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PREFACE

This book is intended as a basic reference for all en-

listed men of the Navy whose duties require them to have

a knowledge of the fundamentals of electricity.

Such a knowledge is of especial importance to those

men in the Seamen Branch, Artificer Branch, and Engine

Room Force who are responsible for the operation, main-

tenance, and repair of electrical equipment. Whether the

job involves work on fire control apparatus, radios, steer-

ing gear, or motors and generators, the technician should

be thoroughly familiar with the basic theory underlying

the operation of the mechanism.
Beginning with a broad picture of the electrical con-

stituents of matter, the book proceeds with a discussion

of static electricity, electricity in motion, and electrical

circuits. It explains the uses of Ohm’s Law, and the

Power Equation, and makes applications of formulas in-

volving Kirchoff’s Laws.
Emphasis is placed on various types of circuits—series,

parallel, and series-parallel—and on the theory of induc-

tion as applied to electrical apparatus. The essentials of

generators and motors are fully explained. The closing

chapters include discussions on vacuum tubes, transform-

ers, and electrical measuring devices.

As one of several basic Navy Training Courses, this

book was prepared in the Training Courses Section, Stand-

ards and Curriculum Division, Training, Bureau of Naval
Personnel.
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CHAPTER 1

MATTER

ELECTRICITY DOES IT!

A black night—no moon and a few stars here
and there. Gun crews are alerted by enemy air-

craft. Guns are pointed, trained, and fired. How
are those guns pointed and trained? By hand? No!
Sighting is impossible. The guns are entirely on
Director Control. All of this work—^locating the

target, training and pointing, and even firing—is

done by electricity.
Some ships are propelled by electricity. Hoists,

winches, and cranes are powered by electricity.

Radio, radar, and telephones all depend on elec-

tricity. Electricity is the most important single

force used in the modern Navy.
You are going to use electricity in your rate.

Your first question is, “what is electricity?''
Even the world's greatest scientists don't know the
answer to that one. They have made shrewd guesses
and have developed theories. Present indications
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tend to show that these theories are pretty much
correct. At any rate, the basic ideas will help you
to understand how electricity acts. And rememfor,
you must understand before you can control.
Electricity, out of control, can kill both men and
ships.

Have you ever considered how practically every-
thing around you occupies space and has
WEIGHT? The scientist calls these things matter.
All matter is composed of tiny particles called

MOLECULES. Molecules are composed of atoms;
and atoms are composed of electrons and pro-
tons. These electrons and protons are electricity.

Let^s see what all this means. If you crushed a
common brick, you would get a pile of small grains
of sand and clay. These grains are matter just as
the whole brick was matter. According to the scien-

tists, you have not made any changes in this mat-
ter. The sand and clay could be remolded and
baked. You would again have a brick. Now, if you
COULD break down one grain of sand into its small-

est parts (without destroying the sand)
,
you would

have billions upon billions of molecules. Molecules
are almost unbelievably small. It would take 300,-

000,000 molecules laid end to end to make a line

one inch long. The molecule is the smallest particle

of any piece of matter that can exist and still be
THE SAME KIND OF MATTER.

As small as the molecule is, it is not the smallest
particle of matter. Every molecule can be broken
down into two or more smaller particles called

ATOMS. But you would NO LONGER have the same
kind of matter. Two different substances are
obtained from the break-up of the sand molecule

—

a gas (oxygen) and a solid (silica). These are
ELEMENTS—the building materials of matter. The
smallest particle of each of the different elements
(and there are only 92 different elements) is an
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ATOM. Thus you obtained atoms of oxygen and
ATOMS of silica from a molecule of sand. You can
reverse the ‘‘tearing down” process to one of

“building up”—two or more atoms are combined
to form a molecule. Molecules of steel, copper,

water, rubber, paint, oil,—in fact, all substances—are simply combinations of two or more atoms.

You are probably wondering how much farther
you go until you get to electricity. You are near the

end—only one more transformation—^BUT it takes
an atom-smasher to do the job. This machine, by
using tremendous amounts of electricity, can liter-

ally smash an atom into its smallest parts—the

PROTON and the electron. These tiny bits of mat-
ter are the smallest particles scientists have been
able to isolate.

You know that molecules are small. But remem-
ber that each molecule has two or more atoms and
most atoms have many protons and electrons. It

would take many millions times as many electrons

and protons as there are people in the world to

make one grain of sand. Protons are about 2,000
times heavier than electrons and considerably
larger. Each proton and each electron carries a
charge of electricity. In order to distinguish be-

tween the two kinds of charges, the electron is said

to have a negative charge and the proton a POSI-

TIVE charge.

CONSTRUCTION OF THE MOLECULE

It is easier to understand how a ship is con-

structed if you work in a shipyard. You see the

keel laid, frames set in place, stanchions erected,

and the decks laid. Then, during outfitting, you
see the wiring installed, tackle and gear set in

place, and the guns swung aboard. In short, you
see the ship constructed from its smallest parts.

It would probably be easier to understand how a
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piece of matter is constructed if you could see it

built. But, unfortunately, there is no microscope
powerful enough to permit you to see electrons,

protons, atoms, or even molecules of matter.
However, suppose you do a little imaginary en-

larging—^you have increased the sizes oi electrons

and protons until each electron is represented by a

small white marble, and each proton is represented
by a somewhat larger black marble.
Now—^you are going to construct enough water

to fill a drinking glass. You will need billions of
small white marbles (electrons) and exactly the

same number of larger black marbles (protons).

Anything else for ingredients? No! All matter

—

water, steel, brick, gunpowder, air, and even YOU
—is made only of electrons and protons. Water
consists of two atoms of the element hydrogen and
one atom of the element oxygen. You^d build the
hydrogen atom first as it contains only one proton
and one electron. You anchor one proton (black
marble) to form the center, or stationary nucleus,

of your hydrogen atom. Then you spin an electron

(white marble) around this nucleus. You have one
atom of hydrogen ! It would look like figure 1.

Second, you must build another hydrogen atom,
because each molecule of water contains two hydro-
gen atoms.
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Third, it is necessary to build the oxygen atom.
The oxygen atom is more complicated than the
hydrogen atom. In fact, atoms of all of the other
91 elements are more complicated than the hydro-
gen atom. However, the oxygen atom

—

^like all
ATOMS—contains only electrons and protons. For
an oxygen atom, sixteen protons and eight elec-

trons are secured together to form the nucleus and
eight additional electrons are whirled around this

nucleus in the orbits, as shown in figure 2. Now
you have all the atoms necessary to make one mole-
cule of water.

Forming a molecule of water is the next task.

You could mix hydrogen and oxygen atoms to-

gether until you were blue in the face and still you
would not have water. But introduce a spark and—if the resulting explosion doesn’t blow your head

Figure 2.—The oxygen atom.

off—^you would discover that you had produced
water. The explosion was the combining of oxygen
and hydrogen atoms to produce water. Of course,

you would have to produce billions and billions of

molecules of water to get a glass full. A water
molecule is shown diagrammatically in figure 3.

Notice that the rapidly rotating electrons of both

the oxygen atom and the two hydrogen atoms cross

each other’s orbits or paths. This locks the atoms
together. The stationary nuclei of the atoms are
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held in place by the attraction of their electrons.

(You will learn more about this attraction later.)

Perhaps you remember the German dirigible

Hindenberg. This was a hydrogen-filled ship. Some
of the hydrogen leaked from its tanks and mixed
with the oxygen of the air. A spark set off this mix-
ture as the ship landed at Lakehurst. The resulting

L I J

OXYGEN ATOM

r I
^

L I ^

HYDROGEN ATOMS

Figure 3.—*A molecule of water.

explosion formed quite a bit of water and, inci-

dentally, killed most of the crew.
You now have a pretty good idea of the structure

of water. Water, however, is only one kind of

matter. Other kinds, steel, wood, air, cloth, and
food, are built up the same way. Protons and elec-

trons combine to form atoms of the 92 elements.

The atoms combine to form molecules. And mole-
cules pack together until they form a bit of matter
large enough to see. Remember, if you break any-
thing down to the smallest possible part, you will

have positive bits of electricity—the PROTONS

—

and negative bits of electricity—the electrons.
A little study of the chart in figure 4 will help

you to remember these units of matter.

6
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CHAPTER 2

STATIC ELECTRICITY

REPEL VS. ATTRACT

Have you ever noticed a girl combing her hair?
It seems to dance around as some strands stand
away from the rest. You hear a faint crackling
sound. If it were dark you would be able to see tiny

sparks as the comb moved through her hair. What
makes the crackling sound and the sparks? Elec-
tricity— produced by friction, and known as
STATIC ELECTRICITY.
The key to understanding this frictional elec-

tricity is in the action between the girPs hair and
the comb. Remember, some strands stood out from
each other. These strands had lost some electrons

—

knocked loose by the friction of the comb against
the hair. And the loss of electrons gives the hair

a POSITIVE CHARGE.
Like charges repel each other. The positive

charges on your girPs hair therefore repel each
other. That is, they push each other away. That^s
why her hair stands out after it is combed. You
would find that two combs, negatively charged,
would REPEL each other. If your girl holds the
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charged comb close to her charged hair, you^ll see

that the hair is attracted to the comb. Unlike
CHARGES ATTRACT EACH OTHER. These two re-

actions are a fundamental law of electricity.

In short, here is the picture. Friction has dis-

lodged some electrons. This results in the charging
of BOTH pieces of matter through the transfer of

electrons. One piece is positive, the other is nega-
tive. The two unlike charges attract each other but
the two like charges repel each other. If the attrac-

tion between two unlike charges is strong enough
to bring those charges close to each other, the elec-

trons jump back where they belong, discharging

PLUS 12- PLUS 1 1
-

O-UNCHARCEO 1+ -CHARGED

Figure 5.—Charged and uncharged molecules.

>

both pieces of matter. This jumping back causes
the crackling sound you heard and the sparks you
saw.
The transfer of electrons to the hair brings both

comb and hair back to normal conditions—that is—every negative electron in the comb or hair is

balanced by a positive proton. Figure 5 shows two
molecules—a normal or uncharged molecule and
a CHARGED molecule. Notice how the charged one
is unbalanced—in this case, it has one extra posi-
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tive charge. This resulted from friction or perhaps
only contact, between two unlike substances, caus-
ing the REMOVAL OF SOME ELECTRONS from one of

the substances and thus unbalancing the charges.
The electrons which are knocked out of their mole-
cules cling to anything that’s handy. These elec-

trons are called free electrons. The object that
picked up the electrons will have a negative charge.
Right here is a good place to get firmly fixed in

your mind the idea that a removal of electrons

causes an object to be charged j)ositively and an
addition of electrons causes an object to be charged
negatively.

You are familiar with many cases of static elec-

tricity. Remember walking across a heavy rug and
then reaching for a door knob or light switch—

a

spark jumped from your hand? That was static

electricity developed by the friction between your
shoes and the rug. Lightning is static electricity

produced by the friction between air and water
particles. A cloud picks up electrons and then dis-

charges them to another cloud or to the earth.

WHY ELECTRONS MOVE

You are probably wondering why protons were
not transferred from hair to comb; why protons
aren’t scraped off of a rug by shuffling feet. Re-
member that protons are much heavier than elec-

trons. About 2,000 times as heavy. Compare a
pound of butter to a ton block of granite. Which is

most easily moved? This comparison applies to

electrons and protons. You will always find that
the light electrons will move before the heavy pro-
tons will budge.

Water in a water tank is like a negative static

charge. Given a chance to escape, electrons, like

water, will flow from any high level to any lower
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level. Compare the two diagrams in figure 6. Note
that both water and electrons tend to flow from
where there is a lot to where there is a little.

I

Figure 6.—Water and electrical potentials.

Every charged object has a certain potential.
And when two charged objects have different po-
tentials, electrons tend to move because of the
POTENTIAL DIFFERENCE. In short, POTENTIAL DIF-

FERENCE CAUSES ELECTRONS TO FLOW. If you com-
pare the charged objects in figure 7, you will notice

that the electron flow is always toward the most
positive potential. But there is no electron flow
when the potentials are equal. Usually charged ob-

ELECTRON FLOW ELECTRON FLOW

Figure 7.—Electron flow.

jects are simply labeled, as in figure 8, with the

number of extra negative or extra positive charges.

The spark from a discharging object is an elec-
trical CURRENT. When electrons are held sta-

tionary (negative charge) they are static elec-
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tricity; when they move they are current elec-
tricity. As you study electricity further, you will

find that most usable electricity is moving elec-

tricity. Because it is much easier to push electrons

through a wire than through air, electricians use
wire for moving current. Sparks, which are elec-

tric currents in air, are usually accidents.

A B

NO
ELECTRON

FLOW

C D
Figure S.^EIecfrical charges and electron flow.

CONDENSERS

A town may store its water supply in a tank on
top of a tower or in a stand-pipe on a hill. This
accomplishes two objectives. The water is stored
ready for use and by keeping it high above ground
it has potential or force to carry it to the consumer.
A CONDENSER (often called a capacitor, because
it affects capacity) serves the same purpose with
electricity. Condensers, or capacitors, are made of

alternate layers of metal and non-metal. These are
usually in the form of thin strips of foil. A very
simple condenser is the Leyden jar. The Leyden jar

consists of a glass bottle partially coated with a
metal foil—lead or tin. This foil extends about half

way up the jar, both inside and outside. A knobbed
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brass rod runs down through a wood or rubber
stopper. It is connected to the inside foil by a dang-
ling metal chain.

The first step in charging a Leyden jar is to

GROUND the outside foil. Grounding is merely run-
ning a wire from the foil to the ground. This wire
furnishes an easy path for the electrons from the

earth to the foil or from the foil to the earth. Fig-
ure 9 shows a Leyden jar properly grounded and
ready for a charge.

Electrons are put on the knob, rod, chain, and
inside foil by touching a negatively charged body
to the knob. Electrons piling up on the inside foil

repel the electrons in the outside foil (like charges
repel)

,
forcing them into the ground. This ground-

ing permits a much higher charge because it allows
the electrons on the outside foil to escape. Without
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the ground wire they would remain on the outside
foil and repel any attempt to put electrons on the
INSIDE foil. As soon as the potential of the inside

foil is the same as that of the charging body, elec-

tron flow stops. If the knob is connected to an

Figure' 10.—Electrostatic generator.

electrostatic generator (see figure 10) a large
charge can be concentrated in the jar. This is now
a CHARGED condenser. A cloud which is about to let

loose a bolt of lightning is a charged condenser

—

SOME condenser!
To DISCHARGE the Leyden jar, connect the knob

to either the outside foil or ground by means of a
heavily insulated wire. Just as the wire is almost
touching the knob, a heavy spark will jump from
the knob to the wire. This spark (or arc) is the flow

of electrons, which were stored on the inside foil

at a high potential. It is quite possible to discharge
a condenser through your body by touching both
the outside foil and the knob. Thus the current
passes through your body. It is likely to be rather
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SHOCKING. You should remember this whenever
you work on a condenser. A condenser discharge is

partly responsible for the ‘‘hof ' spark at a spark
plug of a gasoline engine. If you have ever taken
this spark through your body, you know that a

condenser discharge is no joke.

16
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CHAPTER 3

ELECTRICITY IN MOTION-CURRENT

MOVING ELECTRONS

Fresh water must be carried to many parts of

a ship. It is fed to the boilers, to the laundry, to the

galleys, to the scuttlebutts, and to the heads. The
water system is complicated—it requires pumps
and many pipe lines to do its job. The electrical

system is very much like the water system. Elec-

tricity must be “piped^^ to the lighting circuits, to

the
.interior communications circuits, to the battle

circuits, and on some ships, to the propulsion cir-

cuits. The ‘‘pipes” of an electrical circuit are metal
WIRES and the “pumps” are the generators.
Current flowing through a wire is surprisingly

like water flowing in a pipe. If you were to put an
electron into one end of a piece of copper wire, this

added electron would unbalance the charges of

the molecules in the wire and would act as a

repelling force on the nearest electron in the wire.
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(Actually, the added electron gives one end of the

wire a higher potential than the other end.) The
push by the added electron breaks one electron

away from the nucleus of the first molecule and
forces it on to the second molecule. The electron

you put in the end of the wire then fills the empty

space left in the first molecule. Now the electron
expelled from the first molecule forces an electron
out of the second molecule and into the third mole-
cule—and so on through the whole length of the
wire.

When this shifting of electrons reaches the last

molecule in the wire, you have, in effect, trans-
ported one electron the entire length of the wire.
Not the same electron you started with—but, since
electrons are all alike anyway, you can say that
there has been a flow of one electron through the
wire. Figure 11 enormously magnifies the mecha-
nism of this moving electron.

You know that one electron by itself is not
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enough electricity to be of any use. In an actual cir-

cuit, there would be billions upon billions of moving
electrons.

AMPERES
*

Measuring the size of a waterfall seems easy—if

you merely say it’s large or small. Actually, how-
ever, there’s more to it than meets the eye. First of

all, you’ve got to have a unit of measure. Drops,
ounces, pints, quarts, gallons, or barrels are all

quantity measuring units for a liquid. You’d select

the one unit that fite the problem best—neither too

small nor too large. “Gallons” might do the trick.

With the unit of measure—gallons—selected, is

it possible to determine the size of a waterfall if

you’re told only the number of gallons spilling?

How about this : “Niagara has 5,000,000 gallons of

water falling.” Exactly how much do you learn
from that statement? Not much! Sure, 5,000,000
gallons is a lot of water, but you must also know
HOW LONG it takes to spill that much. One year, one
month, one week, one day, or one hour ! Not much
of a falls, if it takes a year. But you know Niagara
is a roaring giant, and the 5,000,000 gallons are
spilled in one hour.
The point is, you must know two things in order

to measure the size or strength of a waterfall—the
number of measuring units moving in a unit of
TIME. This is called time rate of flow. Flow of

water is commonly measured in gallons per
second, but it could be measured in “quarts per
second” or “barrels per day.”
That takes care of a water system—now, how is

“flow” measured in an electrical system? First,

select a unit of quantity measure. The electron

won’t do as a unit because it’s much too small. A
larger unit—made up of 6.3 billion billions of

electrons—is the coulomb. And the coulomb is the

standard electrical unit of quantity measure.
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Coulombs ALONE can no more measure the

STRENGTH of electrical current than can the gallon

ALONE measure the strength of a waterfall. In
order to measure -electrical strength, coulombs
(quantity) must be hooked up with time.
Coulombs per second correspond to gallons per
second. And “a coulomb per second^’ equals an
AMPERE. The AMPERE IS THE UNIT OF MEASURE OF
CURRENT STRENGTH. ONE COULOMB passing a point
in a circuit in ONE second is ONE ampere. One
ampere of current means that one coulomb (or 6.3

billion billions of electrons) passes a point in the
circuit each and every second. Two coulombs each
second would be two amperes; and 100 coulombs
each second would be 100 amperes. Likewise, 100
coulombs in 2 seconds would be only 50 amperes
(50 coulombs each second). Amperage is the
measure of the rate of flow of electrons.

An ordinary light bulb requires one-half an
ampere. But a 36-inch naval searchlight requires
150 amperes. This shows that the current to a
searchlight is 300 times as large as the current to

an ordinary light bulb. The searchlight is about 300
times as strong as the lamp.

RESISTANCE

Copper wire is used to carry current because
copper has many free electrons (easily dis-

lodged electrons). Of course, every copper nucleus
tries to hang on to its own electrons including the
free ones. And the attraction for the free electrons

must be overcome before current can flow.

The property of “hanging on’^ is called resist-
ance. All matter, including a copper wire, has a
certain amount of resistance. When a current
flows, the resistance of the circuit must be over-
come by the potential of the circuit. If the poten-
tial is large, or the resistance small—strong cur-
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rent flows. On the other hand, if the potential is

small or the resistance large

—

little current
flows.

CONDUCTORS AND INSULATORS

Just what makes some materials carry current
more easily than others is not thoroughly known.
Most scientists believe that it is because molecules
differ in the number of their free electrons—elec-

trons which can be broken away from a molecule
and forced along to the next molecule. It seems that

the molecules of most metals are loosely hung to-

gether—they have many free electrons. That is,

the attraction between electrons and nucleus is

weak, and it is easy to push out electrons. In other
words, most metals have low resistances and are
called GOOD conductors. Most non-metals are
just the opposite of this—they have tight molecules
which have few free electrons. In fact, for all prac-

tical purposes, some of the non-metals have no free

electrons. It is almost impossible to force electrons

through substances of this kind. Such non-metals
have a high resistance. They are extremely poor
CONDUCTORS and are called insulators.

It is wrong to say that all substances are either

conductors or insulators. There is no sharp divid-

ing line. Electricians simply use the best conduc-
tors for wires to carry current, and the poorest
conductors for insulators to prevent the passage
of current. Below is a table listing some of the best

conductors and some of the best insulators (poorest
conductors)

.

Conductors
Silver
Copper
Aluminum
Brass
Zinc
Iron

Insulators
Dry Air
Glass
Mica
Rubber
Asbestos
Bakelite
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Imagine that you are to run power from the

dynamo room to the bridge searchlight. For your
wire, you would choose a good conductor. Silver is

too costly, so you^d probably select copper. You
would not be able to use a bare wire because in

running through bulkheads, along overheads, and
through decks, a good part of your searchlight cur-

rent would escape through the steel of the ship (a

good conductor). To prevent this loss, you would
use a wire coated by an insulator—probably rub-
ber. The copper carries the current and the rubber
prevents the current from escaping out of the wire.

CONTROLLING CURRENT

The amount of current that is wanted in any
wire depends on the use of the circuit and the type
of the wire. It would be foolish to send one-half an
ampere to a searchlight needing 150 amperes. The
amount of current can be controlled in two ways.
First, by the amount of potential difference
and second, by the amount of resistance.
Up to this point, potential has meant the charg-

ing of a body or the charging of one end of a wire.

This charging results in a difference of potential

between two bodies or between two ends of a wire.
If you refer back to figure 8, you will see that this

difference in potential is easy to calculate. From
0 to 4-4 is a difference of 4. From —2 to 4-3 is a
difference of 5. (Note : —2 to 0 is 2, and 0 to 4-3 is

3. And 2 4-3 — 5.) To be absolutely correct, you
should call this potential difference. Electri-

cians often shorten this term to the one word
POTENTIAL.

Increasing the pressure in a water pipe increases
the flow of water. Likewise, increasing potential

difference on a circuit increases the flow of current.
Compare the drawings in figure 12.

If the resistance to flow remains the same, you
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can see that when you double the pressure on the

water in a tank, you force twice as much water
through the pipe. When the pressure is tripled, the

amount of water is tripled. Also, when you double
the potential difference, the current is doubled.

&mDQ=o&=o
Figure 12.—Potential difference and current.

For a difference in potential of 2, only one ampere
flows, but for a potential difference (p.d.) of 4,

two amperes flow. Calculate how many amperes
will flow for a potential difference of 6. Then check
figure 12 to see if you are correct. These ideas are
stated in a fundamental law of electricity

—

Current is Directly Proportional to
Potential Difference.

The second factor in controlling current is the
amount of resistance. If the potential difference re-

mains the same, an increased resistance will de-
crease the current. Compare the drawings in fig-

ure 13. In the water system there are four factors,

determining the resistance to the flow of water

—

Digitized by

L
Google

23

Original from

UNIVERSITY OF CALIFORNIA



Digitized b]

(1) Diameter of the pipe.

(2) Length of the pipe.

(S) Kind of pipe.

(U) Velocity of flow.

The smaller the pipe, the longer the pipe, the

dirtier the inside of the pipe—the more friction the

pipe has. Friction is resistance, so the greater
the friction, the smaller the flow of water through
the pipe. Electrical wires are the ^‘pipes” of an
electrical circuit. The resistance of these wires,

which is like the friction of the pipes, depends on
four factors

—

(1) Size of the wire.

(2) Length of the wire.

(8) Kind of wire.

(U) Temperature of the wire.

Notice in figure 13 that if the wire is longer or

smaller, less current will flow. This is because the

resistance has been increased. Likewise, if the wire
is made of higher resistance material (iron) the

current is less. These three factors are similar to

the first three factors in the water-pipe system.
Temperature—the fourth factor which affects the

resistance of a wire—may be compared to the

velocity of flow in a water-pipe. For some reason,

not entirely clear to scientists, the resistance of

most conductors increases as the temperature in-

creases. The effect of temperature change is so

small that it may be neglected for all ordinary
cases.

If the RESISTANCE of a wire is increased by any
one of these four factors—size, length, material,
and temperature— the current is decreased.
Thus, you have another fundamental law of elec-

tricity

—
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Current is Inversely Proportional
TO Resistance.

Imagine again that you are running a power
cable to the bridge searchlight. A wire long enough
to reach from the dynamo room to the bridge will

have considerable resistance because of its length.
You don’t want too much resistance, so you select

a wire large enough in diameter to carry the

150 amperes. Naturally, you use a wire of low

resistance material—^probably copper—and insu-

late it.

In this chapter you have studied how a current

flows and how its strength is measured. You must
understand these fundamentals— how resistance

and potential difference affect the strength of a

current. Be sure you have these ideas straight.

I

I
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CHAPTER 4

THE ELECTRICAL CIRCUIT

DIAGRAMS

Men who know electricity best, “talk with dia-

grams.” Ask them a question and they whip out a
pencil and make a quick sketch to show you what^s
what. In telling a technical story, a single diagram
is often worth more than a thousand words in

putting over the point of the story.

Electricians may use either one of two types of
diagrams to explain electrical installations. When
you are installing or repairing equipment you will

use one or the other of these electrical “blueprints.”
, The two types are wiring diagrams and sche-

matic DIAGRAMS. You MUST understand both types
of diagrams before you go any further with your
study of electricity.

j

Certain structural parts of a circuit, as well
as the ELECTRICAL CONNECTIONS are shown in a
WIRING DIAGRAM. In a SCHEMATIC DIAGRAM, how-
ever, ELECTRICAL CONNECTIONS and ELECTRICAL
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APPARATUS are shown by symbols and all struc-

tural parts are eliminated.
The two diagrams in figure 14 show exactly the

same thing. Both the wiring diagram and the

schematic diagram illustrate the connection pat-

tern of the coils in an electric motor. Notice how
the schematic diagram uses a form of shorthand.

WIRING DIAGRAM

Figure 14.—Two types of diagrams.

Figure 15 is a table of electrical and radio sym-
bols. When you study schematic diagrams in this

book, you will find it profitable to look up any
symMs you don’t recognize.

THE COMPLETE CIRCUIT

All normal electrical circuits are complete cir-

cuits. They have one path from the source of power
to the load and another path from the load to the

source of power. Examine A and B of figure 16.

Note that the battery is the source of power. Fol-

lowing the arrows through the circuit, you find

that the current leaves the negative terminal flows

through a wire to the lamp, through the lamp to a
second wire and back through this wire to the posi-

tive terminal of the battery. This path of current
is a COMPLETE CIRCUIT.
You may ask, ‘‘Why is it necessary to provide a

return path for the current to get back to the bat-
tery?” Consider what would happen if there were
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© VOLTMETER
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resistance!
RHEOSTAT
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(DC. MOTOR

, GENERATOR)

DC. generator

DC. MOTOR

A C. GENERATOR OR
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ALTERNATOR

A.C. MOTOR

UUUUUUU transformer.
nnnnnnri air core

transformer.
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(Tinnnnri coil, air core

coil, iron core

POTENTIOMETER

HH
ff l(

CONDENSER
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CAPACITOR

CONDENSER!
OR
CAPACITOR

FIXED

VARIABLE

GROUND

ANTENNA

FUSE

LAMP

DIODE,
DIRECTLY HEATED
CATHODE
DIODE,

(r^) INDIRECTLY HEATED
rA^ CATHODE

TRIODE,
INDIRECTLY HEATED
CATHODE

LOUDSPEAKER,
PERMANENT MAGNET
PLUG

JACK,OPEN CIRCUIT

JACK, CLOSED QRCUIT

HEADPHONES

NORMALLY
contacts!OPEN

contacts!normally
[closed

switch,
SINGLE POLE,
SINGLE THROW
SWITCH,
DOUBLE POLE,
SINGLE THROW
SWITCH,
DOUBLE POLE,
DOUBLE THROW

SWITCH, ROTARY

METER SHUNT

Figure 15.—Electrical and radio symbols.
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no return path. The current would pile up at the

lamp until the potential of the lamp would equal

the potential of the battery. This would take only a

split second. With equal potentials on lamp and
battery, NO current would flow—and the lamp

Figure 16.—Direction of current flow.

would not light. It is evident that all circuits which
carry current must be complete paths from
SOURCE TO LOAD AND BACK TO SOURCE.

Figure 17 shows a circuit in which a lamp and a

motor are supplied with power from a generator.
Note that the current flows from the negative side

of the generator, first through the lamp and then
through the motor, and completes the circuit by
returning to the positive side of the generator.
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In the circuits just described, two different

sources of potential difference were used—the gen-
erator and the battery. Almost every circuit uses
either a generator or a battery as its source of
potential. Either one furnishes the force which
drives current through the circuit. Generators and
batteries correspond to the pumps in a water
system.

A generator or a batteiy builds up a continuous
high negative potential at its negative terminal. At
the same time, a continuous high positive poten-
tial is built up at the positive terminal. These two
potentials are brought about by an electron trans-
fer WITHIN the battery or generator. With these

high potentials at either end, the circuit is in a
strained condition—too many electrons at the neg-
ative terminal and too few electrons at the positive

terminal. This strain can be relieved only by a
return to a neutral (normal) condition—equal

numbers of electrons and equal numbers of protons
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at both terminals. Since only electrons move in an

electrical circuit—there is a continuous flow of

ELECTRONS THROUGH THE CIRCUIT FROM THE
NEGATIVE TERMINAL TO THE POSITIVE TERMINAL.
This is the rule you will use in tracing the current

flow in all electrical circuits in this book.

<E) (FJ

Figure 18.—Practice circuits.

Circuit diagrams are the ‘‘blueprints’^ of the

electrician and radio technician. They guide him in

all installations, operations, and repairs of elec-

trical equipment. Figure 18 shows six different

circuits. Practice on ’em. By referring to the table

in figure 15, you should be able to understand the

following facts about each circuit

—

1 . Direction of current flow.

2 . Type of potential source.

3 . Kinds of loads on the circuits.
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Connection patterns.

5. Circuit controls (switches, fuses, etc.).

6. Cable specifications— (you will learn
later).

7. Special devices (especially in radio
circuits).

CIRCUIT FAULTS

Electrical circuits, in good working order, are
known as closed or complete circuits. Your cir-

cuits should always be in good working order. You
can install and maintain your circuits properly by
paying intelligent attention to your work. Don^t
let a circuit fault be YOUR fault

!

Circuit faults are anything that causes the cir-

cuit to OPEN, GROUND, or SHORT. The effect of these
faults is to decrease or cut off the current, or to

increase it beyond a safe value. Sometimes—not
often—faults are unavoidable. In your circuits,

make sure that all the faults are unavoidable.

OPEN CIRCUITS

Open circuits may result from dirty or loose con-
nections and from sloppy or careless runs of cable.

Proper connections are made through binding
posts, plugs, switches, receptacles, and soldered or
friction lugs. Splicing is not permitted aboard
Naval vessels except in a real emergency (damage
control).

Good connections are clean and tight. If a con-

nection is perfectly clean, contacts over a large

area, and is tight, NO resistance is added to the

circuit. But if the connection is dirty, of small con-

tact area, or is loose, a considerable amount of

resistance is introduced in the circuit. Usually dirt

—oil, corrosion, or dust—is a good insulator. If

such insulation remains between two connected
parts of a circuit, as in B of figure 19, only a small

amount of current may pass.
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Dirty connections can be avoided by rubbing the

connecting parts with a piece of sandpaper or by

scraping them with the back of a knife blade until

they are bright. Dirty connections are not true

opens, but they are classified as opens because they

reduce current.

Loose connections may occur at the knives of

switches, spring clips, and bolt terminals ; and also

at emergency splices. Loose connections can be

(A) (B)

Figure 19.*—Clean and dirty contacts.

avoided if you use good common sense. Check your
connections at all points before energizing the

circuit.

After electrical apparatus has been in operation
for some time, vibrations may have produced loose

connections. It is easy to spot a loose connection. It

sparks, gets hot, and the current strength drops

below its rated value. Loose connections, because
of their arcing, are fire hazards and may burn
insulation. Figure 20 shows a few kinds of loose

connection.

If greatly magnified, as in figure 21, the surface
of a conductor looks rough and ragged. When two
parts of a circuit are joined together, as in figure

21, the area of the contact surfaces at the joint

must be large—remember, only the high SPOTS of

each surface touch. By increasing the surface in

contact, more high spots touch and the resistance
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of the connection is reduced. Solder, flowed into a
connection, brings all surfaces—high or low—into

contact. Soldered connections are the tightest con-

nections.

The true open circuit occurs when a wire breaks
or when a connection comes completely apart. The

circuit is broken and no current flows. Opens may
also result from poor running of cable. Cable
should have no kinks or sharp bends, which might
weaken and break.

SHORT CIRCUITS

Short circuits are “short-cuts” between the
two terminals of a generator or a battery. Imagine
that the insulation is destroyed within the search-

light cable run. The two conductors within this
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1

SMALL CONTACT AREA

SMALL SECTION LARGE SECTION

Figure 21.—Contact resistance.
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cable contact each other. Figure 22 shows this

schematically. The current in this circuit now
travels from the source to the short (point of con-
tact) and back to the source. The short has pro-
vided an easier path of low resistance.

The current is extremely high because the short
offers practically no resistance to the current. This
current may be high enough to heat the wires to a
red-heat, melt the insulation, burn out the gener-
ators, and sometimes cause a fire. To prevent dam-
age from shorts, a fuse is inserted in the line

—

usually close to the generator or battery.

A fuse is simply a piece of metal which melts at a
fairly low temperature. Fuses are designed to

carry specified amounts of current. Standard cur-
rent ratings for fuses usually are multiples of
five—5, 10, 15, 20, etc. amperes. A 10 ampere fuse
will carry any current up to 10 amperes; but any
current over 10 amperes will melt the fuse metal
and open the circuit. Thus, the fuse, by melting
first, prevents the other parts of the circuit from
over-heating. Overloads on a circuit—too many
electrical devices connected in the same circuit

—

will also ^‘blow” fuses. Figure 23 shows a fuse pro-

tected circuit and a non-protected circuit. All Navy
plighting circuits are protected by fuses.

Most shorts are accidental. They occur when
vibration wears away insulation, when salt water
gets into a connection of cable, when heat melts
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away insulation, and when carelessness brings two

conductors together. Common sense and reasonable

care will reduce shorts to a minimum.

Figure 23.—Unprotected and protected circuits.

GROUNDED CIRCUITS

Grounded circuits are both intentional and acci-

dental. Intentional grounds are used on airplanes

and small motor launches. One terminal of the bat-

tery or generator is connected to the fuselage of the

airplane or to the motor or hull of the launch. The

fuselage, motor, or hull constitutes a ground con-

nection. The other terminal of the source is con-

nected to the loads which are also grounded. The

current path is from source to load via a wire and

return to source via the metal framework
(ground). Actually the metal framework is being

used as one of the two conductors. An accidental

ground from the ^^hot” side (ungrounded termi-

nal) to the framework would be a short circuit

through the plane or launch. Of course, the fuses

would blow.

On regular ships of the Navy, no power circuits

are grounded. In fact, all circuits are periodically
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tested to locate and correct accidental grounds. The
danger lies in the possibility of the hot side of cir-

cuits being grounded. Result—a short circuit. Note
the difference between intentional grounds and
accidental grounds in figure 24.

SUMMARY OF CIRCUIT FAULTS

Opens, shorts, and accidental grounds either

interrupt a circuit completely or, at least, impair
its efficiency. In addition, circuit faults are fire

hazards—not to be tolerated aboard ship. In gen-

eral, there are only a few causes of circuit faults.

Review the table below and be able to prevent cir-

cuit faults on your job.

CIRCUIT FAULTS AND CAUSES

Cause
Dirt and grease
Loose lugs and bolt

connections

Heat
Deteriorated insulation .

Friction, vibration, kinks
and nicks

Acids and paints

Overloads
Small area connections. .

Fault
poor connection,

open connection
poor connections,

open connections
shorts, opens and grounds
shorts and grounds

opens, shorts and grounds
ruined insulation, shorts,

opens and grounds
heat—opens
heat, low current, opens

CABLE DESIGNATIONS

Blueprints of wiring diagrams always carry a

group of letters and numbers alongside each con-

ductor. These letters and numbers tell you exactly
the kind of cable used on the run. The cables them-
selves bear a metal or fiber tag stamped with the

same letters and numbers. The first letter tells

how many conductors are in the cable. “5^^ stands
for single conductor, stands for double con-

ductor, stands for triple conductor, stands
for four conductors, and stands for multiple
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(more than four) conductors to the cable. Two
’s together at the beginning stand for twisted

pair, telephone. The middle letters indicate the use
of the cable. Examples are, for lighting and
power, for radio—high tension, and
for heat and flame resistant. The last letters indi-

cate the outside covering. means armored,
means leaded, means flexible. The numbers
following the letters tell you two things—the num-
ber of conductors (used only if more than four)
and the cross section area of each conductor in

thousands of circular mils. The following table

gives you a number of examples of Navy cables. If

you keep the marking system in mind, you will be
able to reason out any cable markings.

NAVY CABLE MARKINGS

SLPA-10 Single conductor light and power,
armored—10,000 cm.

TRHLA-2 ...... Triple conductor, radio, high tension,

leaded and armored—2,000 cms.

FHFA-20 Four conductor, heat and flame resist-

ant, armored 20,000 cm.

MDGA-10-50 . . Multiple conductor, degaussing, ar-

mored, 10 conductor, 50,000 cm. per
conductor.

TTHFF-40 Twisted pair, telephone, heat and flame
resistant, flexible, 40 pairs.
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CHAPTER 5

EMF

WHAT IT IS

You have learned that potential difference causes
electrons to flow through a conductor. But—^you^ll

have to know about another “electron -mover.^^

Because it is an “electron-moving-force,” scien-

tists have named it electromotive force (emf).
Mechanical force is usually measured in pounds,
but emf is measured in volts. Just as pounds of

force make water flow through a pipe, so emf
makes current flow through a conductor.
The three terms

—

potential difference, elec-
tromotive FORCE and VOLTAGE—are often used
interchangeably. You will hear electricians say,

“voltage of the generator”; or “emf of the gen-
erator” and “voltage of the circuit” or “poten-
tial of the circuit.” However, note the technical

distinctions in these terms. To be absolutely cor-
rect, EMF should be applied only to the force pro-
duced by a generator or battery. Example—“The
emf of the generator is 120 volts.” Potential or
POTENTIAL DIFFERENCE applies to a total circuit or
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a part of a circuit. Example—“The potential dif-

ference or drop (p.d.) is 63 volts.’^ The term, volt-
age, applies to the number of volts concerned in

either case. Example—“The lamp has a voltage of

120 volts.^^

Electricians, and sometimes books, confuse these
three terms. Don’t let it bother you. Just remem-
ber that to all practical purposes, emf, potential,

and voltage mean the same thing

—

the force
THAT MAKES CURRENT FLOW.

WHERE IT COMES FROM
When a scientist studies a moving automobile,

this is what he sees

—

First, a gasoline tank full of chemical energy.
Second, an engine which burns this gasoline and
uses the heat ener^ released to turn a crankshaft.
Third, the mechanical energy of the turning crank-
shaft transferred as a force on the wheels which
move the automobile.

The automobile engine, then, is simply a machine
which converts chemical energy into mechanical
ener^. A steam engine is similar. It takes the
chemical and heat energy out of coal or oil and
converts it to mechanical energy in the form of
force on moving parts. No matter what kind of
engine or motor you select, you will find that each
of them converts one kind of energy into another
kind and then transfers the energy to a force which
does the work.

Electrical energy—emf-—can be produced by the
conversion of four kinds of energy—mechanical
energy, chemical energy, frictional energy, and
heat ener^. To change these forms of energy into

emf requires “engines” just as the automobile re-

quires an engine to convert chemical energy into

mechanical energy. These electrical “engines” are
the batteries and generators of your circuits.
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EMF FROM MECHANICAL ENERGY-THE GENERATOR

The GENERATOR is the ‘‘engine^^ which converts
mechanical energy into electrical energy. It is the
most economical and by far the most common
source of einf.

Generators consist of two parts—a stationaiy
FRAME and a rotating armature. The armature is

connected to a source of mechanical energy, called

a PRIME MOVER—usually a turbine, or a gasoline

STACK

Figure 25.—Ship's power—oil to electricity.

or diesel engine. The prime mover furnishes the
energy which rotates the armature. Then the arm-
ature, by a process to be explained later, converts
the mechanical ener^ to electrical energy. Figure
25 is a representation of a ship^s power plant.

Notice the different forms of energy as each ma-
chine makes a conversion. Finally, at the generator,
the energy is in the form of electricity ready to be
sent out on the ship’s wires to be used to run
motors, light lights, power radios, and heat galley

stoves.

The exact mechanism by which a generator con-
verts mechanical energy to electrical energy is veiy
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complex. The generator is treated in detail in a
later chapter of this book. The important idea to

remember here is that generators furnish a
CONTINUOUS EMF TO A CIRCUIT.

EMF FROM CHEMICAL ENERGY-THE BATTERY

Much energy is stored by nature in chemical
compounds (combinations of elements). Coal,
wood, and oil have tremendous stores of energy
which are released as heat when these compounds
are burned* Oxygen and hydrogen have so much
energy that they explode when they combine. The
electrician is interested in these substances only
because he can get some of this energy as emf.

Releasing electrical energy from chemical en-
ergy is surprisingly simple. If two dissimilar
metals—copper and zinc, for example—are placed
in certain chemical solutions, an emf results. This
is the principle employed in all cells and bat-
teries—a battery is simply two or more cells

connected together.

HOW A CELL WORKS
When two or more atoms of different elements

combine, they produce a molecule of a compound.
For example, atoms of the elements carbon and
oxygen combine to form molecules of carbon diox-

ide. Carbon dioxide is a COMPOUND, consisting of a
combined form of the elements carbon and oxygen.
When a compound dissolves in certain substances
—notably water—it breaks up into charged par-
ticles. These charged particles are called ions.
Ions are NOT the same as atoms—ions are charged
and atoms are not. You will remember that atoms
contain an equal number of protons and electrons

and therefore are neutral. But an ion of a dissolved

compound either loses or gains one or more elec-

trons. If you were to dissolve one molecule of sodi-

um chloride— common table salt— in water, it
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would split into a sodium ion and a chloride ion. But
the chloride ion holds on to one of the sodium ion’s

electrons. This gives the chloride ion a negative
charge and the sodium ion a positive charge.lt has
been proved experimentally that a solution con-
taining ions will conduct an electric current. The
ions seem to “ferry” the current through the solu-

tion. This should explain to you why salt water is

Figure 26.—Voltaic cell.

so likely to produce short circuits aboard ships.

Because compounds that form ions in solution will

conduct electric currents, they are called electro-
lytes.

All this leads you to an understanding of the

workings of a cell. If any two dissimilar metal
plates are placed in an electrolyte, the ions will

develop an emf at the plates. If the dissimilar plates

are then connected by means of a conductor outside

the solution, the emf will force a current through
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this conductor. This is called a voltaic cell (after

Volta, an early Italian experimenter).
Here’s an example of how the Voltaic cell works.

Immerse a copper plate and a zinc plate in a solu-

tion of ammonium chloride, as in figure 26. The
positive ammonium ions pick up electrons from the

copper plate. This reduces the number of electrons

on the COPPER plate and gives it a positive charge.

The chloride ions give up their excess electrons to

the zinc plate. This gives the zinc plate, an excess

of electrons and, therefore, a negative charge.

Notice that you have two charged plates—one posi-

tive and one negative. If a wire is connected to the

two plates, the potential difference between its two
ends will cause a current to flow.

A number of changes occur in both the plates

and electrolyte as the current flows. The most im-
portant change occurs at the zinc plate. Electrons
are constantly being lost by the zinc plate as the

current flows, and the zinc atom changes to a zinc

ion—which dissolves in the solution. In short, the

zinc is EATEN AWAY by the action. When the zinc is

completely ionized (dissolved)—the cell’s emf
ceases. Because the action of the cell uses up a

primary part, the cell is called a primary cell. Such
a cell cannot be recharged.

The most common primary cell is one you have
seen many times—the “dry cell.” Figure 27 shows
a cross section view of a dry cell. The two plates,

called ELECTRODES, are zinc and carbon. Notice how
the zinc electrode is shaped to form a cylindrical

can. Thus, the electrode serves as the cell case. The
electrolyte is ammonium chloride dissolved in water
and mixed with paste. The paste is merely to pre-
vent the electrolyte from spilling.

The chloride ions lose electrons to the zinc plate,

giving it a negative charge. The ammonium ions
pick up electrons from the carbon rod giving this
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electrode a positive charge. In this type of cell

about 1.5 volts of emf are developed. Once the out-

side circuit is completed, the zinc begins to dissolve.

Since this is a primary cell, the action ceases when
all the zinc is used up. Usually the paste electrolyte

will leak from a “dead” cell because the zinc con-
tainer is eaten away. To avoid messy leakage, dry

TAR PAPER WASHER

PITCH

SAND
SAWDUST

ELECTROLYTE
(AMMONIUM chloride
IN PASTE)

ZINC CAN

Figure 27.—Cross section of a dry cell.

cells should be removed from flashlights, lanterns,

and radios when the gear is stowed or the batteries

are worn out.

There are many kinds of primary cells—differ-

ing from each other in the materials used for elec-

trodes and electrolytes. The amount of emf pro-

duced by each depends on the materials composing
the electrodes and electrolyte.
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SECONDARY CELLS

Primary cells are useful for only a short time.

Their chemical energy is used up and they must be
discarded. Secondary cells also lose their chemical
energy, but, they can be restored by passing an
electric current through them. The lead storage
cell is a common example of the secondary cell. It

is used in battery form (two or more cells con-
nected together) in automobiles, motor launches
and submarines.
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Figure 29.—Charging and discharging the lead storage battery.

The lead storage cell has electrodes of lead and
lead oxide immersed in a solution of sulphuric acid.

The complete construction is shown in figure 28 .

During use, both plates are changed to lead sul-

phate, and much of the sulphuric acid is converted
to water. These changes mean that the chemical
energy of the cell has been converted to electrical

energy. The cell is discharged. If a current from
another source is passed through this cell in the
OPPOSITE DIRECTION TO THAT OF DISCHARGE, THE
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CHEMICAL ENERGY IS RESTORED. That is, the plates

again become lead and lead oxide and the water is

changed back to sulphuric acid. The cell is now
CHARGED and ready to deliver an emf. Figure 29
shows the difference between a charged and dis-

charged cell. With proper care, a secondary cell can
be charged and discharged many many times.

EMF FROM FRICTION

Friction between two unlike substances results

in a potential difference between those substances.

This potential difference is an emf which will move
electrons toward the lower potential. You are
familiar with this kind of emf production—it is

the STATIC CHARGE. Although, this was the earliest

discovered method of producing an emf, there is

relatively little practical use for static electricity.

Most of it is wasted as static discharges.

EMF FROM HEAT

When two unlike metals, such as platinum and
rhodium, are bound together and heated, they pro-
duce an emf. This arrangement of two metals is

called a thermo-couple. The strength of the emf

Figure 30.—Thermo-couple construction.

produced by any thermo-couple is proportional to

the temperature. Thermo-couples are used in steel

furnaces, boiler flues, stacks, and molten metals to

measure extremely high temperatures. Notice in

figure 30 that the two wires are twisted together at
one end and then welded. This is the end to be
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heated. The balance of the wires are insulated by
porcelain beads to prevent a short circuit.

A very sensitive voltmeter is used to measure
the emf produced by the thermo-couple. In the
example used—a platinum and rhodium thermo-
couple—a temperature of 920° F. will produce
.003672 volt but a temperature of 1980° F. will

produce .010534 volt. Notice that increasing the

temperature increases the voltage of the emf.
When a thermo-couple is used to measure temper-
ature, the voltmeter is calibrated in degrees in-

stead OF IN VOLTS. Thus the voltrfieter reads
directly the temperature of the thermo-couple.
The thermo-couple, used to measure temper-

ature, is the only practical use made of emf pro-
duced by heat.
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CHAPTER 6

OHM'S LAW
ITS HISTORY

During the late 1700’s and early ISOO^s, three

great electrical discoveries were made. An Italian,

named Volta, discovered how to produce an emf
from a primary cell. He gave his name to the meas-
uring unit of electromotive force—the volt.
Ampere, a Frenchman, measured current flow and
gave his name to the measuring unit of current

—

the AMPERE. A German, named Ohm, measured the
resistance of circuits and conductors and gave his

name to the resistance measuring unit—the ohm.
Ohm did more than experiment with resistance

—

he connected his own discoveries with those of
Volta and Ampere. The result was ohm^s law.
Make sure you understand each one of the three
quantities in electricity—they make up Ohm^s
Law. On the following page is a table of these im-
portant quantities, their symbols, their units, their

abbreviations, and their effects on a circuit.
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SUMMARY OF ELECTRICAL QUANTITIES

Quantity
Sym-
bol

Unit of

measure
Abbreviati

of Unit Effects in a circuit

EMF or
potential

or voltage

E the volt V. Force which
makes current
flow through a

circuit

Resistance R the ohm n The friction or

opposition to the

flow of current
offered by the
conductors and
electrical devices

in a circuit

Current I the ampere a. or amp. The flow of

electrons through
a circuit

Four effects

—

(1) heat

(2) light

(3) chemical

(4) magnetic

WHAT IS OHM'S LAW?

You know that increasing the potential will in-

crease the current. Likewise, increasing the resist-

ance will DECREASE the current. Ohm’s law is this

relationship of emf, current, and resistance ex-

pressed in mathematical terms.

It says

—

I ~R

That is, the current, I (in amps) equals the emf,

£7 ( in volts ) divided by the resistance i2, ( in ohms ) . i

Figure 31 shows a simple electrical circuit— I

generator, load, and connecting wires. In this case,

the load is a lamp, but any electrical appliance is a

LOAD. Notice the ammeter connected to read the
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Figure 31.—Simple circuit, voltage constant.

current and the voltmeter connected to read the
emf of the generator. If the resistance of this cir-

cuit is 2 ohms and the emf read on the voltmeter is

12 volts, then

—

, E 12 .
I =^

=
"2 amps. •

The ammeter will read 6 amperes. Which means
that the load draws 6 amperes.

Figure 32.—Effect of voltage on current, R is constant.
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Imagine that a battery of cells is used, instead of

a generator, as an emf source. The circuit would

look like figure 32.

Each cell produces 2 volts. Notice that connect-

ing the line at A, By C, or £>, changes the number
of cells included in the circuit. This will give you

voltages of 2, 4, 6, and 8 volts. The table at the

left of the diagram gives the current fiowing for

each voltage. For each value of voltage, the current

is calculated by Ohm’s law. Remember, current is

DIRECTLY proportional to voltage.

POSITION E 1 R

A 6 3 2

B 6 1.5 4

C 6 1 6

D 6 .75 8

I
I A '

I —J

0

Figure SS.'-EfFect of resistance on current, E is constant.

Conclusion

—

In any electrical circuit, if you hold the resist-

ance CONSTANT AND INCREASE THE VOLTAGE, THE

CURRENT INCREASES !N PROPORTION TO THE IN-

CREASE IN VOLTAGE. If YOU HOLD THE RESISTANCE
CONSTANT AND DECREASE THE VOLTAGE, THE CUR-

RENT DECREASES IN PROPORTION TO THE DECREASE
IN VOLTAGE.
Take a look at figure 33. In this circuit, the volt-

age remains constant, but the resistance of the load

is 2, 4, 6, or 8 ohms depending on which tap. A, B,

Cy or D is connected. In the table at the left of the

figure, the current flow is given for each connec-

tion. Notice that current is inversely proportional

to resistance.
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Conclusion

—

In any electrical circuit, IF YOU HOLD the volt-
age CONSTANT AND INCREASE THE RESISTANCE, THE
CURRENT DECREASES IN PROPORTION TO THE IN-

CREASE IN RESISTANCE. If YOU HOLD THE VOLTAGE
CONSTANT AND DECREASE THE RESISTANCE, THE
CURRENT INCREASES IN PROPORTION TO THE DE-

CREASE IN RESISTANCE.
Reviewing the tables in figures 32 and 33, you

will find that any number in the current column /,

can be obtained by dividing the voltage by the re-

sistance.

Any number in the resistance column R, can be
found by dividing the voltage by the current.

Furthermore, any number in the voltage column,
E, can be obtained by multiplying the current and
the resistance.

E=IR

From your knowledge of mathematics, you rec-

ognize that these three equations are variations of

one formula.
E E

7=^, R = j> and E=IR

If you know any two of these quantities in a cir-

cuit, or in any part of a circuit, you can calculate

the other quantity by applying the proper equation.

EXAMPLES

1. A vacuum tube filament has a resistance of

12 ohms when connected to a 6-volt battery. What
is the current in the filament?
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1

E 6 1
=^=12 = 2

2 . An ignition coil draws 8 amperes at 6 volts.

What is the resistance of the coil?

R =E_6_3/~8“4 ohm.

3 . A starter motor has a resistance of 0.04 ohm
and draws 150 amperes at starting. What is the

voltage applied to this motor?

E = IR = 0.04 X 150 = 6 volts.

Remember these points

—

1. The strength of the electrical current, or

amperage, depends on the resistance of the cir-

cuit AND the VOLTAGE applied to the circuit. Ohm’s
law will tell you how much current is flowing.

2. The RESISTANCE does not depend on either

current or voltage. The character of the conducting
path—^wires and load—determine the resistance.

You DO NOT change resistance by changing current

or voltage. Ohm’s law will tell you how much re-

sistance is contained in the circuit.

3. The emf of a circuit does NOT depend on either

CURRENT or RESISTANCE. The emf is determined
entirely by the generator or battery supplying the

circuit. Ohm’s law will tell you how much voltage

is required for a given current through a given

resistance.
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CHAPTER 7

ELECTRICAL POWER

FORCE

Scientists and technicians make a point of spe-

cifically defining all the terms they use. They like

their language to say exactly what they mean. This
is necessary because scientists use technical terms
in explaining their work. With a good working
knowledge of such terms as force, power, work,
emf, current, and resistance, you^ll be far more
savvy about your own work. Too, you^ll want to be
sure so that you can shoot the breeze about your
job. Knowing exactly what certain words mean
helps a lot!

You often hear the word force. But you use
force far more often than you hear the word.
Every time you lift something, you use force.

Every time you move, you have exerted force. A
ship moves through the water because of force. In
fact, every time anything moves or tends to move,
force has been exerted. Force may be a push or a
pull. Force then, is that which produces
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MOTION OR TENDS TO PRODUCE MOTION. Consider
the force of gravity. It causes bodies to move to-

ward the earth. Suppose you put a box on a table.

The box tends to move downward because of grav-
ity but the table exerts an upward force—the two
forces are balanced. However, if the box is ‘‘too

heavy’’ for the table, the table cannot exert enough
upward force to balance the pull of gravity and the

table collapses.

The force exerted by a propeller is a mechan-
ical force. The explosion of hydrogen and oxygen
to form water is a chemical force. The force
which causes electrons to flow is an electromotive
force and its unit is the volt. There are many
kinds of force, but they all produce or tend to

produce motion.

WORK

Work is a force acting through space.
Imagine that you push with all your strength
against a steel bulkhead. You probably think
you’ve done work but technically you haven’t.
True, you have exerted force on the bulkhead, but
since the bulkhead hasn’t moved, NO work has been
done. Now imagine that you exert the same force
lifting a 200-pound shell from the deck to a shelf
4 feet high. Work has been done, because the
force acted through space. You exerted a 200-
pound FORCE through a distance of 4 feet.

Work = force X distance

so in this case

—

Work =200 pounds X 4 feet =800 foot-pounds (ft.-lb.)

Note that work and force are different. Force is

exerted whenever a body is pushed or pulled but
work is done only if the body moves. In electricity,

the unit of work is the JOULE.
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Electrical Work = Voltage x Coulombs =
Joules

The JOULE, by itself, has relatively little use be-

cause it does not take into consideration the factor
of TIME. That is, it might take 2 seconds or 2 days
for 120 volts to nK)ve 1 coulomb (6.3 billion billions

electrons)
;
and in either case, you would have done

120 X 1 = 120 joules of electrical work. So time is

really important—and that brings you to power.

POWER

Power is the time rate of doing work. This
relation is expressed

—

Power = Work
Time

You have learned that the amount of work done
has nothing to do with the time it takes to do the
work. But the amount of power depends on how
fast that work can be done. You know that a steam
shovel has a great deal more power than a man.
Both can do the same amount of work but the steam
shovel will do it a lot faster. For example, say that

1,000 pounds of earth must be raised 20 feet. The
work is

—

Work = force X distance = 1,000 X 20 = 20,000 foot-pounds.

The steam shovel does the job in one scoop, tak-
ing 2 seconds. The man does the job in 20 minutes
(or 1,200 seconds).

The steam shovel has

—

Power

=

= 10^000 ft-lb. per second of power

The man has

—

n Work 20,000 r? lu a fPower= = 16.7 ft-lb. per second of power
Time 1,200
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The steam shovel has exerted approximately 600

times as much power as the man even though the

WORK done by both is equal.

The mechanical unit of power

—

foot-pounds
PER SECOND—is too small for practical use. In the

early days, power was generally supplied by horses,

and experiments indicated that an average hor^
could do 550 foot-pounds of work per second. This

led to the establishment of a larger unit—the

HORSEPOWER (hp).

HP = 550 FT.-LBS. PER SECOND

What was the HP of the steam shovel in the pre-

ceding example?

10,000 ft.-lbs. per sec. _ © o u
550 ft.-lbs. per sec.

“

What was the HP of the man?

16.7 ft.-lbs. per second

550 ft.-lbs. per second
=0.032 hp

Power in the electrical system is measured in

WATTS.

Power =
Work
Time

VoltsX Coulombs
Time

= Watts (w.)

'
• i.u • Coulombs oDo you recognize the expression

fime^"*
Chapter 3, you learned that coulombs divided by

time was the time rate of flow of current—the

AMPERE. So you can substituteampere for —
in the above equation, and the equation becomes—

Power= voltsXamperes = Watts, or

—

P=ExI
Power is an important measure in elec-

tricity. It tells you how much you can expect from
a motor or generator.
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Study the circuit in figure 34. It shows a motor
connected to its generator; and meters are in-

stalled to read the values of current and voltage in
the circuit. By multiplying the ammeter and volt-

Figure 34.—Power consumption of o motor.

meter readings, you get the power consumed by
the motor

—

P=J&X/ = 120x8 = 960 watts

which means that this motor consumes 960 watts
of power.
By measuring the amount of mechanical work a

number of electric motors did in one second, it was
determined that

—

746 Watts = 1 hp

Does the motor deliver 960 watts, or = 1.29

hp, of power? No, because some of the power is lost

within the motor. This loss is caused by internal

heat and friction. All machines lose some power by
heat and friction. If they didnT, they would be 100
percent efficient and there would be perpetual
motion. Efficiency is the percentage of the total
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1

input power that is actually delivered as output.

Motors deliver their power at their shafts. Say that

this particular motor is a one-hp job. This means
that the motor delivers one hp at its shaft.

What is its efficiency?

Input = 960 watts

Output = 1 hp = 746 watts

Efficiency =»= 0-777, or 77.7%

The motor is 77.7 percent efficient— in other

words, it delivers 77.7 percent of the power it con-

sumes. The balance of power—22.3 percent is lost

as heat and friction. Look at figure 35. It shows

the power and the power losses as a picture. If you

follow the arrows through this picture of a motor,

you will find the input power is electrical power.
It splits up in the motor, going in two directions.

The losses in the form of heat are radiated upward,
and the output in the form of MECHANICAL POWER
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is delivered by a rotating shaft. This gives you the

definition of a motor

—

machine which con-
verts ELECTRICAL ENERGY INTO MECHANICAL
ENERGY. (Just the opposite to the action of a gen-
erator. )

How much work is this motor capable of doing?
Since 1 hp = 550 ft-lbs. per second, the motor can
exert a force of 550 pounds through 1 foot of space
every second. Or, 275 pounds through 2 feet of
space every second. Or, 55 pounds through 10 feet

of space every second. You’ll notice that the force
decreases as the speed increases.

To be sure you understand these terms, consider
a harder example. Figure 36 shows a circuit in-

volving a 10 hp motor, a generator, meters, and a
1,000-foot len^h of double wire connecting lines.

The generator furnishes 440 volts of emf, but the
motor draws 25 amperes at only 390 volts. The dif-

ference—50 volts—is used in pushing the current
through the 2,000 feet (1,000 ft. for each wire) of

connecting wire.

You can calculate the resistance of this wire

—

Digitized by

ij=f=i=2n

which means that 50 volts of force are used in

pushing 25 amperes of current through 2,000 feet
of wire having 2 ohms of resistance.

How much power is consumed by the motor?

P = £7X/ = 390X25 = 9,750 w.
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What is the efficiency of this 10 hp motor?

Efficiency =
output_ 10 X 746 7>460

input 9,750 ~ 9,750
76.5%

How much power is lost in the motor by heat

and friction?

Losses = input— output = 9,750— 7,460 = 2,290 w.

What is the power consumed by the line in de-

livering current to the motor?

P = js;x/ = 50X25 = 1,250 w.

As a check, you know that total power furnished,

minus all losses, should give the power output of

the motor. In this case, 440 x 25 = 11,000 watts
is the power furnished. The losses are 2,290 +
1,250 = 3,540 watts. The output then is 11,000 —
3,540 = 7,460 watts. This checks with the rated

output.

Remember—whenever work must be done, power
is consumed doing it. It requires work to force

current through a wire—in this case, 1,250 watts
of power is consumed by the wire. It requires work
to overcome the friction of the motor and force

current through its windings—2,290 watts of

power is consumed in doing this work. Finally,

the motor is capable of furnishing 10 hp or 7,460

watts at its shaft to do work.

The power equation may be used in three forms
depending on the problems to be worked

—

P PP=EI ; /=§

EXAMPLES

1 . Determine the value of current in a 100 watt

lamp on a 115 volt line.

J
P 100

i=^=YYg = 0.87 amp.
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2 . Determine the potential drop of a line which
consumes 1,200 watts in carrying 60 amperes.

P_ 1,200
~ I 60

=20 V.

3, Determine the power consumed by a 440 volt

motor, if it draws 22 amperes.

P=PX/=440X22 = 9,680 w.

What is the hp of the motor in question 3?

hp ~ n AC746 746

9 ,680^13

LARGE AND SA^LL UNITS

You ordinarily would measure butter by the
pound and coal by the ton. Think how clumsy it

would be to reverse this procedure—butter by the
ton and coal by the pound. The simple units of elec-

trical measure—^volts, amperes, ohms, and watts
—^prove to be clumsy when very large or extremely
SMALL quantities are involved. A sjrstem of pre-
fixes has developed for use in measuring large and
small quantities of electrical units. The table below
gives the common prefixes used in electricity. Each
prefix can be used with any of the electrical units.

For example, instead of saying “a 10,000 watt
generator,” it is handier to say ‘^a 10 kilowatt
generator.” Instead of writing “0.010 amperes”
it is easier to write “10 milliamperes.” In testing

insulation you will use MEGOHMS instead of mil-

lions of ohms. In radio work, the micro- and milli-
prefixes are constantly used.

Mega Million (1,000,000)

Kilo Thousand (1,000)

1

Milli One-Thousandth (1,000)
1

Micro One-Millionth (1,000,000)
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CHAPTER 8

THE SERIES CIRCUIT

WHY KNOW CIRCUITS?

You have a good chance to outrank the bull in

the China shop—just try fooling around with cir-

cuits before you know what you’re doing! After
burning up a few instruments at one hundred dol-

lars per copy, you’ll probably wind up electrocuting

yourself or your shipmates

!

Electrical circuits are the power carriers of the

electrical system. When they are connected prop-
erly, they are efficient and trouble free. But, foul

them up by improper connections and they’ll put
your whole system out of commission.
The few circuits you have been made acquainted

with are simple circuits—only a source, its load,

and the connecting wires. Few practical circuits

can be so simple. For example, it would be a terrific

waste if every electrical load had its own gener-
ator and its own feeders. Imagine the confusion
of cables, lines, and wires if every light, ever\^
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motor, every telephone, every heater, had its own
separate feeder lines directly from the dynamo
room. For reasons of economy and efficiency,
therefore, most circuits are actually very com-
plex. They are designed so that one generator can
feed MANY electrical loads. But no matter how com-
plex any particular circuit becomes, it is one of

three general types—the series, the parallel, or

the SERIES-PARALLEL.
Every electrical load is designed to contain a

specific resistance and operate at a certain rated
voltage. The resistance of the load controls the

amount of current at the rated voltage. The proper
type of circuit connection insures the load of its

rated voltage and current. Imagine the fireworks
if a searchlight got 200 volts instead of 95 volts.

Or—you^d wait a long time for chow from a 220
volt galley stove connected on a 110 volt line. Both
these things could happen by using incorrect con-
nections.

VOLTAGE IN SERIES CIRCUITS

The first type—the series circuit is a one-path
circuit. You can always recognize a series connec-
tion by two facts—it will never have more than
ONE CONDUCTOR CONNECTED TO ANY TERMINAL,
and you will find only ONE PATH from source to

load (or loads) and back to source.

Figure 37 shows a simple series circuit. In A, a
voltmeter is connected across the total resistance.

It reads the total voltage drop of the total re-

sistance—in this case, 6 volts. Notice that the
voltage drop which occurs in the wires is ignored.
This is standard practice for short wires because
the resistance is very small. But for longer wires,
connecting load and source, the resistance is large
and the voltage drop is appreciable. It must be con-
sidered in the circuit. In B, the voltmeter is con-
nected across only half the resistance. In this case.
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the voltmeter reads one-half of 6 volts or 3 volts,

indicating that half voltage is used for half the
resistance. Now connect two voltmeters—each one
across half the resistance—as in C. Each voltmeter
reads 3 volts. This gives you the law for voltage
drops in a series circuit. The total voltage in

E-6v.

A

Hi|i|
E«6v.

c
Figure SZ.-'Voltage in o teriet circuit.

ANY SERIES CIRCUIT IS THE SUM OF ALL THE VOLT-
AGE DROPS. Mathematically the law says

—

Et—Ei-^E£-\-Est 6tc.

when

—

Et= the total voltage;

=the voltage drop of the first load;

Es=the voltage drop of the second load;

Es= the voltage drop of the third load.

In figure 37, Es is 0; hence,

Et—Ej-hEs-hEsf etc.

6 v.=3 V. + Z V. + 0
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Two more examples of series circuits are shown
in figure 38. In A, three equal resistors, of 4 ohms
each, are connected in series. The voltmeters indi-

cate that it requires 2 volts to force the current
through each resistor. Notice that the total voltage
is equal to the sum of all the voltage drops

—

Ei=Ei -\~Es~{~Esf etc.

El =2-l-2-}-2 = 6 V.

2v. 2v. 2v. 3v. 9v.

Figure 38.—Voltages across separate loads.

In B of figure 38, two unequal resistances are
connected in series. In this case, the voltage drops
are not equal

—

they are proportional to .the
RESISTANCE. Again

—

Et=Ei-\r

E

2 “1“Esf etc.

12 v.=S V. ^ V,

The searchlight circuit is a good example of this

principle of a series circuit. The ship^s voltage is

usually around 120 volts. But the standard voltage
for the Navy’s largest searchlight is only 80 volte.

In order to reduce the 120 volts to the operating
standard of 80 volts, a resistor is placed in series

with the light. This resistor uses up about 40 volte,
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leaving a drop of 80 volts for the light. (120 v- =
40 V. + 80 V.).

CURRENT IN SERIES CIRCUITS

There is only one path for current in a series

circuit. And the amount of current passing any
point in the circuit is the same as the amount of
current passing any other point in the circuit. This
gives you the law for current in a series circuit.

The current in a series circuit is the same in
ALL PARTS. Or mathematically

—

It—h=l2= Is, etc.

when

—

It = total current;

7i= current through the first load;

J«= current through the second load;

Is= current through the third load.

Suppose you connect a lamp, a switch, and a
motor in series as in figure 39. The current through
each part of the circuit is the same.

If the switch is opened the current through the

switch becomes zero—open circuit. Likewise, the

current through both the motor and the lamp be-
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come zero. The opened switch “shut-off^’ the loads.

Switches controlling electrical loads are always
in series with the loads. In the same circuit, im-
agine that the lamp is broken. A broken lamp is

also an open circuit and would stop the current
through the motor and the switch. For this reason,

two loads which are intended to be independent
of each other, are never connected in series.

RESISTANCE IN SERIES CIRCUITS

Two resistances are connected in series in figure

40. Tracing the circuit, note that the current passes

Rt=2on

first through one resistor and then through the
other. This means that the current is opposed by
the force of both resistances. In figure 40, each
load has a resistance of 10 ohms, but since the cur-
rent passes through both loads, the total opposi-
tion to current is 20 ohms. This gives you the law
for resistances connected in series

—

the total
resistance in any series circuit is equal to
the sum of all the individual resistances.
Mathematically this says

—

Rt — Ri~\~R^~\~R3f etc.
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when

—

Rt = total resistance,

Rj = resistance of the first load;

J?«= resistance of the second load;

12s= resistance of the third load.

In the problem of figure 40

—

Et=^Ei-\-Es

20 a =10 a+10 a

This principle is employed in limiting the amount
of current through a load by inserting resistors in

series with the load. For example, the rated am-

120 > 40A

20Avwwwww
R2

Figure 41.—Controlling current by series resistance.

perage through the lamp in figure 41 is 2 amperes.
The lamp itself has 40 ohms resistance

;
but on a

120 volt line, 40 ohms will permit 3 amperes to

pasS'

I
E 120

R~ 40
= 3 amps.

This means that, as long as the lamp is operated
on 120 volts, it will pass 3 amperes. And 3 amperes
in a 2 ampere lamp will melt the filament (burn it

out). You can see that more than the lamp^s 40
ohms of resistance is required to reduce the cur-
rent to its safe value of 2 amperes.
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Using Ohm’s law to calculate the total resistance

required to limit the current to 2 amperes

—

i2=? =^=60Q

This means that a 20 ohm resistor would have
to be added in series to the 40 ohms of the lamp.
Then the total resistance is 60 ohms

—

Ri = Ri
60U=4012+20«

Now the current is limited to 2 amperes.

KEEP OFF THE ROCKS

Here are a few simple rules that will help keep you
off the rocks

—

1. Draw a schematic of your problem.
2. Label each value on the schematic that is

known.
3. Determine what it is that you want to know.

Is it the CURRENT, VOLTAGE, RESISTANCE,
POWER, EFFICIENCY, INPUT OR OUTPUT?

4. Select the equation for your solution and use
the EASIEST form of the equation. If you are

looking for current, use 7 = If you are

looking for voltage, use E = IR. If you are
E

looking for resistance, use R =
5. (Important) Apply the law to either a part

or the WHOLE circuit. Don’t mix up your
VALUES. If you are looking for the resistance
of a PART of a circuit, use the values of cur-
rent and voltage for that part. If you are
looking for the total resistance, use the
values of current and voltage for the total
ciixjuit.

6. Substitute the numerical values in your equa-
tion and solve.

Digitized by jQle

78

Original from

UNIVERSITY OF CALIFORNIA



YouVe been given a pretty big dose of formulas
and equations all at once. They^re hard to take

—

so, here^s a ‘‘crutch” to help you over the rough
spots. When you have a problem in current, volt-

age, or resistance sketch a “pie” and divide it into

three pieces. Label each piece as in figure 42. Now,
using your finger, cover up the quantity you want

Figure 42.—Ohm's law. Figure 43.—Power equation.

to know. What’s left is the formula for solving for

that quantity. For example, if you want to know

current, cover 7
; ^ remains, and 7 = ^ . If you

want to know the voltage, cover E\ IR remains,
and E = IR. Likewise, if you want to know resist-

ance, cover R; j remains, and R You can

make the same kind of “pie” for the powder equa-
tion. It’s shown in figure 43.

Simple, isn’t it? Let’s try it on a few problems.

PROBLEMS IN SERIES CIRCUITS

The BEST (not always the easiest) way to get a
clear understanding of circuits is to work circuit

problems. You will learn a lot by going through
each of the examples which follow. Each example
has b^n selected to illustrate a practical circuit

problem.
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Example 1

—

Three lamps are connected in series. Each has

a resistance of 60 ohms. A generator producing
120 V. of emf powers the circuit. What is the total

current in the circuit, and what is the current
through each lamp?

Rule 1. Sketch the circuit—figure 44.

60 ft

Rule 2. Label values.

Rule 3. What is wanted? 7<, L, h and /«.

Rule 4. Use/=|.
E

Rule 5. Use I = ^ fii*st, for the total current,

and then, for the current of each
LAMP.

T> 1 T Et 120 Q /Rule 6. /, = ^_
= = 2/3 amp.

(iorl.) (R, = R, + R, + R,)

(for I„ h and /.,) = % amp.

(Voltage divides in a

series circuit)
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Is it strange that the answers are the same?
No—h = Ij = = in a series circuit. There-
fore, the total current is equal to the part currents.
You will learn to make use of short cuts like this.

But until you are sure of what youVe doing, it^s

best to be complete and correct. Suppose you had
slipped up on Rule 5 (using a combination of a
PART and the whole) . Say you had used the total
voltage and the resistance of a part. See what hap-
pens

—

E 120
1= ^ =Z = 3 amps. ABSOLUTELY WRONG.

Example 2

—

240 V

40 A

80A
Figure 45.~Example 2.

Two lamps are connected in series on a 240-v.
line. One lamp has 40 ohms resistance, the other
has 80 ohms resistance (see figure 45) . What is the
total current and power? What is the current and
power of each lamp?

= R =m = 2arnps.

It= Ij=: 12 therefore Ij
= 12— 2 amps.

Pt = Eth = 240 X 2 = 480 w.
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1

The power of each of the two lamps can be found

in two ways.

(1 ) Find the voltage drop across each lamp—
Ei = IiX — = 160 V.

£72 = X = 2 X 40 = 80 V.

Then

—

Pj = Ei X h = 160 X 2 = 320 w.
Pgz= Ei X h= 80 X 2 = 160 w.

Total 480 w.
Or

—

(2) In the equation P = Ely substitute for E
the value of IR.

Then—
P = IXlRy or P = PR.
Pi — 1/ Ri = A X = 320 w.
Pg = // = 4 X 40 — 160 w.

Total = 480 w.

Figure 46 shows three 1,000 watt heaters con-

nected in series to a 240-volt battery. Each heater
has a current of 12.5 amperes. (1) What is the
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total resistance? (2) Resistance of each heater?
(S) Total current? (Jf) Total power?

T> _Et__2A0~ 12.5
= 19.2 ft

T> _Pi __ 1,000 __ 1,000 ^
" 12.5X12.5 "“156.25“

Rj =R^ = R^ (equal power—all are
1,000 w.)
Rj = Rg == Rs '= 6.4 ^

(5) It = Ij = = Ig = 12.5 amps.

(4) P, = EjI, = 240 X 12.5 = 3,000 w.
or Pt = Pj P^ = 1,000 + 1,000 +
1,000 = 3,000 w.
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CHAPTER 9

PARALLEL CIRCUITS

MULTIPLE CIRCUITS

Parallel circuits are multipLe circuits— they
have MORE THAN ONE PATH between the two term-
inals of the source.

Compare the two circuits in figure 47.

In both cases the current is forced by a potential
to flow from — to +. In the series circuit, the cur-
rent travels along only one path. But in the paral-
lel circuit the current divides and, in this case,

travels along three paths. In the series circuit

only ONE conductor is connected to each terminal.

But, in the parallel circuit, more than one con-

ductor may be connected to a terminal.

Imagine that you are laying out a road system
between town A and town B. You have the choice
of two systems. 1. One road directly between the
two towns. A network of several roads running
parallel to each other between the two towns. The
first type is like the series circuit and the second is

like the parallel circuit.
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Figure 47.—Series and parallel compared.

VOLTAGE IN PARALLEL CIRCUITS

Carry the comparison a little farther

—

consider

town ^ to be on top of a 1,000 foot hill and town B
to be in the valley below.

In order to go from AtoB you must drop 1,000

feet. In the series system, the one road drops this

1,000 feet. In the parallel system every road drops

1,000 feet. The same problem in a parallel electrical

system is illustrated in figure 48.
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There is a potential difference of 1,000 volts

across every path betweenA and In the electrical

system A and B are the terminals of the generator.
No matter which path (branch) you take from
A to B—the voltage force on the current is 1,000
volts. This gives you the law for voltage in a paral-
lel circuit

—

The voltage is the same across all branches
OF A PARALLEL CIRCUIT.

Or mathematically

—

= B/ = E etc.

When—
Et = total or source voltage

;

El = voltage drop through first load

;

Es= voltage drop through second load;

Es= voltage drop through third load.

Compare the 100 ohm load to the 200 ohm load
in figure 48. Note that these loads have different

resistances but their voltages are the same. This
is similar to the problem of the two roads from
town A to town B, One road may be narrow and
rough—^its resistance is high. The other may be
broad and smooth—its resistance is low. But both
roads, regardless of resistance, drop 1,000 feet.

CURRENT IN PARALLEL CIRCUITS

Assuming equal quality of road construction,

which system would carry the greatest traffic from
town A to town B, the one-road series, or the net-

work-parallel? The parallel, of course, because it

has more paths (roads). Say each road can carry
10 cars per minute. Then the one-road series sys-

tem carries just ten cars per minute. But the three-

I’oad parallel system carries 30 cars per minute.

Figure 49 shows a 3-branch parallel with equal

loads of 100 ohms resistance. The generator volt-
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age is 1,000 volts. The current in each branch can
be calculated by ohm’s law

—

1,000

100
= 10 amps.

Since the voltage and resistance are the same
for the other branches, their current is 10 amperes

lOOA

lOOOv.

Figure 49.—Current in a parallel circuit.

also. Now, since each load draws 10 amperes from
the generator, the total current is

—

10 + 10 + 10 = 30 amps.

This gives you the law for current in a parallel

circuit

—

The total current in a parallel circuit is

THE SUM OF THE CURRENTS OF ALL THE BRANCHES.
Or mathematically

—

1.

1

— f/ —|— Ij —|— f.j, etc.

When

—

It ~ the total current

;

11 ~ the current through the first load

;

=z the current through the second load

;

Is= the current through the third load.
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RESISTANCE IN PARALLEL CIRCUITS

Referring back to figure 49, notice that the cur-
rent path from— to + is over the three wires. View
A of figure 50 shows only one of these conductors
cut to show a cross-section. Say that this conductor
is one square inch in a cross-sectional area. The
current flowing through this ONE wire is very much
like water flowing through one pipe. But if you
combine the three wires, you would have a cross

section like B in figure 50. This combination has
three square inches instead of one square inch of

ONE SQUARE INCH THREE SQUARE INCHES

A-SERIES B-PARALLEL
Figure 50.—Resistance in a parallel circuit.

cross-sectional area. Now the current flowing
through the three wires, is very much like water
flowing through three pipes. It is just three times
as easy to force the same current through the

3-wire parallel as it is through a one-wire series

(same size of wire). If it is three times as easy

—

the resistance is one-third as much.
What was that? The resistance is less when there

are more wires? Exactly— because the more
BRANCHES you add to a parallel circuit, the easier
it becomes to force current from — to +. This gives

you a general idea of resistances in parallel

—
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The more loads added in parallel, the less
THE TOTAL RESISTANCE.

To get the actual law of resistances in parallel,

you must derive it mathematically.

(i) You know that h = Ij 1^ -\- ls\ and you
know that

T Et
. j El j Es

^ j Es
It— , ii—

Ki Hi 1x2 tis

{2) If in the formula -f- /a + the ^
values are substituted for all values of /, it

becomes

—

Et ^ I
Eg

I
Es

Ri Ri Rg Rs

{3) Now, since the parallel circuits, Et = Ei =
Ez = Esy you can substitute Et for all values
of J57—

-

^ 4_ 4_
'

Rt Ri Rg Rs

{It) and dividing each member of the equation
by —

^=^ + etcT> 1 I? ' J? >

Kt til 112 Hs

When—
Rt — the total resistance

;

z= the resistance of the first load

;

R^ the resistance of the second load

;

Rs = the resistance of the third load.

Or stated in words

—

In parallel circuits, the reciprocal of THE
TOTAL RESISTANCE EQUALS THE SUM OF THE RE-
CIPROCALS OF THE RESISTANCES OF ALL BRANCHES.
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Using the problem in figure 49, what is the total

resistance of the circuit?

L^L+L^L
Rt Rt Ri Rs

Rt 100 ^ 100 ^ 100

i _ 3

Rt 100

Rt =^^=33.33 ohms.

This proves that three equal resistors, in parallel,

have a total resistance of only one-third the re-

sistance of EACH resistor.

Ohm^s law provides an easier method of calcu-

lating the total resistance of a parallel circuit.

Remember, you use the total values of the circuit

when solving for the total values.

Rt =^^==-^^-=33.33 ohms.
1 i oU

PROBLEMS IN PARALLEL CIRCUITS

The parallel circuit is used for independent
loads—that is, loads which are not controlled by
other loads. Most electrical loads are of this type.

You certainly would want the ship^s running lights

to be independent of the cook^s galley. And it is

definitely good sense to have the bilge pump motors
independent of the steering motors

!

The circuits which follow are typical parallel

circuits. When you study them, remember the six

rules in Chapter 8 for solving problems—these
rules apply equally well to parallel circuits.

Example 1

—

Two lamps and a heater are connected in paral-
lel across a 110-volt line. Each load is controlled by
a separate switch and draws the current indicated
in figure 51.
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Calculate the resistance of each load and the

total resistance.

L,

llOv. LINE

Figure 51.—Example 1.

For first load: ohms.

F 110
For second load : =55 ohms.

For third load: i?j=^=^=55 ohms.

For total load: =7.86 ohms.
It 14

There is also the reciprocal method of calculating

the TOTAL resistance

—

Rt Ri^ R,^ Rs

Rt 11 ^ 55 ^ 55

Rt 55 ^ 55 ^ 55

Rt 55

Ri=^Y "^ ohms.

You will notice that the reciprocal method is

much tougher—use ohm’s law for TOTAL resist-

ance whenever possible.
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It was required that each load be separately con-
trolled. In order to control a load, the switch is in

SERIES with that particular load, but the loads are
in PARALLEL with each other. Thus, opening the
HEATER SWITCH opens the HEATER CIRCUIT, but
does NOT turn off the lights. The same is true of

the light switches^—they control only the load with
which they are in series.

Example 2

—

A motor has four coils. The resistance of each
coil is 60 ohms, and each coil must be connected to

receive 2 amperes of current. (1) How would you
connect these coils in a 120-v. line? (2) What is the
total current drawn from the line? (3) What is the

total resistance of your connections? (Jf) How
much power is consumed in each coil? In all the

coils?

Li

120 V.

t-2

60A

2a.

Figure 52.^Example 2.

(1) You would first draw your circuit as in

figure 52. Then calculate the voltage required to

force 2 amperes through 60 ohms of resistance.

Ei=Ej Rj = 2 X Q0 = 120 V.

Since each coil needs 120 volts, they will have to

be paralleled to get the full line voltage. You would
now complete your diagram by making this con-
nection. Remember, in order to be in parallel, each
coil will have to be connected directly to the line.
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Figure 53 shows two ways you might complete
your diagram. Both are correct. In this case, A,
is the better method, because it uses less wire.

Figure 53.^Connections for Example 2.

(£) 7f 4- /g 4- /a, etc.

/«= 2 + 2 + 24-2= 8 amps.

(5) fi-=:^=i|5 = 15ohins.
I i o

/n JL— 1 I 1 I -1 I Jl—1
Ri~60~^60~^60~^60~60

1—A
Bt~60

Bt = ~= 15 ohms.

)

(4) P. = E,h
Pj = 120 X 2 = 240 watts—for each coil.

Pj = Et It

Pi = 120 X 8= 960 watts—total.

Example 3

—

Figure 54 shows a resistance bank of four re-

sistors. These resistors are connected in parallel to
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permit the maximum current to pass. If each re-

sistor has 100 ohms resistance, what is the current
passed from the 60-volt battery? How much cur-
rent does each resistor carry?

+^ + A etcT? J? * T? ' 7? yKt Itl J\3

-L__L.JL.J_._i.
Rt
~

100 ^ 100 ^ 100 ^ 100

1 _ 4

R\
~

100

Rt =25 ohms.
4

E 60=~=~ =2.4 amps, from the battery.

E fiO

7/ =^=j^= 0.6 amp. for each resistor.

Because the resistance in each resistor is the

same, the current is the same. Thus

—

Ij = l2 = Is = Ij, = 0.6 amps, in each coil.
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Example 4

—

To be sure that you understand the current paths
in a parallel circuit, the example in figure 55 has
ammeters and arrows in all lines. The ammeters
read the current flowing and the arrows show the

l5o 12a

20a

6a

Figure 55.—Example 4.

direction. Trace this circuit through carefully. If

you understand each reading, you can account for
all the current flowing. And by using Ohm’s law,
you can prove that all the emf of the generator is

used up in the circuit.

\
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CHAPTER 10

SERIES-PARALLEL CIRCUITS

COMBINATIONS

Many circuits are neither simple series nor
SIMPLE parallel. They are combinations of simple
circuits. Fortunately, it is easy to recognize the
series or parallel connections within the combina-
tions by a few simple rules.

Series connections have

—

1. Only one path.

2. Only one conductor connected to a terminal.

3. All the current of one part passing through
the other part.

Parallel connections have

—

1. More than one path.

2. More than one conductor connected to a
terminal.

3. Divided currents.
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The best way to understand the complicated
series-parallel circuits is to analyze them part by

part, or section by section. In this way, the correct

circuit law can be used to analyze each part. First,

spot your series connections, and then locate the

parallels.

The balance of this chapter consists of a number
of circuits. They illustrate the important problems
you will meet in actual circuits. Go through each

step carefully—be sure you understand it. If you
get stuck, you^ll probably find that youVe forgotten
one of the laws given in Chapters 6, 7, 8 or 9. To
help you, all these laws are brought together in a

table at the end of this chapter. Turn back to the

table if you need help. Remember, the important
thing is to know. You don^t really know that you
KNOW unless you test yourself. When you have fin-

ished going over the examples, try working them
yourself without reference to this book. After
youVe finished each example, check your answers
and methods against the answers and methods
given here.

Example 1 — During war, ships must travel

blacked out. No lights show except those used for

communication and as formation guides. These
lights are screened to show only in one direction.

Imagine a lighted compartment with a door or

hatch opened accidentally—a beautiful target! To

guard against any such accident, doors and hatches
opening to exposed decks are equipped with door-

switches. Door-switches open the lighting circuit

of the compartment so that the lights are turned

off every time the door is opened.

Draw the schematic diagram for wiring a com-

partment with two overhead lights, separately con-

trolled, and with a door-switch.
Trace this circuit (figure 56) from — to -f. Fol-

lowing the arrows and assuming that all switches
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are closed, current leaves the negative terminal of
the source, flows along L, (Line 1) to the first light

terminal Here the current divides (did you spot a
parallel connection?)—part goes to light No. 1 and
part goes to light No. 2. (You can determine how
much current goes to each light if you know the

voltage and resistance— 7 = ^ . The current

passes through the two lights and enters L^, then
through Lz and back to the positive terminal of the
source.

DOOR SWITCH

Figure 56.—Compartment schematic diagram.

Try opening switch No. 1. What happens? The
circuit through light No. 1 is opened, but the cir-

cuit through light No. 2 is undisturbed. Try the

same with switeh No. 2. This switch affects only
light No. 2. Switch No. 1 is in series with light

No. 1 and thereby controls light No. 1. But switch
No. 1 is IN PARALLEL WITH light No. 2 and cannot
control light No. 2. Now open the door-switch. This
switch is in series with both lights and controls
both lights. Ask yourself this question, “Does all
the current of light No. 2 go through the door-

switch?” The answer is “yes.” And whenever the

answer to this question is ‘yes’—the two devices

are in series.

Example 2—Aboard ship you will have a ship’s

service generator. This generator furnishes the

power for all electrical circuits except propulsion.
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The generated power is fed through a main switch-
board, then through lighting panels, interior com-
munication panels, etc., and to feeder boxes and
branch feeder boxes. And finally, to the power out-

lets—lights, heaters, and telephones.

VALVE

Figure 57,^Water distribution.

These ship’s distribution systems are a lot like

the water distribution systems of small towns.
Look at figures 57 and 58 and compare the branch-
ing methods.
In figure 58 start at the power outlet—trace

backwards to the power bus. (A bus is simply a

very large conductor—usually a bar of copper.)
Notice that the fuses protecting each line and box
are in series with the load. And of course, switches
controlling each load would be in series with that

load.

If you start tracing at the bus, you will notice

that the ‘‘feeding-out” or branching is done by
PARALLEL connections. Start tracing from the neg-

ative bus and go through the complete circuit of

the outlet. How many times is this circuit protected

by fuses? The reason for this multiple protection
is simple. Each fuse has a capacity which just fits

the circuit it protects. For instance, the branch box
has 5-ampere fuses because the circuit from branch
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box to outlet is only large enough to handle 5 am-
peres. The feeder box is fused for 25 amperes be-
cause the circuit from feeder box to branch box
will stand only 25 amperes.. Each fuse protects its

own circuit from overload or short circuit damage.

POWER BUS

100
FUSESi—

GENERATOR

ij u !
!

1

25 0 .a I

^FUSES

__ ^ _j L ^ ^

light” feeder
PANEL BOX

5o.

j^FUSES

!to outlets

BRANCH
BOX

Figure 58.—Electrical distribution.

Example 3— The electrical power to a Navy
searchlight must do four things

—

1. Furnish an arc between the carbon elec-

trodes.

2. Run the feed motor.
3. Run the ventilating fan motor.
4. Run the shutter motor.

Power is furnished to each of these loads by
means of a four-branch parallel circuit. Fig-

ure 59 is a simplified diagram of the search-

light circuit. In addition to the loads, there is a
rheostat (an adjustable resistance) in series with
the parallel group. This is necessary to reduce the

ship’s voltage from about 120 volts to about 80 volts

for searchlight operation. In figure 59 the current
is labeled for each load. (1) What is the voltage

drop across the rheostat? (2) What is the voltage

used across each branch of the parallel? (3) What
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is the resistance of each branch of the parallel?

(Jf) What is the total resistance?

VENTILATING MOTOR

Figure 59.—Simplified seorchlighf diagrom.

(1) The rheostat is in series with the rest of
the circuit, therefore, it carries all the current of
the circuit

—

It — Tj -|- 12 Isf etc.

It = 150 + 2 -j- 2 + 3 == 157 amps.

The voltage drop of this rheostat is

—

E^ IR = lb7 X .25 = 39.25 volts.

(2) The parallel group is in series with the rheo-
stat, therefore adding the voltages of the group
and the rheostat together gives the total voltage.

Et — Ej-^E2 -^ Es, etc.

120 = 39.25 + E2

E2 = 120 — 39,25 = 80.75 v.

Which means that the voltage drop across the rheo-
stat is 39.25 volts and the drop across each branch
of the parallel is 80.75 volts. You might look at it

this way—^you have 120 volts (ship’s service) to
use in forcing 157 amperes through the complete
circuit. The rheostat used up 39.25 volts of this

120. Which leaves 80.75 volts for the balance of
the circuit—the parallel group.
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(S) The resistance of each branch of the parallel

appears to be—
(arc)

R,=fi=w= ohm.h loU

(feed and shutter motors)

40.38 ohms each,

(ventilating fan motor)

R.=f2=^= 26.92 ohms.
is O

Notice in these calculations, that the different
RESISTANCES LIMIT the current to different
VALUES for a particular load.

(4-) The total resistance can be calculated by
two methods

—

Rt=^‘=^ = 0.77 ohm.

Or
the resistance for the parallel group is

—

+ etc
Kt til its

!_, 1
I

1
. 1

I

1

Ri 0.54 40.38 40.38 26.92

Rt — 0.52 ohm. (of parallel group only)

add this to the resistance of the rheostat which
is in series

—

Rt= Ri Rz Rs, etc.

Rt= 0.52 + 0.25 == 0.77 ohm.

It is important that you see how much easier it

is to find TOTAL RESISTANCE BY OHM'S LAW.
Example 4—You know that searchlights are

bright—^but how much power do they consume?
In the searchlight of Example 3, the arc itself
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used 80.75 volts and passes 150 amperes. There-

fore, its power is

—

P = EI
P = 80.75X150 = 12,112.5, say 12,110 watts.

And the total power consumed by the light and
its apparatus is

—

P = E7
P = 120 X 157 = 18,840 watts.

This is approximately the same amount of power
as consumed by a 20-hp motor. Some light!

Example 5—The operating voltage of a sub-

mariners motors is 120 volts at cruising speed. This
voltage must come from batteries of the lead-acid

type. But this type of storage battery produces
only 2 volts per cell. How is an emf of 120 volts

produced by cells which themselves produce only 2

volts each? Look at the laws of voltage in the series

and the parallel circuits

—

Et = E,-{-E2 + Esy etc. (Series)

Et = E, = E^= Esy etc. (Parallel)

It is evident that in the series connection, volt-

ages will add. Two cells of 2 volts in series would
add, giving 4 volts. And ten cells in series would
give 20 volts. To produce the 120 volts needed by
the sub’s motors requires 60 cells in series. A part

of such a battery is shown in figure 60.

All batteries store only a certain amount of

energy— the exact amount is known as their

CAPACITY. Capacity is measured in units of AM-
PERE-HOURS—the number of amperes which can

flow for a certain number of hours before the bat-

tery is discharged. For example, a battery having
a capacity of 100 ampere-hours will deliver a cur-

rent of 10 amperes for 10 hours (10 X 10 = 100)
or 5 amperes for 20 hours (5 X 20 = 100) or 50
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amperes for 2 hours (50 x 2 = 100) before it is

discharged.

Say that the sub’s motors require a current of
200 amperes at 120 volts. This would exhaust a
1,000 ampere-hour battery in 5 hours. But by using

Figure 60.—Cells in series.

two batteries in parallel the drain on each bat-

tery is only 100 amperes

—

h = h+h
Where L = 200 amperes, /, and I2 are only 100

amperes each. Figure 61 shows two batteries of

20 cells—the cells are in series and the two bat-

teries are in parallel. Remember that cells in

SERIES INCREASE THE VOLTAGE and CELLS IN PAR-
ALLEL INCREASE TIIe CURRENT.

Example 6 — Three vacuum tube filaments

rated at 0.3 ampere and 6.3 volts must be operated
on a 110-volt line. Obviously, the voltage is too

HIGH. Even connecting the tubes in series

—

Et '=. Ex E2 Eg

110 = 36.67 -f 36.67 + 36.67

gives a voltage of 36.67 volts per unit whereas each
unit is designed for only 6.3 volts. This means ap-
plying about six times the rated voltage to each
tube—they would burn out in a split second. A
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series, resistance will have to be added to the cir-

cuit to use up some of the excess voltage. The ques-

tion is—how MUCH resistance? You have a circuit

involving 110 volts and you must limit the current
by a resistor to 0.3 ampere.

BATTERY I -40 V.

Therefore, you will need a total of

—

R= j=^= 366.67 ohms of resistance.

You already have

—

R= j=^= 21 ohms of resistance in

each tube.

If they are connected in series, you have a total

resistance of

—

Rt = Rj R^ + Rs '

Rt = 2\ 21' 4- 21 = 63 ohms,
for the tubes.

If the tubes furnish 63 ohms out of a total re-

quirement of 366.67 ohms, the balance, R^^ is found
to be

—

lit = Ri Rs
366.67 = 63 +
Rg = 366.67 — 63 = 303.67 ohms.

This resistance would have to be furnished by the

resistor. The completed circuit would look like
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figure 62. Notice that the voltage is labeled at

a number of points in figure 62. This shows that
the voltage drops as the current goes through each
successive load. In other words, some voltage is

used up in pushing the current through each resis-

tance. The voltage drop in each case, is the differ-

ence in voltage between the two points.

You can prove this circuit. The voltage drop
(often called IR drop) across the resistor is

—

E= 1R = 0.^ X 303.67 = 91.1 volts

leaving which is found by the formula

—

Et — El E2
110 = 91.1 + E^
E2 = 18.9 volts

This is the total for the three tubes. They are in

series so each uses one-third of this 18.9 volts, or

18.9 -j- 3 = 6.3 V. which is the rated voltage.

PRACTICE

For practice, try to set up this circuit with the

tubes in parallel, and a limiting resistor in series.

Your circuit should look like figure 63.



BEFORE OR AFTER

Perhaps you are wondering if it makes any dif-

ference whether a limiting resistor comes before
or AFTER the load. Think about a garden hose. Does
it make any difference which valve you operate

—

the one at the meter, or the one at the side of the

house, or the one in the nozzle of the hose? Partially

RESISTOR

Figure 63.—Example 6—Parallel.

closing any one of these valves will limit the amount
of water flowing through the hose. Likewise, plac-

ing a resistance any place in a circuit will limit the

current through every load that is in series with

the resistance.

Circuit laws

Ohm’s law
E = IR

Power equation
P = El

Series circuits

E t — Ej ~t~ E^ “1“ Ejf etc.

It = h = Ig = Is, etc.

Rt — Ri “}“ Rsb ~\~ Rs, etc.

Parallel circuits

Et = El = Es = Es, etc.

It = h Is Is, etc.

l = ± + etc
lit JXl It2 Its
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CHAPTER 11

MAGNETISM
ITS HISTORY

An ancient legend tells us that nearly 5,000
years ago an Emperor of China had a small statue
of a man mounted on his chariot. This statue was
pivoted at the base and one outstretched arm
always pointed to the south. In those ancient times,

this action must have seemed truly miraculous

—

probably the Emperor used his statue more to

impress his subjects than he did to find his way.
This legend is the first report of man’s use of a
black or lead-colored stone called magnetite.
About the time of Christ, magnetite was redis-

covered by a Grecian shepherd. He noticed that the

iron of his staff was attracted to certain stones.

But for nearly another 1,000 years, no particular

use was made of this discovery.

In about the twelfth century the European
sailors used a crude form of compass. They carried
a piece of magnetite and a thin piece of iron aboard
their ships. By stroking the iron with the magnetite
and then floating the iron on a chip of wood in a
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bowl of water, these sailors made a rough but

serviceable compass. The iron had become mag-
netic and floated around until it stopped in a north-

south line. Because the stone, magnetite, furnished
the power of direction to the iron, it was called

LODESTONE—meaning ^fleading-stone.’’

The sailors didnT know anything about magnet-
ism. However, they did know how to use their com-
pass, and they also knew what it would do for

them.
Surprising as it is, modern science doesn^t know

much more about the lodestone than did the sailors

of the twelfth century. Modern science knows what
magnetism DOES, how it acts, and how to produce
it. But the “why” of magnetism is still in the realm
of theory.

ARTIFICIAL MAGNETS
Those old sailors on their wooden and canvas

ships made an artificial magnet every time they
stroked the sliver of iron with the lodestone. It was

Figure 64.—Natural and artificial magnets*

necessary to make an artificial magnet, because a

piece of magnetite has too many poles to be used
as a compass. Poles are points on a magnet where
the magnetism concentrates. Compare the nat-

ural and artificial magnets of figure 64. Notice
that they both attract and hold iron tacks only at

MO
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CERTAIN POINTS. These points are their poles. You
can see how impossible it would be to use the lode-

stone as a compass. It has so many poles, a sailor

would never know which one to follow. But usually

a sliver of iron has only two poles—and, as you

Figure 65.<-Making a magnet by induction.

know—lines up in a north and south direction.

Here are two fundamental facts about magnet-
ism

—

1. Magnetism is concentrated at points
CALLED POLES.

2. Artificial magnetism can be produced
‘ BY CONTACT WITH ANOTHER MAGNET. This

magnetism is called induced magnetism.

You can, and probably have, made magnets by
induction. Starting with any unmagnetized piece
of iron and steel, stroke it against a magnet. It is

necessary to always keep the motion in one direc-

tion. This means that on the back-stroke the IRON
must be lifted free of the magnet. Fi^re 65 ex-
plains just how this is done. Study the diagram and
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then try producing a magnet. Your knife blade and
an old horseshoe magnet are good materials.

Many times, mere contact between an unmag-
netized object and a magnet will produce induced
magnetism. For example, if you lay the blade of a
screwdriver across the poles of a magnet—^the

screwdriver becomes magnetic. This is a handy
thing to know when you have to place a screw in

some out of the way spot. Magnetize a screwdriver
and let it carry the screw where your fingers can^t

Figure 66.—Making a mognet by the coil method.

There is still a third method of producing in-

duced magnetism. If you coil wire around a bar of

iron and pass a current through the coil, the iron

bar will become magnetic. This is the method used

to produce the strongest artificial magnets. Figure
66 shows the production of an artificial magnet by
a current-coil.

Some materials make strong magnets—^but

many materials will not make magnets at all. The
materials which make good magnets are magnetic
SUBSTANCES. The materials which will not make
magnets are non-magnetic substances. Iron, of

course, is the most common magnetic material. It

makes a good magnet, but when it^s pure

—

soft
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IRON—^it quickly loses its magnetism. Soft iron,

therefore, forms only a temporary magnet. Mag-
nets made of hard steel containing iron and carbon
hold their magnetism almost indefinitely. They are
PERMANENT magnets. In recent years many alloys

of iron have been developed for making permanent
magnets. The best is alnico—a combination of
iron, aluminum, and nickel. In fact, nickel is a fair

magnetic material even when it is not combined
with iron.

Strong permanent magnets are used in com-
passes, electrical measuring instruments, tele-

phones, gasoline ignition systems, and radios. As a
matter of fact, magnetism is so closely connected
to electricity that if you are to understand the one
you must know about the other.

When a magnet is used as a compass, the pole (or
end) which points north is named the north-
seeking POLE. Or more simply, it’s usually short-

ened to just NORTH or + pole. (This -f has noth-
ing TO DO with current—DO NOT CONFUSE THE
TWO IDEAS.) The other pole pointing south is called

the SOUTH-SEEKING POLE—shortened to south or
— pole.

All magnetic poles are either N or S. Usually,
there is only one N pole at one end of the magnet,
and only one S pole at the opposite end of the

magnet.

MAGNETIC FIELDS

Magnetism is a force—and like mechanical
force, the force of gravity, and electromotive force

—it is invisible. You cannot see the push that sends
electrons along a wire; nor can you see the force

that pulls objects toward the earth. And you can-
not SEE the FORCE that a magnet exerts. Yet mag-
netic force is just as real as the force of gravity.

You have no doubt that there is a force of gravity
when you land on the deck after losing your foot-
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ing ! You have experienced the effects of the force

of gravity. You can also experience the EFFECTS

of magnetic force. Magnetic force acts like the

other forces you are familiar with. Study the dif-

ferent forces in figure 67.

FORCE OF GRAVITY E.M.R

MECHANICAL FORCE

Figure 67.—Forces as vectors*

Every one of these forces is represented by a

straight line arrow. This arrow tells you two

things—the head tells you the direction of the

force—and the line of the arrow, by its length, tells

you the strength of the force. Arrows used in this
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sense are called vectors. If you wanted to repre-

sent the collision of two ships by vectors, your dia-

gram would look like figure 68.

This diagram shows the direction of the ships^

headings and tells you that ship A has the most
force. Probably ship B got the worst damage.
These ships^ forces are easily recognized. You

can see and measure the exact heading of a ship.

But to ‘‘see^’ the heading and strength of invisible

magnetic force you must make the force visible.

And doing this is quite easy. Place the magnet
under a glass plate as in A of figure 69. Now
sprinkle iron filings over the plate. The attraction

of the magnetic force will cause the filings to line

up on the lines of force. Figure 69 B shows
clearly the strength and shape of the magnetic
force.

Iron filings do not indicate force direction

—

there are no arrow heads on iron filings. Even
today, scientists are not positive about the direc-

tion of the lines of magnetic force, so arbitrarily

they are said to go from the N pole to the S
POLE. Now, this gives you as much knowledge
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about magnetic force as you have about any force.

Magnetic forces can be represented by lines and
arrows the same as other forces.

Figure 70 shows the vector-picture of the mag-

Figure 69.—Magnetic field of force.

netic force of figure 69. This pattern of force is

called a magnetic field of flux, a magnetic
FIELD, a FIELD or a FIELD OF FLUX. There are three
important facts you should note

—

1. No LINES CROSS.

2. All lines are complete.
3. All lines leave the magnet at right

ANGLES TO THE MAGNET.

1 16

Digitized by Google Original from

UNIVERSITY OF CALIFORNIA



These three facts apply to all fields and all
COMBINATIONS of fields.

Magnetic lines are like rubber bands—they can
be stretched, distorted, or bent. But they always
tend to spring back into form. Also like rubber
bands—too much stretching will break lines of

force. Using fields of force as the basis of mag-
netism, you can understand the many charactei*-

istics and actions of magnets.

A B
Figure 71.—Unlike poles—flux pattern.

ATTRACTION AND REPULSION

Place two magnets under a glass plate with the
North pole of one next to the South pole of the

other. Now sprinkle iron filings over the plate. The
pattern of the iron filings is like figure 71 A.
The field pattern is shown in figure 71 .6.

This flux pattern shows that the forces of both
poles are in the same direction—they should pull

together. That two opposite poles are attracted is

proved by the diagram in figure 72. Notice that one
magnet is free to turn on its suspension string. The
poles of this free magnet are attracted to the

OPPOSITE poles of the stationary magnet.
Unlike poles attract !

Now take the same two magnets and turn one
around so that the two N poles are adjacent. The
flux pattern would look like figure 73. This pattern
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shows thafthe forces are in opposite directions
and oppose each other. The two magnets should
push apart. They do exactly that, as shown by
figure 74.

Like poles repel !

A B
Figure 73.-—Like poles—flux pattern.

PERMEABILITY AND RELUCTANCE

Let a bar of iron be placed in a magnetic field, as
in figure 75. Notice how the flux field concentrates
in order to pass through the iron. Flux always pre-
fers iron to air for a path. This is because iron has
a high PERMEABILITY. Which means it is easier for
flux to go through iron than it is for flux to go
through air. All magnetic substances—iron, cobalt,

nickel, and alnico—are highly permeable.
You may look at permeability this way—a field

of flux has a certain amount of force. Some of this

force is used up in going from the N pole to the S'

pole. If the flux must travel in air, a good deal of
the force is used up. But if it can travel in iron,
only a small amount of force is used up in traveling
through the more permeable substance. All mag-
netic machinery is made of iron or steel in order
to save as much of the flux strength as possible

Now let a piece of glass be placed in a magnetic
field as in figure 76. No change in the form of the
field takes place.' Glass is a high-reluctance (or
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low permeability ) material. That is, flux lines pass
through glass with difficulty. Air is also a high-
reluctance material. You might say that since both
glass and air are high-reluctance materials, the

Figure 75.—Permeability of iron.

flux lines don’t care which one they go through—

a

good proportion of the force is going to be ex-

pended in travel anyway. Paper, copper, and tin

are other high reluctance materials.

Notice—^All high-reluctance materials reduce
the strength of the flux field. If you want to waste
flux, use a high-reluctance material. For example,
compare the two magnets in figure 77. In A, the

flux travels through the high-reluctance air, and
the magnet will soon become weak because of the
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losses. But in By an iron keeper provides a low
reluctance path for the flux. This reduces the loss

of magnetic power and this magnet will remain
stronger much longer than the magnet in A.

Figure 77.—Keeper^reducing reluctance.

THE EARTH'S MAGNETISM

The earth’s core is a huge magnet, and surround-
ing the earth is the field of flux produced by this

core. An artist’s conception of what this core and
field look like is shown in figure 78. Notice that the
core is irregular in shape and is located at an angle
to the axis of the earth’s rotation. This accounts
for certain irregularities in the field’s pattern and
also for the “off-center” position of the magnetic
poles. The North and South geographic poles are
at either ends of the axis of rotation of the earth.

But the north magnetic pole is 10° south and 4°

east of the geographic pole. And the south mag-
netic pole is 18° north and 3° west of the geo-
graphic pole. This places the magnetic poles about
1,400 miles from the corresponding geographic
poles. You will see later that this off-set of the mag-
netic poles introduces an error, which must be cor-

rected for purposes of navigation.
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The earth^s magnetic field is just like the field

of any magnet—only larger and stronger. A
compass is simply another magnet. And the prin-
ciples of attraction and repulsion govern the earth
magnet and the compass magnet exactly as though
they were the two magnets of figures 71 and 73.

The earth magnet is considered stationary. There-
fore, the compass magnetos north pole is attracted

Figure 78.~Magnetic and geographic poles of the earth.

o the earth^s south pole and the compass’ south is

ittracted to the earth’s north. Which means that
he compass’ magnet, which is free to turn, always
loints north. The confusing part of this is that the

roRTH POLE of the compass points to the north
OLE of the earth. This apparently says “North
ttracts North.” Of course, this is not true. The
lagnetic pole near the north geographic pole is

CTUALLY A SOUTH MAGNETIC POLE. Common
sage has named this “the North Pole”—just

‘member that magnetically it’s a south pole.
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THE COMPASS

The compass itself is a strong magnet (or mag-
nets) pivoted at the center. In the small hand type

or pocket type compass, the magnet is pivoted on

Figure 79.—The pocket compass.

a hard metal point with a jeweled bearing. This
allows the magnet to swing freely and always line

up on the North-South line. Notice in figure 79
that the compass card is a part of the case—^it

Figure 80.—The spirit compass.

does not swing with the magnetic needle. In using
this compass, the N pole of the compass needle
(black or blue) always points to the South mag-
netic pole. (Remember that the south magnetic
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pole is near the north geographic pole.) You can
see that the accuracy of such a compass depends
upon the extremely small amount of friction at the

pivot bearing. The needle must be free to swing to

the attraction of magnetic poles. Most of these

compasses have a lock which lifts the needle free

of its bearing and holds it stationary when not in

use. This lock prevents damage to the bearing in

case of shock. •

Figure 81.^Compass on 170^ heading.

The metal-jewel bearing type of compass has the

marked disadvantage of jamming when the com-
pass is tilted. Jamming simply means that the

needle scrapes against the card and sticks. This
makes it practically useless for shipboard use be-

cause of the pitch and roll of a vessel. Figure 80
shows a SPIRIT compass used aboard ship. In addi-

tion to the metal-jeweled bearing suspension, the

compass floats in a liquid—usually water and alco-

hol. The liquid suspension dampens oscillation and
absorbs pitch and roll. The compass card, in this
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case, is attached to the magnets and turns with the

magnets.
The case of the spirit compass is marked with a

reference line which is parallel to the keel of the
ship. This is called the lubber’s line. The compass
card turns with the magnets and the N-S line of
the card is always on the earth’s N-S line. The
number of degrees between the N pole reading of
the card and the lubber’s line is the ship’s heading.
Figure 81 shows the compass of a ship on a course
of 170°.

Figure 82.—Agonic line.

VARIATION

There is only one line across the face of the earth
where a compass points to the true, or geograph-
ical, north pole. Figure 82 shows this agonic line.

If you are on the agonic line, your compass points

to both the geographic and magnetic poles. Figure
82 shows that if you are on the agonic line, you
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are lined up with both poles. Now, if you move to

right or left (east or west), you get out of this

magnetic-geographic line-up. Your compass would
continue to point to the magnetic pole, but it

would be at an angle to the geographic pole. The
amount of this angle is called the variation.
Through studies of all locations on the earth’s sur-

face, the variations are known and marked on
charts. Lines drawn through points of equal
VARIATION are isogonic lines. Figure 83 shows the
isogonic lines of the United States.

Figure 83.—Isogonic lines of U. S.

Say you were sailing in the northern part of
Lake Michigan. You would be on or near the agonic
line. Your compass would read true north

—

zero
VARIATION. Now move your ship to just off New
York Harbor. You would be on or near the 10°-west
isogonic line. Your compass would read 10° west of
true north—10° W variation.

CHANGES IN VARIATION

The exact amount of variation for each spot on
the earth is not a constant value. First, there is a
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slow, regular change throughout the years. And
charts showing the isogonics are revised every few
years to keep them correct. Then there are small,

sharp, temporary changes which may occur
throughout the day. When these daily variations

are large, they are probably caused by magnetic
STORMS. Magnetic storms are somehow connected
with sunspots or some other excitement on the sun.

DEVIATION

Variation is caused by influences outside the
ship or airplane. Deviation is caused by influences

Figure 84.—Compass deviation.

inside the ship or airplane. Large masses of iron
or pieces of electrical equipment—the hull, en-
gines, ^ns, motors, radios, and lights—all have
magnetic influence. They throw a compass off
because they compete with the earth^s field. By
experimenting, the amount of deviation is deter-
mined for every ship and airplane for all headings.
A chart is made up of the deviations and called a
deviation chart. Then the deviation is corrected
by adding the error to, or subtracting it from, the
compass reading.
A better method for correcting for deviation is
)MPENSATiON. In Compensation, a weak maernet- - Tig I Da; Qm ^
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outside the compass is placed just the right dis-

tance from the compass to cancel the deviation
effect. Say that the iron and steel in the engine of a
landing craft has a strong north attraction as in

figure 84. This pulls against the compass and
causes a large deviation. To compensate for the
engine^s magnetism, a small magnet will be
mounted near the compass with ite south pole

closest to the compass. Now the south pole of the

compensating magnet cancels the north-pole at-

traction of the engine. Usually compensating mag-
nets are mounted so that their position can be
shifted to compensate for various deviations.

Imagine how the compass “acts-up” on a tank land-

ing craft—20 to 50 tons of iron coming aboard
after the compass is all compensated!

Deviation causes so much error that on large

ships the gyro-compass is used. The gyro does not

use magnetism in its operation, therefore, devia-

tion can be ignored. However, regardless of the

advantages of the gyro, all ships are equipped with
a magnetic compass for stand-by service.

THEORY OF MAGNETISM

Theory helped you understand current and
theory may help you understand magnetism.
According to the accepted theory of magnetism,

every atom and molecule has a weak north pole

and a weak south pole. Actually that is saying that

atoms and molecules are tiny magnets.
In an ordinary piece of unmagnetized iron, the

molecules are jumbled together with no particular

arrangement. This condition would look like figure

85. Notice that the north poles (black) and the

south poles (white) cancel each other^s force. Now,
suppose you magnetize this piece of iron with the

north pole of another magnet. When you stroke the

magnet along the piece of iron, the strong north

Dioitized hpfieisfit^ nS^gnet attracts all the molecular south
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poles in the iron. The molecules shift around so that
their south poles point toward the magnetos north.

The molecules do not move from place to place but

Figure 85.—Iron—unmagnetized.

they do shift or turn. After each stroke, more and
more molecules are found to have shifted around
so that all their south ends are pointing one way

Figure 86.—Iron—magnetized.

and all their north ends the other way. The iron
bar’s molecules would now look like figure 86.

According to the laws of magnetism, flux goes

Dinitize
fj^ojfTthe Rorlkpole to the south pole. Considering
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each molecule as a magnet, the lines of force leave
the north pole of one molecule and enter the south
pole of the next molecule. This process continues
through the entire length of the bar. Finally the
lines of force leave the north poles of the molecules
at the end of the bar. This flux then re-enters the
bar at the opposite end. You have a magnet. The
magnet is strong because the lines of force all re-

enforce each other—they are all in the same direc-

tion. An ordinary bar of iron is made into a magnet
by the simple process of re-arranging its molecules.

You remember that this process is called induc-
tion.

Figure 87.—Magnetic poles in a broken magnet.

You can^t see molecules, so of course, this ex-

planation is a theory—but, there are a number of

facts to support this theory. If you break a magnet
into many pieces, as in figure 87, you will get many
small magnets. Notice that the polarity corre-

sponds to the theory that each molecule is a small

magnet.
If you hammer or heat a magnet, it loses its mag-

netism. You have shaken up the tiny magnets so

that they lose their alinement. Shaking the mole-

cules jumbles them up—you have an ordinary bar
of iron again.

m
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Figure 88 illustrates the process of inducing

magnetism. Compare “directions” inA and Note
that the polarity of the magnet being made de-

pends upon the direction of stroking. The mole-

cules are being dragged into position by the mag-

A B
Figure 88.—Polarity of induced magnetism.

net. Both magnetic attraction and movement
determine induced magnetic polarity.

SATURATION

When inducing magnetism, more strokes will

produce more magnetism. It seems that each stroke

forces more molecules into alinement. But—there

is a limit! For any given material, there is a point

beyond which the magnetism will not get appre-
ciably stronger. A magnet at this point is sat-
urated.

Saturation is like a sponge full of water. No mat-
ter how many times you dip it in the pail—it will

hold only so much water. Such a sponge is satu-
rated. A bar of iron that is magnetically saturated
is as full of magnetism as it can get. Probably all

the molecules that are able to line up, are lined

up. The saturation point differs for different mate-
rials. For example, iron has a higher saturation
point than nickel, likewise Alnico has a higher
saturation point than iron. The saturation point
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of a metal tells you exactly how strong a magnet
it will make.

RETENTIVITY

Some metals hold their magnetism a long time

—

in fact, almost indefinitely. Such magnets are called

“permanent magnets.” Others lose their mag-
netism rapidly. They are called “temporary mag-
nets.” Retentivity is the measure of a magnetos
permanence. All magnets lose their magnetism
sooner or later, but those which remain magnetized
for a long period of time are said to have a high
retentivity. And those which lose their magnetism
quickly are said to have a low retentivity.

The magnetism which remains in a magnet,
after magnetization has ceased, is residual mag-
netism. Materials which have a high retentivity

have more residual magnetism after a given time.

Permanent magnets for meters, compasses, radios,

and magnetoes must have a high retentivity. They
are usually made of hard steel or alnico.

SUMMARY
Radios, radar, electrical meters, motors, genera-

tors, automatic switches and many other lands of

electrical apparatus depend for their operation on
electricity and magnetism. In fact, electricity or

magnetism alone—one without the other—is sel-

dom found in a machine. Because magnetism is so

important in electricity, the following table re-

views the most important terms in this chapter.

Term
Poles .

.

Attraction

^pulsion
. |.

.
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IMPORTANT MAGNETIC TERMS

Meaning
....The concentration of the lines of

force— the strongest magnetic
point.

. . . .All unlike magnetic poles attract

each other.

.... All like magnetic poles repel each
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Flux, magnetic field,

field of force The force pattern of a ma^et

—

represented by lines showing di-

rection and strength of force.

Induction Re-alinement of molecules in mag-
netic substances to produce a
MAGNET.

North Pole The pole at which the magnetic
force leaves the magnet.

South Pole The pole at which the magnetic
force re-enters the magnet.

Permanent magnets. .Magnets which retain their mag-
netism a long time—^years.

Temporary magnets . . Magnets which lose their magnet-
ism after a short time—^minutes
or days.

Complete path All magnetic lines leave a north
pole and enter a south pole.

Magnetic lines Magnetic lines never cross mag-
netic lines; two lines may blend
together, add together, or cancel
but they cannot cross.

Magnetic substances . . Materials which can be magnetized
—high permeability substances.

Non-magnetic
substances Materials which cannot be magnet-

ized—high reluctance substances.

Reluctance The amount of resistance offered to
the passage of lines of flux.

Permeability The ease of passage of flux.

Saturation The holding of flux—^the limit of
magnetic strength.

Retentivity The property of retaining magnet-
ism after magnetization has
stopped.

Residual magnetism. .The magnetism left in a magnet
after magnetization has stopped.
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CHAPTER 12

ELECTROMAGNETISM

WHAT IT IS

Now take a look at still another type of magnet.
It is LIKE a natural or artificial magnet in its

attraction but unlike in its control. Its attraction
is tremendous—it can hold tons of iron. But be-

cause this magnet is powered by an electric current,
the magnetism can be turned on and off with the
flick of a switch. Electrically-powered magnets are
called ELECTROMAGNETS.

Electromagnets come in all sizes and shapes

—

and do all kinds of jobs. See the lifting magnet in

figure 89. All electromagnets use a coil of wire and
a core of iron to produce their magnetism. The coil

furnishes the magnetic flux and the iron concen-
trates it. To understand how it works, you should
start with

—
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THE MAGNETIC FIELD AROUND A CONDUCTOR

All conductors carrying current are surrounded

by a field of flux. As in the case of artificial mag-

nets, iron filings will make this field visible.

Connect a wire to a battery and, as in figure 90,

dip the wire in iron filings. The filings are at-

tracted and held to the wire. This is proof of a

Figure 89.—Lifting electromagnet.

magnetic field. Now open the circuit—the filings

drop off. This is proof that the field exists only
WHEN CURRENT IS FLOWING.
Now run the conductor through a piece of card-

board as in figure 91. Connect the wire to a battery

and sprinkle iron filings on the cardboard. The
filings outline the exact shape of the field. Two
characteristics stand out; the field is circular

around the conductor, and, no lines cross. If you

moved the cardboard to other parts of the wire,

you^d find that the field surrounds the wire
FOR ITS ENTIRE LENGTH.
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Figure 90.—Mognetism produced by current.

The magnetic field around a conductor is like

the apprentice electrician—going around in cir-

cles. But—magnetic circles are always in the same
direction. Place compasses around the conductor
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as in figure 92. All the compasses point in a clock-

wise direction. This shows that the lines of force

are clockwise.

Leave the compasses in place and reverse the

current direction (switch battery connections).
All the compasses reverse—now pointing in a coun-
terclockwise direction. The direction of current
DETERMINES THE FLUX DIRECTION,

1

THE COIL HAND RULE

Magnetic fields around conductors are subject

to frequent reversal by reversing current. And
there is an easy and foolproof rule which connects

the field direction and the current direction.

The wire hand rule is illustrated in figure 93. It

says

—

Grasp the wire in your left hand so that
THE THUMB POINTS IN THE DIRECTION OF CURRENT
FLOW. Your fingers will then point in the
DIRECTION OF THE FLUX FIELD.

Or

—

Grasp the wire with your fingers in the
DIRECTION OF THE FLUX FIELD. THEN YOUR THUMB
WILL POINT IN THE DIRECTION OF CURRENT FLOW.

This rule is used to tell flux direction if you know
the current direction. Or, it will tell current direc-

tion if you know flux direction.

Imagine that you have determined flux direction
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with a compass. By using the wire hand rule you
can tell which way the current is flowing—and
consequently, you can tell whether the wire is con-
nected to the positive or negative terminal of the

source. Likewise, if you know which terminal the

Figure 93.-*The coil hand rule.

^vire is connected to—^you can use the wire hand
rule to tell the direction of the flux field around
the conductor.

Di;

MARKING CURRENT DIRECTION

I

An arrow is usually used to mark current direc-

jtion. This works fine on a long section of wire. But
tn diagrams where cross sections of wire are used,

jttric^''yie\v^«Lihe arrow is employed.oCompare
* e twd^S^wag^in A of figure 94 The- wjfornia
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WARNING

Years ago, Benjamin Franklin jumped to the con-

clusion that the direction of an electrical current
is from positive to negative. Modern experiments
have shown the real movement to be that of elec-
trons—from NEGATIVE to POSITIVE. Nevertheless,
Franklin’s theory is still used in many electrical text-

books and in some Navy manuals.
If you run across the old theory, don’t let it con-

fuse you. In those cases where you find that current
is traced from positive to negative, simply use the
OPPOSITE HAND from the one used in this book. Your
answers will then be correct.
And throughout this book all explanations are

based on the present-day idea—^that electron flow is

from NEGATIVE to POSITIVE.

ing shows an arrow coming out of the wire. If

you cut this wire, making a cross-section, youM
see just the head of the arrow coming out of the
wire—bottom drawing. This is the label for cur-
rent coming OUT of a cross-section. The current
direction is reversed in figure 94-5. With this cur-
rent direction, a cross-section of the wire shows
the feathered tail of the arrow just disappearing'
down the wire. This is the label for current going
IN a cross-section.

Figure 95 shows cross-sections of two wires.
Both fiux direction and current direction are
labeled. Use the wire hand rule to check these labels.
Your thumb should point down into the page for
the right-hand drawing. And it should point up
out of the page for the left-hand drawing.
Flux around a conductor consists of closed cir-

cular lines. These lines start as a dot in the center
of the wire. As current commences to flow the cir-
cles expand from this dot. It's like the ripples made

larger th^

civpaiiu uuu it s iiiie tlie Iippies J

^ a stone dropped in calm waterorThe large
.toifcfe. 1-^imore and the larg^^| l/h^ ripples. The^



the current, the more the lines of force, and the
larger the field. Flux is said to ^‘blossom out” from
the heart of a conductor. Hence, the strongest part

(A) (B)

Fi9ure 94.—Dot-cross mothod of indicating curront diroction.

Figure 95.—Flux directions—cross-sections.

of the field is close to the conductor and the weak-
est part is farthest away. This is logical—the

farthest fiux has been weakened by traveling

through air, which has a high reluctance.

I4t
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1
FIELDS PRODUCED BY COILS

A single conductor produces a field—^but no
poles. And poles are important because machines
make use of these points of flux concentration. To
produce poles, bend the straight conductor of figure

95 into a loop. Now it looks like figure 96. Use the

wire hand rule at a number of points on this loop.

Figure 96.—Magnetic polarity of a loop.

You will find that the flux blends together in the

center of the loop. This produces a north pole on

one side of the loop and a south pole on the other

side.

If a number of loops of wire are combined, as

in figure 97, you have a helix coil. Again the flux

blends together in the center of the coil. You’d
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Figure 97.—Magnetic field of a coil.

expect this coil to produce much stronger poles
than those of a single loop. It does. Again, check
flux direction at a number of points on this helix

coil. Notice that coiling the wire forces most of the
flux to CONCENTRATE at the ends of the coil. There
would be the same total flux if the wire were
straightened out—^but it would not be concen-
trated.

You can use the wire hand rule you already
know for determining coil polarity. Or you can
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use another hand rule for coils. This second coil

hand rule states

—

Grasp a coil in the left hand so that the
FINGERS POINT IN THE DIRECTION OF CURRENT
FLOW. Then the thumb points to the north
POLE END OF THE COIL.

Figure 98 shows the difference in polarity for

both current directions.

AMPERE-TURNS

If a very strong magnetic coil is wanted, more
turns of wire are built up in layers. This produces
a SOLENOID COIL. Now you have three types of coils.

The single loop which is magnetically weak. The
helix coil which is moderately strong, and the

solenoid coil which is very strong. Notice that

the magnetic strength of a coil depends on the

number of turns of wire. For example, say that
each turn produces 1,000,000 lines of force. Then
a one-turn coil would produce poles having 1,000,-

000 flux lines. A ten-turn helix would produce poles
having 10,000,000 flux lines. And a 150-turn sol-

enoid would produce poles having 150,000,000 flux

lines.

The idea that the flux increases in exact propor-
tion to the number of turns of wire is used for all

practical purposes, but, it is not quite correct. Some
lines of force are lost in any coil l^cause of the high
reluctance air gap. Therefore, the total strength
of the many-turn coils is a little less than the cal-

culated strength.

Now suppose you took one of the helix coils—say
the 10-turn helix — and doubled the current
through the wire. Since the turns are in series, the
current would double in each turn. Twice as much
current produces twice as much flux. Now the 10-
farmcoiLwAuld have poles of 20,000,000 lines per
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Figure 99 shows two coils of equal flux strength.

A has 10 turns and 5 amperes ;
B has 20 turns and

2V^ amperes. A has twice as much current but B
has twice as many turns.

10 TURNi 20 TURNS

S X 10 <50 AMPERE-TURNS i/z ^ 20*80 AMPERE-TURNS

A B
Figure 99.—Equal ampere-turns.

The strength of coils is measured in ampere-
turns (NI—the N for the number of turns and
the I for the amperage). The number of ampere-
turns can be determined by multiplying the coil

current in amperes by the number of turns of wire.

Strong coils can be made in two ways—either

use a heavy current or put many turns on the coil.

Here are two coils of equal strength : (1) has 1,000
turns and 0.1 amperes, (2) has 10 turns and 10
amperes. Both coils have 100 ampere-turns.

CORES-FLUX SAVERS

How can the air gap losses of a coil be reduced?
You know that air is a high reluctance material,

so simply substitute a low reluctance material for
the air. Iron is the best material because of its high
permeability. A bar of iron shoved down the center
of a coil, makes it an iron core helix or solenoid.

Often, iron-core coils are made by winding the wire
directly on an iron bar. The iron, because of its

high permeability concentrates the flux within
itself. Then the poles appear at the ends of the iron.

Almost all commercial coils are iron-core solenoids.

Figure 100 has eight iron-core coil problems.
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(E) X TO NEGATIVE

(F) X TO NEGATIVE

X TO POSITIVE

(H) X TO POSITIVE

(A) NORTH

(B) SOUTH

(C) SOUTH

(0) SOUTH

Figure 101.—Answers.

Problems (a)f (b), (c)y and (d) show terminal
connections of the coils, but no polarity. How would
you label the poles? Problems (e)y (f), (g), and
(h) shows polarity but no terminal connections.
How would you connect the lead wires—to positive

or negative? Figure 101 is the answer table. Belay
THE PEEKING Until youVe tried to get your own
answers

!

Do you recall, back in figure 66, how an artificial

)Qle
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magnet was made by a coil. This was an iron core

helix. The iron core became the artificial magnet

when removed from the coil. The magnetism held

by the core was residual magnetism left from the ,

magnetic field of the coil.

The field magnets of a motor are electromagnets

—solenoid coils with iron cores. In figure 102 trace

the path of the magnetic lines of force. Start at

the N poles, the lines leaving these poles split-

half going to the top S pole and half going to the

bottom S pole. The flux travels through the S pole

electromagnets and out theirN pole ends. (Use the

coil hand rule to locate the N poles). From the N
pole ends of the top and bottom magnets, the flux

travels through the iron of the frame and back to

the south poles of the side magnets, and again out

the N pole ends. Notice two things—the flux path

is a complete circuit and the air gap is reduced to

a minimum by using the iron frame as part of the

magnetic circuit.

Figure 103 shows a cross-section of the same
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electromagnet pictured in figure 89 at the begin-
ning of this chapter. Can you understand its con-
struction now? A double-sized N pole is set up by
the coil, and one-half of the flux from this N pole

enters each of the S poles. When the magnet is un-
loaded, the flux travels in air. But when the magnet
is loaded the flux travels through the scrap iron

—

holding the iron to the magnet. An armature is

a piece of iron used to complete a magnetic circuit.

The scrap iron acts as an armature in this electro-

magnet. THE SUCKING COIL

Have you ever wondered how an apartment
house door is opened by pushing a button in one of
the apartments? How about door chimes? Do you

Figure 104.—Electric door chime.

know how they work? Do you understand the
action of automatic switches? All these and many
other devices use an electromagnet and a movable
core.

When a solenoid coil is energized, it sets up a
strong field. Any iron near this field has a strong
pole induced. This pole is always opposite to the

closest pole of the coil—setting up a strong attrac-

Digitized by

149

Original from

UNIVERSITY OF CALIFORNIA



tion between the iron and the coil. If the coil is just
started into one end of the solenoid, the magnetism
will jerk it all the way into the coil. Doors are un-
locked by making a part of the bolt the core of a
solenoid. When the coil is energized, it sucks in the
core (bolt) and the door is unlocked.

In a door chime, the hammer which hits the
chime is attached to the core of a solenoid. The
core is below the solenoid as in figure 104. When
the solenoid is energized, the core is jerked upward
carrying the hammer with it.

The circuit breaker—an automatic switch used
for opening overloaded circuits—is shown in figure

105. This device is connected in series with the

line. Normally, the contacts are closed but if the

current rises over its safe rating, it makes the

magnet strong enough to pull its armature against
the core. This opens the contacts which had been
completing the circuit. The circuit-breaker serves

the same purpose as a fuse—^protecting circuits

from overload. It is better than a fuse because
nothing burns out—the circuit breaker can be
reset and used over and over again.
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CHAPTER 13

INDUCTION

MAGNETISM TO ELECTRICITY

In the last chapter you witnessed the production
of a MAGNETIC FIELD by an ELECTRIC CURRENT.
This illustrated one-half of the tie-up between
electricity and magnetism. The other half of the

picture is the production of an electric current
by a MAGNETIC FIELD.

HOW irs DONE
Set up a magnetic field from a horseshoe mag-

net—cut through this field with a conductor. A
voltage is induced in the conductor. That’s the gist

of producing a current from magnetism. But, for
a complete understanding of this process, you’ll

have to first know something about a galvanom-
ETER.

The galvanometer is a sensitive meter which
measures very small currents. It is used instead of
an ammeter when the value of current is small
enough to be measured in microamperes or milli-

amperes. You would use this instrument to measure
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1

the small current produced in cutting the field of

ONE magnet with ONE conductor.

I
CONDUCTOR MOTION

I DOWNWARD

Figure l06.-*lnducing emF—downword motion.

Set up the circuit shown in figure 106—^you are

ready to produce a current from magnetism. No-
tice that when the conductor is forced downward
through the field, the galvanometer is deflected to

the right, which indicates that the current of the

conductor is IN. Now, as in figure 107, force the

conductor upward through the magnetic field. The
galvanometer is deflected to the left, which indi-

cates that the current of the conductor is out. The
fact that the direction of galvanometer deflection

REVERSES for a reversal of the direction of flux

cutting by the conductor shows that

—

The direction of the induced current de-

pends ON THE DIRECTION OF FLUX CUTTING.

Currents which are produced by a conductor
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cutting magnetic lines are called induced cur-
rents. Actually it is not current which is induced.
Nothing can create current because current is elec-

trons and electrons are matter. You cannot create
nor DESTROY, matter. What really happened is this
—cutting the lines of force transferred some of
the magnetic energy to the conductor. This energy
then became an emf—an induced emf. The in-

CONOUCTOR MOTION
UPWARD

Figure 1 07.^1nducing emf—upward motion.

duced emf forced the electrons (already in the
wire) to flow. It^s perfectly ok to call it induced
current so long as the emf is INDUCED emf. Most
electricians make use of the term “induced cur-
rent” and it has become pretty well accepted. Just
another one of those things

!

Compare A and B of figure 108. These diagrams
differ in two ways

—
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(1) A has the N pole on the left and B has the

N pole on the right. This means that flux

is travelling to the right in A and to the

left in B, Check it

!

(2) The induced current in A is IN and the

induced current in B is out. Connect these

two items together and you have

—

The direction of the induced current de-

pends ON THE DIRECTION OF THE MAGNETIC
FIELD.

CONDUCTOR MOTION CONDUCTOR MOTION

This makes three “directions^' involved in the

process of inducing an emf

—

(1) The direction of the conductor in cut-

ting flux.

(2) The direction of the flux field.

(S) The direction of the induced emf.
All three “directions" are inter-dependent, and

are connected together by another hand rule—the

generator hand rule.

The GENERATOR HAND RULE states

—

' Place the thumb, first,and middle fingers

OF THE LEFT HAND ALL AT RIGHT ANGLES TO

EACH OTHER (Figure 109). Now, the first

FINGER POINTS IN THE FLUX DIRECTION, THE

THUMB POINTS IN THE DIRECTION OF THE

MOTION OF THE CONDUCTOR, AND THE MIDDLE
FINGER POINTS IN THE DIRECTION OF THE

INDUCED EMF.
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Figure 110 illustrates three examples of chang-
ing one of the directions. Note that the direction of
emf changes every time either the conductor mo-
tion or the magnetic field changes direction.

The generator hand rule tells you the third ‘‘di-

rection” anytime you know the other two “direc-

tions.” Sometimes it will be difficult to get your
fingers lined up with the known directions. Just

Figure 109.—Fingers in the generator hand rule.

remember that it makes no difference if you face
the conductor, stand to one side of the conductor,
or turn your back to the conductor. As long as your
thumb points in the direction of motion, your first

finger in the direction of the fiux, then your middle
finger must point in the direction of the induced
emf. Stand on your head if you must—but get those
fingers lined up ! It might help you to construct a
drawing like figure 111. Draw a circle for the
cross-section of the conductor. Then run arrows
out in the direction of the fiux and the motion. You
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can apply the generator hand rule directly to the
diagram. Your middle finger tells you whether a
• or a -f- goes in the cross-section of the wire.

MOTION
A

FLUX

MOTION

FLUX

Figure 111 .—Model for the generator hand rule.

STRENGTH OF INDUCED EMFS

What would happen if an electromagnet replaced
the artificial magnet in producing an induced emf?

It's perfectly clear that the electromagnetic field is

stronger. Therefore, the wire cuts more flux

—

and a stronger emf is induced.

It has been calculated that 100,000,000 lines of

flux must be cut per second to produce one volt.

Now it’s time to do a little mathematical thinking.
If 100,000,000 lines cut per second would produce
one volt, then 200,000,000 lines cut per second
would produce two volts—and so on. In order to

produce 10 volts, it would be necessary to cut

1,000,000,000 lines per second. The key to under-
standing this is in the term, per second. What
methods can be used to cut more lines per second?
There are three: (1) cut faster, which simply
means speeding up the moving conductor (2) put

Digitized by

157

Original from

UNIVERSITY OF CALIFORNIA



Digitized by

more lines there to be cut, which means increasing

the magnetic strength, or (3) cut with more than

one conductor, that is, coil the conductor so that

many turns of wire cut the field.

Many generators employ the speed-up principle

to increase voltage output. This explains the in-

creased output of an automobile or a motor-launch
generator when the engine is raced.

The MAGNETIC FIELD STRENGTH can be increased

by two methods—either increase the current

through the coil or put more turns on the electro-

magnet. Either method increases the Ni of the coil

and you know that the magnetic strength of an

electromagnet depends on the number of ampere-
turns.

When a conductor is coiled each turn is in

series with the other turns. Therefore, voltages

add. Suppose one conductor cutting a field produces
10 volts. This same conductor, coiled into 5 turns,

and cutting the same field produces 50 volts.

MUTUAL INDUCTION

‘‘Mutual” means that something is shared.

Mutual induction means that two circuits share

the energy of one. An example of mutual induction

is pictured in figure 112. Coil A is the primary
circuit and gets its energy from the battery. Coil A
changes the electrical energy of the battery into

the MAGNETIC energy of a magnetic field. Then this

field is cut by coil B (the secondary circuit), in-

ducing a voltage. And the galvanometer registers

the current produced by the induced emf.
Here is an interesting fact—the induced voltage

MIGHT have resulted from moving coil B through
the flux—but NOT necessarily. When the switch

to A was open, A had no current and no field. But

as soon as the switch was closed, current surged
through the coil and a field blossomed out. This

moving field “breaks itself” across the wires of coil
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B—thus lines are cut and a voltage is induced,
WITHOUT MOVING COIL B, It only takes a fraction
of a second for the field to become stationary at
its maximum size—cutting stops and induction
ceases—the galvanometer returns to zero. If the
switch is opened, the field collapses back to the
wires of coil A. Again the field breaks itself across

WWW
c.

c

c

Q.

c

B

the wires of coil B. The galvanometer deflects, but
in the opposite direction, indicating that the in-

duced voltage has reversed direction. The impor-
tant point here is that induction occurs only when
the field is moving—either building up or collaps-

ing. This principle of holding the coils steady and
forcing the field to move is used in all make-break
circuits. The spark coil and distributor points of a
gasoline engine is a make-break induction circuit.

Review the circuits of figure 112. Did you notice
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the rheostat R in the primary circuit? When the

switch to coil A is closed, the coil’s current rises to

its 7 = ^ value. The field becomes stationary. But

for any change in R, the current also changes. And
for every change in current, there is a correspond-
ing field change. Suppose the resistance of the

rheostat is decreased—current increases. The flux

expands and cuts across coil B inducing a voltage.

Now suppose that the resistance of the rheostat is

increased—the current decreases. The flux con-

tracts and again cuts across coil B inducing an
opposite voltage.

All of the examples used in connection with fig-

ure 112 illustrate mutual induction. You can
always spot a mutual induction set-up by its two
circuits. One circuit—the primary—^gets its energy
from a voltage source (generator or battery) and
the other circuit—the secondary—^gets its energy
by induction from the field of the primary.
Two methods of mutual induction stand out

—

(1) Move the seconda^ coil through the field

of the primary coil.

(2) Cause the field of the primary to fluctu-

ate, thus breaking it across file conduc-
tors of the secondary.

LENZ'S LAW
There are four diagrams in figure 113. Each suc-

cessive diagram adds to the complete picture
shown in D. The first diagram, A, shows a conduc-
tor at rest in a stationary magnetic field. The sec-

ond diagram, B, shows this conductor moving as a

result of a downward push. Note that two items
have been added—the downward push and the

resulting induced current in the conductor. Any
CONDUCTOR CARRYING CURRENT HAS A FIELD OF ITS

OWN. This conductor is no exception. The generator
hand rule proves this field to be in a counterclock-
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wise direction. The third diagram, C, shows the
field of the conductor only. There are two fields

involved—the one from the magnet and the one
from the conductor. The first is a straight line

field travelling from the N pole to the S pole. The

N s

A

Figure 113.

DOWNWARD PUSH

N s

B

DOWNWARD PUSH

1

N

1g S

UPWARD REACTION
OF WIRE

D

second is a circular field surrounding the con-
ductor.

Magnetic lines never cross. Therefore, the lines

of these two fields must either blend together pro-

B REENFORCEMENT

Figure 1 14.—Conductor's and magnet's fields.

ducing a strong resultant field or else they must
CANCEL each other producing a weak resultant
field. A of figure 114 shows what happens above
the wire. The two magnetic fields are meeting
head-on. It^s like two autos meeting head-on—the
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forces cancel each other. The cancellation of flux

lines results in a weak field above the conductor.
B of figure 114 shows what happens below the

wire. The two magnetic fields are blending to- .

gether. It’s like two autos meeting front to rear

—

their forces add. This addition of flux lines results

in a STRONG and bent field below the conductor.
There is a weak field above and a strong bent

field below the conductor. Remember that flux lines

are like rubber bands—they tend to spring back
into shape. But, before the distorted lines below the
conductor can spring back into shape, they must
push the conductor up out of the way. D of figure

113 shows ALL the conditions present during induc-
tion. Better review them

—

1. The distorted field resulting from the com-
bination of the straight field of the poles and
the circular field of the conductor.

2. The downward force added by a push on the
conductor.

3. The upward force which results from the
distorted field. This upward force opposes the
downward push.

Numbers 2 and 3 above are of prime importance.
They tell you that whenever you add a push to
move a conductor in a magnetic field, there is in-

duced a current which sets up a field that tries to
move the conductor back against the push. This is

Lenz’s law

—

In all cases of electromagnetic induc-
tion, THE DIRECTION OF THE INDUCED EMF IS

SUCH THAT THE MAGNETIC FIELD SET UP BY THE
RESULTING CURRENT TENDS TO STOP THE MO-
TION PRODUCING THE EMF.
Let’s see what this means in everyday English.

Suppose you try to push a conductor UPWARD
through a magnetic field. Immediately the induced
current sets up a field that tries to push the con-
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ductor DOWNWARD. The force you use in the up-
ward push must buck the magnetic downward
push. If you push harder, the conductor goes
faster. But this only produces more induced cur-
rent and a stronger conductor field. Consequently,
there is a stronger downward force to buck your
stronger upward force.

You might state Lenz^s law this way

—

For every force there is an opposite force
SET UP WHICH TENDS TO CANCEL THE FIRST
FORCE.
The whole business of Lenz’s law is quite reason-

able. Look at it this way. You want to increase an
induced voltage from 50 volts to 100 volts. In short,

you want to double the output. If you want twice
as much output you’re going to have to furnish
twice as much input. You’ll have to push twice as
hard against the conductor to get your 100 volts.

Have you ever heard a motor-driven welding
generator? When the welding arc is struck the
motor whines and labors. Lenz’s law is working.
The arc increased the output load and the motor is

working against the increased opposing force
which was set up by the increased load. The motor
must increase its input to balance the increased
output of the arc.

SELF INDUCTION

There are only three items required to generate
an induced voltage

—

(1 ) a conductor, (2) 2̂ mag-
netic field, (3) motion between the conductor and
the field. These three items give you lines of
FORCE CUT BY A CONDUCTOR. Look at figure 115

—

are these three items present in this circuit?

Conductors?—The coil has plenty of them.
Magnetic field?—The coil sets it up whenever
current flows.

Motion?—Occurs only when the field is mov-
ing.
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And to make the field move, you’ll have to expand
it or contract it by changing its current. It’s easy
to make the coil induce a voltage in itself by
opening and closing the switch. This kind of induc-
tion is called self induction. And here is how it

works. At the instant the switch is closed the cur-
rent starts and magnetic lines expand from the
center of each conductor. As these lines blossom

outward, they are cut by the other conductors of
the coil. An emf is induced in each conductor
cutting flux.

Figure 116 shows an enlargement of only two
turns of the coil in figure 115. Flux is pictured
blossoming out, from one of the turns. Notice how
these lines are cut by the next turn. Now, apply-
ing the generator hand rule, determine the direc-

tion of the induced voltage. It’s easier to use the
rule on a cross-section of the coil like figure 117.

Flux direction is down (first finger). Motion is to

the RIGHT (thumb). (Attention—the flux is

moving across the conductor to the left—the
effect is AS though the conductor were moving
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Figure 116.^Self induction in one turn.

to the right). Induced voltage is out (middle
finger) . It means exactly what it say&—the induced
voltage OPPOSES the flow of current.
What happens when the switch is opened? The

field collapses and cuts across the conductor in the
opposite direction. Because the direction of motion
has reversed, the induced emf is now in. Thus, in a
collapsing field, the induced emf aids the flow of
current.
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These are the characteristics of self-induction

—

1. Any coil will induce a voltage in itself when-
ever its current value changes because
current controls the size and strength of

the field.

2. When the current is increasing (field ex-

panding), the induced emf opposes current
fiow.

3. When the current is decreasing (field con-

tracting), the induced emf aids the current
flow.

This, after all, is another manifestation of

Lenz^s law. The first force is applied voltage (from
a battery) . The second force is the induced voltage.

The induced voltage opposes the applied when the

current is increasing and aids the applied when
the current is decreasing. Thus the induced voltage

opposes any changes in the current value.

The voltage of self induction can be very trou-

blesome. Imagine that you are operating the switch
controlling the field coils on a large motor. These
coils have thousands of turns. When the switch is

closed, the voltage of self induction does little

damage. It opposes the increase of current flow for
an instant (perhaps 0.1 second)

,
but as soon as the

field is built up and stationary, the induced volt-

age ceases. On the other hand, when the switch is

opened, the field rapidly contracts. The induced
voltage on collapse may be hundreds of times as
strong as the applied voltage. This tremendous in-

duced voltage drives current across the opening
switch terminals in the form of an arc—^it can
burn both the operator and the switch very badly.
All switches subject to high induced voltages are
protected by discharge rheostats to absorb and dis-

sipate the induced voltage, which might otherwise
cause dangerous arcs.
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PULSATING CURRENT

So far in this book, current has been understood
as a STEADY flow of electrons. Apply a voltage—it

pushes steadily—current flows in a steady stream
of electrons. Technically, this type of current is

known as direct current (D.C.).

Telephones, ignition coils, and radios make use
of a special type of direct current. By means of

rheostats, or make-break switches, the current is

alternately turned on and off. This results in a
PULSATING D.C. Pulsating d.c. is like the blood in

your body. The blood gets a push (or pulsation)
every time your heart beats. In a circuit this means

(A) (B)

Figure 1 18.—Pulsating d.c.

that the current flows in surges. The surges may
be all of the same strength and regularly spaced, or

they may be of varying strength and irregularly

spaced. The exact type of pulsating d.c. depends on
the electrical machinery producing the pulsations.

Figure 118 is two graphs of pulsating d.c. A is the

current in a gasoline engine ignition coil. It is reg-

ular and the surges are of equal strength. B is the
current in a telephone circuit. It is irregular and
the surges are unequal.
When pulsating d.c. is fed into a coil, its mag-

netic field does some tricky things. Every time the

current goes up the field expands, and every time
the current goes down the field contracts. In short,

the field is almost constantly in motion. And mov-
ing fields produce a lot of induced voltage. Pulsat-
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ing d.c. produces a field like that of a closing and
opening circuit switch

—

only—it is much more
rapid.

In mutual induction, if the primary is energized
with pulsating d.c., the secondary is alternately cut
by the expanding and contracting flux. This pro-
duces a high induced voltage on the secondary coil.

In the gasoline engine ignition coil, pictured in fig-
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Figure 1 19.^Gasoline engine ignition coil.

ure 119, the primary circuit is energized from a
6-volt battery through the make-break switch of
the distributor points. When the points close the
flux field expands, and when the points open, the
field rapidly collapses. This collapse is so rapid
that the induced voltage in the secondary is often
20,000 VOLTS. This high voltage is used in jumping
current across the air gap at the spark plugs. If

youVe ever inadvertently taken the ‘‘poke’^ off a
spark plug you know it^s plenty hot

!

In self induction, a coil carrying pulsating d.c.
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is a confusing mixture of current values, applied
voltage values, and induced voltage values. Sim-
plified, it^s like this—when the current is on the

increase, the voltage of self induction opposes the

applied voltage. This makes the net voltage (ap-

plied minus induced) low and the current is slow
in building up. But on collapse—the field cuts in

the opposite direction and the induced voltage aids
the applied. This makes the net voltage high and
produces a surge of current. Surging current is

dangerous and must be guarded against with
shields, insulators, and resistors. The ordinary
coils of a small electrical motor may produce one
or two thousand volts of self induction if their

feeder circuit is opened rapidly.

ALTERNATING CURRENT

Direct current, either pulsating or regular, is a
ONE WAY flow of electrons. A two way flow of

electrons—a current which first flows in one direc-

tion and then reverses and flows in the opposite
direction—is an alternating current (A.C.).
Alternating current voltage cannot be obtained

directly from batteries, but usually originates in a
special kind of generator called an alternator.
The alternator starts out with a zero voltage. It

then builds up a voltage which pushes in the posi-

tive DIRECTION. This positive voltage increases
until the maximum is reached, then decreases
again to a zero value. The voltage then builds up
again to a maximum value, but in the negative
DIRECTION, then decreases to zero. The period of
time required to go from zero, to positive maxi-
mum, to zero, to negative maximum and again to

zero is called a cycle. And the number of cycles

occurring per second is the frequency.
Fi^re 120 is a graph of one cycle of a.c. voltage.

In this graph the voltage strength is measured on
the ordinate and the time of one cycle is measured
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1

on the abscissae. Point 1 is the beginning of the

cycle—^zero voltage. From point 1 to point the

voltage steadily increases from 0 to 10 to 20 to 30
to 40 to 50 to 60 volts. Point 2 is the positive maxi-
mum (60 V.). Between points 2 and 3 the voltage

decreases to zero in the same steady fashion that it

built up. From point S to point 4 the voltage rises

again, but in the negative direction. Point ^ is the

negative maximum—again 60 volts. Between

points If and 5, the voltage falls back to zero. Usu-
ally a cycle takes a lot less time to happen than to

tell about—normally about ^th of a second. A

cycle takes ^th of a second when the frequency

equals 60—because a frequency of 60 means 60

cycles per second. Ohm’s law tells you that the

current varies and changes direction exactly the

same as the voltage. For every instant there is an

I = ^ value of current. The I changes in exact

proportion to every change of E,
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SUMMARY OF A C. AND D.C. INDUCTION

Action D. c. Pulsating D. C. A. C.

Current

direction

Always in one
direction.

Always in one
direction.

Changes
direction

regularly.

Current

steadiness
1

Always steady.

i

Rises and falls.

1

Rises and falls.

Magnetic
fields

produced

Build up—then
steady as long
as current is

steady. Always
the same
direction.

Constantly ex-

panding and
contracting.

Always same
direction.

Constantly ex-

panding and
contracting.

Reverse
direction

regularly.

Mutual
induction

Occurs only
when circuit

is opened,
closed, or
when current
value changes.
Induced volt-

age varies in

direction

depending
on primary
current.

Occurs
constantly.
Varies in

direction

constantly.

Occurs
constantly.
Varies in

direction

constantly.

Self

induction
Occurs only
when circuit

is open or
clo^ or when
current value
changes.
Varies in

direction.

Occurs
constantly.
Varies in

direction.

Occurs
constantly.
Varies in

direction.
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HOW A.C. ACTS IN INDUCTION

Alternating current is constantly changing value

and direction. Therefore, the fields produced by

a.c. are constantly expanding and contracting—
also constantly reversing polarity.

In mutual induction, a.c. on the primary pro-

duces a CONTINUOUS a.c. on the secondary. The

TRANSFORMER is an a.c. mutual induction circuit

In self induction, a.c. produces a continuous
voltage. The induced voltage opposes the applied
and some coils are designed so that the emf of self

induction is strong enough to almost completely

stop current fiow.

COMPARISON OF A.C. AND D.C.

The table on page 171 compares the action of a.c.,

pulsating d.c., and regular d.c. in mutual and self

induction. Study it—if there are points you don’t

understand, go back over this chapter and get ’em

cleared up.
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CHAPTER 14

GENERATORS

ELECTRICAL PUMPS

The modern fighting ship consumes a tremen-
dous amount of electrical energy. The electrical

machinery furnishes her men with food, water,
and fresh air. Her nerves are electrical wires co-

. ordinating all her activities, all her power, to make
her a fighting machine.
To get the electrical energy necessary to do her

many jobs, the modern ship operates huge gen-
erators. The dynamo room is the heart of her
nerves and her muscles. It provides the ears and
the eyes for her guns, the muscles for her rudder,
and make her skipper’s voice carry into every com-
partment. All this energy is derived from oil by
the simple process of A wire cutting a field of
FLUX—INDUCTION.
Generators—the engines of induction—are elec-

trical pumps. They force electrical energy through
the ship—from her stem to her stern. Although
generators are simple in principle—mutual in-

duction machines—they are sometimes complex
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IN DESIGN. When the design of a generator seems
unnecessarily complicated, just remember that it

was built to do a job. And that job has certain re-

quirements. If the only way to meet the require-

ments is by complicating the machinery—then it’s

going to be complicated. You don’t handle a racing

boat like you do a fishing tug.

HOW A GENERATOR IS BUILT

Since a generator is a mutual induction job, its

first requirement is a magnetic field. The simplest

Figure 121.—Generator—magnetic field.

generator field is built like the drawing in figure

121. Two electromagnets are mounted in a circular

iron frame called a yoke. These electromagnets are

wound so as to produce opposite polarity. Notice
how the magnetic circuit is entirely in iron except

at the center, between the poles. This area—be-

tween the pole pieces—is the only part of the field

outside the iron.

The yoke, its pole pieces, windings, and the field

produced are the primary circuit. The secondary
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circuit is a coil wound on an iron core. The coil and
core, mounted on a shaft is the armature. Figure
122 shows a typical armature. To make the gen-
erator complete, the armature of figure 122 fits

into the area between the pole pieces of figure 121.

HOW IT WORKS
The frame of the generator stands still—the

field of flux is steady and stationary. But, the arm-
ature shaft is rotated by a source of mechanical
power—the prime mover. And as the armature is

rotated, the conductors of the coil cut through the
field flux. As in the simplest, or the most compli-

Figure 122.—Generator-armature.

cated, system, conductors cutting flux produce an
induced voltage.

These are the elements of a generator

—

1. The field produced by electromagnets.

2. The prime mover feeding mechanical en-
ergy into the generator by rotating the
armature.

3. The armature carrying a coil of wire
through the field and producing an induced
emf.

UNDERSTANDING THE ACTION

The easiest way to understand what happens in

an armature, is to lift ONE turn of the coil off its

iron core and study it alone. Figure 123 is a single
turn rotating in the magnetic field. The coil is
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shown in four positions which represent one com-
plete revolution of the coil. In A the coil is produc-
ing zero voltage—the galvanometer reads zero.

It’s zero, because, in this position, the coil is cut-

ting NO flux. How can a coil move in a field and yet

cut no flux? By moving parallel to the lines of force.

Notice in A that both sides of the coil are moving
in a straight line between the poles. When con-

Figure 123.--Armature coil revolving in magnetic field.

ductors are moving this way they slip between the

“rubbery” lines of force and do not break them.
In B the coil has moved to a position at right

angles with A. Now the black side of the coil is cut-

ting DOWNWARD and inducing a voltage OUT. And
the white side is cutting upward and inducing a

voltage IN. The galvanometer attached to the two
terminals of the coil deflects. Trace this circuit

through. Notice that although the two induced
voltages are opposite—one in and the other out

—

the voltage for the total coil is the addition of
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these two. Trace the current through the coil—^you

go WITH both voltage arrows. This means that both
voltages add force to the current.

In C, the coil has turned one half of a complete
revolution. C is like A except upside down. Again,
the coil sides are moving parallel to the lines of
force. The induced voltage is zero.

InD the coil position is the reverse of position B.
The black side is now cutting upward and has an
induced voltage in. The white side is cutting down-
ward and has an induced voltage out. Notice that
the current direction in the coil is the exact reverse
of position B, This is not amazing—^you know that
reversing the direction of cutting reverses the
direction of the induced voltage. Use your genera-
tor hand rule—^it will prove the arrows are correct.

The fifth position (if one were shown) would
duplicate A. You have followed a coil through one
complete revolution. Two facts stand out. First,

there are two positions where the coil is moving
parallel to the field—the induced voltage is zero.

These positions are called the neutral plane of
the generator—in this two pole job the neutral
plane is midway between the pole pieces. Second,
during one half of the revolution, the coiTs induced
voltage is in one direction (counterclockwise).
During the other half of the revolution, the coiTs

induced voltage is in the opposite direction (clock-

wise).

Half the time one way, and half the time, the
other way? Sounds familiar. It is—that’s alter-
nating CURRENT. A rotating coil always produces
alternating current.

THE COMMUTATOR
It’s proved that rotating coils produce alternat-

ing current. But—go back to figure 123 and check
up on those galvanometer readings. How about it?

In both B and D the deflection is toward the right.
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This indicates that direct current is flowing out-
side the coil. How come—^A.C. inside the coil and
D.C. outside? The a.c. has been rectified—that is,

changed from alternating to direct current. The
COMMUTATOR did the job.

Examine the terminal ends of the coil in figure

123. Each end is connected to a one half of a copper
ring. These two halves of a copper ring, taken to-

gether are the commutator. Now notice how the

commutator is connected to the outside circuit (the

galvanometer). On each half of the commutator
(the halves are called segments) rides a block of

carbon called a brush. The brush and commutator
connect the rotating coil and the stationary
galvanometer. Without brushes and commutators,
the leads from a coil would be twisted off after only

a few revolutions. That^s one purpose of a com-
mutator-brush system—it provides a SLIPPING
contact between rotating armature and sta-

tionary load.

But how does the commutator rectify the cur-
rent? Let the brush where current comes OUT of

the coil be called negative, and the brush where
current goes in the coil be called positive. Now
follow the coil through A, B, C, andD of figure 123.

The commutator segment attached to the side of

the coil having current out is always in contact
with the NEGATIVE brush. And the segment at-

tached to the side having current in is always in

contact with the positive brush. Another way of

saying the same thing—the rotating coil with its

reversing current, carries its segments around
with it. At the instant the coil goes through the

neutral plane the current reverses and at the
same instant the segments switch brush connec-
tions. This is the other important purpose of the
commutator—it rectifies the generated A.C.,

delivering D.c. to the external circuit.
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SUP RINGS-A.C.

Instead of connecting a rotating coil to a com-
mutator, connect each terminal of the coil to a slip
RING. Slip rings are simply smooth rings of good
conductor material. Now brushes riding on these
slip rings will pick up a.c. and deliver it to the
external circuit. Figure 124 shows a rotating coil

with slip rings attached.

Figure 124.—Slip ring coil revolving in magnetic field.

Starting with A, the coil is in the neutral plane

—

no induced voltage. In B, the coil is at right angles
to the flux. The induced voltage in the black side

of the coil is out. In the white side, it is in. So you
call the white ring positive and the black ring
NEGATIVE. In C, the coil is again in the neutral
plane. In D, the coil is once more cutting flux at

right angles. But, now the induced voltage in the
BLACK side is in. And in the white side, it is out.
Now, you call the white ring negative and the
black ring positive. This means that through one
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half of the revolution the white ring is positive and
through the other half it is negative. The same is

true of the black ring. Consequently the current in

the external circuit reverses itself every time the

coil current reverses. And the reverses occur every
time the coil passes through the neutral plane.

A B G 0 A

SUMMARY OF D.C. AND A.C.

All coils, rotating in a magnetic field, have a-c

voltage induced. This a.c. can be connected directly

to an external circuit by means of slip rings. Or, it

can be rectified by means of a commutator in order
to deliver d. c. to the external circuit.

Figure 125 is a graph of a-c voltage. Notice the
small coils above the graph. Each coil is in the
proper position to produce the emf indicated on the
graph.

Digitized by jQle

180

Original from

UNIVERSITY OF CALIFORNIA



r

Figure 126 is a graph of d-c voltage. Again the
small coirs position corresponds to the voltage
indicated.

You are probably wondering what happens when
the coils are somewhere in between zero (neutral
plane) positions and maximum (right angle)
positions. The coil is cutting flux all right, but not
as many lines per second as at the maximum. Actu-

A 8 c 0 A

Figure 126.—Graph of direct emf.

ally, the conductors are cutting through the flux

field at an angle. The closer this angle comes to 90°

with the flux, the more lines the conductor cuts.

The closer this angle comes to 0° with the flux, the
fewer lines the conductor cuts. The result is that
the voltage builds up in a smooth upward sweep
from a zero value at the neutral plane, to a maxi-
mum value at 90° from the neutral plane. The
opposite is true when the coil sides are going from
a maximum point to a zero point. The voltage
decreases in a smooth downward sweep. The build-

up and build-down is a smooth process.
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You should recognize the two graphs of figures

125 and 126 as typical graphs of alternating cur-

rent and pulsating direct current. Graphs of these

two t3rpes of current always have the general
shapes of these figures.

MANY COILS

A single coil rotating in a magnetic field is like

an 8-cylinder job hitting on only one. The output
power is weak and fluctuating. Fluctuation is a

Figure 127.—Two coil armature.

characteristic of a.c. And adding more coils does
not eliminate the regular rise and fall of a-c volt-

age. But adding more coils to a d-c job smooths out
the fluctuation and changes the direct current from
pulsating to regular d.c.

Here is how it works. In building up an arma-
ture from one to many coils, first add one more
coil at right angles to the first. Figure 127 shows
the two coils arranged on an armature at right
angles to each other. When this armature is

rotated, the black coil is going to be one-quarter of
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a revolution behind the white coil. Which means
that the induced voltage of the black is at zero
value when the white is at maximum value. Notice
that a four segment commutator is required for
the terminals of the two coils. Brushes riding on
this commutator contact only the coil producing

Figure 128.>-Two coil voltage.

the BEST voltage. Figure 128 is a graph of the volt-

ages produced by both coils. The heavy part of the

graph is the voltage picked up by the brushes.
This is the voltage delivered to the external circuit.

Notice that the voltage is more level than it was
with one coil. True, it still is a pulsating voltage

—

but now it doesnT go all the way down to zero. Add-
ing the extra coil has taken out some of the

“bumps.”
Add two more coils, placing them midway be-

tween the original coils on the armature. Now you
have a generator like figure 129. Figure 130 shows
the voltage produced by this four coil job.

Note

—

ifs now an eight segment commutator
and the brushes are catching only the very peaks
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of each coil voltage. Yes—iVs still pulsating d.c.

But a mild type—the rise and fall is short.

From this four coil job to the simplest commer-

Figure 129.*Four coil armature.

cial generator is only a short step. Figure 131
shows a GRAMME RING ARMATURE, one of the first

practical armatures.

The gramme ring armature does a whale of a lot

that the one, two, or four coil jobs did not do. First—the coil is wound on iron. This reduces the
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reluctance of the magnetic circuit by eliminating
almost all the air gap. Consequently, a stronger
field and a higher induced voltage in the armature.
Second—the windings are in series—the indi-

vidual voltages of the turns add together. Con-,

sequently, a higher voltage at the terminals of the

generator. Third—the coils form two paths be-

tween the brushes—one path up either side of the
ring. Therefore, this armature can carry more
current without overheating.

Figure 131.—Gramme ring armature.

Suppose you follow one ampere of current
through this generator. Entering the commutator
at the positive brush, the current can only go into

ONE segment because all the segments are insu-

lated from each other.

From the segments, the current goes out to the

winding on the ring via the armature lead
marked A, At the winding, the current splits

—

half going up the right side and half going up the

left side. And why does current go up these wind-
ings? Use your generator hand rule—it will tell

you that as the current goes through each succes-

Digi1|zed by Google
185

Original from

UNIVERSITY OF CALIFORNIA



sive turn of wire, the induced voltage gives it a
“kick^^ upward. The first set of turns give it a kick

of 20 volts. The second and third sets each provide
a kick of 40 volts. And the fourth set, like the first,

provides 20 volts. Adding these induced voltages

—

they’re in series—the current has a total potential

of 120 volts. The currents from each side of the
ring meet at lead B—^both backed by 120 volts of
potential. The lead provides a path to the com-
mutator segment for both currents. The brush
picks up the current from the segment and delivers

it via a brush lead to the load. At the load the cur-
rent loses its voltage—^yes, all the 120 volts—doing
the w;ork of the load. Then, at zero voltage, the cur-
rent re-enters the armature and gets kicked again
by induced voltage until it has a potential of 120
volts—it’s again ready for another circuit through
the load doing the load’s work.

Now, how come the second and third sets of turns
provided 40 volts, whereas, the first and fourth
sets only furnished 20 volts? It’s simple—the sec-

ond and third sets are moving almost at right
angles to the flux. They’re cutting lines of force at

a high rate. The first and fourth sets are cutting
at a wide angle and consequently only break about
half as many lines as the second and third sets.

The Gramme ring armature was designed to do
this job—^provide a high voltage and a steady
voltage. It does both by means of series connections.

Notice that, as the armature is turning, one set of

turns after the other moves into the flux field to

provide a high and steady voltage.

The modern armature, makes use of the drum
WINDING, shown in figure 132.

Again, series connections and many coils. The
principal advantages of the drum winding lie in

(1) the saving of wire, (2)^ the reduction of reluc-
tance, (3) the ease of repair. In the Gramme ring,
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half of the windings do not cut flux. They’re on the
INSIDE SURFACE of the iron ring, while the flux i^

traveling within the ring. In the drum armature,
all the windings are placed on the outside surface

Figure 132.—-Drum wound armoture.

of the iron core. The flux is cut by every conductor
as the lines jump from the iron pole piece to the
iron core of the armature. The drum armature core
is iron all the way through as contrasted to the air

center of the Gramme ring. Air increases reluc-

Figure 133.—Modern drum wound armature.

tance—^therefore, the drum armature has less

reluctance. It’s hard to repair a ring armature—

^

damaged sets of turns must be replaced by hand
and spliced to the undamaged portion of the wind-
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ing. In the drum winding, any damaged coil can
be lifted individually, repaired, replaced, and re-

connected by soldering to the proper segments of
the commutator.
Figure 133 shows a modern drum wound arma-

ture. Notice the great number of coils and commu-
tator segments to give this job a high and steady
voltage.

CALLING IT BY NAME
“That thing,” “jigger,” “it,” “thing-a-ma-bob,”

and “gadget,” may be okay on the t^ach. But in
your Navy you’re supposed to know what you are
talking about. In fact, you’ve got to be able to make
OTHERSknowwhat you’re talking about. The parts
of generators have accurate names

—

USE them.
Figure 134 shows the four main parts of a gen-
ejrator—^the frame, the armature, the commu-
tator, and the brush rigging. Each part is labeled
with its correct name. Learn “em” ! You’ll sound a
Ipt more savvy on your job.

ALTERNATORS—A-C GENERATORS

It would be simple if alternators followed the
generator pattern in their development—one coil,

two coils, many coils. It would be iiice and simple—^BUT they just jaren’t built that way ! Alternators
have a special design that’s mechanically oppo-
site to the generator. Alternators rotate the
FIELD and hold the armature stationary.

It’s perfectly true that alternators COULD be
built by increasing the number of turns of the coil

and taking the a.c. off through slip rings. A coil of
many turns would step up the voltage to a usable
value. And a very few alternators are built this

way. They work just like the d-c generator except
that the commutator is replaced by a set of slip

rings.

Generally speaking, the alternator is designed to
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adjustment for'v* ring
MICA

SLOTS FOR COIL LEADS

COMMUTATOR SLEEVE

COPPER SEGMENTS

__ DUCK STRIPS TO PREVENT
COILS FROM I RUBBING

FISH PAPER CELLS PROTECT
COILS IN SLOTS

leads to be attached to
COMMUTATOR

BACK CONNECTIONS
OF COILSCOMMUTATOR

YOKE OR FRAME
STUD FOR SECURING

POLE PIECES
MAIN FIELD COIL

INTERPOLE FIELD COIL

POLE PIECE

Figure 134.—Ports of a generator.
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produce a much higher voltage than the d-c gen-

erator. In a.c., transformers can reduce this high
generated voltage to a safe value for use. This is

impossible in d.c.— transformers do not work
on d.c.

Generating high voltages (as high as 25,000
volts) makes the use of slip rings impossible. Any
voltage above 1,000 volts cannot be handled on
slipping contacts—either commutator or slip rings

—because of arcing. Even as much as 700 or 800
volts arcs dangerously. These arcs are like minia-
ture bolts of lightning—jumping from brush to

slip ring. Each arc digs a pit into the slip ring,

soon wearing it out. When the voltage is in the

thousands, arcs may jump from ring to ring, brush
to brush, or brush to frame. It’s obvious, then, that
slip rings cannot be used to take high voltage a.c.

off an alternator.

ALTERNATORS—ROTOR AND STATOR

To eliminate the dangers of arcing—and still

generate high voltages—conductors are held sta-

tionary and the flux field is moved across them.
The alternator does just that. The field poles are
mounted on a shaft and rotated. This is the rotor
of an alternator. The energizing current for the
field poles—d.c.—must be fed into the rotor by
slip rings. This energizing d.c. is at a low voltage,

usually 110 or 220 volts, so it is safe to use slip

rings. The armature is wound as a many-turn coil

inside a slotted frame. This frame is stationary

—

it is called the stator of an alternator. Figure 135
is a cross section of a four pole alternator.

It works this way—the rotor with its magnetic
field sweeps across the stator windings. As the lines

of force are cut by the stator windings, a voltage is

induced. Imagine the rotor of figure 135 turning.
First the N pole flux cuts the left side of the stator.
After one quarter of a revolution, the situation is
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STATOR WINDINGS

STATOR FRAME
OR CORE

DC. WINDINGS*

—POLE PIECE

SPIDER

SHAFT

Figure 135.—Four pole alternator.

reversed. The S pole flux cuts the left side, and the
flux has reversed for all windings on the stator.

The effect is that of reversing field direction. And,
when field direction is reversed, so is the direction

of induced emf . Alternating current is the product.
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The alternator builds up a strong voltage by-

having many turns on both rotor and stator. The
multi-turn rotor produces a strong flux (Ni). And
the multi-turn stator is connected in series so that

voltage adds. The combination of many conductors
cutting a strong field generates high voltages.

If you trace current through an alternator as

you did through a Gramme ring, you will find the

principles the same. Follow the current through
figure 136. Current enters the positive lead of the

stator and travels through the windings. It picks up
the induced voltage, and leaves on the negative
stator lead. Then it goes through the load, where it

loses its voltage doing work, and returns to the

stator to repeat the process. The fact that a.c. re-

verses direction periodically does not alter this

process. Regardless of whether the current is posi-

tive or negative, it picks up voltage in the alter-

nator and spends voltages in the load.

MORE ON DESIGN

Different electrical loads require the employ-
ment of generators of varying design. An a-c load
requires an alternator—a d-c load requires a gen-
erator. More specific requirements are met by
utilizing various connection patterns within the
generator. These more complex jobs are too
advanced for this basic book.
You have the principles—^you’ll get the details

in the book for your rating.
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CHAPTER 15

D-C MOTORS

ELECTRICAL WORKERS

Generators are electrical pumps. Motors are
electrical workers. There are many kinds of work
done by electrical motors—turning fan blades,

running*hydraulic pumps, turning rudders, train-
ing and elevating guns, and sometimes turning the
propellers. Every one of these jobs consumes
MECHANICAL power. And that tells you what an
electric motor is—a device for changing elec-
trical POWER into MECHANICAL POWER.
Many men want to know why it is necessary to

change the form of power, time after time, in order
to get a job done. They want to know why it is nec-

essary to switch from mechanical to electrical and
then back to mechanical power. There are a num-
ber of reasons why—and all of them good reasons.
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Suppose the anchor winches, blowers, pumps,
and elevators of a ship were operated by steam en-
gines instead of electrical motors. It’s not a bad
idea, because it would eliminate all the troubles of
changing mechanical power to electrical power in
turbo-generators and then changing the electrical

power back to mechanical power in motors. This
electrical system looks like a wasteful proposition.
Every change of power is at an efficiency less than
100 percent, so it involves some loss. If it’s waste-
ful, then, why use it? Because electrical power
IS THE EASIEST AND SAFEST KIND OF POWER TO USE.
But to get back to the anchor winch. Running a

steam pipe to the anchor winch cuts through many
bulkheads and decks. Watertight integrity is

upset. But, an electric cable can make the same
run and the kickpipes and stuffing tubes through
decks and bulkheads preserve watertight integ-
rity. Suppose enemy fire bursts a steam line
between the boiler and the steering engines. Power
is drained off the boilers and men may be scalded
by escaping steam—things are really fouled up.
Sure—an electric cable in the same position would
be broken too. But what happens? Probably an
open circuit results which does not drain power
and does not injure anyone. The worst that could
happen would be a short circuit, in which case fuses
or circuit breakers would quickly open the circuit
rendering it harmless. There are many reasons for
using electrical motors—they’re safe, handy, easily
controlled, and easily supplied with power.

HOW A MOTOR IS BUILT

This is easy—a motor is built just like a gen-
erator. The over-all name for motors or generators
is DYNAMO. If the shaft of a dynamo is connected
to a prime mover and turned—it’s a generator

—

it pumps electrical power out on its lines. If the
shaft of a dynamo is connected to a mechanical load
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—it^s a MOTOR—it takes electrical power in on
its lines.

HOW IT WORKS
In the study of Lenz^s law you learned that a

current carrying conductor in a magnetic field

exerts a force against the field. The force tends to

push the conductor out of the field. This is the prin-
ciple of operation of the motor.
The magnetic field is furnished by the pole pieces

and frame. As in the generator, the field is sta-

tionary and steady. Current is sent into the arma-
ture windings and sets up a magnetic field around
the armature. The two fields—armature and frame
—react against each other. The result is a force
against the armature windings which tends to push
them out of the field. Since these windings are
fastened to the armature core and shaft, they tend
to move out of the field also.

#

UNDERSTANDING MOTOR ACTION

If one strand of wire is suspended between the
poles of a horseshoe magnet, as in figure 137, noth-

Figure 137.—Conductor in a magnetic field.
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ing happens. But close the switch, connecting the

batteries to the wire, and the wire jumps back-
wards, into the magnet. Reverse the switch so that
current direction in the wire is reversed and the

wire jumps outwards away from the magnet. This
is proof that there is a force exerted on a cur-
rent CARRYING CONDUCTOR. The conductor tends
to be pushed out of the field. It is also proof that

the direction of push reverses when the current is

FORCES REPEL FORCES CANCEL

FORCES CANCEL FORCES REPEL

(A) (B)

Figure 138.~Motor action.

reversed. As you probably suspect—the direction

of push also reverses when the pole pieces change
polarity.

Figure 138 summarizes motor action. Notice, in

the A drawings, that the fiux above the conductor
blends with the flux of the field.

The flux below the conductor cancels the field

flux. This results in a strong but distorted field

ABOVE and a weak field below. The conductor
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moves downward into the weakest area. In the
current is reversed—the field below is strong and
distorted, and the field above is weak. The con-
ductor moves upward.
Evidently, motor action is the result of two mag-

netic fields reacting on each other. It^s a lot libe

two south or two north poles repelling each other
—if one of the poles is free to move, a simple motor
action is produced. After all, a compass needle
reacting in a magnetic field is like a tiny motor.

Figure 139.—Applications of the motor hand rule.

THE MOTOR HAND RULE

Just like generators, motors have three “direc-

tions”—conductor current direction, field flux di-

rection, and direction of motion. And again, they
are linked together by a hand rule. The thumb
stands for the motion of the conductor. The first

finger for flux direction and the middle finger for

the current direction in the conductor. But here^s

a change

—

for motors you use the right hand.
Figure 139 will give you some practice in the

motor hand rule. In A and B you must determine
the direction that the conductor will move. In C
and D, determine the direction of current neces-

sary to produce the motion indicated.
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Remember you use the fingers of your right
HAND FOR MOTORS EXACTLY THE SAME AS YOU USED
THE FINGERS OF YOUR LEFT HAND FOR GENERATORS.
Note—The Warning given on page 140 applies

here also.

/\= UPWARD B =DOWNWARD

c O D @
Figure 140.—Answers.

Figure 140 gives you the correct answers for
figure 139. Try the motor hand rule on all the
diagrams before you check any of your answers.

LOOP IN A FIELD

The simplest motor would be a wire in a mag-
netic field with a mechanical load attached. Every
time the circuit was closed, the wire would move,
dragging its load with it. When the circuit was
reversed, the wire would reverse and push its load
back again. This kind of a motor is impractical. In
the first place, it^s too weak to do much work. And
in the second place, straight line, back and forth
motion is inefficient and slow.

To increase the strength, add more conductors so
that the forces add. To eliminate the straight line
motion, make the set of inductors rotate. Here’s
how it’s done. A single-turn coil is mounted in a
magnetic field as in figure 141. Note that the cur-
rent direction is traced by arrows. The left-hand
side of the coil is carrying current IN. And the
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motor hand rule tells you that this side moves
DOWNWARD. The right-hand side of the coil carries

current OUT. And the motor hand rule indicates

motion upward. The small drawings, just below
each coil side, shows what happens to the flux at

each side. Now, if the right side moves up, the left

side moves down and the coil is pivoted along its

center line—counterclockwise rotation is pro-
duced.

The forces against these conductors are straight
line forces but because the coil is pivoted, they can^t

DOWN UP
Figure 141.—One loop motor action— 1.

move in a straight line. They are obliged to move
in a curve—a part of a circle. When a force pro-
duces a circular or twisting motion, the result is

called a torque.
The torque on this loop continues until it is in the

position shown in figure 142. In fi^re 142, the coil

is in the neutral plane—no torque is produced. The
segments on the commutator are breaking contact
with their brushes. Current is about to reverse in

the coil by switching brush connections. Even if
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the brushes were not breaking contact, the torque
would be zero—^because the upward and downward
forces cannot produce rotation from this position.

The forces are alined with the pivoting shaft. No

twist—no toi^ue. Will the coil stop on the neutral
plane? Only if it is turning very slowly. Usually
the momentum is great enough to carry the coil

through the neutral plane. Just past the neutral

plane the segments switch brushes. This reverses
the coil current.
Examine figure 143—the motor hand rule will

tell you that the white side of the coil is now forced
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downward and the black side upward. This keeps
the coil rotating in a counterclockwise direction.

The total effect of all the forces operating on the
coil has been to produce a torque in a counterclock-
wise direction.

One coil turning in a field is a motor all right

—

but the load it is capable of driving is extremely
small. Furthermore, every time the coil passes
through the neutral plane, the torque is zero. This
zero point introduces a jerk to the rotation. All
you have to do to make the motor stronger and to

eliminate the zero torque points, is simply add
another coil at right angles to the first.

Look at figure 144. With two coils arranged like

this, only the coil in the best position to produce
torque is connected to the brushes. The power is

doubled and the points of zero torque are elim-

inated.

The next step is the use of the Gramme ring
armature as a motor. Figure 145 shows both the
current direction and the force exerted by each
winding. Notice that each conductor exerts a force

which tends to turn the armature clockwise. As a
generator, only the outside conductors of the
Gramme ring cut flux and produced voltage. Like-
wise, as a motor, only the outside wires are acted

on by the field flux. In fact, there isn^t any flux to
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Figure 145.—Gramme ring motor action.

act on the inside conductors—it all enters the ring

and travels through the iron when going from
north pole piece to south pole piece. Figure 146

shows a cross section of a Gramme ring. Notice the

flux path and the force vectors. Use your motor
hand rule on a few conductors on each side of the

armature. Prove to yourself that the armature
rotates clockwise.

Figure 146.—Cross section of the Gramme ring.
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ST. LOUIS TYPE MOTOR
The ST. LOUIS type motor of figure 147 is not a

commercial job. Yet it clearly illustrates motor
action. Note the two circuits—one through the field

Figure 147.—St. Louis motor.

poles, the other through the armature. Both cir-

cuits do the same thing—each sets up an electro-

magnetic field. The two fields set up four forces
between the armature poles and the field poles. The
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north pole of the armature is attracted to the south,

pole of the field and is repelled by the north pole of

the field. The south pole of the armature is at-

tracted to the north pole of the field and repelled

by the south pole of the field. Two attractions and
two repulsions—all four pushing in one rotational

direction. Figure 148 shows the four forces as
vectors.

Figure 148.—Torque vectors in the St. Louis motor.

Notice that all vectors are in a clockwise direction

—all vectors produce clockwise rotation. You
would expect the armature to stop when the arma-
ture poles and the field poles are opposite each
other (second position of figure 147). It would,
EXCEPT for two reasons. First, the brush connec-
tions change segments thus reversing the polarity

of the armature. Repulsion and attraction ex-

change positions. Second, the momentum of the
armature carries it past the dead-center position,

opposite the poles. If the motor stops at dead-
center, it won’t be self-starting again because the
forces of attraction and repulsion are on a straight
line through the shaft. You would have to give it a
whirl by hand, so that the armature and field poles
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are at an angle. Toraue is produced only when the

forces of the two fields are at an angle to the arma-
ture shaft.

DRUM WINDINGS

The drum winding for a motor is just like the

drum winding for a generator. It is exactly like the

armature in figure 133. Another way to picture

this armature is by cross section as in figure 149.

This figure shows many interesting details of

design. Notice that every conductor is on the out-
side of the drum. This means that every conductor

Figure 149.—Cross section of drum winding.

is in the flux field and that every conductor exerts
a torque. The conductors are set in armature slots
and LOCKED in place by insulating wedges. Why?
Because the force of electromagnetism on these

conductors is tremendous, especially in large

motors. If they weren’t locked in, they’d be torn off

the armature by this force. The motor action of a
conductor in a field is a straight line force—the

conductor tends to move directly out of the field.

By locking it on the armature core, the conductor
is forced to drag the armature around with it when
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motor action takes place. Also, examine the locking
methods between the shaft and core. The shaft is

locked by a key to the iron core. Thus, windings,
core, and shaft are one mechanical unit turning
together.

In general, motors are designed and constructed
to do just one job—convert the electrical ener^
of their fields into the mechanical energy of their
shafts. There are many modifications of design
and several different methods of connection but
they all work on the principle that a CURRENT
CARRYING CONDUCTOR IS FORCED OUT OF A MAG-
NETIC FIELD. The more complex designs and con-
nections which are set up for specific jobs are
explained in the books for specific ratings.

MOTOR ACTION IN A GENERATOR

What^s the difference between a windmill and a
blower-fan? Both are constructed of a number of
blades which handle wind. In construction
there^s no difference. But, in purpose or use,
there’s plenty of difference. A windmill is

TURNED BY MOVING AIR and its mechanical power
output is used to pump water. A blower-fan is

turned by a motor or an engine and its power out-
put IS USED TO MOVE AIR. Construction is the same
—but what they do depends on how they’re used.
What’s the difference between a motor and a

generator? In construction—there’s no difference.

In use—there’s plenty of difference. Now, the
point is—^why doesn’t the generator act like a
motor and why doesn’t the motor act like a gener-
ator? They do ! Remember, or if you’ve forgotten
—review it—the description of a welding gener-
ator in Chapter 13. When a load is thrown on this
generator, the prime mover whines and shows that
it’s working against a load. This load is the gener-
ator TRYING TO RUN AS A MOTOR. And the higher
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the current through the generator (greater load),

the harder it trys to run as a motor.
Look at figure 150. This is a cross section of a

GENERATOR. Using the generator hand rule, you
see that the current in the windings is induced by
CLOCKWISE rotation. If there’s current in the wind-
ings—and there certainly is—those windings are
going to set up fields just like the windings of a
motor. Using the motor hand rule, you see that the

generator is trying to run as a motor in a coun-
terclockwise direction.

The total picture is this—the prime mover is

rotating the generator in a clockwise direction, and
the fields set up by the induced currents in the

armature windings attempt to drive the generator
as a motor in a counterclockwise direction. This
tendency to oppose the prime mover is called

MOTOR ACTION IN A GENERATOR. The higher the

current in the armature windings, the stronger the

motor action.

COUNTER-EMF IN A MOTOR
Now, how about motors? Do they generate a

voltage? Indeed they do, and it’s a good thing they
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do! Motors would burn up if they didn’t induce
a voltage in the armature windings.
Look at figure 151. This is the generator of fig-

ure 150 now being used as a motor. You notice

that, although the current of the armature is the
same in both figures, the rotation is opposite. That
should be expected—150 is a generator and 151 is

a motor. As you know, the fields set up around the
conductors on the armature react with the fields

set up by the pole pieces. Torque is produced and

Figure 151.—Generator run os a motor.

MOTOR ROTATION

the motor rotates counterclockwise. Check it with
the motor hand rule.

As the armature rotates, its conductors.cut
THROUGH THE FIELD FLUX. A voltage is induced
in these conductors. Using the generator hand
rule for this generated voltage you’ll find that
it is OPPOSITE to the voltage applied at the brushes.
Figure 152 shows the direction of the applied volt-

age and the direction of the generated voltage. The
generator and motor hand rules tell you that the
generated and applied voltages in a motor are
ALWAYS OPPOSITE.
The generated voltage in a motor is called coun-

ter-electromotive FORCE.
This means that there are two voltages operat-
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ing on every conductor on the armature of a motor.
Moreover, these two voltages are opposing each
other. Current, then, is the result of a combination
of the two voltages. It is possible to prove that the
COUNTER-EMF IS ALWAYS LESS THAN THE APPLIED
EMF.
Say that the armature of fi^re 152 has a resist-

ance of 0.5 ohm. The applied voltage is 110 volts.

This is what happens when the switch is closed.

Wham!—110 volts pushing current through 0.5

ohms resistance.

E 110 OOA^ = S =^ ““P®-

This 220 amperes of current flowing through the

small windings of an armature

—

it would really
cook! But, wait—is there a current of 220 am-
peres in this armature? Yes, there is—but only
AT THE INSTANT OF STARTING. As soon as the arma-
ture starts to turn, it produces a counter-emf,
opposite to the 110 volts of applied emf. When it

is turning at one-quarter speed, the counter-emf
is 25 volte. The net voltage across the armature
is 110 volts minus 25 volts or 85 volts—the volt-

ages are subtracted because they are opposite.
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The 25 volts of counter-emf cancels 25 volts of the

applied emf, leaving 85 volts to push current.

Now the current through the armature is

—

I
E_^
R
~

0.5
= 170 amps.

Still very much too high, but getting smaller

!

At one-half speed, the counter-emf is 50 volts,

the net voltage is 110—50 = 60 v., and the current
is

—

/ = S = = 120 amps.

Current value is dropping as counter-emf in-

creases !

At three-quarters speed, the counter-emf is 75
volts, and the current is

—

j E „r,= o = 7TE = 70 amps.K U.o

This is getting close to a safe value

!

At full speed the counter-emf is 100 volts and
current is

—

y E 10
^ = K = 0:5

= 20 amps.

Current is at a normal, safe value

!

Why did the counter-emf become stronger as the

speed increased? Because more lines were cut
PER second as the SPEED INCREASED. This connec-
tion between speed and counter-emf is a perfect

current control. When the motor is going SLOW it

needs a high current in its armature. The high
current makes a strong field and the motor^s torque
drives it to a higher speed. As the speed increases
the counter-emf also increases, and the net voltage
becomes less. This causes the current to decrease

—

AND that's just RIGHT. Because, as speed in-

creases, the motor doesn't need as strong a torque
to increase or maintain its speed. Finally, when
the motor reaches full speed, the torque (and con-
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sequently armature field) that is needed, is rela-

tively small. The counter-emf at full speed is high
and allows just enough current to pass through
the armature to maintain speed.

From this example, two facts stand out—
The counter-emf is directly proportional

TO SPEED.
The armature current decreases as the

COUNTER-EMF INCREASES.

LOADING A MOTOR
Imagine that the motor just studied is rotating

at a full speed of 4,000, and is driving a water
pump. The pump is delivering 100 gallons of water
per second. Now you double the load by connecting
to a pump delivering 200 gallons of water per
second. Of course you first make sure that the
motor is large enough to handle the additional

load. With the doubled load, the motor needs twice
as much power and it gets it by counter-emf adjust-

ment. Kerens how it works—^with the doubled load,

the motor slows down to 3,600 rpm, and at this

speed, the counter-emf is only 90 volts. The net
voltage increases from 10 volts to 110—90 = 20
volts. At 20 volts net voltage, the current is

—

j E 20
.f.^ = S = 0:5

= “"P"-

Or, exactly twice as much current to handle
TWICE AS MUCH LOAD.
Here is the formula for determining the arma-

ture current

—

r Ea—Eg
-la “ r)

JXa

in which
la = the armature current, in amperes

;

Ea = the applied voltage, in volts

;

Eo= counter-emf, in volts

;

Ra = resistance of the armature, in ohms.
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Notice that his formula is a form of Ohm^s law.

The E in Ohm’s law has been changed to Ea — Es

because this is the actual voltage forcing cur-
rent.

Counter-emf is like a valve in a water pipe. If

you want a lot of water, you open the valve. If you
want a little water, you partially close the valve.

If a motor needs a lot of current to handle its load,

it slows down thereby decreasing the counter-emf
and allowing a high current into the armature.
If a motor needs only a little current, it speeds up
so that the counter-emf is just the right value to

let enough current through the armature to handle
the load.

You might say that this is like the transmission
in an automobile. Low gear gives the most torque

but the lowest speed. High gear gives the highest

speed but the least torque. In a motor high speed
means high counter-emf and low current and
torque (light loads) . Low speed means low counter-
emf and high current and torque (heavy loads)

.

STARTING MOTORS

The motor of figure 153 has 550 amperes through
its armature at the instant of starting. If it started

very quickly and built up speed, the counter-emf
would choke off this high current before any dam-
age is done to the windings. But large motors are

too heavy to start quickly—it takes time to build

up speed and counter-emf. You can’t get a motor-
cycle pickup out of a five-ton dump truck! There-
fore, large motors get altogether too much current
at the start. To cut down this starting current, a

rheostat is connected in series with the armature.
When the motor is started, the resistance is cut

in—limiting the current to a safe value. As the

speed picks up, the resistance is gradually cut out

of the circuit because the counter-emf is taking its
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place in reducing current. Figure 153 shows a
7V2 hp motor wim a starting rheostat. All the

electrical values are labeled. If this motor were
started without the resistance, the armature cur-

rent would be

—

7a =
220—0

0.4
= 550 amps.

and NORMAL full load current is only about 40

amperes. You know the damage that would result

from this excessive current.

The rheostat in series with the armature has a
resistance of 1 ohm per unit. When the motor is

started all five units are cut in, and the current
is

—

j E 220
^ ~ R~ ‘

As the speed of the motor increases the rheostat
arm is moved progressively from point 5 to point 0,

thus cutting down the added resistance from 5
ohms to zero as the counter-emf builds up. To put
it briefly—the rheostat simply takes the place of
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Digitized b]

the counter-emf when the counter-emf is too low
to do its own job of limiting the armature current.

When rheostats are combined with certain other
pieces of electrical apparatus, they are called

STARTERS. Starters are used for all d-c motors
over 5 hp and for almost all motors between 1 hp
and 5 hp. Usually no starter is used on small
motors—under 1 hp.

The most important function of starters is to

limit the armature current by a rheostat. Other
functions of a starter are explained wherever
needed in the books for specific ratings.

REVERSING

Compare the four motors shown in figure 154.

A and B have their armature currents in opposite

Figure 154.*Reversing motors.

direction. Using the motor hand rule, you^ll find

that their rotations are opposite. The currents in

the field windings of C and D are opposite, there-
fore their field polarities are opposite.
Using the motor hand rule, you’ll find that their
rotations are also opposite. Finally, compare A and
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D. The fields of these two motors are opposite. Also,

the currents in their armatures are opposite. But
the motor hand rule shows that A and D have the
same rotational direction.

Thus, you can reverse the direction of rotation
of a motor by either reversing the armature cur-
rent or reversing the field current. But not by
reversing both armature and field. Navy methods
call for ALWAYS reversing the armature current
in order to reverse rotation.

Here^s a tip-|-the easiest way to reverse the cur-
rent direction in any winding is simply by revers-

ing the lead connections.
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CHAPTER 16

A-C MOTORS

THE UNIVERSAL MOTOR
Although there are a number of types of d-c

motors, ONE, and only one, will work on a.c. It’s the
so-called series or universal motor. The term
“series,” applied to a motor means that the field

and armature are connected in series with each
other. This connection is shown in figure 155. A is

the wiring diagram and B is the schematic. Since
the field and armature are in series they must
carry exactly the same current. And this is the key
to “why” a series-universal motor works in a.c.

Both the armature coils and the field coils re-
verse current direction at the same instant. They
reverse together because both are carrying the
same current. The reversing current causes arma-
ture coils and field coils to change their polarity
simultaneously. You know that, if both armature
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and field change polarity, rotational direction does

NOT reverse. This is proved in figure 156. A shows
a motor with the current in a positive direction

(instant 1 on the graph) . B shows the same motor,
but with current in a negative direction (instant

2 on the graph)

.

FIELD

ARMATURE

B

Figure 155.—Series*universol motor.

You prove that the motor has torque in the same
DIRECTION for both directions of current. Use the

motor hand rule.

The universal motor is used on food mixers,

malted milk machines, cleaners, and some fans.

It^s THE motor that can be used on a.c. or d.c. No-
tice that the uses of the series-universal motor all

call for fractional hp motors. The motor is not built

in sizes larger than 1 hp, except for specially

designed jobs.

ALTERNATING CURRENT

Alternating current does certain things that di-

rect current does not do. And for this reason, most
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a-c motors are altogether different than d-c motors.
Before you begin the study of a-c motors, it would
be a good idea to review the main points on alter-

nating current—the table at the end of Chapter 13
pves you a good outline of a.c., its fields, and
inductive action.

First, a.c. is NOT steady. Current is constantly
rising and falling. Second, current does not flow in

Figure 156.--Seriet motor on a.c.

ONE DIRECTION ONLY. A.C. is constantly reversing
its direction of flow. These two directions of flow
are called positive and negative in order to dis-

tinguish one direction from the other.

Don’t get the idea that the negative current is

any weaker than the positive current—they’re

absolutely equal in strength, and regardless of the

a.c. reversing direction, it does just as much work
as d.c.
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Alternating current, by reversing direction, pro-
duces constantly reversing flux. This constantly
REVERSES THE POLARITY of a-c coils. Furthermore,
the flux around an a-c coil is never steady—^it is

constantly expanding and contracting.

This reversal of direction and constant change of
value in a.c. makes possible the mutual induction
circuit. This is the first basic idea necessary to the
understanding of a-c motors.

IDEA NO. 1 -MUTUAL INDUCTION IN A.C.

The first basic idea

—

mutual induction

—

^you

are familiar with. (Review Chapter 13 for the in-

Figure 157.—Mutual induction polarities.

troduction of this idea.) The important fact in
mutual induction, is that the induced voltage in
the secondary is always opposite to the applied
voltage of the primary. Which means that every
time the primary has positive current, the sec-
ondary has NEGATIVE Current—and vice versa.
This is not so complex—look at figure 157. It shows
two ordinary coils; P, the primary and S, the
secondary.
The solid arrows show current directions when

the primary is positive and the broken arrows
show current directions when the primary is nega-
tive. With a.c., the primary is positive half of the
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time and negative the other half of the time. A
NORTH pole appears at the top of the primary coil

when the current is positive. And when the pri-

mary is positive, the secondary is negative, and a
SOUTH pole appears at the top of the secondary coil.

The other half of the time, the primary coil is nega-
tive and has a south pole at its top. In short, a
NORTH INDUCES A SOUTH, AND A SOUTH INDUCES A
NORTH. Check these polarities with the hand rule

for coils.

Work the problems for yourself—it’s the only
way you’ll become ^^good” at using the hand rules.

The coils of figure 157 make up a simple trans-
former. And the action of ALWAYS inducing
opposite polarity on the secondary is called the
transformer principle or transformer action.
Transformers are mutual induction devices for the
transfer of voltage from a primary circuit to a
secondary circuit.

IDEA NO. 2-POLYPHASE A.C.

The second basic idea that you must get straight
before studying a-c motors is polyphase circuits.
Polyphase means more than one time. The term
comes from two words—“poly,” meaning more
THAN ONE and, “phase,” meaning time.
Polyphase a.c. is produced by a special kind of

alternator. For example, a two-phase alternator
(two “times”) has two separate windings in the
stator. Figure 158 shows the two windings—^they

are placed in the stator 90° apart. Now, ima^ne
that the rotor is turning. Notice that the Y wind-
ings are cut by the rotor’s flux after the X
windings are cut. This causes the induced voltages
in the two windings to have different timing. For
the TWO-phase system, there are two sets of tim-
ing for the rise and fall and reversing of a.c.

Figure 159 shows a solid line for the graph of the
X winding’s voltage, and a broken line for the
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graph of the Y winding's voltage. One cycle, pro-

duced by one revolution of the rotor, is pictured for

each phase.

X
Figure 158«—Two*phase olternator.

Like all scientific measurements, there is an accu-

rate method for measuring the out-of-phaseness
(out-of-timeness) of these two voltages. It is pos-

sible to use a standard unit of time—the second.

If the rotor is revolving at 60 revolutions per sec-

ond, each revolution, or cycle, takes ^th of a sec-

ond. And, if you examine the graphs carefully,

you’ll find that the Y voltage is exactly one-quarter

of a cycle behind the X voltage. One-quarter of ^th

is % X ^th second, or ^th second. Which means

that the Y voltage is behind the X voltage by ^th

second. In other words—the voltages are ^th of a

second out-of-phase.

Measuring in such small fractions of a second by
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mechanical means is a tough job. In fact, if the unit

becomes much smaller—like ^th second—it is well

nigh impossible to measure. A much more accu-

rate and easier unit of measure is the electrical
DEGREE. You know that a complete circle is 360°.

And directly across a circle, or from one point on

Figure 159.—Two-phase voltages.

degrees—

a

north pole and a south pole are opposite

and they are 180 electrical degrees apart.

Therefore, one electrical degree is of the
distance between a north pole and the next
south pole.
How many electrical degrees from the north to

the south of the rotor in figure 158? 180 elec-
trical DEGREES. How many electrical degrees all

the way around—from north to south and back to

north? 360 electrical degrees. How many de-

grees from the north to half-way to the south? 90
ELECTRICAL DEGREES.

Using electrical degrees to measure phase, the X
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windings are 90 electrical degrees from the Y
windings, which is exactly the same as saying that

the Y voltage is 90° out-of-phase with the X volt-

age. How much simpler it is to think of ^‘90° out-of-

phase^’ instead of ^‘^th of a second out-of-phase.”

Both have exactly the same meaning.
The graphs of figure 159 can now be re-labeled,

as in figure 160, in electrical degrees. Note that ^th

second becomes 360°, and 2I0 second becomes 90°.

+ E

-E

Figure 160.—Two-phase voltages—electrical degrees.

Graphs of a-c voltage like this are called sine
WAVES. Notice that the sine waves tell you exactly

how much the voltages are out-of-phase (out-of-

time), AND, the exact position of the coils in the

alternator. If the sine waves are 90 electrical de-

grees apart, then the coils of the alternator, which
produced the voltages, are 90 electrical degrees

apart.

From the two-phase system, it’s an easy step to

the three-phase alternator. Figure 161 is a three-

phase alternator. If you follow the leads of the

three coils, you’ll find that they are 120° apart.
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X

Figure 161.—Three-phase alternator.

Therefore, the voltages produced are 120° out-of-

phase. Sine waves of this three-phase system look

like figure 162.

Using the X voltage as a reference, the Y voltage

is 120° behind the X and the Z is 120° behind the Y.
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Do NOT FORGET THAT 120° MEANS A DEFINITE
LENGTH OF TIME—^A DEFINITE FRACTION OF A
SECOND.

THE ROTATING MAGNETIC FIELD

Most of the large a-c motors are three-phase jobs.

Their stators are constructed exactly like the stator

of a three-phase alternator (figure 161)—three
separate windings—each winding displaced 120°

Figure 163.—The rotating magnetic field.

from the others. On each winding is impressed one
of the phases from a three-phase alternator.

Figure 163 shows two cross-sectional views of a
part of a three-phase motor stator. The current
directions in A correspond to the instant marked
A on the sine waves. Likewise, the current direc-

tions in B correspond to the instant marked B on
the sine waves. Notice what happens—in A^ the
flux is forming a north pole between the X and Z
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windings. Use your hand rule for each conductor
to prove this. In B, the current in the Z winding
has changed direction and this moves the pole to

between the Z and Y windings. Notice that the
Z current changed direction at point, P. In short,

the change in direction of current in one phase has
caused the flux field to shift around the surface of
the stator. This shifting of flux is true for all the
other parts of the stator and also for all the other
poles. It’s also true for cycle after cycle. The total

effect is that A magnetic field moves around
THE SURFACE OF THE STATOR. As each phase
changes current direction the poles move the width
of THAT PHASE. And this field rotates fast. The

changes within phases take place every g^th of a

second. In fact, it only takes ^th of a second for

the field to rotate completely around this stator.

Let’s make sure you’ve got this straight. In a
three-phase motor winding, the current in each
phase reverses at regular intervals—thus revers-
ing the polarity of the phase windings. Because
the phases reverse current in a regular pattern—

Y

reverses, then Z reverses, then X reverses and so
on repeating F, Z, Z, 7, Z, Z, etc.—the phases
reverse polarity one after the other right around
the stator surface.

The rotating field is like the rotor magnet of the
alternator which produced it. The rotor spins
around inside an alternator stator. And the
rotating magnetic field spins around on the
inside surface of a motor stator.

All three-phase motors use this kind of stator.

But the rotors are different, according to the type
of motor.

THE A-C INDUCTION MOTOR
This type of three-phase motor runs because of

MUTUAL INDUCTION and a rotating field. The
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rotor has a short-circuited winding. And as the

rotating field of the stator sweeps across the rotor

windings, A voltage is induced. The poles which
are produced in the rotor are from induced cur-

rent. Therefore, they are always opposite to the

poles on the stator, which induced them. What hap-

pens? Attraction occurs between the stator and
rotor poles. Since the stator poles are moving (ro-

tating), they tend to drag the rotor poles along.

Torque is produced and the rotor rotates.

SHAFT

WELDS HOLDING
COPPER BARS
TO END RING

COPPER
END
RING

IRON CORE

WELDS AT ALL
JOINTS

A B
Figure 164.—The squirrel cage rotor.

This motor is called the squirrel cage motor be-

cause of the construction of its rotor. Figure 164

shows two views of the squirrel cage rotor. It con-

sists of an iron core mounted on a shaft. And there

are copper bars running in slots the length of this

core. At each end, a copper end ring is welded to

each and every copper bar. This makes the rotor a

certain short circuit.

It is important that these rotors be absolute short

circuits because they get current ONLY by induc-

tion. There are no slip rings or commutator to feed

current into the rotor.
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The squirrel cage rotor is like the secondary of
a transformer. The stator is like a primary. The
rotor (secondary) gets its voltage by induction
from the stator (primary).
The squirrel cage motor has many advantages

and is the most widely used and popular motor in

the world. It^s cheap—the windings are easily set

in place. It^s rugged—there are no slipping con-

tacts to get out of order. It’s safe—no sparks to

ignite gasoline or other explosives. This is one
motor which can be run under water. It makes no
difference whether the water short circuits the
rotor or not—it’s supposed to be a short anyway.
The WOUND ROTOR MOTOR embodies the same

principles of operation as the squirrel cage motor.
But, wire windings are used on the rotor of the
wound rotor motor instead of using copper bars.

The leads of these wire windings are brought out
to slip rings where they are short circuited by a
rheostat. Just as in the squirrel cage, a voltage is

induced in the rotor, current flows in the short cir-

cuit, and torque is produced by the pull of the

rotating field.

For certain jobs, where speed control and a
GOOD START are necessary, the wound rotor motor
is better than the squirrel cage motor.

THE SYNCHRONOUS MOTOR
Another three-phase motor is the synchronous

type. This motor is NOT an induction motor. The
stator is the regular three-phase rotating field job
—but the rotor has field poles energized by d.c.

The d.c. is generated by a small generator called

an EXCITOR mounted on the end of the rotor shaft.

This d.c. is fed into the rotor by means of slip rings.

Figure 165 shows the end view of a four pole

synchronous motor. Notice that there are just as
many poles on the rotor as on the stator. Every
rotor south is attracted to a stator north and vice
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versa. This attraction is the result of a magnetic
field between the stator and rotor and is called a
MAGNETIC LOCK. As the stator field rotates, the
loch forces the rotor to turn with it.

Two Greek words

—

syn meaning ‘^together” and
CHRONOS meaning ‘^time” make up the name,
SYNCHRONOUS. SYNCHRONOUS describes the motor’s
speed—its rotor always rotates just exactly as fast
as the field of the stator

—
“together in time.”

STATOR - THREE PHASE
WINDING, PRODUCING A
ROTATING MAGNETIC FIELD

Figure 165.—Synchronous motor.

The synchronous motor is not a self-starting

motor. Its rotor is heavy and, from a dead stop, it is

impossible to bring the rotor into magnetic lock
with the rotating field. For this reason, all syn-
chronous motors have some kind of starting device.

A simple starter is another motor—either d.c. or of
the induction type—^which starts the unloaded
synchronous job and carries it up to about 90 per-
cent or 95 percent of speed. Then the starting
motor is disconnected and the synchronous motor
PULLS INTO STEP with its magnetic lock. Another
starting method is a second winding of the squirrel
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cage type added to the rotor d-c windings. This in-

duction winding brings the motor almost up to

speed by following the rotating field. Then the d.c.

is cut into the synchronous rotor and the rotor
pulls into step. The latter method is the most com-
monly used for starting synchronous motors.

A SNAP
Reversing any three-phase motor is a snap. Just

interchange any two stator leads. By doing so,

the phases are interchanged. Z follows Y instead of

following X in the process of reversing polarity.

The rotating magnetic field goes around the other
way. And the rotor follows it—the motor has
reversed rotation.

These are the three types of three-phase
MOTORS—SQUIRREL CAGE INDUCTION, WOUND
ROTOR INDUCTION AND SYNCHRONOUS. All three USe
exactly the same kind of stator but their rotors are
different. Notice that the name of the motor tells

you what kind of a rotor is used.

TWO-PHASE MOTORS
Many years ago, two-phase motors were built

—

but today, ifs not likely that you^ll ever see one. If

you should happen to run across a two-phase job

—

outside of F. C. equipment or an old ship—just

remember that the types and principles of opera-
tion are exactly like the three-phase motors.

SINGLE-PHASE MOTORS
Three-phase motors are the most efficient and

all-around best motors built. And if three-phase
current were always available, you’d never see a
single-phase motor. But it takes a special kind of

alternator to produce three-phase voltage. And,
when you can’t get three-phase—single-phase must
be used.

Here’s what makes single-phase motors less effi-
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cient than three-phase

—

NO rotating magnetic field

is set up by a single-phase current.

If a single-phase motor were built like a three-
phase job, there would be induction and opposite
poles on the rotor all right

—

but—no, rotating
flux to drag the rotor around. However, if the rotor
once gets started, the rotor poles lag a little behind
the stator poles. And attraction is set up—torque is

produced—the motor runs. Notice that the single-
phase MOTOR HAD TO BE GIVEN A START BEFORE IT
WOULD RUN.

Starting a motor by hand isn^t bad if it’s in an
electric razor or electric clock. But motors for gen-
eral duty must be self-starting. And this is the
whole problem of sin^e-phase jobs

—

how to make
them self-starting. Each single-phase motor, is

named from its starting method.
There are three general types of single-phase

motors—the SERIES-UNIVERSAL (at beginning of
this chapter), the repulsion-induction, and the
SPLIT-PHASE. And as you proceed, you will notice
that, except for the series-universal, each has a cut-
out device to remove the starting equipment from
the circuit. And they all run as straight induction
jobs.

The repulsion single-phase motor has a rotor
that is wound just like a d-c drum armature. Fig-
ure 166 shows a schematic of this motor. Notice
that the brushes are connected together. The
only current in this rotor is induced by the expand-
ing and contracting single-phase field of the stator.

The poles produced on the rotor are located opposite
the brushes. Because the brushes furnish the only
complete circuit for the current, they insure the
pole position opposite their own position. The self-

starting of this motor depends on the brush
position. In the drawing, the brushes are correctly
located for starting. Suppose you moved them. The
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rotor poles move with the brushes because the

brushes carry the current which makes the poles.

Try the brushes opposite the stator poles—rotor

poles are in line with stator poles. Torque? Zero.
The force is directly in line with the shaft. The
motor will not start. Suppose the brushes are
moved to a position 90° from the position in the
drawing. Torque? Yes, but in a clockwise direction.

YouVe REVERSED the motor.

STATOR LEADS
CONNECTED TO
THE A.C. LINE

STATOR
"windings

BRUSHES
SHORT

CIRCUITED

Figure 166.—Repulsion motor.

Many of these repulsion motors have a short
circuiting device connected with a centrifugal
SWITCH. When the motor reaches about 75 percent
of full speed, the centrifugal switch lifts the
brushes off the commutator and short circuits all

the segments. The rotor is just like a squirrel cage
job—short circuited. It continues to run—but as
an INDUCTION motor. The advantage of this short
circuiting is a saving in wear and tear on the com-
mutator and brush system. After all, the brushes
and commutator were only put on the motor to
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start it—and once it gets going, it will continue
to run.
And what is a centrifugal switch? It^s a mov-

able device with a weight which whirls with the
motor. When the force on this weight gets strong
enough, it flys out and throws the switeh. Figure
167 shows a repulsion motor rotor with a centrif-

BRUSH

m/MM

SPRING

COMMUTATOR
Figure 167 —Repulsion rotor with centrifugal switch.

ugal switch. W is the weight and R is sl rod at-

tached to the weight. C is a copper ring for short

circuiting the commutator segments. When the

weight flys outward because of the increased speed,

it pushes the rod forward. The rod lifts the
BRUSHES and THE RING SHORTS THE SEGMENTS all

in one operation.

When a repulsion motor is equipped for short

circuiting the rotor, it is called a repulsion-induc-
tion motor. The name comes from the fact that it ,

starts on repulsion and runs on induction. This is a

fairly rugged motor—it’s one of the best single-

phase a-c jobs. The only disadvantage is in the

brush and commutator rig. It gets dirty and is sub-

ject to wear and arcing. It’s always best to use a
motor WITHOUT slipping contacts, if possible.
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The single-phase motors without slipping con-

tacts use a STARTING WINDING. The winding is em-
bedded in the stator slots next to, or over the top of,

the main windings. Figure 168 is the schematic
diagram showing both main and starting wind-
ings. These motors start by splitting the single-

phase current into two phases. A single-phase cur-

rent can be split into two phases by using either a

Figure 168.—Split phase motor.

high resistance circuit or a condenser in one of the

windings (at point A in figure 168) . Then the cur-

rent in the winding that contains either the resis-

tance or the condenser is out-of-phase (out of

time) with the current in the other winding. The
two phases produce a weak rotating magnetic field.

And with the rotating magnetic field, a short cir-

cuited squirrel cage rotor produces torque.
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CENTRIFUGAL SWITCH

Notice the centrifugal switch in figure 168. It

disconnects the starting winding after the motor
has picked up speed. This is always necessary in

resistance type starting. The winding would burn
out, because of its high resistance, if it werenT dis-

connected as quickly as possible.

The chief advantage of these split-phase motors
lies in their lack of commutators and brushes.
However, they usually have a poor torque at start-

ing—^which means that they cannot be used on
large loads.

You can reverse a split-phase motor by inter-

changing any set of stator leads. This is the same
as reversing a three-phase job.

STARTERS FOR A-C MOTORS
D-c motors required starter rheostats for motors

over 5 hp. A-c motors likewise require some means
of limiting current at start. But a-c motors can
stand more current without burning—usually only

motors of 25 hp or more have starters. That^s a

good thing because almost all single-phase motors
are less than 25 hp. This eliminates the necessity

of starters on just about everything except three-

phase jobs.

All starters have just one main job to do—cut

down the current at the start. This job can be done
in three different ways. First, by a resistance.
Second, by a transformer which reduces voltage

across the stator and thereby reduces current

(I =-^)> Third, by a star-delta switch which

changes the windings of the stator from a parallel

to a series connection (there is more resistance in

a series connection)

.

Figure 169 is a schematic of a RESISTANCE
starter. You can apply this schematic to any
starter. Just substitute transformers or a star-
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delta switch for the resistors. Notice that three
resistors are necessary—one for each phase. The
switch is first thrown down. This puts the resistors
in the lines. After the motor has built up speed and
it can stand more current, the switch is thrown UP,
thereby cutting out the resistance and putting the
motor directly on the full line voltage.

MOTOR

STARTING
SWITCH

RUN

u
START 44

THREE
PHASE
LINE

MOTOR
>4 OVERLOAD

RELAYS

|4 CONTACTS
CONTROLLED
BY OVERLOAD
RELAYS

^ STARTING
RESISTANCES

Figure 169.—Resistance starter.

The MOTOR OVERLOAD RELAYS are interesting

devices. They^re simply solenoid coils carrying the

motor’s current. The cores of the coils are attached
to the overload contacts. Suppose the motor is over-

loaded—drawing too much current. It would soon
overheat and burn out if it were not for the relays.

The excessive current going through the overload
relays sets up a field which pulls the cores up into

the coils. The contacts pop open and stop the motor.
All of these relays have reset buttons. When the
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reset buttons are pushed, the core returns to the

normal position and the contacts are reclosed.

The relay system is a better overload system

than fuse protection. The relay can be reset with

the flick of a finger. And most overloads are tempo-

rary anyway—^you wouldn^t want to replace fuses

every time a motor got a momentary overload.

Remote control starters have the starting

switch at some handy place. Lines then run to the

motor. For example, it’s a lot easier to control a

bilge pump from the dynamo room, than to have to

go down to the double bottoms to turn it on and off.

A remote control system simply lengthens the lines

from starter switch to motor.
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CHAPTER 17

A-C CIRCUITS

SOME SURPRISES

You know the fundamental differences between
d.c. and a.c. But a.c. has some special peculiarities

all its own. You might say that d.c. plows along
like a steady old battlewagon whereas a.c. cuts-up
like a frisky P.T.
You may be surprised by the way a.c. acts in

some circuits. For example, did you know that an
a-c coil can be built with only one ohm of resistance

and yet pass practically no current at 120 volts?

And on the other hand, a condenser, which is made
of insulator material, will conduct large alternat-

ing currents?

A FEW WHYS
The basic reason for this behavior lies in the a-c

voltage. Look at figure 170. It’s only a simple sine

wave of a-c voltage. But that sine wave tells you
plenty.
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To begin with—it’s not a picture of a.c. Don’t
get the idea that a.c. humps along like a caterpillar

on a wire. It doesn’t! Alternating current flows
just exactly the way its voltage pushes. And you
know that the push reverses its direction every so
often. That means the current flows first one way
and then the other. The sine wave tells you about
this reversal and it also tells you the amount of
push at any instant.

Look again at figure 170. Imagine that this volt-

age is impressed on a lamp of 100 ohms resistance.

At instant 1, there is zero current because,

I =^= 0, At instant 2, the current is / =
= 0.85 ampere. And at instant 3 the current is

I 1.7 amperes, or maximum. Notice what

was happening between instant 1 and instant 3.

The voltage increased from zero to 170 volts. And
at the same time, the current increased from zero
to 1.7 amperes. This is the first outstanding charac-
teristic of a.c. A.C. IS CONSTANTLY CHANGING IN
VALUE.
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If you wanted to find the current in an a-c circuit

you^d have to apply Ohm's law at thousands of in-

stants. But that would be impossible in a practical
circuit, so you use an effective value of a-c volt-

age and a-c current. The effective voltage is equal
to the maximum voltage multiplied by .707.

Or

—

Eeff. = .707 X Emax.

In the example just used, the lamp would have
170 X .707 = 120 volts of effective emf impressed.

And the effective current would be = 1.2

amperes.

You're wondering what the term “effective

value" means and where it comes from. It means
the amount of a.c. that produces the same heating
effect that a given d.c. produces. Here's the prob-
lem: You can't take instantaneous readings of a-c

current and voltage for every instant on the sine

wave. You've got to have some value of a.c. that's

a true picture of its ability to do work—that cor-

responds to d-c values. The maximum value is

easiest to determine but it won't do because it's the
CORRECT value for only two instants of each cycle.

The heating effect of currents is easily measured
and this effect is used to establish a comparison
between a.c. and d.c. It is found that if the maxi-
mum value of the alternating current (Imax) is mul-
tiplied by .707 the result is the a-c current value
corresponding to the d-c current in heat producing
ability. For example, 10 amperes of d.c. produces a
certain heat; 10 amperes, effective value, of a.c.

produces the same heat. But you get this value

—

10 amperes of a.c.—by multiplying by .707, In
this case, 14.14 amperes (Imax) times .707 gives you
the effective value—10 amperes. Thus a 10 ampere
current in a.c. has a maximum value of 14.14 am-
peres. But usually this maximum value will cause
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you no headaches—^all a-c meters read in

EFFECTIVE VALUES.
The point you must understand, and remember,

is that, although an a-c meter reads a steady cur-

rent or voltage, neither the current nor the
VOLTAGE IS ACTUALLY STEADY. Both gO up and
down in value according to their sine waves.
The second outstanding characteristic of a.c. is

that it CHANGES DIRECTION AT REGULAR INTERVALS.

Figure 171.—A-c.-d.c. compared.

You noticed in the sine wave of figure 170 that half

the time the voltage was positive and half the time
it was negative. Positive and negative indicate

direction. They simply mean that the voltage first

pushes in one direction and then in the other. For
example, if you had the ordinary D-c circuit shown
in figure 171, current would flow from the negative
terminal to the positive terminal

—

^all the TIME.

But suppose you impress A.c. on this d-c circuit

—

the current flows from negative to positive half
THE TIME and from positive to negative half THE
TIME. The lamp is just as bright on a.c. as d.c. Just

as much work is done—just as much power is con-
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sumed—^provided the a-c effective values equal the

d-c values,
X

THREE PURE CIRCUITS

There are three things that limit the flow of cur-
rent in an a-c circuit

—

resistance, inductive
REACTANCE, AND CAPACITIVE REACTANCE. That's
two more items than you had in d.c. Remember that

resistance alone limits current in a d-c circuit.

When you have only one factor alone—resist-

ance, inductive reactance, or capacitive reactance
—you have a pure circuit. Say you have only resist-

ance in an a-c circuit—then it's a pure resist-

ance CIRCUIT. But pure circuits don't happen
very often ! In fact it's almost impossible to get one.

However, by studying the action of pure circuits

with any one of these—resistance, inductive re-

actance, or capacitive reactance—^you get the best

picture of how each one of these things affects cur-

rent. You'll have to remember, though, that most
PRACTICAL CIRCUITS are combinations of all three.

PURE RESISTANCE

This one is easy. Just like a d-c circuit, in fact.

Figure 172 shows a nearly pure resistance circuit

and the sine waves of current and voltage. The
voltage impressed on this circuit is shown by the

solid line. The current flowing is shown by the

dotted line. Just what you'd expect. The current

obeys Ohm's law : I = ^ for every instant. Since

the resistance is constant, the current rises and
falls with the voltage.

The sine waves of figure 172 show one very im-
portant thing. Voltage and current are exactly IN
PHASE—in time. When the voltage is zero, so is the

current. When the voltage is maximum, the cur-

rent is maximum. Pure resistance circuits are in

PHASE circuits.
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Figure 172.—Pure resistance.

PURE INDUCTIVE REACTANCE

This one is not so easy, because inductive circuits

always contain a voltage of self induction. That
means a coil and probably an iron core. To make as

pure an inductive circuit as possible, you^d wind a

many turn coil on a soft iron core—like figure 173.

In an inductive reactance circuit, this is what
happens—the expanding and contracting flux, set

up by the a.c., produces a voltage of self-induction.

In a pure circuit, this self-induced voltage Esi is

just as strong as the applied voltage Ea, But the E>i

IS NOT IN PHASE WITH THE Ea. Figure 174 shows
the first step in understanding a pure inductive

circuit.

Notice that the Ea and Esi are 90° out of phase.

This out of phaseness was caused by the expanding

Figure 173.—Pure inductive reactance.
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and contracting flux. Be sure to note that this is

only the first condition. The complete picture is

given in figure 177.

Now you have two voltages controlling current
—Ea and Esi. The result is a current out of phase
with both. In fact, the current’s phase is midway
between Ea and Esi, That makes the current 45° out
of phase with its applied voltage. Since the current
reaches its maximum after the voltage, the cur-
rent LAGS ITS APPLIED VOLTAGE.
But this is not the whole picture. The current,

by its field, produced the Esu And if the current

Figure 174.—First condition.

moves out of phase-lagging, then the Esi is forced
further out of phase, as in figure 175. Notice that
the Esi is now opposing the Ea more than half the
time. You’ll have to look at figure 175 to see what’s
going on. During the time labeled J, the two volt-

ages are opposing each other—Esi is negative and
Ea is positive. The result is a lowered current be-

cause the voltages that should be pushing current
are wearing themselves out bucking each other.

This same condition is true for the time labeled 3.

But, during 2 and the two voltages are aiding
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each other—the current is pushed in the sam(
direction by both voltages.

Which condition has the upper hand—

1

and 3
where the voltages oppose or 2 and where thej

12 3 4

aid? Well, which lasts the longest time? You can
see that the opposing condition lasts longer than
the aiding. Therefore, the current is actually
REDUCED BY THE OPPOSITION OF THE E$i,

Figure 176.~Third condition.

Not only is the current reduced—^but it’s shoved

further out of phase. Current is midway between
Ea and Eai, so it must be 67i/^° lagging its Ea,
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The third and final condition is shown in figure
176. The current, by moving further out of phase,
forces the Esi further out of phase. In turn, the
Esi forces the current out of phase. And so on. This
is like the question,

^‘Which comes first, the chicken
or the egg?” “Which does the forcing out of phase,
the Eai or the current?” That^s a good question

—

except—^you can^t answer it ! Each works on the
other. Current sets up the field that makes E»i\

and Esi always stays 90° away from its current.

Figure 177.—Pure inductive reactance circuit.

The Esi helps to push the current, so as Esi gets

further out of phase, it carries the current further
out of phase. And, as the current gets further out
of phase, it forces the Esi still further out of phase
because Esi is always 90° from the current.

Where is the end to all this pushing further and
further out of phase? When the Esi and Ea are 180°

out of phase—that’s figure 176. Notice that Esi

and Ea are opposing each other all the time. And,
if they’re equal—Esi = Ea—the total voltage is

zero. Therefore, in a pure inductive reactance cir-

cuit, the two voltages—Ea and Esi—and the cur-

rent would have the phases shown by figure 177.
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Inductive reactance does two things to current

—

REDUCES THE AMOUNT OF CURRENT AND THROWS IT

OUT OF PHASE, LAGGING.

PRACTICAL INDUCTIVE CIRCUIT

If a pure inductive circuit could be built—and it

can’t be—the current would be lagging 90°. Fur-
ther, the voltage of self induction would exactly
cancel the applied voltage. A pure inductive circuit

cannot be built because every circuit contains

R« 12n

Figure 178.—Practical inductive circuit.

SOME RESISTANCE. Therefore, all practical induc-
tive circuits contain two factors controlling cur-
rent

—

^RESISTANCE fBJ and INDUCTIVE REACTANCE
(XlJ. Both limit current—in this respect they are
alike. And both are measured in ohms. But resist-
ance tends to keep current in phase. And induc-
tive REACTANCE tends to force current OUT of
PHASE.
A practical inductive circuit—a real circuit

—

contains both inductive reactance and resistance.

Look at figure 178—this is a practical circuit. The
coil has 12 ohms of resistance (B = 12 i2 ) and 12
ohms of inductive reactance (Xl = 12 u ) . The
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inductive reactance (Xl) does just as much to limit

current as the resistance (R). And the Xl exerts

just as much force to send the current 90® out of

phase as the resistance does to keep it exactly in

phase. Result—the current is half way between
90® out of phase, and exactly in phase—^it is 45®

Figure 179.—Current and voltage for figure 178.

out of phase, lagging. Figure 179 shows the sine

waves of current and voltage for this circuit.

You can conclude that, in all inductive circuits,

the CURRENT IS REDUCED AND LAGS OUT OF PHASE.

PURE CAPACITIVE REACTANCE

This is another one that is not so easy. Because
capacitive circuits contain condensers (capacitors)

—and condensers do some strange things.

First, you should know how condensers are built.

They^re made up of alternate layers of conductor
and dielectric (insulator) materials. Half of the

conductor plates are connected to one terminal and
half to the other terminal. Between every two con-

ductor plates is a layer of dielectric.

Many^ materials will serve as conductors and
dielectrics in condensers. But waxed paper is a
common dielectric and tin foil is a common con-
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ductor. Figure 180 shows a waxed paper and tin

foil condenser. Although this condenser is made of

only six plates, you^ll find many condensers having
hundreds of plates.

Figure 181 shows a condenser with a.c. im-
pressed across its terminal. The “innards’’ are

highly magnified so that you can see what happens
inside. During the first quarter of the cycle—that’s

the first 90°—the condenser is being charged.
Voltage is pushing into the condenser from the left

(solid arrows). Current is flowing with this volt-

PLATES OF TIN, FOIL

WAXED PAPER
Figure 180.—Simple condenser.

age (dotted arrows). The electrons of the current
pile up on the surface of the conductor plates. This
gives these plates a negative charge. Repulsion
occurs between the conductors negative charge and
the electrons in the molecules of the dielectric. The
dielectric electrons strain to get away—they move
just as far from the conductor’s negative charge as

they can. This warps the dielectric molecules out
of shape. Instead of nice symmetrical molecules,
they’re all lopsided—with their electron-congested
sides AWAY from the negative conductor plate.

Notice, in figure 181, how this builds up a negativ^
charge all along one side of the dielectric plates.
Now, compare this to current flow—^just about thd
same, except that the dielectric has NO free elech
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IRONS to flow. If the dielectric had been a con-
ductor, current would flow in the normal way.
So far youVe got electrons all piled up along the

side of the plates away from the voltage force. The
final act comes when the strained dielectric forces
electrons out of the conductor plates connected to

the right-hand side. Current flows. Electrons came
in on the left side—^piled up on the plates—repelled

the electrons of the dielectric, which in turn re-

pelled the electrons in the plates of the right-hand
side. Current flows out of the right-hand side con-

ductor plates. All this is true for the first 90° of

the cycle, because voltage is increasing. And as
long as voltage is increasing, electrons continue to

pile up on the left-hand plates. You can say, that as
long as the voltage is increasing current flows

across a condenser in the direction of voltage.
Exactly at the 90° point of the sine wave, every-

thing stands still. Voltage is at its maximum. The
condenser is charged. The voltage is no longer
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increasing, so it can’t force any more electrons onto
the plates. Current stops.

Current is stopped—but everything is

STRAINED. The left-hand plates have too many elec-

trons. The dielectric’s molecules are lopsided, and
the right-hand plates have too few electrons. This
strained condition is maintained by the maximum
voltage at the 90° point in the cycle.

Now, see what happens during the next quarter
cycle—the second 90°. Figure 182 shows the same
condenser, but during the second quarter of a
cycle.

When the voltage decreases—^from 90° to 180°

the strain is relieved—the force maintaining the

strain is gradually removed. Everything returns
to normal. And in returning to normal—here’s

what takes place. The left side loses its excessive

electrons. These electrons flow through the external
circuit to the right side. Here they fill up the right-

hand plates. The dielectric no longer has a charge
against it so its molecules spring back to normal
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symmetrical shapes. The condenser is discharged.
And look what happens during this discharge. In
figure 182, you can see that the voltage is in the
same direction as in figure 181—^from left to

RIGHT. But CURRENT is from RIGHT TO LEFT (follow

the dotted arrows).
That^s right—current IS flowing against the

applied voltage. And the reason is found in the
strained dielectric of the condenser. When that
dielectric was being strained by the increasing
voltage, it was storing energy (much like an emf )

.

When the voltage decreased, the voltage wasn^t
strong enough to hold the energy in the condenser.
Electrons streamed out—backed by the energy of
the strained dielectric. These electrons make a
current against the voltage direction.

Figure 183.—Pure capacitive circuit.

These two facts stand out. The current is in the

same (hrection as voltage, as long as voltage is

increasing. And the current is in the opposite (Brec-

tion to the voltage, as long as voltage is decreasing.

Figure 183 shows you the current and voltage rela-

tionships in a pure capacitive circuit. Notice that
current leads the voltage by 90°.

Capacitive reactance (Xc) does two things to a
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current. Xc limits current like a resistance and
causes current to be out of phase with its voltage

—

LEADING. Zc, like is measured in ohms.

PRACTICAL CAPACITIVE CIRCUIT

A practical capacitive circuit—a real circuit—^is

bound to have some resistance. You can^t have any

Figure 185.—Current and voltage for figure 184.

circuit without some resistance. Look at figure 184.
The circuit has a condenser with 12 ohms of Xc and
12 ohms of i2.
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R and Xc are equal. They both reduce current
flow and the R tends to keep current in phase while
the Xc tends to force it 90® out of phase—^leading.

Result—the current is midway between 90® lead-

ing and exactly in phase—it is 45® out of phase,
leading. The current and voltage relationship is

shown in figure 185.

ALL THREE TOGETHER

Many circuits are combinations of Xl, Xc, and R.
And all of them—Xl^ Xc, and R—have their own
individual effect on the current. There is a certain

method of combining these three items to give you
the IMPEDANCE. Impedance (Z) is the total opposi-

tion to the fiow of current in an a-c circuit. It cor-

responds to resistance in a d-c circuit.

When you are determining the impedance of an
a-c circuit, the first step is to combine the two re-

actances. They^re opposite in action— Xl makes
current lag and Xc makes current lead. Therefore,
when they’re combined, the action of one cancels

the action of the other.

If a circuit has 15 ohms of Xl and 24 ohms of X.

,

then the total reactance (X) is 24 — 15 = 9 ohms.
And the current will lead the voltage because X<
is stronger than Xl.

If a circuit has 30 ohms of Xl and 19 ohms of X.

,

the X is 30 — 19 = 11 ohms. And the current lags
the voltage because Xl is stronger than Xc.

After you have combined Xl and Xc, the total

reactance X must be added to the resistance R to

get the impedance Z. Here’s how you add X and
R—

Z = VW+l^

PRACTICE CIRCUIT

Take a practice circuit. The one in figure 186 is a
good example. In this drawing the resistance and
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R - 4rL
-^vww

—

120v A.C. Xc=6

JlMMy
X.-9

Figure 186.‘-Procfice circuit.

reactance values are given. You can find out how
MUCH current is flowing, and whether the current

is LEADING OR LAGGING.
First, how much total reactance Y?

X = Xl — Xc.

Y = 9 — 6 = 3 ohms.

Second, how much impedance, Z?

z= vR~+ir:
Z= V16 + 9 == V2E = 5 ohms.

By Ohm^s law (but using Z instead of R for an

a-c circuit) you And the current

—

120
- 24 amps.I — z~

And the current is lagging because Xl is larger

than Xc,

WHERE THEY ARE

You’ll find circuits involving Xl^ Xc and R
almost everj^here you find a.c. This is only the

beginning. Circuits containing a-c induction motors

have a high inductive reactance. This makes the
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current lag too far behind the voltage. So conden-
sers are put in the circuit to increase the Xc and
offset the Xl, Condensers are used in vacuum tube
circuits and across switches. Induction coils are
used in radio circuits to choke down current.

If you keep the three actions straight, you can
figure out the effect of each in a circuit. Remem-
ber

—

All three, Xl, Xc and R limit current. And the
total opposition to current flow in a.c. is Z. And Z is

made up of Xl, Xc, and R.

R tends to keep current in phase with voltage.

Xl tends to make current lag voltage.

Xc tends to make current lead voltage.

i
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CHAPTER 18

ELECTRICAL METERS

WHY METERS?

What is the most important fact to know when
you are filling an automobile tire? The air pres-
sure within the tire, of course. And, how is this air

pressure measured? By a “tire gage’’—a simple
air-pressure meter. Try to fill a tire without a
gage. Nine times out of ten the tire is too hard or
too soft. The air-pressure meter is your “eye” to

“see” and measure air pressure. In a sense, all

meters are “eyes” specially developed to see and
measure invisible forces and quantities.

The speed of a ship is measured by a taffrail log
or a tachometer—both are meters. Boiler pressure
is read directly from a meter. In gunnery, both
range and elevation are calculated by meters. All

meters collect data inside a system and deliver it

to the OUTSIDE where it can be used. Meters answer
the question, “how much?”
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In an electrical system, “how much?^’ is asked
about four quantities

—

current, voltage, resist-

ance, and POWER. And four kinds of meters
measure these quantities—ammeters, voltmeters,

ohmmeters, and wattmeters. Each meter’s name
indicates its use.

Every conductor, every motor, every circuit of

any kind has a rated current load. Exceed this

rated load and you ask for trouble—heat develops,

connections melt, and insulation burns. Ammeters
tell you exactly how much current is flowing

—

they forewarn you of overload.

Each insulation has a voltage rating. And 120-

volt insulation will not stand 240 volts. It’s like

trying to put 70 pounds of air pressure in a bicycle

tire rated at 35 pounds. Something lets loose.

Motors are built to operate at a definite voltage

—

110, 220, or 440 volts. If you try to oiI)erate a motor
above or below its rated voltage, it either “burns
out” or gives such poor service that it’s useless.

Voltmeters keep you informed of the voltage of

every line and every generator aboard ship.

Resistance and power can always be calculated

from ammeter and voltmeter readings. R = j
and P = EL However, ohmmeters and watt-
meters, which read these values directly, are

handier—and thev are built to do your dividing

and multiplying for you.

WHAT METERS DO

Meters have been compared to your eyes—re-

member they are just about as delicate. A good
meter costs much more than a good watch. Every
meter is built to measure quantities within a defi-

nite range. And, if you want your meters to stay
accurate, don’t drop them and don’t overload them.
An outboard motor is a good little engine, but, it
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won^t drive a destroyer. Neither will a 10-ampere
ammeter measure 100 amperes.
One thing that makes the study of meters easy is

the fact that all meters measure current. Yes,

the voltmeter, ohmmeter, and wattmeter all meas-
ure current—because the voltage, the resistance,

and the power are all proportional to the cur-
rent. The CURRENT in a voltmeter gives an accu-
rate picture of how much voltage is pushing that
current. The CURRENT in an ohmmeter tells you
exactly how much resistance is holding that cur-

rent back. Power is the product of E and /, and the

amount of CURRENT, therefore, controls the amount
of power.
Although all meters measure current—^they are

not all calibrated (scaled) in amperes. Each meter
has a scale to read the units it is meant to measure.
Ammeters read directly in amperes, voltmeters
read volts, ohmmeters read ohms, and wattmeters
read watts.

HOW THEY DO THE JOB

Current produces three effects on an electrical

circuit. All three effects are used in meter con-
struction. The three current effects are

—

heat,
MAGNETISM, and MOTOR ACTION. The STRENGTH of
each one of these effects depends on the amount of
current. There are three types of meters built

—

each type measures one of the current effects. And
although it is the effect which is measured, the
STRENGTH OP THE EFFECT is an accurate gage of
the STRENGTH OF THE CURRENT.

HOT WIRE METERS

The HOT WIRE METERS use the heat-producing
effect of current. As current flows in a conductor,
the friction produces heat. The stronger the cur-
rent, the greater the heat. This type meter uses a
high resistance wire that expands a great deal
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when it is heated. When the wire cools, it shrinks
back to normal length.

Figure 187 shows a hot wire meter. Notice that
the Mgh resistance wire has become heated and
expanded by the current flowing in it. The slack in

SUPPLY

the wire allows the spring to pull the indicator
needle to the right. In this way, the needle is meas-
uring the expansion of the wire. (Get the idea

—

heat effect is measured.) And this expansion is

proportional to the SQUARE of the current in the
wire.

If the slack in the wire allows the needle to move
one-half inch for the first ampere of current, then
the scale behind the needle cannot be calibrated
in equal spaces. In this particular meter, the
scale is calibrated in unequal divisions. But, be-
cause the heat produced is proportional to the
square of the amount of current, each division
stands for the same amount of current. A hot
wire meter would have much larger amounts of
current calibrated on the right-hand end of the
scale. A particular scale might read something like
this—1 ampere, 2 amperes, 3 amperes, 14 amperes,
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all spaced further apart. The left-hand end is called

a CRAMPED or COMPRESSED scale.

A.C. and D.c. produce equal amounts of heat per
ampere, therefore, the hot wire meters can be
USED ON EITHER A.C. OR D.C.

MAGNETIC METERS

Magnetic meters make use of the magnetic flux

effect of a current traveling in a conductor. There
are two general types of magnetic meter—the

d'arsonval or movable coil type and the mov-
able IRON type.

The D’Arsonval type consists of a strong

Figure 188.—D'Arsonval type meter.

f/-shaped, permanent magnet mounted in a sta-

tionary frame. Notice, in figure 188, that the pole

pieces of this magnet are circular. This shape in-

sures an even distribution of flux from the perma-
nent magnet. In the center of the space between
the pole pieces is mounted an iron core—also sta-

tionary. This iron core is small so that a small

movable coil can turn in the air space between the

core and the permanent magnet.
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The movable coil carries the current of the cir-

cuit, and has the indicator needle attached.’ When
current flows in the coil, it acts like the armature
of a motor. The field of the coil reacts with the field

of the permanent magnet, producing torque. The
action is illustrated in figure 189. Note that the
iron core preserves much of the flux of the perma-

nent magnet. In this drawing, the coil is repre-
sented by only one turn of wire. Actually the coil

contains many turns—20 or more.
The feeders for the movable coil are the two

spiral springs shown in figure 188. They do two
jobs—conduct the current to the coil and act
AGAINST THE coiL^s TORQUE. Thus, the amount of
turning produced is proportional to the combined
effect of the torque AND the opposition of these
springs. As the current increases, the torque be-
comes stronger and the amount of turn is greater.
The indicator needle is carried across the scale as
the coil turns.
The scale is a linear calibration. That is, the

divisions are of equal size and represent equal
amounts of current. For example, they might read
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1, 2, 3, 4, 5 amperes. A linear scale can be used
b^ause the amount of magnetic effect or torque
produced is directly proportional to the strength

of the current.

The D^Arsonval type meter is extremely sensi-

tive. In fact, it is the best action to use in the sensi-

tive galvanometer. In order to make full use of the

sensitivity and accuracy of this meter, the shaft

holding the coil runs in jeweled bearings. Also, the
weight of the indicator needle is counterbalanced
by a weight threaded on the needless other end.

This cancels any gravitational torque which might
be added to the coiFs torque.

Since this meter depends on motor action—cur-
rent in one direction—it can be used only on d.c.

The MOVABLE IRON type of meter has one
marked advantage over the D’Arsonval type. It

can be used on either d.c. or a.c.

Follow the movable iron action through each dia-

gram of figure 190. A shows two pieces of iron held
in a ‘‘dead” coil. No action ! B shows what happens
when the coil is energized by d.c. The Coil Hand
Rule tells you that polarity is induced in the iron
as shown. Like poles are produced on adjacent ends
of the iron pieces. Repulsion throws the two pieces
of iron away from each other. C shows that A.C.
produces the same effect—either norths or souths
repel with equal force. D is a duplicate of A except
that one piece of iron is permanently attached to

the inside of the coil. When the coil is energized
with a.c. or d.c. as in E, the remaining piece of iron
—free to move—is repelled to the opposite side of

the coil.

F is the developed meter as it actually is. The
movable piece of iron and the indicator needle are
mounted on a jeweled shaft. This shaft permits the

movable iron to move only rotationally. The amount
of current in the coil determines the amount of
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repulsion and the amount of rotation. And the

amount of rotation controls the indicator needle’s

reading.
The movable iron meter is a honey—^it works on

Figure 190.—Movable iron action.

A.c. or D.c. It is almost as sensitive as the D’Arson-

val type. And like the D’Arsonval type, the movable

iron type has a spiral spring to oppose torque and

to restore the needle to the zero point.

DYNAMOMETER METERS

The DYNAMOMETER type meter uses the motor

action of two fields for measuring current The

first field is set up by two large stationary coils

(the heavy coils of figure 191). The second field is

set up by a small movable coil pivoted in the center

of the large coils. Notice, in figure 191, that this

light coil has opposing spiral springs and carries

the needle indicator on its shaft.

The current to be measured flows in BOTH coils.

Since the current in both the stationary and mov-
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able coils is the same current, the polarities of
THE COILS ARE ALWAYS THE SAME. Repulsion is pro-
duced and the movable coil turns.

This meter can be used on d.c.—it acts just like

a motor. It also can be used on a.c. since the polari-

ties of both its coils reverse together on A.C.

Figure 191.—-Dynamometer action.

THERMOCOUPLE METERS

A fourth type of meter makes use of the voltage
produced by a thermocouple—really a heat-type
meter. This type meter is illustrated in figure 192 .

The joined end of the thermocouple T, is wrapped
in a coil of high resistance wire C. Then the circuit

current is sent through this coil. The resulting heat
generates a voltage in the thermocouple propor-
tional to the current which produced the heat.

A regular type meter—usually the D^Arsonval
type—measures the current produced by the gen-
erated voltage. The scale is adjusted and calibrated
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to read not the generated voltage or current but
the current of the heating coil.

This meter seems complicated and tricky. It is,

but it permits the use of a sensitive D^Arsonval
type for measuring a.c.—and that makes it worth-
while.

WHICH METER WHERE?

Why all these types of meters? For the same
reason that there are both tug boats and battle-

ships. Each can do some one job best.

The D^Arsonval is extremely sensitive but it can
be used only on d.c.

The movable iron is not as sensitive as the D’Ar-
sonval but it can be used on d.c. or a.c.

The hot wire is not particularly sensitive and it

takes time to heat the high resistance wire. But it

can be used on all d.c. or a.c. circuits including ra-

dio circuits.

The thermocouple is complicated but it can be

used on d.c. or a.c. Also it is a good meter for radio

work. It is fairly accurate and it adopts the sensi-

tive D’Arsonval movement to the measurement
of a.c.
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The dynamometer is the most sensitive a.c.-d.c.

meter. However, it cannot be used on the high fre-

quencies of radio circuits.

As the various types of meters have been pic-

tured, they are operating as galvanometers—sen-

sitive, and carrying the full current of the line. In
practical use, any type of meter can be connected
to act as an ammeter, voltmeter, or ohmmeter. The
whole problem is to connect the meter to do its job,

BUT not ^^burn out^’ the meter.

AMMETERS

Ammeters measure the CURRENT IN A line.
Therefore, they must be in series with the line and
cany all the line current or a definite fraction

Figure 193.—Ammeter with internal shunt.

of the total line current. If the line current is small

—a fraction of an ampere, then the meter can usu-
ally handle all of it. But seldom do you deal with
such small currents. Except in some radio circuits,

you’ll have to measure currents far too heavy for
the light coils of meters. To reduce the current to

a safe value in the meter coils a shunt is connected
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around the meter. This shunt is simply a parallel

path carrying most of the current. In this way, the
meter carries only a definite small fraction of
the total current. Figure 193 shows an ammeter
with an internal shunt.

Notice that there are two paths for current with-
in the meter. One through the meter coils, the other
through the shunt. Say that the resistance of the
meter is 1 ohm, the resistance of the shunt is 0.01
ohm, and the total current is 101 amperes. The
ratio of current in the meter to current in the shunt
is 100 to 1. That is, the meter handles 1 ampere
while the shunt carries 100 amperes. The total cir-

cuit—^meter and shunt—carries the line’s current
of 101 amperes. Now—just what does the meter
read—1 ampere, 100 amperes, or 101 amperes? It

will read 101 amperes because the scale has been
calibrated for a 101 multiplier. The ratio of the
TOTAL current to the meter current is the multi-
plier.

Internal shunts—the shunts inside a meter case
—are fixed. Regardless of what circuit the meter
is used in, the shunt is a part of that circuit, and
the meter scale is calibrated to read the actual
meter current times the multiplier.

External shunts are shunts connected outside
the meter box—on the back of switchboards, on the
outside of the meter box—or, if portable, any place
convenient. Figure 194 shows three types of shunt.
A is a switchboard shunt. R is a shunt for mount-
ing on meters. And C is a portable and adjustable
shunt.

If the shunts are outside the meters, they are
easily changed and the meter’s range can be in-
creased by merely changing a shunt. For example,
an ammeter with a range of 0-10 amperes has a
resistance of 0.1 ohm. The range is to be increased
to 0-100 amperes. What size shunt is required?
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Just looking at the problem tells you that the mul-
tiplier is 10—because you are increasing the ca-

pacity TENFOLD. By doing a little reasoning you

know that ^th of the current will go through the

meter and joths through the shunt. Therefore, the

shunt must have §th as much resistance as the

meter—it carries 9 times as much current. The

resistance of the shunt is gth of 0.1 ohm or

—

0.1 X ^ ^ = 0.011 ohms.

Shunt sizes can be reasoned out this way—just re-

member that you have a simple two-way parallel

c

Figure 194.~External shunts.

circuit. One branch is the meter—the resistance is

fixed. The other branch is the shunt—you set this

resistance to fit the job. The resistance must be low
enough so that most of the current will be kept
away from the meter. But the resistance of the

shunt must also be an easy fraction of the total

resistance—because an easy fraction gives you a

handy multiplier.
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Here is the formula for calculating shunt re-

sistance

—

Rs
1 .

When
Rs = the resistance of the shunt;
Rm = the resistance of the meter

;

N = the multiplier.

Using this formula for the solution of the ex-

ample above—
T) Rm

N-1

R, = ^ = 0.011 ohm.

Let^s say this ammeter is used to measure an 80

ampere circuit. Here is what happens

—

80 amperes
are in the line and passing through the meter and

shunt. Because the shunt has only joth the resist-

ance of the meter, the shunt carries 9 times the

current of the meter, or i^ths of the total current.
q

Hence, the shunt will carry foths X 80 = 72 am-

peres and the meter only 8 amperes. And the meter

reads only 8 amperes. But the multiplier is 10—so

the TOTAL current is the reading (8 amperes) times

the multiplier (10) or 8 X 10 = 80 amperes.
Remember that ammeters and their shunts must

carry the entire line current. Wherever this cur-

rent is reasonably large—1 ampere or more—

a

shunt must be used to protect the meter coils. It^s

true that an ammeter coil could be built to carry

the full line current—but it would have to be made
of heavy wire. Such a coil would weigh too much

—

the meter would be cumbersome and not very sen-

sitive. The only ammeter which can carry the full

line current is the hot wire type—no coils are used.

You will run across ammeters with multiple

scales. These are meters using more than one shunt.
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Figure 195 shows an ammeter with two shunts.

This meter has three different scales. The first scale

is 0-1 ampere—no shunt is used. The second scale

is 0-10 amperes—the first shunt is used. And the
third scale is 0-100 amperes—the second shunt is

used.

0 .05/1

The resistances of the shunts are shown in the
figure. You can see that multipliers of 10 and 100
were used in calculating the resistance of each. Use
the formula for finding shunt resistance—prove
the values given in figure 195.

CAUTION

Ammeters are extremely low resistance in-

struments. They are designed to be connected in
SERIES WITH THE LINE AND ITS LOAD. If yOU should
connect an ammeter across the line, or in parallel

with a load, the full line voltage will force a tre-

mendous surge of current through the delicate
coils. The burning action is so fast that line fuses
cannot melt in time to save the meter.
Remember—^ammeters are always connect-

ed IN SERIES WITH A LOAD.
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VOLTMETERS

Look at this formula: E =^. It describes the

voltage necessary to force a certain current

through a certain resistance. Suppose, for a given

circuit, the resistance is constant. You put an
ammeter in the circuit. Every time the current in-

creases—you know the VOLTAGE must have in-

creased. Every time the CURRENT DECREASES

—

^you

know the voltage must have decreased. Remem-
ber-—the resistance is constant. Exactly what is the

ammeter doing? It is measuring voltage as well
AS CURRENT. And if the scale of the meter reads

volts instead of amperes then you have a voltmeter.

But wait a minute—it’s not quite that simple. In

A

LOAD

B

Figure 196.—Voltmeter connection.

practical circuits, the resistance is seldom constant.

However, you can add a resistance that is constant
—^ALWAYS CONSTANT—by making it a fixed part of

the meter. Such a meter is a voltmeter.
Look at figure 196—notice that the meter is in

parallel with the load. Now changes in LOAD re-

sistances have no effect on the meter resistance.
This is how the voltmeter works—there is a po-
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tential difference between points A and B of figure
196—so much voltage. This voltage forces a small
current through the high resistance, E, and then
through the meter. The meter acts on this small
current.

The degree of action depends on the amount of
current. And the amount of current is exactly
PROPORTIONAL TO THE VOLTAGE. Therefore, the
DEGREE OF ACTION IS PROPORTIONAL TO THE VOLT-
AGE. And the meter can be calibrated in volts in-

stead of amperes. Notice that the voltmeter must
always be connected across the line. If it were
connected in series with any load, the resistance of
the load would cut down the current and give a
reading too low.

Figure out this voltmeter problem—^A meter of
50 ohms resistance will give full scale deflection

with 0.0005 ampere of current through its coils.

How much resistance must be added to the meter
circuit in order to use this meter as a 0-500 volt

voltmeter? From the 0-500 volt range, you know
that full scale deflection must be produced by 500
volts. Also, you know that 0.0005 ampere in the
meter coils will give full scale deflection. You can
say it either way—both mean the same—full scale

deflection by 500 volts or by 0.0005 ampere.
These two items, line voltage and meter current,
tell you how much resistance is needed. It’s a simple
Ohm’s law problem

—

R= E 500

0.0005
1 ,000,000 ohms.

The 1,000,000 ohms is the total resistance. You
need only 1,000,000 minus 50 or 999,950 ohms
ADDITIONAL RESISTANCE.

With 1,000,000 ohms resistance, the meter will

pass 0.0005 ampere at 500 volts—^full deflection.

But if the voltage is less—say 200 volts—only
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0.0002 ampere passes through the meter coil be-

cause

—

r E 200 ^
R~ 1,000,000

“

And 0.0002 ampere is exactly two-fifths of full

defiection current (0.0005 ampere). Therefore, the

meter pointer defiects exactly two-fifths of full

scale. And on a scale of 0-500 volts, 200 volts would

be two-fifths of the way to 500 volts. Every voltage

produces its corresponding current. And every cur-

rent causes a deflection—and reading—corre-

sponding to the voltage which produced it.

LOAD

The complete meter circuit looks like figure 197.

The large resistor, i2, is usually included INSIDE

the voltmeter and the range is labeled 0-500 volts.

For MULTIPLE SCALE VOLTMETERS, more than one

resistor is connected inside the meter. Look at the

connections in figure 198. If the meter is connected
from + to 250, both resistors are in series with the

meter coil and the range is 0-250 volts.

If it is connected from + to 125, only one resistor

is in series with the meter coil and the range is

0-125 volts.
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CAUTION

The voltmeter is more rugged than the ammeter
—the voltmeter has a high resistance to protect it.

Nevertheless, you can “cook” the windings by try-

ing to measure a voltage higher than the meter’s
range.

Before you connect any meter, make certain
your instrument has a range high enough to handle

Figure 198.—Multiple scale voltmeter.

the current or voltage of the circuit. When in doubt
—USE THE HIGHEST SCALE.

VOLTMETER—AMMETER METHODS

There are four electrical factors in eveiy circuit

—current, voltage, resistance and power. There is

a special meter to measure each

—

but—you don’t
need all four meters to know all four facts.

With only the ammeter and voltmeter readings,
you can calculate both the resistance and the
d-c power. Use Ohm’s law for resistance

—

and use the Power Equation for power

—

P = EL
^ed by Google
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Wattmeters and ohmmeters are simply instru-

ments which do the dividing or multiplying for you.

Remember that all you need to measure in any d-c

circuit are voltage and current. But for a-c power
measurement, you must use a wattmeter.

WATTMETERS

Power is composed of two things—^voltage and
current. A change in either one changes the power.
Therefore, the wattmeter must measure both the

current and the voltage. How one meter measures
both quantities is shown in figure 199.

Figure 199.—Wattmeter connections.

The two coils marked A are stationary—they are
the AMMETER part. Notice, they are in series with
the load. Coil B is movable and carries the indi-

cator needle—it is the voltmeter part. Notice that
B is across the line and in series with the resistor, B.
The wattmeter is like the other meters except

that there are two coils. The strength of coil A is

determined by the line current. The strength of coil
B is determined by the line voltage. Two flux fields
are set up—

A

and B, They exert a force on each
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other. Coil B is the only coil free to move, and both
forces are concentrated on it. Coil B turns, carry-
ing the needle with it. The amount it turns is

PROPORTIONAL TO BOTH THE FORCES ACTING ON IT.

Therefore, it reads the product of both forces

—

POWER.
Wattmeters having multiple scales usually have

their multipliers inside the meter case. It^s a tricky

job to add external multipliers and then calculate

the correct power. If you don’t have a correct range
wattmeter, the best thing to do is measure current
and voltage separately. Then multiply the two
readings for the power.

THE OHMMETER
The OHMMETER is a voltmeter! But—^with a very

special arrangement of a resistor and a battery.

The first type ohmmeter is a voltmeter with a
resistance and a battery in series with the meter

R

TEST PRODS
Figure 200.~Series ohmmeter.

coil. Figure 200 is a schematic of the series type
ohmmeter.

It works like this—the resistor, i?, and the re-

sistance of the meter, i2m, are in series. The battery
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Digitized b]

(a small dry cell) furnishes jvist enough voltage to

cause full scale deflection of the meter. That is full

scale deflection when the test prods are touched to-

gether. When any resistance is placed between the
test prods, it adds resistance to the whole cir-
cuit. Current is reduced and the meter will read
LESS than full deflection.

The amount of the reading, less than full deflep-
tion, is a measure of the size of the unknown re-

sistance placed between the prods. Thus, this meter

reads from right to left. And it must be calibrated
that way.
The other type ohmmeter also has the batteiy

and resistance in series with a voltmeter. The bat-
tery provides just enough voltage for full scale de-
flection. But in this type—the shunt ohmmeter
—the unknown resistance is connected in parallel
with the meter coil.

The best way to get the workings of this meter
straight is to follow the circuit in figure 201. The
current path through the resistor, R, the meter
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and the battery is shown by solid arrows. The cur-

rent path through the resistor, Ry the unknown re-

sistance, R^y and the battery is shown by broken
arrows. Two parallel paths. Apparently they have
no effect on each other. But Rx does affect the meter
circuit and here^s the reason. All batteries have
internal resistance—therefore, there is a voltage
drop INSIDE the battery. Any increase in the in-

ternal voltage drop of the battery (IR) is sub-

tracted from the voltage at the battery terminals,

thus making the current through the meter less.

When Rx is included between the test prods—cur-

rent through the battery increases— internal IR
drop increases—terminal voltage decreases and
the METER GETS LESS CURRENT. The indicator reads
less than full deflection. The lower the Rx^ the more
current it draws, and the less the deflection.

This type ohmmeter reads from left to right. And
that^s easily proved—if the prods are touched to-

gether Rx is practically zero. Almost all of the cur-

rent is following the broken arrows. And practi-

cally no current is left for the meter—it reads al-

most zero. Which it should—the prods, themselves,
have practically zero resistance.

The shunt ohmmeter can be explained another
way, although it’s not quite correct. Imagine that
the battery can put out just so much current. This
current can go two ways—through the meter or
through Rx. If Rx is high, most of the current goes
through the meter—high deflection. If Rx is low,

most of the current goes through Rx—low deflec-

tion.

This explanation is not entirely correct because
the amount of current put out by a battery depends
on the total resistance of the circuit and the ter-

minal voltage. This explanation ignores terminal
voltage changes.

Both series and shunt ohmmeters use primary
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cells and these cells lose capacity as they are used.

This is the reason for the variable resistance in the

ohmmeter circuits. Look at figures 200 and 201

again. Notice the rheostat in series with the re-

sistor and meter coil. This rheostat is used to com-
pensate for any decrease in battery capacity. By
increasing or decreasing t^he rheostat resistance,

the meter is set at zero reading before each use.

MEGGER

The MEGGER is a special instrument for measur-
ing resistance. It’s more than just a meter—it con-

tains a small hand generator and a sensitive volt-

o

X

Figure 202.—Megger connections.

meter. By following the circuits in figure 202, you
will find that the megger is connected very much
like a shunt ohmmeter. But with this big difference
—the voltage is furnished by the hand generator
at the right, not by batteries. This little generator
uses permanent magnets for a field. Whenever
permanent magnets provide the field for a gener-
ator, the machine is called a magneto. The arma-
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ture is turned by a crank mounted on the side of

the megger case.

Now ‘‘why a megger instead of one of the ohm-
meters?” Because the megger has a constant volt-

age—^no batteries to wear down. And the megger
magneto can be designed to produce emfs from 100
volts to 1,000 volts. It will measure a much higher
resistance than the ohmmeter. In fact, the meg-
ger’s name comes from the units it measures

—

MEGOHMS—^millions of ohms.
Navy men use meggers constantly to check cir-

cuits and cables for grounds. The two megger prods
are connected from conductor to ground. This puts
the conductor’s insulation between the terminals of
the megger. Depending on the type of circuit, the
insulation should test between 200,000 and 5,000,-

000 ohms—I to 5 megohms.

TOUGH ONES

When you use meters you’re going to run into

some tough problems. And at the same time, you’re
going to run into the special meters built to solve

these problems. The catch is this—the meters are
pretty complicated ! In fact, they’re too complicated
for this book. But you want to be up on new things—and even if you can’t understand all the inner
workings, you’ll want to know what these special

meters WILL DO. So first a few of the tough ques-
tions and then the meters which answer the ques-
tions.

QUESTION ONE

Suppose you have one meter—it doesn’t matter
whether it’s an ammeter, a voltmeter, or an ohm-
meter. But, say that it’s a D’Arsonval voltmeter.
And you want to use it as an ammeter or as an
OHMMETER. How do you change the meter to fit

your purpose?
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THE ANSWER
You can re-connect the meter to fit your purpose.

If you «trip the voltmeter of its series resistance

—

then it^s no longer a voltmeter. It’s just a plain

D’Arsonval meter. Then by reconnecting resist-

ances and batteries, you can make it an ammeter,
a VOLTMETER, or an OHMmeter. And it’s not a very
hard thing to do—because meters are built with
STANDARD RATINGS. This one has a standard full

scale deflection with 0.001 ampere through its coil.

It’s called a milliampere meter.” And it requires
one volt to force this one milliampere of current
through the coil. Now, you can find the resistance

of the coil—Ohm’s law

—

^ ^ R"" oOT
""

Since it requires 1 volt to produce full scale de-

flection of the 1,000 ohm coil, it’s a “1,000 ohms
per volt” meter. That’s two standards for this

meter—1 milliampere and 1,000 ohms per volt.

You know everything there is to know about this

meter! Full scale deflection is produced by 0.001

ampere through the coil. And 0.001 ampere re-

quires 1 volt because the coil’s resistance is . 1,000
ohms.
To make it a voltmeter with a 0-150 volt range
—add enough resistance to limit the current to

0.001 ampere at 150 volts. Ohm’s law again

—

R = = 150,000 0

You already have 1,000 ohms in the meter’s coil,

so just add 149,000 ohms in series to get the 150,-

000 ohms total.

There’s another way to find the required resist-

ance. Remember this meter has 1,000 ohms per
volt. So 150 volts will require 150 X 1,000 = 150,-

000 ohms. Again just add 149,000 ohms in series

with the coil.
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To make the meter an ammeter with a 0-10 am-
pere range, add a shunt heavy enough to carry
9.999 amperes. The shunt will leave 0.001 am-
pere of the full 10 amperes for the meter^s coil. No
strain on figuring out the shunt resistance. The
current is 9.999 amperes, and since the shunt is in

parallel with the coil, the shunts voltage is the same
as the coirs voltage—1 volt. Ohm’s law again

—

The shunt’s resistance is 0.1 ohm. To make the

meter an ohmmeter with a 0-infinite ohm range,
connect a resistance and a battery in series so that
full deflection is produced with no resistance across

the terminals. You would use a 1.5 volt flashlight

battery. The-current must be 0.001 ampere and the

voltage is 1.5 volts. Ohm’s law again

—

0.001
1,500 n

You already have 1,000 ohms in the meter’s coil

—so just add 500 ohms in series with the coil to get
the 1,500 ohms total. Usually this 500 ohms (or at

least a part of it) is in the form of a rheostat. By
using a rheostat instead of a fixed resistance, you
can adjust the meter to a zero reading when the

battery gets weak.
That’s THREE meters—out of one. And all made

by proper resistance and battery connections!
You’ll see commercial jobs built like this. They’re
smooth jobs—all the resistances and batteries are
inside the meter case. And all you have to do is turn
a selector switch to the kind of meter you want.
Then read the values off the correct scale.

QUESTION TWO
What are you going to do when you have to test

the voltage drop across a low current circuit? Say
the voltage drop across a radio current limiting
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resistor. The resistance is 100,000 ohms. The cur-
rent is 1 milliampere so the voltage is

—

E = 7 = 0.001 X 100,000 = 100 volts

If you used the “1,000 ohms per volt” meter just
studied, this is what would happen. You would add
99,000 ohms to the meter to give it a 0-100 volt
range. Then you^d connect it across the resistor to
measure the voltage. Now you have two parallel
paths. Each has 100,000 ohms resistance. One is

the meter, the other is the current limiting resistor.

And you only have one milliampere of current for
both. The one milliampere splits up—^half to each
path. And the meter reads only 50 volts, because
it’s only getting one-half milliampere. In short

—

you have a reading that’s far from right—only
one-half of what it should be.

THE ANSWER

There are two answers. The first is—^use a more
sensitive meter. Use a meter with “20,000 ohms per
volt.” That means much finer and more expensive
winding on the coil—a much better meter. Then
the meter, instead of needing 1 milliampere for full

scale deflection, would need only 0.05 milliampere
for full scale deflection. Always use a meter
WITH A SENSITIVITY HIGH ENOUGH FOR THE JOB.
The second answer is—use a vacuum tube meter.

These vacuum tube meters are tops! They only
draw millionths of an ampere from the tested cir-

cuit. And they have internal resistances and bat-
teries for connecting as a voltmeter, a milliam-
meter, or an ohmmeter. All you have to do is adjust
a selector switch for the kind of meter you want.
Then adjust another selector switch for the range.
And right here is one of the best things about a

vacuum tube meter

—

it’s practically impossible
TO BURN ’em up. They’re designed so that you can’t
overload them more than 20 percent which won’t
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hurt the meter. Each meter has an instruction book
for its particular connections. Reading this book
will give you the low-down on the instrument.
Another good thing about the vacuum tube meter
—it has no frequency error up to about 20,000
cycles. You^ll find that ordinary 60 cycle meters
start to cut up and give you foul readings on any-
thing over 80 or 85 cycles.

QUESTION THREE

How can you use a d-c D’Arsonval meter on a.c. ?

This sounds like a good idea—because the D^Ar-
sonval movement is sensitive and it reacts much
faster than the heat-effect a-c meters.

THE ANSWER

Rectify the a.c. so it can be fed as d.c. into the

meter.

You already know about one kind of rectifier

—

the commutator. But a different kind of rectifier is

used for meters. It^s the copper oxide rectifier.
Here is the way it works. Two disks are bolted to-

gether—one is copper, coated with copper oxide,

and the other is lead. The unit looks like two wash-
ers about IV2 inches in diameter, bolted together.

This unit is inserted in the a-c line to the meter

—

it becomes part of the circuit. When a.c. flows,

ONLY THE CURRENT FROM COPPER TO COPPER OXIDE
IS PASSED. The current in the opposite direction,

from oxide to copper, is stopped—eliminated. Thus
the rectifier passes all the current in one direction,

but it stops all the current in the opposite direction.

It works like the check valve in a water intake pipe.

The meter gets current in only one direction. So
its torque is in only one direction. However, the d.c.

fed to the meter is pulsating— the meter must
have a special scale. That means that you can^t

just use ANY d-c meter with a rectifier. But you’ll
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find that many of your a-c meters are actually d-c

jobs with copper oxide rectifiers and special scales.

The SELENIUM OXIDE RECTIFIER is another type

of rectifier. You^ll find that it works the same way
as the copper oxide type. Construction and rectify-

ing effects are the same for both rectifiers.

QUESTION FOUR

How can you get an actual picture of the a-c

wave form? You’ll need that picture when you’re

paralleling alternators, when you’re testing and
tuning radio circuits, and when you’re testing a.c.

circuits for power.

THE ANSWER
An oscilloscope is the answer. This instrument

uses a vacuum tube and a fluorescent screen to re-

produce the wave form of a.c. By proper connec-

tions, the oscilloscope screen will give you the

curves of voltage and current for any circuit. The
curves tell you the maximum voltage, or any in-

stantaneous value. And by connecting two circuits

you can get the phasing between two voltages or

between a voltage and its current.

You’ll learn a lot more about these special meters
as you get into the books for your own rating. But
now, at least, you know something about what they

can do. Don’t try to re-design ’em—^keep out of

their innards. These special jobs cost plenty, and
you’ll really be snafu if you foul one up

!

READING METERS

Meters are tops in sensitivity and accuracy^—^but

all the accuracy of a good meter can be wasted by
reading it wrong. There is only one way to read a
meter right. And that’s by facing the scale square-
ly. If your eyes are off to one side, you see the needle

at an angle to the scale. The needle seems to be

where it isn’t

!
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Figure 203 shows incorrecc meter reading.

Imagine your eyes at an angle above these me-
ters. First, far to the right, then only a little to the
right, and finally to the left of the needle. In each
position an error is introduced—as much as 10
volts. There is no sense in using a good meter if

CARELESS READING gives an INACCURATE MEASURE-
MENT.

VOLTS
DIRECll CURRENT

VO
DIRECT

Its
buRRENT

VOLl

DIRECT 4uRRENT

B

Figure 203-—Incorrect meter reading.

Here is another way to foul up a good meter

—

stand it on its head! Every meter is built to be used
in ONE position—either upright, fiat, or mounted
in a switchboard. The meter^s indicator needle is

balanced for its correct position. If you use it in an
incorrect position, the needle’s weight will pull it

off the correct reading.

Here’s a good tip—an unconnected meter will

read ZERO when it’s in the correct position for
reading.

PROFICIENCY SAVER

Finally, here is a repeat—but it’s worth it

both to YOU and to the navy. Connect your me-
ters properly! Use meters of the correct
range! Know how to connect properly all the
meters in a circuit. Keep your connections in mind
—it may save a 4.0 for you

!
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CHAPTER 19

VACUUM TUBES

BOILING ELECTRONS

You have seen the steam escaping from a pan of
boiling water. But, do you know what steam is and
what CAUSED it to escape from the water? In the
first place, steam is water—but vaporized. It^s a
cloud of water molecules separated from each other
by air. And if these water molecules were brought
together again (condensed)

,
you’d have droplets of

water. The molecules escaped from the pan of
water because of heat. Whenever heat is added
to a substance the molecules and electrons pick up
speed. Their energy— kinetic energy— is in-

creased by heat.

In the case of boiling water, this is what hap-
pened. The molecules picked up kinetic energy from
the heat. When the energy of any one molecule be-

came great enough, it “boiled” out of the water
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surface and shot into the air. The result was steam.
When the molecule cooled off, it lost its excess en-

ergy and dropped back to the water surface or com-
bined with other water molecules to make droplets.

Result—water again.

Something very similar to this happens in a hot
wire. When heat is applied, the electrons, in their

orbits, pick up speed (kinetic energy). They whirl
around the nucleus— their speed ever increasing

CATHODE

HEATER OR
FILAMENT

A.C. OR D.C. SOURCE

A-DIRECT HEATER
AjC. or O.C. SOURCE

B-INDIRECT HEATER

Figure 204.—Thermionic emission.

until—zing—they pop out of the conductor and
shoot into the air around the wire.

Every electron in the wire cannot behave like

this, because every lost, or emitted, electron leaves
a positive charge in the wire. This positive charge
is an attraction on the remaining electrons. The
positive charge also pulls many emitted electrons
back to the wire. But as long as the wire is heated
it continues to emit some electrons, and the hotter
the wire, the greater the number of emitted elec-
trons.

The cloud of electrons around the hot wire cre-
ates a SPACE CHARGE. The space charge is negative
because electrons are negative. It acts exactly lik^

Google
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the static negative charge on a comb. Figure 204
gives a complete picture of heat, or thermionic,
emission of electrons. A shows thermionic emission
from a wire that is heated directly by sending a
current through it. 5 is a wire being heated indi-

rectly by a heater unit— filament or cathode.

Notice the names applied to the parts of these ele-

ments. The two terms, filament and cathode,
are often used interchangeably.

OTHER EMISSIONS

Heat is not the only way to make electrons boil

out of a conductor. For some kinds of material,

light will do it. Electrons, emitted by light, are
called PHOTOELECTRONS. Fast moving electrons

striking other molecules will knock electrons out of

the second object. When this second object is solid,

the process is termed, secondary emission. When
the second object is a gas the process is called

IONIZATION.

How about proton emission, is it possible? Yes,
but it takes far more energy than electron emis-
sion. Protons are heavy, but if enough energy is

supplied, positive particles can be forced out of a
material. It is easiest to produce positive particles

in a gas. As a matter of fact, every time an elec-

tron is emitted by gas ionization, the particle re-

maining is a positive ion.

Some special tubes employ these methods of emis-
sion. But by far the most useful emission, is ther-

mionic emission—direct or indirect. Almost all

vacuum tubes use a thermionic source of electrons.

VACUUM
When a cathode is to be used as a source of elec-

trons, air must be removed from around the emit-
ting element. If air remains, the air molecules clog

up the space around the filament. Ionization of the

air results, and, instead of a smooth and steady
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emission of electrons, a garbled mess results.

Either the air is removed and the cathode operated
in a vacuum, or, an inert gas, like argon, is used.
Inert gases do not interfere with the electrons boil-

ing out of the cathode.

TUBE OR ENVELOPE

The cathode and certain other elements are en-
closed in a TUBE or envelope of glass or steel. If a
vacuum is to be used, the air is pumped out of the
tube. If argon or some other suitable gas is to be
used, the air is removed and the gas is put into the
tube at low pressure.

DIODES

Diodes are vacuum tubes containing two elec-

trodes—a cathode and an anode. The cathode may
be either of the two types—filament or heater. Re-
gardless of type, THE CATHODE IS SURROUNDED BY
THE SPACE CHARGE OF NEGATIVE ELECTRONS. The
anode is a metal plate and is connected to the ex-
ternal, or load, circuit. Figure 205 shows a typical

diode tube. Trace the circuits through this diagram.
The cathode or filament is heated by battery A, and
is surrounded by a space charge caused by the elec-

tron cloud. The B battery makes the cathode nega-
tive. Don’t confuse the A battery connections with
the kind of potential on the cathode. The cathode
might be indirectly heated or it might be heated
with a.c. Regardless of how it is heated, it would
have to be negative because of its B battery con-
nection. The current through the heating battery,

A, and the cathode, C, is traced by solid arrows.
Now examine the anode, or plate, circuit. The

plate is connected to the positive side of battery B.
Therefore, the plate has a positive potential and
you can trace this circuit just like any other elec-

trical circuit. The electrons of the cathode space
charge are attracted by the positive plate. They
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drift through the tube and land on the plate. Pass-
ing through the load, they go through the batteiy
and return to the cathode. The heat of the cathode
gives ^em another shot of energy—they bounce
through the cathode surface and are on their way
to the plate again. You can trace the plate current
by following the broken arrows through figure 205.

A B

Figure 235.—Diode tube circuit.

Now FOR YOUR QUESTIONS

—

f. Is the circuit through the filament a special

one? No! IPs a normal circuit containing a source
(generator, battery, or line), and a load (the hot
filament). It^s traced like any circuit is traced

—

from negative to positive.

2 , Is the circuit through the plate a special kind?
No! Current flows from the negative side of the

battery, across the tube through the plate and load,

and back to the positive side of the battery.

3 , Is the current through the tube different from
currents through a wire? Yes and no. Yes, because
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the current is not contained in a metal conductor.
Yes, ^cause a special kind of switch can be used
for control. No, because this current is like any
other current when it is in a magnetic field. No,
because the strength of this current is controlled by
the potential difference between cathode and anode—^just like any current is controlled by voltage.

How does potential control the current in a
vacuum tube? If the positive potential of the plate
is increased, the p.d. between cathode and plate is

raised. The plate has more attraction for the space
charge electrons—and more flow results. When the
plate is sufficiently positive to attract all the
emitted electrons, the tube is operating at satura-
tion POTENTIAL.
Does the combination of two circuits

—

heater
or CATHODE, and load or anode—^make a special

problem? No, because you can eliminate the
heater circuit from your thinking. All it does is

heat the cathode. The important circuit is through
the tube, load, and source.

ONE-WAY TRAFFIC

What happens when the anode, or plate, is not
positive? Suppose you reverse the battery connec-
tion of B in figure 205 and find out what happens.
The circuit would look like figure 206. Can you
trace it? Try it! You came up against a brick wall

!

You got as far as the plate and stopped—or you
SHOULD have stopped. The plate is cold and does not
emit electrons. Therefore, there is no electron

cloud at the plate to furnish electrons for a current
across the tube. And the filament electrons cannot
drift across to the plate—the plate is negative and
repels them.
A tube with a negative plate acts like an open

CIRCUIT. No CURRENT FLOWS. Therefore, the
vacuum tube is a one way circuit. It will carry
current only from the cathode to the plate. And
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then only when the plate is positive in respect to

the negative space charge of the cathode^s electron

cloud.

Here is another way of looking at it. Liken the

tube to a pipe. At one end is the cathode with
plenty of elections. These electrons are pushed
around by their own negative charges. Repelling
each other, they want to move. The plate is at the

Figure 206.~Diode with negative plate.

other end of the pipe. If it is positive, it wants elec-

trons—it draws them to it by attraction. Current
flows in the pipe (or tube). But if the plate is

NEGATIVE—it has plenty of electrons of its own.
Then the plate’s own electrons will repel any at-

tempt of the cathode’s electrons to land. No cur-
rent FLOWS.

RECTIFIERS

Changing a.c. to d.c.—that’s what rectifying
means. And the diode tube is a good rectifier. If

instead of a battery, a source of a.c., either an
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alternator or the secondary of a transformer, is

connected in the plate circuit—the plate is alter-

nately positive and negative. Look at figure 207. A
shows the circuit of the rectifier. B is the a-c volt-

B

LOAD SOURCE I

A
Figure 207.—Diode rectifier.

AGE curve of the source; and this voltage is im-

pressed on the plate. C is the current fiowing in

the plate and load circuit. Notice the difference

Figure 208.— Full wave rectification.

between the a-c voltage and the plate CURRENT. i

Alternating voltage is impressed but direct cur-

1

rent fiows. When the voltage is negative, NO cur-

.

rent fiows because the plate is negative. When thej
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voltage is positive, the plate is also positive and the

flow of current is in direct proportion to the

voltage.

One diode, as a rectifier, uses only one half of the

a.c. This is called a half-wave rectifier. Two
diodes or a tube with two plates can be connected
as a FULL WAVE RECTIFIER. Figure 208 is a graph
of the d.c. produced by a full-wave rectifier. No-
tice that it^s a pulsating current. Rectifiers are
often used as battery chargers. In fact, a rectifier

can be used to convert a.c. for almost any use
requiring d.c.

TRIODES

Triodes are tubes containing three electrodes.

They are like the diode except for the addition of a
third electrode, called a grid. Figure 209 shows the
construction of a triode. Notice the grides position

between the cathode and anode. Although there
are a number of different types and arrangements
of the triode (see figure 210), they all place the
grid between the cathode and the anode. Notice,
in figure 210, that the grid is like a screen between
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the filament and plate. This construction means
that all the electrons moving from the cathode to

the anode must pass through the grid.

CONTROL

Up to now, current has been controlled by
switches, rheostats, breakers, and fuses. But here
is a new type of control—the grid of a triode. This
is how it works. Imagine a triode with no voltage
on the grid. Current flows normally from cathode
to anode—it passes right through the grid. Now
impress a small negative voltage on the grid (as in

figure 209). The grid has a negative charge of its

own and will repel the electrons which try to get

m-GRID

-PLATE

CATHODE

^PLmTE

4-GRID

.cathode

c

PLATE

GRID

CATHODE

D

Figure 210.^Triode construction.

through it on their way to the plate. The more neg-
ative the grid, the fewer electrons which can get
through. Reverse this and, as the grid becomes less
NEGATIVE (more positive), it permits more and
more electrons to get through to the plate. The grid
is like a gate or valve controlling the current
through the tube.

Perhaps an example would help in understand-
ing the grides action. The grid is like the valve on a
fire hydrant. A fire hydrant has enough water
pressure to knock a man down. And you certainly
can^t control the water flowing in a fire hose by
putting your hand over the nozzle. But you can con-
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trol the water in a fire hose by very little effort
on -the VALVE. The current in a vacuum tube is like

the water in a fire hose. There^s lots of it and it has
a high potential. But very little potential on the

grid (valve) controls the heavy tube current.

If the grid should become positive, it would act

like an anode and attract the cathode electrons to

itself. There would be reduced flow to the plate and
the grid would lose control of the plate current. For
this reason, grids are normally operated at a nega-
tive potential.

TRIODES AS AMPLIFIERS

The voltage in electrical signals of radio, radar,
telephone and fire control systems is extremely
small. It may be as low as 3 or 4 millionths of a volt.

The received signals must be amplified. Amplify-
ing simply means increasing the strength.

For example, say that a fire control signal has a
strength of 0.01 volt. This signal is to control a
switch which in turn controls a turret drive motor.
But the switch will not operate on less than 0.1

volt. In short, the original signal is only one-tenth
the strength required to throw the motor switch.

The signal must be amplified ten times—and a
triode will do the job.

Figure 211 is the triode circuit used as an ampli-
fier. The weak signal—0.01 v.—is fed into the grid
current. In the grid, it controls the plate current.

Remember that the cathode is surrounded by elec-

trons and the plate is positive. Just how many elec-

trons get to the plate from the cathode depends on
the grides potential. And this grid potential is con-
trolled by the signal. As long as the grid is nega-
tive, it retards current flow to the plate—but—^the

AMOUNT of retarding at every instant is deter-

minded by the negativeness of the grid. As the volt-

age on the grid becomes more negative the cur-

rent to the plate is reduced. But, as the voltage on
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the grid nears zero the current surges through.
The amount of current flowing to the plate follows

the pattern of the sine wave of voltage of the

signal.

Okay for the negative half of a-c voltage, but,

when the grid is positive—^it acts like an anode. It

collects the electrons to itself and loses its control

of the plate current. This would give you a plate

current which was uncontrolled by the grid volt-

age. The plate current would not follow the pat-

tern of the signal’s sine wave. To prevent the grid

losing control, add a battery at C. Notice that -the

NEGATIVE side of the C battery is connected to the

grid. Now you have two voltages on the grid—the

impressed a.c. (the signal) and the negative C bat-

tery voltage, called a grid-bias. The effect of the

bias is this. When the a.c. on the grid becomes posi-

tive, the bias is just strong enough to cancel the
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positive a.c. and keep the grid negative. The grid
does not lose control. You can say that the positive

a.c. makes the grid less negative and that the
negative a.c. makes the grid more negative. In
fact, the negative a.c. makes the grid so negative,

that it almost cuts off the plate current. Now you
have MAXIMUM current flowing when the grid is

on the maximum positive a.c.—and the minimum
CURRENT when the grid is maximum negative a.c.

Say it this way—the positive a.c. cancels the
negative bias producing a surge of plate current.

But the negative a.c. adds to the negative bias,

cutting the plate current almost to zero.

Plate current, then, is a changing or pulsating
d.c. Notice, in figure 211, how strong this plate
D.c. is compared to the weak a.c. from the signal.

This is because A very small voltage on the
GRID WILL CONTROL A HEAVY CURRENT TO THE
PLATE. Amplification has taken place. The a.c. was
only 0.01 volt but the pulsating d.c. in the plate

circuit will produce ten times 0.01 volt.

Now, how does the plate current produce this

VOLTAGE? Why, by feeding it into a mutual induc-
tion circuit—a transformer. And you know that
pulsating d.c. produces a.c. in a transformer.

Look at the plate load in figure 211—it has an
alternating voltage of 0.1 volt—the same sine wave
that was on the grid, but ten times as strong. This
is the kind of amplification that enables you to con-
trol heavy circuits with tiny electrical signals.

Review the complete picture—^go back through
figure 211. The circuit may seem complicated, but
it^s the best way to increase the strength of electri-

cal impulses. Remember how it works. The grid
gets the signal and controls the plate current. The
plate gets whatever current the grid lets through.
It then feeds it to a transformer for conversion
to a.c.
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Many times a single stage amplifier does not

boost the signal up high enough. Then you’d use a

two or three stage job. A second stage is coupled
to the first by connecting the first amplifier to the

primary of a transformer. Then the second stage

(second amplifier circuit) grid is connected to the

transformer’s secondary. With this connection, the

0.01 volt signal is amplified to 0.1 volt in the first

stage. And the 0.1 volt is amplified to 1 volt in the

second stage.

REPLACEMENT FOR 'X" BATTERY

The C battery, used to bias the grid is trouble-

some. It wears out, it’s heavy, and it’s fragile. Let’s

get rid of it ! A condenser and a resistor in the grid

circuit will do the bias job. Here is how they work.
A condenser is made up of a number of conducting
plates separated by insulators. Half of the plates

are connected to one side of the line and half are

connected to the other side. Figure 212 shows this

construction. Note that there is no electrical path

through the condenser. All the plates of one term-
inal are separated from the plates of the other

terminal by insulators.

Remember the Leyden jar? It was a condenser—
but it only had two plates. Remember what it did?
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It stored an electrical charge—electrons. A many
plate condenser is like a Leyden jar except that
many plates increase the capacity for storing
ELECTRONS.

Now put a condenser in the grid circuit and
you’ll see how it works. Connect the condenser as
shown in figure 213.

Figure 214 shows what happens at the con-

12 I 2 I 2

GRID
CONDENSER

GRID
CONDENSER

GRID
CONDENSER

A B

Figure 214.—Condenser action.

c

denser. When the impressed a.c. on the grid is neg-
ative, electrons pile up on plate 1.

This pile up gives plate 1 a negative charge and
this negative charge forces electrons out of plate 2
and onto the grid. (A of figure 214. ) So far so good
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—NEGATIVE impressed voltage produces a nega-
tive grid. But when the impressed voltage becomes
positive, B of figure 214 shows that electrons are

drained out of plate 1, leaving it positive. Plate 1,

being positive, attracts electrons—it pulls them out

of the grid and onto plate 2. The grid, by losing

electrons becomes positive and acts like an anode.

It collects electrons from the cathode. Now, when
the impressed voltage again becomes negative, as

in C, of figure 214, the grid has two negative

charges. One from the condenser and the other

from the electrons picked up by the grid when it

was positive. This process goes on and on. Each
time the grid is positive it collects a little more neg-

ative charge. Finally the negative charge is as

strong as the impressed positive. Does this sound
familiar? It should—exactly the same thing hap-
pened when you added a C battery to bias the grid.

The grid in either case gets an additional nega-
tive CHARGE. The charge comes from either a bat-

tery or from a condenser. In either case, the grid

has a NEGATIVE BIAS.

There is only one fault in this circuit. The proc-

ess of piling up electrons on the grid is too good. It

goes too far ! The grid becomes too husky a nega-

tive. It shuts off practically all the plate current
and no signal gets through. A grid leak is the

answer. It is used to pass some of the grid electrons

around the condenser. The grid leak is a high re-

sistance shunt made of nichrome, carbon, or some
other high resistance material. Whenever the im-

pressed voltage is positive, a few electrons leak off

the grid and onto plate 1 of the condenser. This

leaking off of electrons keeps the grid from acquir-

ing too high a negative charge.

REPLACEMENT FOR BATTERY

Getting rid of the B battery is a cinch. All the B
does, is provide a positive potential for the plate.
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Any source of positive potential will do that. How
about regular 110 volt outlets? They won’t work

—

too high a voltage. But if the outlets are d.c., you
can use a resistor to cut the voltage down to about
45 volts. This would work fine. But if the 110 volts

is a.c., you have a job. A.C. will not do for anode con-
nections because the anode must be permanently
positive.

How about a rectifier? It will convert a.c. to d.c.

And a rectifier is just what’s used. But one thing
must be done to the a.c. before it is fed to the recti-

fier. The voltage must be reduced to about 45 volts

FILTER CHOKE
COIL

FROM
RECTIFIER A
TUBE ^

e

I

. j
1

1

'2

c

I

B

Figure 215.—Filter choice coil system.

in a transformer. Then it is ready for feeding into

a rectifier for conversion to d.c.

The rectifier produces 45 volts pulsating d.c.

But you can’t use a pulsating current. The grid
must be a steady positive. Now, to get rid of the

pulsations. To do this job you’ll have to take some
of the tops off the pulsating current and fill up its

valleys. This will give you a steady potential so

that the anode voltage is constantly and steadily

positive. The problem is whipped by a filter
CHOKE COIL.

The filter choke coil is connected as in figure 215.
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Actually, you^ll note, the coil is not alone. It is con-
nected with two condensers across the line. Here is

how the circuit works. Electrons come from the
rectifier in steady beats or pulsations. The first

condenser fills up and current starts to trickle

through the choke coil. Trickle is the word be-
cause the voltage of self induction holds this cOr-
RENT BACK. As the pulsation slacks off, the con-
denser begins unloading its store of electrons

—

feeding them into the coil. When the pulsation

TOP LEVELLED HOLLOW FILLED IN

nears zero, the voltage of self induction AIDS the
weakening pulse, draws electrons out of the con-
denser plates, and keeps the current moving. Thus,
the condenser, aided by the coiFs self-induced volt-

age, keeps a steady current moving simply by
alternately charging and discharging.
The condenser is like a reservoir tank. It fills up

on the strong pulses and unloads when the pulses
become weak. The coiFs self-induced voltage is like

a control pump. Whenever the pulsation increases,
the induced voltage keeps it down and when the
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pulse weakens the induced voltage gives it a help-

ing hand. Even so, the output is not entirely

smooth. A second condenser takes care of this.

This second condenser stores the little humps of
current which still get through the choke coil,

and unloads them when the little valleys come
through. The final product is a smooth steady 45
volt d.c.

Look at figure 216. It shows the transformation
of voltage in a filter. First the alternating voltage

from a line source. Second, the pulsating d.c. from
the rectifier. Third, the smoothed out d.c. from the

choke coil and condenser. And the final product, a
steady d.c.

Now lets look over the entire circuit. Grid signal,

amplifier tube, load, grid condenser and leak, recti-

fier, and filter choke coil are all shown in figure 217.
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MORE OF THE SAME

You have the basis of vacuum tubes, but not

their complete circuits. In radio, fire control, radar,

and telephony, vacuum tubes are used for specific

jobs. And each job uses a special combination of

circuits.

Each rate requires knowledge of its own special

circuits. So—^for knowledge alx)ut a special circuit,

you use the book for your specific rating.
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CHAPTER 20

TRANSFORMERS

WHAT FOR

Transformers get their name from the kind of

work they do—they transform electrical
POWER. Suppose you had to supply a galley stove

at 220 volts, the ship^s lighting system at 110 volts,

and a 6-volt signal-bell system. Three different gen-
erators for three different voltages? Absolutely
not! Use transformers, and then one generator can
supply all three loads—each at its proper voltage.

Your generator would have a standard output, say
110 volts. One transformer would step, this up to

220 volts. Another would step it down to 6 volts.

This sounds like something for nothing—but it

isn’t. Transformers do not increase or de-
crease POWER. Remember that power is voltage

multiplied by current. And when a transformer
changes voltage it also changes current. If you
INCREASE the voltage, the current is decreased.
One goes up and the other goes down—exactly

enough to keep the power output the same as the
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power INPUT. The voltage and current of a cir-

cuit ARE CHANGED BY TRANSFORMERS. But the

TOTAL POWER remains the same. .

HOW IT WORKS
The transformer is a mutual induction circuit.

And that should tell you what to expect

—

1. There is an iron core.

2. There are two electrical circuits.

3. Energy is transformed from one circuit

to the other by a field of flux.

Look at figure 218. This is a simple transformer.
Modern transformers are not built this way, but

every important transformer principle can be
illustrated by this diagram.

First, notice the core—it forms a closed iron
path for flux. This is the path of energy transfer
between the two circuits. The efficiency of a trans-
former depends on this core and it is always
designed to carry the maximum flux.

Second, notice the two circuits—they are
formed in coils around the iron of the core. The cjoil,

01* winding, that receives energy from the source is

called the primary. In figure 218, the winding on
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the left is connected to the line, or source—it is the
primary. The other winding, the one connected to

the load, is called the secondary. In the figure, the
winding on the right supplies the load—^it is the
secondary. Never let the relative number of turns
on the two windings confuse you. The source wind-
ing is always the primary and the load winding is

always the secondary. If the load and source con-
nections of figure 218 were exchanged—the names
of the windings would also exchange.

Figure 219.—Transformer flux.

Third, notice the flux set up by the transformer
primary. Figure 219 shows this better than figure

218. You know that this is a mutual induction cir-

cuit. And you know something else about it—^you

know that flux lines must be cut for transfer of

energy. Neither the primary nor the secondary
coils can move. So the flux field must move. And
that means just one thing—only a.c. and pul-
sating D.C. can be used in transformers—they pro-

duce moving fields.

Imagine that 60 cycle a.c. is being fed into the

primary of figure 219. A field blossoms out around
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EVERY PRIMARY TURN. The iron preserves this field

and carries it to the secondary. At the secondaiy
EVERY TURN is cut by the field. Voltage is induced
in the secondary and power has been transferred
from primary to secondary.

In 60 cycle a.c., you know that current changes
direction 120 times each second (two alternations

to the cycle). Which means that the secondary is

cut 120 times a second. Therefore, the frequency
of the secondary is exactly the same as the fre-

quency of the primary.

HOW MUCH?

The question, “How much?^’ always comes up.

That’s because you are using transformers to

change voltage. And what’s the sense of using a

device unless you know what you’re going to get

out of it?

Figure 220 is a typical transformer setup. No-
tice the voltmeter readings. They tell the story of

transformer voltage. The voltage of the priman^
(Ep) is 110 volts. The voltage of the secondaiy
(Es) is 220 volts. You’ll notice that the secondarj^

is unloaded—an open circuit. Therefore, the sec-

ondary current is zero. But, how much current is

there in the primary? Looking at the circuit, you
see that the primary is connected directly across a

110 volt line. You’d expect a hea^y current. But
you’re wrong—the voltage of self-induction (E»<i

in the primary is very high. The tight win^ngs
and the iron core cause every turn of the winding
to be cut by almost the total of the coil’s flux. The
result is that is almost equal to Ep, Not only

equal—but opposite. And this nearly equal and
opposite Esi chokes the current down to an ex-

tremely small value. The small current that does

flow is called the magnetizing current of a trans-

former.
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Let^s make figure 220 an example. The resistance
of the coil is 10 ohms. And the voltage of self-induc-

tion is 109 volts. This gives you these values

—

Ep = 110 V.

Egi = 109 V.

R = ion

j 110-109 1 /u » 1 ^ip = — amp. (by Ohm s law)
10

The magnetizing current is only one-tenth of an
ampere.

Notice that Esi was subtracted from Ep, Remem-
ber that Ep and Esi are opposite—they cancel each
other, so one must be subtracted from the other to

get THE NET VOLTAGE ACTING ON THE CURRENT.
It’s like the counter-emf in a d-c motor.
Now to get back to the why and wherefore of that

220 volts on the secondary. It’s like this—the mag-
netizing current’s flux produced 109 volts of self-

induction on the 11 turns of the primary. That’s
just slightly under 10 volts per turn. Call it an even
10 volte. Is there any reason why this flux is not
producing a like voltage—10 volts per turn—on
the secondary winding? No reason in the world

—

both coils are on the same core, so whatever flux

cuts one, cuts the other. But—and it’s a big ^‘but”
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—the secondary has 22 turns. And at 10 volts per
turn—that^s 220 volts.

This tells you that the ratio of voltages is the
same as the ratio of turns. Mathematically it

says

—

^=
Es Ta

in which
Ep= voltage in primary

;

Es = voltage in secondary

;

Tp— turns in primary coil

;

Ts = turns in secondary coil.

Suppose a transformer has 600 volts and 2,400
turns on the primary. What will be the voltage of a
400 turn secondary?

Ep Tp

El~T,
600 ^ 2,400

Es 400

Es = 100 volts.

Here’s another way to work this problem. How
many volts per turn in the primary? 600 volts

divided by 2,400 turns— | volt per turn. The volts

per turn of the primary and secondary are just
about equal, so 400 turns multiplied by } volt is

100 volts on the secondary. Notice that this trans-
former is a step-down job. The voltage goes from
600 volts to 100 volts.

Transformers are highly efficient. As high as 98
percent. That’s why you can ignore the difference
between Ep and Esi in calculating volts per turn.
Now put a 44-ohm load on the transformer of

figure 220. You have the circuit of figure 221. The
current in the secondary is

—

T Eg 220 r

R= 44
= ®

Right here is a good place for you to get this fact
straight. The secondary current is controlled
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BY THE LOAD. If the load had been 22 ohms instead
of 44 ohms, the current would have been 10 am-
peres instead of 5 amperes.
The 5 ampere secondary current is OPPOSITE in

direction to the primary current. You can prove
this by the coil hand rule. Or—reason it out this

way—the current in the secondary is produced by
the voltage induced by the primary field. You know

that is opposite to Ep and you know that both
E» and Eb* are produced by the same primary field.

Therefore, Es must be opposite to Ep. This is the

same general rule you got for mutual induction
circuits.

Now, what is the effect of opposite primary
and secondary currents? Simply this

—

their
FIELDS TEND TO CANCEL EACH OTHER. The 5 ampere
secondary sets up a field which destroys some of the
primary flux. Result—less E»i and more current in

the primary. The primary current will increase

until the primary field strength balances the sec-

ondary's field strength. Field strengths are deter-

mined by ampere-turns (IT). When the two fields

are equal, their ampere-turns are equal

—

Ip Tp— Is Tb

qj>Ii = TiMX X rp
Xs X p
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Which says that, the currents in the two wind-
ings are inversely proportional to their number
of turns.

In the example

—

Ip^Ts
Is Tj,

5 11

and /p — 10 amps.

Which means that the primary current increases

to 10 amperes for a secondary load of 5 amperes.

Suppose another transformer has a primary of

70 turns, a secondary of 350 turns, and a 30

ampere load. What is the primary current?

h=T±
Is Tp

Ip_S50
30 70

and /p= 150 amps.

You can prove this is correct by using the fact

that primary and secondary fields are of equal

strength.
IpTp= IsTs

150X70= 350X30
10,500 = 10,500

This brings you to an important fact about trans-

formers. The load current in the secondary con-

trols the current in the primary. This control is

centered in the action of the secondary flux. Every
change of secondary flux changes the Esi on the

primary and consequently the primary current. It

is an automatic control. No load on the secondaiy
reduces primary current almost to zero (only mag-
netizing current flows) . As the secondary is loaded,

its current increases and the primary current
increases with it.
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INPUT-OUTPUT

Since transformers are so highly efficient, their

efficiency is usually considered to be 100 percent.

This assumption introduces a small error but for
all practical purposes it is close enough. Considered
100 percent efficient, the transformer's input
power and output power must be equal. There-
fore

—

Pp= P»
IpEP Eh

Let^s check this against an example. Figure 222

is a good practical problem. And these are the

things you can solve for

—

Esy /«, 7p, P«, and Pp.

For Es—
Es~ Ts

50 250

Es 1000

Es = 200 V.

for Is

L = ^=^ = 2.5 amps.
rts
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for L

Digitized by

b=T±
Is Tp

7p_1000
2.5 250

Ip = 10 amps.

for Ps—
p‘.= 200 "x 2.6= 600 w.

for

Pp= Ep Ip

Pp = 50 X 10 = 500 w.

Note that Pp= Ps.

SUMMARY OF THEORY

A summation of the preceding information gives

you three important equations and two important

facts.

EQUATIONS

—

1
Pp Pp Q Ip b o T jp j f

JL m
JP ’ rp ^ * T 'V O m Ip Hd p Is £j '

ibg Is J- p

FACTS

—

1. The voltage of the secondary is always oppo-

site in direction to the voltage of the primaiy.

2. The current drawn by the primary is con-

trolled by the secondary load current. i

MODERN CONSTRUCTION

Perhaps you are wondering why transformer
are so efficient. The reason is their lack of movinj

parts. When moving parts are eliminated from j

device, mechanical friction, the biggest source o:

loss, is gone. Losses become very small.

Modern transformers are designed with jus

one idea—cut down the losses to as small a valu<

as possible. In general, the losses that are unavoid
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able are divided into two classes—iron losses and
COPPER losses.

Iron losses occur in the core. Part of these losses

is due to the resistance of the molecular magnets.
They must turn over every time the a.c. reverses.

In a 60-cycle transformer, the molecules must shift

around 120 times each second. Molecules resist this

shifting; and their desire to stand still is called

HYSTERESIS. You might say that hysteresis is really

FRICTION. And you know that friction produces
heat.

The iron cores themselves act as wires. They are
cut by the flux of their winding's fields, and carry
small induced currents. These induced currents
are called eddy currents because they flow en-

tirely within the iron core. Eddy currents produce
heat—they are really small short circuits within
the core.

Thus, iron losses are made up of two factors

—

hysteresis and eddy currents. Both produce heat
and both represent losses which must be subtracted
from the output power.
Copper losses occur within the windings. They

are due to just one thing—the heat generated by
the current in the winding conductors. Now here is

an important fact—copper (and most other con-

ductors) increases its resistance as it gets hotter.

This means that if the heat resulting from iron and
copper losses is allowed to accumulate, the wind-
ings will get hotter. And the hotter they get, the

higher is their resistance. Which increases the

power loss due to resistance. It’s a vicious circle.

Losses produce heat and heat produces even higher
losses and so on.

IRON LOSSES-DOWN

Hysteresis losses are reduced by using either a
soft iron or a special transformer steel containing
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silicon. These metals allow their molecules to shift

easily—^with a minimum of friction.

Eddy currents are broken up by constructing the

cores out of thin plates of iron instead of a solid

piece. This laminated structure breaks up the

B

eddy currents by insulating each plate from its

neighbors. Eddy currents still exist—^but they are

so small that the loss they cause can be neglected.

Figure 223 shows a number of transformer
cores. Notice that they are all complete magnetic
circuits, all are laminated, and all use iron gener-

ously.

COPPER LOSSES-DOWN
Reducing copper losses is a pipe. The windings

are designed to be as short and as heavy as pos-
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sible. Both short turns and large wire tend to

decrease resistance and reduce heat.

Finally, the over-all loss in the windings, due to

accumulated heat, is cut down by special cooling
devices. Oil baths, radiators, and air blowers are all

used to keep transformers cool.

CORE SHAPES

There are three general types of core design.

Each has its own special advantage. But all put
both primary and secondary windings on the same
leg of iron.

Figure 224 shows all three types. A—the core
TYPE, is best for high voltage use. Its winding turns

Figure 224A.—Core type.

are short and IB drops are at a minimum. B—the
SHELL type has longer turns because the middle leg

is twice the size of the outside legs. The IB drops
are larger but the flux path is shorter. Therefore,
this type is best for heavy current loads. C—the

Digitized by 323
Original from

UNIVERSITY OF CALIFORNIA





MODIFIED SHELL type is a combination of both core
and shell. The modified type has some of the
advantages of both the simple types.

WINDING DESIGNS

There are two winding designs which can be used
on ANY of the three types of cores. In figure 225,
you^ll see cross-sections of both types.

(A) CYLINDRICAL (B) PANCAKE
Figure 225.—Types of winding design.

A—the CYLINDRICAL design consists of a pri-

mary cylinder and a secondary cylinder. One is

fitted over the top of the other. And then the whole
winding assembly is slipped over the iron core. B—
the PANCAKE design separates each winding into

sections or pancakes. Then alternate pancakes of

primary and secondary are slipped over the core.

In the final assembly, all pancakes of the primary
are connected together in series, and all pancakes
of the secondary are connected together in series.

The cylindrical winding is a little cheaper to con-

struct, but it is harder to repair. The pancake
winding costs a little more but is easier to repair

because it is broken up into sections. You^ll run into

both designs of winding and probably all three
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types of core. The best advice is to understand each,

but leave them as is.

SUMMARY

Transformers are built to do just one job

—

change voltage and current values. They are de-

signed to do it as efficiently as possible. Cores are

laminated, winding turns are shortened, and arti-

ficial cooling is used. All these make the trans-

former the most trouble-free and efficient device

used by electricians.

Digitized by
326 Original from

UNIVERSITY OF CALIFORNIA



r

CHAPTER 21

SOME ELECTRICAL MACHINES

TRANSFORMER ACTION

Many electrical devices and machines operate on
the principle of transformer action. They are
NOT TRANSFORMERS—but the theory of their oper-

ation is best explained by considering them as if

THEY WERE TRANSFORMERS. This term '‘trans-

former actiori^^ comes from the current and voltage

relationships in a transformer. Bound up in the

term are a number of separate meanings. Each one
is important and each one finds application in spe-

cial electrical equipment.
If you thoroughly understand "transformer

action” you can understand more than half of all

the electrical machineiy built.

Let’s take each item in the general term "trans-
former action” and analyze it.

POWER TRANSFER

Power transfer means that the device has two
circuits. The power is fed into one circuit and is

transferred to the other by magnetic induction.

gitized by Google
327

Original from

UNIVERSITY OF CALIFORNIA



This means that you are always dealing with a
magnetic circuit. And you’ll run into lots of iron tx)

preserve this magnetism. Whenever you see two
circuits in a machine, one of them having no con-
nection to the power source, you can be pretty sure
that transformer action makes the machine run.

VOLTAGE CHANGES

Voltage changes usually take place whenever
you have transformer action. Check your primary
and secondary circuits for differences in the num-
ber of conductors. If the number of conductors goes
up—^you can count on the voltage going up. Then
too—check for movement between your primary
and secondaiy. If one moves in relation to the
other, more flux is going to be cut—^you can count
on the secondary voltage being higher than if there
was no relative movement.

CURRENT CHANGES

Remember that you do not get something for
nothing. If the secondary voltage goes up, there
will be an increase in secondary current. Since sec-
ondary current controls primary input, you can be
sure that primary current goes up too.

The powers of the primary and secondary will
always be equal (neglecting losses). Whatever is

TAKEN OUT in increased voltage and current must
be paid for by increased current input.

CIRCUIT POLARITY

They’re always opposite. The two currents

—

primary and secondary—are always flowing in
opposite directions. This means that the magnetic
poles produced in the two circuits are always
opposite to each other.

THREE VOLTAGES
In transformer action you’ll always find three

voltages to consider. First there is the applied
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voltage from the source. This is the primary volt-

age or Ep, Second, there is the voltage of self-induc-

tion on the primary. It’s produced by the primary’s
own field

—

Eai. Third, there is the induced voltage
in the secondary—the E^ (this E» is produced by
the primary field) E>,i and Ex are alike in direction

but both are opposite to the Ep.

FREQUENCY

If there is no relative movement between pri-

mary and secondary, frequencies are equal. But, if

there is movement, the number of cuttings re-

ceived by the secondary depends on both primary
frequency and the relative speed of movement.
With relative motion the frequency of the second-
ary either goes up or down.

FINAL CONTROL

, The AMOUNT of current, everywhere, in trans-
former action, is controlled by conditions in the

secondary. Watch what happens to the current in

the secondary—that’s the key to what goes on in

the primary. Don’t forget that Eh has the primary
current almost choked off. It’s up to the seconda^
field to reduce the Esi and permit current to flow in

the primary.

INDUCTION MOTORS
Induction motors certainly don’t look like trans-

formers. But let’s CONSIDER a three-phase squirrel

cage motor as a transformer. The one in figure 226
is a good example. It is shown in a cross-sectional

view. You must consider the stator as the primary—it’s connected to the source. And the rotor as the
secondary—its power comes from the field of the
primary.

First, how about the two voltages? Well, is it a
step-down or step-up? Step-down—because the
secondary (rotor) has fewer turns than the pri-
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mary (stator). What do you think would happen
if this was reversed? Imagine a rotor with more
turns than the stator—a step-UP job. The rotor,

being short circuited by its end rings, would have a
tremendous current. So would the stator—it^s con-
trolled by rotor current. This job "\)70uld cook in
short order ! And that is exactly why squirrel cage
rotors have fewer turns than their statoi‘s. The

Figure 226.—Induction motor as a transformer.

designer not only understood transformer action,

but he made use of it.

Why does the rotor turn? Because it^s a second-
ary, and its poles are opposite to those of the pri-

mary. Attraction between primary and secondary
produces torque, and torque produces rotation.

Why does a large induction motor have to be pro-
tected against high starting current? Because, at
the start, the rotating field (primary) is cutting
the rotor (seconda^) at a furious rate. Extremely
high voltages are induced in the secondary—^high
current flows. The primary, subject to seconda^^
control, likewise carries a high current. If this high
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primary current wasn’t cut down by a starter, the
primary would go up in smoke. All right—then
why isn’t a starting resistance needed when the
.motor is running? Because when the secondary is

revolving with the primary field there is less rela-

tive motion between them. Less fiux is cut—sec-

ondary voltage and current is less—and likewise

the primary current is reduced to a safe value.

It’s interesting to imagine what the conditions
would be IF the rotor ever caught up to the stator

field. This would mean that each rotor conductor
would ride right along with the fiux of the rotating
field. No relative motion ! No flux cut. No Es. No
current in the motor. No torque! Which tells you
that an induction rotor can never rotate as fast as
the stator’s magnetic field.

How about the rotor frequency? When the rotor
is standing still (at starting), it is cut by every
pulse of the stator’s a-c field. Rotor and stator fre-

quencies are the same. But as the rotor picks up
speed, it rides WITH the field. There is less and less

relative motion and the rotor frequency becomes
lower and lower.

These are the most important facts about a
squirrel cage motor. The engineer designs the
motor on the basis of these facts. And all of them
can be understood by simply considering the motor
as a transformer.
The wound-rotor induction motor can be consid-

ered the same as the squirrel cage. Both motors
operate on the same principle.

INDUCTION REGULATORS

Induction regulators are transformer devices

used to regulate the voltage in a-c lines. Figure 227
shows a schematic of a regulator and its connection
in a line. The primary winding is mounted on a
movable cylindrical iron core and connected across
the line. The secondary is wound in slots on a sta-
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tionary core surrounding the primary. It is con-

nected IN the line. The secondary is connected so

that its voltage will add to the line to offset line

drop. The machine looks like a motor but it is used

as a transformer.
The primary has a line current and establishes a

field around the movable core. When the primary is

in position A, all its flux cuts the secondary. This

Figure 227.—Induction regulator.

induces voltage in the secondary which adds to the

line voltage (line and secondary are in series). But
when the primary is in position B, its flux does not

cut the secondary. No voltage is added to the line.

Changing the primary position alters the amount
of flux which cuts the secondary. More or less volt-

age is induced in the secondary depending on the

primary position. In this way, the line can have
any voltage added to it that is necessary.

This is a much better method of voltage regula-
tion than the use of a rheostat. Rheostats consume
power in their resistance. The power is wasted as

heat. But the induction regulator delivers back just

about as much power as it consumes. When it is in

the zero position, B, the Esi reduces current in the

primary almost to zero. Therefore, there is only a
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slight loss whether the regulator is boosting the

voltage pr is turned completely off. These devices

are built for either automatic or hand operation.

FREQUENCY CONVERTER

Usually a.c. is generated at a frequency of 60
cycles. But a higher frequency is required for some
high speed motors, radio circuits, and heating de-

vices. One of the easiest ways of producing this

higher frequency is by means of a frequency con-
verter.

Frequency converters are built like wound-rotor
motors. The primary is the stator and the second-

ary is the rotor. The secondary voltage is taken off

the rotor by slip rings. With the secondary stand-
ing still the two frequencies are equal. But if the

seconda^ is connected to a motor and driven back-
wards, it meets the rotating field of the primaiy.
Thus it is cut by the primary field more rapidly
than if it just stood still. Suppose the secondary
was turned against the rotating field at exactly
the same speed that the primary field is rotating.

The secondary would be cut just twice as many
times and the frequency would be doubled.
By adjusting the rpm of the secondary, any

frequency can be taken from the converter. In
addition, if a voltage step-up or step-down is re-

quired, the number of turns on the primary and
secondary can be adjusted to fit the requirements.

SYNCHROS

Here is a problem. The gyrocompass is located

deep in a ship. But the reading of the gyro is needed
on the bridge. It might be possible to transmit
the reading by a system of gears and shafts. But it

wouldn^t be practical. Gears and shafts running
the 300 or 400 feet between the ^ro and bridge
would never stay lined up. A flexible cable would
not work for any such length. Any mechanical

Digitized by 333
Original from

UNIVERSITY OF CALIFORNIA



device would fail sooner or later because of the

length, the twists, and the bends.

But an electrical transmission line carries cur-

rent just as well around corners as it does in a

straight line. For electrical transmission, you
would need some electrical device to pick up the

gyro^s reading. And another device to duplicate

this reading at the bridge end of the line. The

XOR S|

Y OR Sg

ZOR S3

SYNCHRO fills the bill. Thus synchros are electrical

devices built to transmit readings from one place

to another.

Figure 228 is the schematic of a synchro. Notice

that the stator winding is just like the winding on

a three-phase motor or alternator stator—a three-

phase job. The rotor has a single phase winding
and is connected to a 60 cycle, 115 v., a-c line. The

rotor shaft is coupled to the gyro and turns every

time the gyro turns. This synchro is called the

generator.
At the bridge end of the line, a second synchro
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repeats the gyro reading. Its rotor is coupled to a
repeater compass. This synchro is called the motor.
Although these two synchros have different names,
they are EXACTLY ALIKE electrically. Both have
three-phase windings on their stators and single

phase windings on their rotors.

Notice in figure 229 that both rotors are ener-

gized from the same single phase a-c line. Also, the

two stator windings are connected together in

series. It is important that the X winding of the

generator be connected to the X winding of the

motor. And likewise that the two Y and the two Z
windings are each connected together. In synchros
the leads from the A, 7, and Z windings are usually
marked Siy and S3 . And the rotor leads are
marked Rj and R2 .

Now, consider each unit as a transformer—the

rotor is the primary and the stator is the secondary.
The two rotors are in the same position—say op-

posite the Si windings. Both primary fields are
cutting the secondary windings and inducing a
voltage. But the voltages are unable to move any
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CURRENT because they are equal and opposite.

Equal because the voltages are induced by dupli-

cate fields and opposite because they both try to

force current out on the line connecting the two Si

windings. Figure 229 shows the two voltages meet-

ing head on.

The other S2 and S3 windings are acting just like
|

the Sj winding. Notice that their voltages likewise
{

cancel. Generator and motor voltages balance—^zero
j

current fiow. The total effect of this is zero. Noth-
i

ing happens—the two rotors remain in their posi-
|

tions opposite the Si windings. I

Now the ship changes course. The rotor of the
|

generator synchro is turned by the gyro—say half
;

way to the S3 winding (30°). The two synchro
|

rotors are no longer in the same relative position.
'

And the voltages induced in the two stator wind- I

ings no longer balance. The generator’s Si voltage
|

is weaker and its S3 voltage is stronger. Current
flows from the generator’s S3 to the motor’s S3 and
from the motor’s Si to the generator’s Sj. Figure
230 shotvs the two synchros with their rotors in the

new position. This time the arrows indicate cur-

rent direction.

The new conditions are this—both Si and Si

windings have fields which are trying to pull their

rotors back into identical relative positions. The
transmitter cannot move—the gyro holds its rotor

in the new position. But the motor rotor can move.
It does just that and carries the repeater com-
pass WITH IT. The motor rotor moves to the point

where all the 5^, and S3 voltages balance again

and the stator currents become zero. This point is

where the transmitter and motor rotors are in

identical positions again. The total effect is a rota-

tion of the motor’s rotor exactly following the rota-

tion of the transmitter’s rotor.

You might look at it this way—each rotor is a
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primary inducing a voltage in three secondaries.

As long as the three secondary voltages balance
against each other, no current flows. But move the

transmitter primary and, thereby increase or de-

crease the voltage on any of its secondaries and cur-

rent flows. This current flows in both transmitter
and motor—^their secondaries are connected to-

gether. A field is set up by this current and it acts

on the motor primary. Actually this is motor

ACTION. The motor primary is forced to move by the

torque of the motor action. The primary stops

moving only when the torque is again zero. And
zero torque is produced only when no current flows

in the secondaries. You know when that happens

—

at the point where the two primaries are in iden-

tical positions. The secondary voltages will then
balance against each other.

Thus every move of the transmitter's rotor pro-

duces torque on the motor^s rotor. The motor’s
rotor, answering this torque, follows every move
of the transmitter’s rotor. Thus, for every shift of
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the gyrocompass, a corresponding shift occurs in

the bridge repeater.

You^ll run into synchros of a different type. They
have a single phase winding, with a.c. impressed,

on the stator. And the rotor has a winding just like

the three phase wound rotor. With this type of

synchro, you^ll have to consider the stator winding
as the primary and the rotor winding as the sec-

ondary. The leads are numbered differently too

—

Rif Rzf and Ra come from the rotor slip rings and
Si and Sz are the stator leads.

When the rotors of both generator and motor are

in the same position, voltages on the Ri, Rz, and Rs
leads balance—no current and no torque. But if the

generator rotor is turned, this balance is upset

—

current flows in the rotor windings and torque is

produced. Motor action forces the motor rotor to a

balancing position—duplicating the generator
rotor^s position.

There^s nothing electrically new in this type of

synchro—it just has the rotor and stator windings
reversed. Study it as a transformer and you’ll

‘‘get it.”

AND OTHERS

These have been only a few examples of machines
and transformer action. When you run into some-
thing new, examine the new device for transformer
action. It’s the easiest way to get the low-down on
new equipment.

Digitized by iQle
Original from

UNIVERSITY OF CALIFORNIA

338



How Well Do You Know —

BASIC ELECTRICITY
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QUIZ

CHAPTER 1

MAHER

1.

The smallest particles making up an atom are

2. The particle of matter having a positive charge

is called a

3. The particle of matter having a negative charge

is called a

4. What small particles unite to form molecules?

CHAPTER 2

STATIC ELECTRICITY

1. How do like charges act on each other?

2. How do unlike charges act on each other?

3. When electrons are removed from an object, the

object has a ^charge.

4. Why are electrons and not protons removed by
friction?

5. The force which causes electrons to flow is

called

6. Static electricity is electrons.

7. Current electricity is electrons.

8. What does a condenser do with its electrical

charge?

CHAPTER 3

ELECTRICITY IN MOTION-CURRENT
1. How does a current flow through a wire?
2. What is the electrical unit of quantity?
3. What is the unit of measure oi current

strength?
4. What two things control the strength of cur-

rent?
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5. Why are some substances good conductors?

6. Why are some substances good insulators?

7. If the potential of any given circuit is increased,

the current is always

8. If the resistance of any given circuit is in-

creased, the current is always

9. What four things affect the resistance of a con-

ductor?

CHAPTER 4

THE ELECTRICAL CIRCUIT

1. Identify each symbol in the circuit diagram be-

low. Refer to the table in figure 15 for your
answers.

2. Why are dirty or loose connections classified as
“opens”?
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3. In making any type of connection, what is the

most important thing to remember?

4. Why are fuses made of metals which melt at a
low temperature?

5. What are some common causes of short circuits?

6. Why are no intentional grounds used on regular
Navy ships?

CHAPTER 5

EMF

1. What does emf mean?

2. What four kinds of energy can be converted into

electrical energy?

3. What are the two most common sources of elec-

trical power?

4. What is an ion?

5. Why can^t primary cells be re-charged?

6. What is the principal advantage of secondary
cells?

CHAPTER 6

OHM'S LAW

1. Solve for the unknown value in each of the cir-

cuits on page 344.

2. A lamp has 2 amperes of current through its 30
ohms of resistance. What current will flow if

the resistance is increased to 60 ohms?

3. A certain lamp has 50 ohms of resistance and is

built to carry 2.4 amperes. Will the lamp
stand (a) 110 v. (b) 220 v.?

4. What two things control current in every cir-

cuit?
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CHAPTER 7

ELECTRICAL POWER
1. Does an empty lamp socket have force?
2. Is any work done by an open circuit?

3. Is any power consumed by an open circuit?

4. A generator supplies a 72 ampere load at 224
volts. What is the power consumed by the

load in watts? In kilowatts? In hp?
5. A 50 hp motor draws 80 amperes at 600 volts.

What is the power input? Power output in

watts? Efficiency?

6. The prime mover of a generator furnishes 37
hp to the generator. The electrical load on the

generator is 70 amperes at 440 volts. What is

the power input in watts? Power output in

watts? Efficiency?

7. A power line has a drop of 18 volts in trans-

mitting a load of 75 amperes. How much
power is lost in this line?

8. What is the resistance of the line in problem
7?

9. If a line consumes 650 watts in transmitting
55 amperes, what is the potential drop?

10.

How much power will be consumed by a 75 hp
motor operating at 80 percent efficiency? In
hp? In watts? In kilowatts?

CHAPTER 8

THE SERIES CIRCUIT

1. Work out the answers for each unknown in the
practice circuits on page 346.

2. Three heating resistances are connected in

series. Each has a resistance of 20 ohms and
a current of 10 amperes. What is the voltage
drop across (a) each resistance, (b) the total

circuit?
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3. What is the power consumed (a) in each unit,

(h) in the total circuit of problem 2?
4. Two 25 watt lamps are connected in series on a

240 volt line. What is the current through
each lamp?

5. What is the total voltage drop of four resistors

connected in series, if each resistor has 50
ohms resistance and 4 amperes of current?

CHAPTER 9

PARALLEL CIRCUITS

1. Work out the answers for each unknown in the
practice circuits on page 348.

2. Four motors are paralleled on a 120 volt line.

What is the total line current if each motor
draws 2.5 amperes?

8. What is the total resistance of one 10 ohm re-

sistor, one 20 ohm resistor, and one 30 ohm
resistor if they are connected in parallel?

4. Two loads are connected in parallel on a 220 volt

line. The first draws 25 amperes and the sec-

ond draws 41 amperes. What is the total cur-
rent? What is the total resistance?

5. In a 120 volt parallel circuit there are four de-
vices. One requires J ampere, another J am-
pere, another Ij amperes, and the fourth 3
amperes. What is the total current required?

6. What is the resistance of each device in problem
5? What is the total resistance?

CHAPTER 10

SERIES-PARALLEL CIRCUITS

1. Work out the answers for each unknown in the

practice circuits on page 349.

2. How would you connect one switch to control

two lamps?
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3.

Eight lamps are paralleled across one circuit.

How would you connect one fuse so as to pro-

tect every lamp?

CHAPTER 1

1

MAGNETISM

1. All magnets have at least poles.

2. Descrilte two methods of producing an arti-

ficial magnet.
3. What two things does a vector show about a

force?
4. What are the three important facts about a

magnetic field?

5. Like magnetic poles ^each other.

6. Unlike magnetic poles. . each other.

7. Flux can choose either an air or an iron path.

Which does it use?
8. Where does a compass point true north?
9. What is variation?

10. About how much variation would a compass
have if it were located at the mouth of the

Mississippi River?
11. What is deviation?
12. If you should break an ordinary magnet into 5

pieces, how many poles would you have?
13. A piece of iron has magnetic lines passing

through it. A pattern of its field with iron

filings shows that many of the lines do not go
through the iron—instead they pass through
the air. Why?

14. Permanent magnets have a high

CHAPTER 12

ELECTROMAGNETISM

1. Is the direction of flux correctly labeled for the
electromagnets on page 351?
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2. Which of these coils is the strongest?
A has 22 turns and 5 amperes.
B has 37 turns and 3 amperes.
C has 17 turns and 9 amperes.

3. How can you increase a coil’s strength without
changing the construction?

CHAPTER 13

INDUCTION
1. What two factors control the direction of an

induced emf ?

2. What three factors control the strength of an
induced emf?

3. How many circuits are necessaiy for mutual
induction?

4. How many circuits are necessary to produce
self-induction?

5. Will steady d.c. produce a continuous self-induc-

tion? Why?
6. State Lenz’s law in simple language.
7. How may the voltage of self-induction be dan-

gerous around a motor?
8. In what one way does pulsating d.c. differ from

regular d.c. ?

9. In what two ways does a.c. differ from regular

d.c. ?

CHAPTER 14

GENERATORS
1. Name the two essential circuits of a generator.

Briefly describe the parts of each.

2. When is the induced voltage of a coil zero?
3. When is the induced voltage of a rotating coil

at its maximum value?
4. Is a.c. or d.c. produced inside a rotating coil?

5. How is d.c. obtained from a rotating coil?

6. Adding coils to an armature does what to the

d.c. produced?
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7. What connection is used between coils of an
armature to produce a high and even volt-

age?
8. Why is a drum winding superior to a ring

winding?
9. Distinguish between the stator and the rotor of

an alternator.

10. Why are a-c machines designed opposite to d-c

machines?

CHAPTER 15

D-C MOTORS
1. How does a d-c motor differ from a d-c gen-

erator in construction?
2. Motor action results from the reaction between

.

two
3. What is motor action in a generator?
4. What is counter-emf in a motor?
5. What effect does counter-emf have on arma-

ture current?
6. What happens to the amount of counter-emf if

the motor is slowed down?
7. What effect does decreased counter-emf have

on the amount of current?
8. What is the principle function of a starter?
9. What are the two methods of reversing a

motor?
10. What is standard Navy practice for reversing

a motor?

CHAPTER 16

A-C MOTORS
1. What is the name of the only d-c motor which

will run on a.c.?

2. What is the polarity of the secondary if the
primary is north?

3. Do a-c coils have a fixed polarity?
4. What does “Polyphase^^ mean?
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5. What are the units for measuring phase?
6. What is the meaning of ‘‘out-of-phase?'^

7. Does any mechanical part of a stator move?
8. What does move in a rotating magnetic field?

9. Does the squirrel cage rotor have any electrical

connection to a source of supply?
10. How does current get in the squirrel cage

rotor?

11. The squirrel cage rotor is what kind of a cir-

cuit?

12. Does a wound rotor have an electrical connec-
tion to a source of supply?

13. How does current get in the wound rotor?
14. How is a synchronous rotor energized?

15. What is “magnetic lock?”

16. Name the three types of single phase motors.

17. What two methods are used to split single

phase into two phases?

CHAPTER 17

A-C CIRCUITS

1. What are the two outstanding characteristics of

a.c.?

2. An a.c. has a maximum value of 25 amperes.
What is its effective value?

3. How does resistance affect the phase of a cur-

rent?
4. How does inductive reactance affect the phase

of a current?
5. How does capacitive reactance affect the phase

of a current?
6. How could you reduce the total reactance of an

inductive circuit?

7. A circuit contains 18 ohms of capacitive reac-

tance, 12 ohms of inductive reactance and 8

ohms of resistance, (a) What is the total reac-

tance? (b) What is the impedance? (c) Does
the current lag or lead?
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CHAPTER 18

ELECTRICAL METERS

1. What four quantities are measured in an elec-

trical circuit?

2. What are the three current effects used in

meters?

3. Name the meters which can be used on a.c. or
d.c.

4. Which meter can be used on d.c. only?

5. Properly connect the meters and loads shown
above in their circuits.
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CHAPTER 19

Digitized by

VACUUM TUBES

1. In thermionic emission, why do electrons shoot

off the metal surface?
2. Why is the air removed from a vacuum tube?
3. Why is the cathode negative regardless of bat-

tery connection?
4. Why does current never flow from plate to

cathode?
5. How does a diode act as a rectifler?

6. How does the grid control current in a triode?

7. Why must the grid be biased negatively?
8. How does a triode amplify signals?

CHAPTER 20

TRANSFORMERS

1. How is energy transferred from the primary
to the secondary of a transformer?

2. Suppose d.c. were fed into the primary of a

transformer, what would happen?
3. Explain how the secondary current controls the

amount of primary current?
4. A welding transformer has a one-turn second-

ary that delivers 400 amperes. The primary
has 800 turns. What is the primary current?

5. You want to build a transformer to step-down
440 volts to 110 volts. If 2,080 turns are used

on the secondary, how many turns will be

used on the primary?
6. A loaded secondary draws 80 amperes at 220

volts. If the primary is 600 volts, what is the

primary current?

7. A volt transformer is designed for J volt

per turn. How many turns on primary and
secondary?
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8. Is it absolutely correct to say that transform-
ers are 100 percent efficient?

9. Two losses occur in a transformer? What are
they?

10.

How can the losses of a transformer be re-

duced?

CHAPTER 21

ELECTRICAL MACHINES

1. How is power transferred in transformer ac-

tion?

2. How many circuits will you find in transformer
action?

3. What controls the power consumption in trans-
former action?

4. Must the windings be stationary in order to

have transformer action?
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ANSWERS TO QUIZ

CHAPTER 1

AAAHER

1. Protons and electrons.

2. Proton.
3. Electron.
4. Atoms.

CHAPTER 2

STATIC ELECTRICITY

1. They repel each other.

2. They attract each other.

3. Positive.

4. Because of their weight. Electrons are nearly

2,000 times lighter than protons.

5. Potential or potential difference.

6. Stationary.
7. Moving.
8. A condenser stores an electrical charge.

CHAPTER 3

ELECTRICITY IN MOTION-CURRENT

1. Each electron acts as a force on the others. This
force moves electrons through the wire step-

by-step, from molecule to molecule.

2. The coulomb.
3. The ampere.
4. Potential and resistance.

5. Good conductors have many free electrons.

6. ^od insulators have few or no free electrons.

7. Increased.

8. Decreased.
9. Diameter, length, material and temperature.
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CHAPTER 4

THE ELECTRICAL CIRCUIT

1. Refer to the table in figure 15.

2. Because they reduce current flow.

3. Do not increase the circuit resistance by a dirty

or loose connection.

4. So that the fuse will melt and open the circuit

before other parts of the circuit overheat.

5. Salt water, heat, wear, and vibration.

6. Because of the danger of a hot wire being

grounded to the hull. This would produce a

short circuit.

CHAPTER 5

EMF

1. Electromotive force. The force which moves
electrons.

2. Mechanical, chemical, frictional, and heat en-

ergies.

3. Generators and batteries.

4. An ion is an atom which has lost or gained one

or more electrons. It becomes a charged par-

ticle.

5. A part of the primary cell is used up in deliver-

ing current.

6. They can be re-charged.

CHAPTER 6

OHM'S LAW
1. A—4.4 amps, B—108 v. C—30 ohms. D—20 v.

2. 1 amp.
3. faj Yes, the current is only 2.2 amps at 110 v.

fbj No, the current is 4.4 amps at 220 volts.

This current would burn out the lamp.
4. Voltage and resistance.
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CHAPTER 7

ELECTRICAL POWER
1. Yes. There is an emf present. It tries to force

current across the open circuit but cannot.

2. No, as long as no current flows it is a case of

force but no motion.
3. No. Again, force but no motion.
4. 16,128 w. 16,128 kw. 2.16 hp.

5. 48,000 w. 37,300 w. 77.7 percent.

6. 27,602 w. 30,800 w. 89.6 percent.

7. 1,350 w.
8. 0.24 ohm.
9. 11.8 V.

10.

93.75 hp. 69,937.5 w. 69.94 kw.

CHAPTER 8

THE SERIES CIRCUIT

1. A = 7^ = 6a., I2 = 6a. BiV t = 120 v. CiRt = 18
ohms. D:Rt = 12 ,

= 0.67a.

2. (a) 200 V., (b) 600 v.

3. (a) 2,000 w., (h) 6,000 w.
4. 0.21a.

5. 800 V.

CHAPTER 9

PARALLEL CIRCUITS

1. A:Ei = 12 V., Ez = 12 V., E3 = 12 v. B:h = 15a.

C:Rt = 2 ohms. D:Rt — 2 ohms.
2. 10 amps.
3. 5.45 ohms.
4. 66 amps. 3.33 ohms.
5. 5 amps.
6. 240 ohms, 480 ohms, 176 ohms, 40 ohms, 24

ohms.
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CHAPTER 10

SERIES-PARALLEL CIRCUITS

1. A: 150 ohms, 1.6 amps.

E

of lines= 30 volts,

E of load= 90 v. C: 60 v, 120 v. with R out of

circuit.

2. Connect the switch in series with both lamps.

3. Connect the fuse in one line between the source

and the first lamp.

CHAPTER 11

MAGNETISM
1. Two.

2. (1) Stroke unmagnetized iron against a mag-
net. (2) Wrap iron in a coil of wire and pass

a current through the coil.

3. Direction and strength.

4. j No lines cross. (2) All lines are complete.

(3) All lines leave the magnet at right angles

to the magnet surface.

5. Repel.

6. Attract.

7. Always the iron.

8. Anywhere on the Agonic line.

9. The error introduced in a compass reading due

to the different locations of the magnetic and

geographic poles.

10. About 5 degrees.

11. The error introduced in a compass reading due

to magnetic influences aboard the ship or

plane.

12 . 10 .

13. This iron is saturated—it is holding all the

lines it can.
'

14. Retentivity.
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CHAPTER 12

ELECTROMAGNETISM
1. A: correct. B: incorrect. C: incorrect. D: correct.

2. C is the strongest.

3. Increase the coil’s current.

CHAPTER 13

INDUCTION

1. Flux direction and the direction of cutting the

flux.

2. Strength of the field, speed of the conductors,
and number of conductors cutting.

3. At least two.
4. One.
5. No. The flux field must move to produce self

induction.
6. For eveiy force, there is an opposite force set

up which tends to cancel the first force.

7. Open the field coil circuit may produce thou-
sands of volts of self induction.

8. Pulsating d.c. varies in strength, regular d.c.

does not.

9. A.C. varies in strength and direction, regular
d.c. does not vary in either.

CHAPTER 14

GENERATORS

1. Primary-pole pieces, yoke, windings and field.

Secondary-armature consisting of coils and
iron core.

2. When the coil is in the neutral plane.

3. When the coil sides are directly under the pole

pieces.

4. Always a.c.

5. By rectifying the d.c. in a commutator.
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6. More coils eliminate the peaks and valleys of
current. Pulsations are reduced.

7. Series connections.

8. Less reluctance, cheaper, easier to repair, all

coil sides cut flux.

9. The stator is the stationary part containing the
armature windings. The rotor is the rotating
part containing the field coils.

10.

So that the high voltages obtained in a.c. will

not be taken off on a shipping contact.

CHAPTER 15

D-C MOTORS
1. Not at all. Essentially the two are alike in con-

struction.

2. Magnetic fields.

3. The force set up by the two fields which tends
to make the generator run as a motor. This is

a Lenz^s law illustration.

4. The induced voltage which opposes the applied
voltage. Another Lenz’s law illustration.

5. Counter-emf controls the current by opposing
the current’s flow.

6. Counter-emf decreases.

7. Current will increase.

8. A starter decreases current to the armature by
putting a resistance in the armature circuit.

9. Reverse leads to either the field or armature.
Not to both

!

10.

Reverse armature leads only.

CHAPTER 16

A-C MOTORS
1. The series-universal motor.
2. South.
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3.

No. A.C. coils reverse polarity with every re-

verse of current.

4. More than one time.

5. In electrical degrees.

6. Out-of-time.
7. No.
8. Only the flux field produced by the stator wind-

ings.

9. No.

10.

A voltage is induced in the squirrel cage rotor.

This voltage forces current through the
windings.

Always a shirt circuit.

12. No.
13. By induction—exactly like the squirrel cage.

14. With d.c. from an exciter, fed to the rotor via
slip rings.

15. The field between rotor and stator poles of a
synchronous motor.

16. Seriesruniversal, repulsion-induction, and split

phase.

17. Resistance and a condenser.

CHAPTER 17

A-C CIRCUITS

1. A.C. is constantly changing in value and regu-
larly reverses its direction.

2. 17.675 amps.
3. Resistance keeps the current “in phase.

4. Inductive reactance makes the current lag its

voltage.

5. Capacitive reactance makes the current lead its

voltage.

6. Add capacitive reactance by inserting a con-

denser.

7. (a) ^ ohms of reactance, (h) 10 ohms of impe-
dance. (c) The current leads.
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CHAPTER 18

ELECTRICAL METERS

1. Current, voltage, resistance, and power,
2. Heat, magnetism, and motor action.

3. Hot wire, dynamometer and movable iron.

4. D^Arsonval type.

5. See diagram below.

CHAPTER 19

VACUUM TUBES

1. The heat increases the electrons speed so that
proton attraction can no longer hold them.

2. The air molecules would clog up the space
around the cathode. They would interfere
with the emission of electrons.
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3. The space charge of electrons determine the

cathode polarity. Electrons are negative so the

cathode is negative.

4. Because the plate has no electrons emitted to

make up a current from plate to cathode.

5. The diode only passes current from cathode to

plate. When the plate is negative no current
can flow. Therefore, only the current in the

cathode to plate direction is passed.

6. The grid acts as a valve between cathode and
plate. The negativeness of the grid controls

the amount of current that can pass to the

plate.

7. The grid would lose control if it became positive.

Therefore, a negative bias prevents the grid
ever becoming positive and losing control.

8. The cathode to plate current is strong. But this

current is controlled by very small changes in

grid potential.

CHAPTER 20

TRANSFORMERS
1. The magnetic flux field set up by the primary

current carries the primary’s energy to the

secondary.
2. D.c. produces no continuous voltage of self in-

duction, therefore a very high current would
flow. The primary would burn out.

3. The secondary’s flux field cancels the pri-

mary’s. This reduces the E*i in the primary
and adjusts primary current in exact pro-

portions to the secondaiy current.

4. Tampere.
5. 8320 turns.

6. 29i amps.
7. 1,760 and 440 turns.

8. No.
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9. Iron losses—hysteresis and eddy currents.
Copper losses—resistance.

10. Iron, by using soft iron or silica steel in lami-
nated form. Copper; by shortening the
length per turn, and using heavy wire. Both,
by cooling entire assembly.

CHAPTER 21

ELECTRICAL MACHINES
1. By mutual induction.

2. At least two.
3. Secondary current.
4. No, all that is necessary is two circuits with

pulsating d.c. or a.c. on the primary.
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APPENDIX TABLE I

ELECTRICAL TERMS

Agonic : An imaginary line of the earth^s surface
passing through points where the magnetic de-

clination is 0°, that is, points where the compass
points true north.

Alternator: An alternating current generator.

Ammeter: The instrument for the measurement
of current.

Ampere : The unit of electrical current.

Ampere-hour: The quantity of electricity equiv-

alent to a current of one ampere flowing past a
point in a conductor in one hour.

Ampere-turn: The magnetizing force produced
by a current of one ampere flowing through a
coil of one turn.

Anode: The electrode in a cell (voltaic or electro-

lytic) that attracts the negative ions and repels

the positive
;
the positive pole.

Arc: The luminous glow between incandescent
electrodes.

Armature: The movable part of a motor or the

removable part of a magnetic circuit, such as the
iron placed across the poles of a horseshoe mag-
net. •

Auto-transformer : A transformer in which the
primary and secondary are connected together
in one winding.

Battery: A group of several cells connected to-

gether as a unit.

Branch circuit: One of the conductors in a par-
allel circuit.

Brush : The conducting material, usually a block
of carbon, bearing against the commutator or
slip-rings through which the current flows in or
out.
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Cathode: The electrode in a cell (voltaic or pri-

mary) that attracts the positive ions and repels

the negative ions
;
the negative pole.

Choke coil: A coil of low ohmic resistance and
comparatively high impedance to alternating
current.

Circuit : The complete path of an electric current,

including, usually, the generating device.

Circuit breaker: A device that opens a circuit

while it is carrying current; often used in ab-

normal conditions, such as overloads.

Circular mil: An area equal to that of a circle

with a diameter of 0.001^ inch. It is used for

measuring the cross section of wires.

Commutator: That part of the armature of a

dynamo which converts an alternating into a

direct current.

Condenser: A device consisting of two or more
conductors separated by non-conductor material

;

it holds or stores an electric charge.

Conductance: The reciprocal of electrical resist-

ance. Conducting power.
Conductivity : The ease with which a substance
transmits electricity.

Conductor: A material capable of transmitting
electric current.

Converter, rotary: An electrical machine hav-
ing a commutator at one end and slip-rings at
the other end of the armature. It is used for the
conversion of alternating to direct current.

Core: A mass of iron placed inside a coil to in-

crease its magnetism.
Coulomb : The unit of static electricity; the quan-

tity of electricity transferred by one ampere in
one second.

Counter emf: Counter electromotive force; an
EMF induced in a coil or armature that opposes
the applied voltage.
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Current of electricity : The continuous flow of

electrons in a circuit.

D'arsonval galvanometer: A galvanometer in

which a moving coil swings between the poles of

a permanent horseshoe magnet.
Demagnetize : To deprive a body of its magnetic

properties.

Dielectric : A non-conducting material.

Diode : A vacuum tube containing the filament and
the plate; it serves as a rectifier of alternating

current.

Dip needle : A magnetized needle capable of rota-

tion in a vertical plane.

Direct current: An electric current that flows

in one direction only.

Dynamo: A machine for converting mechanical
energy into electrical energy or vice versa.

Eddy current : A current induced in the core of

an armature of a motor, dynamo, or transformer
caused by changes in the magnetic field.

Efficiency : The ratio of a machine’s useful work
output to the total input.

Electrode : The terminal by which current leaves

or enters an electrolytic cell.

Electrolyte: A substance that conducts a cur-

rent by the movement of ions.

Electromagnet : A magnet made by passing cur-
rent through a coil of wire wound on a soft iron
core.

Electromotive force (emf) : The electrical force

that moves or tends to move electrons.

Electron : The smallest particle of negative elec-

tricity.

Electroplating : The electrical method of plating

a surface with a metal.

Energy : The ability or capacity to do work.
Field: The region where a magnet or electrical

charge is capable of exerting its force.
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Field coil : One of the coils used to excite a field

magnet.
Field magnet: The magnet used to produce a
magnetic field (usually in motors or generators)

.

Flux: Magnetic lines of force, assumed to flow
from the north pole to the south pole of a magnet.

Frequency: The number of cycles of an alternat-

ing current per second.

Fuse : A part of a circuit made of a material that
will melt and break the circuit when current is

increased beyond a specific value.

Galvanometer : An instrument used to measure
small currents.

Generator : A machine that converts mechanical
energy into electrical energy. ^

Grid : A metal wire mesh placed between the cath-
ode and plate.

Grid battery : The battery used to supply the de-
sired potential to the grid.

Grid Leak : A very high resistance placed in par-
allel with the grid condenser.

Ground: A connection made directly to the earth
or to a frame or structure which serves as one
line of a circuit.

Horsepower : The English unit of power, equal to
work done at the rate of 550 foot-pounds'per sec-

ond. Equal to 746 watts of electrical power.
Induce : To produce an effect in a body by exposing

it to the influence of a magnetic force, an electric

force, or a changing current.

Induction coil: Two coils so arranged that an
interrupted current in the first produces a volt-
age in the second.

Interrupter: A device for the automatic making
and breaking of an electrical circuit.

Ion : An electrically charged atom.
IsoGONic LINE : An imaginary line drawn through

points on the earth’s surface where the magnetic
deviation is equal.
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Joule : A unit of energy or work. A joule of energy
is liberated by one ampere flowing for one second
through a resistance of one ohm.

Lag : The number of degrees an alternating cur-

rent lags behind voltage.

Laminations : The thin sheets or discs making up
an iron core.

Leyden jar: An early form of condenser.
Line of force : A line in a field of force that shows

the direction of the force.

Load : The energy delivered by a generator to its

circuit.

Lodestone : A piece of magnetite.
Magnetic circuit: The complete path followed

by magnetic lines of force.

Magnetic flux: The total number of lines of

force issuing from a pole.

Magnetite: An iron ore that is magnetic.
Magneto : A generator in which the field is sup-

plied by a permanent magnet.
Megohm : A million ohms.
Mil : One thousandth of an inch.

Milliammeter : An ammeter reading thousandths
of an ampere.

Millivoltmeter : A voltmeter reading thou-

sandths of a volt.

' Motor-generator (m-g) : A generator driven
by an electric motor.

Mutual induction: The inducing of an emf in

a circuit by the field of a nearby circuit.

Negative charge: The electrical charge carried
by a body which has an excess of electrons. (For
example, a vulcanic rod, after it has been rubbed
by fur or wool, carries a negative charge.

)

Neutron : A particle having the weight of a pro-

ton but carrying no electric charge.
Nucleus : The heavy or central part of an atom.
Ohmmeter: An instrument for directly measur-

ing ohms.
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Permalloy: An alloy containing 78.5 percent
nickel and 21.5 percent iron. It has an abnorm-
ally high magnetic permeability.

Permeability: A property of matter that indi-

cates the ease with which it is magnetized.

Plate current : The current that flows from the
plate of a vacuum tube.

Polarity: The character of having magnetic
poles, or electric charges.

Pole : One of the ends of a magnet where most of
its magnetism is concentrated.

Positive charge : The electrical charge carried by
a body which has become deficient in electrons.

(For example, a glass rod, after it has been
rubbed by silk, carries a positive charge.)

Potential : The amount of charge held by a body.

Power : The time rate of doing work.

Proton: A positively charged particle whose
charge is equal, but opposite, to that of the elec-

tron.

Rectify: To change an alternating current to a
unidirectional or direct current.

Relay: An electrically operated device for the

closing and opening of a circuit.

Reluctance: A measure of the resistance of a
material to magnetic lines of force.

Resistance : The opposition of a conductor to an
electric current.

Retentivity: The property of retaining magne-
tism.

SA..TURATION, MAGNETIC : The condition of a mag-
netic substance when its magnetism has reached
its highest possible value.

Self induction : The process by which a circuit

induces an emf in itself by its own magnetic
field.

Series connection: An arrangement of cells,
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generators, condensers, or conductors, so that

each carries the entire current of the circuit.

Series-WOUND : Having the armature wired in

series with the field winding. (Applied to motors
or generators.)

Solenoid : A coil of wire used to produce a mag-
netic field.

Space charge : The charge acquired by the space

inside a vacuum tube due to the presence of elec-

trons.

Step-down transformer: A transformer with
fewer turns in the secondary than in the pri-

mary.

Step-up transformer: A transformer with more
turns in the secondary than in the primary.

Thermocouple : A pair of metals which generate

an EMF by the heating of one of the junctions
;
it

is used to measure temperature differences.

Transformer: A device that, without moving
parts, transfers electrical energy from one cir-

cuit to another circuit by the aid of electro-

magnetic induction.

Triode: a vacuum tube containing a filament,

grid, and plate.

Unidirectional: As applied to a current of elec-

tricity, a current that flows in one direction only.

Vacuum tube: A tube from which the air has
been pumped out. The tube contains an element
that emits electrons when properly excited and
an electrode to attract the electrons and set up a
current in an external circuit.

Volt: The practical unit of electrical pressure.

Watt: A unit of power produced by a current of

one ampere at one volt.

Wattmeter: An instrument for measuring elec-

tric power in watts.
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APPENDIX TABLE II

4

ELECTRICAL FORMULAS

Ohm’s law

—

For voltage .E = IR.

For current

For resistance ,R= f.

Power equation

—

For power .P==IE.

For current

P = I-R.

^ — R

•i=f-

For voltage ,E=f
Counter—emf

—

For current
T —Eg
•1= Ra

•

For IR drop IR = E.. — E,.
,

Transformers

—

Ep__Tp
’Es Ts‘

Voltage-turns
-

Current-turns
T,

/. Tp ,

Power . I/' E/» = Is Es,

Pp ~ Ps.

Ampere-turns L Tp = /« !T*

Series circuits

—

For voltage Et = E/ + Eg + .

.

For current = Ig = Is--

For resistance R# = -[ Eg -}- R^ . • •
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Parallel circuits

—

For voltage

For current ...

For resistance

Horsepower

—

For hp

For watts

= E/ = E2 = . .

.

I' 1/ “h 1^^ • • •

Rt Rt R^ Rs

^P“ 746

P= 746hp.
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APPENDIX TABLE III

CABLE DESIGNATIONS

RUBBER INSULATION

SICP single conductor, instrument cable, plain.

SLPA single conductor, lighting and power, ar-

mored.
SRLL single conductor, radio, low-tension, lead-

ed.

SRHLA single conductor, radio, high-tension, lead-

ed and armored.
DLPA double conductor, lighting and power,

armored.
DLB double conductor, lighting, braided.

DRHLA double conductor, radio, high - tension,

leaded and armored.
DRLL double conductor, radio, low - tension,

leaded.

TLPA triple conductor, lighting and power, ar-

mored.
TRHLA triple conductor, radio, high - tension,

leaded and armored.
FLB four conductor, lighting, braided.

FLA four conductor, lighting, armored.
GICA general interior communication (multiple

conductor), armored.
BW bell wire.

BC bell cord.

VLS voltmeter leads, submarines.

SCP
DCP
TCP
FCP
MCP
MCS

Digitized

RUBBER INSULATED FLEXIBLE

single conductor, portable,

double conductor, portable,

triple conductor, portable,

four conductor, portable,

multiple conductor, portable,

multiple conductor, shielded.
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MCMB multiple conductor, marker buoy.

GICF general interior communication (multiple

conductor), flexible.

rPTF twisted pair, telephone conductors, flexi-

ble.

HEAT AND FLAME RESISTANT

SRI synthetic resin insulated, single conductor.

SRIB synthetic resin insulated, braided, single

conductor.

SRIG synthetic resin insulated, glass braided,

single conductor.

SHFW single heat and flame resistant wire, single

conductor.

DHFW double heat and flame resistant wire, dou-
ble conductor.

SHFS single heat and flame resistant, switch-

board, single conductor.
SFPS single conductor, flameproof, switchboard.
SHFA single conductor, heat and flame resistant,

armored.
SHFL single conductor, heat and flame resistant,

leaded.

DHFA double conductor, heat and flame resist-

ant, armored.
THFA triple conductor, heat and flame resistant,

armored.
FHFA four conductor, heat and flame resistant,

armored.
MHFA multi-conductor, heat and flame resistant,

armored.
MHFF multi-conductor, heat and flame resistant,

flexible.

TTHFA twisted pair, telephone conductor, heat
and flame resistant, armored.

mdga-19-50 multiple conductor, degaussing, ar-

mored, 19 conductor, 50,000 CM
each.
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SDGA-1,600
,

single conductor, degaussing, ar-

mored, 1,600,000 CM.

SPECIAL WIRE AND CABLE

TSW telephone switchboard wire.

TPTP twisted pair, telephone, plain.

TPTA twisted pair, telephone, armored.
TTHFF twisted pair, telephone, heat and flame re-

sistant, flexible.

VARNISHED CAMBRIC, INSULATED

SLPA single conductor, lighting and power, ar-

mored.
TLPA triple conductor, lighting and power, ar-

mored.

SPECIAL WIRE, OIL RESISTANT

DCOP double conductor, oil resisting, portable.

TCOP three conductor, oil resisting, portable.

FCOP four conductor, oil resisting, portable.

MCOS multi-conductor, oil resisting, shielded.

The suffix number on all power and light cables,

such as SHFA, DHFA, THFA, FHFA, SLPA, TLPA, SCP,

DCP, TCP, and fcp, always indicates the number of

thousands of circular mils in each conductor.
The suffix number on all multiple conductor

cables such as mhfa, mhff, gica, and gicf, indi-

cates the number of conductors in the cable.

The suffix number on all telephone cables, such
as TTHFA, TPTA, and TPTF, indicates the number of
twisted pairs of wires in the cable.
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Please . • •

Take good care of this training course. It is only loaned to you When you

have completed the course, return it to your Educational or Divisional Officer for

reissue. This book most be reissued until it becomes unfit for further use If the

Navy is td' continue issuing sufficient training courses to meet the incteosed

demands of its enlisted personnel, it most exercise the strictest economy in the

use of its books. Please cooperate!
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