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PREFACE

Here, in one book, are the electronics theory and practical information
required to pass all radio licenses, commercial and amateur. It includes
both commereial radiotelephone and radiotelegraph license material, the
relatively simple Novice Class Amateur license information, and the more
advanced General Class Amateur license information.

This book presents a fundamental but wide coverage of the field of
electronic communication for both commercial and amateur operators.
While commercial and amateur operators are subject to somewhat differ-
ent rules and regulations, the electronic theory required by both for proper
operation of equipment is closely related.

Operating, installing, and maintaining commercial and amateur radio
transmitting and receiving equipment require personnel with more than
a minimum of technical background and ability. The goal of this book
is to put into as simple language as possible the basic theory of electricity
and electronics, as well as to include the fundamentals of good operating.

This book covers basic electrical theory, basic electronic circuits incor-
porated in radio transmitters and receivers, applications of the basic
circuits in communication equipment, and finally, simplified rules and
regulations pertaining to radio operation.

For those interested in working in areas of electronics other than radio,
this book should form an excellent grounding for later specialization.
In many cases, the possession of a commercial or amateur license is a
valuable recommendation for an applicant for employment in these fields.

Basically, this book was written for junior college or technical school
students, but it is suitable for a general coverage of electronics for pre-
engineering students. It is within the grasp of senior high school classes.
For those unable to attend a school, thorough study of this book alone
should enable them to learn sufficient theory to pass satisfactorily any of
the FCC licenses mentioned above, as well as the radar endorsement on a
commercial-grade license.

Mr. Emery L. Simpson, educator, as well as commercial and amateur
operator, served as consultant and proofreader for this book. His perti-
nent suggestions and corrections as well as uncounted hours of work are
gratefully acknowledged. The Mackay Radio and Telegraph Company,
particularly Mr. W. R. Taggart and Mr. G. G. Thommen, and the Radio
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v PREFACE

Corporation of America, through Mr. C. D. Pitts, Mr. G. P. Aldridge,
and Mr. Ralph Scott, aided materially in compilation of some of the text.
I should also like to acknowledge the invaluable help of the many stu-
dents who have aided in simplifying and clarifying the wording of the
text during the past few years. Last, and far from least, were the many
contributions made by my wife Dorothy and the cooperation of Patricia
and Douglas in giving up many hours of recreation that this book might
be finished.

RoBERT L. SHRADER



HOW TO USE THIS BOOK

The Federal Communications Commission requires persons who are in
direct control of transmitting equipment to pass license examinations.
As a guide to what they believe necessary background for commercial
radio operators, the FCC publishes a list of sample questions. From
these questions, or others similar in content, the FCC makes up its license
examinations. This book was written with these same sample questions
as the basis for a comprehensive electronics course for prospective radio
operators or communication technicians.

FCC commercial license examinations are given in sections under the
heading Commercial License Information. The higher the grade of the
license, the more elements are included in the examination. There are
six elements included in commercial license examinations. The FCC
elements included in this book are:

Questions on basic law (Chapter 30)

Basic operating practice (Chapter 31)

Basic radiotelephone

Advanced radiotelephone

Radiotelegraph operating practice (Chapters 17 and 32)
Advanced radiotelegraph

Ship radar techniques (Chapter 29)

Element 8 is a special radar operator’s endorsement, which may be
added to any commercial. license.

Element 7 is a special aircraft operator’s endorsement, complete mate-
rial for which is not included because of the relatively few calls for it.

The questions and material for Elements 3, 4, and 6 make up the bulk
of the book.

The commercial-grade licenses and required elements for which this
book will prepare the reader are:

Radiotelephone Second Class (Elements 1, 2, and 3).

Radiotelephone First Class (Elements 1, 2, 3, and 4).

Radiotelegraph Second Class (Elements 1, 2, 5, and 6). This license also
requires an International Morse Code test, sending and receiving, at
16 code groups per minute, the equivalent of 20 words per minute plain
language.

Radiotelegraph First Class. Requires no written test, but an Inter-
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viit HOW TO USE THIS BOOK

national Morse Code test, sending and receiving, at 20 code groups per
minute, 25 words per minute plain language. The applicant must have
one year of authenticated marine experience on a valid Radiotelegraph
Second Class license.

More detailed information pertaining to commercial licenses and
permits is given in Chapter 30.

The amateur licenses for which this book will prepare the reader are:

Novice Class. Requires a simple written test and a plain-language
International Morse code test, sending and receiving, at 5 words per
minute.

Technician Class. Requires the same written test as a General Class
license and a plain-language code test, sending and receiving, at 5 words
per minute.

General or Conditional Class. Requires a theory test and a plain-
language sending and receiving code test, including numbers and punctua-
tion, at 13 words per minute.

Exrtra Class. Requires an extensive theoretical examination covering
much of the commercial radio theory in this book and a sending and
receiving code test at 20 words per minute. (It confers no additional
privileges over those enjoyed by the holder of a General or Conditional
Class license at this writing.)

The recommended procedure for the use of this textbook for home
study is as follows:

1. Determine the FCC elements required for the license desired.

2. Check the end of the first chapter to see if there are questions in it
for the required elements or test.

3. Read the chapter through rapidly, including all the questions per-
taining to the required elements or test.

4. Return to the beginning of the chapter and study it carefully,
working any problems required. As soon as all the FCC questions can
be answered, move on to the next chapter.

5. Before taking a license examination, review all FCC questions on the
required elements.

It is recommended that all chapters be read by all prospective com-
mercial operators to acquaint the reader with the communications field
as a whole, even if the material is not indicated as necessary in the desired
license test.

Code practice can be obtained by listening on a short-wave communica-
tions receiver, by renting or buying automatic code tape machines, by
sending and receiving with a practice code oscillator with another inter-
ested person, by joining a local radio club, or by attending a night-school
code class if one is available in the locality.
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CHAPTER 1

CURRENT, VOLTAGE, AND RESISTANCE

1.1 Electricity. In this day and age it would be unusual to find
anyone in the United States who has never experienced the simple marvel
of flipping a switch and seeing an electric light start to glow. An every-
day occurrence such as this is accepted by everybody, but how many
understand why it occurs? It is a simple thing to pass it off with a gen-
eral statement that “The switch connected the light to the power lines.”
What does connecting the light to the power lines do? How does energy
travel through solid wires? What makes a radio play? What is behind
the dial that makes it pick out one radio station and not several thousand
others on the air at the same time?

There is no one simple single answer to any of these questions. Each
question requires the understanding of many basic principles. By adding
one basic idea to another, it is possible to answer, eventually, most of the
questions that may be asked about the intriguing subjects of electricity
and radio.

When the light switch is turned on at one point in a room and the light
suddenly glows, energy has found a path through the switch to the light.
The paths used are usually copper wires, and the tiny particles that do
the moving and carry the energy are called electrons. These little elec-
trons are important to anyone studying radio since they are usually the
only particles that are considered to move in electric circuits.

To explain what is meant by an electron, it will be necessary to investi-
gate more closely the make-up of all matter.

The word matler means, in a general sense, anything that can be
touched. It includes substances such as rubber, salt, wood, water, glass,
copper, air, and so on. The whole world is made of different kinds of
matter.

Water is one of the most common of the many items in the category
of matter. If a drop of water is divided in two, then divided again and
again until it can be divided no longer and still be water, this smallest par-
ticle is known as a molecule of water. The water molecule can be broken
down into still smaller particles, but these new particles will not be water.

Physicists have found that there are three particles making up a mole-
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2 ELECTRONIC COMMUNICATION

cule of water, two atoms of hydrogen (H) and one atom of oxygen (O)
(Fig. 1.1). Oxygen, at normal temperatures, is one of several gases that
constitute the air we breathe. Hydrogen is also a gas in its natural state.
It is found in everyday use as part of the gas used for heating or cooking.
If a gaseous mixture containing two parts of hydrogen and one part of
oxygen is ignited, a chemical reaction in the form of an explosion takes

place. The residue of the explo-

7 sion will be water (H;0) droplets.
/ 40’,9"7 It has been determined that an
/ hydrogen Molecule of  atom is also divisible. An atom is

/ P > water made up of two types of particles,
o protons and electrons. Both are
Aydrogen v Aall;m electrical particles and are not

/// oxygen divisible. All the molecules. that
/ make up all matter of the universe
are composed of these electrical
Fig. 1.1. Two atoms of hydrogen and one  proton-electron pairs.
atom of oxygen interlocked to form one 1.2 Electrons and Protons.
DGR Electrons are the smallest and
lightest of particles. They are said to have a negative charge, meaning
that they are surrounded by some kind of an invisible field of force (Fig.
1.2) that will react in an electrically negative manner on anything that is
electrically charged and brought within the limits of the field. The elec-
tric field is represented pictorially as being composed of outward-pointing
lines of force. Whether lines of force actually exist is not known. How-
ever, they are used for explanatory purposes.

\ // _ Electron Profon—__ \\ /
N —Q
—_— Q——»— — ———-—
"‘ v -Negalive Positive A
lines of force lines of force

)] (5)

Fig. 1.2. Electrostatic lines of force, directed outward by the negative charge (a) and
inward by the positive (b).

Protons are about 1,800 times as massive as electrons and have a posi-
tive electric field surrounding them. The positive field is represented by
inward-pointing lines. Theoretically, an electron has exactly as many
outward-pointing lines as a proton has inward-pointing lines. The proton
is just exactly as positive as the electron is negative, each having a unit
electric charge.

In theory, negative lines of force will not join other negative lines of
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force. In fact, they repel each other, tending to push each electron away
from every other electron (Fig. 1.3a). Positive lines of force do the same,
as shown in Fig. 1.3b.

When an electron and proton are far apart, as illustrated in Fig. 1.4,
only a few of their lines of force join and pull together. The contracting
pull between the two charges is therefore small. When brought closer
together, the electron and proton are able to link more of their lines of
force and will pull together with more force. If close enough, all the
lines of force from the electron are joined to all the lines of force of the

N \\)((
)\ /k )\/&

(o)

FIG. 1.3. Lines of force in similar directions repel one another.

VAN

7{\/\7 N G

Fi1a. 1.4. (a) Remote dissimilar charges have relatively little field interlinkage; both
charges are still capable of attracting other charged particles. (b)) When close
together, all lines interlink, leaving none external, resulting in a neutron or neutral
charged group.

proton and there is no external field. They form a neufral, or uncharged,
group. Such a neutral group is known as a neutron and exists in the
nucleus of heavier atoms.

Electrons repelling other electrons, protons repelling other protons, but
electrons and protons attracting each other follows the basic physical law,
Like charges repel, unlike attract.

Because the proton is about 1,800 times heavier than the electron, it
seems reasonable to assume that when an electron and a proton attract
each other it will be the tiny electron that will do most of the actual
moving. Such is the case. It is the electron that moves in electricity.

Regardless of the difference in apparent size and weight, the negative
field of an electron is just as strong negatively as the positive field of a
proton is positive. As small as it is physically, the field near the electron
is very strong. If the field strength around an electron at a distance of
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one-millionth of an inch is a certain amount, at two-millionths of an inch
it will be one-quarter as much; at four-millionths of an inch it will be one-
sixteenth as much; and so on. Notice that when the distance is doubled,
the field strength is not halved, as might possibly be expected, but is one-
half squared [(}4)?], or one-quarter as much. Because the field decreases
as the distance increases, the field is said to vary inversely with the
distance. Actually, it varies inversely with the distance squared.

When an increase in something produces an increase in something else,
the two things are said to vary directly, rather than inversely. Two
million electrons on an object produce twice as much negative charge as
one million electrons would. The charge is directly proportional to the
number of electrons,

Since the electric-field strength of an electron varies inversely with the
distance squared, the field strength an inch or so away will be very weak.

The fields surrounding electrons and protons are known as electrostatic
fields. The word “static” means, in this case, stationary, or not caused
by movement.

When electrons are made to move, the result is dynamic electricity.
The word ‘““dynamic’ indicates motion is involved.

To produce a movement of an electron it will be necessary to have
either a negatively charged field to push it, a positively charged field to
pull it, or, as normally occurs in an electric circuit, a negative and positive
charge (a pushing and pulling pair of forces) between which electrons
travel.

1.3 The Atom and lits Free Electrons. In this atomic age the atom
deserves more mention. There are over 100 different kinds of atoms, or
elements, from which the millions of different forms of matter found in the
universe are composed. The heaviest elements are radioactive and
unstable, decomposing into lower-atomic-weight atoms spontaneously.

The simplest and lightest atom is hydrogen. An atom of hydrogen
consists of one electron and one proton, as shown in Fig. 1.5. In one
respect this atom is similar to all others: the electron whirls around the
proton, or nucleus, of the atom, much as planets rotate around the sun.
In fact, electrons whirling around the nucleus are often termed planetary,
or orbital, electrons.

The second, and next heavier, atom is helium, basically with two pro-
tons and two electrons. The third atom is lithium, basically with three
electrons and three protons, and so on.

Some of the common elements, in order of their atomic weights, are:

1. Hydrogen 13. Aluminum 79. Gold

2. Helium 26. Iron 82. Lead

3. Lithium 28. Nickel 88. Radium
6. Carbon 29. Copper 92. Uranium
8. Oxygen
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Most atoms have a nucleus consisting of all the protons of the atom
and also one or more neutrons. The remainder of the electrons (always
equal in number to the number of nuclear protons) are whirling around
the nucleus in different layers. The first layer of electrons outside the
nucleus can accommodate only two electrons. If the atom has three
electrons (Fig. 1.5), two will be in the first layer and the third will be in
the next layer. The second layer is completely filled when eight electrons
are whirling around in it. The third is also filled when eight electrons
are in it. Actually, both helium and lithium have neutrons in their nu-
clei, although this is not indicated in the simplified illustration.

Eleciron _Two i N
/"./ in ocbit s\ elecirons 4

\ A K4 /
One profon Two protons A e
forms nucleus in nucleus A o
Hydrogen Helium Lithium

Fic. 1.5. Simplified picture of hydrogen atom with one proton as the nucleus and
one rotating orbital electron. Helium is shown with a two-proton nucleus and two
orbital electrons; lithium with a three-proton nucleus, two electrans in the inner layer
and one in the second layer.

Some of the electrons in the outer orbit, or shell, of the atoms of many
materials such as copper or silver can be dislodged easily. These elec-
frons travel out into the wide open spaces between the atoms and mole-
cules and may be termed free electrons. Other electrons in the outer orbit
will resist disledgment and may be called bound electrons. Materials con-
sisting of atoms (or molecules) having many free electrons will allow an
easy interchange of their outer-shell electrons, while atoms with only
bound electrons will hinder any electron exchange.

When a substance is heated, greater energy is developed in the free-
moving electrons. The more energy they contain, the more they resist
an orderly movement of electrons through the material. The material is
said to have an increased resistance to the movement of electrons through
it.

1.4 The Electroscope. An example of electrons and electric charges
acting on one another is demonstrated by the action of an electroscope,
shown in Fig. 1.6. It consists of two very thin gold or aluminum leaves
attached to the bottom of a metal rod. To prevent air currents from
damaging the delicate metal-foil leaves, the electroscope is usually encased
in a glass flask, with the rod projecting out the top, through a rubber cork.

To understand the operation of the electroscope, it is necessary to recall
these facts: (1) Normally an object has a neutral charge. (2) Like
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charges repel, unlike attract. (3) Electrons are negative. (4) Metals
have free electrons.

Normally the electroscope rod has a neutral charge, and the leaves hang
downward, parallel to each other, as shown in Fig. 1.6. Rubbing a piece
of hard rubber with wool causes the wool to lose electrons to the rubber,
charging the rubber negatively. When such a negatively charged object
is brought near the top of the rod, some of the free electrons at the top
are repelled and travel down the rod, away from the negatively charged
object. Some of these electrons will force themselves onto one of the

leaves, and some onto the other. Now the

— Melol rod two leaves are no longer neutral, but are

—Rubber cork slightly negative and repel each other, mov-

ing outward to the position shown by the

dotted lines. When the charged object is
removed, electrons return up the rod to
their original areas. The leaves again have
a neutral charge and hang down parallel.

Since the charged object did not touch the

i electroscope, it neither placed electrons on
n metal .
leaves the rod nor took electrons from it. When
F1a. 1.6. Electroscope used to electrons were driven to the bottom, making
indicate presence of either a (o oo yeg negative, these same electrons
negative or positive charge. . .
leaving the top of the rod left the top posi-
tive. The over-all charge of the rod remained neutral. When the
charged object was withdrawn, the positive charge at the top of the rod
pulled the negative electrons up to it until all parts of the rod were neutral
again,

If a positively charged object, such as a glass rod vigorously rubbed
with a piece of silk, is brought near the top of the electroscope rod, some
of the free electrons in the leaves and rod will be attracted upward toward
the positive object. This charges the top of the rod negatively because
of the excess of free electrons there. Both leaves are left with a deficiency
of free electrons and are positively charged. Since both leaves are simi-
larly charged again, they repel each other and move outward.

If a negatively charged object is touched to the metal rod, a number of
excesselectrons will be deposited on the rod and will be immediately distrib-
uted throughout the whole electroscope and the leaves will spread apart.
When the object is taken away, an excess of electrons remains on the rod
and leaves and the leaves stay spread apart. If the negatively charged
electroscope is touched to any large object that can accept the excess free
electrons, such as a person, a large metal object, or the earth, the excess
electrons will have a path by which they can leave the electroscope and
the leaves will collapse as the charge returns to neutral. The electroscope
has been discharged.

Gloss flask
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If a positively charged object is touched to the metal rod, the rod will
lose electrons to it and the leaves will separate. When the object is taken
away, the rod and leaves still lack free electrons and the leaves remain
apart. A large neutral body touched to the rod will lose some of its free
electrons to the electroscope, discharging it, and the leaves will hang down
once more.

The electroscope demonstrates the more or less free movement of elec-
trons that can take place through metallic objects or conductors when
electric pressures, or charges, are exerted on the free electrons.

1.5 The *‘Big Three'' in Electricity. Without calling them by name,
the discussion so far has touched on the three elements always present in
all operating electric circuits:

Current. A progressive movement of free electrons along a wire or
other conductor.

Electromotive Force. The electron-moving force in a circuit that pushes
and pulls electrons (current) through the circuit.

Resistance. Any opposing effect that hinders free-electron progress
through wires when an electromotive force is attempting to produce a
current in the circuit.

Changes in the values of any one of these “big three’” will produce a
change in the value of at least one of the others. The basic functioning
of these in a simple electric circuit will be discussed briefly.

1.6 A Simple Electric Circuit. The simplest of electric circuits con-
sists of some sort of an electron-moving force, or source, such as is provided
by a dry cell, or battery, a load, such as an electric light, and connecting
wires. A method of both picturing and diagraming the connections of
such a circuit is shown in Fig. 1.7.

It can be seen that the schematic diagram is simpler to draw and actu-
ally easier to read than the picture diagram. For this reason, schematic
diagrams are used by radiomen as much as possible. It will pay you to
observe closely the diagrams that are given and practice drawing them
until they can be reproduced rapidly and correctly. Note, for example,
that the negative terminal (—) on the symbol representing the cell in the
schematic diagram is made with a short line, while the positive terminal
(4) is made with a longer line. This is an important point to remember
when drawing diagrams, since correct battery polarity is required in many
circuits if the equipment is to work properly.

Although the wires connecting the source of electromotive force to the
load may have some resistance, it is usually a very small amount in com-
parison with the resistance of the load and is ignored in most cases. A
straight line, then, in a schematic diagram is considered to connect parts
electrically, but does not represent any resistance in the circuit.

In the simple circuit shown, the cell produces the electromotive force
that continually pulls electrons to its positive terminal from the lamp’s
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filament and pushes them out the negative terminal to replace the elec-
trons that were lost to the load by the pull of the positive terminal. The
result is a continual flow of electrons through the lamp filament, connect-
ing wires and source. The special wire of the lamp filament heats when
a current of electrons flows through it. If enough current flows, the wire
becomes white-hot and the lamp glows.

5)

() (6)

Fi1a. 1.7. (a) A lamp connected to a dry cell. (b) Schematic diagram of the same
circuit.

The addition of a switch in series with one of the connecting wires of the
simple circuit affords a means of controlling the current in the circuit, as
shown in Fig. 1.8. When the switch is closed, electrons find an uninter-
rupted path in the circuit and they flow through the lamp. When the
switch is opened, the electromotive force developed by the battery is nor-
mally insufficient to cause the electrons to jump the switch gap in the
form of a spark, and the electron flow in the circuit is interrupted. The

. lamp cools and no longer glows.
/ e Since the only duty of the switch is
. to interrupt or close the circuit, it may
. be inserted anywhere in the circuit. It is
= @ shown in the upper connecting wire, but will

give the same results if placed in the lower.
In either case it controls the flow of the
F1c. 1.8. Simple circuit con- electrons.
sisting of a battery as the 1.7 Current. Astream of electronsforced
source, the lamp as the load, jnto motion by an electromotive force is
and a switch to control R
operation. known as a current. The atoms in a good
conducting material such as copper are more

or less stationary. However, one or more of the outer-ring free electrons
are constantly flying off at a high rate of speed. Electrons from other
nearby atoms fill in the gaps. Apparently there is a constant aimless
movement of billions of electrons in all directions at all times in every
part of the conductor.

When an electric force is impressed across the conductor (from a bat-
tery) it drives some of these aimlessly moving free electrons away from
the negative force toward the positive. It is unlikely that any one elec-
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tron will move more than a fraction of an inch in a second. However, an
energy flow takes place along the conductor at approximately 186,000
miles per second. A simple analogy of energy flow can be illustrated with
automobiles parked in a circle, as shown in Fig. 1.9.

All the automobiles are parked, bumper to bumper, except cars 1 and
2, which are separated by a few feet. Nothing is happening in the
circuit. The driver in car 1 steps on the gas for an instant, produces
mechanical energy, and his car is propelled forward, striking car 2. The
force of the impact transfers energy to car 2, which in turn transfers
energy to car 3, and so on. An instant later the energy is transferred to
the back bumper of car 17, and it is propelled
forward, striking the back of car 1. Energy
has traveled completely around the circuit in
a very short space of time, and yet none of
the cars except cars 1 and 17 may have
moved more than a fraction of an inch. In
an electric circuit the electrons are somewhat
similar to the cars. By moving suddenly in
one direction, electrons can repel other elec-
trons. These repel others farther along, and
so on. The energy transfer (current) of a
single impulse is very rapid, but the drift of

Fig. 1.9. Transmission of en-
ergy, similar to that occurring

in electric circuits. In this

the electrons themselves is relatively slow.
A source of electric energy does not in-
crease the number of free electrons in a cir-
cuit; it merely produces a concerted pressure
on loose, aimlessly moving electrons. If the

case, automobiles are parked in
a circle, bumper to bumper.
If car 1 is propelled forward to
strike car 2, the foree of the
impact will travel from car to
car until car 17 receives the

energy. It will then move
forward and strike car 1.

Such

material of the circuit is made of atoms or
molecules that have no freely interchanging
electrons, the source cannot produce any current in the material.
a material is known as an insulator, or nonconductor.

The amount of current in a circuit is basically measured in amperes
(abbreviated amp). An ampere is a certain number of electrons passing
or drifting past a single point in an electric circuit ¢n one second. There-
fore an ampere is a rate of flow, similar to gallons per minute in a pipe.

The quantity of electrons used in determining an ampere (and other
electrical units) is the coulomb. An ampere is one coulomb per second.
A coulomb is 6,280,000,000,000,000,000 electrons. This large number is
more easily expressed as 6.28 X 108, which is read verbally as “6 point 4
28 times 10 to the eighteenth power.”” ‘Ten to the eighteenth power”
means the decimal place in the 6.28 is moved 18 places to the right. This
method of expressing numbers is known as the powers of 10 and is handy
to use when very large or very small numbers are used. An example of
a small number is 42.5 X 10~7. The 10~7 indicates the decimal point is
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to be moved seven places to the left, making the number 0.00000425.
When very large and very small numbers are multiplied, the powers of
10 are added algebraically; that is, if both are negative numbers, they
are added and the sum is given a negative sign. If both are positive
numbers, they are added and the sum is given a positive sign. If one is
negative and the other positive, the smaller is subtracted from the larger
and given the sign of the larger. For example, multiply 3.2 X 10! by
4.5 X 107!, When multiplied, 3.2 times 4.5 equals 14.4. The powers
of 10, 10 and 102, together equal 102. The answer is then 14.4 X 102,
or 1,440.

Just as the unit of measurement of current is the ampere, the unit of
measurement of electrical quantity is the coulomb.

1.8 Electromotive Force. The electron-moving force in electricity,
variously termed electromotive force (emf, e.m.f.), electric potential,

£ /ecfrosfallb lines of force

»:_, _’——ﬂ\

(a) ——— Direction of any current flow ——
— e

—
/’/ \\
——— T T

() —— Direction of any current flow ——

gy ~\___/

—

F1e. 1.10. Direction in which energy or current will flow between (a) a negative and
a positive body and (b) a highly negative and a less negative charged body.

potential difference (PD), difference of potential, electric pressure, and
voltage, is responsible for the pulling and pushing of the electric current
through a circuit. The force is actually the result of an expenditure of
some form of energy to produce it.

An emf exists between two objects whenever one of them has an excess
of free electrons and the other has a deficiency of free electrons. This is
illustrated in Fig. 1.10a. Should the two objects be connected together
with a conductor, a current will flow from the negative to the positive.

An emf also exists between two objects whenever there is a difference
in the number of free electrons per unit volume of the objects. This is
illustrated in Fig. 1.10b. If the two objects are both negative, current
will flow from the more negatively charged to the less negatively charged
when they are connected together.

There will also be an electron flow from a less positively charged object
to a more positively charged object.

The electrostatic field, the strain of the electrons trying to reach a posi-
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tive charge, or to move from a more highly negative to a less negative
charge, or to move from a less positive to a more positive charge, ¢s the
emf in electricity. When a conducting material is placed between two
points under electric strain, current flows.

The unit of measurement of electric pressure, or emf, is the volt. A
single flashlight dry cell produces about 1.5 volts. A wet cell of a storage
battery produces about 2.1 volts.

A volt can also be defined as the pressure required to force a current of
one ampere through a resistance of one ohm. (The ohm is the unit of
measurement of resistance, to be discussed later.)

An emf can be produced in many ways. The following is a list of some
of the more common methods, with examples of the application of each
principle:

Chemical (batteries)

Electromagnetic (generators)

Thermal (thermocouple junctions)
Piezoelectric (piezo-oscillator crystals)
Magnetostriction (filters and oscillators)
Static (laboratory static-electricity generators)
Photoelectric (light-sensitive cells)

SINCRCAERC] EaR

1.9 The Battery in a Circuit. In the explanations so far, ‘“objects,”
either positively or negatively charged, have been used. A common
method of producing an emf is by the
chemical action in a battery. Without
going into the chemical reactions that
take place inside a cell, a brief outline of
the operation of a battery is given here.
For a more detailed explanation, refer to
the chapter on Batteries.

Consider a flashlight cell. Such a cell Wi
(two or more cells form a battery) is com- Fie. 1.11. Simple cross section of
posed of a zine can, a carbon rod down the common dry cell.
the middle of the cell, and a black, damp, pastelike electrolyte between
them (Fig. 1.11).

The zine can is the negative terminal. The carbon rod is the positive
terminal. The active chemicals in the cell are found in the electrolyte.

The materials in the cell are selected of such substances that electrons
are pulled from the outer orbits of the molecules or atoms of the positive
carbon terminal chemically by the electrolyte and deposited on the zinc
can. This leaves the carbon positively charged and charges the zinc
negative. The number of electrons that move is dependent upon the
types of chemicals used and the relative areas of the zinc and carbon
electrodes. If the cell is not connected to an electric circuit, the chemi-

Copper-capped
carbon rod (+)

Insvlator holds
rod in center

Electrolyte paste

Zinc can (-)
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cals can pull a certain number of electrons from the rod over to the zine.
The massing of these electrons on the zine produces a backward pressure
of electrons, or an electric strain, equal to the chemical energy of the cell,
and no more electrons can move across the electrolyte. The cell remains
in this static, or stationary, 1.5-volt-charged condition until it is connected
to some electric load.

If a wire is connected between the positive and negative terminals of
the cell, the 1.5 volts of emf starts a current of electrons flowing through
the wire. The electrons flowing through the wire start to fill up the defi-
cient outer orbits of the molecules of the positive rod. Electrons move
away from the zine into the wire. This begins to neutralize the charge of
the cell. The electron backward pressure on the zine, which held the
chemical action in check, is decreased. The chemicals of the electrolyte
can now force electrons to the zinc can from the positive rod in a continu-
ous stream, maintaining a current of electrons through the wire and bat-
tery as long as the chemicals hold out.

Note that as soon as the wire begins to carry electrons, the electrolyte
also has electrons moving through it. This motion produces an equal

amount of current throughout the whole
circuit at the same time. This point
+ is a very important one to understand.
- There are no bunches of electrons mov-

ing around an electric circuit like a group
| of race horses running around a track.
Fia. 11-_12- Dfisftributiml of electro- It is more like the race track with a
2?:::;teﬁ’i;?wh?rc%h“:';:a::sf‘c’gz: single lane of automobiles, bumper to
centration occurs at the sharp point bumper. Either all must move at the
at the switch, but the field is present game time, or none.

G RO OEEN In an electric circuit, when electrons
start flowing in one part, it can be considered that all parts of the circuit
have the same value of current flowing in them instantly. Most circuits
are so short that the velocity of energy flow, 186,000 miles per second,
may be disregarded for the present.

When a circuit is broken by the opening of a switch, electron progress
comes to a sliding halt at all points of the circuit at the same time. In
this case the chemicals keep pumping electrons until the wire on the nega-
tive terminal attains a 1.5-volt charge of electrons when compared with
the positive terminal. When this occurs, the electron charge, or strain,
across the open switch equals the chemical strain produced in the cell again
and all electron progress in the circuit ceases. The circuit is charged,
and electrostatic lines of force are developed as illustrated in Fig. 1.12.

It will be noticed that more lines of force per square inch appear at the
sharpest point of the switch. The sharper this point, the more concen-
trated the lines of force and the more likely it is that the relatively strong
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field will pull free electrons from the point. Electrons pulled out at this
point form a corona, or brush discharge. In high-voltage circuits, care
must be taken to make sure that no sharp points occur to produce such
discharges. Several thousand volts is usually required to produce a
corona discharge.

If electrons leave a sharp point, as described, in such quantities that
the air is heated and becomes ionized, a spark of electronically heated air
will be visible. A constant spark between two points is called an arc.

1.10 lonization. When an atom loses an electron, it lacks a negative
charge and is therefore positive. The electronless atom in this condition
is a positive ton.

In most metals the atoms are constantly losing and gaining free elec-
trons. They may be thought of as being constantly undergoing ioni-
zation. In this condition the metal is a good conductor.

Atoms in a gas are not normally ionized to any great extent, and there-
fore a gas is not a good conductor under low electric pressures. However,
if the emf is increased across an area in which gas atoms are present, some
of the outer planetary electrons of the gas atoms will be attracted to the
positive terminal of the source of emf, and the nucleus of the atom toward
the negative. When the pressure increases enough, one or more free elec-
trons may be torn from the atom. It is then ionized. If this happens to
enough of the atoms in the gas, a current flows through the gas. For any
particular gas at any particular pressure, there is a certain voltage value
that will produce ionization. Below this value, the number of ionized
atoms is small. Above the critical value more atoms are ionized, pro-
ducing greater current flow, tending to hold the voltage across the gas at
a constant value. In an ionized condition the gas acts as an electric
conductor.

Examples of jonization of gases are lightning, neon lights, and fluores-
cent lights. Ionization plays an important part in radio and electricity.

1.11 Types of Current and Voltage. There are different types of
currents and voltages dealt with in electricity. In this book the following
nomenclature will be used:

Direct Current (d-¢). No variation of the amplitude (strength) of the
current or voltage. Obtained from batteries, d-¢ generators, power sup-
plies. (See Fig. 1.13a.)

Varying Direet Current (vd-c). The amplitude of the current or voltage
varies, but never falls to zero. Found in many tube circuits. (See Fig.
1.13b.)

Pulsating Direct Current (pd-c). The amplitude drops to zero periodi-
cally. Produced in rectifier circuits. (See Fig. 1.13¢.)

Interrupted Direct Current. Current or voltage starts and stops
abruptly. Produced by vibrators, choppers, and special circuits. (See
Fig. 1.134.)
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Alternating Current (a~c). Electron flow reverses (alternates) periodi-
cally and usually changes amplitude in a more or less regular manner.
Produced in a-c generators, oscillators, some microphones, and radio in
general. It is the usual house current. (See Fig. 1.13e.)

Damped a-c. Alternating current which dies out in amplitude. Pro-
duced by spark-type oscillators and inadvertently in many circuits. (See
Fig. 1.13f.)
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Fia. 1.13. Different forms of voltage or current. (a) Direct current. (b) Vary-
ing d-c. (c) Pulsating d-c. (d) Interrupted d-c. (e) Alternating current. (f)
Damped a-c.

1.12 Resistance. It was previously pointed out that certain metals,
such as silver and copper, have many free electrons flying aimlessly, at
high rates of speed, at all times, through the spaces between the atoms of
the material. Other metals, such as nickel and iron, have fewer free elec-
trons in motion. Still other materials, such as glass, rubber, porcelain,
mica, quartz, etc., have practically no interatom free-electron movement.
When an emf is applied across opposite ends of a copper wire, many free
electrons progress along the wire and a relatively high current results.
Copper is a very good conductor of electric current. When the same emf
is applied across an iron wire of equivalent size, only about one-sixth as
much current flows. Iron may be considered a fair conductor. When
the same emf is applied across a length of rubber or glass, no electron
drift results. These materials are insulators. Insulators are used
between conductors when it is desired to prevent electric current from
flowing between them.

Silver is the best conductor, and glass is one of the best insulators.
Between these two extremes are found many materials of intermediate
conducting ability. While such materials can be catalogued as to their
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conducting ability, it is more usual to think of them by their resisting
ability. Glass completely resists the flow of current. Iron resists much
less. Silver has the least resistance to current flow.

The resistance a wire or other conducting material will offer to a current
depends on four physical factors:

1. The type of material from which it is made (silver, iron, ete.)

2. The length (the longer, the more the resistance)

3. Cross-section area of the conductor (the more area, the less resistance)
4. Temperature (the warmer, the more resistance, except for carbon)

A piece of silver wire of given dimensions will have less resistance than
an iron wire of the same dimensions. It is reasonable to assume that if
a 1-ft piece of wire has 10 ohms (the unit of measurement of resistance),
2 ft of the same wire will have 20 ohms.

d—»|
| Pt o f-2d
(a) (b) (e)

Fra. 1.14. (a) Single wire with a certain cross-section area and 1 ohm resistance.
(b) Two similar wires together have twice the cross-section areas and half the resist-
ance. (c¢) Doubling the diameter quadruples the cross-section area, reducing the
resistance to one-fourth.

On the other hand, if a 1-ft piece of wire has 10 ohms, two pieces of this
wire placed side by side will offer twice the cross-section area, will conduct
current twice as well, and therefore will have half as much resistance.
(The cross-section area is the area seen when a wire is cross-sectioned, or
cut in two.) A wire having twice the diameter of another wire will have
four times the cross-section area (area = = times radius squared), and
therefore one-fourth the resistance. These relationships are illustrated
in Fig. 1.14.

A round wire of 0.001 in. diameter is said to have one circular mil
(abbreviated cir mil) of cross-section area. The word mil means one one-
thousandth of an inch. A round wire of 2 mils diameter has twice the
radius and, by the formula for the area of a circle, above, has four times
the cross-section area, or 4 cir mils. A 3-mil-diameter wire has 9 cir mils,
and so on. The number of circular mils in any round wire is equal to the
number of thousandths of an inch of diameter squared.

The number of circular mils is considered when determining how much
current a wire may pass safely. When current flows through any wire,
heat is produced in the wire. If too much heat is produced, the insu-
lation on the wire may be set on fire, or the wire may even melt.

It has been found that a copper wire having a diameter of 64 mils, or
(64)? = 4,100 cir wils, will allow 4.1 amp to flow through it in a confined
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area without excessive heating. This represents 1,000 cir mils/amp.
Therefore it may be assumed that any copper wire may carry 1 amp for
every 1,000 cir mils of cross-section area. In some applications, when a
highly heat-resistant insulation is used, it may be possible to use wire
with 750 cir mils or less per ampere. The wire will heat considerably
more than it would with 1,000 cir mils/amp, but cannot destroy the
improved insulation at the temperature that will be developed. How-
ever, the same 64-mil wire may carry safely 15 amp or more if it is in
free air where it can rapidly dissipate the heat developed in it.

The unit of measurement of resistance is the ohm. For practical pur-
poses an ohm may be considered to be the resistance of a round copper
wire, 0.001 in. in diameter, 0.88 in. long, at 32° Fahrenheit (32°F). It
is common practice to use the Greek letter omega (2) to indicate the word
ohms in problems and on diagrams where resistance values are given.
For example, 100 ohms may be written: 100 Q.

The specific resistance of a conductor is the number of ohms in a 1-ft
long 0.001-in.-diameter round wire of that material. The specific resist-
ance of several common materials is listed in Table 1.1.

Table 1.1
Specific
resistance,
Conductor ohms

Silver................... 9.75
Copper................. 10.55
Aluminum............... 17.30
Nickel.................. 53.00
Iron.................... 61.00
Lead.................... 115.00
German silver. .......... 190.00
Nichrome............... 660.00

An aid in remembering the order of resistance of five of the more com-
mon materials used as conductors is to remember how they go down the
“scail”” (misspelling of the word ““scale’’), where the letters of “scail”
indicate Silver, Copper, Aluminum, Iron, and Lead.

Materials such as german silver and nichrome are alloys of two or more
metals and are used in the construction of resistors. When wire made of
these substances is wound on a tubular ceramic form, the result is a wire-
wound reststor, as shown in Fig. 1.15. These resistors are usually covered
with a hard, vitreous protective coating.

A carbon resistor may be made from powdered carbon mixed with a
binding material and baked into small hard tubes with a wire attached
to each end. Other carbon resistors consist of a glass or ceramic rod
coated with a carbonized layer, which in turn is covered with a ceramic
nonconductive coating. A connector wire projects from each end, as
shownin Fig. 1.16. The value of the resistance depends on the percentage
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of carbon in the mixtures used. Such resistors range in value from a few
ohms to several million ohms. The physically larger resistors of this
type may be 1 to 2 in. long and about 34 in. in diameter and are usually
2-walt resistors. The smallest normally used are 1{-watt resistors, being
less than 1§ in. in diameter and about 15 in. in length. Other carbon
resistors are made in Y-, 14-, and 1-watt sizes.

The symbol used in radio diagrams for a Jfized, or nonvariable, resistor,
either wire-wound or carbon, is shown in Fig. 1.17. The symbol used for
one variable type of resistor, called a rheostat (ree-oh-stat), is shown in
Fig. 1.18. The rheostat has two connections, one to an end of the resistor

Ceramic form -
. . rolective nonconductin
Resistance wire /cooting iy
/ . ya
I  —
o o Corbonized rod
Melal connector Connecting wire
Fia. 1.15. Wire-wound fixed resistor. F1a. 1.16. Construction of fixed carbon

resistor.

e T e

Fia. 1.17. Sym- Fi1a. 1.18. Various symbols used to indicate a F16.1.19. Sym-
bol of any fixed rheostat. bol of a poten-
resistor. tiometer,

and the other to a sliding arm that moves along the length of the resistor.
Rheostats may be either wire-wound or carbon.

The symbol for a potentiometer (po-ten-she-om-itr), which is a rheostat
with connections at both ends of the resistance, plus a connection to a
sliding contact, is shown in Fig. 1.19. Potentiometers are used in most
cases to select a desired proportion of the total voltage across the poten-
tiometer. They are used as voltage dividers.

An adjustable resistor is a wire-wound resistor with a sliding contact on
it that can be locked into position when the desired value of resistance is
determined experimentally. It can be made in the form of a rheostat,
but may take the form of a cylindrical potentiometer, except that its
moving contact can be tightened by a machine screw to make it immobile,
as shown in Fig. 1.20. Extreme care must be exercised when adjusting
these resistors to make sure that the machine serew is loose enough to
allow the movable contact to be moved without damaging the fine resist-
ance wires with which they are often wound. These resistors may be
partly covered with a vitreous coating, but part of them will be bare wire
to allow the slider to make contact on the resistor.
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e gway

|

[l

Fra. 1.20. Resistors. Left, top to bottom, carbon types, 1{¢-watt, }4-watt, five
1-watt, and one 2-watt. Right, top to bottom and left to right, tapped wire-wound
100-watt, fixed wire-wound 10-watt, adjustable wire-wound 25-watt, wire-wound
potentiometer, wire-wound rheostat with arm at the “off”’ position, 1-watt and
J¢-watt carbon potentiometers.

1.13  Color-coded Resistors. In many cases resistors do not have
their resistance values printed on them. They are painted with color-
coded markings. It is necessary that radiomen be familiar with this code,
as these same colors will have the same values when other types of parts
are color-coded. There have been two methods used to color-code
resistors. One is the three-stripe method; the other is the body-end-dot
method. The body-end-dot resistors are no longer used, but existing
equipment may contain some of these resistors. In both methods, the
same color code is used. The colors and their meanings are given in
Table 1.2.

Table 1.2
Color Number
Brown............ 1
Red.............. 2
Orange............ 3
Yellow............ 4
Green. . ... 5
Blue.............. 6
Purple or violet... 7
Gray............. 8
White............ 9
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To read the resistance of a three-stripe color-coded resistor, start with
the stripe nearest the end of the resistor. The first stripe is the first
number. The second stripe is the second number. The third stripe is
the number of zeros following the second number. Figure 1.21 illustrates
how a three-stripe color-coded resistor can be deciphered.

Silver £10% No 41th stripe 1:20%\
7 —
1 — \ =
AR 2 T
Red/ Purple \Ye//ow Green Give Black
2 7 4 zeros 5 6 No zeros
270,000 ohms 56 ohms

Fia. 1.21. Three-stripe color-coded resistors.

If no other stripes are on the resistor, it indicates the color-coded-
resistance value is correct within a tolerance of 20 per cent. If a fourth
stripe is used, the tolerance is as shown in Table 1.3.

Table 1.3
Fourth-stripe Tolerance,
color %
Silver................. 10
Gold..........oovnnn 5

Sometimes a resistor will be found with a third stripe of gold or silver.
The gold indicates that the first two numbers are to be multiplied by 0.1
to determine the resistance. The silver indicates that the first two
numbers are to be multiplied by 0.01.

The body-end-dot coding is read in that
order. If no dot is visible, the dot and body

number are assumed to be the same. Fig- ® J
ure 1.22 illustrates a body-end-dot-marked Bodyx End Dot
resistor. Yellow Black Red

1.14 The Metric System. Rather than ? & 24
use the more cumbersome measurement 4,000 ohms

systems of the United States and Great Fio. 1.22. Body-end-dot resis-
Britain (1 ft = 12 in., 3 ft = 1 yd, etc.), tor. Resistance = 4,000 ohms.
radio and electronic engineers tend to use the melric system, which divides
weights and measures into units with multiples of 10, similar to the cent,
dime, and dollar system.

The meter is the unit of length measurement in the metric system
and is roughly similar to a yard, being 39.37 in. (approximately three feet,
three and three-eighths inches long).

For shorter lengths, the cenitmeler, or one-hundredth of a meter, is used.
A centimeter (abbreviated cm) is 0.3937 in. long. An inch is 2.54 cm,
or slightly more than 214 cm. For still smaller lengths, the millimeter
(abbreviated mm), or one-thousandth of a meter, is used.

For greater lengths the kilometer (kill-uh-mee-ter), or one thousand
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meters, is used. The kilometer (abbreviated km) is approximately 0.64
mile.

Kilo, milli, and centi appear repeatedly in all radio work, as do mega
and micro. These five prefixes must be understood and memorized:

Kzilo means “1,000 times.”

Mega means 1,000,000 times.”

Centi means “0.01 times,” or “1{gq of.”

Mzlli means “0.001 times,” or “1/1,000 of”’ (nof one million).

Micro means “0.000001 times,” or ‘“1/1,000,000 of.”

Examples of some common uses of these word elements are milliampere,
kilovolt, megohm, microampere, and micromicroamperes.

Abbreviations for these units are k for kilo, m for mlli, M for mega, and
the Greek letter mu, or 4 (mew), for micro. Thus, 100 kilohms is 100,000
ohms; 25 ke is 25,000 cycles; 4 mh is 0.004 henry; 65 uf is 0.000065 farad;
144 Mc is 144,000,000 cycles.

1.15 Wire Sizes. Most wire used in electricity and radio is made of
copper. It may be either hard-drawn (stiff) or sofi-drawn (pliable). It
is manufactured in various sizes, with or without insulation coating the
wire. Some of the insulating materials used are enamel, silk, glass fibers,
cotton, fiber, rubber, varnish, and various plastics.

Table 1.4 lists some of the more commonly used copper-wire sizes and
information regarding them.

Table 1.4

| | Current-carry- ' Approximate

. Ohms per |ing capacity at| current for
Gage no. Di:).rrnn?lt:r 1,000 ft, | 1,000 cir mils/ i open wiring,
room temp amp, as in rubber-
] transformers* insulated
0 ! 325 0.1 90 amp 125 amp
8 128 0.641 16.5amp |  35amp
10 102 1.02 10.4 amp | 25 amp
12 | 81 1.62 6.5 amp 20 amp
14 64 2.58 4.1 amp 15 amp
16 51 4.09 2.6 amp
18 10 6.51 1.6 amp
20 32 10.4 1.0 amp
22 25 16.5 640 ma*
24 20.1 26.2 400 ma
26 159 | 41.6 250 ma ‘
28 126 | 66.2 160 ma |
30 10.0 | 105 100 ma i
32 . 7.95 | 18t 63ma |
34 | 6.3 l 265 40 ma

* “Cir mils” means circular mils; “ma’’ means milliamperes.
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1.16 Making Low-resistance Connections. When less current flow is
desired in an electric circuit, a resistor may be connected into one of the
lines carrying the current. When it is desired to maintain as much cur-
rent as possible, it is necessary that no extraneous resistance be added to
the circuit.

Loose or oxidized (rusted) electrical connections may aect as resistances
in a circuit. Such poor connections are often the source of improper oper-
ation of a circuit. When radio equipment is constructed, repaired, or
revamped, the radioman must make sure that all connections are tight.

There are four types of electrical connections: (1) those held together
with nuts and bolts, (2) those held together with twisted wires, (3) crimped
connections, and (4) soldered connections.

‘475Uf9 a? this point =ﬂn@éﬂn—_—; :{W
weakens the wire
(a) (5) (a) (5

Fi1a. 1.23. (a) Properly looped wire Fia. 1.24. (a) Properly made splice between
to fit around a machine screw and two ends of wire. (b) Very poor method of
underanut. (b) Improperly looped splicing two wires.

wire,

When a wire is scraped clean and looped around a machine screw and
a nut is tightened down on it, a reasonably good ceonnection is made
between wire and machine screw. The harder the nut presses, the more
the wire is flattened. This presents more contacting surface between
wire and nut and less resistance, or more current-carrying ability, for the
connection. It is usually desirable to insert a flat metal washer between
wire and nut to prevent excessive chafing of the wire by the rotating nut
as it is tightened. The wire should not be overlapped on itself, ns shown
in Fig. 1.23b, as pressure exerted on the two pieces of wire where they
overlap may squeeze them each to half thickness and greatly weaken the
wire at the connection. The looped end of the wire should be fitted snugly
around the screw or bolt (Fig. 1.23a) and in such a direction that the
tightening of the nut tends to close the loop rather than open it. This is
particularly important when no washer is used at the connection.

Two wires may be scraped or sanded clean and then twisted together.
It is imperative that they be tightly twisted, preferably by using pliers
to assure a tight twist. Figure 1.24a illustrates a common twisted con-
nection used with two wires. It will withstand considerable strain. (If
it is covered with a layer of solder, its strength is considerably mcreased.)
Over a period of time the wires may corrode and a resistance joint can result.

It is generally considered poor practice to use a figure-eight, or bowline,
knot to connect wires, since sharp bends in a wire tend to crystallize the
metal and weaken the wire. Figure 1.24b illustrates a highly undesirable
method of connecting two wires. It produces a loose connection that can
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cause interference in nearby receiving equipment, even if it is not being
used to carry electric current.

There are special wire-connecting tools that will twist wires around a
square terminal so tightly and so rapidly that such connections are con-
sidered the equal of soldered joints, and may be superior if the joint is
subject to vibration.

Crimped connections are produced with a pressure tool that crimps the
wire and lug together physically.

For most radio equipment, a soldered connection is considered to be
the best and most practical. Many clean metal surfaces will take a
coating of solder. Some materials, such as aluminum, stainless steel, etc.,
will not. Solder (sod-r) is a mixture of about 50 per cent lead and tin,
having a relatively low melting point. For radio work it usually comes
in Y4-in. hollow-wire form, with a rosin-core flux in the center. When
heated with a hot soldering iron, the solder can be made to flow over a
clean heated metal surface. The solder flows into surface depressions,
and apparently into the spaces between the surface molecules of the metal.
This interlocking of metal and solder molecules produces an extremely
tight connection between solder and metal when the solder cools and
hardens.

When two wires are to be soldered together, (1) both wires should be
heated before solder is applied and (2) the surfaces of both wires must
be clean.

To heat both wires, the hot soldering iron is laid so that both wires
receive heat simultaneously. Solder is then held against the point where
the two wires touch. As hot solder flows over the hot metal surfaces,
the iron and the solder are taken away. The solder on the joint cools
rapidly and solidifies. Unless care is taken not to move the wires until
the solder is thoroughly solidified, a crystallization of the solder ocecurs,
weakening the joint materially.

Adequate cleaning of the surfaces to be soldered is one of the most
important requirements for good soldered connections. Most of the
metals used in radio work will take a coating of solder if they have been
filed, scratched clean with a knife, or sanded. Solder will not stick to
oxidized or rusted surfaces, however. Aluminum will not solder because
it oxidizes as fast as it is scratched clean. When a large wire is to be
soldered, a little soldering paste may be spread on its surface. When
heated on the wire, the acid in the paste cleans the surface and allows it
to take solder. Rosin and other fluz materials will do the same thing,
provided the oxidation is light. However, the acid in soldering pastes
can eat away the wire, eventually weakening it or producing a voltage-
generating cell between the solder, acid, and metal. Acid joints can pro-
duce noises and rectification in radio equipment and should therefore not
be used. In some radio establishments, anyone using acid flux on con-
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nections is fired. Either rosin or some other noncorrosion flux should
be used.

Hookup wire that has been tinned is available. It has a light coating
of tin or solder on it. Unless exposed to the air for a long period of time,
it requires no cleaning when it is being soldered.

Tinning the soldering iron is very important. Copper is used as the
working surface of a soldering iron (Fig. 1.25). The copper tip is cleaned
by filing it smooth. When the iron is turned on, it will heat and the shiny
copper surface will become a dull reddish color. As it dulls, it is becoming
oxidized and will not tin. It is necessary to bring the tip up to a tem-
perature that will melt solder but will not oxidize the copper. At this
temperature, if solder is applied, a thin coating will spread over the cleaned

Barrel or heating chamber

Copper lip
""" T TTYTY
PN ——
(4"']'
______ 47 Tinned
\ edges

Electric wires Heater wires
F1a. 1.25. A soldering iron.

tip and the iron is tinned. The tinned portion will melt solder quickly
when heated sufficiently. From time to time it is necessary to cool the
iron, lightly file the working surface clean, and re-tin it.

A soldering iron requires about five minutes to come to operating tem-
perature. When one or two joints are to be made, this is usually an
undesirable delay. In the last few years a quick-heating iron has been
developed. It is called a soldering gun, resembling a pistol in shape.
When the trigger switch is pulled, its heavy copper-wire tip heats in a
few seconds and can be used to solder wire connections. When large
metal areas are to be soldered, a heavier soldering iron is more desirable.

Solder that has been heated and cooled several times oxidizes and crys-
tallizes and will not solder to tinned surfaces properly. It should be
melted off the connection, and new solder used.

To make good soldered connections, it is usually necessary that a rea-
sonably good physical connection be made between wires, or between a
wire and a terminal. The solder holds the connection immovable and
prevents oxidation of the contacting surfaces. For most connections it
is usually only necessary to twist the wire enough so that it will remain
steady while it is soldered to assure a satisfactory connection. It is not
necessary that it be woven or tied around a terminal. For high-current
circuits, the more terminal area and wire area making contact, the better.
The solder should not be relied upon to carry the current in such cases.
It should be considered more as a weatherproof and physical, or mechani-
cal, holding coat rather than as a conductor of current.
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COMMERCIAL LICENSE INFORMATION

(Section where answered in parentheses; FCC element numbers at right.)

1. What is an electron? (1.2) An’ien? " (1.10) 8 & 6]

2. Does the resistance of a copper conductor vary with variations in temperature,

and if so, in what manner? (1.3, 1.12) [8 & 6)
8. By what other expression may an electric current flow be described? (1.7)

8 & 6]

4. Define the term coulomb. (1.7) [8 & 6]

6. By what other term may a difference of potential be described?/"(1.8) [3 & 6]
8. With respect to electrons, what is the difference between conductors and non-
conductors? (1.12) [8 & 6]
7. What is the unit of resistance? (1.12) [8 & 6]
8. Name four conducting materials in their order of conductivity. (1.12) ‘|3 & 6]
9. If the diameter of a conductor of given length is doubled, how will the resistance
be affected? (1.12) [8 & 6]
10. Explain the factors which affect the resistance of a conductor. (1.12) [3 & 6]
11. What effect does the cross-section area of a conductor have upon its resistance
per unit length? (1.12) [3 & 6}
12. Explain the meaning of kilo, micro, meg, and micromicro. (1.14) [8 & 6]
13. Why is rosin used as soldering flux in radio construction work? (1.16) [3 & 6]
14. List at least two essentials for a good soldered connection. (1.16) [3 & 6]

AMATEUR LICENSE INFORMATION

Applicants for Novice Class License examinations should be able to answer
questions prefaced by a star. Applicants for General, Conditional, and Technician
licenses should be able to answer all questions.

*1. What is electric current? In what unit is it measured? (1.7)
*2, What is electric potential? In what unit is it measured? (1.8)
*3. What is electric resistance? In what unit is it measured? (1.12)
*4, What are the meanings of the prefixes kilo, micro, and meg? (1.14)
6. What is the name of the unit of electrical quantity used in determining an
ampere? (1.7)
6. What are the essentials for making good soldered connections? (1.16)
7. Why is rosin used as soldering flux in radio construction work? (1.16)



CHAPTER 2

DIRECT-CURRENT CIRCUITS

2.1 Ohm's Law. Wherever electric circuits are in use, whether in a
simple flashlight, in motors or generators, or in radio and television cir-
cuits, the “big three’’ of electricity—voltage, current, and resistance—are
present. It is interesting to see how the theory of more complex circuit
operation unfolds by starting with a simple circuit and slowly adding one
step to another. To the beginner, each step may appear understandable
enough, but remembering it and, more important, learning when to apply
it is the secret to success in the study of electrical circuitry. Once the
reader comprehends something of the physical nature of current, voltage,
and resistance, he is ready to use this knowledge to learn when, where,
how, and most of all why it may be applied to electric circuits.

It was previously explained that a change in current can be produced
by changing either the voltage or the resistance in the circuit. An
increase in voltage will produce an ¢ncrease in current. Therefore voltage
and current are directly proportional to each other.

An ¢ncrease in resistance in a circuit produces a decrease in current.
Therefore resistance and current are inversely proportional to each other.

These two facts can be condensed into one statement, which is known
as Ohm’s law:

Current varies directly as the vollage and inversely as the resistance.

Ohm’s law is a simple statement of the functioning of an electrie circuit.
It can be expressed mathematically as

I =

=l &

where I is the intensity of the current in amperes; E is the emf in volts;
and R is the resistance in ohms. Ohm’s law might also be expressed as

volts

Amperes = ohms

Multiplying both sides of the equation by R, the formula becomes

E = IR
25
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Dividing both sides of this last equation by I, the formula becomes

These three variations of the Ohm’s-law formula enable one to deter-
mine the current value if the voltage and resistance are known, or the
voltage in the circuit if the current and resistance are known, or how much
resistance is in the circuit if the voltage and current are known.

Anunderstanding of this law and an ability to useit are quiteimportant.
License examination questions are certain to involve the operation of
Ohm’s law in several different ways.

The ability to rearrange formulas as shown above is another require-
ment for the radio operator. If you are not familiar with the indicated

I R ‘p -Ammeter indicales
current valves

Fi1a. 2.1. Aids to remembering Ohm’s-law  F1c. 2.2. Current is directly proportional
formulas. to emf and inversely proportional to
resistance.

divisions and multiplications, pay particular attention to the section deal-
ing with the fundamentals of this type of mathematics (Sec. 2.3). If you
are unable to comprehend the briefly outlined steps, you should study a
basic algebra book.

The so-called “magic triangle,” or ‘“magic circle”’ (Fig. 2.1), may help
in learning the three formulas of Ohm’s law. If the desired symbol is
covered, the mathematical method of solving for this letter is shown by
the position of the other two symbols. For example, cover the I; it is
necessary to divide E by B. Cover the E; it is necessary to multiply I
times B. Cover the R; it is necessary to divide E by I.

2.2 Using Ohm’s Law. The following examples illustrate the use of
Ohm’s-law formulas in determining the functioning of simple electric
circuits:

In the circuit of Fig. 2.2, if the voltage E of the battery is 10 volts and the load
resistance K is 20 ohms, what is the value of the current 7 in the circuit?
Solution, using Ohm’s law:

In the same type of circuit, if the ammeter reads 4 amp and the resistance is known
to be 30 ohms, what value of emf must the source have?
Solution:
E = IR = 4(30) = 120 volts
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In the same type of circuit, the ammeter reads 3 amp, and the source voltage is
known to be 150 volts. What is the load-resistance value?
Solution:

R =

~| by

=%)=500hms

An electric shock due to more than 15 ma (0.015 amp) flowing through the body is
considered dangerous to human life. What current will flow through a person having
2,200 ohms if connected across 110 volts?

E 110
I = .;2’2—00 = 0.05 amp, or 50 ma

Practice Problems

1. A lamp connected across 120 volts is found to have 2 amp flowing through it.
What is its resistance? (0 -©

2. A relay coil having 35 ohms resistance is made to operate when connected across
6.3 volts. How much current will it draw? .1

3. A 5,000-ohm resistor in a receiver has 5 ma flowing through it. How much
voltage is developed across it? (NoTE: Milliamperes must be changed to amperes
before Ohm’s law is used.)

4. The resistance of a circuit remains the same, but the current through the resistor
suddenly triples. What has happened to the voltage of the circuit? X

6. If the voltage applied to a circuit is doubled and the resistance remains
unchanged, what will be the final current value? x72-

6. If the voltage applied to a circuit is doubled and the resistance of the circuit is
increased to three times its former value, what will be the final current value?*-

2.3 Mathematics for Ohm's-law Problems. This s not intended to
be a textbook on mathematics. It may be well, however, to point out
some basic mathematical operations that can be used in working electrical
problems involving formulas similar to Ohm’s law. These operations are
a form of simple algebra. Only a few of the simplest will be given. You
should undertake an outside study of algebra if you are weak in this
subject.

When you work with algebraic formulas, such as the Ohm’s-law equa-
tion I = E/R, there are certain operations to remember. These are as
follows:

1. The sign for addition is 4. The sign for subtraction is —. The
sign for multiplication is X or parentheses ( ).

+2+2=44 +5-2=+43
—-3—4=-7 43-5=-2
3times4 =3 X 4 = (3)(4) = 3(4)  (A)(B) = A(B) = AB

2. Any number (or letter) multiplied by 1 is unchanged, and therefore
the 1 may be dropped.

13) =3 1(4) =14 = A



28 ELECTRONIC COMMUNICATION

3. Any number (or letter) divided by 1 is equal to the number (or
letter), and therefore the 1 may be dropped.

4 A
I—4 —I—_A

4. Any number (or letter) when multiplied by itself is equal to the
number (or letter) squared.

2X2=22 E(E) = E? EE = E?
5. Any number (or letter) divided by itself is equal to 1.

4, F_, Xz _

4 F ZXQ

6. If both sides of an equation are multiplied by the same number (or
letter), the equation will still be correct.

2=2 If multiplied by 4: 4(2) = 4(2) or 8 =28
6 = 2(3) If multiplied by 4: 4(6) = 4[2(3)] or 24 =24
X = AC If multiplied by B: BX = BAC

1

7. If both sides of an equation are divided by the same number (or
letter), the equation will still be correct.

= 2(3) When divided by 2:

3

N

E =1IR When divided by R: I

or

8. If both sides of an equation are squared, the equation will still be
correct.

6 = 2(3) 62 = [2(3))? or 62 = 2232 or 36 = 36
A = BC A? = (B(C)? or A? = B*(C?

9. If the square root is taken of both sides of an equation, the equation
will still be correct.

16 = 2(8) V16 = 4/2(8) or 4=4
A = BC A/A = 7/BC
42=2(8) V4=+28) o 4=4
E* = PR VE* = /PR or E = /PR
10. A negative number on one side of the equation becomes a positive

number when moved to the other side. (No sign in front of a number or
letter indicates it is positive.)

7+2=9 B+C=4 B-C
7=9-2 B=A4-C B

A
A+C
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When rearranging formulas involving simple fractions, a first step may
be to cross-multiply. This means to multiply the top of the fraction on
one side of the equation by the lower number of the fraction on the oppo-
site side of the equals sign. The same is done to the other halves of the
fractions. These two answers are set as equal to each other.

8 8
4=3 3

may be written i

When cross-multiplied,

%} {g becomes 2(4) = 1(8) or 8§ =8

Using a letter formula,

or

~
il

=]l cs|

L ]

Il
=l

When cross-multiplied,

{-} (% becomes 1E = IR or E = IR

By cross-multiplying it has been determined what E equals. A further
possible step is to determine what R equals. To do this, divide out the
unwanted letters on one side of the equation, leaving only the desired letter.

E=1IR

To find what R equals, divide out the I from both sides:
E_IR
I 1

The I’s on the right-hand side cancel each other, leaving

? =R or R = ?

These two operations, first, cross-multiplying, and second, dividing out
the unwanted from one side, can be used in a surprising number of elec-
trical problems. If you are trained in mathematics, you may know other
methods, but if you are not a mathematician, these operations will be well
worth knowing and using.

2.4 Finding the Square Root. To determine the answer to many
electrical problems it is necessary to find the square root of some number.
Often this can be done by referring to a mathematical table of square roots,
by using a slide rule, or by using logarithms. If neither the slide rule nor
the desired tables are handy, it will be necessary to use the long-division-
like method of finding square roots.
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The square root of a given number is the number which when multi-
plied by itself equals the given number. The square root of 9 is 3; the
square root of 16 is 4; the square root of 100 is 10; and so on. With many
simple numbers such as these, the square root may be easily determined.
But what is the square root of a number like 2,168? To find the square
root of such a number, it should first be written out in groups of two
numbers, starting at the dectmal point.

2,168 is written as: 21 68.00 00
Next, a line is drawn above the number.
21 68.00 00
Above the first group of two numbers (21) a number is placed which, when

multiplied by itself, will come close to equaling, but will not exceed, the
number 21. This number is 4.

4
21 68.00 00

The number 4 multiplied by itself is 16. The 16 is placed below the 21,
and the difference is indicated below the 16.

R
21 68.00 00
16

5

The next two numbers, 68, are brought down next to the 5, making the

problem read
4 .
21 68.00 00
16
5 68

As the next step, the number above the main line, 4 in this problem, is
doubled to 8 and placed in front of the 5 68, as shown. A space is left
for another number after the 8.

4 .
21 68.00 00
16

8 /568

Above the main line and over the second group of two numbers, the 68
in this case, another number is now required. This number, when multi-
plied by itself with the 8 in front of it, must be equal to or slightly less
than the figure 568 in the problem. By trial, the largest possible number
is found to be 6. This is placed above the line and also after the 8. The
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86 thus produced is then multiplied by the 6, and the problem now reads

4 6.
21 68.00 00
16
86/ 5 68
516
52
The difference between 568 and 516 is determined, and the next group of
two numbers, 00, is brought down. As before, the number above the
line, 46, is doubled to 92 and placed in front of the 5,200,

4 6.

21 68.00 00

16

86/ 5 68
516
92/ 5200

Above the main line and above the next group of two numbers, 00,
another number is required. The 92 in front of this number forms a
group which when multiplied by this number must be equal to, or less
than, 5,200. By trial the number isfound tobe 5. The5is placed above
the line and also after the 92. The 925 is now multiplied by 5, and the

problem reads
465
21 68.00 00
16

86/ 5 68
5 16
925/ 52 00
46 25
5 75 00

The number above the line, 46.5, is doubled and brought down as
before. The next required number, 6, is placed above the next group of
double numbers, and also placed after the 930, and multiplied.

4 6.5 6
21 68.00 00
16
86/ 5 68
5 16
925/ 52 00
46 25
9306/ 5 75 00
5 58 36
16 64
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The square root of 2,168 is 46.56. For proof, the answer is multiplied
by itself. It should equal the original number if the answer is carried out
far enough; that is, (46.56)% should equal 2,168. However, since there
was a remainder in the example problem, the 46.56 when squared is only
2,167.8336, which is close enough to 2,168 for most purposes. (In most
of your work, figures need be used correct only to the third significant
figure. This would make 2,168 equal to 2,170.)

The important points when working square roots are: First, start mark-
ing off in double numbers from the decimal point. To find the square root
of 325, it is marked off as 03 25, and not 32 50. Second, when the num-
bers to be multiplied are brought down from one step to the next, the
number above the line is always doubled. Third, the multiplying num-
ber must be added after the last-mentioned doubled number.

Take another example in finding the square root of a number: What is
the square root of 97,3447

3 1 2. Proof: (312)2 = 97,344

09 73 44.
9
61/ 0 73
61
@/1244
12 44
Practice Problems
1.LP=El E=? 1I-=1?
2.Q0=~%X X=tR Bem?
Q=% = =
X2
3.2=-% R=? X=?
1
4FL=I—T' 1 ? Ce=2 L=27 =T

5.(3—A)=5(L- X=? L=? A=2?

HINT: (3 — A) is 1(3 — A), or +3 — A, or is a unit (3 — A).
6.2B-C) =3 Q@=? Zz=t B=? C=1
HINT: 2(B — C) is 2 times B and 2 times —C, or +2B — 2C.
. What is the square root of 525?
. What is the square root of 10,0007
9. What is the square root of 1,000?

10. What is the square root of 10?
11. What is the square root of 0.05?

2.5 Power and Energy. Electric pressure, or emf, by itself can do
no work. A battery develops an emf, but if there is no load connected
across it, no current flows and no electrical work is accomplished.



DIRECT-CURRENT CIRCUITS 33

When a conductor is connected across a source of emf, a current of elec-
trons is developed. The current represents movement. The product of
the pressure and the movement (volts and amperes) does accomplish
work. The unit of measurement of the rate of doing work, or the unit of
measurement of power, is the watf. One volt causing one ampere to flow
in a circuit produces one watt of power. In formula form,

P =EI
where P is power in watts; E is emf in volts; and I is current in amperes.

Ezample: What is the power input to a transmitter having a plate voltage of 2,000
volts and a plate current of 0.5 amp?

P = EI = 2,000(0.5) = 1,000 watts

The Ohm’s-law formula states: E = IR. By substituting IR for the
F in the power formula,

P = IR(I) or P=_I*R
where R is the resistance in ohms.

Ezample: What is the heat dissipation, in watts, of a resistor of 20 ohms having a
current of ¥4 amp passing through it?

P = I’R = (0.25)2 X 20 = 0.0625(20) = 1.25 watts

From Ohm’s law again, I = E/R. By substituting E/R for the I in
the basic power formula,

E E?
P_E(E) or P——E

Ezample: What is the minimum power-dissipation rating of a resistor of 20,000 ohms
to be connected across a potential of 500 volts?

P = - m = 12.5 watts

These three formulas for determining the power in an electric circuit
are undoubtedly as important for the radioman to know as the three
Ohm’s-law formulas.

When a current of electrons flows through a conductor, the conductor
always becomes warmer than when no current was flowing through it.
Some of the power in the circuit is converted to heat and is lost. If a
perfect conductor could be found, it would be possible to carry current
without such a heat loss. However, even the best of conductors have
some resistance and there will always be some heat loss in electric circuits.
Note that the main factors in the conversion of electric power to heat are
the current and the resistance. The power formula P = I’R can always
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be depended upon to give true power indications as far as heat alone is
concerned. This is discussed further in circuits involving alternating
currents.

All power in electricity is not converted into heat. In the case of a
radio receiver, some power is converted into sound waves, although con-
siderable heat will be developed in the radio in the process of this con-
version. With transmitters, power is changed into radio waves in the air.
When current flows through the resistance-wire filament of an electric
light, the filament becomes so hot that it glows brightly. The wire is hot
and is radiating heat energy, but it is also radiating energy in the form of
light. The power formula will give the total amount of power being con-
sumed. The light energy is a small percentage of the total, however.
Fluorescent lights, in many modern installations, utilize a method of pro-
ducing light energy other than by using a hot filament, and less heat is
used to produce the same amount of light. Such lights are more efficient
because of their lower percentage of heat loss.

The basic unit of measurement of power is the watt. For smaller
quantities the milliwatt, or 1/1,000 of a watt, may be used. For larger
quantities, the kilowatt, or 1,000 watts, may be used. Another unit of
power is represented by 746 watts, called one horsepower. If an electric
motor were 100 per cent efficient, 746 watts of power fed to it would pro-
duce the equivalent of one mechanical horsepower of twisting foree, called
torque (pronounced tork).

The terms power and energy have been used somewhat synonymously.
Actually, these two terms do not mean the same thing, although there are
many occasions when they may be used interchangeably. Power is the
ability to do work and is measured in watts. Energy is usually computed
by multiplying the amount of power by the length of time the power is
used. One watt of power working for one second is known as a wattsecond,
or as a joule (jool, or jowl) of energy.

Tf a 100-watt lamp 1is turned on for one second, it uses 100 joules of
energy. During the time it was working it was dissipating 100 watts of
power. If the light is left on for 10 sec, it dissipates 1,000 joules of energy,
but while it was working it was still dissipating only 100 watts of power.
Electric power companies may produce power, but they sell energy.
Instead of using wattseconds, they use the larger basic units, the watthour
(number of watts times the number of hours) or the kilowatthour (number
of watts times the number of hours divided by 1,000). Every establish-
ment buying electric “power’” has a kilowatthourmeter measuring how
many kilowatthours (abbreviated kwhr) of energy flows in the power lines.
If electricity costs 5 cents per kilowatthour, a one-kilowatt lamp may be
operated for one hour for 5 cents, or a 100-watt lamp may be operated for
10 hr for the same amount of money.

Actually, power, by the formula P = EI, implies time, since the ampere
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(I) in the formula is a coulomb per second. This can be expressed as

P

T

where @ is the quantity of electrons called a coulomb; 7' is time in seconds;
and A is current in amperes.

For example, if 10 coulombs move through a circuit in 2 sec, the average
current is 5 amp.

If power equals volts times amperes and amperes equals @/T, then
power must equal volts times Q/7. In formula form,

o (Q\ _ EQ
P‘E(T>‘T

This formula expresses power as equal to volts times coulombs per second.

The unit of energy was given as the wattsecond, or joule, and is usually
computed as power times time. This brings up an interesting fact. If
energy equals power times time, and the power formula P = EQ/T is
multiplied by time to give energy, the equation then reads £, = EQT/T,
and time cancels out. Therefore energy is actually something that may
do work if given a chance and has no reference to time itself. Although
normally measured for convenience as power times time, energy as such
is timeless. The energy formula with the time canceled is E, = EQ, or
joules equals volt-coulombs. The power company actually sells volts of
pressure times the number of coulombs it delivers, irrespective of how long
it takes the consumer to accept the energy.

Pressure times quantity (volt-coulombs) equals the energy that is
available. Pressure times movement (volt-amperes) equals work done,
or power.

In practical problems involving energy, the wattsecond or watthour is
usually used. For example, to determine the number of watthours of
energy consumed by a radio receiver drawing 60 watts of power for 20 hr,
the power-times-time formula is employed, using hours as the time unit.
In this case, 60 watts times 20 hr equals 1,200 watthr of energy. This is
also equal to 1.2 kwhr, or 4,320,000 wattsec, or joules.

Ezample: It is desired to know how many kilowatthours are consumed by a receiver
drawing 75 watts operating for a period of 24 hr. The number of watthours will be
75 times 24, or 1,800 watthr, or 1.8 kwhr.

2.6 Using the Power Formulas. The power formula P = EI states
in mathematical form, “ The power is directly proportional to both voltage
and current.” Since the current increases if the voltage increases, dou-
bling the voltage will normally double the current, and the power will
increase fourfold.

The power formula P = I*R states in mathematical form, ‘“ The power
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is directly proportional to the resistance and also to the current squared.”
If the current is doubled, the power dissipation is equal to two squared, or
four times as much.

The power formula P = E?/R states in mathematical form, ‘“The
power is directly proportional to the voltage squared and inversely propor-
tional to the resistance.” If the resistance is kept constant, doubling the
voltage will produce four times the power. If the voltage is kept con-
stant, doubling the resistance will halve the power and halving the resist-
ance will double the power.

When the resistance in a circuit is doubled and the voltage remains the
same, the power loss in the circuit will be halved. On the other hand, if
either the voltage or the current in a circuit is known to double, the power
loss in the circuit will be four times as much.

From these three basic power formulas, other useful formulas involving
power can be derived. From the formula P = E[, it is possible to solve
for £ by dividing both sides of the equation by I. This results in the
formula

P
qT
where E is the emf in volts; P is the power in watts; and I is the current
in amperes.
Ezample: A resistor rated at 50 watts and a maximum current of 100 ma (0.1 amp)

will stand how much voltage without becoming excessively hot? From the formula
E = P/I, the maximum voltage is equal to 50/0.1, or 500 volts.

From the same power formula P = EI, when both sides are divided by

E, the result is the formula
P
I _ —
E
Ezample: How much current will flow in a television set that is rated at 240 watts
when connected across mains carrying 120 volts? From the formula [ = P/E, the
current is equal to 240/120, or 2 amp.

From the formula P = IR, dividing both sides by K and then taking
the square root of both sides results in the formula
P

I= E

Ezample: What is the maximum rated current-carrying capacity of a resistor marked
‘5,000 ohms, 200 watts’’? From the formula / = 4/P/R, the current is equal to

/200/5,000, or 4/0.04, or 0.2 amp.

From the formula P = I’R, dividing both sides by /2 results in the

formula
P

R=I—2'
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Ezample: A radio receiver rated at 55 watts draws 2 amp from the line. The effec-
tive resistance is R = P/I3, or 55/2%, or 13.75 ohms.

From the formula P = E?/R, multiplying both sides by R and then
taking the square root of both sides results in the formula

E = /PR

Ezample: What is the maximum voltage that may be connected across a 10-watt
1,000-ohm resistor? From the formula E = /PR, the voltage is equal to 1/10(1,000),
or 4/10,000, or 100 volts.

From the formula P = E%/R, cross-multiplying (or by multiplying
both sides by R) and then dividing both sides by P results in the formula
E2

R=?

Ezample: What is the resistance of a 3-watt 6-volt lamp? The resistance is equal
to 6? divided by 3, or 36/3, or 12 ochms.

2.7 Power Dissipation of Resistors. Resistors, whether they are the
carbon type or wire-wound, have a resistance and a power rating. The
power rating indicates how much heat the resistor is capable of dissipating
under normal circumstances. If cooled by passing air across it, the
resistor may be capable of considerably greater power dissipation. If
enclosed in an unventilated area, it may become excessively hot and burn
out when dissipating its rated power or less. Usually, the power rating
required is computed by one of the power formulas, and a resistor of twice
the computed rating is used. Thus, if it is computed that a resistor in an
operating circuit must be capable of dissipating at least 5 watts, a 10-watt
resistor would be used. If tightly enclosed, a rating three or four times
the computed value may be required.

Instead of rating resistors by power dissipation they might be rated in
current-carrying ability. In fact, some wire-wound resistors carry a
resistance, a power dissipation, and a current rating. When the current
rating is not given, the rearranged power formula I = /P/R can be used.
For example, a 100-ohm 1-watt resistor will carry safely

P ,1
I_\/I:'Z— m-—O.lamp,orIOOm&

Practice Problems

1. A receiver is connected across a 120-volt power line, and 0.75 amp flows through
it. How much power is being used?

2. A 420-ohm resistor has 30 ma flowing through it. How much power is produc-
ing heat in the resistor?

8. An electric iron has 36 ohms resistance. How much power is produced when it is
connected across a 120-volt power line?

4. How many milliwatts in a kilowatt?
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6. How much enecrgy is used in 30 days by an electric clock having 5,000 ohms
resistance if it is connected across a 120-volt power line?

6. If electricity sells for 4 cents a kilowatthour, how much does it cost to run a
television receiver for one whole day if it draws 2 amp when connected across a
120-volt power main?

7. If 35 coulomb passes one point in a circuit in 0.01 sec, what is the average current
value?

8. When 100 volts can force 80 coulombs through a point in a eireuit in 13 sec, how
much power is being used?

9. In question 8, how much energy does this represent? ¢

10. How much energy is being used by a transmitting station drawing 40 amp from a
440-volt power line in 2 hr of operation?

11. Across how many volts must a 600-watt heater be connected if it is drawing
5 amp? /

12. A 25-watt emergency light draws how many amperes from a 6.3-volt storage
battery?

13. How much current will a 1-watt 2,500-ohm resistor safely pass?

14. A 100-watt lamp draws 0.9 amp. How much resistance does it have?

16. A 25-watt 500-ohm resistor can be safely connected across how much voltage?

16. How many ohms resistance does the ordinary 75-watt house lamp have when
operating?

17. A 1,700-ohm cathode resistor must stand 8 ma. What power-rating resistor
should be used?

2.8 Fuses. To protect circuits from damage caused by accidental
short circuits, fuses are installed in series with the lines carrying current
from the source to the load. The first duty of a fuse is to carry the circuit

Fuse AInsulator Fuse wire melfed open
S L W FE o 508
—
Fuse wire l Accidental
= o short circuit
— Source Lood 2 = across the lood
L

F1a. 2.3. Fuse wire melts open if excessive current is made to flow in the circuit.

current with little or no voltage loss to the circuit. This requires a fuse
of relatively low resistance in circuits carrying high current. Lower-
current circuits may have higher-resistance fuses.

A fuse is placed in such a position that all the current flowing through
the circuit to be protected must flow through the fuse, as shown in Fig.
2.3. If a short circuit develops across the load, as shown, the current
from the source flows through the fuse and through the low-resistance
short circuit. This produces a high current. The heavy current will
produce enough heat to melt the special low-melting-point fuse wire, inter-
rupting the current flow and protecting the source from damage due to
overload and excessive current flow. With no fuse, a ‘““short”” may cause
the connecting wires of a circuit to become hot enough to ignite the
insulation on the wires and start a fire.
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Fuses are rated by their current-carrying ability and also by the maxi-
mum voltage of the circuit in which they are used. High-current fuses
use relatively heavy fuse wire and are recognizable by their relatively
large diameter. Lower-current fuses may be made quite small with
delicate fuse wire.

Low-voltage-circuit fuses may be physically short, but fuses for high-
voltage circuits are quite long. This is to prevent the high voltage that
appears across the burned-out section of the fuse from jumping the gap
and striking an arc of current, preventing the fuse from open-circuiting.
Thé greater length results in better insulating properties of the fuse after
it has burned out.

Fuses are available in such ratings as 100 amp, 30 amp, 15 amp, 1 amp,
¥ amp, 14 amp, 4, amp, ete.

“Slow-blow ”’ fuses are made to withstand short-duration overloads due
to current surges, but will burn out after a short interval of time. They
are not suitable for some types of circuits.

2.9 Meters. The five types of meters in general use are the voltmeter,
ammeter, wattmeter, watthourmeter, and the ohmmeter. They are

(2)
U
X Y z

‘b
S load

X Y 4

)|

Fia. 2.4. Voltmeter is connected across Fia. 2.5. Ammeter in series with circuit
the circuit to be measured. reads total of all three branch currents.

explained in more detail in the chapter on measuring devices. At this
point they will only be shown in their usual positions in simple electric
circuits. The symbol of a meter is a small circle with the proper letter in
it to indicate the type of meter.

The voltmeter measures the difference of potential, or the emf, across
a circuit. It is always connected across the difference of potential to be
measured, as shown in Fig. 2.4.

The ammeter is always connected ¢n series with the line carrying the
current to be measured. The ammeter indicates the number of electrons,
in coulombs, flowing through it per second. The meter in Fig. 2.5 is
measuring the total current of the circuit. To measure the current in
any one of the three branches, the meter must be moved to point X, ¥,
or Z shown. Since an ampere is a relatively large current value in radio
circuits, milliammeters are frequently used. In some cases, microammeters
are used. A milliampere is a thousandth of an ampere, and a micro-
ampere is a millionth of an ampere.

The wattmeter measures electric power. It can be considered a volt-
meter and ammeter combined in such a way that it gives the product of
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the voltage and current on its scale. It is therefore connected across the
difference of potential and also in series with the line carrying the current.
It may have three or four terminals, whereas most other meters have only
two. Figure 2.6 shows a three-terminal wattmeter, with the necessary
connection when the fourth terminal is used shown in dotted lines.

In many practical applications a voltmeter and an ammeter are used
instead of a wattmeter. The voltmeter value multiplied by the ammeter
value gives the power value in watts. Figure 2.7 illustrates how a volt-
meter and ammeter may be connected to obtain power values.

o+ <

Fia. 2.6. Wattmeter connected in series Fig. 2.7. Voltmeter and ammeter read-
and across circuit. ings when multiplied together give power
in watts demanded by load.

R b 1
|
|
@ i . 5
M | Test prod
- = i
= g *£ |
+ ] 9 | |
I *
{ . _1' ‘Flexible lead
Fig. 2.8. Watthourmeter con- Fia. 2.9. Ohmmeter consists of a milliammeter

nected in series with and across  calibrated in ohms, a battery, and test prods.
load.

The watthourmeter measures electric energy. It is actually an electric
motor geared to an indicator needle similar to the hand of a clock. How
far the indicator rotuates depends on the current flowing through the meter
and load and the length of time the current flows. Figure 2.8 shows
how a watthourmeter is connected in a simple circuit.

The ohmmeter is a sensitive ammeter plus an internal battery, both
contained in a small bakelite case. It can be used only when the resist-
ance being measured is in a dead circuit; that is, when the resistance
being measured has no current flowing through it. It is usually a portable
meter with flexible leads, as indicated in Fig. 2.9.

2.10 Types of Circuits. The remainder of this chapter will deal with
solving for the current, voltage, resistance, or power in various types of
circuits. The circuits diagramed below illustrate the terminology used
for the different methods of connecting one or more loads to a source.

A source of emf with a single load, as shown in Fig. 2.10, is a simple
circual.

A source of emf with two or more loads connected across it in such a
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way that there is only one current path through the whole circuit, as
shown in Fig. 2.11, is called a series circuit.

A source of emf with two or more loads connected across it in such a way
that each load has only its own current flowing through it independent of
the other load or loads, as shown in Fig. 2.12, is termed & parallel circuit.

. AAN
1 Wy

+T > +_':. s
—_—
F1a. 2.10. Simple circuit. F1a. 2.11. Series circuit (loads in series).

When there is a group of loads connected in a more or less mixed and
complex group of series and parallel circuits, the whole group may be said
to be connected in series-parallel.

When we speak of paralleling resistors or loads, it is sometimes said
that they are connected in shuni. When something is connected across
the terminals of something else, it may be said
that the first is shunted across the second.

2.11 Series Circvits. The diagrams in Fig.
2.13 show two series circuits. In series circuits ~=
the same current flows through all parts of the * (
circuit. (More electrons can never flow into a
resistance than flow out the other end. The
electrons forming the current may lose energy
in the form of heat while moving through
a resistor, but electrons themselves are not lost.)

In working with series circuits, the sums of the unit values are simply
added. For example, Fig. 2.13 shows a series-resistance diagram with a
total resistance of 150 ohms. It also shows a series of batteries with a
total voltage of 600 volts.

Resistors can be connected in series when it is desired to have a greater
resistance and thereby a smaller current.

Batteries are connected in series when it is desired to produce the
highest possible voltage. However, a battery can have only a certain
value of current flowing through it. By connecting batteries in series,
the sum of all the voltages of all the batteries is obtained. The maximum
current possible through the circuit is no greater than the greatest current
that the weakest battery can pass. If one of the batteries in Fig. 2.13
is capable of passing 1 amp through it, another 2 amp, and the third
3 amp, the maximum current the three batteries in series can pass without
damage to any is only 1 amp. The series combination shown will result
in 600 volts with a maximum current capability of 1 amp. According to

AAA
Vv

AAA
YVv

Fi1G. 2.12. Parallel ecircuit
(loads in parallel).
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Ohm’slaw I = E/R, if the resistor across the three batteries has 600 ohms
resistance, the current in the circuit will be 1 amp. If less than 600 ochms
is used, the weakest battery will be overworked and damage to it may
result.

In Fig. 2.14, the voltage of the battery is 100 volts and each of the
resistors has a value of 100 ohms. Note the voltage distribution in the
three circuits and how the sum of
the voltage drops of the resistors
always equals the battery voltage
of 100 volts.

If the emf across each resistor is
considered to be a voltage drop, or
loss of voltage, then the sum of all
the voltage drops (negative values)
around the circuit, when added to
the source voltage (a positive

(a) (6) value), gives an algebraic sum

Fie. 2.13. (¢) Resistors connected in series  (positive and negative sum) of

!;ota.l 150 ohms. (b) Batteries connected zero volts in the circuit. This is
in series total 600 volts. . .

stated in Kirchhoff’s voltage law:

The algebraic sum of all the vollages in a series circuit is always zero.

Kirchhoff’s current law states:

The total current flowing into a point in a circuit will always equal the
current value flowing out of the point.

To find the total resistance of a group of series resistors the formula is

Row =Ri+ Re+ Ry + - - -

If all the resistors are equal in value, the value of any one can be
multiplied by the number of resistors to give the total. Five 25-ohm
resistors in series present 125 ohms.

100-volt
drop across 100" 50
load ohms < __volts

33§ voits
- A + B
100 < 100 g 100 L 7
L 3 ohms = t{ao/z volts = 335 volts
+ . h
100 < 50
< iy
ohms volls 335 volls
N

Fig. 2.14. Voltage-drop distribution in series circuits.

2.12 Ohm’s Law in More Complex Circuits. The use of Ohm’s law
was previously discussed as it applied to a circuit made up of a source of
emf and a load. If two of the three elements making up the Ohm’s-law
formula (E, R, and I) are known, the third can be computed.
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When more complex circuits are used, Ohm’s law may still be used but
additional factors must be considered. Complex circuits, in this instance,
means either parallel, series, or series-parallel types.

There are three important rules regarding the use of Ohm’s law when
working problems:

Voltage Rule: It is possible to determine the voltage across any partic-
ular known R in a group of resistances, if the current through that partic-
ular R is known, by E = IR.

Current Rule: It is possible to determine the current through any
particular known R in a group of resistances, if the voltage across that
particular R is known, by I = E/R.

Resistance Rule: Tt is possible to determine the resistance of any one
part of a circuit, if the voltage across that part and the current flowing
through that part are known, by R = E/I.

These seem simple rules, but one of the most difficult things for a
student to determine is when Ohm’s law can and when it cannot be used
properly. Consider the following impossible problems.

I=famp
(a)
eVl

Ry = 10 ohms E=IR = 1(10) = 10volls
- +

+
il

Re E =IR, but R, is nol known
+

F1c. 2.15. Insufficient data given to compute unknown circuit values.

R, 30 ohms
' =
L 100 o = 20 volfs
= ofts
+1 ’ - + I=? 50 ohms
60 oh 3
2 s )
ZJ

Fic. 2.16. Insufficient data given to com- Fic. 2.17. Sufficient data given to com-
pute unknown circuit values. pute all circuit values.

In Fig. 2.15 it is impossible to find the voltage across the second resistor
since none of the above rules can be applied to any one part of the circuit.

In Fig. 2.16 it is impossible to determine the resistance of R, since none
of the rules can be applied to any one part of the circuit. The source
voltage is not across R,, but across R, and R in series.

A problem that can be computed is shown in Fig. 2.17. Being a
series circuit, the current value in all parts must be equal. Since the
total resistance in a series circuit is equal to the sum of all the resistors
in the circuit, the total resistance is equal to 30 plus 50 ehms, or 30 ohms
across the battery. (In such a case it may be said that the source ‘“gees’’
an 80-ohm load.)
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Once the total resistance is known, the current value in the circuit can
be found by Ohm’s law:

The voltage drop, or difference of potential, across either of the resist-
ances alone can be found by applying Ohm’s law to that part.
For the 30-ohm resistor,

E = IR = 025(30) = 7.5 volts
For the 50-ohm resistor,
E = IR = 0.25(50) = 12.5 volts

The voltage drops across the resistances are considered as voltage losses.
The voltage of the source is considered a gain voltage. The sum of
—17.5, —12.5, and 420 equals zero volts (Kirchhoff’s law). This can

= I-ohm internal =
& / resistonce has ;
10-volt [-volt drop 9-ohm< + ,
source across it foad «—2-0hm infernal é 50-ohm
% resislance < load
+ =
1 D T
o — N
I=1amp
F1c. 2.18. Internal resistance in the source  Fig. 2.19. The source has an output of
may have to be considered. 150 volts with the 50-ohm load; with no

load, 156 volts.

be used as a method of checking whether the current value has been cor-
rectly computed or not. If not, the sum of the voltage drops will not
equal the source voltage.

In some cases, where the source has internal resistance, the voltage
loss across the internal resistance must be considered. Suppose a 10-volt
source has 1 ohm internal resistance and is connected across a 9-ohm load,
as shown in Fig. 2.18. With 10 ohms and 10 volts the current is 1 amp.
One ampere through the 1-ohm resistance produces a 1-volt loss. There-
fore the 10-volt source actually produces only 9 volts across its terminals
and across the 9-ohm resistance load. The other volt of pressure is lost
inside the source. However, if no current is flowing through the source,
there is no voltage loss developed across the internal resistance and the
terminal voltage is 10 volts. This is important to understand!

If a circuit passing a current of 3 amp has an internal resistance of 2
ohms in the source and has a 50-ohm load, what is the terminal voltage
of the source? This can be analyzed and worked in two ways. The
diagram of this circuit is shown in Fig. 2.19.
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The simplest solution is to consider that the terminal voltage of the
source is the voltage drop across the 50-ohm resistor since the two are
directly connected together. From the information given, the voltage
across the 50-ohm resistor when 3 amp flows through itisequal to E = IR,
or 3(50), or 150 volts.

The other analysis of this problem is to consider the total resistance in
the circuit as equal to 50 plus 2 ohms, or 52 ohms. The current is 3 amp.
From Ohm’s law, the total voltage in the circuit is £ = IR, or 3(52), or
156 volts. However, the voltage drop developed across the 2-ohm
internal resistance is £ = IR, or 3(2). Thus, 6 volts does not appear
outside the source and must be subtracted from the total voltage present

L _.I.T 3-wall, )
S T+ 6-volt Ry 3 50 ohms
R 2.-001-0hm internal lamp L-
3 resistance £ =
g 1- & SN
= =-+ Rs ;; 50 volts
L G
el
F1a. 2.20. Circuit in which internal resist- Fia. 2.21. The sum of the voltage drops
ance is negligible. across B, and R, will be the source voltage.

in the circuit. This gives 156 volts less 6 volts, or 150 volts across the
terminals of the source, the same answer as above. It indicates that if
the 50-ohm resistor is disconnected, the source will have a terminal
voltage of 156 volts.

As another example of internal resistance: If a 6-volt storage battery
has an internal resistance of 0.01 ohm, what current will flow when a 3-
watt 6-volt lamp is connected across it? This circuit is illustrated in
Fig. 2.20.

It is assumed that the storage battery has 6 volts with no load con-
nected across it. The resistance of the lamp is determined by using the
rearranged power formula R = E?/P, or 6%/3, or 12 ohms. The total
resistance of the circuit is the load plus the internal resistance of the
source, or 12.01 ohms. The current, according to Ohm’slaw, is = E/R,
or 6/12.01, or 0.4996 amp. (The loss of voltage across the internal re-
sistance is only 0.004996 volt.)

It is possible to solve for missing values in some series problems. For
example, two resistors are connected in series, as shown in Fig. 2.21.
The current through them is 3 amp, while R, has a value of 50 ohms.
R, is unknown but has a voltage drop of 50 volts across it. What is the
total impressed emf across the whole circuit?

Two factors regarding R, are known: its resistance, 50 ohms, and the
current through it, 3 amp. The voltage across it can therefore be
determined as E = IR, or 3(50), or 150 volts. This voltage is in series
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with the 50 volts across R, resulting in a total of 200 volts across the
two resistors, and therefore across the source.

As an example of a somewhat similar series-circuit problem, a vacuum
tube has a filament rated at 14 amp and 5 volts and it is to be operated
from a 6-volt battery. What is the value of the necessary series resistor?
This circuit is illustrated in Fig. 2.22.

The ‘“filament” can be considered as a resistor requiring !4 amp

flowing through it to develop 5 volts
Filament requiring drop across it. A 6-volt battery
5 volts across i directly across the filament will

cause too much current to flow.

To prevent this, a resistance with a
Il L resistor musy  value sufficient to drop 1 volt across
T ool 3% drap 1 volt it when l{-amp flows is required.
According to Ohm’s law, its resist-
ance should be R = E/I, or 1/0.25,
Fia. 2.22. Circuit required to drop the or 4 ohms. The minimum power
voltage of the source to a usable value dissipation for this resistor is equal
B0 ShERISG to P = EI, or 1(0.25), or 14 watt.
A 4-ohm 14-watt resistor should be used. Actually, a 1- or 2-watt resistor
would be just as satisfactory but would be physically larger and more
expensive.

As another example, a keying relay coil has a resistance of 500 ohms
and is designed to operate on 125 ma. If the relay is to operate from a
110-volt d-c¢ source, what value of resistance should be connected in
series with the relay coil? The circuit is shown in Fig. 2.23.

e

=
/ ~— 500-ohm relay coil
625 volts requires 0125 amp

110 volts =
+

475 volts ~—— Voltage dropping
resisfor

Fia. 2.23. Voltage-dropping resistor required to prevent excessive voltage across a
relay coil.

The relay coil can be considered as a resistor in this problem. A cur-
rent of 125 ma equals 125/1,000 amp, or 0.125 amp. The voltage re-
quired to produce this current value through the coil is found by Ohm’s
law E = IR, or 0.125(500), or 62.5 volts. The emf available is 110 volts,
or 47.5 volts too much. To drop 47.5 volts, a resistance of R = E/I, or
47.5/0.125, or 380 ohms, is required. The minimum power dissipation
is P = EI, or 47.5(0.125), or 5.94 watts. Any 380-ohm resistor with a
power rating of 12 or more watts would be satisfactory.

If two 10-watt 500-ohm resistors are connected in serzes, what are the
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power-dissipation capabilities of the combination? Since they are
similar resistors, they will stand the same amount of current. With
the maximum current for their rating, I = +/P/R, or 0.141 amp, each
will produce 10 watts of heat, resulting in 20 watts maximum safe dissipa-
tion from the two.

On the other hand, if one is a 20-watt 500-ohm resistor and the other
is a 10-watt 500-ohm resistor, when in series the 10-watt resistor will
have a maximum safe current of 0.141 amp and the 20-watt resistor will
have a maximum safe current of I = +/P/R, or 1/20/500, or 0.2 amp.
The limiting factor in the circuit is the 0.141 amp. The 10-watt resistor
will dissipate 10 watts, but the 20-watt resistor will be held to 10 watts of
dissipation because only 0.141 amp should be flowing through it. The
total safe power dissipation for the two resistors in series is 20 watts.

When resistors are considered in series, the maximum safe current for
each must be determined before the limiting current can be judged. The
highest wattage rating does not always indicate the greatest safe current
rating. For example, a 20-watt 2,000-ohm resistor has & maximum cur-
rent, value of only 0.1 amp, which is lower than the 0.141-amp capability
of a 10-watt 500-ohm resistor.

2.13 Suggestions for Working Complex Problems. Be neat and
orderly in problem working. The tried and proven method explained
will help in thinking out the problems in an orderly, complete way.

1. Read through the whole problem carefully, twice. Determine
what is wanted.

2. At the top left-hand part of the work paper, sketch a diagram of the
circuit, if any is involved, and label the parts with the values given in the
problem.

3. Directly below the diagram, jot down any other information that
may be necessary to use (such as formulas) which does not have a place
on the diagram. Draw a line under this information.

4. State what is to be found at the top right-hand part of the page.

5. Beneath the information, write out the first formula used in the first
operation in the problem. Do any miscellaneous camputations at the
right side of the page if possible, rather than on another piece of paper.
Keep formulas and computations close together to simplify any later
rechecking of the work.

6. Continue solving the formulas down the left side of the page, using
the right side for incidental mathematics. The last line on the left side
should contain the final answer. It often helps to encircle subanswers,
if any, and answers.

Practice Problems

1. Four 37.5-ohm resistors are connected in series across a 120-volt line. What is
the voltage drop across one of the resistors?
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2. A 30-ohm, a 60-ohm, and a 150-ohm resistor are connected in series across a
24-volt battery. How much potential difference appears across the 60-ohm resistor? tv

8. In question 2, how much current flows through the 150-ohm resistor? 15 v/

4. A 50-ohm resistance, a 90-ohm resistance, and a resistance of unknown value are
connected in series across a 60-volt generator. If ¢ amp is flowing through the
generator, what is the voltage drop across the unknown-value resistor? <V

5. In question 4, what is the value of the unknown resistance? 7.

6. A 12.6-volt automobile battery is connected across a 1.5-ohm headlight lamp.
If the battery has 0.14 ohm internal resistance, what is the current in the circuit?

7. In question 6, what is the terminal voltage of the battery under loaded condi-
tions?

8. A relay with a coil resistance of 500 ohms is designed to operate when 0.2 amp
flows through the coil. What value of resistance must be connected in series with the
coil if operation is to be made from a 110-volt d-¢ line?

9. A mobile receiver operating across a 6-volt storage battery draws 36 watts. If
it is to operate from a 12-volt battery, what is the value of the resistance that must
be connected in series with it to maintain the power consumption of 36 watts for the
receiver?

10. A 5,000-ohm 20-watt resistor and a 1,000-ohm 5-watt resistor are in series.
What is the maximum voltage that can be applied across this combination that will
not exceed the wattage rating of either resistor?

11. A filament of a vacuum tube requires 6.3 volts across it and a current of 300 ma
flowing through it. What is the value of series resistance required if it is to be operated
across a 110-volt power line?

12. In question 11, what is the power being dissipated in heat in the resistance?

2.14 Conductance. An interesting point regarding the study of
electricity is the necessity, at times, of observing the same thing from two
viewpoints in order to obtain a better understanding of the whole. One
example of this is the resistance versus the conductance of a circuit.

In an operating electric circuit there must always be a source of emf
and a load. In the simplest circuit the load may be a single resistor.
As explained before, the greater the resistance in the load, the less the
current in the circuit. However, the very fact that some current is
flowing indicates that the resistance is not “infinite” (‘‘immeasurable,”’
or “endless”’) but is actually a conductor of sorts. It may be a very
poor conductor, or it may be a fairly good conductor.- In any event, the
greater its conducting ability, or ‘“conductance,” the less its resistance
value. Conversely, the less its conductance, the greater its resistance.
Conductance and resistance refer to the same thing, but from opposite
viewpoints. They are said to be reciprocals of each other.

The meaning of reciprocal is, roughly, “mathematically opposite.”
In stating that something is the reciprocal of the other, or that it varies
inversely as the other, the two are placed on opposite sides of an equals
sign and one of them is expressed as a fraction by putting a 1 over it.
Thus:

R stands for resistance in ohms.

G stands for conductance in “mhos.” (Mho, the unit of conductance,
is the word ohm spelled backward.)
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Since R and G have opposite meanings, they may be expressed in the

following manner:
1

R = (1—;, or G = a3

If a resistance has a value of 2 ohms, then its conductance value is 1

over 2, or 14 mho. If the R value is raised to 3 ochms, the conductance

value becomes 14 mho. As the resistance is increased from 2 to 3, the
conductance value decreases from 14 to 14 mho.

Since R = 1/G, Ohm’s law can be expressed in terms of conductance
by using 1/G in place of K in the three formulas:

E=IR=1G>=1

G G
E_E _ . (G\ .
"R“TE"L<T)‘EG
E 1 E I
R=7 =7 GE=1 @G=4

Ezxample: What is the conductance of a circuit if 6 amp flows when 12 volts d-c is
applied to the circuit? Using the last formula above, G = [ /E, the problem is solved:

L—£=lmho
E 12 2

(Note that if R = E/I, then G is equal to the reciprocal, or mathematical opposite,
G =1I/E)

2.15 Parallel Resistances. The subject of conductance is a fitting
preliminary to the subject of parallel resistors. Understanding conduct-

'-L R
+'|: 10 ohms

Fig. 2.24. Two 10-ohm resistors in parallel present an equivalent resistance of 5 ohms
to the source.

G =

>
< i Total resistance
i 10 ohms equivalen! to

5 ohms

A

e {

ance makes it possible to see that when two 10-ohm resistars are connected
in parallel, as shown in Fig. 2.24, across a source of emf, the conductance
of the circuit is greater, and therefore the resistance must be less. Two
such 10-ohm resistors provide a conductance value twice that of one, and
therefore a resistance value of one-half of 10, or 5 ohms, and not 20 ohms
as in series circuits. This apparent adding resistances to a circuit and
obtaining a resultant resistance less than any of the resistances may be
confusing unless it is seen from the conductance viewpoint.
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The total conductance of a circuit is equal to the sum of all the con-
ductances connected in parallel across the cireuit. This may be expressed
in formula form as

G=Gi+Gt Gt -

Since any single conductance value is equal to the reciprocal of its
resistance value, the formula for the total conductance (G;) of a parallel
circuit may also be expressed as

1 1

Gt - jl’i + Rz + +
Substituting the reciprocal of the total resistance (R, for the total

conductance gives the formula

1 1
R~ +m+E+
If this equation is made into a pair of fractions by placing a 1 over both
sides, it becomes
1 1

R, 1/R, + 1/R: + 1/R,

The rule for simplifying compound fractions is: “Invert the lower
fraction and multiply it by the upper.” In this case the left-hand part
of the equation,

: becomes - X 1l,orR
1/R, 1 ' ‘
The complete formula to solve for the total resistance of any number of
parallel resistances is
1
R[ -—— - 3
1 1 1
BTEYE

This formula can be solved in one of two ways, by using fractions or

by using decimals. This can be explained by the following problem:

If resistors of 5, 3, and 15 ohms are connected in parallel, what is the total resist-
ance? First, the substitution of the known values in the formula:

ST
¥+ 4+ s
To add fractions such as 24, 14, and {5, they should be expressed in their lowest
common (lenominator: 1§ equals 3{5, and !4 equals 31 5. Substituting the fractions
expressed in their lowest eommon denommator and then adding the fractions, the
problem becomes
1 1 15

el T T e e L
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The same problem can be solved by expressing the original fractions }§, 14, and Ys
as decimal equivalents. This is accomplished by dividing 5 into 1 (0.2), then 3 into
1 (0.3333), and then 15 into 1 (0.0667). Substituted in the formula this becomes

Ey iﬁTéiﬁ; ~ 53T 0T 000 ~ 06 = 167 = 126 ohms

In the special case where all the resistances in parallel are equal in
value, such as five 100-ohm resistances, the total resistance is simply
determined by dividing the resistance value of one resistor by the number
of resistors. Therefore five 100-ohm resistors in parallel present 1095,
or 20 ohms resistance to the source.

When there are only two parallel resistances, the formula used above

can be algebraically rearranged to read

Biey

W

Ezample: What is the total resistance of a parallel circuit consisting of one branch of
10 ohms resistance and one branch of 25 ohms resistance? Using 10 ohms as R, and
25 ohms as I, the problem is solved:

2 10(2 250
R, = ElR{TI_?:E_, = ‘1005*_55)5 = 355 = 7.14 ohms

If there are three resistances in parallel, the total of two of them can be
computed by this formula and the answer considered as a resistance value.
Using this resistance value and the third resistance, the formula can be
used to solve for the total of the three resistances. The same procedure
can be used to determine the value of any number of parallel resistances.

A quick check on answers to problems involving parallel resistances is
possible by noting that the answer must always be a lower value than the
lowest of the parallel resistances. Also, when one resistance is about 10
times another and the two are in parallel, the total resistance will be about
10 per cent less than the lower. If one resistance is 100 times a second
resistance, it may often be possible to disregard the first entirely, since it
will affect the total resistance by less than 1 per cent.

When two 10-watt 500-ohm resistors are connected in parallel, the
total power-dissipation capabilities of the combination is equal to the sum
of the two, or 20 watts. Since they have similar power and resistance
ratings they will stand the same maximum value of voltage across them,
E = v/PR, or 4/10(500), or 70.7 volts. With the twe resistors in
parallel across 70.7 volts, each will dissipate 10 watts, giving the total of
20 watts of heat.

In parallel circuits the controlling and limiting factor is the voltage,
whereas in series circuits it is the current. With parallel resistors 1t is
necessary to determine what maximum voltage each will stand to produce
enough current through it to make it dissipate its maximum rated power.
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The lowest maximum voltage of a group of resistors will determine the
highest voltage that may be applied across the parallel group.

Ezample: A 10,000-ohm 100-watt resistor, a 40,000-ohm 50-watt resistor, and a
5,000-ohm 10-watt resistor are connected in parallel. What is the maximum vollage
that may be applied across the circuit, and with this voltage what is the maximum
total value of current through this parallel combination which will not exceed the
wattage rating of any of the resistors? Figure 2.25 shows the diagram of the circuit.

I=p

@—
= E=? 100000hms s 40000 ohms 50000hms <
Fan 100 watts 2 50 watts & 10 watts 2

Fie. 2.25. To determine the maximum allowable current flow, first determine the
maximum safe source voltage.

For the 10,000-ohm 100-watt resistor:

E = /PR = +/100(10,000) = /1 00 00 00 = 1,000 volts
For the 40,000-ohm 50-watt resistor:

E = /PR = +/50(40,000) = /2 00 00 00 = 1,414 volts
For the 5,000-ohm 10-watt resistor:
E = /PR = 1/10(5,000) = \/5 00 00 = 224 volts

The maximum allowable voltage across the circuit must not exceed 224 volts or the
10-watt resistor will be drawing more than its rated current.
With 224 volts the 10,000-ohm resistor draws

E 224
I = I_B £ '1—0,0—0'0 = (.0224 amp

With 224 volts the 40,000-ohm resistor draws

£ _ 224
R 40,000
With 224 volts the 5,000-chm resistor draws

E 224
I = B ——5’000 = (0.0448 amp

1 = 0.0056 amp

The total current value in the circuit is the sum of the three separate branches,
or 0.0728 amp.

2.16 Batteries in Series and in Parallel. As indicated previously, if
two 45-volt batteries, each capable of 0.1 amp maximum safe current
through them, are connected in series, as shown in Fig. 2.26, the circuit
will be capable of producing 90 volts at 0.1 amp and 9 watts of power.
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If the same two 45-volt batteries are connected in parallel, as shown in
Fig. 2.27, they are capable of only 45 volts output, but each will allow
0.1 amp to flow through them, permitting the load to draw a total of 0.2
amp of current from the two. The maximum safe power output is still
9 watts.

To produce maximum voltage output, batteries must be connected in
series, negative to positive, as shown.

I'=0.1amp mox

I=0.2amp max
A

=495volls

1

=45volls

=45volts = 45volts 45 volts
+ +

Fia. 2.26. Two 45-volt 100-ma batteries Fia. 2.27. Two 45-volt 100-ma batteries
in series are capable of 90 volts at 100 ma. in parallel are capable of 45 volts at
200 ma.

To produce maximum current output, batteries must be connected
in parallel, but all such batteries must have the same voltage; that is, a
40-volt battery cannot be paralleled with a 45-volt battery or the higher-
voltage battery will soon run down, discharging through the lower-
voltage battery. Care must be taken to connect the negative terminal to
negative and positive terminal to positive when connecting in parallel.

Practice Problems

1. What is the conductance of a circuit having two 300-ohm resistors and a 500-ohm
resistor all in parallel?

2. What is the conductance of a circuit having 250 volts and a current of 50 ma?

8. What is the lowest common denominator of the fractions 3§q, 260, and 136o?

4. What is the lowest common denominator of the fractions 845, %5, and 3{¢?

6. What is the effective resistance of three parallel resistors of 1,000 ohms, 2,000
ohms, and 3,000 ohms?

8. A 240-ohm resistor and a 180-ohm resistor are in parallel across a 100-volt source.
What is the total circuit current?

7. A 55-ohm and a 23-ohm resistor are in parallel in a circuit. The current through
the source is 2.5 amp. What is the voltage of the source?

8. A 4,000-ohm resistor and a 3,672-ohm resistor are in parallel across a 500-volt
power supply. How much current flows in the 4,000-ohm resistor?

9. In question 8, how much current flows in the 4,000-ohm branch if the 3,672-ohm
branch is disconnected from the circuit?

10. A 75-ohm and a 100-ohm resistor are in parallel. The total current through
the combination is 3 amp. How much current will flow through the 100-ohm resistor
if the 75-ohm resistor is disconnected?

11. A 400-ohm 10-watt resistor and a 1,500-ohm 50-watt resistor are connected in
parallel. What is the maximum voltage that can be applied across this circuit without
exceeding the wattage rating of either of the resistors?
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12. In question 11, what is the maximum total current that can flow in the com-
bination and not exceed the wattage rating of either resistor?

13. The filament circuit of a 12.6-volt tube and the filament circuit of a 6.3-volt
0.3-amp tube with a dropping resistor in series with it are connected in parallel across
a 12.6-volt battery. What is the value of the dropping resistor?

14. Draw a simple schematic diagram showing the method of connecting three
resistors of equal value so that the total resistance will be one-third of one unit.

2.17 Complex D-C Circuvits. There are countless circuit configura-
tions involving resistors in series and in parallel. To attempt to give
examples covering all is obviously impossible. However, by applying
the basic principles involved in series circuits and in parallel circuits, it
should be possible to solve most circuits.

= 40 volls
> 300
RsS 200 0bms i Ry ; ohms
= 60 volls
R R3 <2 35 ohms
4
@ A
15 ohms

Fia. 2.28. A relatively complex circuit.

Two important points to remember are: (1) All parts connected in
series have the same current flowing through them. (2) All parts in
parallel have the same voltage across them.

A relatively complex circuit is shown in Fig. 2.28. By examination it
can be rationalized into a single resistance value.

Resistors B, and R, are connected in parallel. Two 300-ohm resistors
in parallel present 150 ohms of total resistance. In series with this 150-
ohm resistance are two other resistances, R; and Ry, totaling 50 ohms.
Across the source, this one branch presents a total of 150 plus 50, or 200
ohms.

There are two branches across the source, one made up of ; alone and
the other made up of R,, Rs R; and R, Both branches present 200
ohms of resistance each and are in parallel with each other. Two 200-
ohm parallel resistances present 100 ohms. Therefore the source of 40
plus 60 volts, or 100 volts, sees a total load resistance of 100 ohms. With
a total emf of 100 volts and a total resistance of 100 ohms, the current
through the ammeter will be / = E/R, or 100/100, or 1 amp.

The current through the series-parallel branch is equal to I = E/R,
or 100/200, or 14 amp.

With 14 amp flowing through R, it will have a voltage drop across it
equal to £ = IR, or 0.5(15), or 7.5 volts. Similarly, the drop across
R; will be 17.5 volts. The voltage drop across R; will be the voltage
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drop across R, and R, in parallel, or the voltage drop produced by 14 amp
flowing through 150 ohms, or 75 volts. Note that the voltage across
both R, and R.is one and the same voltage, and not merely equal voltages.
The current through R; (or Rp) is I = E/R, or 75/300, or ¥4 amp.

Take a somewhat similar problem: Two resistors of 18 and 15 ohms are
connected in parallel. In series with this combination is connected a
36-ohm resistor. In parallel with this total combination is connected a
22-ohm resistor. The total current through the combination is 5 amp.
What is the current value in the 15-ohm resistor? The cireuit illustrating
this problem is shown in Fig. 2.29.

The current through neither branch is
known, nor is the source voltage known. 22 L R SR
However, by determining the resistance = ,pms3
of theseries-parallel branch, both of these
unknowns can be determined.

The 15-ohm and 18-ohm resistances
are in parallel. By using a parallel- Fia. 2.29. To find the current value
resistor formula, together they are found in the 15-ohm resistor, first deter-
to equal 8.18 ohms, or 8.2 ohms for ™"¢ MiBE D
simplicity. The total resistance of the series-parallel branch is 8.2 plus
36, or 44.2 ohms.

The resistances of the two parallel branches are now known to be 22
ohms and 44.2 ohms. When computed in parallel, they are found to
equal 14.7 ohms. If 5 amp flows through 14.7 ohms, the voltage across
the whole combination must be E = IR, or 5(14.7), or 73.5 volts.

If there is 73.5 volts across the series-parallel branch with its 44.2 ohms,
the current through it must be I = E/R, or 73.5/44.2, or 1.66 amp.
With 1.66 amp flowing through the 8.2-ohm parallel group, the voltage
across it must be £ = IR, or 1.66(8.2), or 13.6 volts. This is the voltage
across the 15-ohm resistance. With the voltage and resistance known,
the current through the 15-ohm resistor must be I = E/R, or 13.6/15,
or (0.907 amp.

In this particular problem it is necessary to solve almost all the circuit
values in order to finally apply the Ohm’s law formula I = E/R to the
single resistance in question. Had the source voltage been given, the
22-ohm branch eould have been disregarded as it has no effect on the
current flowing through the series-parallel branch.

The circuit shown in Fig. 2.30 is an example of an apparently highly
complex circuit. However, closer observation will show that relatively
simple steps can be taken to solve the problem. Actually, the current
through the ammeter should be determinable without pencil and paper.
The method is as follows:

1. R; and R, can be computed as a parallel group.

2. The answer in step 1 can be computed with R as a series group.

AAA

36 ohms

54
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R; and Rj can be computed as a parallel group.
The answers in steps 2 and 3 can be used to compute a parallel group.
The answer in step 4 can be added to R¢ as a series circuit.
The answer in step 5 can be computed with R, in parallel.

7. The answer in step 6 and R, can be computed in series, which is the
effective resistance seen by the source.

8. The current is 2 amp.

The diagrams in Fig. 2.31 illustrate four methods of connecting three
similar resistors to produce various total-resistance combinations. Three

3OV e

5 ohms
W\
Ry

=30volts R, S 20 ohms

(2)
g
Fia. 2.30. Complex-looking circuit that may be computed mentally.
E >
3 ] L8 L E 8 'g g :
$§352s ek o -2 E =
gg’ r3obms | T | T T r J-'aﬁm § : f;z ohm /2-’ ohms
B S
<
E ~ L &
53 =8
" e ) )

(a) (6) {c) (7}

F1a. 2.31. Four circuit configurations for similar resistances.

1-ohm resistors in series, as in diagram a, result in a total resistance of
3 ohms. Three 1-ohm resistors in parallel, as shown in diagram b, result
in a total resistance of 14 ohm. Two in series shunted across the third,
as in diagram ¢, results in two-thirds the resistance of one alone. Two
parallel resistors in series with the third, diagram d, results in a total
resistance of 114 times the resistance of one alone.

Practice Problems

1. Two resistors of 200 and 300 ohms are in parallel. In series with them is a
180-ohm resistor. The whole combination is across a 50-volt generator. (a) What
current flows through the generator? (0) What current Scws through the 180-chm
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resistor? (c) What current flows through the 200-ohm resistor? (d) What voltage
appears across the 300-ohm resistor?

2. A 40-ohm and a 60-ohm resistor are in parallel. In series with these resistors
are two other resistors of 20 and 30 ohms. The whole combination is connected across
a 1.5-volt dry cell. (a) What is the current in amperes flowing through the dry cell?
(b) What is the current in milliamperes flowing through the 60-ohm resistor? (c)
What is the voltage drop across the 20-ohm resistor?

3. A filament (may be considered as a resistor) of a vacuum tube requires 6.3 volts
across it, with a current of 0.3 amp. Another tube has a filament requiring 12.6 volts
at 0.15 amp. The two tubes are connected in series. (@) What is the value of the
resistor that must be connected across the 12.6-volt filament to allow it to operate
properly when in series with the 6.3-volt tube? (b) What is the value of the resistance
that must be connected in series with the combination to allow operation if the source
is 110 volts?

4. A 6BQ6 tube requires 6.3 volts at 1.2 amp for its filament. A 6C4 requires
6.3 volts at 0.15 amp. A 6SN7 requires 6.3 volts at 0.6 amp. A 12BE6 requires
12.6 volts at 0.15 amp. (a) Draw a diagram of the most economical method of con-
necting these four tubes across a 12.6-volt battery. (b) What are the value and
the wattage rating of the required resistor?

2.18 Matching Load to Source. Ranking high among the important
concepts for the radioman to understand is the requirement of matching
the load to the source. To produce

maximum power in the load, it is é—
necessary that the load resistance ;p57,00 ¥ 5. o8m internar Gt
equal the internal resistance of the sowrce §_ resistance foad

source. \:I’+

The diagram in Fig. 2.32shows 8 100- gy 232 Ioad resistance matches the
volt source with 5ohmsinternal resistance  pogistance of the source.

and a load with a resistance of 5 chms also.
With the load and internal resistance equal, the voltage in the circuit is 100 volts,
the total resistance is 10 ohms, and the current is
E 100

I=I—z=1—0=103mp

The power delivered to the load in this case is
P = I*R = 10%(5) = 500 watts

If the load resistance mismatches the source and is 15 ohms, the current in the
circuit is

The power delivered to the load with this mismatch is only
P = 'R = 5%(15) = 375 watts
If the load resistance mismatches the source and is 3 ohms, the current in the circuit
is
E _ 100

I=Ti 3 = 12.5 amp

The power delivered to the load with this mismatch is only
P = I'R = (12.5)%3) = 468.75 watts
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These figures can also be used to demonstrate an important fact.
When the load matches the source, half the power is dissipated in the
source and half in the load. The total in the example above is 1,000
watts. The efficiency of the circuit, the ratio of output to input powers,
is equal to 500/1,000, or 0.5, usually expressed as 50 per cent.

With the 15-ohm load, the power dissipated in the source is 125 watts.
The total power is 125 watts in the source and 375 watts in the load, or
500 watts. This results in an output efficiency of 375/500, or 75 per cent.

With the 3-ohm load, the power dissipated in the source is 781.25 watts.
The total power is 781.25 watts in the source and 468.75 watts in the load,
or 1,250 watts. This results in an output efficiency of 468.75/1,250, or
only 37.5 per cent.

Matching the source to the load may produce the maximum power
output in the load, but mismatching with the higher resistance in the
load gives better output efficiency. 'Theoretically, 100 per cent efficiency
can only occur with an infinite resistance load.

Later, when speaking of circuits involving a-c, it may be said that the
tmpedance of the load must match the impedance of the source, where
impedance is the resisting effect of the load and source to alternating
currents.

COMMERCIAL LICENSE INFORMATION

(Section where answered in parentheses; FCC element numbers at right.)
1. How much energy is consumed in 20 hr by a radio receiver rated at G0 watts?

(2.5) (3]
2. What is the difference between a milliwatt and a kilowatt? (2.5, 2.8) [3]
3. What instrument measures electric energy? (2.9) [3]
4. What is the sum of all voltage drops around a simple d-¢ series eircuit, including

the source? (2.11) [3]

b. A relay with a coil resistance of 500 ohms is designed to operate when 0.2 amp
flows through the coil. What value of resistance must be connected in series with the

coil if operation is to be made from a 110-volt d-c line? (2.13) [3]
6. What is the conductance of a circuit if 6 amp flows when 12 volts d-c is applied to
the circuit? (2.14) [3]
7. What method of conncction should be used to obtain the maximum no-load
output voltage from a group of similar cells in a storage battery? (2.16) (3]
8. What method of connection should be used to obtain the maximum short-eireuit
current from a group of similar cells in a storage battery? (2.16) [3]
9. State the three ordinary mathematical forms of Ohm’s law. (2.1) [3 & 6]

10. If the voltage applied to a circuit is doubled and the circuit resistance increased
to three times its former value, what will be the final current value? (2.2) [3 & 6]
11. What is the unit of electric power? (2.5) [3 & 6]
12. What is the formula for determining the power in a d-c circuit when the current
and voltage are known? (2.5) [3 & 6]
13. What is the formula for determining the power in a d-c circuit when the current
and resistance are known? (2.5) [3 & 6]
14. What is the formula for determining the power in a d-c circuit when the voltage
and resistance are known? (2.5) [3 & 6]
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16. What will be the heat dissipation, in watts, of a resistor of 20 ohms having a

current of 3 amp passing through it? (2.5) [3 & 6]
16. What should be the minimum power-dissipation rating of a resistor of 20,000
ohms to be connected across a potential of 500 volts? (2.5) [8 & 6]

17. What is the difference between electric power and electric energy? (2.5) [3 & 6]
18. If the value of resistance, across which a constant emf is applied, is doubled,

what will be the resultant proportional power dissipation? (2.6) [ & 6)
19. If the value of a resistance to which a constant emf is applied is halved, what
will be the resultant proportional power dissipation? (2.6) [8 & 6]
20. What is the maximum rated current carrying capacity of a resistor marked
5,000 ohms 200 watts”’? (2.6) [3 & 6]
21. Show by a diagram how a voltmeter and ammeter should be connected to
measure power in a d-c circuit. (2.9) 3 & 6]
22. What instrument measures electric power? (2.9) [3 & 6]

23. If a vacuum tube having a filament rated at 14 amp and 5 volts is to be operated
from a 6-volt battery, what is the value of the necessary series resistor? (2.12) (3 & 6]
24. If resistors of 3, 5, and 15 ohms are connected in parallel, what is the total

resistance? (2.15) [3 & 6]
26. What is the total resistance of a parallel circuit consisting of one branch of 10
ohms resistance and one branch of 25 chms resistance? (2.15) 8 & 6]
26. Indicate by a diagram how the total current in thrce branches of a parallel
circuit 2an be measured by one ammeter. (2.15) 3 & 6]
27. If two 10-watt 500-ohm resistors are connected in parallel, what are the power-
dissipation capabilities of the combination? (2.15) [3 & 6]
28. Show by a diagram how to connect battery cells in series (2.16) [3 & 6]

29. Show by a diagram how to connect battery cells in parallel. (2.16) [3 & 6]
30. Draw a simple schematic diagram showing the method of connecting three
resistors of equal value so that the total resistance will be three times the resistance of
one unit. (2.17) [3 & 6]
81. Draw a simple schematic diagram showing how to connect three resistors of
equal value so that the total resistance will be one-third of one unit. (2. 17) 8 & 6]
82. Draw a simple schematic diagram showing the method aof connecting three
resistors of equal value so that the total resistance will be two-thirds the resistance of
one unit. (2.17) [3 & 6]
83. Draw a simple schematic diagram showing the method of connecting three
resistors of equal value so that the total resistance will be 134 times the resistance of

one unit. (2.17) [3 & 6]
84. If the power input to a radio receiver is 75 watts, how many kilowatthours does
the receiver consume in 24 hr of continuous operation? (2.5) [6]

36. A circuit is passing a current of 3 amp. The internal resistance of the source is
2 ohms. The total external resistance is 50 ohms. What is the terminal voltage of

the source? (2.12) [6]
36. A 6-volt storage battery has an internal resistance of 0.01 chm. What current
will flow when a 3-watt 6-volt lamp is connected? (2.12) {6l

87. Two resistors are connected in series. The current through these resistors is
3 amp. Resistor 1 has a value of 50 ohms; resistor 2 has a voltage drop of 50 volts

across its terminals. What is the total impressed emf? (2.12) [6]
38. If two 10-watt 500-ohm resistors are connected in series, what is the total power-
dissipation capability? (2.12) [6]

89. A certain keying relay coil has a resistance of 500 ohms and is designed to
operate on 125 ma. If the relay is to operate from a 110-volt d-c source, what value
of resistance should be connected in series with the relay coil? (2.12) (6}
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40. A 10,000-ohm 100-watt resistor, a 40,000-ohm 50-watt resistor, and a 5,000-ohm
10-watt resistor are connected in parallel. What is the maximum value of total
turrent through this parallel combination which will not exceed the wattage rating of
any of the resistors? (2.15) 6]

41. Two resistors of 18 and 15 ohms are connected in parallel; in series with this
combination is connected a 26-ohm resistor; in parallel with this total combination is
connected a 22-ohm resistor. The total current through the combination is 5 amp.
What is the current value in the 15-ohm resistor? (2.17) [6]

AMATEUR LICENSE INFORMATION

It is recommended that applicants for Novice Class license examinations be able to
answer questions prefaced by a star. Applicants for General, Conditional, and
Technician Class licenses should be able to answer all questions.

*1. What is the unit of measurement of electric power? (2.5)

*2. What is the unit of measurement of electric energy? (2.5)

*3. What instrument is used to measure electric potential? (2.9)

*4. What instrument is used to measure electric current? (2.9)

*b. State the three Ohm’s-law formulas. (2.1)

*6. State the three power formulas. (2.5)

*7. What current flows when an electric pressure of 10 volts is across a resistance of
20 ohms? (2.2)

*8. What is the power input to a transmitter having a plate voltage of 2,000 volts
and a plate current of 500 ma? (2.5)

*9. If a person touches the two sides of a 110-volt circuit and he has 2,200 ohms
resistance, what current flows through him? (2.2)

10. What instrument is used to measure electric resistance? (2.9)

11. What is the reciprocal of resistance? (2.14)

12. What is the unit of measurement of conductance? (2.14)

13. What is the formula used to compute resistances in series? (2.11)

14. What is the formula used to compute resistances in parallel? (2.15)



CHAPTER3

MAGNETISM

3.1 Magnetism and Electricity. In the study of electricity, magnet-
ism must be considered. Electricity (emf, current, and resistance) and
magnetism are inseparable. Any wire carrying a current of electricity
is surrounded by an unseen area of force, a magnetic field.

At one time or another almost everyone has had experience with a
magnet or a pocket compass. A magnet attracts pieces of iron but has
little effect on practically everything else. Why does it single out the
iron? A compass, when laid on a table, swings back and forth, finally
coming to rest pointing toward the north pole of the world. Why does
it always point in the same direction?

These and other questions about magnetism have puzzled scientists
for hundreds of years. It is only comparatively recently that theories
have been developed that seem to answer the many puzzling questions
that arise when magnetism is investigated.

Radio and electronic apparatus such as relays, circuit breakers, ear-
phones, loudspeakers, transformers, chokes, magnetron tubes, television
tubes, phonograph pickups, tape and disc recorders, microphones, meters,
vibrators, motors, and generators depend on magnetic effects to make
them function. Every coil in a radio receiver or transmitter is utilizing
the magnetic field that surrounds it when current is flowing. But what
is meant by the term magnetic field?

3.2 The Magnetic Field. An electron at rest has a negative electro-
static field of force surrounding it, as explained previously. When energy
is imparted to it to make it move, apparently a new type of field develops
around it, at right angles to its electrostatic field. Whereas the electro-
static lines of force are considered as radiating outward from the electron,
the electromagnetic field of force develops as a ring around the electron,
at right angles to the path taken (Fig. 3.1).

It is also believed that the proton, besides having an electrostatic
positive field, also develops an electromagnetic field around itself when
moving.

Electrons whirling around the orbits of an atom or molecule produce
electromagnetic fields around their paths of motion. These magnetic

81
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fields are either balanced or neutralized by the magnetic effect of any
proton movement in the nucleus, or the movement of one orbital electron
is counteracted by another orbital electron whirling in an opposite direc-
tion. In almost all substances the net result is little or no external
magnetic field.

In the case of an electric conductor carrying current, the concerted
movement of electrons along the wire produces a magnetic field around
the conductor. The greater the current, the more intense, or con-
centrated, the magnetic field.

Under normal circumstances, the field strength around a current-
carrying conductor varies inversely as the distance squared from the

_Fingers in direction
+ of lines of force

/L/nes of force

T

Current
direction

Fia. 3.1. Left fingers indicate magnetic-field direction if the thumb points in the
current direction.

conductor. At twice the distance from the conductor the magnetic-
field strength is one-quarter as much; at five times the distance the field
strength is one twenty-fifth; and so on. At a relatively short distance
from the conductor the field strength may be quite weak.

To indicate the presence of a magnetic field around a wire, circular
lines are used, as shown in Fig. 3.1. Note that the lines of force are given
direction by arrowheads drawn on them. The arrowheads do not
mean that the lines of force are moving in this direction, but only that a
relative polarity is present in them. The direction of these lines is
determined in relation to the direction of the electron movement, or
current flow. In the illustration the electron flow is indicated to be from
left to right. If the left hand grasps a current-carrying conductor with
the thumb extended in the direction of the current, the fingers will
indicate the accepted field direction of the magnetic lines of force. This
is known as the left-hand magnetic-field rule. If the current flows in the
opposite direction, the left hand must be turned over so that the thumb
points in the direction of the current, and the direction of the lines of
force will be opposite to that shown.
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If the direction of the lines of magnetic force is known, the same rule
indicates the current direction and is known as the left-hand current rule.

When the current in a conductor is increased, more electrons flow, the
magnetic-field strength near the wire increases, and the whole field ex-
tends farther outward.

In many electric circuits the current flows through a coil of several
turns of wire. Figure 3.2 illustrates the magnetic field as it might be set
up around a single turn. Note that the indicated field direction con-
forms to the left-hand rule and that the greatest concentration of lines
of force appears at the center, or the core, of the turn.

Current
direction

FiG. 3.2. Looping a wire concentrates the mag- Fia. 3.3. Increasing the number
netic lines of force. of turns inereases the magnetic-
field concentration,

When several turns of wire are formed into a coil, the lines of force from
each turn add to the fields of the other turns and a more concentrated
magnetic field is produced in the core of the coil, as indicated in Fig. 3.3.
The more current and the more turns, the stronger the magnetic field
produced.

At one end of the coil the indicated field direction is outward. At the
opposite end it is inward. At any time that lines of force have a direc-
tion outward from either a coil or from a piece of metal, that end of the
coil or metal is said to have a north polarity. Conversely, the end of a
coil or piece of metal having lines of force pointed inward is the south
pole. Magnetic polarity uses the terms north and south, whereas electro-
static polarity uses the terms positive and negative. These polarity terms
are not interchangeable. The negative end of a coil ean only mean the
end connected to the negative terminal of the source and does not refer to
either a north or south magnetic pole. Note that a line of force surround-
ing a current-carrying wire has no north or south pole.

A second, and different, left-hand rule may also be illustrated by
Fig. 3.3. If a coil is grasped by the left hand, with the fingers pointing
in the directian of the current flow, the thumb indicates both the direc-
tion of the lines of force in the core and the north end of the coil.
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If the direction of the lines of force through the core is known, the
same left-hand rule can be applied to determine the current direction
in the coil.

All magnetic lines of force are complete loops and may be considered
as somewhat similar to stretched rubber bands in their action. They will
contract back into the circuit from which they came as soon as the force
that holds them out ceases to exist.

Magnetic lines of force never cross each other. When two lines have
the same direction, they will oppose mechanically if brought near each
other. This is illustrated in Fig. 3.4, which shows a cross-section view of
two wires with current flowing in opposite directions in them. Where

w

Fia. 3.4. Similar-direction magnetic lines Fra. 3.5. Opposite-direction magnetic
repel. lines attract and join.

adjacent, the lines from both wires have a similar and upward direction
and repel each other. The two wires try to push apart. The little cross
in the wire represents the rear view of a current-indicating arrow, with
the current flowing away from the viewer. A dot represents the point of
the current-indicating arrow approaching the viewer.

Magnetic lines of opposite direction or polarity are attracted to each
other. The loops surrounding wires carrying current in the same direc-
tion are opposite in polarity where they are adjacent, as shown in Fig. 3.5.
Such loops may join into single large loops encircling both of the wires
carrying the current. The two wires will now be subjected to a common
contracting force that tends to pull them together physically.

3.3 Flux Density. The complete magnetic field of a coil is known as
the flux and is usually denoted by the Greek letter ¢ (phi). If a current
flowing through a certain coil produces 100 lines of force in the core of the
coil, it may be said that the core has a flux of 100 lines (¢ = 100 lines).

The flux density of a magnetic field is the number of lines per square
inch and is indicated by the letter B. In the example above, in which the
core has a total of 100 lines, if the cross-section area of the core is 2 square
inches, the flux density is 1994, or 50 lines per square inch (B = 50
lines/in.2).
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3.4 Field Intensity. The energy that produces magnetic lines of
force is contained in the movement of electrons, or in current. The
magnetomotive force (mmf), the force that will produce the flux in a coil,
may be computed by multiplying the current in amperes by the number of
turns, or

F = NI

where F is the force in ampere-turns; N is the number of turns in the coil;
and I is the current in amperes.

Out past the ends of the coil, the magnetic field starts spreading and
the flux density begins decreasing. Within the core itself, however, the
lines of force are relatively straight and parallel and present a constant
flux density. The most practical unit of measurement of the magnetizing
force working on the column of material forming the core of the coil is
determined by dividing the total mmf by the core length in inches. This
reduces the total mmf to a unit for comparison and computation. Thus,
a 3-in. coil having 60 amp-turns has a standardized magnetizing force,
or field intensity, of 694, or 20 amp-turns/in. This magnetizing force
is represented by the letter H. 1In the example above, H = 20 amp-
turns/in.

Summarizing, flux, ¢, indicates a total number of lines as at the end of
the coil. Flux density, B, is the number of lines per square inch as at the
end of the core. The total magnetizing force, mmf, or F, is in ampere-
turns. The magnetizing force, or field intensity, H, for a standard unit
length of the core is the ampere-turns per inch.

3.5 Permeability. When a coil of wire is wound with air as the core,
a certain flux density will be developed in the core for a given value of
current.  If an iron core is slipped into the coil, it will be found that a
very much greater flux density will exist in the iron core than was present
when the core was air, although the current value and the number of
turns have not ehanged.

With an air-core coil the air surrounding the turns of the coil may be
thought of as pushing against the lines of force, tending to hold them close
to the turns. However, with an iron core, the lines of force find a medium
in which they can exist much more easily than they can in air. Asa
result, lines of force that were held close to the turns in the air-core coil are
free to expand into the highly receptive area afforded by the iron. This
frees more lines of force that otherwise would have been so close to the
surface of the wire as to be lost as far as the flux of the air core is
concerned. These lines of force in the iron core produce a greater flux
density, B, for the iron core, although there might have been as much
total magnetizing force produced in the air-core coil. The iron core
merely brings the lines of force out where they can be more readily used.

When comparing the ability of different materials to accept or allow
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lines of force to exist in them, air may be considered as the standard of
comparison. A magnetizing force H of 20 amp-turns/in. will always
produce a flux density B of 20 lines/in.? in an air-core coil. Substituting
a core of fairly pure iron, the same 20 amp-turns/in. may produce a flux
density of perhaps 200,000 lines/in.? in the core.

The ratio of B to H, or B/H, expresses the ability of a core material to
accept, or be permeated by, lines of force. The permeability of most sub-
stances is very close to that of air, which may be considered as having a
value of 1. Other materials, such as iron, nickel, and cobalt, are very
permeable, having permeabilities of several hundred to several thousand
times that of air. (Note that the word * permeability”’ is a derivation of
the word permeate, meaning ‘“to pervade,” or ‘“saturate,’”’ and is not
related to the word ‘‘permanent.’’)

Permeability is represented by the Greek letter x. In formula form
it may be expressed as

B

#=H

where u is permeability (no unit); B is flux density; and H is magnetizing
force.

In the example above, the iron has a permeability equal to B/H, or
200,000/20, or 10,000. In practice this is not particularly high. Pure
iron approaches a permeability of 200,000. Special alloys of nickel and
iron may have a permeability of 100,000. Alloying iron makes it possible
to produce a wide range of permeabilities. Cast iron can be made that
has almost unity (1) permeability. Stainless steel also exhibits practi-
cally no magnetic effect.

The permeability of magnetic materials is somewhat analogous to
conductance in electric circuits. It indicates the ease with which a
material will aceept lines of force or allow them to move into or through it.

In electric circuits the reciprocal of conductance is resistance. In
magnetic circuits the reciprocal of permeability is reluctance. The
symbol for reluctance is ®, and ® = 1/p. A material with high reluct-
ance is reluctant to accept lines of force. If an iron has a permeability
of 2,700, it may be said to have a reluctance of 1/2,700. Air has a
reluctance of 1. Neither permeability nor reluctance has a unit of meas-
urement assigned to it.

3.6 The Atomic Theory of Magnetism. The discussion here will be a
considerably condensed version of the atomic theory of magnetism.

From atomic theory it is known that an atom is made up of a nucleus
of protons, surrounded by one or more electrons encircling the nucleus.
The rotation of electrons and protons in most atoms is such that the
magnetic forces cancel each other. Only the atoms of the elements iron,
nickel, and cobalt arrange themselves into magnetic entities. Such



MAGNETISM 67

atoms form into special atom groups. These groupings are known as
domains and are magnetic.

Groups of domains form ecrystals of the magnetic material. The
crystals may or may not be magnetic, depending on the arrangement
of the domains in them. Investigation may show that many of the
domains are fully magnetized but the external resultant of all the domains
in a crystal may be a neutral field.

Each domain has three directions of magnetization. These are the
direction of easy magnetization, the direction of semshard magnetization,
and the direction of hard magnetization.

If an iron crystal is placed in a weak field of force, the domains begin to
line up in the easy direction. As the magnetizing force H is increased,
the domains begin to roll over and start to
align themselves in the semihard direction.
Finally, as the H is increased still more, the Saturation
domains are lined up in the hard direction.
When all the domains are lined up in the g
hard direction the iron issaid to be saturated,
because an increase in magnetizing force
will produce no more magnetic change in
the material.

The result of this action can be seen in ? H
the B-H curve for a piece of iron, as shown Fia. 3.6. Simplified magnetiza-
. R tion (BH) curve for iron.
in Fig. 3.6. The graph shows that an
increase of H produces an increase of B. At low values of magnetizing
force the iron produces relatively little flux density. The permeability,
or B/H, is relatively low under this condition. As the magnetization is
increased, the flux density increases rapidly in respect to the increase of
magnetizing force, resulting in a large B/H ratio, or a high value of
permeability. As saturation is approached, further increase in H pro-
duces little increase in B. This general curve form is to be expected of all
magnetic materials, although the steepness of the curve changes with
different permeabilities.

3.7 Ferromagnetism. Substances that can be made to form domains
are said to be ferromagnetic, which means ‘“‘iron-magnetic.”” The only
ferromagnetic elements are iron, nickel, and cobalt. However, it is
possible to combine properly two or more nonmagnetic elements and
form a ferromagnetic substance. For example, in the proper proportions,
copper, manganese, and aluminum, each by itself being nonmagnetic,
form an alloy, or mixture, which is similar to iron magnetically.

Materials made up of nonmagnetic atoms, when placed in a magnetic
field, may attempt either to line up in the field or to turn at right angles
to the field. If they line themselves in the direction of the magnetic
field, they are said to be paramagnetic. If they try to turn from the direc-
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tion of the field, they are called diamagnetic materials. There are only
a few diamagnetic materials. Some of the more common are gold, silver,
copper, zinc, and mercury. All materials which do not fall in the ferro-
magnetic or diamagnetic categories are paramagnetic. The greatest
percentage of substances are paramagnetic.

Ferromagnetic substances will oppose being magnetized by an external
magnetic field toa certain extent. This opposition, mentioned previously,
is reluctance.

Once magnetized, ferromagnetic substances may also tend to oppose
being demagnetized. They are said to have a certain amount of reten-
tivity, or remanence, which is the ability to retain magnetism when an

external field is removed.

. & y As soon as the magnetizing force is
,‘;f’j‘s’,‘;,?s’m’i”"”‘” . released from a magnetized ferromagnetic
- Iy substance, it tends to return at least part

AV way back to its original unmagnetized

-H co H  state, but it will always retain some
magnetism. This remaining magnetism

is residual magnetism. Paramagnetic

s and diamagnetic materials, on the other

Fi1e. 3.7. Magnetization of iron hand’ ?’Iways become completely no n
when subjected to a magnetizing Mmagnetic when an external magnetizing
force, dotted line X. Partiallossof force is removed from them.
magnetism when the magnetizing 3.8 The Hysteresis Loop. When a
force is removed, line Y. o N A N
magnetizing force H is applied to a piece
of completely demagnetized ferromagnetic material, the flux density
B rises as shown by the dotted curve X (Fig. 3.7). If the magnetizing
force H is removed from the ferromagnetic material, the flux density
decreases but drops back only part way to zero, as shown by the curve Y.
The opposition of the domains to roll back to the unmagnetized state is
known as hysteresis (pronounced hiss-ter-ee-sis). The magnetism left
in the metal is residual magnetism. For soft iron it will be small, while
for steels and iron alloys it will be considerably greater. With the latter
materials the B value will not drop as far toward zero.

If a magnetizing force in the opposite direction is now applied to the
ferromagnetic material, a certain value of this —H will be necessary to
counteract the residual magnetism and bring the Z portion of the curve
down to point C. This point represents zero flux density, or complete
demagnetization.

The opposite-direction magnetizing force, or — H, required to demag-
netize the material completely is known as the coercive force (ko-urs-iv)
and is indicated by the length of the line, O to C.

In a practical case, where an iron core has a coil of wire wrapped
around it, if an alternating current is made to flow through the coil, a
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curve called a hysteresis loop may be drawn to indicate the flux-density
variations under changing magnetizing forces, as shown in Fig. 3.8.
The dotted line shows the magnetization when the unmagnetized iron
was first subjected to the force. The remainder of the loop indicates the
flux density B that results when the magnetizing force / is alternately
reversed.

As current through the coil increases in one
direction, the H increases, producing an
increase in B. As the current decreases, the
H decreases, resulting in a lessening of B. As /

/
/
/
the current reverses, the H increases in the -y L / H

8

opposite direction, the domains are rolled over,
and the B follows in the opposite direction.

With a full eycle of a-c a hysteresis loop is
developed enclosing a given area. A soft iron -8
will be represented by a slim loop (Fig. 3.9a). Fia. 3.8. Complete hystere-
Steel results in a broader loop (Fig. 3.9b). sis loop produced by a cycle

X . R of magnetization.
Special iron alloys, such as alnico, have
a loop approaching a rectangle in shape (Fig. 3.9¢).

It requires an expenditure of a certain amount of energy to reverse the
magnetism, or realign the domains, in a piece of ferromagnetic material.
The energy lost due to hysteresis appears as heat in the magnetic material.
For this reason, when transformers using a-c in them are made with iron
cores, it is necessary to select metals having narrow hysteresis loops and
with little hysteretic loss. Even so, the core of a transformer always
heats a little because of hysteresis loss.

Vi ] (17
Jy W

{a) (5) (c)
F1a. 3.9. Hysteresis loop for (a) soft iron, (b) steel, (c) alnice-type materials.

3.9 Permanent and Temporary Magnets. A ferromagnetic sub-
stance that holds magnetic-domain alignment well (has a high value of
retentivity) and has a broad hysteresis loop is used te make permanent
magnets. One of the strongest of the permanent magnets is made of a
combination of iron, aluminum, nickel, and cobalt, called alnico. It is
used in horseshoe magnets, electrical meters, headphones, loudspeakers,
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radar transmitting tubes, and in many other applications. Other
magnetically hard, or permanent-magnet, materials are cobalt steel,
nickel-aluminum steels, and special steels.

Ferromagnetic substances that lose magnetism easily (have a low value
of retentivity) are used to make temporary magnets. They find use in
transformers, chokes, relays, and circuit breakers. Pure iron and perm-
alloys (perm derived from permeable, not from permanent) are examples
of magnetically soft, or temporary-magnet, materials. Finely powdered
iron dust, held together with a nonconductive binder, is used for cores in
many radio applications.

3.10 Magnetizing and Demagnetizing. There are two simple
methods of magnetizing a ferromagnetic material. One is to wrap a coil
of wire around the material and force a direct current through the coil.
If the ferromagnetic material has a high value of retentivity, it will
become a permanent magnet. If the material being magnetized is
heated and allowed to cool while subjected to the magnetizing force, a
greater number of domains will be swung into alignment and a greater
permanent flux density will result. Hammering or jarring the material
whilé under the magnetizing force also tends to increase the number of
domains that will be affected.

A less effective method of magnetizing is to stroke a high-retentivity
material with a permanent magnet. This will align some of the domains
of the material and produce a relatively weak permanent magnet.

If a permanent magnet is hammered, many of its domains will be jarred
out of alignment and the value of flux density will be lessened. If heated,
it will lose its magnetism because of increased molecular movement
upsetting the domain structure. Strong opposing magnetic fields brought
near a permanent magnet may also decrease its magnetism. It is impor-
tant that equipment containing permanent magnets be treated with care.
They must be protected from physical shocks, excessive temperatures,
and stray magnetic fields.

When tools or objects such as screwdrivers or watches become per-
manently magnetized, it is possible to demagnetize them by slowly
moving them into and out of the core area of a many-turn coil in which a
relatively strong a-c is flowing. The a-¢ produces a continually alter-
nating magnetizing force. As the object is placed into the core area it is
alternately magnetized in one direction and then the other. As it is
pulled farther away, the alternating magnetizing forces become weaker.
When it is finally out of the field completely, the residual magnetism will
usually be so low as to be of no consequence.

3.11 The Magnetic Circvit. The magnetomotive force, the reluctance
of the magnetic material used, and the flux developed are often likened to
the electric circuit, where electromotive force applied across resistance
produces current. The similarities are:



MAGNETISM 71

(|

magnetomotive force
reluctance
flux

E = electromotive force similar to F
R = resistance similar to ®
I = current similar to ¢

In the electric circuit the three letters can express the concept that the
current in a circuit is directly proportional to the emf and inversely pro-
portional to the resistance, by the Ohm’s-law formula

E

I=-R

where I is the current in amperes; E is the emf in volts; and R is the
resistance in ohmas.

In the magnetic circuit the idea that the total flux is directly propor-
tional to the mmf and inversely proportional to the reluctance of the
material used can be expressed by the formula

where ¢ is the flux in lines; F is the mmf in ampere-turns; and ® is the
reluctance, or reciprocal, of the permeability.

This is sometimes referred to as Ohm’s law for magnetic circuits.

Since the permeability curve of all magnetic materials is curved, or
nonlinear (non-lin-ee-ur, meaning ‘“not like a straight line”), the
reluctance value of magnetic materials will also be nonlinear under
varying values of H. Unless permeability curves for the metal being
investigated are available, accurate magnetic-circuit computations are
not possible. Magnetic-circuit computations will not be dealt with in
this book.

3.12 English versus Cgs Units. The explanation of magnetism has
been made using the English units of measurement in the belief that you
will be able to follow the explanations better if they are given in such
familiar words as “inches,” ‘‘square inches,” and ‘‘ampere-turns.”

In 1930, in an attempt to clear up the many differences of terminology
then in use for magnetism, the International Electrotechnical Com-
mission adopted cgs (centimeter, gram, second) units of measurement
(Table 3.1).

Table 3.1
Symbol | Term Cgs unit name | English equivalent
| - R . P
F | Magnetomotive force | Gilbert 1.26 amp-turns
H Magnetizing force QOersted 0.495 amp-turn/in.
¢ , Magnetic flux Maxwell Lines
B I Magnetic-flux density | Gauss 0.155 line/in.?
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While both the English and the cgs systems are used in magnetic work,
the cgs may be considered more desirable for the engineer. As a result,
the answer to the question, “ What is the unit of magnetomotive force?”
may be “gilbert” instead of “ampere-turn.” The same is true for the
versted (ur-sted) as the magnetizing force, instead of ampere-turns per
inch, maxwells for magnetic flux, and gauss (gows) for flux density.

The number of gilberts produced in a circuit can be found by multi-
plying the ampere-turns by 1.26. The oersted is the magnetizing force
in gilberts per centimeter. The gauss is the
flux density in maxwells per square centimeter.

3.13 Permanent-magnet Fields. When a
piece of magnetically hard material issubjected
to a strong magnetizing force, its domains are

. aligned in the same direction. When the
Fia. 3.10. Magnetic poles a-R .
are determined by direction magnetizing force is removed, many of the
of lines of force. domains remain in the aligned position, and a
permanent magnet results.

As previously stated, the north pole is any place where the direction
of the magnetic lines of force is outward from the magnet. The south
pole is any place where the direction of the lines is inward. This is
illustrated in Fig. 3.10.

It has been explained that the lines of force surrounding current-
carrying wires opposed each other if the lines had the same direction
and attracted each other if of opposite direction. The same is true of
the fields of permanent magnets. When similar poles are held near

(a) (b)
Fia. 3-11. Magnetic fields with (a) like lines repelling and (b) unlike lines attracting
and joining.

each other, lines of similar direction are opposing, tending to push the
magnets apart physically. Unlike, or dissimilar, poles held near each
other produce a physically attracting effect because of lines of force from
both magnets which join as long enveloping loops, as illustrated in Fig.
3.11.

3.14 Magnetic-field Distortion. Under normal circumstances a
permanent magnet made into bar shape and suspended in the air will
have a field surrounding it somewhat similar to that shown in Fig. 3.10.

When a piece of highly permeable material such as pure iron and a
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piece of low-permeable material such as copper are placed in the field, as
illustrated in Fig. 3.12, the field pattern is distorted.

The copper, having practically the same permeability as the air, has
almost no effect on the magnetic lines of force. The iron, being thousands
of times more permeable than air, is a highly acceptable medium in which
the lines of force may exist, and most of the lines on that side, and some
of the lines from the other side of the magnet,
detour into the iron. This produces a dis-
torted field pattern and results in a highly

concentrated field between the magnet and the
piece of iron. This ability to produce a con-

centrated field by using iron to close the 2
magnetic gap between north and south poles of S==N=
magnets is used in many instances in radio and \\/
electricity.

lron

If a magnet is completely encased in a
magnetically soft iron box, all its lines of force  Fia. 3.12. Distortion of bar
remain in the walls of the box and there is no  magnet field due to iron, and
external field. This is known as magnetic :::(mg;b?;?tt;rgﬁe::l}f oy
shielding. Shielding may be used in the op-
posite manner. An object completely surrounded by an iron shield will
have no external magnetic fields affecting it, since all the lines of force will
remain in the highly permeable shield.

3.15 The Magnetism of the Earth. When the world was formed,
enough of the ferromagnetic materials making up the earth had domains
aligned in such a way that the earth appears to be a huge permanent
magnet. The direction taken by the
lines of force surrounding the surface
of the earth is inward at a point near
what is commonly known to be the
north pole of the world and outward
near the earth’s south pole. This
results in a rather confusing set of
facts. The geographical north pole of
the earth is actually near its south
magnetic pole, and the geographical
N south pole 18 near the north magnetic

South geog. pole pole, as shown in Fig. 3.13.

F1a. 3-13. Permanent-magnet field of The familiar magnetic navigational
D Gt compass consists of a small permanent
magnet balanced on a pivot point. The magnetic field of the com-
pass needle lines itself up in the earth’s lines of force. As a result,
the magnetic north end of the compass needle is pulled toward the earth’s
magnetic south pole, since unlike poles attract each other. This means

North geog. pole
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that when the compass needle is pointing toward the geographical north,

its north end is actually pointing toward a magnetic south pole. Navi-

gators disregard the earth’s true magnetic polarity and consider only the

compass needle. To them, anything toward which the north end of the

compass points is said to be “north”’ of the compass, even though it must
have a south magnetic polarity.

e 3.16 Using a Magnetic Compass in Elec-

tricity. When a magnetic field exists in an

area and a freely suspended permanent magnet

e 9 is moved into this field, the lines of force of the
S N permanent magnet will try to line up in the
[ same direction taken by those of the field.

The most concentrated group of lines of force

Q of the magnet, its internal field, lines up with
e the external field.

Fia. 3-14. Compasses indi- A small magnetic pocket compass moved to
cate direction of magnetic different points in a field pI'OdUCEd by a
field surrounding a bar mag- powerful permanent magnet will indicate the
net. direction of the magnet’s field, as shown in
Fig. 3.14. In the same manner, the direction of the lines of force sur-
rounding a coil carrying a direct current can be checked. Note the indica-
tion given by the compass needle when inside the coil: the north end of
the compass will point to the north end of the coil. This is only true
inside the coil. Outside, the north end of the compass points in the
direction of the lines of force which run toward
the south end of the coil. This is illustrated in
Fig. 3.15.

If the current direction in the coil is reversed,
the compass will also reverse. If an a-c is flow-
ing in the coil, the compass will not be able to
follow rapid field reversals and will give no indi-
cation. If the a-c flow is strong enough, the
compass may be demagnetized and become
useless.

The direction of current in a wire can be
determined with a compass. Current flowing
along a wire sets up lines of force aroundit. If Fia. 3.15. Compass indica-
a compass is brought near the wire, the needle tions inside and outside a

. . . . current-carrying coil.
will swing at right angles to the current and in
the direction of the lines of force surrounding the wire. The north
pole of the compass indicates the direction of the lines of force around
the wire, as illustrated in Fig. 3.16. By applying the left-hand current
rule, the direction of current can be determined.

If the current direction is reversed, the direction of the lines of force
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ompass
in field

Lines of force

Current
direction

Fia. 3.16. Compass indicating the direction of the magnetic field around a current-
carrying wire.

will reverse and the compass needle will swing around 180°. As in a coll,
the compass will not indicate if the current is alternating. If the a-c
is strong enough, it may demagnetize the compass.

3.17 Electrons Moving in a Magnetic Field. Electrons will travel
in a straight line in a magnetic field provided they are moving in a direc-
tion parallel to the lines of force.

When electrons are propelled across lines of force, they will move in a
curved path and at right angles to the lines of force. Figure 3.17 illus-
trates the path that will be taken by electrons moving into the magnetic
field shown. The crosses represent the rear view of arrows that indicate
the direction of lines of force pointing into the page.

The direction taken by the electrons as they curve through a magnetic
field can be determined by using the right-hand motor rule, as illustrated.
This states, “ With the thumb, first, and second fingers of the right hand
held at right angles to each other, the first finger pointing in the direction
of the magnetic field, the second finger in the direction of the electron
movement, the thumb will indicate the deflection of the electron.”
Check the electran path taken in the illustration by this rule.

If a wire is carrying the electrons through the magnetic field, the upward
pressure on the electrons tends to move the wire in an upward direction.

XXX XX XXX
XXXX XX

Fia. 3.17. Right-hand motor rule and direction taken by electrons moving through a
magnetic field.
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This is the principle by which electric motors operate and is discussed ir
the chapter on Motors and Generators.

Free electrons moving through magnetic fields are to be found ir
television picture tubes and other vacuum tubes.

3.18 Generating an Emf by Magnetic Means. When a wire i
moved parallel to lines of force, no effect is produced on the free electron:
in the wire.

However, when a conductor is moved upward through the magnetic
field shown in Fig. 3.18, an electron flow is induced toward the right in the
conductor. This current direction may be determined by using the

/ Lines of force

AXXX
HKXXXXX
XXXXXXXX Induced

% emf
XXX XXX XK direction
XXX XXX

XXXX

Conductor moving upward

F1a. 3.18. Left-hand generator rule and direction of induced emf when a conducto)
moves through a magnetic field.

left-hand generator rule. This three-finger rule is somewhat similar tc
the right-hand motor rule. It may be stated, “ With the thumb, first
and second fingers of the left hand held at right angles to each other, the
first finger pointing in the direction of the magnetic field, the thumb ir
the direction of the conductor’s motion, then the second finger indicate:
the direction of the induced emf, or current flow.”

An explanation of the induction of a current in a conductor may b
given as follows (Fig. 3.19): When a wire crosses a magnetic line of fore
(a), the line is stretched around the wire (b) and rejoins itself behind the
wire (c), and the little loop developed around the wire collapses inwarc
(d). The free electrons in the wire move at right angles to the magneti
loop collapsing inward (e¢) and are forced along the wire. The induced cur
rent in the wire due to the collapsing loop is outward from the page in th
illustration. Check this with the left-hand generator rule. (HINT
The collapsing-field motion is inward, which is the same as an outwarc
motion of the conductor!)

While the explanation is given in terms of an induced current it i
usually considered to be an emf that is induced in a conductor moving
across a magnetic field. Both are correct, since producing a difference o
potential between the two ends of the conductor requires some of the fre:
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electrons in the wire to be moved to one end and some removed from the
other end. This is usually considered as a charging current. If a load
is connected across the ends of the conductor, many more electrons
will be forced into movement. In this latter case the heavy current
will produce a magnetic field around the conductor in a direction that will
oppose the original magnetic field. Physical or mechanical energy will
now be required to move the conductor through the field. With no load,
almost no energy is required to move the conductor. This is the basic
theory of an electric generator, explained in the chapter on Motors and
Generators.

}/'ne e/ ég;’/gpsing
oree —__ iward
End view i
5 Emf induced
of nfzov#og foward viewer
conauctor  (g) (6) () (d) ()

Fi1aG. 3.19. Induction of an emf into a wire cutting through a line of force.

The factors that determine the amplitude, or strength, of the induced
emf are:

1. Strength of the magnetic field (number of lines per square inch)

2. Speed of the conductor motion across the lines of force

3. Number of conductors connected in series (as in a generator)

These factors can be simply expressed in the rule, “The greater the
number of lines cut per second, the higher the voltage induced.” When
magnetic lines are cut at a rate of 100 million per second, an emf of one
volt is produced.

3.19 Magnetostriction. In a few applications in communications
equipment the property of ferromagnetic materials to expand or con-
tract when they are subjected to a magnetizing force is used. This is
magnelostriction.

Nickel constricts when under a magnetizing force, while iron expands.
A small part of the magnetic energy stored in such metals is usable as
mechanical energy in this way.

“The maximum contraction or expansion occurs at magnetic saturation.
The direction of the magnetizing force has no effect on the direction of
strain. When a piece of nickel is wrapped with a coil of wire, it will
contract regardless of the direction of the current in the coil.

When the magnetizing force is removed, the magnetostrictive material
springs back to its normal shape or size. The mechanical energy is
converted back into magnetic energy and can be converted further to
electric energy. If the current used as the magnetizing force is con-
tinuously pulsating or alternating, the material will continuously vibrate
mechanically.
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3.20 Relays. A relay is a relatively simple magnetic device, nor-
mally consisting of a coil, a core, and a movable armature, on which make
and break contacts are fastened. Figure 3.20 illustrates one of the simpler
relays used to close a circuit when the coil is energized. It is known asa
single-pole-single-throw, or SPST, relay. The schematic symbol used
in electrical diagrams is also shown.

The core, the U-shaped body of the relay, and the straight armature
bar are all made of magnetically soft ferromagnetic materials having high
permeability and little retentivity. One of the relay contacts is attached
by an insulating strip to the armature, and the other to the relay body
with an insulating material. In this way, the contacts are electrically

Stap Insulation

Soft iron
armalure

Contact

opening 3 —O——n

Spr/hg —»9 ﬂ L
Schematic
symbol of
spst relay

Fi1a. 3.20. Functional parts of a single-pole single-throw d-c relay.

separated from the operational parts of the relay. A spring holds the
armature up when no current flows through the coil, opening the contacts.

When current flows in the coil, the core is magnetized and lines of
force flow around the body of the relay. The gap between the core and
the armature is filled with magnetic loops trying to contract. These
contracting lines of force overcome the tension of the spring and pull the
armature toward the core, closing the relay contacts.

When the current in the coil is stopped, the magnetic circuit loses its
magnetism and the spring pulls the armature up, breaking the contact
connection.

Relays are useful in closing and opening either high-voltage circuits
or high-current circuits with relatively little voltage and current in the
coil circuit.

In some cases it may be required to change the operating voltage of a
relay coil.

Ezample: A 6-volt relay is to be used on 12 volts. The magnetizing force to attract
the armature i8 equal to the ampere-turns of the coil. If the coil has 6 ohms resistance
and 300 turns, the current will be equal to / = E/R, or 84, or 1 amp. The ampere-
turns required is 1 amp times 300 turns, or 300 amp-turns. A resistance may be added
in series with the coil to limit the current to 1 amp when across 12 volts. This resist-
ance must produce a 6-volt drop across it when 1 amp is flowing through it. The
resistance must be B = E/I, or 8, or 6 ohms. However, the heat developed in the



MAGNETISM 79

resistance is a complete waste. It may be more desirable to purchase a 12-volt coil
for the relay or to wind one. To wind one, the size of the wire in the 6-volt coil must
be determined. Then a wire having twice the resistance per unit length and 70 per
cent of the diameter must be used. This is obtained by using a wire having a gage
three units higher. For example, No. 27 wire has twice the cross-section area of
No. 30, and therefore half the resistance. Number 30 has a diameter of 10 mils,
which is 70 per cent of the 14.2-mils diameter of No. 27 wire. When a coil is wound
with the thinner wire to about the same size as the original coil, it will have four times
the resistance and twice as many turns. With 12 volts, ¥ amp will flow through the
600 turns. This represents 300 amp-turns, the required magnetizing force.

If a 12-volt relay coil is to be changed to operate on 6 volts, a wire 1.4 times the
diameter of the original should be used.

To reduce high-resistance oxidation of relay contacts, they are usually
made of silver or tungsten. The silver contacts may pit and require
filing to smooth them from time to time.

More complicated relays are discussed later in the various types of
equipment with which they are used.

When a voltage is applied across a single-layer coil, often called a

solenoid, the current is proportional to the resistance of the wire in the

turns of the coil. If a few turns of the same size wire are added, the
number of turns is increased but the value of resistance is also increased
proportionately, resulting in a proportionate decrease in current. There-
fore the ampere-turns of the circuit and the strength of the magnet do not
change materially, although they may decrease very slightly. However,
when a coil is wound with several layers of wire, as in a relay coil, the
length of the magnetic core is shorter and the total field is more condensed
and is stronger. Increasing the layers in a multilayer coil increases the
magnetic-field intensity tremendously.

COMMERCIAL LICENSE INFORMATION

(Section where answered in parentheses; FCC element numbers at right.)

1. What material is frequently used for relay contacts? (3.20)4«* [8]
2. Which factors influence the direction of magnetic lines of foree generated by an
electromagnet? (3.2) [3 & 6]
8. What is meant by ampere-turns? (3.4, 3.12) [3 & 6]
4. Define the term permeability. (3.5) [3 & 6]
5. Define the term reluctance. (3.5) 3 & 6]
6. Define the term residual magnetism. (3.7, 3.8) [3 & 6]
7. Define the term hysteresis. (3.8) [3 & 6]
8. How can the direction of flow of d-c electricity in a conductor be determined?
(3.16) [3 & 6]
9. How may a magnetic campass be affected when placed within a coil carrying an
electric current? (3.16) [8 & 6]
10. Which factors determine the amplitude of the eg;f mduced ina condu“}br which
is cutting magnetic lines of force? (3.18) [3 & 6]

11. Neglecting temperature coeflicient of resistance and using the same gage of
wire and the same applied voltage in each case, what would be the effect upon the
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field strength of a single-layer solenoid of 5 small increase in the number of turns?

(3.20) [3 & 6]
12. Name at least five pieces of radio equipment which make use of electromagnets.
(3.1) (6]

AMATEUR LICENSE INFORMATION

Applicants for General, Conditional, and Technician Class licenses should be able
to answer the following question:

1. Magnetomotive force (mmf) may be measured in what two units? (3.12)



CHAPTER 4

ALTERNATING CURRENT

4.1 Methods of Producing Emf. There are several methods by
which an electromotive force can be produced. So far a unidirectional
constant-amplitude emf, known as direct current, or d-c, has been the
only type given particular attention. Some of the methods by which
d-c can be produced are:

s Chemical. By batteries.

Thermal. Heat applied to a thermocouple junction produces a small
emf across the junction.

A\ Photoelectric. Light energy striking certain materials produces a
current from or in the material.

Contact, or Friction. Dissimilar materials rubbed together produce a
static charge. (ExAMPLES: An automobile in motion. Walking across
a thick wool rug. Stroking a cat with rubber.)

Alternating current has been mentioned from time to time. From
this point on, a-c becomes more important. Some methods by which it
can be produced are:

‘M agnetic. Mechanical motion of a wire through magnetic fields
induces an alternating emf in the wire, as in generators or alternators.

Magnetostrictive. Mechanical vibration of ferromagnetic materials

“induces an alternating emf in a wire wrapped around the material.

Piezoelectric. Mechanical vibration of quartz or Rochelle salt pro-
duces an alternating emf between two plates on opposite sides of the
crystal.

42 A Basic Concept of Alternating Current. A generator that
develops an emf that alternately forces electrons through a circuit in one
direction, stops them, and then forces them in the opposite direction is
called an alternator. Tt produces alternating voltages, which in turn can
produce alternating currents in a circuit.

When it comes to doing electrical work, such as rotating motors,
lighting lamps, and so on, either d-c or a-c can be used. In some cases
it may be easier to do it with one, in other cases with the other.

Perhaps the biggest advantage of a-c is the ease with which it can be
stepped up or stepped down by a transformer, in itself a relatively simple

8]
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piece of equipment. When electric power is transported over long dis-
tances there is much less power lost in heating the power lines themselves
if the voltage is high, because with higher voltages less current is required
to produce the same amount of power at the far end of the line. Power,
or heat, loss in a line is computed by the power formula P = I?E. Since
power loss is proportional to the current squared, anything that will
lessen the required current will greatly lessen the power lost in heat.
Doubling the voltage in a system reduces the required current to one-
half for the same power. Since power is proportional to the current
squared, one-half squared equals one-quarter the power loss in the resist-
ance of the wires. This is the reason why power companies transport
electric energy over long distances at potentials of 110,000 volts or more.

Tyl Ayt Ao

(a) (6} {c)

Fig. 4.1. Three possible a-c waveshapes. (a) Square wave. (b) Saw-tooth wave.
(c) Sine wave.

Alternating current or voltage can be produced in many forms. Three
different forms are illustrated in Fig. 4.1.

Figure 4.1a shows current flowing in one direction at a constant
amplitude for a period of time, and then immediately reversing to the
opposite direction of flow in the circuit for a period of time, and then again
reversing to the first direction, and so on. This is known as a square-wave
form of a-c.

Figure 4.1b shows the current starting to flow at a low value, rising to a
peak value for an instant, then decreasing to zero, then starting to flow
and increasing in the opposite direction. This is a saw-tooth form of a-c.

Figure 4.1¢ shows the current rising to a peak, as it did in the saw-tooth
waveform, except that it approaches the peak more slowly. If the cur-
rent increases as the sine of the angle (explained later), it is known as
sine-wave, or sinusoidal (pronounced sign-you-soy-dl), a-c. Sine-wave
a-c is considered to be the perfect waveform. It is the type normally
used by power companies and generated by radio stations. Whenever
a-c is mentioned it is considered to be sinusoidal unless specified to be
otherwise.

4.3 The A-C Cycle. The electron flow in an a-c circuit is continually
reversing. Each time it reverses it is said to be alternating. Two of
these alternations result in a cycle. This is illustrated in Fig. 4.2, which
shows two cycles of a-c.

The curved line represents the amount of current flow (or voltage) in a
circuit. It indicates that the current begins to flow at the point of time
marked 0°, increases until the 90° point is reached, and then decreases
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in strength to the 180° point. This completes one-half cycle, or one
alternation. The current now reverses direction and increases in strength
to the 270° point, and then decreases to zero current at the 360° point.
It has completed one cycle, 360°, and the starting condition is again
established. (A cycle may also be considered as starting at the 90° point
and moving through to the next 90° point, since the starting condition is
again reached. However, a cycle is normally considered to start at 0°.)

The horizontal line in Fig. 4.2 on which the degrees are marked is
known as the time line, since it represents time progressing to the right.

A complete cycle is represented by 360°, a half cycle is represented
by 180°, a quarter cycle by 90°. A point on the time Jine one-third of

——

Direction and
amplitude

B

Direction and
amplitude

:

F1a. 4.2. Two cycles of sine-wave a-c, amplitudes shown every 30 electrical degrees.

the way from 0 to 90° is represented as 30°. A point two-thirds of the
time from the zero point to the maximum is said to be 60°. The maxi-
mum point is at either 90 or 270°.

A point 30° past 90° is 120°, and the amplitude of a current, or voltage,
at 120° will equal the amplitude of the current, or voltage, at the 60°
point. This can be seen in the illustration.

If the cycle is a true sine wave, the amplitude of the current at the 30°
point will be exactly one-half of the maximum value. It will have the
same value at the 150, 210, and 330° points. Mathematically, the
sine of 30° is 0.5, or one-half of the maximum value, whatever the maximum
happens to be. The sine values of angles in degrees or to tenths of a
degree can be found in mathematics tables. At this time the sine of
only four angles will be discussed, 0, 30, 60, and 90°.

The sine of 60° is 0.86. Therefore the amplitude of the cycle at 60°
is 0.86 of the maxtmum value. The amplitude of the current at the
120, 240, and 300° points will be the same as at 60°.

The sine of 0, 180, and 360° is zero. The sine of 90 and 270° is the
maximum, or peak, value.

A circle may also be used to represent a complete cycle. In electrical
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work, the circle is considered as starting at the right-hand side and as
rotating counterclockwise—up, over, down, and back to the start, as
shown in Fig. 4.3.

90°~ fgg‘;g’."f’;;’;ﬂb , According to the circle, 90° is
N
\ actually a quarter of a cycle from the
N\ start, 180° is half a cycle, and so on.
o0 \ This method of indicating the num-
o 00

ber of electrical degrees, or the angle,
is quite graphic. A point 90° from
Vectorarow the starting point of the circle is
2 actually 90° or a right angle from
the starting point.

The arrow from the center of the
circle to the zero point in the illus-
tration above may be termed a vector arrow. A quarter cycle represents
90° rotation of the vector arrow. A half cycle represents 180° rotation
of the vector arrow. The position of the vector arrow in relation to the
zero direction indicates an angle from zero.

This can be called an angular vector since it —m
is indicating an angle.

An example of a vector arrow used as an \W
amplitude vector is shown in the cycle of Fig.

4.4. In this case the length of the vector Fiq. 4.4. Vectors indicating
arrows varies as the amplitude of the current iﬂstantageous amplitudes
varies. These vectors do not indicate angles, ©VerY 30° of one cycle.

but they do indicate the amplitude of the current, or voltage, at the
‘“angle” in degrees along the time line at which they are drawn. Their
direction indicates the relative direction of the current in the circuit,

270°

Fia. 4.3. Vector method of indicating
an a-c cycle.

vector at one
particulor instant

Instantoaneous voltoge
or current amplitude

Zero vector

Instaontaneous angle

F1a. 4.5. Position of vector indicates instantaneous voltage or current amplitude at
that particular instant.

They show that the current of the first half cycle is flowing in one direc-
tion in the circuit, and in the opposite direction during the second half
cycle.

Vector arrows are handy implements to represent quantities, angles, or
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directions. The amplitude vectors are visually indicating the instan-
taneous values. If a vector arrow in a sine wave is drawn at the peak, the
instantaneous value is the maximum value. If the vector is drawn at the
30° point on the time line, the instantaneous value is 0.5 of the maximum.
The vector arrow at 60° will show an instantaneous value of 0.86 maxi-
mum. An instantaneous value indicates the value of a voltage, or cur-
rent, at a particular instant.

Rotating vectors have been explained as indicating the angle of
instantaneous values of current, or voltage, in a cycle. The distance
between the point of the rotating vector arrow and the zero vector line
indicates the instantaneous amplitude, as illustrated in Fig. 4.5.

4.4 Peak and Effective A-C Valuves. A 10-amp direct current and a
10-amp peak alternating current are both graphed to the same scale in

1 l ] TTTTTITI
+10 | | 100mp |||
i .llh’lliln il (1
T T

I
ll -10amp

Alternating current Direct current
Fic. 4.6. Comparison of 10-amp peak a-c wave and 10-amp d-c.

Fig. 4.6. The d-c represents a constant 10-amp value. The a-c rises
to a peak of 10 amp but is at this value for only an instant. Then it
drops to zero, reverses, increases to 10 amp in the opposite direction,
and then drops to zero again. Although it is equally effective in doing
work on both half eycles, during most of the cycle the a-¢ has a value less
than the constant 10-amp d-c¢ and will be unable to produce as much heat
or accomplish as much work as an equivalent peak d-c can.

Power being proportional to either E? or I* (P = E*/R, or = I’R),
if all the instantaneous values of a complete cycle of sine-wave voltage,
or current, are squared, and then the average, or mean, of all the squared
values are found, the square root of this mean value will be 0.707 of
the peak value. This root-mean-square, or rms, value represents how
effective an a-¢ will be in comparison with its peak value. The effectiv
viilie of the a-c cycle is equal to 0.707 of the peak. In the comparison
of ‘d-¢ and a-c, the 10-amp peak a-c will be only as effective at producing
heat and work as 7.07 amp of d-c. It may be said that the effective value
of an a-c is its healing value.

To determine the peak value of an a-c that is as effective as d-c, it
is necessary to multiply whatever effective value is given by the reciprocal
of 0.707 (1/0.707), which is 1.414. For an a-c to be as effective as 10 amp
of d-¢, it must be 10 X 1.414, or 14.14, amp at the peak.

Peak and effective values are not used with d-c, since they are the same
quantities with a current that does not vary.
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Peak and effective factors of 1.414 and 0.707 are applicable only when
the current, or voltage, is a sine wave. With square-wave a-c the effec-
\Aiye factor will be much higher than 0.707, With saw-tooth waveshapes
the factor is less and usually approximates 0.5. The a-c produced by
microphones responding to certain types of noises may have an effective
value of only 0.3 or 0.2 of the peak value. However, the sine-wave factors
are the most important to remember since a-c is usually considered to be
sinusoidal.

In everyday work with a-c, it is the effective value that is used. When
problems are given, it is always assumed that the effective value is to be
employed, unless stated otherwise. When the power company states it
is furnishing 120 volts a-¢, it means an effective 120 volts, or 170 volts
peak (120 X 1.414).

4.5 The Average Value of A-C. An a-c¢ cycle has a peak and an
effective value and also a less frequently used value called the average.
It is the value obtained when 360 instantaneous values, each separated
by one degree, are added and then the average of them all is found by
dividing the sum by 360. This results in the average value, which is
0.636 of the peak value.

The average value tends to be confusing to the beginner. He confuses
average with effective, probably because it seems that the average value
should represent how much work the a-c cycle should do. As pointed out
previously, however, it is the effective, or rms, value that does this.

To summarize:

) / A-c peak value 1.414 times the effective value
>ﬁ A-c effective value = 0.707 times the peak value
A-c average value = 0.636 times the peak value

From these values it is passible to compute the multiplying factor to
change from average to peak, 1.57; the factor to change from effective
to average, 0.9; the factor to change from average to effective, 1.11.

At this point it might be well to advise the beginner to disregard the
average value temporarily. Later, in the study of meters and power
supplies, it is used and discussed.

4.6 Frequency. The number of times an alternating current goes
through its complete cycle per second is known as its frequency.

The basic unit of measurement of frequency is cycles per second. It is
customary to omit the ‘“per second” in normal usage.

To simplify terminology, kilocycle, meaning 1,000 cycles (abbreviated
kc), and megacycle, meaning one million cycles (abbreviated Mc), may be
used. Thus, a frequency of 3,500,000 cycles can be expressed as 3,500
kilocycles (3,500 ke), or 3.5 megacycles (3.5 Mc).

Frequency is also used when speaking of various waveforms other than
electric. Sound waves, which are disturbances of the air, use this term.
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For example, when middle C is played on a musical instrument, an air
disturbance with a frequency of 256 cycles per second is set up. The
lowest tone that can be heard by humans is about 20 cycles. The highest
audible, or audio, tones are usually between 15 and 20 ke. A device that
can change sound waves to equivalent frequency a-c is the microphone.

Table 4.1

Terms used Fregquency range
Power frequencies. .............. ... ... . ... ... ... .. 30 to 800 cycles
Audio frequencies (AF)................. ... .. ... ... .. 20 to 20,000 cycles
Video frequencies.................. .. ... ... . ... .. .. 15 to over 4,500,000 cycles
Supersonic or ultrasonic frequencies.. ... ... ... ... ... 25 ke to over 1,000 ke
Very low radio frequencies (VLF)................... .. 10 ke to 30 ke
Low radio frequencies (LF).......................... 30 ke to 300 ke
Medium radio frequencies (MF)...................... 300 ke to 3,000 ke
High radio frequencies (HF)..................... .. .. 3 Mc to 30 M¢
Very high radio frequencies (VHF)................ ... . 30 Mc to 300 Me
Ultrahigh radio frequencies (UHF)............... ... .. 300 Mc to 3,000 Me¢
Superhigh radio frequencies (SHF).......... . ... ... . .. 3,000 Mc to 30,000 Mec
Extremely high radio frequencies (EHF)............... 30,000 Mc to 300,000 Mc

The list of frequencies in Table 4.1 indicates the terminology that may
be used for different a-c frequencies. Note the overlapping of the fre-

quencies from 10,000 to 1 million

cycles. The letters in parentheses /\ A

are abbreviations commonly used. zi5°v \/ U
At power frequencies, materials

such as fiber, cambric, cotton, some
types of glass, black rubber, and im-
pure bakelite are satisfactory insula- A A A A
tors. At radio frequencies, mica, v v v
low-loss hard rubber, special porce-

lains, Isolantite, Myecalex, polysty- L .l‘
rene, steatite, plastics, and special

glasses have lower losses and are to (6)
be preferred.
4.7 Phase. Therearethreeways /\,—-\[ L~
in which alternating currents, emfs, U "‘U
or waves can differ. These are (1)
amplitude, (2) frequency, and (3) ()
phase. F1g. 4.7. Three examples of phase dis-

q . . . placement between two waves. (a)
The amplitude is the relativeheight g 5 lin leads dotted line by 45°. (b)

of the a-¢ wave. Dotted line falls out of and back in
The frequency is the number of phase. (c) Two waves 180° out of
cycles per second. Pl
The phase is the number of electrical degrees one wave leads or lags
another. Figure 4.7a illustrates two a-c waves graphed on the same time
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line. The solid-line wave starts upward before the dotted-line wave and
is therefore ‘“leading” the dotted line. They are out of phase, or out
of step, by approximately 45°. If they were in phase they would go to
maximums at the same instant and to zero at the same instant.

The two waves shown in Fig. 4.7b start out in phase, drop out of phase,
and then return in phase again. To change phase this way, one or both
of the waves must change frequency slightly. These waveforms may
represent two voltages, two currents, or a voltage and a current. The
two waves shown in Fig. 4.7¢ are 180° out of phase.

COMMERCIAL LICENSE INFORMATION

(Section where answered in parentheses; FCC element numbers at right.)

1. What are the frequency ranges included in the following frequency subdivisions:
MF (medium frequency), HF (high frequency), VHF (very high frequency), UHF
(ultrahigh frequency), SHF (superhigh frequency), and EHF (extremely high fre-

quency)? (4.6) [8]

2. What is the relationship between the effective value of an RF current and the

heating value of the current? (4.4) [8 & 6]

8. What is the effective value of an a-c sine wave in relation to its peak value?

(4.4) [3 & 6]

4. Name four materials which are good insulators at radio frequencies. Name

ples . four materials which are not good insulators at radio frequencies, but which are satis-
factory for use at commercial power frequencies. (4.6) [8 & 6)

6. What is the meaning of phase difference? (4.7) [8 & 6]

{ l'::u ,. 6. Indicate by a drawing a sine wave of voltage displaced 180° from a sine wave of
e current. (4.7) [3 & 6]
7. What is the ratio of peak to average values of a sine wave? (4.5) [6]

*701 — l.¢rd

AMATEUR LICENSE INFORMATION

It is recommended that applicants for Novice Class licenses be able to answer
questions prefaced by a star. Applicants for General, Conditional, and Technician
Class Licenses should be able to answer all questions.

*1. What is the relationship between a cycle and a kilocycle? Between a cycle and
a megacycle? (4.6)
*2. What is the recognized abbreviation for kilocycles? For megacycles? (4.6)

8. What is meant by power frequency, audio frequency, and radio frequency?
(4.6)

4. In what three ways may a-c waves differ? (4.7)

6. How much greater is the peak value of a sine-wave a-¢ than the effective value
read on an a-c meter? (4.4)

6. What is the unit of measurement of frequency? (4.6)



CHAPTER 5

INDUCTANCE AND TRANSFORMERS

5.1 Inductance. Coils of wire have been mentioned in the chapter
on Magnetism, when the electromagnetic effect produced by current
flowing through them was considered. An equally and probably
mny change in current through it. This property is called inductance.
To explain it, the coil will first be straightened out and its functioning as a
straight piece of wire will be discussed.

When a current of electrons starts to flow along any conductor, a
magnetic field starts to expand from the center of the wire. These lines

peT— ¥
: Applied
| voltage
I: \Current ||| l

Time —

(a) ()

Fia. 5.1. Rise in current plotted against a time base (a) for an inductive circuit, (b)
for a resistive circuit of negligible inductance.

of force move outward, through the conducting material itself, and then
continue into the air. As the lines of force sweep outward through the
conductor, they induce an emf ¢n the conductor itself. This induced volt-
age is always in a direction opposite to the direction of current flow.
Because of its opposing direction it is called a counter emf, or a back emf.
The direction of this self-induced counter emf can be verified by using the
left-hand generator rule (Sec. 3.18).

The effect of this backward pressure built up in the conductor is to
oppose the establishment of a maximum value of current. It must be
understood that this is a temporary condition. When the current
eventually reaches a steady value in the conductor, the lines of force will
no longer be expanding or moving and there will no longer be any counter
emf produced. At the instant when current begins to flow, the lines of
force are expanding at the greatest rate and the greatest value of counter
emf will be developed. At the starting instant the counter emf has a
value just short of the applied, or source, voltage (Fig. 5.1a).

89
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The current value is small at the start of current low. However, as
the lines of force move outward, the number of lines of force cutting the
conductor per second becomes progressively smaller and the counter emf
becomes progressively less. After a period of time the lines of force
expand to their greatest extent, the counter emf ceases to be generated,
and the only emf in the circuit is that of the source. Maximum current
can now flow in the wire or circuit, since the inductance is no longer
reacting against the source voltage.

If it were possible to produce a current by applying a voltage across
a wire and not produce a counter emf, then Fig. 5.1 would represent the
action of the current. It shows a current reaching the maximum value
instantly—just as soon as the voltage is applied.

5.2 Self-induction. When the switch in a current-carrying circuit
is suddenly opened, an action of considerable importance to some phases
of radio and electricity takes place. At the instant the switch breaks the
circuit, the current due to the applied voltage would be expected to cease
abruptly. With no current to support it, the magnetic field surrounding
the wire should collapse back into the conductor at a tremendously high
rate, inducing a high-amplitude emf in the conductor. Originally, when
the field built outward, a counter emf was generated. Now, with the
field collapsing inward, a voltage in the opposite direction is produced.
This might be termed a counter counter emf, but is usually known as a
self-induced emf. This self-induced emf is in the direction of the applied
source voltage. Therefore, as the applied voltage is disconnected, the
voltage due to self-induction establishes current flow through the circuit
in the same direction and aiding the source voltage. With the switch
open it would be assumed that there is no path for the current, but the
induced emf immediately becomes great enough to ionize the air at the
opened switch contacts and a spark, or arc of current, appears between
them. The arc lasts as long as energy stored in the magnetic field exists.
This energy is dissipated as heat in the are.

With circuits involving low current and short wires, the energy stored
in the magnetic field will not be great and the spark may be insignificant.
With long lines and heavy currents, the inductive are, when the circuit
is interrupted, becomes of considerable consequence. Inductive arecs
several inches long may form between opened switch contacts. The
heat developed by arcs of such magnitude tends to melt the switch con-
tacts and is a source of difficulty in high-voltage, high-current circuits.

Note that regardless of any change of current amplitude or direction
in a conductor, the induced emfs oppose the current change. With a
steady, unvarying direct current, there is no change of current and no
opposition developed. When a varying d-¢ is flowing, as the source
voltage increases, the counter emf opposes the increase. As the source
voltage decreases, the self-induced emf opposes the decrease. An
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alternating current is in a constant state of change and a continual
opposing or reacting action results. From this behavior comes the
definition: Inductance is the property of any circuit which opposes any
change in current. Another definition: Inductance is the property of a
circuit by which energy is stored in the form of an electromagnetic field.

The unit of measurement of inductance is the henry, defined as the
amount of inductance required to produce an average counter emf of
one volt when an average current change of one ampere per second is
under way in the circuit. Inductance is represented by the symbol E
in electrical problems, and henrys by h.

5.3 Coiling an Inductor. In the explanations so far, it has been
indicated that a piece of wire has the ability of producing a counter emf

Portion of mognetic
field of each turn

«~—Single turn

~—+ Current
F1a. 5.2. Fields surrounding two separated turns.

and therefore has a value of inductance. Actually, a small length of wire
will have an almost insignificant value of inductance by general electrical
standards. One henry represents a relatively large inductance in most
radio applications, where millihenrys and microhenrys are more likely
to be used. A straight piece of wire would have to be thousands of yards
long before it would have one henry of inductance. On the other hand,
if a few hundred feet of wire are
wound onto an iron or other high-
permeability core, intense magnetic
fields are produced and the induct-
ance value of the circuit may be mliiad field
several henrys. of both turns
Even without the iron core, a
given length of wire will have much Current
greater inductance if wound into coil ) —
form. Consider Fig. 5.2, showing F1c. 5.3. Field surrounding two close-
: wound turns.
two loops of wire separated by enough
distance so that there is essentially no interaction between their two
magnetic fields. Neglecting the inductance of the connecting wires, it
may be said that these two loops, or furns, have twice the inductance of a
single turn.
When the two loops are wound next to each other, as shown in Fig. 5.3,
with the same current flowing, there are now twice the number of mag-
netic lines of force cutting each turn. With two turns, four times the
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counter emf is developed. With three turns, three times the number of
lines of force cut three turns (3 times 3), so nine times the counter emf is
developed. The inductance of a coil varies as the number of turns
squared, or as N? where N stands for the number of turns. However,
it can be seen that length of the coil is also going to enter into the exact
computation of the inductance of a coil. If the turns are stretched out,
the field intensity will be less and the inductance will be less. Further-
more, the larger the radius or diameter of the coil, the longer the wire used
and the greater the inductance. In many radio applications, single-layer
air-core coils with a length approximately equal to the diameter are used.
A formula that will give the approximate inductance of such a coil in
microhenrys (abbreviated xh) is

r2N2
= or + 100

where L is inductance in microhenrys; r is radius
in inches; N is number of turns; and ! is length of
coil in inches.

For more accurate and detailed formulas to
compute inductance of various shapes of coils with
various permeability cores, refer to radio or elec-
trical engineering handbooks.

F16. 5.4. Coil wound in The inductance of straight wires alone is en-
toroid form. . g q .

countered in antennas, in power lines, and in
ultrahigh-frequency equipment. In most electronic and radio applica-
tions where inductance is required, space is limited, and wire is wound
into either single-layer or multilayer coils, using air, powdered-iron com-
pound, or laminated (many thin sheets) iron cores. The advantage of
multilayer coil construction when high values of inductance are required
becomes obvious when it is considered that while two closely wound turns
produce four times the inductance of one, the addition of two more turns
closely wound on top of the first two will provide almost 16 times the
inductance.

In many radio applications air-core coils are constructed with iron-
compound cylinders that can be slid into or out of the core space of the
coil. This results in a controlled variation of inductance, maximum
when the iron core is in the coil and minimum with it out.

A special type of coil used in many communications circuits is the
toroid. It consists of a doughnut-shaped powdered-iron-compound core,
either single-layer- or multilayer-wound, as shown in Fig. 5.4. Its
advantages are high values of inductance with little wire, and therefore
little resistance in the coil, and the fact that all the lines of force are in
the core and none outside (provided there is no break in the core). As
a result it requires no shielding to prevent its field from interfering with

]l
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outside circuits and to protect it from effects of fields from outside sources.
Two toroids can be mounted so close that they nearly touch and there will
be almost no interaction between them.

5.4 The Time Constant of an Inductance. The time required for the
current to rise to its maximum value in an inductive circuit after the
voltage has been applied will depend on both the inductance and the
resistance in the circuit. With a constant value of resistance in a circuit,
the greater the inductance, the greater the counter emf produced and the
longer the time required for the current to rise to maximum.

With a constant value of inductance in a circuit, the more resistance,
the less current that can flow. The less current, the less paossible counter
emf to oppose the source emf and the less time required to reach a maxi-
mum current value.

It has been found that the time required for the current to rise to
63 per cent of the maximum value can be determined by

L
T=%

where T is time in seconds; L is inductance in henrys; and R is resistance
in ohms.

According to this formula, a 10-henry coil with 10 ohms resistance will
allow current to rise to 63 per cent of maximum in one second. In the
next second, the current will rise 63 per cent of the remaining amount
toward maximum, and so on. (If a coil could be produced with zero ohms
resistance, the current would never arrive at the maximum value.) A
time equivalent to about five times the value computed by the time-
constant formula results in a current within 1 per cent of the maximum
that will ever be attained. A circuit with zero inductance and only
resistance will reach the maximum current value instantly.

The time-constant formula also indicates the time required for current
to decrease 63 per cent from maximum, or to drop to 37 per cent of the
maximum value.

5.5 The Energy in a Magnetic Field. Current flowing in a wire or
coil produces a magnetic field around itself. If the current suddenly
stops, the magnetic field held out in space by the current will collapse
back into the wire or coil. Unless the moving field has induced a voltage
and current into some external load circuit, all the energy taken to build
up the magnetic field will be returned to the circuit as electric energy as
the field collapses.

The amount of energy in joules that is being stored in a magnetic field
at any instant can be determined by the formula

LI? l

En =5
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where E, is energy in joules; L is inductance in henrys; and 7 is current
in amperes.

5.6 Choke Coils. The ability of a coil to oppose any change of cur-
rent is used to smooth out varying or pulsating types of current. In this
application the inductor is known as a choke coil, since it chokes out

Air gap

@) if used

T
(b) (c)
Fia. 5.5. (@) Symbol for air-core coil. (b) Symbol for iron-core coil. (¢) An iron-
core choke coil.

Fic. 5.6. Inductances. Left rows, iron-cored power supply and audio chokes. Upper
right, variable inductances employing a movable connector, a rotating coil inside an
outer coil (variometer), and a screwdriver-adjustable powdered-iron core. Lower
right, air-cored RFC coils.

variations of amplitude. For radio-frequency a-¢ or varying d-c an air-
core coil is used, but for lower-frequency circuits greater inductance is
required. As a result, iron-core choke coils are to be found in audio-
frequency and power-frequency applications.

A choke coil will hold a nearly constant inductance value until the
core material becomes saturated. When enough current is flowing




INDUCTANCE AND TRANSFORMERS 95

through the coil to magnetically saturate the core, then variations of
current above this value can produce no appreciable counter emfs and
the coil no longer acts as a high value of inductance to these variations.
To prevent the core from becoming magnetically saturated, a small air
gap may be left in the iron core. The air gap introduces so much reluc-
tance in the magnetic circuit that it becomes difficult to make the core
carry the number of lines of force necessary to produce saturation. The
gap also decreases the inductance of the coil.

Figure 5.5 shows the symbol for an air-core coil or choke, an iron-core
coil or choke, and a simplified picturization of an iron-core choke.

5.7 Mutual Inductance. A single coil has a value of inductance, or
self-inductance. As explained previously, a coil has one henry of induct-
ance if an average current change of one ampere in one second produces
an average counter emf of one volt in it.

If one coil is placed near a second, it will be found that alternating or
varying currents in the first produce moving magnetic fields that will
induce voltages in the second coil. The farther apart the two coils are,
the fewer the number of lines of force that interlink the two coils and the
lower the voltage induced in the second coil (100 million lines per second
cutting one turn induce one volt).

When an average current change of one ampere per second in the first
coil can produce moving fields that will induce an average of one volt in
the second, the two coils are said to have a mutual inductance of one
henry, regardless of the inductance values of the two coils themselves.

The mutual inductance can be increased by moving the two coils
closer together or by increasing the number of turns of either coil.

In power transformers the two coils are so arranged that almost all the
lines of force of the first coil cross the turns of the second coil and a high
mutual inductance results.

When all the lines of force from one coil cut all the turns of a second coil,
unity coupling exists, and the mutual inductance may be found by the

formula
.M = ‘VLle

where M is mutual inductance in henrys; L, is the inductance of one coil
in henrys; and L, is the inductance of the second coil in henrys.

This formula assumes 100 per cent coupling between the two coils. If
all the lines from the first coil do not cut all the turns of the second coil,
the mutual inductance is determined by the formula

M =k \/LL,
where k is the coefficient or coupling.

Ezample: If a 2-henry coil has 84 per cent of its lines of force cutting a 4.5-henry
coil, what mutual inductance exists? Substituting in the formula given above,

M = k/LiL; = 84% \/2(4.5) = 0.84 /9 = 0.84(3) = 2.52 henrys
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5.8 Coefficient of Coupling. The degree, or closeness, of coupling
can be expressed as a percentage. While the term percentage of coupling
can be used, another term, coefficient of coupling, is to be preferred. One
hundred per cent is equivalent to a coefficient of 1.0, or unity; 95 per cent
is equivalent to a coefficient of coupling of 0.95; and so on.

The coefficient of coupling between two coils can be computed from the
rearrangement of the mutual inductance formula

Lo M
VL.L,

The answer obtained in this formula will always be a decimal, unless
the coefficient were unity. By multiplying a coefficient by 100, the
answer will be in percentage.

Ezample: The mutual inductance between two coils is 0.1 henry, and the coils have
inductances of 0.2 and 0.8 henry, respectively. What is the coefficient of coupling?
Substituting in the formula,

M 0.1 0.1 0.1
075 A e e
Coils with relatively high coefficients of coupling may be said to be
tightly coupled. With low values of coupling they are said to be loosely
coupled. What is tight and what is loose vary in different applications.
In power transformers the coefficient may
vﬁx exceed 0.98, while in some radio circuits
coefficients as low as 0.01 are readily usable.
”E 1 henry 5.9 Inductances in Series. Electric cir-
cuits often have two or more inductances in
| them. Whether the magnetic fields of the
LAY T two coils interlink or not determines the
A-c source

F1G. 5.7. Two uncoupled induc-
tances in a series circuit.

”§ 1 henry

effective amount of inductance presented
to the circuit by the coils.

Figure 5.7 shows two 1-henry coils and a
resistor in series across an a-c source. Since the two coils are apparently
widely separated, no interlinkage of fields occurs and the total inductance
in the circuit is simply 2 henrys (neglecting any slight inductance in the
connecting wires). The formula for uncoupled inductances connected in
series is

Li=Li+Ly+Ls+ - - -

where L, is the total inductance in henrys; and L;, L,, etc., are other
inductances in henrys.

(Note the similarity of this series-inductance formula to that of series
resistors.)
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Figure 5.8 shows two 1-henry coils and a resistor in series across an a-c
generator, but the two coils are close enough so that the lines of force
from one interlink the other coil. Now, the mutual inductance will affect
the total inductance value. If the coils are wound in the same direction,
the emf induced from one to the other will be ¢n phase, or additive, and the
total inductance value will be more than

. sy . 1h h
the simple addition of the twoinductance i eoe
values alone. The effective inductance é

of two in-phase series-connected induct- , .
ances is determined by using the formula source

AAA
VVv

L;=L1+L,+2M

Fic. 5.8. Two series inductances

where M is mutual inductance in henrys; placed to intercouple their fields.

and other symbels as given above.

If the two coils were unity-coupled and each had 1 henry of self-
inductance, the total inductance value would be 4 henrys.

If two coils are wound in opposite directions and coupled, the induced
emf in the coils will be in opposition, or out of phase, and will tend to
cancel each other, resulting in less effective inductance. The formula in
this case is

Lt = L1 + Lz e 2M

If the two coils were unity-coupled and each had 1 henry of self-
inductance, the total inductance value would be zero henrys. The two
coils would have completely can-
celed each other’s inductance.

5.10 Inductances in Parallel.
i L,g L,% In some cases in radio and elec-

tronics two or more inductors, or
inductances, are connected in par-
allel, as shown in Fig. 5.9.

If the two inductances have 1
henry each, the resultant inductance (assuming no interaction of their
fields) will be 14 henry. This inductance is computed using a formula
similar to the parallel-resistance formula:

_ LiL,

Li+ L.

If three or more inductances are in parallel, a formula similar to the
parallel-resistance formula may be used:
- L

1/Ly+ 1/Ly + 1/Ls

Since coils are rarely connected in parallel and intercoupled, the
necessarily more complicated formulas required will not be presented.

F1a. 5.9. Two parallel inductances.

L,

L,
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5.11 Shorting a Turn in a Coil. There are several methods of reduc-
ing the inductance of a coil, for example, taking turns off of the coil,
stretching the coil out until it has a greater length, and using a less
permeable core. Another method is to short out one of the turns of the

coil, as shown in Fig. 5.10.
W_ If one turn of a coil is shorted, there is one
Connector shorls  less turn in the coil and the coil has a little
out ong turn o . q
Fio. 5,10, Coil with & shorted €55 inductance. If d-c is flowing through
turn. the coil, there will be relatively little change
in the magnetic field around the coil.
However, when a-c flows through the coil, the expanding and contracting
fields from adjacent turns cut the shorted turn and induce an emf in it.
This emf induces a relatively high-amplitude current in the shorted turn.

The emf induced in the shorted turn is a counter emf. It produces a
current in the shorted turn in an opposite direction to that flowing in
the remainder of the coil. This results in a counteracting field, partially
canceling the field of the coil. The inductance of the coil is materially
reduced, much more than would result from cutting off the turn.

In some radio applications where a variation of inductance is desired,
a shorted turn in the form of a loop of wire or a brass disk may be brought
near a coil, effectively reducing the inductance of the coil. The closer
the loop is to the coil, the more it counteracts the inductance of the coil.
A shorted turn will usually become warm, or hot, depending on how much
current is induced in it.

5.12 Inductive Reactance. It has been explained previously that d-¢
flowing through an inductance produces no counter emf to oppose the
current. With varying d-¢, as the current tries to increase, the counter
emf opposes the increase. As the current tries to decrease, the counter
counter emf opposes the decrease. Alternating current is in a constant
state of change, and the effect of the magnetic fields results in a continual
induced voltage opposition to the current. This reacting ability of the
inductance against the changing current is called inductive reactance.

Inductance is the property of a circuit to oppose any change in current
and is measured in henrys. Inductive reactance is a measure of how
much counter-emf opposition the circuit will produce under different
conditions and is measured in ohms.

It may be considered that the inductance of a coil does not change.
Whether it is used in a d-¢ circuit, or in a 60-cycle circuit, or in a 10,000-
cycle circuit or whether it lies unused on a shelf, a 1-henry inductance hasa
value of 1 henry. Its property has not changed. When d-c is flowing
through a 1-henry coil, it will not oppose the current flow in any way,
unless there is ohmic resistance in the coil. In a low-frequency. 60-cycle
circuit, the magnetic field builds up and collapses relatively slowly and
relatively little counter emf may be developed to oppose the current
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in the circuit. In a higher frequency circuit, the magnetic field moves
more rapidly, produces more counter emf, and opposes the current
more. The amount of opposition, or reactance, varies directly as the
frequency of the current variation.

A 1-henry coil will produce a certain value of opposition to a 60-cycle
a-c. A 2-henry coil has twice the counter-emf-producing capability
and opposes the current change twice as much. Therefore reactance is
also directly proportional to the inductance value.

When the inductance in henrys is multiplied by the frequency in cycles
and this is multiplied by 2r (Greek letter pi), an inductive reactance
value results that is similar to a resistance value in ohms. The inductive-
reactance formula is

XL = 27rFL

where X is inductive reactance in ohms; = is 3.14; F is frequency in cycles
per second; and L is inductance in henrys.
The Greek letter w (omega) is often used to indicate 2xF. (This is

known as the angular velocity of the N
cycle and indicates how fast the cur- —4)
rent is changing.) Thus, X. = wL. s00-von,
As an example of how much induc- 3'.00"5‘3, acle 2 henrys"é
tive reactance is presented by a cir-
cuit composed of a source of a-¢ and

an inductance, consider the circuit Fiq. 5.11. Current determined by the
shown in Fig. 5.11, where the source value of inductive reactance in the
has a frequency of 3,000 cycles and Creuit-

the inductance is 2 henrys. Substituting in the inductive-reactance
formula,

X1 = 2oFL = 2(3.14)3,000(2) = 6.28(6,000) = 37,680 ohms

The 2-henry coil presents 37,680 ohms of opposition to a 3,000-cycle
a~¢ and will limit the amplitude of the current in the circuit exactly as
much as if a 37,680-ohm resistance were used instead. For this reason,
reactance can be substituted for resistance in Ohm’s-law formulas, but
only if the circuits are purely reactive. Ohm’s law for reactive circuits
states, “The current in a reactive circuit is directly proportional to the
voltage and inversely proportional to the reactance.” In formula form,

E

| by

where I is current in amperes; E is emf in volts; and X is reactance in
ohms. (The general reactance symbol X is used in these formulas,
rather than X, because there is another reactance, known as capacitive
reactance, with the symbol X¢, explained in the next chapter. These
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Ohm’s-law formulas apply equally well to either X1 or X¢. When it is
desired to specify inductive reactance only, the symbol X, should be
used.)

If the a-c generator in Fig. 5.11 produces an effective emf of 100 volts,
the current may be determined by Ohm’s law:

=5 = 37.680 = 0.00265 amp, or 2.65 ma

In general practice, Ohm’s law for reactive circuits may be used only
when the reactance value is at least 10 times more than the resistance.
If there is an appreciable proportion of resistance in the circuit, Ohm’s
law for a-c circuits (Sec. 7.2) must be used.

The inductive-reactance formula X; = 2aFL indicates that reactance
is directly proportional to inductance. Therefore if two equal induct-
ances are connected in series (with zero mutual inductance), the reactance
presented by the two is twice as much as that of one alone.

Practice Problems

1. What is the inductance of a coil in microhenrys having a diameter of 1.5 inche
a length of 2 inches, and 50 turns? What is the inductance in millihenrys?

2. A 5-henry coil is in series with a 100-ohm resistance, a switch, and a battery.
How long will it take for the current to reach 63 per cent of the full value after the
switch is closed? How long will it take to reach approximately full current?

8. How much energy in wattseconds is contained in the field of a 7-henry choke coil
when 500 ma is flowing through it?

4. What is the mutual inductance of two unity-coupled coils of 4 and 9 henrys?

5. What is the mutual inductance of a 4-henry and a 5-henry coil when they have a
coefficient of coupling of 0.85?

6. What is the total inductance of a 3-henry and a 4-henry coil connected in series
and 40 per cent coupled with fields aiding?

7. What is the total inductance of a 5-henry and an 8-henry coil connected in series
if the coefficient of coupling is 0.75 and the fields are opposing?

8. What is the reactance of a 10-henry choke coil to 120 cycles?

9. What is the reactance of a 5-mh choke coil to 1,000 ke?

10. What is the reactance of a 600-uzh coil to 4 Mc?

11. What inductance is required to present 500 ohms of reactance to a 10-kc a-c?

12. At what frequency does a 0.04-henry coil have a reactance of 3,000 ohms?

18. How much current flows through a 2-henry choke coil when it is connected
across a 120-volt 60-cycle power line?

14. An RF choke coil develops a 200-volt drop across it when a 5-ma 2-Mc a-c flows
through it. What reactance does it present to this frequency?

16. How much voltage drop will occur across an audio choke coil having 5 henrys
when 150 ma of 40-cycle a-c flows through it?

5.13 Phase Relationships with Inductance. When a coil is con-
nected across an a-c generator, as shown in Fig. 5.12, the current in the
coil will not rise to a peak at the instant that the voltage attains a peak
value. According to theory, the current in the coil will lag the source
voltage by 90°, provided there is no resistance in the circuit.
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When an inductive circuit having negligible resistance is first turned
on, the current and voltage start out in phase as a varying d-c. The
starting operation is quite complex and will not be dealt with here.
However, after a few voltage cycles the circuit current begins to alternate,
and then settles down into what is known as a steady-state a-c and con-
tinues to operate in this manner until
something in the circuit is changed. All
explanations here will be for steady-state
conditions. 8L e /nducfance%

Figure 5.13 represents one cycle of
steady-state a-c flowing through a circuit
made up of an inductance with no resist-
ance in it. The particular current cycle
under consideration is from a maximum
positive current value to a maximum negative value and back to a maxi-
mum positive value again.

As the current increases through an inductor, the magnetic field
increases, exactly in step. At the instant the current reaches its maxi-
mum positive value, its rate of change is zero. This means maximum
field strength but zero magnetic-field movement, and therefore zero induced
or counter emf due to moving magnetic fields. The induced emf is
indicated by the dotted curve. Thus, maximum current and zero induced
emf occur at the same instant.

+7
+ induced or
counter emf

Fia. 5.13. Phase relationships of the current in a coil and the induced counter emf.

Fia. 5.12. Purely inductive cir-
cuit.

- induced or
counter emf

As the current diminishes toward zero, the magnetic field collapses
inward toward the center of the coil. As the current nears the zero point
its rate of change is very rapid, producing maximum induced positive
voltage at the zero-current instant.

The current then starts to increase in the negative direction, producing
an opposite-polarity magnetic field expanding as the current increases.
This reversed-polarity erpanding field produces a voltage of the same
polarity as the original coniracting field did. This is a significant point.
Reversing the field polarity and also reversing the contracting motion to an
ezpanding motion is a double reversal. A double reversal produces the
same, or original-direction, induced emf. (This is similar to a person
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walking north. If he reverses direction twice, he is still going north.)
Therefore, as the current reverses, the induced emf is still in the same
direction (positive) and continues to be developed as long as the current
is changing. As the current approaches the maximum value in the
negative direction, its rate of change decreases to zero at the maximum
current point. At this instant there is zero induced voltage in the coil
again.

¥ /nduced or

/ counter emf
), e~ //"' 4
SN // .
THMYRTITITTY N
‘/
' \ :
|||| “Iﬁ ~ induced or
i 4

-~

Time—- ~ \([[l

(
- source emf counter emf

F1a. 5.14. Phase relationships between current in a coil, induced or counter emf, and

source emf.

+ source emf

As the current begins to drop from maximum negative toward zero,
its rate of change begins to increase, developing an induced emf again,
but this time in the negative direction. As the current reaches the zero
value, the induced voltage again is at a maximum, but at a maximum
negative value.

As the current swings up from zero to maximum in the positive direc-
tion, the induced voltage drops from maximum negative to zero once
more. This completes one full cycle of current and induced voltage.

By reference to the figures it can be seen that the current and induced
voltage in the coil are constantly a quarter of a cycle, or 90° out of phase.
Since the induced voltage is a counter emf (counter to the source

voltage) the source voltage must be 180° out of
phase with it. The three curves shown in Fig.
5.14 show the phase relationship of the source,
or applied, voltage, the induced voltage, and the
current in a purely inductive circuit. The cur-
rent is 90° lagging behind the source voltage.

LA GO In an inductance, then, the current always lags
\ / / the applied voltage by 90°.
£, equols Ep 5.14 Phase with Both Inductance and Resist-

ance. When inductance and resistance are in
F1c. 5.15. When X, and e 5 ..
R are equal, the voltage S€Ties in a circuit, the number of degrees the
drop across the reactance  source voltage and the circuit current will be
will equal the voltage out of phase depends upon the relative resistance
drop across the resistor. ST . :
and reactance values. A circuit is shown in Fig.
5.15, with the resistance and the reactance values equal.
The current in all parts of this circuit is in exactly the same phase,
since it is a series circuit.
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When the current through the resistance is at a maximum value, the
voltage drop across it is at a maximum, since the voltage and current
across and through a pure resistance are always exactly in phase.

The current in the coil leads the induced or counter emf by 90°. The
applied voltage across the coil is 180° out of phase with the induced emf,
and therefore leads the current by 90°.

The source sees only one current in the circuit, but sees the result of two
voltage drops, one across the resistor and in
phase with the current, the other across the
coil and leading the current by 90°. Since
the resistance and reactance are equal, the
source sees two voltage drops of equal
magnitude but 90° out of phase. As a result
the source sees a resultant voltage drop equal [*45°
to itself but 45° out of phase and leading the g5°
circuit current (Fig. 5.16). ' Ep

If there is more resistance than reactance, Fiq. 5.16. Vector representa-
the phase will be closer to zero degrees. If tion of the source voltage,
there is more reactance, the phase will be :ggt'%?t:gc:;s:r:sget}::!::;?s?;i,
closer to 90°. This is discussed in Sec. 7.3. ’

5.15 Transformers. One of the most common components, or parts,
used in electricity, electronics, and radio is the transformer. The word
itself indicates that it is used to transform, or change, something. In
practice a transformer may be used to step up or step down a-c voltages,
or to produce & high alternating current of low voltage from a low-current
high-voltage source, or to change the impedance of a circuit to some other
impedance, the better to transfer energy from one circuit to another.

In its simplest form, a transformer consists of a primary wire and a
secondary wire laid side by side, as
‘1 shown in Fig. 5.17. The only parts of

i
N

f}am'o

A-c Primary

circuit Secondory  the primary and secondary circuits to
source

be considered at this time are the
portions lying parallel to each other.
Fra. b.17. Basic transformer, with yhen the gource is producing an alter-
a-c flowing in the primary. . N

nating voltage, an alternating current
will be developed in the primary wire, as indicated by the arrows, pro-
ducing expanding and contracting magnetic fields around the primary
wire. These fields induce a counter emf in the primary, which attempts
to counteract the source voltage, and therefore act to limit the primary
current value. (In practical transformers the primary coil has a suffi-
cient number of turns and therefore enough inductance and inductive
reactance to produce a counter emf almost equal to the source voltage.
The simplified transformer would not produce sufficient counter emf at
low frequencies to be practical.)
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In addition to the counter emf induced into the primary circuit by
self-induction, the expanding and contracting fields from the primary
cross the secondary wire and induce an a-¢ emf in this wire. According
to the left-hand generator rule (Sec. 3.18), if the current flow in the pri-
mary is downward, the induced emf in the secondary will be upward,
180° out of step, or out of phase with the primary emf, as shown in Fig.
5.18.

There is no load shown across the secondary circuit. If the secondary
has no load, no current flows in it, although a voltage is developed across
it. If the secondary has a voltage induced in it but no current, there is

Load resistor\
Y/ AN b, o
1 \| ’4 A-c emf ,/ N /4 \
Esource | ! appears across \ Esource Pl
ese poin,

\ £l \£, v \ E // \E, L K
F1a. 5.18. Basic transformer, withnoload Fia. 5.19. Currents and voltages in a
across secondary. transformer when a resistor is connected

across the secondary.

no power developed in the secondary and the current in the primary
will be the same as though there were no secondary.

When a load resistor is connected across the secondary of a trans-
former, as shown in Fig. 5.19, several things occur. Step by step these
are:

The source emf, E,oue, produces primary current, I.

Primary current produces counter emf, E., in the primary.
Primary current also produces an induced secondary emf, E,.

E, produces current I,, through secondary and load.

I, produces a magnetic field expanding outward from the secondary.
Expanding fields from the secondary induce a “‘counter counter emf,”
E.., in the primary (opposite to the original counter emf in the primary
and in the same direction as the source voltage).

7. E.. partially cancels counter emf of primary.

8. Cancellation of primary counter emf allows the source emf to send
more current through the primary.

Therefore, when a load is connected across the secondary, the primary
current increases. This results in more electric power fed to the primary
to be converted to magnetic energy, which is transferred in turn to the
secondary and reconverted to electric energy in the load in the secondary.

5.16 Construction of Transformers. Transformers used in radio and
electricity are constructed with a primary coil and one or more secondary
coils. The second secondary may be termed the fertiary (pronounced
tur-she-airy, meaning ‘“third”’) winding, and the third secondary may
be termed the quaternary (meaning ““fourth’’) winding. It is more usual
to designate the windings by their function, however. Thus, a radio

S Pr W=
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power transformer may be said to have a primary, a high-voltage secondary,
a b-volt filament winding, and a 6.3-volt filament winding.

Figure 5.20 illustrates two of many possible methods of constructing
a power-frequency transformer and the symbol for an iron-core trans-

Primory

(ads

b

Primory = Secondary

-

J
Secondary \
leads Sofi-iron core

Symbol
F1a. 5.20. Iron-core transformers and symbol.

former. The secondary coil wound over the primary coil is probably the
more frequently used method.

In power transformers, there are several hundred turns in the primary
and an equivalent number of turns on the secondary if it is desired to
produce a secondary voltage equal to the voltage applied across the
primary. If a greater secondary voltage is desired, more turns will be
wound on the secondary than on the primary.

Transformers for higher frequencies use less iron in their cores. If the
frequency is in the RF range, either air cores or small powdered-iron-

Ceramic or other
low -permeability core

3E

Secondoary Symbol

Fra. 5.21. An air-core transformer and symbol.

compound cores are used. Figure 5.21 illustrates a possible RF trans-
former and its symbol used in schematic diagrams. The core is some type
of nonconducting material having the same permeability as air. Such
a transformer is classed as an air-core transformer.
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5.17 Eddy Currents. To produce a transformer of high efficiency and
with a minimum number of turns, the primary and secondary are wound
on a core of iron or other high-permeability material. As a result, when
a transformer is in operation, intense moving magnetic fields are pro-

£ i z 2 .
Fi1a. 5.22. Transformers. Left column, iron-cored power frequency. Center column,
AF interstage, output, toroidal, transistor interstage, and transistor power output.
Right column, RF transformers, air- or powdered-iron-cored, removed from their
ghield cans.

duced in the core. These fields induce circulating currents in the
core material because iron is a fairly good electric conductor. Such
little whirlpoollike currents are known as eddy currents and produce con-
siderable I*R power loss in the form of heat in the core. Figure 5.23
indicates the path of eddy currents in a solid core wound with a single

Direction of magnetic
/ field \expanding)
¥

Paths of eddy

. ‘ » Current
currents

Fic. 5.23. High-amplitude eddy current in solid core.

turn of wire in which the current is increasing. The direction of the eddy-
current flow can be determined by using the left-hand generator rule.

Eddy currents are decreased in strength by using many thin sheets
rather than a solid block of iron. Each separate sheet must be coated



INDUCTANCE AND TRANSFORMERS 107

with an insulating scale or varnish. When the core is made of such
sheets, the length of any one eddy-current path is limited to the thickness
of the sheet, as shown in Fig. 5.24. Limiting the length of the path also
limits the amplitude of the eddy currents and holds the I2R heat loss
to a minimum.

Slicing the core into thin sheets is known as laminating the core. The
thinner the laminations, the less the eddy-current loss. The cores of the
two transformers in Fig. 5.20 are shown as being laminated.

As frequency is inc:;aas(,fccii, flux Laminated core
movement increases and eddy-cur- ?
rent losses increase. It has been // -
found advantageous to use a pow- Y, 1500
dered-iron core for higher-frequency 3' A — —-Current
applications. A difficulty in con- O\J' 0

: . ; 400

structing such iron cores is the O OQ'\ -
requ.iremen.t that each mz.tg‘ne:tic d{] %Q_ 5’1%}; ;Lll;"fgges
particle be insulated from adjoining ! by lominations

particles to prevent eddy currents Fie. 5.24. Eddy currents reduced in
from developing should the parti- ®mplitude by laminations.
cles touch or make electrical contact with each other.

5.18 Hysteresis. When a substance such as iron is in an unmagne-
tized state, its domains are not arranged in any particular manner.
When a magnetizing force is applied to the domains, they rotate into a
position in line with the magnetizing force. If the magnetizing force is
reversed, the domains must rotate into an opposite position. In rotating
from one alignment to the opposite, the domains must overcome a certain
amount of frictional, or resisting, effect in the substance. In some
materials the resisting effect is very small, while in others it is appreciable.
The energy converted into heat overcoming the resisting effect is known
as the hysteretic logs, or more commonly as hysteresis.

Hysteresis occurs in iron cores of transformers. When an alternating
current is producing the magnetic force, the magnetism will be reversing
in polarity and hysteresis is present. As the frequency is increased, the
alternating magnetizing force will no longer be able to magnetize the
material completely in either direction. Before the substance becomes
fully magnetized in one direction, the opposite magnetizing force will
begin to be applied and start to reverse the rotation of the domains. The
higher the frequency, the less fully the material will become magnetized.

Transformers operated on low-frequency a-¢ may mot have much
hysteresis, but the same cores used with a higher frequency will have
greater hysteresis and may also be less efficient because of their inability
to magnetize fully in both directions.

5.19 Copper Loss. Transformers are not only subject to eddy-
current and hysteresis losses in the core, but also to a copper loss. This
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occurs in the copper wire of the primary and secondary. The current
flowing through whatever resistance exists in these windings produces
heat. The heat in either winding, measured in watts, can be found by the
power formula P = I?R. For this reason the copper loss is also known as
the I?R loss. The heavier the load on the transformer (the more current
that is made to flow through the primary and secondary), the greater the
copper loss.

With one layer of wire wound over another in a transformer, there is a
tendency for the heat to remain in the wires more than if the wires were
separated and air-cooled. Increased temperature results in increased
resistance of a copper wire. As a result it becomes necessary to use
heavier wire to reduce resistance and heat loss in transformers than
would be required for an equivalent current value if the wire were exposed
to the air during operation.

5.20 External-induction Loss. Another loss in a transformer is due
to external induction. Lines of force expanding outward from the trans-
former core may induce voltages, and therefore currents, into outside
circuits. These currents flowing through any resistance in any outside
circui’ can produce a heating of the external resistance. The power lost
in~heating these outside circuits represents a power loss to the trans-
former, since this power is not delivered to the transformer secondary
circuit.. Actually, in a well-designed transformer, the amount of power
lost 1n this fashion is usually very small. However, the voltages induced
into nearby wires of certain types of amplifying circuits can produce
undesirable voltages in these circuits, even though the power loss to the
transformer is negligible.

5.21 Leakage Flux. Any lines of force from the primary of a trans-
former that do not cut secondary turns, and therefore are not inducing
an emf into the secondary, are considered leakage flux, or leakage lines of
force.

5.22 The Voltage Ratio of Transformers. One of the main uses of
transformers is to step up a low-
voltage a-c to a higher voltage. This
can be accomplished by having more
turns on the secondary than on'the
> primary, as illustrated in the simple
Fio. 5.25. Basic transformer with a transformer in Fig. 5.25.

1:2 step-up ratio. This transformer has a single wire

for the primary and two wires in
series in the secondary. Each of the secondary wires will pick up the
same value of voltage since both are being cut by the same number of
lines of force from the primary. In transformer operation it is found that
if there is a 1-volt drop across each primary wire of a transformer, each
wire of the secondary will pick up 1 volt. The two 1-volt induced emfs

One
primary
Wire———»
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in the secondary are in series, resulting in an output of 2 secondary
volts.

As long as the coefficient of coupling is high in a transformer, the no-
load voltage ratio will be equal to the turns ratio. If the primary is
wound with 500 turns and the secondary with 1,000 turns, the secondary
voltage will be twice any voltage applied across the primary. The fact
that the voltage ratio is equal to the turns ratio can be expressed in
formula form as

T, E,
T, " E.

where T, is the number of primary turns; 7', is the number of secondary
turns; E, is the primary voltage; E, is the secondary voltage.

The voltage ratio also works in reverse. If the primary has 200 turns,
the secondary has 40 turns, and 100 volts is connected across the primary,
the secondary voltage can be determined by the formula

Ty _ Ey
T, E,
_ E,T, _100(40) _ 4,000 _
E. = Tp = 200 = 266 = 20 VOltS

5.23 The Power Ratio of Transformers. There is no step-up of power
in a transformer. It is possible to step voltage either up or down, but
the basic ratio of power into the primary to power out of the secondary is
1:1. Actually, there is always some loss in a transformer, so that less
power will always be drawn from the secondary than goes into the primary.

Power transformers are constructed to handle a certain number of
watts, or volt-amperes. This usually means that a 100-volt 500-watt
transformer, for example, will have a primary wound with wire that will
carry only enough current to produce 500 watts in the primary. By the
power formula P = EI, or I = P/E, it can be computed that 5 amp is
the maximum the primary wire will be required to carry, regardless of
whether the transformer is going to step up the secondary voltage or step
it down. The primary will be wound with the thinnest wire that will
stand that current without excessive heating. If more than 500 watts is
drawn by the secondary load, the primary will be called on to carry more
than 5 amp and will become overly hot and may burn the insulation on the
wires or melt the wire itself.

The secondary will also be wound with a wire that will approach its
safe heating limit when 500 watts is being drawn from the secondary.

If the transformer has a step-up ratio of 1:5, the secondary voltage will
be 5 times 100 volts, or 500 volts. Inasmuch as the limiting factor is the
500 watts into the primary, the secondary can only be called upan to
deliver 1 amp at 500 volts or the power delivered by the secondary will be
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more than 500 watts. If the primary has to draw more than 500 watts
to satisfy the demands of the secondary, the transformer may burn out.
If overloaded, either the primary or the secondary may fail.

To protect transformers from overloads, fuses or overload relays are
connected in the primary circuit. A 5-amp fuse in series with the primary
of the transformer mentioned above would burn out if more than the
maximum safe current of 1 amp were drawn by the transformer secondary.

5.24 The Current Ratio of Transformers. A step-up transformer may
produce more voltage across the secondary than is applied across the
primary, but the secondary current will have to be proportionately less
than the primary current.

This was indicated by the 500-watt 1:5-ratio step-up transformer pre-
viously mentioned. With 100 volts across the primary, the secondary
produced 500 volts. With a load that draws 1 amp (a 500-ohm resistor,
for example) connected across the secondary, the primary will be called
upon to draw 5 amp of current from the source. This represents a
primary to secondary step-down of current from 5 amp to 1. A voltage
step-up transformer may be considered as a current step-down trans-
former; or conversely, a voltage step-down transformer may be con-
sidered as a current step-up transformer. At least, the secondary
current will be inversely proportional to the turns ratio. This can be
expressed in formula form by

33
|
ol

where T, is the number of primary turns; T, is the number of secondary
turns; I, is the primary current; and I, is the secondary current.

5.25 Transformer Efficiency. It will always be found that more
power is fed to the primary of a transformer than is delivered by the
secondary. The difference in power between the input and the output
is the sum of all the power losses in the transformer.

The ratio of the output power to the input power is the efficiency of the
transformer, and the factors that determine it are the copper loss, eddy-
current loss, hysteretic loss, and external-induction loss. The output-
to-input ratio always results in a decimal number less than 1.0. In
practice, efficiency is given in percentage rather than in the decimal
equivalent. It is only necessary to multiply the decimal by 100 to
determine the percentage. The formula for percentage of efficiency for
a transformer is

% efficiency = % X 100
P

where P, is the power in the secondary ; and P, is the power in the primary.
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If the over-all efficiency of a transformer is known, the primary power
times the percentage of efficiency is the secondary power, %(P,) = P,.

Ezample: If a power transformer has a primary voltage of 4,400 volts, a secondary
voltage of 220 volts, and an efficiency of 98 per cent when delivering 23 amp of
secondary current, what is the value of primary current? In this case, 23 amp at
220 volts, or 5,060 watts, represents 98 per cent of the power being fed into the pri-
mary. By substituting in the formula,

% (Pp) = P,
_P_. - 5,060 -
P, 7 = 0.98 5,163 watts

Using the power formula P = EI and substituting in this formula,

P =EI
P 5,163
1 =E 34’700 = l.l7amp

It will be found that power transformers are always warm to the touch
when operating. This heat is due to internal losses. In some cases it
becomes necessary to air-cool transformers to keep them from over-
heating and damaging the insulation on the wires of the windings. Some
transformers are built into oil-filled cases. The oil helps to insulate the
internal wiring, preventing moisture from forming on the insulation,
which might result in breakdown of the insulation, and also carries heat
from the windings to the outer case to be dissipated into the air.

5.26 Autotransformers. An autotransformer, or autoformer, consists
of a single winding with one or

0
more taps on it, as shown in Fig. c |50 turns
5.26. ) Iootvo/f B g I50 turns
If a 100-volt source of a-c is con-  5.¢ jnpy? 50 turns  90-volt
nected between points A and C and X A a-c output

there are 100 turns between these Fic. 5.26. Autotransformer used as a 2:1
points, there will be an emf of 1 volt step-down transformer.

induced in each of these turns, as well as in each of the turns from C to D.
If a load is connected across points A and B, as shown, it will be across
50 volts. If connected across A and C, it will be across 100 volts. If
connected across A and D, it will be across 150 volts. Thus an auto-
transformer can be used as a step-down or step-up device, depending
upon how it is connected.

If the load is connected between A and a tap that can be adjusted to
any turn between A and D, any desired voltage up to 150 in 1-volt steps
can be developed across the load. Such autotransformers are made and
sold under trade names such as Powerstat, Variac, etc.

A disadvantage in using an autotransformer is the common connection
between the primary and secondary circuits, because it is often desirable



12 ELECTRONIC COMMUNICATION

to have the primary and secondary circuits isolated from each other
electrically.

If isolation is not a factor, in some cases a transformer can be con-
nected as an autotransformer and more or less output voltage can be
obtained than the turns ratio of the transformer would normally give.

5.27 Practical Transformer Considerations. In radio and elec-
tronics, there are several types of transformers in use. Three common
types are power transformers, AF transformers, and RF transformers.

A power transformer in general radio use is normally made to operate
across a 110- to 440-volt a-c line. It is a heavy iron-encased piece of
equipment. The resistance in the primary winding ranges from a
fraction of an ohm to possibly 5 ohms. The inductive reactance of the
primary winding acts to limit the primary current to a low value when
connected across an a-c power line. If such a transformer is connected
acr