.'s of line, load. and generator In
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Fig. 40, E is the generator E. M. F.; e, the E. M. F. impressed upon
the load; c, that component of E which overcomes the back E. M. F.
due to the impedance of the line. The component c is made up of two
components at right angles to each other. One is a, the component

overcoming the IR or back E. M. F. due to resistance of the line.
The other is b, the component overcoming the reactance E. M. F. or
back. E. M. F. due to the alternating field set up around the wire by
the current in the wire. The drop is the difference between E and
e. It is d, the radial distance between two circular arcs, one of which
is drawn with a radius e, and the other with a radius E.
The chart is made by striking a succession of circular arcs with

0 as a center.

The radius of the
smallest circle corresponds to e, the

E. M. F. of

the
load, which is taken
as 100 per cent.
The radii of the suc-

3

ceeding circles increase by 1 per cent
of that of the small-

est circle; and, as
the radius of the

\

--d--

last or largest circle is 140 per cent

Fig. 93.

Vector Diagram.

of that of the smallest, the chart answers for drops up to 40 per cent of
the E. M. F. delivered.
The terms resistance volts, resistance E. M. F., reactance volts,
and reactance E. M. F., refer, of course, to the voltages for overcom..
ing the back E. M. F.'s due to resistance and reactance respectively.
The figures given in the table under the heading "Resistance -Volts
for One Ampere, etc." are simply the resistances of 2,000 feet of the
various sizes of wire. The values given under the heading "Reactance -Volts, etc.," are, a part of them, calculated from tables published

some time ago by Messrs. Houston and Kennelly. The remainder
were obtained by using Maxwell's formula.

The explanation given in the table accompanying the chart
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TABLE X
Data for Calculating Drop in Alternating=Current Lines
To be used in conjunction with Chart on opposite page.
By means of the table, calculate the Resistance -Volts and the Reactance -Volts in the

line, and find what per cent each is of the E. M. F. delivered at the end of the line.
Starting from the point on the chart where the vertical line corresponding with the
power -factor of the load intersects the smallest circle, lay off in per cent the resistance
E. M. F. horizontally and to the right; from the point thus obtained, lay off upward
in per cent the reactance -E. M. F. The circle on which the last point falls gives the
drop, in per cent, of the E. M. F. delivered at the end of the line. Every tenth circle
arc is marked with the per cent drop to which it corresponds.
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4"

1"

2"

3"

6"

.046 .079 .111 .130 .161
.243

.417

.586

.687

.850

.052 .085 .116 .135 .167
.275

.449

.613

.713

.882

9"

12"

18"

24"

30"

36"

.180 .193 .212 .225 .235 .244
.951

1.02

1.12

1.19

1.24

1.29

.185 .199 .217 .230 .241 .249
.977

1.05

1.15

1.22

1.27

1.32

.057 .090 .121 .140 .172 .190 .204 .222 .236 .246 .254

402

.156

2,123

.824

.301

.475

.639

.739

.908

1.00

1.08

1.17

1.25

1.30

1.34

319

.197

.063 .095 .127 .145 .177 .196 .209 .228 .241 .251 .259

1,685

1.04

.332

.502

.671

.766

.935

1.04

1.10

1.20

1.27

1.33

1.37

253

.248

.068 .101 .132 .151 .183 .201 .214 .233 .246 .256 .265

1,335

1.31

.359

.533

.687

.797

.966

1.06

1.13

1.23

1.30

1.35

1.40

201

.313

.074 .106 .138 .156 .188 .206 .220 .238 .252 .262 .270
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4

Throughout the table the lower figures in the squares give
values for ONE MILE of line, corresponding to those of the
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.627

.090 .121 .154 .172 .204 .223 .236 .254 .268 .278 .286

100
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4.18
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.908

1.05

1.08

1.15

1.18

1.22

1.25

1.32

1.34

1.38

1.42

1.44

1.47

1.48

1.51
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(Table X) is thought to be a sufficient guide to its use, but a few
examples may be of value.
Problem.

Power to be delivered, 250 K.W.; E. M. F. to be delivered,

2,000 volts; distance of transmission, 10,000 feet; size of wire, No. 0; distance
between wires, 18 inches; power factor of load, .8; frequency, 7,200 alternations per minute. Find the line loss and drop.

Remembering that the power factor is that fraction by which
the apparent power of volt-amperes must be multiplied to give the
true power, the apparent power to be delivered is
250 K.W.
-312.5 apparent K.W.
.8

The current, therefore, at 2,000 volts will be

312,500156 25 amperes.
2,000

.

From the table of reactances under the heading "18 inches," and
corresponding to No. 0 wire, is obtained the constant .228. Bearing
the instructions of the table in mind, the reactance -volts of this line
are, 156.25 (amperes) X 10 (thousands of feet) X .228=356.3 volts,
which is 17.8 per cent of the 2,000 volts to be delivered.
From the column headed "Resistance -Volts" and corresponding
to No. 0 wire, is obtained the constant .197. The resistance -volts
of the line are, therefore, 156.25 (amperes) X 10 (thousands of feet)
X .197=307.8 volts, which is 15.4 per cent of the 2,000 volts to be
delivered.

Starting, in accordance with the instructions of the table, from
the point where the vertical line (which at the bottom of the chart
is marked "Load Power Factor" .8) intersects the inner or smallest
circle, lay off horizontally and to the right the resistance -E. M. F. in
per cent (15.4); and from, the point thus obtained, lay off vertically the
reactance -E. M. F. in per cent (17.8). The last point falls at about
23 per cent, as given by the circular arcs. This, then, is the drop, in
per cent, of the E. M. F. delivered. The drop, in per cent, of the generator E. M. F. is, of course,
23

100+23

-18.7 per cent.

The percentage loss of power in the line has not, as with direct
current, the same value as the percentage drop. This is due to the
fact that the line has reactance, and also that the apparent power
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delivered to the load is not identical with the true power-that is,
the load power factor is less than unity. The loss must be obtained
by calculating /2 R for the line, or, what amounts to the same thing,
by multiplying the resistance -volts by the current.

The resistance -volts in this case are 307.8, and the current
156.25 amperes. The loss is 307.8 X 156.25=48.1 K. W. The
percentage loss is
48.1
- 16.1 per cent.
250 + 48.1
Therefore, for the problem taken, the drop is 18.7 per cent, and the
loss is 16.1 per cent. If the problem be to find the size wire for a given
drop, it must be solved by trial. Assume a size of wire and calculate
the drop; the result in connection with the table will show the direction

and extent of the change necessary in the size of wire to give the
required drop.
The effect of the line reactance in increasing the drop should be
noted. If there were no reactance, the drop in the above example

would be given by the point obtained in laying off on the chart the
resistance -E. M. F. (15.4) only. This point falls at 12.4 per cent,
and the drop in terms of the generator E. M. F. would be
12.4
= 11 per cent, instead of 18.7 per cent.
112.4
Anything therefore which will reduce reactance is desirable.

Reactance can be reduced in two ways. One of these is to
diminish the distance between wires. The extent to which this can
be carried is limited, in the case of a pole line, to the least distance at
which the wires are safe from swinging together in the middle of the
span; in inside wiring, by the danger from fire. The other way of
reducing reactance is to split the copper up into a greater number of
circuits, and arrange these circuits so that there is no inductive interaction. For instance, suppose that in the example worked out above,
two No. 3 wires were used instead of one No. 0 wire. The resistance volts would be practically the same, but the reactance -volts would be
less in the ratio

X

.244
= .535, since each circuit would bear half the
228

current the No. 0 circuit does, and the constant for No. 3 wire is .244,
instead of .228-that for No. 0. The effect of subdividing the copper
is also shown if in the example given it is desired to reduce the drop
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to, say, one-half. Increasing the copper from No. 0 to No. 0000 will
not produce the required result, for, although the resistance -volts will
be reduced one-half, the reactance -volts will be reduced only in the
ratio .212. If, however, two inductively independent circuits of No. 0
.228

wire be used, the resistance- and reactance -volts will both be reduced

one-half, and the drop will therefore be diminished the required
amount.
The component of drop due to reactance is best diminished by subdividing the copper or by bringing the conductors closer together. It
is little affected by change in size of conductors.
An idea of the manner in which changes of power factor affect
drop is best gotten by an example. Assume distance of transmission,
distance between conductors E. M. F., and frequency, the same as in
the previous example. Assume the apparent power delivered the
same as before, and let it be constant, but let the power factor be given
several different values; the true power will therefore be a variable
depending upon the value of the power factor. Let the size of wire
be No. 0000. As the apparent power, and hence the current, is the
same as before, and the line resistance is one-half, the resistance E. M. F. will in this case be
15.4

, or 7.7 per cent of the E. M. F. delivered.

2

Also, the reactance -E. M. F. will be
.212 X 17.8

- 16.5

cent.

.228

Combining these on the chart for a power factor of .4, and deducing
the drop, in per cent, of the generator E. M. F., the value obtained is
15.3 per cent; with a power factor of .8, the drop is 14 per cent;
with a power factor of unity, it is 8 per cent If in this example the
true power, instead of the apparent power, had been taken as constant,
it is evident that the values of drop would have differed more widely,

since the current, and hence the resistance- and reactance -volts,
would have increased as the power factor diminished. The condition
taken more nearly represents that of practice.
If the line had resistance and no reactance, the several values
of drop, instead of 15.3, 14, and 8, would be 3.2, 5.7, and 7.2 per
cent respectively, showing that for a load of lamps the drop will not
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be much increased by reactance; but that with a load, such as induc
tion motors, whose power factor is less than unity, care should Is.
taken to keep the reactance as low as practicable. In all cases it is
advisable to place conductors as close together as good practice will
permit.
When there is a transformer in circuit, and it is desired to obtain

the combined drop of transformer and line, it is necessary to know
the resistance- and reactance -volts of the transformer. The resistance -volts of the combination of line and transformer are the sum of
the resistance -volts of the line and the resistance -volts of the transformer. Similarly, the reactance -volts of the line and transformer
are the sum of their respective reactance -volts. The resistance- and
reactance -E. M. F.s of transformers may usually be obtained from
the makers, and are ordinarily given in per cent.* These percentages express the values of the resistance- and reactance -E. M. F.'s
when the transformer delivers its normal full -load current; and they
express these values in terms of the normal no-load E. M. F. of the
transformer.
Consider a transformer built for transformation between 1,000
and 100 volts. Suppose the resistance- and reactance -E. M. F.'s given
are 2 per cent and 7 per cent respectively. Then the corresponding
voltages when the transformer delivers full -load current, are 2 and 7
volts or 20 and 70 volts according as the line whose drop is required
is connected to the low -voltage or high -voltage terminals. These

values, 2-7 and 20-70, hold, no matter at what voltage the trans* When the required values cannot be obtained from the makers, they may be

measured. Measure the resistance of both coils. If the line to be calculated is attached
to the high -voltage terminals of the transformer, the equivalent resistance is that of tht,
high -voltage coil, plus the resistance obtained by increasing in the square of the ratio of
transformation the measured resistance of the low -voltage coil That is, if the ratio of

transformation is 10, the equivalent resistance referred to the high -voltage circuit is

the resistance of the high -voltage coil, plus 100 times that of the low -voltage coil. This
equivalent resistance multiplied by the high -voltage current gives the transformer
resistance -volts referred to the high -voltage circuit. Similarly, the equivalent resistance referred to the low -voltage circuit is the resistance of the low -voltage coil, plus that
of the high -voltage coil reduced in the square of the ratio of transformation. It follows,
of course, from this, that the values of the resistance -volts referred to the two circuits
bear to each other the ratio of transformation. To obtain the reactance -volts, shortcircuit one coil of the transformer and measure the voltage necessary to force through
the other coil its normal current at normal frequency. The result is, nearly enough,
the reactance -volts. It makes no difference which coil is short-circuited, as the results
obtained in one case will bear to those in the other the ratio of transformation. If a
close value is desired, subtract from the square of the voltage reading the square of the
resistance -volts, and take the square root of the difference as the reactance -volts.
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former is operated, since they depend only upon the strength of current, providing it is of the normal frequency. If any other than the
full -load current is drawn from the transformer, the reactance- and
resistance -volts will be such a proportion of the values given above
as the current flowing is of the full -load current. It may be noted, in

passing, that when the resistance- and reactance -volts of a transformer are known, its regulation may be determined by making use
of the chart in the same way as for a line having resistance and
reactance.

As an illustration of the method of calculating the drop in a
line and transformer, and also of the use of table and chart in calculating low -voltage mains, the following example is given:
Problem. A single-phase induction motor is to be supplied with 20 amperes at 200 volts; alternations, 7,200 per minute; power factor, .78. The
distance from transformer to motor is 150 feet, and the line is No. 5 wire, 6
inches between centers of conductors. The transformer reduces in the ratio
2,000
has a capacity of 25 amperes at 200 volts, and, when delivering this
200
current and voltage, its res:-tance-E. M. F. is 2.5 pe: cent, its reactance E. M. F. 5 per cent. Find the drop.

The reactance of 1,000 feet of circuit consisting of two No. 5
wires, 6 inches apart, is .204. The reactance -volts therefore are
.204 X

150

1,000

X 20 = .61 volts.

The resistance -volts are
50

.627 X 11000 X 20 = 1.88 volts.

At 25 amperes, the resistance -volts of the transformer are 2.5 per
cent of 200, or 5 volts. At 20 amperes, they are -20 of this, or 4 volts.
25

Similarly, the transformer reactance -volts at 25 amperes are 10,
and at 20 amperes are 8 volts. The combined reactance -volts of
transformer and line are 8 + .61 = 8.61, which is 4.3 per cent of
the 200 volts to be delivered. The combined resistance -volts are 1.88

+4, or 5.88, which is 2.94 per cent of the E. M. F. to be delivered.
Combining these quantities on the chart with a power factor of .78,
the drop is 5 per cent of the delivered E. M. F.,
or -5 = 4.8 per cent
1()5

of the impressed E. M. F. The transformer must be supplied with
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2,000
- 2,100 volts,
.952

in order that 200 volts shall be delivered to the motor.

Table X (page 47) is made out for 7,200 alternations, but will
answer for any other number if the values for reactance be changed
in direct proportion to the change in alternations. For instance,

for 16,000 alternations, multiply the reactances given by 16,000
7,200

For other distances between centers of conductors, interpolate the
values given in the table. As the reactance values for different sizes
of wire change by a constant amount, the table can, if desired, be
readily extended for larger or smaller conductors.

The table is based on the assumption of sine currents and
E. M. F.'s. The best practice of to -day produces machines which
so closely approximate this condition that results obtained by the
above methods are well within the limits of practical requirements.
Polyphase Circuits. So far, single-phase circuits only have

been, dealt with. A simple extension of the methods given above
adapts them to the calculation of polyphase circuits. A four -wire
quarter-phase (two-phase) transmission may, so far as loss and regulation are concerned, be replaced by two single-phase circuits identical

(as to size of wire, distance between wires, current, and E. M. F.)
with the two circuits of the quarter-phase transmission, provided that
in both cases there is no inductive interaction between circuits. Therefore, to calculate a four -wire, quarter-phase transmission, compute

the single-phase circuit required to transmit one-half the power at
the same voltage. The quarter-phase transmission will require two
such circuits.
A three -wire, three-phase transmission, of which the conductors

are symmetrically related, may, so far as loss and regulation are
concerned, be replaced by two single-phase circuits having no inductive interaction, and identical with the three-phase line as to
size, wire, and distance between wires. Therefore, to calculate a
three-phase transmission, calculate a single-phase circuit to carry
one-half the load at the same voltage. The three-phase transmission will require three wires of the size and distance between centers
as obtained for the single-phase.
A three -wire, two-phase transmission may be calculated
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exactly as regards loss, and approximately as regards drop, in the
same way as for three-phase. It is possible to exactly calculate
the drop, but this involves a more complicated method than the
approximate one. The error by this approximate method is generally small. It is possible, also, to get a somewhat less drop and
loss with the same copper by proportioning the cross-section of
the middle and outside wires of a three -wire, quarter-phase circuit
to the currents they carry, instead of using three wires of the same
size. The advantage, of course, is not great, and it will not be considered here.

WIRING AN OFFICE BUILDING
The building selected as a typical sample of a wiring installation
is that of an office building located in Washington, D. C. The figures
shown are reproductions of the plans actually used in installing the
work.

The building consists of a basement and ten stories. It is of
fireproof construction, having steel beams with terra-cotta flat arches.

The main walls are of brick and the partition walls of terra-cotta
blocks, finished with plaster. There is a spaCe of approximately five
inches between the top of the iron beams and the top of the finished

floor, of which space about three inches was available for running
the electric conduits. The flooring is of wood in the offices, but of
concrete, mosaic, or tile in the basement, halls, toilet -rooms,
etc.

The electric current supply is derived from the mains of the local
illuminating company, the mains being brought into the front of the
building and extending to a switchboard located near the center of the
basement.
As the building is a very substantial fireproof structure, the only
method of wiring considered was that in which the circuits would be

installed in iron conduits.
Electric Current Supply. The electric current supply is direct
current, two -wire for power, and three -wire for lighting, having a
potential of 236 volts between the outside conductors, and 118 volts
between the neutral and either outside conductor.
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Switchboard. On the switchboard in the basement are mounted
wattmeters, provided by the local electric company, and the various
switches required for the control and operation of the lighting and
power feeders. There are a total of ten triple -pole switches for lighting, and eighteen for power. An indicating voltmeter and ampere
meter are also placed in the switchboard. A voltmeter is provided
with a double -throw switch, and so arranged as to measure the potential across the two outside conductors, or between the neutral conductor and either of the outside conductors. The ampere meter is
arranged with two shunts, one being placed in each outside leg; the
shunts are connected with a double -pole, double -throw switch, so

that the ampere meter can be connected to either shunt and thus
measure the current supplied on each side of the system.

Character of Load. The building is occupied partly as a newspaper office, and there are several large presses in addition to the usual
linotype machines, trimmers, shavers, cutters, saws, etc. There are
also electrically -driven exhaust fans, house pumps, air -compressors,
etc. The upper portion of the building is almost entirely devoted

to offices rented to outside parties. The total number of motors
supplied was 55; and the total number of outlets, 1,100, supplying
2,400 incandescent lamps and 4 arc lamps.

Feeders and Mains. The arrangement of the various feeders
and mains, the cut-out centers, mains, etc., which they supply, are
shown diagrammatically in Fig. 41, which also gives in schedule the
sizes of feeders, mains, and motor circuits, and the data relating to the
cut-out panels.

Although the current supply was to be taken from an outside
source, yet, inasmuch as there was a probability of a plant being installed in the building itself at some future time, the three -wire system

of feeders and mains was designed, with a neutral conductor equal

to the combined capacity of the two outside conductors, so that
120 -volt two -wire generators could be utilized without any change in
the feeders.
Basement. The plan of the basement, Fig. 42, shows the branch
circuit wiring for the outlets in the basement, and the location of the
main switchboard. It also shows the trunk cables for the interconnection system serving to provide the necessary wires for telephones,
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tickers, messenger calls, etc., in all the rooms throughout the building,
as will be described later.
To avoid confusion, the feeders were not shown on the basement
plan, but were described in detail in the specification, and installed
in accordance with directions issued at the time of installation. The
electric current supply enters the building at the front, and a service
switch and cut-out are placed on the front wall. From this point, a
two -wire feeder for power and a three -wire feeder for lighting, are
run to the main switchboard located near the center of the basement.

Owing to the size of the conduits required for these supply feeders, as
well as the main feeders extending to the upper floors of the building,
the said conduits are run exposed on substantial hangers suspended
from the basement ceiling.
First Floor. The rear portion of the building from the basement

through the first floor, Fig. 43, and including the mezzanine floor,
between the first and second floors, at the rear portion of the building
only, is utilized as a press room for several large and heavy, modern
newspaper presses. The motors and controllers for these presses are
located on the first floor. A separate feeder for each of these press
motors is run directly from the main switchboard to the motor controller in each case. Empty conduits were provided, extending from
the controllers to the motor in each case, intended for the various
control wires installed by the contractor for the press equipments.
One-half of the front portion of the first floor is utilized as a newspaper office; the remaining half, as a bank.
Second Floor. The rear portion of the second floor, Fig. 44, is
occupied as a composing and linotype room, and is illuminated chiefly
by means of drop -cords from outlets located over the linotype machines
and over the compositors' cases. Separate -k-horse-power motors
are provided for each linotype machine, the circuits for the same being
run underneath the floor.
Upper Floors. A typical plan (Fig. 45) is shown of the upper
floors, as they are similar in all respects with the exception of certain
changes in partitions, which are not material for the purpose of illustration or for practical example. The circuit work is sufficiently
intelligible from the plan to require no further explanation.
Interconnection System. Fig. 46 is a diagram of the interconnection system, showing the main interconnection box located in the.
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basement; adjoining this main box is located the terminal box of the
local telephone company. A separate system of feeders is provided
for the ticker system, as these conductors require somewhat heavier
insulation, and it was thought inadvisable to place them in the same
conduits with the telephone wires, owing to the higher potential of
ticker circuits. A separate interconnection cable runs to each floor,
for telephone and messenger call purposes; and a central box is placed
near the rising point at each floor, from which run subsidiary cables
to several points symmetrically located on the various floors. From
these subsidiary boxes, wires can be run to the various offices requiring
telephone or other service. Small pipes are provided to serve as raceways from office to office, so as to avoid cutting partitions. In this
way, wires can be quickly provided for any office in the building without damaging the building in any way whatever; and, as provision is
made for a special wooden moulding near the ceiling to accommodate
these wires, they can be run around the room without disfiguring the
walls. All the main cables and subsidiary wires are connected with
special interconnection blocks numbered serially; and a schedule is
provided in the main interconnection box in the basement, which
enables any wire originating thereat, to be readily and conveniently
traced throughout the building. All the main cables and subsidiary
cables are run in iron conduits.

OUTLET -BOXES, CUTOUT PANELS, AND
OTHER ACCESSORIES
Outlet -Boxes. Before the introduction of iron conduits, outlet boxes were considered unnecessary, and with a few exceptions were
not used, the conduits being brought to the outlet and cut off after the
walls and ceilings were plastered. With the introduction of iron conduits, however, the necessity for outlet -boxes was realized; and the
Rules of the Fire Underwriters were modified so as to require their use.
The Rules of the National Electric Code now require outlet -boxes to
be used with rigid iron and flexible steel conduits, and with armored
cables. A portion of the rule requiring their use is as follows:

All interior conduits and armored cables "must be equipped at every
outlet with an approved outlet -box or plate.
"Outlet -plates must not be used where it is practicable to install outlet boxes.
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"In buildings already constructed, where the conditions are such that
neither outlet -box nor plate can be installed, these appliances may be omitted
by special permission of the inspection department having jurisdiction, providing the conduit ends are bushed and secured."

Fig. 47 shows a typical form of outlet -box for bracket or ceiling
outlets of the universal type. When it is desired to make an opening

for the conduits, a blow from a hammer
will remove any of the weakened portion
of the wall of the outlet -box, as may be required.

This form of outlet -box

is fre-

quently referred to as the knock -out type.
Other forms of outlet -boxes are made with

the openings cast in the box at the replitt47. Uor;ryspael oaind

Outlet Box.

quired points, this class being usually
stronger and better made than the universal type. The advantages of the universal

type of outlet -box are that one form of box will serve for any ordinary

conditions, the openings being made according to the number of
conduits and the directions in which they enter the box.
Fig. 48 shows a waterproof form of outlet -box used out of doors,

or in other places where the conditions require the use of a watertight and waterproof outlet -box.
It will be seen in this case, that the box is threaded for the con 2

Fig. 48. Water -Tight Outlet Box.
Courtesy of H. Krantz Manufacturing Co., Brooklyn, N. 1.

duits, and that the cover is screwed on tightly and a flange provided
for a rubber gasket.
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Figs. 49 and 50 show water -tight floor boxes which are for outlets
located in the floor. While the rules do not require that the floor outlet -

box shall be water -tight, it is strongly recommended that a watertight outlet be used in all cases for floor connections. In this case
also, the conduit opening is threaded, as well as the stem cover through
which the extension is made in the conduit to the desk or table. When

the floor outlet connection is not required, the stem cover may be
removed and a flat, blank cover be used to replace the same.
A form of outlet -box used for flexible steel cables and steel armored cable, has already been shown (see Fig. 5).
There is hardly any limit to the number and variety of makes of
outlet -boxes on the market, adapted for ordinary and for special con-

Fig. 49.

Types of Floor Outlet -Boxes.

Fig. 50.

ditions; but the types illustrated in these pages are characteristic and
typical forms.
Bushings. The Rules of the National Electric Code require that
conduits entering junction -boxes, outlet -boxes, or cut-out cabinets:
shall be provided with approved bushings, fitted to protect the wire
from abrasion.
Fig. 51 shows a typical form of conduit bushing. This bushing
is screwed on the end of the conduit after the latter has been introduced into the outlet -box, cut-out cabinet, etc., thereby forming an
insulated orifice to protect the wire at the point where it leaves the

conduits, and to prevent abrasion, grounds, short circuits, etc. A
lock -nut (Fig. 52) is screwed on the threaded end of the conduit before

the conduit is placed in the outlet -box or cut-out cabinet, and this
lock -nut and bushing clamp the conduit securely in position. Fig.
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53 shows a terminal bushing for panel -boxes used for flexible steel
conduit or armored cable.
The Rules of the National Electric Code require that the metal
of conduits shall he permanently and effectually grounded, so as to
insure a positive
connection f o r
grounds or leaking currents, and

in order to pro-

vide a path of
least resistance
to prevent t h e
Fig. 51. Conduit Bushing.

current from
finding

a path

through any source which might cause a fire. At outlet -boxes, the

conduits and gaspipes must be fastened in such a manner as to
insure good electrical connection; and at centers of distribution,
the conduits should be joined by suitable bond
wires, preferably of copper, the said bond wires
being connected to the metal structure of the
building, or, in case of a building not having
an iron or steel structure, being grounded in a
Fig. 52. Lock -Nut.
permanent manner to water or gas piping.
Fuse -Boxes, Cut -Out Panels, etc. From the very outset, the
necessity was apparent of having a protective device in circuit with
the conductor to protect it from overload, short circuits, etc. For
this purpose, a fusible

metal having a low
melting point was employed.

The form of

this fuse has varied
greatly. Fig. 54 shows
Fig. 53. Panel -Box Terminal Bushing.
a characteristic form
Courtesy of Sprague Electric Co., New York, N. r.
of what is known as
the link fuse with copper terminals, on which are stamped the ca-

pacity of the fuse.
The form of fuse used probably to a greater extent than any other,

although it is now being superseded by other more modem forms,
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is that known as the Edison fuse -plug, shown in Fig. 55. A porcelain
cut-out block used with the Edison fuse is shown in Fig. 56.
Within the last four or five years, a new form of fuse, known as

the enclosed fuse, has been introduced and used to a considerable

Fig. 54. Copper -Tipped Fuse Link.

Fig. 55. Edison Fuse -Plug,
Courtesy of GeneratElectrieCo.,Schenectady,N. Y.

extent. A fuse of this type is shown in Fig. 57. Fig. 58 gives a sectional view of this fuse, showing the porous filling surrounding the

fuse -strips, and also the device for indicating when the fuse has
blown. This form of fuse is made with various kinds of terminals;
it can be used with spring clips in small
sizes, and with a post screw contact in
larger sizes. For ordinary low potentials

Fig. 56. Porcelain Cut -Out Block.
Courtesy of GeneratElectric Co..
Schenectady, N. Y.

this fuse is desirable for currents up to
25 amperes; but it is a debatable question whether it is desirable to use an enclosed fuse for heavier currents.

Fig. 59

shows a cut-out box with Edison plug
fuse -blocks used with knob and tube wiring. It will be seen that
there is no connection compartment in this fuse -box, as the circuits
enter directly opposite the terminals with which they connect.
Fig. 60 shows a cut-out panel adapted for enclosed fuses, and

installed in a cabinet having a con-

nection compartment. As will be
seen from the cut,
the tablet itself is
surrounded on the

Fig. 57. Enclosed or "Cartridge" Fuse.

t.f.agaZtEMER
Fig. 58. Section of Enclosed Fuse.

four sides by slate,
which is secured in the corners by angle -irons.

The outer box may

be of wood lined with sheet iron, or it may be of iron. Fig. 61
shows a door and trim for a cabinet of this type. It will be seen that
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the door opens only on the center panel, and that the trim covers and

conceals the connection compartment. The inner side of the door
should be lined with slate, and the inner side of the trim should be
lined with sheet iron. Fig. 62 shows a sectional view of the cabinet
and panel. In this type of cabinet, the conduits may enter at any
point, the wires being

run to the proper connectors in the connection
compartment.

Figs. 63 and 64 illus-

'trate a type of panel board and cabinet having a push-button switch
connected with each

branch circuit and so
arranged that the cutout panel itself may be
enclosed by locked doors,
and access to the switches
may be obtained through
Fig. 69. Porcelain Cut -Outs in Wooden Box.

two separate doors provided with latches only.
This type of panel was arranged and designed by the author of this
instruction paper.
Courtesy of H. T. Paiste Co., Philadelphia, Pa.

OVERHEAD LINEWORK
The advantages of overhead linework as compared with underground linework are that it is much less expensive; it is more readily
and more quickly installed; and it can be more readily inspected and
repaired.

Its principal disadvantages are that it is not so permanent as
underground linework; it is more easily deranged; and it is more
unsightly.

For large cities, and in congested districts, overhead linework
should not be used. However, the question of first cost, the question
of permanence, and the municipal regulations, are usually the factors

which determine whether overhead or underground linework shall
be used.
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The principal factors to be considered in overhead linework will
be briefly outlined.
Placing of Poles, As a general rule, the poles should be set from
100 to 125 feet apart, which is equivalent to 53 to 42 poles per mile.
Under certain conditions, these spacings given will have to be modified;
but if the poles are spaced too far apart, there is danger of too great

a strain on the poles themselves, and on the cross -arms, pins, and

Fig. 60. Plan View, Cover, and
Section of Double Cut -Out Box.

Fig. 61.

conductors. If, on the other hand,

they are placed too close together,
the cost is unnecessarily increased.
The size and number of conductors, and the potential of the line work, determine to a great extent

SN,

Y. W.

illi,1111111110
MA N.

Fig. 62.

the distance between the poles; the smaller the size, the less the number of conductors; and the lower the potential, the greater the distance
between the poles may be made. Of course, the exact location of
the poles is subject to variation because of trees, buildings, or other
obstructions. The usual method employed in locating poles, is first
to make a map on a fairly large scale, showing the course of the line work., and then to locate the poles on the ground according tc the actual
conditions.
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Poles. Poles should be of selected quality of chestnut or cedar,

and should be sound and free from cracks, knots, or other flaws.
Experience has proven that chestnut and cedar poles are the most
durable and best fitted for linework. If neither chestnut nor cedar
poles can be obtained, northern pine may be used, and even other
timber in localities where these poles cannot be obtained; but it is
found that the other woods do not last so long as those mentioned,

Pig. 63. Cnt.Ont Panel with Pnsh8ntton Switches. Cover Removed.

and some of the other woods are not only less strong initially, but are

apt to rot much quicker at the "wind and water line"-that is, just
above and below the surface of the ground.
The proper height of pole to be used depends upon conditions.

In country and suburban districts, a pole of 25 to 30 feet is usually
of sufficient height, unless there are more than two or three cross -arms
required. In more densely populated districts and in cities where a

great number of cross -arms are required, the poles may have to be
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40 to 60 feet, or even longer. Of course, the longer the pole, the
greater the possibility of its breaking or bending; and as the length
increases, the diameter of the butt erld of pole should also increase.
Table XI gives the average diameters required for various heights of
poles, and the depth the poles should be placed in the ground. These
data have been compiled from a number of standard specifications.
TABLE XI
Pole Data
LENGTH OF POLE

DIAMETER 6 IN.

25 feet

9 to 10 in.
11

30
35

40
45
50
55
60
65
70
75
80

It
ft
CC

id

11

DIAMETER AT TOP

FROM BUTT

DEPTH POLE SHOULD

BE PLACED IN
GROUND

6 to 8 in.

"

5 feet
51

12 "
13 "
14 "
15 "
16 to 17 "
18 "
19 "
20 "
21 "
22 "

"
CC

it

'I

6

"

71
8
8

"
"
"

6/
"
7

ft

it

8/ "

As it is somewhat difficult. because of irregularities in size, to measure the diameter of some poles, the circumference may be measured instead: then, by multiplying
the diameters given in the above table, by 3,1416, the measurements may be reduced
to the circumference in inches.

The minimum diameters of the pole at the top, which should be
allowed, will depend largely on the size of the conductors used, and

on the potential carried by the circuits; the larger the conductors.
and the higher the potentials, the greater should be the diameter at
the top of the pole.
Poles should be -shaved, housed, and gained, also cleaned and
ready for painting, before erection.
Poles should usually be painted, not only for the sake of appearance, but also in order to preserve them from the weather. It is particularly important that they should be protected at their butt end, not
only where they are surrounded by the ground, but for a foot or two
above the ground, as it is at this point that poles usually deteriorate
most rapidly. Painting is not so satisfactory at this point as the use
of tar, pitch, or creosote. The life of the pole can be' increased considerably by treating it with one or another of these preservatives.
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Before any poles are erected, they should be closely inspected for
flaws and for crookedness or too great departure from a straight line.
Where appearance is of considerable importance, octagonal poles
may be used, although these cost considerably more than round poles.
Gains or notches for the cross -arms should be cut in the poles before
they are erected, and should be cut square with the axis of the pole,
and so that the cross -arms will fit snugly and tightly within the space
thus provided. These gains should be not less than 41 inches wide,

Fig. 64. Cut -Out Panel with Push -Button Switches. With Cover.

nor less than 1 inch deep. Gains should not be placed closer than 24
inches between centers, and the top gains should be at least 9 inches
from the apex of the pole.
Pole Guying. Where poles are subject to peculiar strains due
to unusual stress of the wires, such as at corners, etc., guys should be
employed to counteract the strain and to prevent the pole from being
bent and finally broken, or from being pulled from its proper position.

28b
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Where there are a considerable number of wires on the poles,
or in case of unusually long

poles, or where the linework is
subject to severe storms, it is
frequently necessary to guy the
poles even on straight linework.
In such cases, the guys . should
extend from a point near the top

of the pole to a point near the
butt of

the adjacent pole.

Straight guying should also be
employed at the terminal pole,
the guy extending to a stub
beyond the last pole, to counter-

act the strain of the wires pulling in the opposite direction. On
particularly heavy lines, it is

sometimes necessary to use
straight guys for the second and
even the third pole from the terminal pole, to prevent undue
strain on the terminal pole itself,
as shown in Fig. 65.
Where there are three or
more cross -arms, either two sets

of guys should be employed, or
else a "Y" form of guy should
be used. If a single guy is used
on a long pole or on a pole carrying a number of cross -arms, or
on which there is unusual strain,

the pole is apt to break where
the guy is attached. Figs. 66 and
67 show respectively a proper and

an improper method of guying,
and their effect.
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At corners, or wherever the direction of the linework changes,
guys should be provided to counteract the strain due to the change in
direction. Guys are also necessary at points where poles are set in
other than a vertical position.
Where the soil is not firm or solid, or where poles are subject to
unusual stress, it is sometimes necessary to obtain additional stiffness
by what is known as crib -bracing, as may be seen from Fig. 68. This
consists of placing two short logs at the butt of the pole. These
logs need not be more than 4 to 5 feet long, or more than 8 to 9 inches

Fig. 66.

Proper Method of Guying where there are Three or More Cross -Arms.
A Y -form of Guy is Used at Left; Double Guy at Right.

in diameter. This crib -bracing is sometimes also necessary to give
greatei stability to stubs or short poles to which guys are fastened.
While, as a rule, it is not advisable to use trees for guy supports,
it is sometimes necessary to do this, but the trees should be sound and
should be protected in a proper manner from injury. On private
property, permission should first be obtained from the owner to use
the tree for such purpose.
The guy itself should be of standard cable, consisting of 7 strands
of No. 12 B. & S. Gauge iron or steel wire. This is the standard
guy cable, and should be used in all cases, except for very light poles
and light linework, where a smaller cable having a minimum diameter
of inch may be used. The guy wires should be fastened at the ends
by means of suitable clamps. All guy cables and clamps should be
heavily galvanized, to prevent rusting.
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Corners. In cases of heavy linework where there are a considerable number of wires and cross -arms, the turns should be made,

v Ay v ,

A vg v4r/ WAWA

WI/

Fig. 67. Improper Method of Guying where there are Three or More Cross -Arms.

Strain is Concentrated at one Point, Causing Rupture of Pole.

if possible, by the use of two poles. In cases where there are only a
few wires, a double cross -arm may be employed, using a single pole.
The two methods are illustrated in Figs. 69 and 70.

Fig. 88.

Additional Stiffness Secured by Use of Crib -Bracing.

Cross -arms, where possible, should be of long
leaf yellow pine, or of Oregon or Washington fir, of sound wood,
Cross -Arms.
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thoroughly seasoned and free from sap, cracks, or large knots. They
should be not less than 3} inches thick by 41 inches deep, the length
depending upon the number of pins required.

Cross -arms, after being properly seasoned, should be painted
with two coats of lead paint before erection. They should then be
snugly fitted into the gain of the pole, and securely fastened with
a bolt not less than inch in
diameter driven through a
hole of slightly less diameter
previously bored in the pole.
A galvanized -iron washer

not less than 2 inches in

.

diameter should be placed
under the head and nut of

each bolt.

The cross -

arms should be at right
angles to the pole, and
should be parallel to one

another where two or
more arms are used on
Fig. 69. Two -Poles Used in Making Turn

on Heavy Line.

the same pole.

The cross -arms
should be braced with

galvanized -iron braces approximately 11 inches wide, 1 inch thick,
and from 18 to 30 inches in length. The braces should be fastened
to the cross -arm by means of i-inch galvanized -iron bolts passing
through the brace and the cross -arm, washers being used under the
nut and head of each bolt. Guys should be provided for the cross-.
arms in case of unusual strain. The dimensions of cross -arms required for various numbers of pins, are given very completely in a
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paper read by Mr. Paul Spencer before the Atlantic City Convention

of the National Electric Light Association in 1906, and reprinted
in a number of the technical journals.
Wherever practicable, cross -arms should be placed on the poles
before the poles are erected, as not only can they be more securely
fastened when the poles are on the ground, but the cost of erection
is thereby considerably reduced.
Pins. Pins should be of selected locust, not less than I inch
diameter at the shank portion, and not less than 11 inches in diameter

at the point where
they rest upon the
cross -arm. For potentials of 20,000

volts or over, the
pins should be of (-

0

metal, to avoid carbonization, of the

G44)
4

wood due to static
leakage. The top
portion of the pin

D

(if of wood) should
be not less than one
inch in diameter.

The length of both

the shank and the
P pper portion Fig. 70.

Double Cross -Arm Used on Single Po e to Make Turn

in Heavy Line Carrying On y a Few Wires.
should be each approximately 41 inches, making the total length approximately 9
inches. The pin should be threaded and tapered, and accurately cut.
The pin should fit the hole in the cross -arm snugly, and should be
nailed to the cross -arm with a sixpenny galvanized -iron wire nail
driven straight through the center of the shank of the pin.
Insulators. For potentials of 3,000 volts or -less, insulators
should be of flint glass, of double -petticoat, deep -grooved type. For
potentials of over 3,000 volts, they should be of the triple -petticoat
type, and preferably of porcelain, and should be of special pattern
adapted for the potential.
Service Mains, Pole Wiring, etc. For service connections-
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that is, for the mains run to service switches in consumers' residences
or other buildings, conductors of not less than No. 8 B. & S. Gauge
should be used in order to obtain the necessary tensile strength.
Where possible, the circuits should be arranged in such a manner as to
have the service main connect with the line on the lowest cross -arm,
in order to prevent crossing of wires. The transformers should be
installed either on poles or in vaults outside of the building, or, where

this is impracticable, in a fireproof vault or other enclosed space
inside of the building itself. Small transformers may be fastened to
a pair of cross -arms secured to the pole itself. For transformers of
25 K.W. and over, it is usually best to provide special poles. It is
inadvisable to place transformers on building walls.

Where appearance is of importance, when the transformer is
placed underground, or when the wires enter the lower portion of a
building, the conductors must be run underground. In such cases, a
splice should be made between the weatherproof conductors and
rubber -insulated lead -sheathed conductors, at a height of about 15
to 20 feet above the ground, and the mains run in iron pipe down the
pole to a point underground, where they may be continued either in
iron pipe or in vitrified or fiber conduits underground to the point

of entrance.
All circuit wiring on poles should be so arranged as to leave one
side free for the linemen to climb the poles without injuring the conductors. As a rule, all poles on which transformers, lightning arresters,
or fuse -boxes are located, should be provided with steps.

In order to limit the area of disturbance of a short circuit or
overload, fuses should be inserted in each leg of a primary circuit
in making connections to transformers, or where tap or branch connections are made. The fuses should have a capacity of approximately 50 per cent greater than the transformer or conductor which
they protect. Of course, it would be undesirable to have an excessive
number of fuses, and for short branch lines they might frequently
be undesirable; but for important branch lines, they should be employed in order to prevent the fuse on the main feeder from being
blown in case of disturbance on the branch line.
Lightning arresters should be placed .on the linework in places
particularly exposed to lightning discharges, and at all points where
connections are made to enter a building. The location and number
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of lightning arresters will depend upon local conditions, the likelihood
and frequency of thunderstorms, etc. Where lightning arresters are
provided, it is essential that a
good ground connection be obtained.

The ground connection should be
made by a fairly good-sized insulated rubber conductor, not less

than No. 6 B. & S. Gauge, connecting either with a water pipe
to which it should be clamped, or

fastened in such a manner as to
obtain a good electric contact, or
else to a ground -plate of copper
embedded in crushed charcoal or
coke.

The neutral wire of a three wire of both secondary alternating current systems and direct -current
systems,

should

be properly

Fig. 71. Method of Wiring to and Sup-

porting Lamp on Pole.

grounded as required by the National Electric Code (see Rules 12,
13, and 13-A).
Lamps on Poles. Fig. 71 shows the method of wiring to and
supporting a lamp located on a pole.

UNDERGROUND LINEWORK
In large cities, or in congested districts, or where the appearance
of overhead linework is objectionable, it is generally necessary to
place the conductors underground instead of overhead.

The advantages of underground linework are-first, that of
appearance; second, it is more permanent and less liable to interruption than overhead work.
The principal disadvantage of underground work is the greater
first cost. In overhead linework, conductors having weatherproof
insulators consisting of cotton dipped in a special compound similar
to pitch, are used, the cost of which is relatively small. For underground linework, however, the conductors must not only have rubber

insulation, but also a lead sheathing for mechanical protection.
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Furthermore, the cost of the ducts, trenching, concrete work, laying
the ducts, etc., is much greater than the cost of poles, cross -arms, etc.
As in the case of inside wiring, underground linework should
be so arranged that the conductors may be readily removed and replaced without disturbing the underground conduits or ducts. The
system should be arranged with manholes, and in such a manner that
changes or additions or branches may be readily and conveniently
made. In order to provide for the removal and replacing of conductors, and also for growth in the system, the method formerly in
vogue, of embedding the conductors in wooden boxesi or in trenches

underground, has been abandoned; and the conductors are now
placed in conduits or ducts. A number of different forms of ducts and
conduits have been introduced, some of which have been dropped as
cheaper and better forms have been introduced. The forms of conduits or ducts now most generally employed include iron pipe, vitrified
conduits, and fibre conduit. As all three of these forms of conduit
are very generally employed, they will now be described, as well as the
method of installing them.
Iron Pipe. Three-inch iron conduit is frequently used for under-

ground linework, particularly for short runs or where there are not
more than two or three ducts required, or where the soil is bad and
where the longer lengths and more stable joints of the iron conduit
would make it more desirable than vitrified duct or fibre conduit.
This conduit, however, is generally undesirable on account of its
greater first cost, and also on account of its liability to deterioration
from rust or corrosion. Where iron conduit is used, and where it is
subject to corrosion, it should be 'coated with asphaltum or other
similar protective composition. While it is not necessary to have a
concrete bed under iron pipe, it is better to provide such a bed, especially where the soil is shifting or not solid.
Vitrified Tile Conduit. This type of conduit in both the single and multiple -duct form, is used more extensively than any other form
of conduit for underground work. It is made in lengths of 18 inches
for the single -duct form, and in considerably greater lengths in the
multiple -duct form. Fig. 72 shows the single -duct conduit, and
Fig. 73 shows a multiple -duct form of conduit.

Vitrified conduit requires less space for the same number of
ducts than any other form, and is particularly desirable where a great
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number of ducts are required in a small space. The advantages of
this form of conduit are that it is cheap in first cost; after being
laid, it is practically indestructible; it is not subject to corrosion or

Fig. 72. Self -Centering Duct,

Vitrified Conduit.
Courtesy of Standard Vitrified Conduit Co.,
New York, N. Y.

Fig. 73.

Multiple Duct, Vitrified

Conduit.
Courtesy of Standard Vitrified Conduit Co.,
New York, N. Y.

deterioration; it is not combustible; it is fairly strong mechanically;
and it does not require skilled labor to install.
Table XII gives the principal data of one of the well-known
makes of vitrified conduit
TABLE XII

Standard Vitrified Conduit
STYLE OF CONDUIT

DIMENSION
OF SQUARE
DUCT

(INCHES)

2 -duct multiple
3 -duct multiple
4 -duct multiple
6 -duct multiple
9 -duct multiple
Common single

duct .

Single duct, self centering
Round single duct,
self -centering

31 sq.
31 sq.
31 sq.
31 sq.
31 sq.

REG.
OUTSIDE
DIMENSION
SHORT APPROX.
OF ROUND DIMENSIONS STOCK LENGTHS WEIGHT
PERDUCT
OF
END
SECLENGTHS
DUCT
TION (IN.) (INCHES) (INCHES) (FOOT)
(INCHES)

3+
31
3+

5x9
5 x 13
9x9

24
24
36

6, 9, 12
6, 9, 12
6, 9, 12

8 lbs.

8
"
8

31

9 x 13

31

13 x 13

36
36

6,9, 12
6,9, 12

8
8

31

5x5

18

6,9, 12

8

31

5x5

18

6,9, 12 10 "

3+

5 in. round

18

6, 9, 12 10 "

"

in installing vitrified conduit, a trench following as straight
lines as possible should be dug to such a depth that there will be a
space of at least 18 inches from the top layer of the duct to the street
surface. The bottom of the trench should be level; and a bed of
,

good cement concrete not less than 3 inches thick should be laid.
The following instructions * for installing vitrified conduit may be
considered as typical of the best up-to-date practice:
*From the Catalogue of the Standard Underground Conduit Company.
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Laying of Conduit. When the trench has been properly prepared and the concrete foundation set, the laying of conduit should be
begun. The ends of the conduit should be butted against the shoulder

of the conduit terminal brick; short length should be used for the
breaking of joints.
Care should be taken, when each- length of conduit is laid, that
the duct hole is perfectly clear and the conduit level. The work may

then proceed; and if the following instructions are carried out, no
difficulty will be encountered after the duct are laid.
When the first piece of conduit is laid and the keys inserted,
one on the top and one on the side of the duct, the burlap for joints
should be slipped partly under the conduit, and the next piece brought
up and connected. The burlap is then brought up and wrapped
around the conduit. After this operation is completed, a thin layer
of cement mortar is plastered around the burlap, extending over the

edges, so as to cover the scarified portion of the conduit so that it
may adhere to it, thus making the joint practically water -tight.
The burlap should be first prepared in strips of not less than 6
inches in width, and of suitable length to wrap around the conduit,
overlapping about 6 inches. If possible, the burlap should be satur-

ated in asphaltum or pitch; but if this is not convenient, it may be
dipped in water so as to stick to the conduit until the joint has been
cemented. The engineer or foreman in charge should personally
oversee the making of the joint, and especially see that the keys are
inserted, as in many instances they are left out by the workmen,
causing considerable trouble and expense. Sufficient time should be
allowed for the joints to harden.
After the duct are laid, the sides are filled in with either concrete
or dirt, as specified, care being taken that the conduit are not forced
out of alignment by the careless filling -in of the sides. The top layer
of concrete may then be laid and leveled.
After this the trench is ready for filling in.
In the laying of our self -centering single -duct conduit, no dowel -

pins are used, the ducts being self-centering-one piece of conduit
socketing into the other. Burlaping and cementing of joint is not
necessary. Otherwise the instructions for the laying of multiple duct should be followed. The use of a mandrel in laying
centering conduit is superfluous.
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As each section of the system-that is, from manhole to manhole-is completed, it should be rodded to insure the duct being clear.

For this purpose wooden rods are employed, the rods being from
3 to 4 feet long by one inch in diameter and provided with brass
couplings on the ends. The first rod is pushed into the duct chamber,
the second one is then attached, and then the third and so on, until the
first rod appears in the manhole at the opposite end.

A wooden mandrel about 10 inches long, made to conform to
the shape of the duct, but about inch smaller in diameter, is attached
to the last rod, and a galvanized -iron wire is then attached to the other

end of the mandrel. The rods are drawn through the duct and
uncoupled, until the mandrel has passed through the ducts. The
wire is left remaining in the chamber, and secured in the manhole to
prevent its being pulled out. The same operation is repeated until
all the ducts are tested and wired. Should obstructions be met with
and the mandrel bind, the location of the obstructions can readily be
ascertained from the length of rod yet remaining in the duct, and can
easily be removed. This method is far better than pulling the
mandrel through as the ducts are laid, as in many cases the duct is
obstructed or thrown out of alignment by the filling -in of the concrete or trench, and this would not be noticed until an attempt was
made to draw the cable. The wire left in the duct is used in drawing
the cables.

'

Fibre Conduit. This type of conduit consists of wood fibre
formed into a tube over a mandrel under pressure. After the tube

Fig. 74.

SocketJoint Fibre Conduit.

is formed on the mandrel, it is removed, and, after being dried in
air, is placed in a tank of preservative and insulating compound.

Fibre conduits are made in three different styles-namely, the
socket -joint, sleeve -joint, and screw -joint types, shown respectively in
Figs. 74, 75, and 76. The forms of conduit here shown are made by
the Fibre Conduit Company, of Orangeburg, New York.

In the socket -joint type, the connections between the lengths

299

ELECTRIC WIRING
of conduit are made by means of male and female joints turned on
the ends of the conduit so that it is necessary only to push one length
within the other to secure alignment without the use of a sleeve coupling or other device. While this is the cheapest and simplest

IWO

Fig. 75. Sleeve -Joint Fibre Conduit.

form of fibre conduit, the joint is not so secure as in either of the other
two types.
The sleeve -joint fibre conduit has the ends of each joint turned
so that a sleeve may be slipped over the turned portion and butted up
against the shoulder on the tubes. These sleeves are about 4 inches
long and I inch thick. While this form of joint is more secure than
the socket type, it is not so secure as the screw -joint type.

The screw -joint type of fibre conduit is manufactured with a
slightly thicker wall than the socket -joint type, in order to obtain the
necessary thickness for getting the thread on the end of the pipe. The
sleeve in this case is threaded; and, instead of being slipped on the
conduit, as in the case of the sleeve -joint type, it is screwed on, and
the thread may be filled with compound and a water -tight joint thereby
obtained. Various special forms of elbows, bends, junction -boxes,

tees, etc., are provided for this conduit, for special connections.
Couplings are also made so that joints can be made between fibre
conduit and iron pipe, where it is desirable to make such a connection.

The advantages of fibre conduit are-first, that it is lighter than
any of the other forms of conduit, which reduces the cost of trans -

Fig. 76.

Screw -Joint Fibre Conduit.

portation, carting, and handling; and second, that the cost of labor
for installing it is less than in the case of iron pipe, and less than that
of the single -duct tile pipe. Table XIII gives the principal data
relating to fibre conduit.
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TABLE XIII
Fibre Conduit
INSIDE

DIAMETER

LENGTH

TYPE OF CONDUIT

(FEET)

(INCHES)

1

Socket -joint

2
21

5

3

5
5
5

5

31
4
11
2
21
3
31
4

Sleeve -joint
If
ft

11

Screw -joint
It
ti

3

31
4

1f

5

5
5

f1

tt

5

f

5

ft

.1

)78
T

5
5
5
5
5
5
5

ft
f

ft

it

APPROX.
WEIGHT PER
FOOT (LBS.)

0.50
0.70
0.85
1.02
1.20
1.40
1.60

2-1
5

11

2
21

THICKNESS OF
WALL (INCHES)

5

I

IC

I

0.80
0.95
1.15
2.40
2.90
3.33
1.00
1.45
1.75
2.40
2.90
3.33

Fig. 77 shows the method of laying fibre conduit in a trench.

A concrete bed should be provided for all three types of fibre
conduit. Where the ground is moist or where there is likelihood of
water getting in the joints, it is advisable to make a complete envelope
around the conduit.
The joints should be carefully dipped in or coated with a special

liquid compound provided for this purpose, so as to insure waterThe cables should be spaced about 11 inches apart, by
means of wooden separators; and the spaces between the ducts, and
between the walls of the trench and the outer ducts, should be filled
tightness.

with a thin grouting of cement and sand. If more than one horizontal
row of ducts are installed, the grouting of each row should be smoothed
over so as to prepare a base for the next row of ducts.
To fish the conductors in fibre conduit, it is not necessary to follow the method of rodding usually required with vitrified conduits;

but it is found that by utilizing a solid No. 6 iron wire, and fishing
from one manhole to the next, the mandrels and brush can be attached
to the end of the wire and pulled through the conduits, thus insuring

that the joints are smooth and that there are no obstructions in the
conduit. To prevent accidental clogging of the ends of the con -
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duit, wooden plugs should be installed in the openings of all unfinished conduit work, or in all unoccupied cable ducts at manholes.
Drawing In the Cables. After the conduits have been tested by
means of the mandrel to ascertain that they are continuous and that
the joints are smooth, the work of installing the cables may be started.
Special precaution should be taken to prevent sharp bending of the
cables, and thus to prevent injury to the lead sheathing of the rubber
insulation. If the
cable is light and

of small diameter, the distance
not over 300 feet,
and the run fairly

straight, the cable can usually
be pulled in by
hand; but often

other means
must be provided

so as to secure
sufficient power.

Precautions
should be taken,

however, to
avoid placing too

great a strain on

the cables, as it
is liable to inFig. 77. Method of Laying Fibre Conduit in Trench.

jure them, and

the injuries may
not show up immediately, but may cause trouble later. The remedy
is to avoid placing the manholes too far apart, and to have the runs as
straight as possible; also to properly test the conduits for continuity
and smoothness before starting to install the cables. Enough slack
should be left in each manhole to allow the cables to pass close to
the side walls of the manhole, and to have the centers free and accessible for a man to enter the manhole. Where there are a great
number of cables in a manhole, shelves or other supports should be
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provided for holding the cables apart and in position. Where two
or more conductors are placed in the same duct, they should always
be pulled in at the same time, for otherwise the cables last pulled in
are apt to injure those already installed.
Manholes should be provided about every 300 feet,
Manholes.

in order to facilitate
the installation of the
conductors in the duct.
The exact distance between

manholes

should be determined
by conditions; in some

cases they should be
placed even closer together than the figure
given, while in other
cases their distance

apart might be

Aev

slightly greater.

Manholes are
built of concrete or
brick, and provided
with a cast-iron frame
or cover. The man-

holes may be of
square, round, rectangular, or oval section, the 1 a s t -m e n- Fig. 78. Plan and Sectional Elevation of Standard Form

tioned form of man-

of Manhole Used in New York (,ity.

hole being probably the best, as it avoids the liability to sharp bends
or kinks being made in the cable. The manhole cover may be of
the same form as the manhole itself, or it may be of different form; but
round or square covers are usually used. Fig. 78 shows a standard
form of manhole used in New York City. This manhole is substantially built, and adapted for heavy traffic passing over the cover. For
suburban or country work, manholes may be made of lighter construction.
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ELECTRIC BELL WIRING.
In wiring for electric bells to be operated by batteries, the
danger of causing fires from short circuits or poor contacts does
not exist as in the case of wiring for light and power, because the
current strength is so small. Neither is the bell -fitter responsible
to city inspectors or fire underwriters. On this account, bell
fitting is too often done in a careless and slovenly manner, causing the apparatus to give unsatisfactory results and to require
frequent repairs, so that the expense and inconvenience in the end
far more than offset any time saved by doing an inferior grade of
work. Hence, at the outset it is well to state that as much care
should be taken in the matter of joints and insulation of bell
wiring as in wiring for light or power.
If properly installed, the electric bell forms a reliable and yet
inexpensive means of signaling, and is far superior to any other.
On this account practically every new building is fitted throughout with electric bells.
In addition to the necessity of thoroughness already mentioned, care should be taken to use only reliable apparatus which
must be installed in accordance with the fundamental principles
on which its satisfactory operation depends.
WIRE.

The common sizes of wire in use for bell work are Nos.
18, 20, and 22. In general, however, No. 20 will be found satisfactory as it is usually sufficiently large, while in many cases No.
22 is not strong enough from a mechanical standpoint.
It is important that the wires should be well insulated to pre.

Fig. 1.

First of
all the wire should be tinned, as this prevents the copper from
being acted upon by he sulphur in the insulation. It also facilitates soldering. The inner coating of insulation should be of
vent accidental contacts with the staples or other wires.
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india rubber, surrounded by several longitudinal strands of cotton,
outside of which are wound several strands of colored cotton laid
on spirally. This is next immersed in melted paraffin wax and
polished by friction. A short length of approved electric bell wire
is shown in Fig. 1.
When ordering wire, it is well to have it furnished in several
different colors as this greatly facilitates both the original installation and later repairs, because in this way one line may be distinguished from another, taps from main lines, etc. Moreover, a
faulty wire having been found, it is possible to identify it at any
desired section of its length.
METHODS OF WIRING.

In running wires, the shortest and most direct route should,
of course, be taken between the battery, bells, and bell pushes.
There are two cases to be considered. The better methodis that
in which the wires are run before the building is completed, and
the wiring should be done as soon as the roof is on and the walls
are up. In this case the wires are usually run in zinc tubes
secured to the walls with nails.

Fig. 2.

The tubes should be from inch
to inch in diameter, preferably
the latter. It is better to place
the wires and tubes simultaneously, but the tubes may be put
in place first and the wires drawn
in afterward, although this latter

plan has the objection that the insulation is liable to become
abraded when the wires are drawn in. In joining up two lengths
of tube, the end of one piece should be opened up with the pliers
so that it may receive the end of the other tube, which should also

be opened up, but to a less extent, to prevent wear upon the
insulation. Specially prepared paper tubes are sometimes substituted for the zinc.

If the building is completed before the wiring is done, the
concealed method described above cannot be used, and it is necessary to run the wires along the walls supported by staples, where
they will be least conspicuous. Fig. 2 shows ordinary double -

pointed tacks, Fig. 3 shows an insulating saddle staple which
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is to be recommended. Two wires should never be secured under
the same staple if it can possibly be avoided, owing to the danger

of short circuits. With a little
care it is usually possible to conceal the wiring behind the picture
moulding, along the skirting -board,
and beside the door posts., but where
it is impossible to conceal it, a light

ornamental casing to match the
finish of the room, may be used.
It is sometimes' advisable to ase

Fig. 3.

twin wires or two insulated wires run in the same outer covering.

In some cases it is well to run the wires under the floors,
laying them in notches in the tops of the joists or in holes bored
about two inches below the tops of the joists.
JOINTS.

When making a joint, care should be taken to have a firm,
clean connection, both mechanically and electrically, and this must
always be soldered to prevent corrosion. The insulation should
be stripped off the ends of the wires to be joined, for a distance of
about 2 inches, and the wires made bright by scraping or sandpa-

Fig. 4.

They should then be twisted tightly and evenly together
as shown in Fig. 4.
Next comes the operation of soldering, which is absolutely
necessary if a permanent joint from an electrical standpoint is to
be obtained. A joint' made without solder may be electrically
sound at first, but its resistance rapidly increases, due to deterioration of the joint. As has already been stated, the wires should
be made bright and clean before they are twisted together.
Soldering fluids should never be used, because they cause corrosion
of the wire. The best flux to use is resin or composite candle.
The soldering should always be done with a copper bit rather than
with a blowpipe or wireman's torch.
poring.
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A convenient form of soldering tool consists of a small copper
bit having a semicircular notch near the end. This bit should, of
course, be well tinned. It is then heated over a spirit lamp, or
wireman's torch, and the notch filled with soft solder. Lay the

joint, which has previously been treated with the flux, in this
notch and turn it so that the solder runs completely around among
the spirals of the joint. The loose solder should be shaken off or
removed with a bit of rag. When the joint is set, it should be
insulated with rubber tape, so that it will be protected as perfectly
as the other portions.
It is often possible to save a considerable length of wire and

amount of labor by using a ground return, which, if properly
arranged, will give very satisfactory results, although a complete
metallic circuit is always to be preferred. Where water or gas
mains are available, a good ground may be ob-

tained by connecting to them, being sure to
have a good connection. This may be se-

cured by scraping a portion of the pipe
perfectly bright and clean and then winding
this with bare wire; the whole is then well

An end should be left to which

soldered.

the wire from the bell circuit is twisted and
soldered. If such mains are not available,
a good ground can be obtained by connecting

the wire from the bell circuit, as described
above, to a pump pipe. In the absence of
water and gas mains, and of a pump pipe,
Fig. 5.

a ground may be obtained by burying beneath

permanent moisture level a sheet of copper
or lead, having at least five square feet of surface, to which the
return wire is connected. The ground plate should be covered
with coke nearly to the surface; the hole should then be filled in
with ordinary soil well rammed.
OUTFIT.

The three essential parts of the electric bell outfit are the bell
push, which furnishes a means of opening and closing the circuit
at will, the battery, which furnishes the current for operating the
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bell, and the bell itself. Before discussing the combination of
these pieces of apparatus in the complete circuit, let us take up
the individual parts in order.
A bell push is shown diagrammatically in Fig. 5.

In this

illustration P is the push button; when
this is pressed upon it brings the point
of the spring S in contact with the metal
strip R, thus closing the circuit with which

it is connected in series. Normally the
springs are separated as shown, and the
circuit is accordingly open.

Bell pushes are made in various designs and styles, from the simple wooden

Fig. C.

push shown in Fig. 6 to very elaborate and expensive articles.
Fig. 7 shows four cast bronze pushes of neat appearance and mod.
erate price.
Batteries. Electric bells are nearly always operated on the
open circuit plan, and hence the battery used is generally of the

Fig. 7.

open circuit type, such as the Leclanche cell, which is used very
largely except for heavy work. This is a zinc -carbon cell in which
the excitant is sal -ammoniac dissolved in water. Polarization is
prevented by peroxide of manganese, which gives up part of its
oxygen, combining with the hydrogen set free and forming water.
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Dry Batteries are also frequently used for bell work, their
principal advantage being cleanliness, as they cannot spill. Dry
cells are really a modification of the Leclanche type, as they use
zinc and carbon plates and sal -ammoniac as the exciting agent.
The Burnley cell, which is one of the principal types of dry cell,
has an electrolyte composed of sal -ammoniac, chloride of zinc,
plaster, flour, and water. This compound when mixed is a semiliquid mass which quickly stiffens after being poured into the cups
The depolarizing agent is peroxide of manganese, the same as is
used in the Leclanche cell, this being packed around the carbon
cylinder. The top of the cell is sealed
with bitumen or some similar substance.
For very heavy work the EdisonLalande and the Fuller types of cell are
best suited, while for closed circuit work
the gravity cell is most satisfactory.
Bell. It is a well-known fact that
if a current of electricity flows through

a coil of wire wound on an iron core,
the core becomes magnetized and is ca-

Fig. 8.

pable of attracting any magnetic substances to itself. The operation of the
electric bell, like that of so many other
pieces of electrical apparatus, depends
upon this fact. A diagrammatic representation of an electric bell is shown in
Fig. 8, in which M is an electromagnet

composed of soft -iron cores on which are wound coils of insulated

wire. The armature is mounted upon a spring K, and carries a hammer H at its end for striking the gong.. On the back of the armature
is a spring which makes contact at D with the back stop T. The
action of the bell is as follows: When the circuit is closed through

the bell a current flows' from terminal 1, around the coils of the
magnet, through the spring K and contact point D, through the
back stop T, to terminal 2. In flowing around the electromagnet the
current magnetizes its core, which consequently attracts the armature. This causes the hammer H to strike the gong. While in
this position the contact at D is broken, the current ceases to flow
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around the electromagnet and the cores consequently lose their
attractive force. The armature is then carried back to its original
position by the spring K, making contact at D, and the process is
repeated. The hammer will thus vibrate and the bell continue to
ring as long as the circuit is closed.
The typo of bell described above i I the one most commonly
Such bells are made in a great variety of shapes and styles,
the prices varying accordingly. It is important that platinum
tips be furnished at the contact point D, Fig. 8, to prevent corused.

Fig. In.

Fig. 9.

rosion. The bells on the market today are of two classes, the iron
box bell and the wooden box bell. A bell of the wooden box type is

shown in Fig. 9, and a higher grade bell of the iron frame skeleton
type is shown in Fig. 10. Bells without covers should never be used,
as dust will settle on the contacts and interfere with their action.
CIRCUITS.

The possible combinations of the various parts into complete
circuits are so varied that it would be impossible to describe thew
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all; in fact, almost every one is to a certain extent a special
problem. It is, however, possible to give typical circuits the
underlying principles of which can be applied successfully to any
particular case.
Fig. 11 shows a bell circuit in its simplest form, in which P
represents the push, B the bell, and C the battery; all connected
in series. The circuit is normally open at P, and hence no current flows to exhaust the batteries.
B

When P is pressed, the circuit,
otherwise complete, is closed and

current passes through the bell
causing it to ring, as already explained. For instance, the push

G

Fig. 11.

might be located beside the front

door, the bell in the kitchen and the
battery in the cellar; the location depending on the results desired

and conditions to be met.

The wire between P and C may, if

necessary, be dispensed with and connection made to ground at G
and G, as shown by the dotted lines.
Fig. 12 shows an arrangement by means of which one bell B

Fig. 12.

Fig. 13.

may be controlled by either of the pushes P or P'. This system
may be extended to any number of pushes similarly connected.
A method for ringing two bells simultaneously from one push
is shown in Fig. 13, where both bells B and B' will ring from push
P. Bells, if connected in this manner, should have as nearly as
possible the same resistance, otherwise the bell of lower resistance
will take so much current that there will not be a sufficient amount
left for the other. Also, the batteries must be of greater current
capacity as the amount of current taken is, of course, doubled. This
system can be extended to any number of bells connected in this
way, up to the limit of capacity of the battery to ring them. Figs.
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12 and 13 may be combined so that two or more bells may be
rung from any one of two or more pushes.
In Fig. 14 is shown a scheme for ringing either bell, B or B',
from one push and one battery by means of the two -point switch

Fig. 14.

S.

When the arm of the switch is on contact 1, the push will

ring bell B, and when on contact 2 it will ring bell B'.
In Fig. 15 is shown a method of connecting bells in series so
that B and B' may be rung from P. If all the bells so connected
were of the vibrating type, they would not work satisfactorily, as
it would be impossible to time them so that the vibrations would
keep step, hence only one bell should
be of the vibrating type, and the others
should have the circuit breakers shortcircuited, the vibrating bell serving as
interrupter for the whole series. Obviously this system requires a higher volt -

Fig. 15.

age than parallel connection, and the
cells must be of sufficient E.M.F. to

ring the bells satisfactorily.

3
1-0-a

Several

bells may be connected in this way, if
desired, up to the limit of voltage of the
Fig. 16.
battery.
Oftentimes a bell is to be rung from several different places.
For instance, the bell in an elevator may be rung from any one of
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several floors, or the bell in the office of a hotel may be rung from
any one of several different rooms. In this case it is necessary to
have some device to indicate from which push the bell was rung.

The annunciator furnishes this information very well. A three station annunciator is shown in Fig. 16. The connections for an
annunciator are shown in Fig. 17 where A represents the enunciator, B the bell, C the battery, and P', P2, and P the pushes.
For instance, when P' is pressed, the current passes through the
electromagnet controlling point 1 on the annunciator which causes

FIg. 17.

the arrow to be turned and at the same time the bell rings. After

the attendant has noted the signal, the arrow is restored to its
normal position by pressing a lever on the bottom of the annunciator box.

The electric burglar alarm furnishes a very efficient protection and is an application of the principles already described. The

circuit, instead, of being completed by a push, is completed by
contacts placed on the doors or windows so that the opening of
either will cause the bell to ring. The same device may be used
on money -drawers, safes, etc.

In the case of the electric fire alarm, the signal may be given
either automatically when the temperature reaches a certain degree,

or pushes may be placed in convenient locations to be operated
manually. The pushes should be protected by glass so that they
will not be tampered with, it being necessary to break the glass
to give the alarm.
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ELECTRIC WELDING
METHODS OF WELDING

Ordinary Welding. Welding done by the ordinary method is
one of the very skilful processes in the mechanic arts. It is generally performed by heating the pieces to be welded to a temperature at which they are in a more or less plastic condition, and then
forcing them together either by direct pressure or by means of blows.
When the pieces are placed together, the temperature must be
high enough to melt the scale, or oxide, with which nearly all heated
metal is covered. This is necessary in order that the scale may be
forced from between the welding surfaces, and a clean joint left.
As a general rule, the pieces to be joined are heated in an open fire;
and as there is always more or less air present, the oxygen in the air
attacks the metal, forming an oxide on the heated surfaces. In
order to make a perfect weld, there must be no foreign matter present
between the surfaces to be joined, and the oxide formed in the fire
must be gotten rid of in some way. With some metals-for example,
tool steel-the welding temperature is below the melting temperature of the oxide; and in order to make a sound weld, it is necessary
to add flux during the heating, to melt this oxide. This flue also
aids in the welding by forming a protecting covering over the heating
surfaces, shutting out the air, and to some extent reducing the oxidation.

Any metal which passes slowly from the solid to the molten state
while being heated, welds easily. In other words, any metal which

has a comparatively large range of temperature through which it
remains in a semi -pasty condition is easily weldable, as this range
of temperature allows an appreciable amount of time for the necessary hammering of the joint together, before the metal becomes
too cold to stick properly. On the other hand, my metal which has
a comparatively small range of temperature between the solid and
molten states is difficult to weld, as the metal cannot be properly
worked in the limited time allowed by the cooling. Brass is a metal
Copyright. 1969, by American School of Correspondence.
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of the latter sort, while wrought iron is perhaps the best example
of the easily weldable metals.

Another difficulty experienced in ordinary welding is that the
heat is applied directly only to the outside of the piece, and all which
reaches the center must first penetrate the outer metal. This often
results, where the heating has been too rapid, in the burning of the
outside metal before the center is hot enough to weld.

One great drawback to ordinary welding is that the welding
temperature is held by the pieces such a short time that the placing
of the pieces together and other manipulating has to be done almost
instantly.

All of the above difficulties are very much lessened, if not entirely done away with, in the electric process of welding. In the
mcst common electrical method, the pieces may be placed in exactly
the right position, and as much time taken as necessary. Then,
when everything is adjusted, and the work clamped firmly in place,
the heating and welding are done, the pieces being securely held in
place during the entire process.
Electric Welding. All methods of electric welding or heating

are based upon one elementary fact-that all substances offer resistance to the passage of an electrical current, and that when a
current of electricity is passed through any material, this resistance
causes the temperature to rise. The larger the amount of current
flowing, the faster the rise in temperature. Consequently it is only
necessary to pass a sufficiently .large amount of current through a
body of metal to heat it to almost any degree in a very short time.
Probably the most common illustration of this principle is found
in the ordinary incandescent lamp, where the resistance of the carbon
filament causes it to become almost white-hot when the current is
passed through it.

If two pieces of metal forming the terminals of an electric cur-

rent be brought in contact, the point of contact will naturally be
the point of greatest resistance. If a current be passed through the
pieces, the heating effect will be greatest at the joint; and as the temperature rises, the metal will offer still greater resistance to the cur-

rent, causing a high local heat at the junction of the two pieces.
This point is well shown in the arc lamp, where the resistance of
the short air -gap causes an intensely high local heat.
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METHODS OF ELECTRIC WELDING

There are three general methods of electric welding in use,
briefly described as follows:
1. ARC METHOD. In what is known as the arc method of electric welding, the pieces to be welded form together one terminal, and a carbon point
or pencil forms the other; or each piece may form a terminal, much after the
manner of the arc lamp.

2.

SUBMERSION METHOD.

In the so-called submersion method, the work

is heated by submerging in a heated bath, or in some moderately conducting
liquid contained in a metal -lined tank.
The above two methods are what might be termed high -voltage methods,
as distinguished from the following process, which is a low -voltage method.
3. THOMSON PROCESS. In the Thomson process, the heating is done
by passing a current of very low voltage through the work while the pieces
are in contact.

The first two methods are not so commonly used as the Thomson

process, but have certain characteristics which peculiarly fit them
for certain purposes.
ARC METHOD

In this process of welding, the pieces to be joined are placed
together, and contact made with the positive pole of a continuous
current, the negative being a carbon point held in suitable grip.
The carbon is brought in contact with the work, and an arc is
drawn, the heat from which raises the joint to a welding or melting
temperature. Sometimes plates are welded in this way, being first
lightly riveted together to hold them in place.
This method is said to give excellent results for local heating,
where a spot only is to be heated. Another application of the same
principle is the filling of blow -holes in defective castings. A direct
current is used, and the holes are filled by melting in metal with the
heat of an arc drawn from the negative carbon to the casting, which
is connected to the positive side of the circuit.

Sometimes, in place of using a carbon point for a negative
electrode, a small bar of the metal which it is desired to melt into
the hole is used. When the electrode is made of the metal itself,
Houston and Kennelly give the following figures for the size of bar
and current required: "The diameter of electrode is usually from

6 to 10 mm., and the current density about 8 amperes per square
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millimeter of active surface of the metal electrode." Reduced to
English measurements, this makes the metal electrode about j- inch
or I inch in diameter, and the current required about 5,160 amperes
per square inch, or from about 225 to 600 amperes for the sizes of
electrodes given.

It should be noted that in this method a comparatively high
voltage is used (about 50 volts, or higher); and this to a large extent
distinguishes this process from the Thomson method, which is a
low -voltage operation.

One precaution must be taken in work of this character, and
that is first to heat the casting to be operated on, to as near a red
heat as possible, at least all around the part to be treated. This
preliminary heating may be done in an ordinary forge fire, the electrical current being used only for melting in the filling. If this
preliminary heating is neglected, the unequal contraction in cooling
is very liable to cause the filling to loosen from the hole.

In using the arc it is of course necessary to have some variable
resistance in the circuit to control the amount of current flowing.
It should also be remembered that the positive terminal is always
the hottest part of the arc, and for this reason the work itself should
always be connected to this side of the circuit.
The arc principle is sometimes used for fusing wires together,
where no very great strength is required but favorable conditions
for electrical conduction are sought. The wires to be joined are
made the terminals, and are brought together until an arc is formed.
The current is maintained until the ends are heated to the welding
or melting point, when it is shut off, and the ends of the wires pushed
together. A direct current at about 50 volts may be used. On the
end of the positive wire, a small ball of molten metal will form, and
the end of the other wire may be pushed into this to make the joint.
Arc Method of Cutting Steel Beams and Piling. Perhaps the
most valuable application of the arc method is its use in cutting-

or rather, melting in two-of steel beams or other metal parts in
wrecking a building, or in cutting holes in parts difficult of access.
The operation is much the same as that followed in filling
blow -holes in castings; but in this case the heating is continued
until the metal melts and runs, leaving a hole in the work. In this
way holes have been cut, or burned, in steel vaults; and it is not at
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all uncommon to cut out parts of floor -beams in buildings, for stairways, etc., by the same method.

This makes a cheap as well as an effective method of

doing the work, as the power used need not be over 25 or 30 horseis available, it should be used;
power. When central station power
but when it is not convenient to obtain power from such a source,
gasoline engine and
a self-contained generating set consisting of a
dynamo may be employed to advantage.
Work of this kind has been done in office buildings during the
night, utilizing the power which during the daytime is used for
running elevators, etc.
Either direct or alternating current may be used.
Messrs. Houston and Kennelly give the following data based
on observations in connection with several pieces of actual work:

On some work done in San Francisco, a 25 -kilowatt continuous -current
generator, direct -connected to a single -cylinder gasoline engine, was used.
A 15 -inch I-beam was cut in two in about 20 minutes. The current was about
250 amperes at from 90 to 100 volts.
In New York City some work was done with central station alternating
transformers connected in multiple
current. Four 20 -kilowatt single-phase
were used with a secondary E. M. F. of 50 volts. In this case some steel piling
was cutoff, the depth of cut varying from inch at the middle to 31 inches

rate of about 10 feet per day of 8
at the ends. This piling was cut at the
requiring about 650 amperes at 50 volts.
hours, using about 256 kilowatt-hours,

Calculating current as selling at 10 cents per kilowatt-hour, the above
method of cutting piling was found to save over $10.00 per day, in addition
to the time gained.
The carbon electrode was Finches in diameter, and was clamped beof the
tween copper plates each 5 inches square and I inch thick, to which one
It was found
wires was fastened. The other wire was bolted to the piling.
heat
necessary to replace the copper plates every 15 hours, as the intense
would buckle the plates in that time.

When doing this sort of work, it is absolutely necessary that the
operator be thoroughly protected with asbestos mask and gloves,
and thick black glass goggles. Under no circumstances should the

naked eye be exposed to the glare of the bare arc, for, while the
effect may not be felt immediately, serious results are almost sure
to follow even a comparatively short exposure.
Electric Crucible and Furnace. The electric crucible is one of
the applications of the arc principle described above. A graphite
which is a good
or other crucible made of a heat -resisting material
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conductor of electricity is used as the positive pole, the negative
being a stick of carbon. The arc is formed by turning on the current
and placing the carbon in contact with the crucible, and then separat-

ing them far enough to draw an arc. The substance to be fused is
placed in the crucible, and melted by the heat of the arc. The
temperature of the arc is about '3,4000 C.

A sketch of a simple arrangement of such a crucible is shown

in Fig. 1. This principle is used to some extent in metallurgical
work, where an

extremely high
heat is required;
but it

has not

come into commercial use to any

great extent,
although there are

several large fur-

naces made on
much the same
plan.

The same principle, with slight
modifications, is used in one form of the electric furnace. In this
furnace, two carbons are used, being placed horizontally over a
shallow crucible in such a way as to form an arc between the two
pieces. The heat is still further confined by means of a cover
consisting of the same material as that of which the crucible is
made, and having a slight hollow over the arc. The crucible and
cover are generally made of lime. A sketch of such a furnace is
Fig. 1. Electric Crucible.

shown in Fig. 2.
SUBMERSION METHOD

This method, like the arc method above described, is a high voltage method; but the manner in which the work is handled is very
different in the two methods. The submersion process is very limited
in use, but spectacular in operation, and for this reason is sometimes
used to draw crowds at exhibitions.
A metal -lined tank is used, which is filled with some liquid like
brine, acidulated water, or other conducting fluid of similar character.
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The lining of the tank is connected to the positive wire, the negative

wire being connected to the metal

to be heated.
This may be done
by having the negative wire soldered

to a pair of tongs

used to hold the

Fig. 2. Electric Furnace.

work; or the work

may be rested against a bar placed across, but insulated from, the
tank, this bar being connected to the negative wire.

On arrangement for thi ssort of work is shown in Fig. 3. The
heating is regulated by the amount of bar submerged in the liquid, the

part below the surface being the part heated. The bar of metal to
be heated is grasped in the tongs or rested on the "live" bar, and
plunged into the solution in the tank. It begins to glow almost immediately, and soon becomes welding hot. The effect is very startling,

particularly as the heated bar may at once be taken in another pair
of tongs, and cooled in -the same solution it was heated in. Or a
switch may be arranged to cut off the current, the piece still held in
the same tongs used for heating, plunged back into the bath, and
immediately cooled.
By heating under water in this way, oxidation is prevented; but

the heat is not very easily controlled. Consequently there is the
same danger of overheating, and
the same inadaptability to range
of temperature, that there is in
welding by the ordinary method.
When welding is to be done by
this method, the pieces must be
scarfed in the usual way, heated
separately, placed together after
heating, and the weld completed
by hammering together in the
regular way. In fact, the only

Fig. 3. Submersion Method of Welding.

difference between this method of
welding and the ordinary forge method lies in the fact that the heating
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in one case is done electrically, and in the other in the forge. Only
such metals as can be welded at the forge can be handled by this

process; and it would hardly be practicable to attempt to work
with such materials as copper or tool steel.

Metals may be-and sometimes are --heated in this manner
for drop forging, as it gives a very clean heat free from scale.
ELECTRIC BLOWPIPE

Another process used for electric heating or welding is that
which employs what is known as the W erderman electric blowpipe.
In this process an electric arc is drawn between two carbon pencils,
and the flame of the arc is blown against the work to be heated, in
much the same manner as an ordinary blowpipe flame is used. The
arc flame is blown, or deflected, by a small steel or electromagnet
which repels the flame against the work. A blast of air may be used
in place of a magnet, as it also will blow the flame to one side.
THOMSON PROCESS

By far the most common commercial process of electric welding
is what is known as the Thomson process -7 -so named after its inventor,

Elihu Thomson. This method is about covered by patents. It is
perhaps best described in the words of the literature issued by the
Thomson Electric Welding Company:
"The principle involved in the art of Electric Welding as invented by
Elihu Thomson, is that of causing currents of electricity to pass through
abutting ends of the pieces of metal which are to be welded, thereby generating
heat at the point of contact, which also becomes the point of greatest resistance,

while at the same time mechanical pressure is applied to force the parts together."

This method has one great advantage over other methods
of heating for welding, and that is that the metal is heated from the
inside and not from the outside.
When the pieces are brought together, the parts of the surfaces
which touch are, of course, heated first; and as the heat increases,
these parts become soft and flatten down, bringing other parts in
contact. A curious fact in connection with this is that the welding
temperature is regulated almost automatically. The surfaces which
first come in contact serve as conductors of the current; and as the
current passes through them, they become heated and gradually
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As the temperature increases, the resistance increases, and
these softened surfaces are gradually flattened out, allowing the
cooler surfaces to come together. As the cooler points touch,
being of a lower temperature, they offer less resistance to the passage
of the current, which is thus automatically switched from the parts
that have reached a "soft" heat to those that have not yet reached
the welding temperature. This causes the joint to be brought to a
uniform temperature throughout.
The heating is thus controlled by the softness of the metal as
it flattens together under pressure; and when the union is completed,
the soft metal begins to form a sort of burr around the joint, indicating
that the weld is completed. The current is now turned off, for, if the
heating were continued, the metal would be completely melted and
soften.

the weld destroyed.
Probably the greatest proportion of defective welds, when welds

are made in the forge fire, arises from the presence of some foreign
substance between the surfaces. This may be due to oxidation of
the metal itself, formation of slag from the flux, sulphur in the coal
combining with the iron, or absolute dirt.
All of these factors tending to cause defects in welds are absent
in the Thomson process. Since the metal is forced together as fast
as it is heated, the heating being done first at the center, and extending

outward, there is very little chance for oxide to form between
the surfaces; and if any oxidation does take place, the oxidized metal
is generally forced completely out of the weld when the pieces are
forced together. The waste metal can be easily removed by trimming
or grinding off the burr after the weld is completed.

Welds made in this way may be taken immediately from the
machine, and hammered or worked in the usual way, to smooth up
the joint. On small work, it is generally more practicable to smooth
off the burr on an emery wheel.
The time required to make a weld by this process is very short,
only a few seconds being required to join pieces as large as a half inch or so in diameter.
Welds made by this method are considerably stronger than those
made in the usual way. The strength of a good weld made by heating
in a forge is about 75 to 80 per cent of that of the original bar, whereas,
by the electric process, it is possible to make welds as strong as the bar
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TABLE I
Metals, Alloys, and Combinations of Different Metals
Welded by Thomson Process
METALS

Wrought
Copper
Cast Iron
Cast Copper
Malleable Iron
Lead
Wrought Iron

Tin

Cobalt

Aluminum

Gold (Pure)

Zinc

Nickel

Silver

Manganese

Antimony

Bismuth

Platinum

Magnesium

ALLOYS

Various
Grades of

Musshet
Steel

Wrought
Brass

Fuse Metal

Aluminum
Alloyed with
Iron

Silicon
Bronze

Various
Grades of

Stubs Steel

Cast Brass

Type Metal

Aluminum
Brass

Coin Silver

Crescent
Steel
Bessemer
Steel

Gun Metal

Solder Metal

Aluminum
Bronze

Various
Grades
Gold

Brass Coro -

German
Silver

Phos. Bronze

Tool Steel

Mild Steel

Steel Castings

Chrome Steel

position

COMBINATIONS OF METALS

Copper to
Brass

Brass to
Wrought Iron Wrought Iron Wrought Iron
Wrought Iron Brass to Tin to Tool Steel to Musshet
to Nickel
Steel

Brass to Mild Gold to Ger- Wrought Iron
Steel
man Silver to Stub Steel Tin to Lead

Copper to

Brass to
Cast Iron

Copper to Ger-

man Silver

Tin to Zinc

Copper to
Gold

Iron Gold to Plati- Wrought Iron
Tin to Brass Wrought
to Cast Steel
num
to Cast Brass

Copper to
Silver

Brass to Ger- Wrought Iron
man Silver to Mild Steel

Wrought Iron

Iron
WroughtWrought
Gold to Silver to Crescent
toCast
IrIroonn

Steel

Silver to
Platinum

Wrought Iron
to German
Silver

itself, while a good average would probably be about 85 to 90 per
cent of the full strength of the section.

Almost any metal or combination of metals can be welded by
the Thomson process, as the range of temperature through which the
metal is soft enough to weld has little effect on the welding. As the
pieces are forced together instantly as soon as soft, a metal which

melts with almost no preliminary softening can be successfully
handled. Results obtained in actual practice by the use of the
Thomson process in the welding of metals and alloys, are shown in
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Table I, compiled by Mr. Hermann Lemp and recently published
in Engineering Magazine.
Direct Method. On experimental work, when the process was
first used, what is known as the direct method was employed. The
apparatus used consisted of a generator, with clamps to hold the
pieces to be welded fastened directly to the generator frame. The
machines used were low -voltage dynamos much the same as are now
used for plating work. While such a machine may be fairly satisfactory for experimental work in the laboratory or for very light work

in a clean shop, it has many unsatisfactory features when used for
large work on a commercial scale. It is, of course, hardly practicable to carry a heavy current of low E. M. F. (generally less than 5
volts) for any distance, as the loss in power through resistance would

be enormous, and the cost of the heavy copper conductors would
make the process too expensive in installation.

The above difficulties have developed what is known as the
indirect process.

Indirect Method. In this method the power is taken either
from the distributing circuit of a central station, or from a central
generator in the shop. The current is carried to the point where
the welding is to be done, at a comparatively high -voltage, and a
transformer is then used to stepdown to the required E. M. F. This
transformer, as it has no moving parts, is generally carried in the base
of the welding machine, with the welding grips, as close to the secondary coil of the transformer as possible.
The apparatus commonly used consists of the following:
An alternating -current generator, or some source of central power.
Some regulating apparatus to control flow of current.
A static transformer to reduce the voltage.

Suitable mechanical arrangement to clamp and force the p'eces to be
welded together.

A typical plant is outlined in Fig. 4, consisting of generator,
regulator for current control, switch for turning the current on and
off, transformer for increasing the amperes and lowering the voltage,
and clamps for holding the pieces to be welded.
In welding of this character, it is the number of amperes (or
current strength) which is the important factor; and only a sufficient
voltage (or pressure) is maintained to force the current through the
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work. The object of the low voltage is, of course, to cut down the
amount of power required. This may be easily seen from the following: Suppose that a certain weld requires a current strength of
10,000 amperes, and assume that the generator delivers current

at a voltage of 100. Now, if a transformer be used to reduce the
2-5 vou-r-,.

AC', JOBS C., Arm,

C LADING

,CLAMPS

-CUT-OUT
- SWITCH100 VOLT S
OR

'

PINIF
-TRANSFORMER

GENERATOR.

- R EGULATOR-

-VVGLDER-

Fig. 4. Electric Welding Plant, Indirect Method.

voltage to 10 volts, and assuming no loss in any of the apparatus, the
power used will be:
10,000 X 10 = 100,000 watts;

and the power delivered by the dynamo being the same, the amperes
delivered by the dynamo will be:
100,000

100 = 1,000 amperes.

Now, if a transformer be used which reduces the voltage from 100 to
5, instead of from 100 to 10, the power used would be:
10,000 X 5 = 50,000

watts;

and the amperes delivered by the dynamo will be:
50,000

100 = 500 amperes,

this being just half of what it was in the first case. It will be seen
from this, that for economical operation the voltage should be reduced

as far as possible. It should be remembered that when working
with alternating current, the power used cannot be taken as the direct

product of the volts and amperes, a more complicated calculation
being necesary; but the principle illustrated above still holds good.

A diagram of a very simple type of transformer is shown in
Fig. 5. The primary or high -voltage coil is that on the outside, and
is wound of fine wire; while the secondary or low -voltage coil consists
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in this case of one single, straight conductor v.ith the terminal connections fastened to the ends. As mentioned before these terminal
connections to the welding clamps should be as short as possible, on
account of the low voltage.

The current is controlled by a cut-out switch and resistance
placed close to the transformer on the primary circuit. In some of
the later machines, the cut-out switch, as well as the mechanical
means used to force the pieces together, is controlled automatically.

The transformers are substantial in construction; and as there
are no moving parts, there is little chance of anything getting out
of order. The pieces to be welded are held in suitable clamps which
form the terminals of the secondary coils. These clamps are mounted
on a slide which allows them to travel back and forth. The pieces to
be joined are fastened in the clamps, and the current turned on. The

metal is heated at the joint, and gradually softens as the heating is
continued, the pieces being forced together by means of a hand -lever,
or automatically
by the machine
PR/MARY C iRC v/7"
(HASH VOLTA6E/
itself. 'When the
weld is completed,

the current is
turned off, and the

7-0

-fxr4

work taken from
the clamps.
A simple ma-

1111111111111 1111111013

t__

chine which was

COW
SEONDARYC/Cvir
1/04rAGE1

(L

Fig. 5. Simple Transformer.

used for some ex perimental work, is

shown in Fig. 6. The current used in this particular case was taken
from the lines cf the Edison Company at 220 volts, and was reduced
in the transformer to 5 volts. It will be noticed that the clamps are
so shaped that the work may be instantly released when the weld

is completed, taken from the machine, and the burr hammered
smooth on an anvil if necessary.

No very great care need be taken as to the insulation on the
machine itself, as, at the very low voltage used, there is very little
chance of current leakage. The bed of this machine was cast iron;
and contact was made by bringing the terminals of the transformer
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up through the base of the machine, and resting small blocks of
copper on them, to which the pieces to be welded were clamped.
The principal factor of cost in a machine of this kind is the copper
in the transformer. In the machine in question, the copper terminals
were 1 by 1 inches in section; but, as the capacity of the clamps was
far less than this, the terminal connections to the clamps were made
only about one -quarter this size.

For purposes of experiment, it is possible to make a weld by
simply clamping the pieces which are to be joined to the terminal
wires of a transformer, by means of wooden hand -screws, and forcing

0r 0

I
lik

iii

III

cc:"-

[

FL:
TRANSFORMER

is

PARTS MARHED -CMADE OF COPPER

TERM/NALS
Fig. 6. Diagram of Simple Apparatus for Electric Welding.

It is even possible to use iron
clamps without danger to the operator, there being no chance of
shock at such a low voltage. In fact, in designing a machine, there
is no need to insulate the machine from the operator, for the reason
given above. This however does not apply to the high -voltage side
of the transformer, which should always be fully protected. On
the operating side of large machines, a hand may be placed on each
of the terminals when the full current is on, and no shock or sensation
the pieces together with the clamps.

felt.

Fig. 7 shows a cut of a simple commercial welder. This is what
is known as a hand -machine, as the turning on and off of the current,
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and forcing of the pieces together, is done entirely by hand. As
shown in the cut, the weld has just been completed, and the finished
piece is still in the jaws. The machine is so arranged that by throwing the clamping levers when the weld is completed, the work may
be instantly released. To adjust the clamps for different thicknesses
of work, the adjusting screws are used; these are shown on top of
the clamping jaws, and also just underneath the clamping levers at
the back of the machine. The pieces are forced together by means
of the long lever and hand -wheel at the right of the bed -plate. The
hand -wheel is used
for quick adjustment, and the lever
for the final squeeze

that does the welding.

This machine
is largely used for
straight and miscel-

laneous work; has
a maximum capac-

ity of 1.23 square
inches of iron or
steel, or .40 square
inch of copper; and
requires, at a maximum,

35

horse-

power for (0 seconds.

The trans-

Fig. 7.

Simple Commercial Welder.

former is placed in the heavy bed of the welder, as in this way the
conductors carrying the welding current to the jaws are made very
short, to reduce the current loss to a minimum.
In operation, the pieces to be welded are placed in the clamps,
and brought close together by the hand -wheel, the current being next
turned on. In a few seconds the pieces become hot at the weld; and
as soon as soft, they are forced togethei by the long lever, and the
current turned off. On large work the piece is then instantly taken
from the machine, and the joint smoothed up, either in the usual way
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on the anvil, or between suitable dies on a drop hammer. The work
is done very rapidly, and the whole operation on a comparatively

Fig. 8. Automatic Electric Welding Machine.

large piece may be done in two minutes. The time required on
small work is only a few seconds, including the entire process.
For work where many pieces of the same kind are to be welded,
a machine may be used which will work automatically. This is of
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decided advantage in addition to the speed, as the pressure on each
weld may be kept uniform and controlled exactly, and the welds in
this way made all the same. It has been found that welds which
would be almost impossible to make on the hand -machine are easily
made with the automatic, as the pressure control in the latter is much
more exact. This advantage is most marked on metals which are
very crumbly at high heats, and on small and delicate work.
A machine of this type is shown in Fig. 8. Some of these
machines not only take care of the actual welding, but also have dies

Fig. 9.

Examples of Machine -Made Welds.

or jaws which press and form the joint to the same shape and dimensions as the bar stock, thus serving the combined purpose of heating
and shaping.

One of the common uses that a machine of this sort is put to
is that of making barrel hoops. These are made of wire about
IN inch in diameter; and as they are intended for rough use, no effort
is made to smooth up the joint. From 300 to 800 welds of this sort
may be made per hour, and the machine operated by a boy. The
average for wire hoops is about 500 per hour, according to figures
given by the manufacturers of the apparatus.
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Figs. 9 and 10 show examples of various kinds of welds made
by this process-from small wires to large bars.
The shape of the piece has very little to do with the welding, so
long as the pieces have the same section at the weld. I -sections and
work of that character which it is impossible to handle in the ordinary
way, can be worked as easily as round or rectangular bars. The weld

Fig. 10. Examples of Machine -Made Welds.

of a clincher rim, shown in Fig. 11, is a good example of the ease with
which difficult work can be handled. The cut shows the piece with
the burr still left on the weld, which is afterward smoothed or ground
off, a uniform surface being left.

On small work where the joint is wanted smooth, the burr is
generally removed with an emery wheel, unless the operation is
performed in an automatic machine, in which case the burr is taken
care of by the welder itself.
Practically all the weld; made on the machine are butt welds;
and while no particular preparation of the ends is necessary, still it is
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always best to see that they touch each other as near the center as
possible.

Fig. 12 illustrates the action of the pieces in welding. In A are
shown the pieces ready for the heating. It will be noticed that the
ends are slightly convex in order to bring the centers in contact first.
B shows the pieces as they appear when the weld is about half -com-

pleted, the shaded

portion showing
about the length
that is ordinarily

heated by the action of the current.
C shows the comthe
Fig. 11.
shaded portion still
representing the extent of the heating.
pleted

weld,

Clincher Rim Weld.

One of the noticeable characteristics in connection with electric
welding is the short distance from the joint that the work is heated.
The actual heating effect of the current is confined almost entirely
to the weld; but of course there is some heating by conduction which
raises the temperature a short distance from the joint. This heating
effect does not extend very far, as the time is so short that the heat
does not have a chance to travel much. On a piece inch in diameter,
the bar may be grasped with the bare hand within an inch of the weld
immediately after the welding is completed.
On account of the above conditions, many machined and finished

pieces may be welded without distortion, very little effort being
required to refinish the part heated in welding.

In welding in this way, it is
a

always an advantage to have the
pieces of as near the same section as possible at the weld. For
instance, it would be a rather diffi-

Fig. 12.

Illustrating Action of Pieces in
Electric Welding.

cult matter to weld a bar of very
small section directly against a

bar of large cross -area. A method of handling work of this character is
shown in Fig. 13, where it will be noticed that a sort of lug or projection

has been left in making the main forging, to which the piece of
smaller section is welded.

335

ELECTRIC WELDING

20

The difficulty of this sort of welding is largely due to the fact
that the bar having the larger section will of course radiate the heat
faster, with the result that the smaller bar will become overheated and
burn long before the larger bar is hot enough to weld. This is over-

come to some extent by so clamping the pieces that the piece
having the larger section will project farther from the clamp jaw

Fig. 13. Illustrating Method of Welding Pieces of Different Cross -Section.

than the smaller one does. This will overcome a small difference
of section; but when the difference is great, the larger piece should
have its section reduced to that of the smaller for a distance of about
one -quarter inch at least.
On heavy work it is necessary to force the pieces together with
hydraulic pressure, it not being practicable to obtain the pressure
with hand -levers. In fact, in some machines the gripping also is
done in this way.

When welding tin, lead, zinc, etc., the pieces do not become
hot enough to emit light or become incandescent, and the softening
of the metal must be taken as an indication of the welding temperature.

Lead pipe can be satisfactorily welded if care is taken in preparing
the ends, which should have the edges beveled in order to reduce the
section that is being heated.
Lead pipe of a comparatively large section can be handled, lead
offering considerably more resistance to the passage of the current
than either iron or copper. As a general rule, it is easier to weld
electrically materials which have a comparatively high resistance than
those of low resistance; thus copper requires more current than either
iron or steel; iron or steel, than lead; etc.

One of the interesting applications of electric welding is the

ELECTRIC WELDING

21

making of continuous cables of both steel and copper. This is easily
done, and the strength is very little diminished by the process. Of
course the cable is left solid at the point where the weld is made, as
the metal is completely fused into one solid lump; but as this extends
for a short distance only, scarcely equal to the diameter of the cable,
it is no very serious objection.

Chain and Ring Welding. Chain links are welded by this
method, although it would seem that the body of the link, being
solid, would offer less resistance to the current than the joint, with
the result that the current, following the path of least resistance,
would heat the body of the link and leave the joint cold. This however is not the case, as the grips may be placed close to the joint, thus
lowering the resistance across the weld and increasing the resistance
through the solid metal.
Another fact is that while an alternating current follows the
path of least resistance, it also tends to take the shortest path or the
path of least counter -induction or self-induction, and will not go
around a ring as easily as across the straight joint. The flow of
current around the solid part of the ring may be still further checked
by placing in the center of the ring or link a magnetizable iron core,
effecting a greater counter -induction force.
Track Welding. This is one of the most important of the
developments of the electric welding industry. Various methods of
making rails continuous have been tried, but the most satisfactory
seems to be that of electric welding. As nearly all of the street -railway and interurban work is now electric traction, the problem of a
satisfactory track must be considered from the electrical as well as
from the mechanical side. In other words, the track must not only
present a smooth unbroken path for the wheels in order to have the
cars run smoothly, but the rails must also be so bonded together as to
make a continuous electrical conductor. The joints must have the
same conductivity as the solid rail, or a greater conductivity.

One of the earlier ways of accomplishing this was to cast a
chunk of cast iron around the joint, completely enclosing the rail with
the exception of the head, for a distance of 8 or 10 inches. The
objection to this was that the body of hot metal around the rail in the
casting process so heated the head of the rail that is was annealed
and softened enough to cause excessive wear, and was soon worn

337

22

ELECTRIC WELDING

down enough in the immediate neighborhood of the joint to cause the
cars to bump when passing over.
These objections were satisfactorily met by the electric weld; and

this process is now almost universally used for rails buried in city
streets, and to some extent on trackage on interurban lines.
Special apparatus is used for this work, and what is known as
a welding train employed. The welding is generally done under
contract by a firm having the special equipment for the purpose, and
not by the railroad company itself. The contractors clean the ends
of the rails to be welded; shim the joints where necessary; make the
weld; and grind down the head of the rail to a smooth, even surface
after the weld is made.
Welding Train. The welding train generally consists of four
cars. The first car, taken in the order in which they operate, is the
car carrying the sand -blast apparatus. The next two cars are the car
carrying the welding machine proper, and the transformer car. The
fourth car is the one carrying the apparatus for grinding the rail
down to a smooth joint.
The operation of welding is briefly as follows
The street, around the rail, is opened up for a distance of about two feet
each side of the joint, making a hole about four feet long and two feet wide each

side of the rail. The old fish plates and bonds are then removed, and the
sides of the rail cleaned with the sand -blast apparatus to remove all scale and

dirt. If there is any opening between the rail ends, this is now filled by driving
in shims made of thin slices of rail of the same section as that to be welded.
The welding cars then take up the operation.
The plates to be welded to the sides of the rail are clamped in place, and
the jaws of the welder are adjusted in position. The current is then turned on;
and when the metal is hot enough, the weld is made by forcing the jaws of the
welder together with hydraulic pressure.
When the weld is completed, the current is turned off; but the pressure
is kept on the joint for a short time, in order to hold the plates in position while

cooling.

This operation is repeated until the three spots on the plates are

welded to the rail.

The welder then moves on to the next joint, and the grinding car completes the work by grinding off the top of the rail to a smooth,
flat surface.

The sketch in Fig. 14 will give an idea of the sort of joint that is
made by this method. A plate about an inch thick is welded each
side of the rail, the welding being done at three spots only, at about
the locations shown by the dotted lines, one at each end and one in
the center.
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Fig. 15 shows the diagram of a sand -blast car which carries a
motor for running an air -compressor, the air -compressor itself, and
the storage tank containing the sand under air pressure. The motor
used in one car, fitted up for this purpose, and used in Chicago by the

Lorain Steel Company,
was of 18 horse -power;
and 20 pounds pressure

was carried on the sand
tank. The sand was forced
from the tank and through

Fig. 14. Illustrating Process of Welding a Rail Joint.

a flexible hose, and directed against the joint by a small nozzle.
The work of cleaning the joints was quickly done, and the labor
of only one man was required to take care of the car and apparatus.
As the current in most street -railway work is continuous, it is
necessary to use a rotary converter to obtain power for the welding
transformer. In the case mentioned above, the apparatus used consisted of a General Electric rotary converter. Current was taken

from the trolley wire at about 600 volts, and delivered from the
converter as alternating current, 40 cycles, at about 280 volts.
.A1...4.57 TANK

COMPRESSOR

..1.4/YD NOZZLE

Fig. 15.

Diagram of Sand -Blast Car.

From the converter the current was carried through a potential
regulator of 60 to 65 kilowatts capacity.
At this voltage the current was carried to the welding transformer
placed between the arms of the welding machine. This machine is
shown in Fig.16, which illustrates the machine proper detached from
the car. In Fig. 17 is shown a sketch of this welder, with a short
explanation of the parts. The high -potential ..urrent is carried
directly to the welding transformer, and the voltage is here reduced
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to about 6 volts. Probably the current used at the grips is about
In the car with the welder are also motors and fans
used for circulating the water through the copper grips in order to
20,000 amperes.

keep them from being overheated, and also for cooling the circulating
water. There are also motors for raising and lowering and shifting

Fig. 16. Electric Welder.

the welding machine. The circulating water is cooled with a fan.
The welding machine is carried on a sort of crane controlled by a
long screw, and may be shifted to bring the grips in the proper place
over the joint to be welded. The shifting of the welder is done mostly
by power furnished from the motors in the welding car.
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In Fig. 18 is shown a complete welding train in operation, the
sand -blast car at the left, the grinder car at the right, and, in the
center, the two cars containing the transformer, the regulating apparatus, and the welding machine proper. The welder may be
tipped back or elevated to clear the rail while the car is being
moved forward to position for another joint. The welder itself is
shown separately in Fig. 19. Fig. 20 is a separate view of a sandblast car; and Fig. 21, a separate view of a car for joint grinding.
Each of the cars of the welding train-with the exception of the
transformer and welding cars, which are run together as one caris equipped with an ordinary motor, and runs separately as a trolley
car in moving from place to place.

In making the

weld, the car is NYDRAUZ/C

..FACN

brought to position,
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and the plates ad lusted.
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as will be noted later.

Clamps are then put
on to hold the plates
in the proper position,
the welding clamps
CONDUCTOR BARS

are gripped over the
plates, and the current
turned on. The heat-

ing is watched; and

cONTACT BLOCNS

Fig. 17. Diagram of Welder.

as soon as the plates
become red-hot, a flux

is sprinkled on the joint. When the
heating has continued far enough, the jaws are forced together with
the hydraulic pump and plunger arrangement, between the upper ends
of the arms. The pressure brought to bear on the joint is about 40
tons. The piston area is about 10 square inches; the pressure on the

piston, about 4,000 pounds per square inch; and the leverage of
the arms, about 2 to 1-making the direct pressure about as given
Fig. 22 is a photograph of a completed weld.
The plate used on the side of the rail is shown in detail in Fig. 23.

above.
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dimensions are 22
inches by 4 inches by 1 inch,
the last being the thickness.

The plates are uniform in
thickness, with the exception of three contact -points
raised on them, one at

either end and one in the
center, the object being to
concentrate the heating at
these points. It will be
noticed that these points
are not flat, but are stepped,
still further concentrating

the effect of heating at the
start of the welding process.
When the weld is completed,

these spots have been flattened out so far that the bar
is brought in contact with
the rail web. In a finished
joint, there is about 30
square inches of welded

surface on both sides of
the rail.
Care must be taken to see

that the ends of the plate
are matched up on the two
sides of the rail, or the

twisting action of the welding pressure will cause the
weld to crack open in
cooling. On one occasion,
in connection with work

of this character, observation showed

that defec-

tive welds were resulting,
and it was discovered
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that the ends of the weld plates extended beyond the ends of the
welding surfaces. In other words, instead of ending at the welding
spot as shown in Fig. 23, the weld plates extended for a short distance
beyond, as shown in Fig. 24. As this distance was not uniform, and
as the plates were placed by bringing their ends even, the result was

Fig. 19.

Welder Car.

Lorain Steel Company, Johnstown, Pa.

that the welding spots were not brought opposite each other, and a
sort of twisting action took place, causing the welds to crack open

When this was discovered, the ends of the plates
were trimmed off to a uniform length, and no further trouble reoccasionally.

sulted.

The effect of placing with uneven ends is shown in Fig. 25,
where the ends are placed in line, thus throwing the lugs out of true.
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The actual time required for welding-that is, the time the current is on-is about 21 to 31 minutes for each point of contact, of
which there are three at each joint; the variation in time being
largely due to fluctuations in the line current, which, as it is taken
from the trolley circuit, varies to some extent. On end welds, the
clamps are kept on under pressure for three minutes after the weld is

Fig. 20. Sand -Blast Car. Lorain Steel Company, Johnstown, Pa.

made and the current turned off. The center weld is clamped in
this way only one minute. Such cooling under pressure was found
necessary to insure good welds. When the clamps were released
immediately after the current was turned off, it was found that
frequently the weld would crack open in cooling, making a very large
percentage of bad welds.
The heat is so localized that the head of the rail is never red-hot
during the entire process, with the result that it is not softened, and

ELECTRIC WELDING

Fig. 21. Car for Joint Grinding.
Lorain Steel Company, Johnstown, Pa.

Fig. 22. Electrically Welded Joint.
Lorain Steel Company, Johnstown, Pa.
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excessive wear does not take place at the joint, as is liable to be the
case with the old method of cast welding.
The welds here illustrated were made under contract, thecontracting company furnishing the welding train and men, the railroad company furnishing the current. The usual charge is $5.25 per joint, the
welding company to replace any welds proving defective within one
year. The percentcAbout 4,"
age of good welds is

over 99 per cent.

22a
.s"

This price seems to

be practically universal but a slight

tl

difference is some- I

Fig. 23. Plate Used in Rail Welding.

times made in the
terms for replacing defective joints, in some cases the welding
company agreeing to pay back about twice the original cost of
the weld for every defective joint.

The welds are finished by grinding with the portable grinding
rig carried on a separate car. The arrangement of this car is shown
in Fig. 26. A 5 -horse -power motor is attached to each grinder, one
on each side of the car. Each motor runs its own grinder only.
The emery wheels are about 14 inches in diameter, with a 2 -inch
face, and are adjusted with the screws as shown. It requires from
5 to 10 minutes to dress the rail down to a smooth, even surface. The
leveling is done with a straight edge. The grinder is so fixed that it

may be moved back and forth on the
rail, the grinding wheel being raised or
lowered by means of the adjusting screw
on the front end of the carriage. The

jointed frame keeps the belts tight and
allows the forward and back motion, at
Fig. 24. Weld Plate Extending
Beyond Joint.
the same time preventing much movement sideways. One motor only at a time is used.
There is another process of rail welding, in which a liquid flux
is used. This process has been experimented with, but has not yet

been perfected. A mould is clamped around the joint; the current
is turned on; and the flux, which has previously been heated and
melted in a crucible, is poured into the mould. Welding clamps
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similar to those used in the Thomson process are employed, and
plates are welded to the side of the rail in much the same manner.
This process, in fact, is much the same as the Thomson, except that a
slightly higher voltage is used, a melted flux is employed, and the
welding grips are surrounded by a mould to hold the molten flux in
place.

The inventors claim that less power is required, and that

Fig. 25. Showing Effect of Uneven Placing of Plates.

work may be done more cheaply than by the Thomson method. In
the experhpental car used, the transformer for the final reduction in
voltage was placed in the car itself, and the low -voltage current carried
through wires to the welding grips. A large switchboard was provided in the front end of the car, equipped with means for changing
the voltage at the grips, as a constant voltage was not used throughout
the process.
Rail Welding Labor and Costs. The schedule given below

shows approximately the labor required to run the welding train,
including the cleaning of the joint with the sand -blast, shimming,
COUNTERSHAFT

MOTOR

EMERY PWIZZL

411

ADJUST/M6
_SCREW

Fig. 26. Diagram of Grinder Car.

actual welding, and grinding of the finished weld. Two gangs are
used, one day and one night; but only one foreman is used to look after
both gangs. For one gang only, including the foreman who takes
care of both gangs, the schedule of labor is as follows:
1 Foreman.
1 Sand -blast man.
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1 Welder man.

" helpers.
1 Dynamo man.
1 Grinder man.
This makes a total of 13 men for both day and night gangs, which force of
2

men will make about 70 to 75 joints of three welds each per day.

The dynamo man is stationed in the transformer car, where
instruments are provided for keeping track of the voltage, power
used, etc. This man also keeps track of the time on the welding,
signaling the welder when to release the grips after the weld is completed. The turning of the current on and off is done by the men

at the welder.
The time on each joint is about 19 minutes, each weld requiring
about 6 minutes, a minute more being taken to move from joint to
joint.
Mr. P. Ney Wilson* gives the following data of some work done
in New Jersey. The welding was done by the Lorain Steel Company,
at a contract price of $5.25 per joint for the welding alone.

In figuring the cost to the railway company for opening the
street around the joints, and relaying the pavement after the welding
was done, the labor cost is taken as 15 cents per hour-or rather, the
labor has been calculated to this average basis per hour. Rails were
of 7 -inch girder type similar to Cambfia No 824; number of men
employed, 98; joints per day, 64; data taken from about 3,000 joints;

street opened up in each case, and returned to original condition
after weld was made.
Cost per joint-(average results on over 3,000 joints):
Preparing joint, opening street, etc.
Material (saws, tools, etc.)
Total

Credit for scrap (old bond, etc.)
Net cost
Replacing asphalt
Contract price for weld

$2 .277
188

------- $2 .465
.912
$1 .553
.832

5.25

Net cost per joint completed
$7.635
The credit made above for scrap includes the amount realized from the
selling of the old fish -plates, copper bonds, etc.
Engineering-Contraciting. March 20, 1907.
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On some other work the same author gives the following:
7 -in. girder rails, 60 -ft. lengths, Penn. Steel Co. No. 238 and Cambria
No. 824.

Pavement, Belgian block on sand foundation.
Average number of men employed, 103.7, at 15 c. per hour.

Cost of fitting joint for welding after deducting credit for scrap, $1.433

On another street where same rail was used in 30- and 60 -foot
lengths:
84.6 men, 15 c. per hour.
Average joints per day, 60.
Gross cost of fitting for each joint, $2 .292.
ti
u
u
ft
u
Net
$1 .382.
"

This same joint was also used on some interurban work near
Providence, R. I., where the rails were exposed to the air; but in this
case an expansion joint was used about every 1,000 feet. The track
was laid with T -rail, and was about six miles long.

Wire Welding. On telegraph wire, the Roebling Company
are reported to make, on an average, about 600 welds per day. A
large portion of the time, however, is taken in handling the heavy coils

of wire.

Small wire loops and steel rings are made by the Thomson
Company at the rate of from 1,000 to 3,000 per day of ten hours.
Direct and Alternating Current. On small work, direct

current may be used; bui, for heavy pieces, there is a decided
advantage in alternating current. The final results obtained are
about the same whether direct or alternating current be employed;
and ih fact a storage battery may be used, if designed for very rapid
discharge.

Nearly all welders are built for alternating current, the reason
being that the heaviest current is carried on or near the surface of the

conductor; and as it is here that the greatest radiation takes place,
the useful heating effect of alternating current is thus greater than
that of direct current of the same strength.
It is theoretically possible to weld sections of any size with a
small current; but in practice it is found that the rapid radiation of
heat from the surface of the metal must be taken into account. On
large work, when a small current is used, a point is reached where
the radiation will equal the heating effect of the current, and then
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the temperature remains constant. When this is the case, the remedy
is to use a greater current strength.
Heating in Welder. The same process that is used in

welding may be employed in any heating operation. Pieces are
sometimes heated between the clamps of the welder, and upset to
form a sort of ball or collar, as illustrated in Fig. 27. The same
method is also used

to fasten collars to
shafts by a sort of
riveting. The collar
is made a loose fit
Fig. 27. Ball or Collar Formed at Joint of Electrically

Heated Pieces.

on the shaft, and
is slipped on into

position, the shaft being then gripped in the jaws of the machine in
such a way as to bring the collar midway between the two. The
shaft is heated, and, when the pressure is applied, is upset tightly
into the hole in the collar and against the sides, somewhat as shown
in Fig. 28, thus firmly clamping the collar in place.
Where it is desired to heat only the end of a bar, the submersion
method may be used; but when the center of a bar is to be heated, the
Thomson process is the better. In the latter case, the bar is gripped
in the clamps in the usual way, with the part to be heated between
the two jaws; the current is turned on; and the heating is continued
until the metal is raised to the desired temperature, when the current

is turned off, and
the bar taken from

via

the machine and

treated in any way
desired A bar may

be heated at one

end only, in a

Fig. 28.

Collar Fastened to Shaft.

Thomson welder, by gripping the piece in one jaw and butting it
against a much heavier piece held in the other jaw. The heating will be confined almost entirely to the smaller bar if there is a
large difference in section between the two.

Brazing and soldering may be done in this same way; but of
course the amount of heat used is very much smaller and must be
more carefully regulated. When preparing for brazing, the pieces
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may be placed together in exactly the right position, and brass provided for the joint in the shape of rolled or sheet brass placed over
(or in) the crack between the pieces. The flux is added, and the
heating done in the usual way.

Rail Bonding. A modification of the welding process
is sometimes used for fastening
bonds to the sides of rails,
joined by the old fish -plate
method, in order to make a

Rail Bond Sweated against the
Side of the Rail Head on

Fig. 29.

Outside of Track.

continuous electrical conductor.

In this work, the current required being very light, all of the
apparatus is carried in one car.

The work is really soldering,

and not welding. The bonds are sweated against the side of the rail

head on the outside of the track.

Fig. 29 shows the shape and

Fig. 30. Switch -Piece, Showing Method of Bonding around Same by means of Copper

Cable with Ends Welded to Rail.

location of the bond used. The top of the bond is about flush with
the top of the rail. The joint is sometimes touched up with a small

portable hand -grinder, power for which is obtained from a wire
fastened to a pole and hooked over the trolley wire. Fig. 30 illustrates the method of bonding a switch -piece.
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Power Required for Welding; Miscellaneous Data. It is almost impossible to give the exact amount of power required for welding

work of a given section, without taking into consideration the shape
of the section and the time taken. Both of these elements influence
the results to a large extent. It is possible, however, to state certain
rough general rules, and to set forth the results of commercial work
and experiments, which will serve as a guide for approximately estimating the amount of power and time required.
The shorter the time taken, the less current is taken in proportion,
as the heat is radiated only at a certain definite rate, and consequently
less energy will be lost during a short time.
Sir Fred Bramwell* gives data from the results of an extensive
series of experiments. The electrical readings were reported by
Sylvanus P. Thompson; and in the discussion, considerable data on

American practice were given by Professor Kennedy. The data
given in the above paper met with the approval of Elihu Thomson,
and may be taken as probably representing good practice.
The particular form of electrical energy needed is large current
and low pressure, as the pressure (voltage) has nothing to do with the
heating property of the current, merely serving to force it through the
metal.

Experiments on a number of welds with round iron 11 inches
in diameter gave the following results:
Average time, 2f minutes, found by taking the total time, and
dividing by the number of welds made.
Actual time the current was on, about 26 seconds for each weld.
About 23.6 horse -power was required, this being the total load
on the engine and including the engine, dynamo, and transformer
losses.

Table II, compiled by S. P. Thompson, gives the results from
readings taken between generator and welder, thus including the loss
in the machine and welding transformer only. Average results are
given, but the individual readings did not vary much from the average.

Exact proportions between power required and cross-sectional
area cannot be given, as radiation has considerable to do with the
power absorbed, and a thin rectangular bar will radiate heat faster
than a round one of the same area.
+Proceedings of the Institution of Civil Engineers of Great Britain, Paper No. 2460.
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TABLE II

Data of Welding Operations
11/4 in. diam.

Size of stock

Wrought Iron

Time current was on (seconds)
Power used (kilowatts)
Power used (horse -power)
Area of section (square inches)
Horse -power used per square inch

X in. diam.
Steel

32

16

13.17
17.5
1.00
17.5

11.4

15.2
.44

34.5

2X in. by 11/41n.

Wrought Iron
28.5
24.98
33.4
2.81
11.8

Kennedy gives the following as American practice:
Standard projection of each piece from jaws of welder, distance equal to
diameter, making distance between jaws of welder equal to twice diameter of
work.

Standard time for 1 -inch bar, 40 seconds; other sizes in proportion.

Length of part heated, to vary about as the diameter.
Horse -power to vary about as the square of the diameter, horse -power
per square inch to remain constant.

As the result of a series of experiments the horse -power per
square inch is given as follows:
20.0 Horse -power
19.3
20 4
23.4
"
" steel
1
1(
of
20.5
4
if
19.6
This makes the horse -power per square inch practically constant; but it
will be noted that no account is taken of the time, which may be varied in such
a way as to make the horse -power always constant.
1 -inch bar, wrought iron

I"

,t

it

<<

The above data gives enough information to enable the making
of a fairly accurate estimate of the amount of power required in any
particular case.
Another method of estimating, given by Mr. Hermann Lemp in
Engineering Magazine, is based on the assumption that it takes about
7 horse -power -minutes to raise one cubic inch of metal to the welding
temperature. This is practically the same for copper, brass, and

iron-with the distinction, however, that for metals which conduct
heat easily, a shorter time and correspondingly greater current strength
must be used to prevent excessive loss from radiation and conduction.
When the pieces are both short and wide, making the conduction by
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the clamps great, from 10 to 15 horse-power -minutes per cubic inch
are required.
Axle and Tire Welding. The figures given in Table III are
based on data given by Mr. Fred P. Royce in The Iron Age.
TABLE HI

Axle and Tire Welding
AXLE WELDING
SIZE StOCk

1 -in. round
1 -in. square
11 -in. round
11 -in. square

2 -in. round
2 -in. square

POWER USED

TIME

25 H.P.

45 sec.

30
35
40
75
90

48

"

60
70
95
100

"

"
"
"

"
"

"
"
"

AREA IN

SQ. IN.

.785
1.000
1.227
1.563
3.142
4.000

POWER USED
PER SQ.

IN.

32.0 H.P.
30.0
28.5
25.6
24.0
22.5

"

"
"
"

"

TIRE WELDING

1 -in. by % in.

11 H.P.

11 -in. by I in.
1k -in. by in.
1k -in. by k in.

23
20
23
29
42

2 -in. by k in.
2 -in. by i in.

"

"
"
"
"

15 sec.
25 "
30
40
55
62

"
"

"
"

.198
.470
.561
.750

1.000
1.500

58 H.P.
49
36
31
29

28

"

"
"
"
"

The radiating effect of the thin flat section is well illustrated by
the 1 in. by
in. tire, where 58 H. P. per square inch was required
to make the weld; while with the comparatively heavy 2 inch by inch
tire, the power was much less, being only 29 H. P. per square inch.
It will be noticed from Table III, that a greater amount of power
per square inch is required to weld pieces of small area than those
of larger section.

A safe rule to follow on average work would be to allow about
40 H. P. per square inch on pieces of from .05 square inch in crosssection to about .75 square inch; while above this size, from 30 to 20
H. P. would seem to be about right, depending on the shape of the
section, 30 II. P. to be used for flat sections, and 20 H. P. for sections
approximately round or square.
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TABLE IV

Power and Time Requirements for Electric

Welding

of Round Iron

or Steel Bars and Heavy Iron Pipe

ROUND IRON OR STEEL

i

in.

1

,i

1"
8

H. P. APPLIED

AREA

DIAMETER

"

i "

TIME IN

TO DYNAMO

SECONDS

.05
.10
.20

2.
4.2

10
15

6.5

20

.30 .

9.

25
30

13.3

.45

EXTRA HEAVY IRON PIPE
INSIDE

1 in.

11 "
2

21 "
3

"

TIME IN

SECONDS

8.9

33
40
47
53
70
84
93
106

10.5
16.4
22.
32.3
42.
63.7
96.2

1.10
1.65
2.25
3.

"

P. APPLIED

TO DYNAMO

.30
.40
.60
.79

"

1

H.

AREA

DIAMETER

TABLE V

General Table of Power and Time Requirements for Electric Welding
of Iron, Steel, and Copper
IRON AND STEEL

COPPER

H. P.

AREA IN

APPLIED TO

SQUARE

AREA IN
SQUARE
INCHES

TIME IN

0.5

33

14.4

1.

45
55
65

28.0
39.4
48.6
57.0
65.4
73.7
83.8

1.5
2.
2.5
3.
3.5
4.

SECONDS

70
78
85
90

DYNAMO

INCHES

.125
.25
.375
.5
.625
.75
.875
1.

255

TIME IN

SECONDS

8
11

13
16
18

21
22
23

H. P.
APPLIED TO

DYNAMO
10.

23.4
31.8
42.
51.9
61.2
72.9
82.1
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General Tables of Power and Time Requirements. The data
in Tables IV and V are given by the Thomson Electric Welditfg Company, and may be taken to represent current practice on commercial
work.

It will be noted that the power as given is the power required
to run the dynamo, and thus includes all losses in dynamo, transformer, and welding machine proper.
COMMERCIAL WELDING
Electric welding has developed so far now that there are companies
organized to do commercial welding on a large scale. In fact, many
articles which are ordinarily very expensive to produce may be made
very cheaply by this welding process. Cap screws, for instance, are
now being made by a welding process, in place of the usual method
of turning down the body from stock the size and shape of the head.
By the old method, the shank of the bolt was turned down from bar
stock of the same section as the head. When the shank was long,

this necessitated an enormous loss of material. By the electric
method, the head is made with a short stub for a shank, about a
quarter -inch or so in length and to this short stub is welded the
finished shank in any length
LE}desired.
Ordinarily cap screws
are made of a sized stock which
leaves a very small head, in order
Fig. 3.. Cap Screw.
to save stock; but when the electric method is used, any sized head may be welded to the desired
shank without loss of stock.
In Fig. 31 is shown a sketch of a cap screw made in this manner,
showing the parts before they are put together. The welding of
course raises a burr, which may be removed easily by grinding or by
taking a finishing cut in a lathe.
This method of welding has almost developed a new industry, as

many parts are now made from forgings, which were almost
impossible to make that way before on account of the enormous cost
of the dies. Thus the cost of making the automobile forging shown
in Fig. 32 would be almost prohibitive if forged in one solid piece; but

by making in several pieces and then welding, the work is much
simplified and the cost greatly reduced.
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In Fig. 33 is another piece of work-a valve -stem for a gas
engine-the making of which is much simplified by electric welding.
If this piece were to be forged solid, it could of course be made in
dies by drop forging; and while this is perfectly practicable when
lots of several thousand are made at once, if only a few hundred or a

Fig 32. Automobile Forging Made of Separate Parts Electrically Welded Together.

few dozen are required, the welding process greatly simplifies the
matter. The separate pieces may be made on the screw machine,
and then welded and a cut taken to smooth up the stem.
Still another sort of weld is shown in Fig. 13 where the work
is shown after welding but before the burr has been removed.
Fig. 11 shows a weld in a section of clincher rim, a piece of work
which it would be almost impossible to weld by any other method.
The applications of electric welding are almost unlimited, and
in some fields have made possible work which otherwise might be
impossible to accomplish.
Many tools require a very

hard cutting edge and a
very tough shank ; these
may be obtained by

1

welding a high -carbon

steel for the cutting part

Fig. 33.

Gas -Engine Valve -Stem.

of the tool to a low -carbon

High-speed or air -hardening steel may be
used in the same manner. This not only saves on the first cost; but
a better tool is the result, as there is less chance of breakage in the
machine -steel shank.

shank.
Action of Various Metals in Electric Welding.
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Thomson* gives some interesting data regarding the action of various
metals in the electric welder:
Tin can be welded with ease; also antimony and bismuth.
Aluminum requires precautions; but welds can be made, and, when done
right, the results are good. Hand electric welding is not good for aluminum;
but with automatic machines, almost uniformly good results are obtained.
Brass requires much greater current strength than wrought iron, although

the specific resistance of cold iron is almost the same as that of brass. As
the heat of the metal rises, however, resistance increases only slightly with
brass and German silver, while the increase with iron is large.
Brass seems to soften hardly at all when heated, passing almost immediately from solid to liquid, and, if too great pressure is used, will crumble
and make a rather poor joint.
Some bronzes-notably aluminum bronze-show some plasticity before
fusion.

Copper is a good conductor, and radiates heat easily. About one volt
is required across terminals, and welding should be done rapidly in order to
lose a minimum amount of energy through radiation.
As a general rule, a flux should be used on metals whose oxides melt at
higher temperatures than the metals. Brass should be fluxed, copper not.
Covering action of flux is useful in most cases.

No flux is required on soft iron;

but heat which welds soft iron would ruin steel, so that flux is required on
steel.

RECENT APPLICATIONS

One of the most recent and interesting applications of electric
welding is that of making the side joints on ordinary hot-water tanks
such as are found attached to kitchen stoves.
The following cuts and descriptive matter, for which the author
is indebted to E. A. Suverkrop and the American Machinist is not
only of interest on account of the process used, but also as giving a
comparison of cost and strength between this and other methods of
doing this sort of work.

The work described is done at the works of the John Wood
Manufacturing Co., Conshohocken, Pa., where 800 to 1,000 boilers
are made every twenty-four hours.
tThe raw material in the shape of plates cut to size and varying
in thickness from No. 16 to No. 9 Birmingham wire gauge-these
are the thicknesses of the plates used for the boilers having electrically
welded seams-are manufactured in the same town to special analysis.
Transactions of the Institute of Mining Engineers.
tE. A. Suverkrop, American Machinist, Feb. 25, 1909.
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The requirements for this purpose demand an open-hearth steel possessing anti -rusting properties. It must be low in carbon, the analysis
calling for 0.12 per cent, and the sulphur content must not exceed
0.03 per cent, while the tensile strength varies between 55,000 and
58,000 pounds per square inch.
The first operation is the rolling of the plates into cylindrical
form which is done on the usual boiler rolls which are, of course, of
a diameter to suit the work, the boiler shells ranging in diameter
from 7 to 16 inches, and up to 70 inches in length. From the rolling
operation the shells pass to the sand -blasting room where the usual
low-pressure sand -blasting apparatus is used to remove the scale
back on either side of the seam for about an inch and a half. The
object of this is to give clean metal free from scale for the weld and

also to facilitate the passage of the electric current, scale being a
partial insulator of electricity. The plant which supplies current for
the two welding machines consists of two 60 -kilowatt Thomson alternating generators, specially wound for the purpose, delivering the
current to the primary circuit at a voltage varying from 250 to 350,
heavier work requiring the greater voltage, while for thinner work the
primary voltage is reduced. The Thomson process of electric welding is used with modifications made necessary by this particular class
of work. These modifications have been developed at this plant
and are embodied in the two machines, built by the Standard Welding Company, Cleveland, 0., shown in Figs. 34, 35, 36, and 37.
The machines are approximately 9 feet high, 6 feet wide, and
20 feet long over all. The machine proper consists of a heavy cast-

iron base B upon which are mounted the pressure rolls or spools
A, one on each side, and between which the boiler shell C, Fig. 36,
passes during the welding operation. These rolls are made in pairs
for the various sizes of boilers, are easily changed from one side to
another, and are mounted so as to adjust to or from the center.
In front of the machine is a stake D which carries a horizontal
bar E, upon the end of which is a head F, shown in Fig. 35, carrying
three rollers, one roller on the top immediately below the two copper
electrodes G, and the other two at an angle of about 120 degrees.
These two lower rollers hold the boiler shell against the pressure rolls
A, while it passes through the machine. Behind the machine,
Fig. 35, is a device similar in construction to the regulation draw
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Fig. 34. Front of Electric -Welding Machine.

Fig.

5.

Rear View of ElectricWelding Machine.

Fig. 38, Electric -Welding Machine with a Shell in Starting Position and One at Finished Position.

Fig. 3t". Front of Electric -Welding I1achine with Yoke Removed.
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bench, and having an endless chain H carried on pulleys at either
end of a planed guide between which the chain runs.

The chain is attached to a carriage I provided with a gripping
device which grips and draws the boiler shell between the pressure
rolls during the welding operation. In front of the machine and

secured to the base is a yoke J, Figs. 34 and 36, through which
the boiler shell passes on its way to the pressure rolls and welding
electrodes. The object of this yoke is to guide the shells and keep
the joint exactly equidistant from each electrode during the welding
operation, as the success of the weld depends to a great extent on the
seam being guided in a straight line and half way between the electrodes. The yoke is provided at the top on the side next the machine
with a thin blade of steel-not visible in the half-tone-which locates
the boiler shell by the edges which pass one on either side' of it. The
yoke and other controls for the boiler shells are all within easy access
of the operator.

Owing to the extreme flexibility of these thin boiler shells the
adjustments and movements of the electric welding machines must
of necessity be very exact and under instant and absolute control;
a boiler shell 6 feet long taking but 22 seconds to weld from end to
end does not permit of cut -and -try methods of adjustment.
Mounted on the base is the main frame K of the machine which
carries at the top the transformer L, which is of the Thomson type.

The primary circuit varies as previously stated, from 250 to 350
volts, depending on the character of the work; the transformer steps
it down to from 25 to 45 volts, this also being governed by the character of the work.
The current is led from the transformer to the rotary electrodes
G secured by bolts to gun-metal spindles approximately 4 inches in
diameter, which run in gun-metal boxes in the heavy gun-metal saddles M. The saddles M are insulated from the cast-iron frame K
of the machine by sheet mica, approximately T8a inch thick.

The spindles which carry the electrodes are hollow to permit a
circulation of cooling water which passes through the transformer
and both spindles of each machine. The piping and valves show
plainly in all the views. The cooling is necessitated by the heavy
amperage, in the neighborhood of 24,000 amperes being required
for electric welding.
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The current passes from the saddles to the spindles or vice versa

at the point of contact, and among these points of contact are the
two bearings. When the bearings become worn, slight sparking is
liable to occur which has the tendency to make the bearings cut.
But in spite of this sparking and the fact that gun metal and gun
metal do not run well together, these bearings run from 12 to 14
months without renewing. When it does become necessary to renew

the bearings, the spindle is so made that a new sleeve of gun metal
can be driven on the spindle proper after the worn one is removed
and the half bearings in the saddle and cap are readily replaced.
The electrodes G are copper disks secured to a flange on the
spindle ends by tap bolts from the back. They are 1i inches thick,
and about 26 inches in diameter. The spindles are inclined at such
an angle that the electrodes, where they are nearest to each other, are
about I inch apart. This is at the point in contact with the boiler
shell, and at this point the welding is performed. On the opposite
side the disks are about 21 inches apart.
The operation of the machine is as follows: The rolled boiler
shells are lifted into the front of the machine with the seam up, as
shown in Fig. 36, passed through the yoke, the small blade mounted
on the yoke passing between the edges at the seam and locating the
shell so that it will pass through with the seam equidistant between
the two electrodes. The shell is then gripped by the clamp on the

carriage I, Fig. 35, at the back of the machine and the draw
bench started. This draws the shell backward between the pressure
rolls and under the electrodes. The moment the seam strikes the
electrodes, the current is switched on and the weld starts. As no instruments are used to determine the heat at point and time of weld,
I cannot give any exact figures but a reasonable guess would place
the temperature at about 2,800° F. The two edges are pressed together by the pressure rolls and the semi -fluid metal forms on the

outside of the seam in the shape of a half -round bead running the
full length of the welded shell.
From putting one 5 -foot shell in until the putting in of the next,

the elapsed time is about one minute, the actual welding taking but
22 seconds. The shell is red hot for a space only about inch in
width, and the blue color caused by the heat extends for less than an
inch on each side of the weld. During the welding operation one
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can put one's finger on the shell 2 inches back from the red-hot weld
and not feel that it is warmer than the surrounding atmosphere.

Owing to the shape and pressure applied to the shell by the
electrodes and the roller on the inside of the shell, the finished product
as it comes from the welder is out of round, being approximately as

shown in Fig. 38, A being the weld, A B and A C are flat. The
shells after leaving the welding machine, and previous to putting
in the upper head, are rounded up to make them nearly true cylinders.
This job is done very rapidly
on a special machine built in
the works.
This rounding -up machine

-shown partly in section in

Fig. 39 - has a horizontal
stake A with a planed surface
on top to which various sized

dies B can be readily fitted,
Fig. 38.

the dies conforming to the

Fig. 39.

Section of Shell and Rounding -tip Machine.

inside curvature of the boiler
shells C and being of a length greater than the longest boiler shell.

On either side of and above the stake are a pair of guides D,
and at the front and back of the machine are a pair of idlers over
which travel two parallel endless chains which are driven by a 71
horse -power motor. These carry a rounding -up roll E conforming
to the outside curvature of the boiler. The operation is as follows:
The boiler shell is placed on the die on the stake with the welded
seam up. The clutch is then thrown in and the rounding -up roller
E is drawn by the chains on either side along the seam, guides D
on top forcing it against the outside of the distorted boiler shell.
One pass is sufficient to bring the shells to perfect cylindrical
shape.
So far only the electric -welded shells have been referred to, but

as I wish to compare them with riveted and oxyacetylene welded
shells, I will state briefly the methods by which these two varieties
The sheets for the riveted shells are punched
in the flat at both ends, but two strokes of a multiple punch being
necessary. The rivets used are * inch in diameter and / inch pitch.
The sheets are then rolled to cylindrical shape, riveted, and then the
of shell are produced.
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seam is brazed. This takes about five minutes of time and 11 pounds
of brass at 131 cents a pound.

The subsequent operations on these boilers are practically the
same as those on the electric welded ones. The oxyacetylene flame
has been described so many times that a repetition is not necessary

The John Wood Manufacturing Company has a complete
installation with two complete generating plants for oxygen and
one for acetylene. They use it for welding heads to shells where
here.

this is ordered, but it requires too much space to apply to long seams.

Many tensile and vibratory tests have been made of electric
welds made by this concern in various ways, plain butt welds, heavy
butt welds-in which the plates were forced together so that a large
amount of molten steel was raised on either side-and lap welds.
The percentage of defective welds made with the electric welding machine is about 0.1 per cent. In not one single case has an
electric weld pulled apart at the weld. No piece tested has shown

ELASTIC LIMIT 44560 LBS. PER SO IN.
BREALLN: STRAIN 54100 LBS. PEN SQ. IN.
LI. CNCATION IS.'S IN 8 INCHES.

ELONGATION 34:: IN C INCHES

Fig. 40.

Typical Electric -Welded Test Bar.

any crystallization either at the weld or at any place within the
influence of the heat. All test pieces pulled apart at a point beyond
the influence of the heat.
The oxyacetylene -welded test pieces show a crystalline fracture,
and, while the sectional area in the gas weld is increased 50 per cent,
one of the test pieces failed partly in the weld. The tensile strength
of the gas weld is good, but it does not stand up well under the vibratory test. The riveted and riveted and brazed seams invariably pull
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apart at the rivets.

Fig. 40 shows a typical test bar, the fracture

occurring beyond the influence of the heat.

Table VI shows a series of tests giving about average results.
The plain riveted and riveted and brazed seams both failed at the
TABLE VI

Tests of Riveted, Riveted and Brazed, Oas-Welded, and Electric Welded Seams
6

Z
it)

g.SECTION.
ORIG.

AREA,
ORIG.

El'

2.66 0.084
3 2.82 0.100
5 2.30 0.085
7 1 .923 0.081
10 1.922 0.080
1

0.223
0.282
0.195
0.156
0.154

ELASTIC
LIMIT,

ULTI -

So. IN.

So. IN.

43,230
37,450
45,800
42,570
47,670

8"
2"
45,520 2.5 7.0
Plain riveted
56,210 13.8 15.0
Riveted and brazed
59,640 17.0 26.0
Gas welded
50,130 2.0 5.0
t
Electrically
welded
64,420 20.5 36.0

PER

MATE.

PER

ELONGATION.

PER CENT IN.

rivet holes. The gas weld failed partly at the weld and then the
fracture ran at an angle. The electric welds failed beyond the part
heated by the electrodes.
Comparing the costs of the three methods of making the longitudinal seams, taking the electric weld as 1, the gas weld would be
about 7.5, and the riveted and riveted and brazed seams about 10.
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REVIEW QUESTIONS
ON THIS SUBJECT OF

ELEMENTS OF ELECTRICITY
AND MAGNETISM
1. Explain, from the standpoint of induced magnetization,
the process by which a magnet attracts a piece of soft iron.
2. What are the differences in the magnetic behavior of soft
iron and hard steel?
3. What is meant by a magnetic line of force?
4. What reasons have we for thinking that magnetization
is a molecular phenomenon?
5. State how you would test the sign of an unknown charge

of electricity by means of the gold -leaf electroscope.
6. Describe the process of charging an electroscope by induclion.
7.

In charging an electroscope by induction, why must the

finger be removed before the removal of the charged body?
8. If you hold a brass rod in your hand and rub it with silk,
the rod will show no sign of electrification; but if you hold the brass
rod with a piece of sheet rubber and then rub it with silk, you will
find it electrified. Explain.
9. Why is a pith ball attracted to an electrified rod and then
repelled from it?
10.

What differences can you mention between magnetism

and electricity?
11. Explain the principle of the condenser.
12. Explain the principle of the lightning rod.
13. Why is the capacity of a conductor greater when another
conductor connected to the earth is near it than when it stands alone?
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14. Why cannot a Leyden jar be appreciably charged if the
outer coat is insulated?
15. If the potential difference between the terminals of a cell
on open circuit is to be measured by means of an instrument consisting of a coil and magnet, why must the coil have a very high
resistance?

16. How much current will flow between two points whose
P. D. is two volts, if they are connected by a wire having a resistance
of ten ohms?
17. If a voltmeter placed across the terminals of an incandescent lamp shows a P. D. of 110 volts, while an ammeter connected in series with the lamp indicates a current of .5 ampere,
what is the resistance of the incandescent filament?
18. If a certain Daniell cell has an internal resistance of 2 ohms
and an E. M. F. of 1.08 volts, what current will it send through an
ammeter whose resistance is negligible? What current will it send
through a copper wire of 2 ohms resistance? Through a German
silver wire of 100 ohms resistance?
19. A Daniell cell indicates a certain current when connected
to a galvanometer of negligible resistance. When a piece of No. 20
German -silver wire is inserted in the circuit, it is found to require a
length of 5 ft. to reduce the current to one-half its former value.
Find the resistance of the cell in ohms, No. 20 German -silver wire
having a resistance of 190.2 ohms per 1,000 ft.
20. Why is a Daniell cell better than a bichromate cell for
telegraphic purposes?

21. Why is a Leclanche cell better than a Daniell cell for
ringing door -bells?
22. If the internal resistance of a Daniell cell of the gravity
type is 4 ohms, and its E. M. F. 1.08 volts, how much current will
40 cells in series send through a telegraph line having a resistance
of 500 ohms? What current will one such cell send through the
same circuit? What current will 40 cells joined in parallel send
through the same circuit?
23. What current will the 40 cells in parallel send through an
ammeter which has a resistance of .1 ohm? What current would
the 40 cells in series send through the same ammeter? What current
would a single cell send through the same ammeter ?
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THE ELECTRIC CURRENT.
1. (a) Explain what is meant by electromotive force. (b)
What is its unit of measurement, and by what value is it rep.-e-

sented?

(a) What is necessary to cause an electric current to
(1)
Whtt is meant by the strength of a current? (a)
tiow?
2.

What is its unit of 'measurement, and by what value is it represented?
3.

What is the unit of resistance and by what value is it

represented?
4. Upon what three general factors does resistance depend?
5.

What length of copper wire 2 millimeters in diameter

will have the same resistance as 12 yards, 1 millimeter in diameter?
Ans. 48 yards.
6. State Ohm's law.
7. Two wires, whose resistances are respectively 28 and 24
ohms, are placed in parallel in a circuit so that the current divides,
part passing through each. What resistance is offered by them to
Ans. 12.92 + ohms.
the current?
8.

Fifty Grove's cells (E. M. F. = 1.8 volts) are in series,

and united by a wire of 15 ohms resistance. If the internal resistance of each cell is .3 ohm, what is the current ? Ans. 3 amperes.
9. (a) What is the unit of quantity of electricity? (6)
Define the ampere -hour.
10. What is the power in watts when 4000 joules of work
Ans. 1.33 -I- watts
are done in 50 minutes?

i1. How many horse -power are equivalent to 83 kilowatts?
Ans. 111 4- horse -power
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12.

What is a shunt circuit?
13. A current of 18 amperes flows in a circuit whose resist

ance is 116 ohms. What is the voltage?
Ans. 2088 volts.
14. The resistance of 312 feet of a certain wire is 2.08

ohms. What would be the resistance of 240 feet of the same
wire ?

Ans. 1.6 ohms.

15. A total current of 56 amperes passes through a divided
circuit having the resistance of its branches equal to 28 and 4
ohms respectively-.

What is the current in each branch?
Ans. In the 28 -ohm branch, 7 amperes.
In the 4 -ohm branch, 49 amperes.
16. What is the value of the current when 4 ampere -hours
are deliver :I in a circuit in 20 minutes?
Ans. 12 amperes.
17. ,$) Define the joule. (b) Define the watt.

1?. A 220 -volt circuit supplies a current of 18 amperes.

What is the power in kilowatts?
Ans. 3.96 K. W.
19. If the resistance of a certain wire is 2.3 ohms per 1000
feet, how many feet of the wire will be required to make up a
resistance of 17.8 ohms?
Ans. 7739 feet.
20. What is the resistance of a wire having a diameter of
.2 inch if the resistance of the same length of similar wire having
a diameter of .04 inch is 64.2 ohms ?
Ans. 2.56 ohms.
21.
22.

Define specific resistance.
The resistance of a circuit is 1.8:ohms and the voltage
is 110. What is the current?
Ans. 61-{- amperes.

23. A circuit contains a voltaic cell generating an electromotive force of 1 volt. Its electrodes are connected by three

wires in parallel of 2, 3, and 4 ohms resistance respectively. The
resistance of the cell is i ohm. What is the current?
Ans. 1 ampere.
24. Eight cells each having an E. M. F. of .9 volt and an
internal resistance of .6 ohm are connected in parallel, and the
external resistance is 3.4 ohms. Find the current.
Ans. .26 ampere (approx.).
25. What quantity of electricity will be conveyed by a
current of 4Q amperes in half an hour?
Ans. 72,000 ccalombs.
26. The resistance of a circuit is 10 ohms, and the current
is 33 amperes. What is the power in watts ? Ans. 10,890 watts.
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How many watts are equivalent to 14 horse -power?
Ans. 10,444 watts.
28. Five conductors having resistances respectively equal
to 14, 3, 20, 31 and 8 ohms are joined in series, and the E. M. F.
applied to the circuit is 50 volts. What is the current?
Ans. .65 amperes.
(b)
Define
conductivity.
(a)
Define
conductance.
29.
30. What is the resistance of 10 feet of annealed gold wire
.001 inch in diameter at 32° F., if the resistance of an inch cube
of the substance at 32° F. is .8079 microhm ? Ans. 123 + ohms.
27.

31. A copper wire has a resistance of 13.5 ohms at 43° F.
Ans. 13.91 -I-- or nearly 14 ohms.
What is its resistance at 57° F?
32. What must be the resistance of a 220 -volt circuit if the
Ans. 3.14 + ohms.
current is to be 70 amperes ?
33. The E. M. F. applied to a circuit is 582, and the current is 8 amperes. A number of lamps connected in the circuit
require a total drop of 522 volts. Find the resistance of the

Ans. 7.5 ohms.
remaining portion of the circuit.
34. A circuit is made up of six wires connected in parallel
and having resistances of 72, 60, 21, 36, 40 and 210 ohms respecAns. 7.3 -I- ohms.
tively. Find their joint resistance.
35.

When a cell, which has an internal resistance of 1.39

ohms and an E. M. F. on open circuit of 1.32 volts, is supplying a
current of .29 ampere, what is its available E. M. F. ?
Ans. .92 volts (approx.).
36. With a current of 20 amperes how much time will be
required to deliver 4,000 coulombs. Ans. 3 minutes, 20 seconds.
37.
ampere.

The voltage of a circuit is 103 and the current is .5
What energy is expended in a minute and a half ?
Ans. 4635 joules.

38. The resistance of a coil of platinoid wire at 98° C. is
3014 ohms. What resistance would the coil have at 18° C. ?

Ans. 2962 ohms (approx.).
39.

What is the resistance of 28 feet of No. 6 (B. & S.)

Ans. .0118 + ohm.
pure copper wire at 90° F. ?
If
a
resistance
of
116
ohms
be
inserted
in a circuit, and
40.
it is desired to maintain a constant current of 9.6 amperes, how
much must the voltage of the circuit be increased ?
Ans. 1113 + volts.
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41.

When a current of 14 amperes flows in a circuit whose
resistance is 54 ohms, what energy in .kilowatt-hours is expended
in half an hour?
Ans. 5.292 kilowatt-hours.
42. Explain the difference between the kilowatt and the
kilowatt-hour.
43. What number of calories will be developed by a current

of .14 ampere flowing through a wire of 4 ohms resistance for 5
minutes?
Ans. 5.6 + calories.
44. The voltage applied to a circuit in which three wires
are connected in parallel is 107. Find the current in each branch
if the separate resistances are respectively 43, 9 and 25 ohms.
In43-ohm branch, 2.4 + amperes.
Ans.

45.

In 9 -ohm branch, 11 -I- amperes.
In 25 -ohm branch, 4.2 + amperes.
How many horse -power are equivalent to 1048 watts ?
Ans. 1.4 + horse -power.

46. If the resistance of 1 foot of annealed silver wire .001
inch in diameter at 32° F. is approximately 9.02 ohms, what is
the resistance of 4 miles of the wire .01 inch in diameter at a
temperature of 90° F. ?
Ans. 2137 + ohms.
47. Twenty large Leclanche cells (E. M. F. = 1.5 volts,
resistance = 0.5 ohm each) are in a circuit in which the external
resistance is 10 ohms. Find the strength of current which flows
(a) when the cells are joined in series; (b) when all the cells are
in parallel ; (c) when there are 2 files each having 10 cells in
series; and (d) when there are 4 files each having 5 cells in series.
Ans. Amperes (a) 1.5 ; (b) 0.149 ; (c) 1.2 ; (d) 0.706.

48.

How many kilowatts are equivalent to 150 horse -power?

Ans. 111.9 K. W.
If a current of 9.3 amperes flows when the voltage of a
circuit is 110, how much resistance must be inserted in the circuit
to reduce the current to 3.4 amperes ? Ans. 20 -1- ohms (approx.).
50. A current of 26 amperes is flowing in a circuit which
has a voltage of 500. What is the equivalent power in mechanical units ?
Ans. 17.4 horse -power.
49.
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REVIEW QUESTIONS
ON TBE7 SUBJECT OF

ELECTRICAL MEASUREMENTS
PART I.

1.

What is the distinction to be made between fundamental

and derived units? Give examples of each.
2. Describe briefly the different types of galvanometers and
explain wherein they differ and the advantages of each.
3. Voltmeters and ammeters are really galvanometers. Why
do they fall into this class and to which type do they belong?
4.

Explain the lamp and scale and the telescope and scale

methods of reading galvanometer deflections.
5. Describe the control magnet as used with needle galvanometers and explain its function.

Describe and explain the electrodynamometer and the
wattmeter. How do they differ?
7. Describe the rheostat. What materials may be used for
6.

the resistance?
8. How do resistance coils differ from the rheostat mentioned

in Question 6? What material is generally used for accurate resistance units and why?
9. Describe and explain the use of shunts for galvanometers.
10. Explain the Wheatstone's bridge. Describe the two usual
forms of the bridge.
11. Make the usual "diamond" diagram of the connections of

a bridge and find the value of X when M = 1,000, N = 10, and P
= 3,247.
12.

Describe a good method for measurement of a low resist-

ance.
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13.

Describe good methods for measurement of a fairly high

resistance.
14. How do you measure a very high resistance?
15. Describe the method for finding the place where a telephone
line is grounded.
16.

Describe a good method of measuring the resistance of a

17.

Describe the potentiometer method of measuring the e. m. f.
Why is this method best?
What is a standard cell and what are the requisites of such

cell.

of a cell.
18.

a cell?
19. Describe the Weston standard cell. Does its e. m. f. rise
or fall with rise of temperature, and how much per degree Centi-

grade?

Describe the lead storage cell. What is its e. m. fs when
charged, and when discharged? What materials are used for the
positive and the negative plates and for the sol ution?
20.
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ELECTRICAL MEASUREMENTS
PART II.
1.

Describe the ballistic galvanometer and explain why its

period of swing should be long.
2. Describe a condenser, mentioning materials used, method
of connection, etc. What is the unit of capacity in which condensers
are rated?
3.

Make a diagram of connections for the direct -deflection

method of comparison of capacities of condensers.
4.

Describe and explain either the bridge method or the

method of mixtures for comparison of capacities of two condensers.
5.

If in question 4, R, = 2,100, R2 = 1,000, C, = 0.2, what

is C2?
6. Describe the alternating -current method of determination
of the capacity of a condenser.
7. What is self induction? What is impedance and how is it
expressed in terms of resistance and inductance?
8. Describe the alternating -current method of measuring an

inductance..

What is a variable standard of self inductance and how is
its inductance varied?
9.

10.

Describe the bridge method of comparison of two self

inductances, one being variable.
11. Show how a capacity is compared with a self inductance
by the condenser method.
12. What is mutual induction and why is it so called?
13. Describe the ballistic galvanometer method of measuring
mutual inductance.
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14.

How is the constant of the ballistic galvanometer deter-

mined?
15.

Describe the alternating -current method for mutual in-

ductance.
16.

What is supposed to happen to a piece of steel to make it a

magnet? How are magnets made? What materials are decidedly
magnetic?
17. What is the line of no variation? What is magnetic dip?
About how much is the magnetic dip in Chicago?
18. Describe one method of measuring magnetic dip.

19.

Describe the magnetometer method of measuring the

horizontal component of the earth's magnetic field.
20. What do you understand by B, 11, and ti.? How are .1)
and B related?
21. What is magnetomotive force? What is reluctance? What
is hysteresis?
22.

Describe either the divided bar method or the ballistic

method of measuring magnetic flux.
23. Draw a hysteresis curve and explain a method of getting
the necessary data for such a curve.
24. Describe Professor Ewing's magnetic hysteresis tester and
explain its use.
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ELECTRIC WIRING
Explain the three -wire system of wiring.
In case a test shows excessive leakage, or a ground or short
circuit, how would you locate the trouble and remedy it?
3. Describe the construction and use of outlet -boxes.
1.

2.

4.

What is the principal difference between alternating and

direct -current circuits, so far as concerns the wiring system?
5.

Compare the advantages of the two -wire and three -wire

systems of wiring.
6. Under what general heads are approved methods of wiring
classified?

7. A single-phase induction motor is to be supplied with 25
amperes at 220 volts; alternations 12,000 per minute; power factor .8.

The transformer is 200 feet from the motor, the line consisting of
No. 4 wire, 9 inches between centers of conductors_ The transformer reduces in the ratio 2,500, has a capacity of 30 amperes at 220
250

volts, and, when delivering this current and voltage, has a resistance -E.
M. F. of 2.5 per cent, and a reactance E. M. F. of 5 per cent. Calculate the drop. (Use table and chart.)
8.

What are the distinctive features of the different kinds of

metal conduit?
9. Suppose power to be delivered, 300 K. W.; E. M. F. to be
delivered, 2,200 volts; distance of transmission, 15,000 feet; size of
wire, No. 00; distance between wires, 24 inches; power factor of load,
.7; Frequency, 100 cycles per second. Calculate line loss and drop
in per cent of E. M. F. delivered. (Use table and chart.)
10. In installing A. C. circuits, what requirements are insisted
on as to the placing of conductors in conduits?
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11. Describe the manufacture, use, and special advantages of
the different kinds of armored cable.
12. Describe three different methods of testing? Which is to
be preferred?
13. What conditions determine whether a two -wire or three -wire
system of wiring should be used?

14.

In locating cut-out cabinets and distributing centers, what

requirements should be fulfilled?
15. What is "knob and tube" wiring? Explain its use and discuss its advantages or disadvantages.
16. How far apart should exposed -wiring insulators be placed?
17. What tests should be made before an electric wiring equipment is finally passed for acceptance? Give reasons.
18. What regulations govern the use of fibrous tubing?
19. What is meant by mutual induction?
20. What are the advantages and disadvantages of overhead
linework as compared with underground linework?
.

21.

Describe and illustrate by sketches proper methods of

supporting and protecting exposed -wiring conductors.
22. Discuss the advantages of running conductors exposed on
insulators.
23.

Illustrate by diagram, proper and improper methods of

grouping conductors of two two -wire circuits.
24.

What dangers are inherent in the use of moulding? What

precautions should be taken to avoid them?
25. Describe the proper methods of laying out branch circuits,

(a) in fireproof buildings; (b) in wooden frame buildings. Give
sketches.
26. What methods of installing wiring are best adapted for the
following classes of buildings, (a) fireproof structures; (b) mills,
factories, etc.; (c) finished buildings; (d) wooden frame buildings?
27. What is skin effect? Its bearing on the problem of wiring?

28.

In selecting runways for mains and feeders, what pre-

cautions should be taken?
29.

Describe the method of laying (1) vitrified conduit; (2)

fibre conduit.
30.

Give sketches showing proper and improper methods of

guying poles.
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REVIEW QUESTIONS
ON THE ST.713.11150T OF

ELECTRIC WELDING

What are the three general methods of electric welding?
2. Make sketch of simple electric crucible.
3. Describe method of heating metal electrically in a bucket of
strong brine.
1.

4.

What are some of the serious objections to welding in a

forge fire that are overcome in the electric welding process?
5. Describe and explain the action of the current in automati-

cally raising all parts of the joint to the same temperature when
welding by the Thomson process.
6. Why is it economical to use as low a voltage as possible
when welding by the Thomson method?
7. Why is it difficult to weld a piece of small cross section to
one of larger section?
8. What are the particular advantages of electric welding of
rails on electric traction roads?
9. Describe a welding train for track welding.
10. What is the cost for power (approximately) for making a
welded joint in a rail such as described in the text? Assume that
the grinding and sand blast apparatus are running practically con-

tinuously and just keep up with welder, and that the cost of current is 3 cents per K. W. hour.
11. What would be the cost of electrically welding rails 7"
girder type per mile of new track, at the usual contract price per joint,
60' rails to be used and no allowance to be made for street work?
12.

How can a bar be heated at one end only, in a Thomson

welder?
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what would be the power required to weld a wrought iron bar 11"
in diameter.
14. What are the advantages of using an automatic welder
when working with metals such as brass, which crumble easily when
heated?
15. If 150 welds per day of 8 hours are made in steel bars 2"
square, what is the cost per weld for power and labor? Calculate
the cost of power as applied to dynamo. Assume power required
as shown in Table IV, calculate 10% loss in dynamo, cost of labor
as 35 cents per hour, and cost of current delivered by dynamo as 3f
cents per K. W. hour.
16. What is the advantage of using alternating current, rather
than direct, for welding by the Thomson process?
17. Describe Arc method of cutting a steel beam in two.
18. What is the difference between the Direct and Indirect

methods of welding?
19. What is the cost per gross for labor and power for welding

steel rings made of 1" round stock under the following conditions?
Labor cost, 30 cents per hour; power cost, 3 cents per II. P. hour deliv-

ered to dynamo; time and power to be taken as given in Table IV,
and total time for each ring to be assumed as twice the length of
time that current is used for welding.
20. What is the elementary electrical principal on which all
electric heating and welding is based?
21. What is the electric blowpipe?
22.
23.

Describe a high voltage method of welding.
What is the difference between a "hand" electric welding

machine and an "automatic" welder?
24. What voltage should be used in welding copper?
25. Why does the electric current tend to travel through the
part to be welded rather than around the solid metal, when welding
a small ring or link on a Thomson welder?
26. Why does it require a larger horse power in proportion to
weld a thin small section than a heavy thick one?
27. Should a static transformer or a rotary converter be used
on rail welding when the current comes from the trolley circuit?
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