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PREFACE

One of the amazing features of the universal interest in radio
is the vast amount of technical knowledge that is being ab-
sorbed by boys and young men.

A few years ago a prominent electrical engineer in conversa-
tion with the writer ridiculed the idea of teaching the principle
of electrical resonance in the schools, saying that this principle
is one of the most difficult in the electrical engineering course.
Today millions are tuning in their radio receiving sets and
applying the principle of electrical resonance. Boys have
learned something of this difficult engineering principle. They
are adjusting inductances and capacities to obtain the desired
frequency of oscillation. They are talking freely about micro-
henries and microfarads and using other terms that once were
confined to college textbooks. They know something of the
flow of electrons through grid leaks, the electric surge in a
coil, and the disruptive discharge of a condenser. They have
learned something of the electron theory through their eager-
ness to know what goes on in the tubes of their receiving sets.

It is worth noting that the popularizing of radio came at a
time when physicists had just succeeded in formulating the
new theory of the atom. Recent investigations had led up to
the electron theory of matter. Electricity and matter had been
brought together in a single generalization. New fields of
research had been opened up by the discoveries in the field of
atomic physics. The control of the electron had brought new
developments in engineering fields such, for example, as syn-
chronous converters being replaced by high power electron
tubes. These developments will continue.

It is significant that as the need has arisen for a new genera-
tion of scientists and engineers to carry forward the work
opened up by the discoveries in atomic physics, a popular
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viii PREFACE

application of the electron theory has brought about an unprec-
edented opportunity for training the scientists and engineers of
the future. Indeed they are to a large extent training them-
selves but the schools have the opportunity of utilizing this
interest. Never before in the history of science teaching has
the interest of pupils been focussed so intensely on a scientific
subject.

Mr. E. F. W. Alexanderson, Consulting Engineer of the Gen-
eral Electric Company and of the Radio Corporation of
America says:

“We think of radio now as a useful system of communica-
tion and a delightful form of entertainment but its greatest
significance in the future will be its educational influence.
Radio will be the school of training which will educate the engi-
neers, inventors and scientists of tomorrow, not by the thou-
sands but by the millions.”

This book is an attempt to present, simply and clearly, the
fundamental principles of electricity as applied in radio. It is
my belief that the educational value of radio will find increas-
ing recognition, that radio will find a larger place in the schools
and that a book giving a simple and clear explanation of funda-
mental principles is needed. It is my hope also that the book
may be of use to radio experimenters who are looking for a
simple exposition of radio theory and to those who are
well along in experimental work and wish to review the
fundamentals.

Such a study necessarily includes the principles of direct
currents and of alternating currents of both high and low fre-
quency. All explanations of electrical phenomena in the book
are based on the electron theory. Such explanations are as
readily understood as others that have been current in text-
books and they have the advantage of being in line with the
accepted theory of matter and electricity and of building up
in the reader’s mind a conception of that theory. Only the
simplest mathematical formulae are used and these follow the
discussion of the theory. The effort has been to lead the stu-
dent first to visualize the action that goes on in the radio
circuit. When he has done this, mathematical formulae are
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better understood. The book consists principally of material
which I have used for some years in teaching boys of sixteen
to eighteen years of age.

In Q.S.T., the official organ of the American Radio Relay
League, November 1923, the following statement was made:

“ No piece of machinery, no matter what it is, is so compli-
cated but that its action can be thoroughly understood by first
studying the fundamental facts and theory. When the under-
lying principles have been observed, consider the parts one at a
time in the order of their importance until the entire mecha-
nism can be viewed with all of its parts working in perfect
harmony. This is the way the whole subject of radio should
be approached.”

The method suggested in this quotation is the method of this
text, a study of fundamental principles leading up to their
application in radio circuits. I suppose no one ever fully
realizes his ideal. I am sure I have not in this instance but I
trust the book is sufficiently well done to find a useful place.

PREFACE TO SECOND EDITION

In revising this book I have adhered to the aim stated in the
first preface. Fundamentals remain the same. Methods of
application change. The superheterodyne has taken precedence
of all other receiving circuits. In the screen grid, pentode and
variable p tubes almost perfect control of the electron flow has
been achieved. The characteristics of short waves have been
more thoroughly investigated. Photoelectric cells, the eyes of
television, have been greatly improved. I have attempted to
state clearly the first principles of these developments. I have
also made additions to the chapter on radio measurements
which I hope will increase the usefulness of this chapter.
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SUGGESTED COURSE OF STUDY

It is well for the student to begin where his chief interest
lies. The great majority of students who take up the subject
of radio are interested first of all in the construction of radio
receiving sets. While the purpose of this textbook is to teach
the fundamentals of radio and not to serve as a handbook
on construction work, nevertheless attention is given first to the
construction of the basic radio circuits. The student should
construct these circuits. For class work where time is limited
the work may be prepared for the class by mounting the parts
on baseboards. The students then simply wire the circuits
according to the diagrams. As the student does this he will
come to see that the same parts may be used for different cir-
cuits and that the great number of receiving circuits with long
puzzling names are only modifications of a few simple, basic
circuits.

The student will see the need of understanding the action of
the batteries which he uses and this leads to the next step, the
study of batteries. He will understand that certain magnetic
effects take place in the coils of his receiving set as it operates.
He should then study magnetic fields and electromagnetism.
Ohm’s law is fundamental in all electrical work and should be
taken up at this point. The study of the theory of electric
batteries and of electromagnetism and Ohm’s law may be car-
ried on at the same time that the student is constructing and
operating receiving sets. The construction work outlined in
Chapter I may be made the laboratory or shop work while
the student is studying Chapters II, ITI and IV.

The student may next take up the testing of tubes as ex-
plained in Chapter V. He can construct his own testing cir-
cuits as described in this chapter. While carrying on his ex-
periments on tubes he may study the theory of alternating
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xii SUGGESTED COURSE OF STUDY

currents. He can be led to see that in certain parts of his
receiving circuit he is dealing with currents that do not flow
constantly in one direction but surge back and forth and that
it is important to know how such currents differ from direct
currents. The tube tests of Chapter V may be carried on as
shop or laboratory work while studying Chapter VI.

By this time the student has become fairly familiar with the
electron theory and is ready for a more thorough study of the
action of electron tubes as detectors and amplifiers. A more
thorough study of receiving circuits is next in order. This in-
cludes the theory of receiving circuits in general and some cir-
cuits such as the superheterodyne that are more complicated
than those that were studied in Chapter I. By this time the
student will understand the meaning of regeneration and may
take up the study of oscillators and transmitters which involve
the same principle as the regenerative receiving circuit. Chap-
ters VII, VIIT and IX, then, may be studied while continuing
the tube tests of Chapter V and making some of the measure-
ments of Chapter X.

The subject of radio measurement is taken up in the last
chapter. This is done for the sake of method in arranging the
textbook material. It is not necessary nor best to delay the
subject of measurement until all the other ground has been
covered. On the other hand measurements described in the
last chapter should be taken up as soon as the student is ready
for them. Selections from this chapter should be made accord-
ing to the needs of the student.

By following the plan outlined above the student will carry
forward his construction and experimental work parallel with
his study of radio theory.
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CHAPTER 1
SIMPLE RECEIVING CIRCUITS

Radio receiving circuits are not difficult to construct if one
begins with the circuits that are fairly simple and proceeds by
easy stages to those that are more complex. There are only a
few fundamental circuits. When these are once learned and
the principles of their action understood it is not difficult to go
on to the complex circuits for these are only modifications of
the few that are fundamental. It is well to begin with the sim-
plest possible radio receiver, that in which a crystal detector
is used.

1. The Crystal Detector.— A radio receiver may be made
of a coil, a crystal detector and a pair of head phones con-
nected to an antenna and ground.
The coil should be wound with
a number of taps; that is, loops
brought out at intervals along
the coil. This is shown in Fig. 1.

The antenna should be a cop-
per wire which may be stranded ;
that is, made up of a number of
fine wires twisted together. The  Fig 1. —A Simple Crystal
antenna should be supported by = Detector Receiving Circuit
means of insulators. The insu-
lators may be porcelain cleats such as are used by electricians
or the wire may be covered with electrical tape at points
where it comes in contact with the building. Rubber
covered wire or common bell wire may be used. In this case
the wire is already insulated and it is only necessary to fasten
the wire to supports and scrape the insulation off the end where
it is connected to the receiving circuit. The antenna may be
indoors, simply suspended from the ceiling or run along the
molding which is usually placed near the ceiling, So far as
good reception is concerned the principal advantage an outdoor
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2 RADIO —FIRST PRINCIPLES

antenna has over one that is indoors is that it can be placed
higher and made longer. An indoor antenna sometimes has the
disadvantage of being shielded by the walls. If the wall of a
building is a conductor of electricity it forms a shield through
which radio waves do not readily pass. On the other hand
radio waves go through a non-conducting wall as readily as
through air. Walls built of wood do not cut off the waves nor
do brick and stone walls when dry. Metal walls cut off the
waves almost completely. Brick and stone walls when wet are
fairly good conductors and in this condition reduce signal
intensity up to ninety percent.

The ground connection may be simply a wire which need
not be insulated but must be connected with something that
runs to the earth. A water pipe is a good ground connection.
An iron rod may be driven into the ground far enough to come
into contact with the moist earth and the ground wire or lead
as it is called, connected to this rod.

The coil may be made by winding number 22 cotton covered
wire on a cardboard tube three inches in diameter, winding 25
turns and bringing out a tap, then continuing the winding and
bringing out a tap every five turns up to 50 turns. While num-
ber 22 wire is specified, wire of any size, say from number 18
to number 26, may be used. The cardboard tube may be
more or less than three inches in diameter. If the diameter is

PR less, more turns of wire will be needed.
LP | cvsTaL If more, fewer turns are necessary.

" These specifications and those that
follow are for broadcast receivers to
receive signals of 200 to 600 meters
wave length.

When the coil, antenna and ground

Fig. 2.— Circuit Dia- 1€ ready, the ci.rcuif may be.com-
gram of Crystal Detector plete.td as _shown in Fig. 1. This fig-
Receiving Circuit ure is a picture diagram. The corre-

sponding circuit diagram is given in
Fig. 2. To tune the circuit just described it is only necessary
to change the switch from one tap to another until signals are
heard.

TELEPHONE
< conL RECEIVER

SWITCH
== GROUND
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A better crystal receiver may be made by using a tuning con-
denser. For a coil of 45 turns the condenser should have a
capacity of o.0005 microfarad. The meaning of the term
“ microfarad ” will be clear when the action of condensers has
been studied (Chapters VI and VII). If a tuning condenser is
used the taps on the coil are not necessary. The circuit is

CRYSTAL ANTENMA
l—’—‘ STATOR PLATES } CRYSTAL

I~

TELEPHONE
£ RECENVER
VARIABLE
i CONDENSER-

19
géﬂi
o
83
8

| |~

1 ROTOR, PLATES

GROUND == GROUND
BINDING POST 5
Fig. 3.— Crystal Detec- Fic. 4.— Crystal Detector with
tor Circuit with Tuning Tuning Condenser, Circuit Dia-
Condenser gram

shown in a picture diagram in Fig. 3 and the circuit diagram
is given in Fig. 4.

A further improvement can be made by using two windings,
primary and secondary, the primary winding may have 15

ANTENNA
/ PRIy CRYSTAL
TELE PHONE
\ RECEIVER
VARIABLE

CONDENSER.
< SECONDARY COIL

GRQUND
Fig. §.— Crystal Detector Circuit Fig. 6. — Crystal Detector
with Primary and Secondary Wind- with Primary and Second-
ings ary Coils, Circuit Diagram

turns and should be connected to the antenna and ground only.
The secondary winding may have 45 turns and be connected to
the crystal and the phones as shown in Figs. 5 and 6. The pri-
mary may be wound directly over the secondary.
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When the primary and secondary windings are used the
impulses received by the antenna are transmitted from the
primary to the secondary by magnetic action.

2. A One Tube Detector Circuit.— A simple detector cir-
cuit using an electron tube is shown in a picture diagram in
Fig. 7, Fig. 8 being the corresponding circuit diagram. The

CONDENSER AND
GRID RESISTOR SOCKET

‘A BATTERY B BATTERY

Fig. 7.— A Simple Electron Tube Detector Circuit

parts may be mounted on a board for practice work or the
rheostat, condenser and a jack for the phones may be mounted
on a panel. The same coil and condenser may be used as in

GRID CONDENSER
ANTENNA RESI
PRIMARY COIL

[ (SEJCONDARY coiL

o N R TR ORD
UND DEPENDING ONTHE TYPE
OF TUBK

Fig. 8. — Circuit Diagram, Electron Tube Detector

the crystal detector circuit. The primary winding is in the
antenna circuit, connected to the antenna and ground, while
the secondary winding is in the grid circuit of the tube, con-
nected between grid and filament. The plate circuit includes
the phones and the plate or “ B ” battery. Care must be taken
to connect the “ B ” battery in the proper way as shown in the
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diagram. A single winding could be used as in the crystal cir-
cuit of Figures 1 and 2. A single coil used in this manner and
combined with a tuning condenser would make a single circuit
tuner. It is much better, however, to use the primary and
secondary windings because the circuit tunes more sharply.
The circuit just described may be made much more sensitive,
which means that it will receive signals from a greater dis-
tance, by inserting a variable condenser between the plate and
grid circuits as shown in Figs. 9 and 10. This is a regenerative

(O ANTENNA

O
e e +
A BATTERY B BATTERY
GROUND

Fig. 9.— A Regenerative Circuit

circuit. The meaning of regeneration will be explained in
Chapter VIII.

3. Amplifying the Signals. — The circuits so far described
can be used only with head phones. To use a loud speaker it is

GRID RESISTOR

GRID COMDENSER>

‘A BATTERY B BATTERY
—

Fig. 10. — Circuit Diagram, Regenerative

necessary to amplify the signals. This can be done by adding
a second tube coupled in the proper way to the circuit of the
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first tube. A one tube amplifier is sufficient to reproduce sig-
nals from a nearby broadcasting station with sufficient volume
for a loud speaker. The distance may be up to about one mile
or in certain cases more depending on the power used by the
broadcasting station and on atmospheric conditions. Such an
amplifier is shown as a separate unit in Fig, 11. It would be

‘TRANSFORMER

TO PLATE
DETECTOR

'® SOCKET

JO POSITVE
TERMINAL, OF
B BATTERY
RHEOSTAT

-?— Ar g- b+
Fig. 11.— An Amplifier Unit

well to wire the detector and amplifier units separately and
then connect them together in the proper way. By this means
the relation between detector and amplifier is made clear. Fig.
12 is a circuit diagram of the amplifier.

Fig. 12. — Circuit Diagram of Amplifier Unit

The amplifier shown in Figs. 11 and 12 can be connected to
a crystal detector as shown in Figs. 13 and 14. It may also be
connected to any form of tube detector circuit. The important
point to keep in mind is that the output of the detector circuit
must be connected to the grid circuit of the amplifier. If a
transformer is used as shown in the diagrams the primary of
the transformer is connected in the plate circuit of the detector
tube, usually between the plate terminal of the tube (marked
P) and the positive terminal of the “ B ” battery. One ter-
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minal of the secondary of the transformer is connected to the
grid terminal of the amplifier tube. The other terminal of the
secondary is connected to the negative terminal of the “A”

A— A+ B +

Fig. 13. — Amplifier Connected to Crystal Detector

% \\“’m"“m

Fig. 14.— Amplifier Connected to Crystal Detector,
Circuit Diagram

battery. The rheostat of the amplifier tube is connected be-
tween the negative terminal of the “ A” battery and one
terminal of the filament.

Fig. 15.— Circuit Diagram of a Two Tube Amplifier

Another amplifier tube may be added thus making a three
tube circuit. The circuit diagram of a two tube amplifier is
given in Fig. 13,
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4. Amplifying Before Detection.— The signals may be
amplified before reaching the detector tube. This is called
radio frequency amplification for reasons which will be ex-
plained in a later chapter. A two tube radio frequency ampli-
fier for wave lengths of 200 to 600 meters is shown in Figs. 16
and 17. The transformers of this amplifier may be simply coils

ANTEINA

LK B
BATTERY BATTERY

Fig. 16.— A Two Tube Radio Frequency Amplifier

wound on a cardboard tube three inches in diameter, the pri-
mary having 15 turns and the secondary g0 turns. Cotton cov-
ered wire may be used, either number 22 or 24. A variable
condenser is connected across the secondary of each trans-
former. These condensers should be of o.0005 microfarad
capacity. It will be noticed that the output of the radio fre-

TO
DETECTOR.
3 A g TUBE

Fig. 17.— Radio Frequency Amplifier, Circuit Diagram

quency amplifier; that is, the secondary of the third radio
frequency transformer, is connected to the antenna and ground
connections of the detector tube circuit. The detector tube
receives the amplified signals instead of receiving them directly
from the antenna. The advantage of this arrangement is that
fainter signals can be detected which means that signals can
be received from a greater distance.



CONDENSER  AND
GRID RESISTOR

A.F. TRANSFORMERS
e )

M) @ G

ANTENNA

LLY

JACK FOR LOUD SPEAKER,

GROUND
~ | patriRY
£
\TAP FOR PLATE OF
DETEGTOR., TUBE. R . .
Fig. 18. —Five Tube Receiver

]

Circuit Diagram

%

Fig. 19.—Five Tube Receiver.
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5. Combining Circuits. — Any one of the circuits described
may be built on a baseboard for practice work or may be put
in a cabinet making a complete radio set. The radio frequency
amplifier described in Section 4 may be combined with the
three tube circuit described in Section 3 making a five tube
receiver. This is a good practical receiver. Fig. 18 shows the
complete circuit in a picture diagram and Fig. 19 gives the
conventional wiring diagram.

The circuits so far described are all fundamental circuits.
These fundamental circuits can be combined in various ways.
For example: a radio frequency amplifier can be connected to
a crystal detector and this followed by an audio frequency am-
plifier, making a four tube and crystal circuit.

Thus far we have had the simple crystal detector, the one
tube detector both regenerative and non-regenerative, the crys-
tal detector with audio frequency amplifier, two types of three
tube circuits, a four tube and crystal circuit having both a radio
frequency and an audio frequency amplifier and a five tube
circuit of the type known as a tuned radio frequency circuit.

Questions

. Draw a diagram of a simple crystal detector circuit.
. Draw a diagram of a simple non-regenerative circuit using one tube.
. Draw a diagram of a regenerative circuit.
. Draw a diagram of a three tube circuit.
. Draw a diagram of a five tube circuit using both radio frequency and
audio frequency amplification.
6. What advantage has an outdoor antenna for a broadcast receiver?

wn W N



CHAPTER II
ELECTRIC BATTERIES

It is important now to study the action and uses of the vari-
ous elements that make up a radio receiver. A thorough
mastery of the principles on which a radio receiver operates
forms a good foundation for engineering and scientific work.
First of all we shall study the batteries which furnish current
for the radio receiver.

6. Uses of Electric Batteries. — Electric batteries are com-
monly used for producing electric currents where a current is
needed for only a short time or where a comparatively weak
current is needed for a longer time or where steadiness and
absence of ripple are of great importance. In a radio circuit
the filament battery commonly called the “ A” battery fur-
nishes current to heat the filament in the tube. Storage
batteries were used for this purpose almost exclusively until
tubes were invented that required only a small current for the
filament. Dry cells may now be used as filament batteries
with certain tubes because the current required is small. With
such tubes a dry cell battery will last a hundred hours or more.
The first cost is much less than that of a storage battery and the
inconvenience of charging the battery is avoided. Dry cells
are especially useful in portable receiving sets. With tubes
requiring stronger current dry cells are not practicable. This
is true if the current for all the tubes taken together is one
ampere or more, The ampere is the unit of current.

In electric bell circuits and certain burglar alarm circuits
dry cells are sometimes used. In these circuits the current
flows at infrequent intervals and then for only a few seconds
at a time. In other alarm circuits a form of wet battery is used
which is capable of giving out a small current for a very long
time. Batteries may be used to furnish a weak current or to
furnish a strong current for a short time. An example of a

Ix
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very strong current furnished by a battery for a short time is
the current used in the starting motor of an automobile. For
this a storage battery is used. For a few seconds while start-
ing the engine this battery gives out from 200 to 500 amperes
or more than two hundred times as much current as that which
flows through the filament of an ordinary electric bulb such as
is commonly used in house lighting.

For electric lighting and other circuits in which a strong
current is used for a long time batteries are impractical. For
such circuits a current from a dynamo is used.

7. Materials Needed to Make a Battery. — A simple experi-
ment illustrates the construction of an electric battery. Place
between a dime and a penny a piece of blotting paper or other
porous paper which has been moistened in a solution of com-
mon salt. Now place a sensitive ear phone to the ear and
touch one of the phone tips to the dime and the other to the
penny. A click will be heard in the receiver. An electric cur-
rent has been produced, very weak it is true, but strong enough
to affect the telephone receiver. Water from the faucet may
act as well as salt water for water from wells or lakes usually
contains mineral substances in solution. If a radio loud
speaker is at hand this experiment can be demonstrated to a
class by using the tips of the cord connected to the loud
speaker. :

In this experiment two different metals are used. The dime
consists mostly of silver and the penny mostly of copper. To-
gether with these metals a solution is used which acts chemi-
cally on the metals and tends to dissolve the copper more
rapidly than the silver. This illustrates the principle of all
electric cells. A cell consists of two plates of different metals
or of carbon and a metal and a solution of an acid or other
compound that has a stronger chemical action on one of the
plates than on the other.

8. A Simple Voltaic Cell. — One of the simplest electric
cells is made of a rod or strip of copper and one of zinc placed
in a dilute solution of sulphuric acid. A battery of such cells
was made by Alexander Volta in Italy in the year 18c0. This
was the discovery of the first known means of producing an
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electric current. Our knowledge of electric currents began
with Volta’s discovery and it is for this reason that a cell of
this type is called a voltaic cell.

In the voltaic cell (Fig. 20) the acid attacks the zinc much
more than it does the copper. When the cell is producing a
current the zinc is rapidly eaten away. This chemical action

EXTERNAL CIRCUIT

Fig. 20.— A Simple Electric Cell

is closely connected with the flow of the electric current as we
shall see. If we connect the copper and zinc plates of this cell
with a copper wire a current flows. Evidence of this current is
seen in the bubbles that collect around the copper plate. The
copper plate is said to have a positive electric charge and
the zinc plate a negative charge. It is customary to think of
the current as flowing from the copper to the zinc through the
connecting wires and from the zinc to the copper through the
solution in the cell.

Any two metals might be used for the plates of the cell or
any metal could be used for one plate with carbon for the
other plate. Other solutions might be used in place of sul-
phuric acid. The essential parts of an electric cell are two
plates of different metals or of a metal and carbon and a solution
of a substance that will act chemically on one plate more vigor-
ously than on the other. Of course certain materials are bet-
ter than others. For example: Carbon and zinc give a stronger
current than copper and zinc through the same circuit.
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If a dry cell is connected to an electric bell and a push but-
ton, as shown in Figs. 21 and 22, when the button is pressed
the bell rings. Pressing the button closes the circuit. There is
then a complete path or circuit along which the current can

@A

BELL OR
BUZZER

PUSH

x BUTTCN

DRY CELL

Fig. 21

flow. The circuit in this case is made up of the plates and the
solution in the cell, the coils and other conducting parts in the
bell, the push button and the connecting wires. When the push
button is not being pressed the circuit is open, the current

BELL OR
BUZZER PUSH

__#* BUTTON

CONNECTING
WIRES
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' RATTERY
OF TWO ¢

ELLS

Fig. 22

cannot jump across the gap. In order to get a current from a
battery there must be a closed circuit made up of materials
that will act as electrical conductors.

9. Action Within the Cell. — When the voltaic cell is in
action, bubbles may be seen collecting on the copper plate.
These bubbles consist of hydrogen. The hydrogen travels
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through the liquid in the cell from the zinc to the copper plate
in particles so small that they cannot be seen. These invisible
particles are called ions. An ion is an atom or a group of
atoms carrying an electric charge. When the cell is producing
an electric current there is a stream of positive ions flowing to
the copper plate and a stream of negative ions flowing to the
zinc plate.

The chemical action of the acid on the zinc is expressed in
the following equation:

Zn + HzSO4 a—d ZnSO4 + H,
Zinc + Sulphuric Acid become Zinc Sulphate + Hydrogen.

A similar action goes on in any electric cell. The substance
in the solution is known as the electrolyte. The molecules of the
electrolyte break up into positive and negative ions. The posi-
tive ions go to one plate and the negative ions to the other.
The plate to which the negative ions go is the one that is eaten
away more rapidly.

10. Theory of the Electric Current.— It is the belief of
scientists that an electric current consists of a flow of extremely
small negative charges of electricity called electrons. As we
go on in our study of radio we shall have a great deal to say
about electrons for, in order to understand radio or for that
matter any other branch of electricity it is necessary to know
something of their action.

Though atoms are so small that they cannot be seen even
with the help of the most powerful microscope, electrons are
very much smaller than atoms. An atom is composed of
a number of electrons which are negative, grouped around a
nucleus which is positive. The electrons are in rapid motion
revolving around the nucleus. Perhaps the best picture we can
get of the inside of an atom is that it is like the sun and the
planets, the nucleus being in the center and the electrons re-
volving around the nucleus as the earth and other planets
revolve around the sun.

An electron is a very small negative charge of electricity.
There are also very small positive charges of electricity which
are called protons. The nucleus of an atom contains more pro-
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tons than electrons and is therefore positive. In every atom
there are electrons revolving around the nucleus. If there are
just enough electrons revolving around the nucleus to balance
the positive charge of the nucleus then the atom is neutral ; that
is, it acts as if it did not have any electric charge. If the atom
has more electrons than it needs to balance the positive charge
of the nucleus it is negative. If it has fewer electrons than the
nucleus requires, the atom is positive.

In an electric cell the hydrogen ions are positive because the
atoms of hydrogen have given up some of their electrons.

An electric current in a wire is a flow of electrons. Some of
the electrons may flow from one atom to another, some may
flow between atoms, some may even flow through atoms as a
comet may go through the solar system. The electron may
dash in and out without attaching itself to the atom. What-
ever the individual electrons may do, an electric current in a
wire is a stream of electrons flowing through the wire. This is
the theory held by physicists and it is the theory that enables
us best to understand the various kinds of electric action with
which we have to deal, whether in radio or any other branch of
electricity.

When we connect the copper and zinc plates of a voltaic cell
with a wire the current is said to flow along the wire from the
copper to the zinc. What really happens is that a stream of
electrons flows through the wire from the zinc to the copper.
Before the discoveries were made that led to the electron theory
physicists believed that it was the positive electricity that
flowed along the wire and therefore it became the custom to
say that the current flows from copper to zinc. This custom
cannot well be changed so we must still speak of the current
as flowing from the positive terminal of the cell to the nega-
tive but it is well to bear in mind that the thing that really
flows in the wire is a stream of negative electrons from the
negative to the positive terminal of the cell.

11. Electromotive Force and Current. — In an electric cir-
cuit such as a bell circuit the electric cell produces a force
which keeps the electrons moving in the circuit. This force has
been called by Mr. John Mills an electron-moving force.
The term commonly used is electromotive force. There can
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be no current without an electromotive force. The abbrevia-
tion commonly used for this force is e.m.f. We shall have
frequent occasion to speak of the e.m.f. of a circuit.

Electromotive force is measured in volts. The simple voltaic
cell produces an e.m.f. of about one volt, the dry cell of about
one and one-half volts. The terms voltage and difference of
potential are sometimes used in place of electromotive force.

The strength of an electric current is measured in amperes.
An ampere is a certain rate of flow of electrons. If the current
is two amperes, twice as many electrons per second are flowing
around the circuit as if the current were one ampere. To take
a real example: A certain detector tube requires a filament
current of one ampere. Another tube requires only one-fourth
ampere. In the second tube only one-fourth as many electrons
flow through the filament in one second as in the first tube.

The greater the electromotive force in a given circuit the
greater is the current. We might state this in a different way
by saying that the greater the force which causes the electrons
to move the greater will be the stream of electrons flowing
around the circuit.

12. The Dry Cell. — The dry cell is especially important in
radio work because of its use for plate batteries and for fila-
ment batteries with tubes of low amperage. A dry cell has an
e.m.f. of about one and one-half volts regardless of its size.
The small dry cells used in flash-lights and in plate batteries
have the same voltage as the larger dry cells. A three-volt
flash-light requires two dry cells. Tifteen dry cells are re-
quired to make up a battery of 223 volts. Fig. 23 shows the
construction of a dry cell.

The larger dry cells used for door bell circuits and for fila-
ment batteries will give from twenty to thirty amperes when
connected directly to an ammeter while the smaller dry cells
used for flash-lights and for plate batteries will give only
four or five amperes. The reason for this will be explained in
Chapter IV, Sections 23 and 24.

13. Polarization. — In the dry cell hydrogen collects on the
carbon plate just as in the simple voltaic cell it collects on the
copper plate. When the hydrogen ions have given up their
positive charges to the carbon plate they are of no further use
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in helping the current to flow. In fact they are an actual
hindrance to the current. The effect of the hydrogen in weak-
ening the current is called polarization. To remove the hydro-
gen from the carbon plate a black powdered substance known
as manganese dioxide is used.
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Fig. 23. — Showing the Construction of a Dry Cell

14. The Storage Cell. — The storage cell is like all other
cells in this respect: It consists of two plates of different ma-
terials and a substance in solution which attacks one of the
plates more than it does the other. The negative plate is lead
and the positive plate is lead peroxide. The electrolyte (See
Section ¢) is a dilute solution of sulphuric acid. When the
storage cell is discharging; that is, giving out a current, lead
sulphate is formed on the negative plate. The action on the
positive plate is somewhat complicated but the result of it is
also the formation of lead sulphate. The net result is that as
the cell discharges both plates are reduced to lead sulphate;
that is, a surface layer of lead sulphate is formed on each plate.
When the cell is being charged the reverse action takes place.

The chemical equation which shows the net result of the
reactions when the cell is discharging is as follows:

Negative Positive Both
plate plate Electrolyte plates Water

Pb 4 PbO, 4+ 2H,SO, — 2PbSO, -} 2H,0
Lead -+ lead peroxide 4 sulphuric acid become lead sulphate
-+ water.
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The chemical action of the cell when being charged is as
follows:

Bath Negative Positive
plates Water plate plate

2PbSO, 4+ 2:H,0—> Pb 4 PbO, 4 2H,S0,

Lead sulphate -}- water become lead -}- lead peroxide -} sul-
phuric acid.

Electrolyte

One of these equations is exactly the reverse of the other.
The storage cell differs from other cells in just this respect,
that the action can be reversed. When the cell is discharged
an electric current can be sent through it and the plates and
electrolyte restored to their original condition. This cannot
be done with any other cell.

Observing the first equation we see that the electrolyte is
reduced to water as the cell discharges and that sulphuric acid
is again formed as the cell is charged. Since sulphuric acid is
denser than water it is possible to determine the state of
charge or discharge by testing the density of the solution.
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Fig. 24.— A Storage Battery Connected for Charging

In charging a storage cell the current must be sent through
it in the direction opposite to that of the discharging current.
This means that the positive terminal of the cell must be con-
nected to the positive line wire and the negative terminal to
the negative line wire. Figure 24 shows a storage battery
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connected for charging, the current in the line being direct.
If the current is alternating a rectifier is needed as explained
in Chapter VI, Sections 76, 77 and 78.

15. Care of a Storage Battery. — A storage battery should
not be allowed to become completely discharged. If by chance
it is completely discharged it should not be allowed to stand
for any length of time in that condition. The reason is that
both the positive and negative plates have a surface layer of
lead sulphate and this substance will crystallize if allowed to
stand. When the lead sulphate has crystallized the battery is
practically useless.

The battery should be frequently tested with an hydrometer
to determine its state of charge. The hydrometer indicates the
density of the electrolyte. By means of a rubber bulb a small
quantity of the liquid is drawn up in a glass tube. A small hy-
drometer floats in the liquid in this tube. The more dense the
liquid the higher it raises the hydrometer. If the cell is com-
pletely discharged the hydrometer may sink to the bottom.
A scale marked on the hydrometer indicates the density of the
solution. If the cell is fully charged the line marked 1,280 will
be at the surface of the liquid. This means that the density
of the solution is 1.28; that is, a certain volume of the solution
would weigh 1.28 times as much as the same volume of water.
For a battery used for automobile ignition a density of 1,300 is
safe. For a radio battery the density should not go above 1.28.
It is best to recharge the battery before the density drops
below 1,185.

A lead storage cell gives a current of from 200 to 500 am-
peres on a short circuit. A storage cell cannot be tested with
a pocket ammeter such as is used for testing dry cells because
the strong current would burn out the instrument. Special
ammeters capable of carrying 200 amperes or more are made
for testing storage cells.

The voltage of a lead storage battery on open circuit is about
2.2 volts for each cell and this voltage is approximately the
same for a cell partly charged as for one fully charged so that
a voltage test cannot be used to test the extent to which the
battery is charged.
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The chief characteristic of the storage battery required for
radio use is that it should give a constant voltage when dis-
charging because even small changes in voltage produce noises
in the phones. In some storage batteries for radio use constant
voltage is attained by designing the cell so that the electrolyte
will circulate freely over the surface of the plates. To this
must be added special care in making the plates uniform in
their chemical composition. A radio storage battery may be
considered fully charged when the hydrometer reading is 1,250.
This is even better than 1,280 because with the lower hydrom-
eter reading the voltage of the battery will remain more nearly
constant than if the density is allowed to go higher.

If a storage battery is to be left unused for a number of
weeks it should be left fully charged for if left uncharged
crystals of lead sulphate will form on the plates. This reduces
the voltage, increases the resistance and shortens the life of
the battery.

If a battery is not to be used for a considerable period of
time, say a number of months, it should be put in “ wet stor-
age.” To do this the battery should first be fully charged,
then put in a dry place on wood strips so that air can circulate
all around the battery. Vaseline should be applied to all the
exposed metal. It is advisable if possible to place the battery
on trickle charge, that is connect it to a charging circuit with
a resistance so that it will be charging continuously at a very
low rate, say half an ampere. If this cannot be done, the bat-
tery should be charged until all the cells are gassing, about
once every two months. The level of the electrolyte should be
kept above the plates by adding distilled water.

16. Ampere Hours, — Storage batteries are rated in ampere-
hours. For example, an eighty ampere-hour ignition battery
would deliver a current of ten amperes for eight hours. Such
a battery would not, however, deliver eighty amperes for one
hour. If the discharge rate is too rapid the number of ampere-
hours that may be obtained from the battery is reduced. An
example of a rapid rate of discharge is an automobile battery
when operating the starting motor. The battery is then oper-
ating practically on short circuit. According to rules adopted
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by the National Electrical Manufacturers Association, the
ampere-hour rating of an “ A’ battery is based on the rate
(measured in amperes) at which the battery will discharge in
100 hours down to a cut-off voltage of 1.75 volts per cell, the
cell temperature being 8o degrees Fahrenheit. The rating of
a storage “ B ” battery is based on the same conditions except
that the time is 200 hours. The battery must deliver current
at its rated capacity until it has been charged and discharged
three times. Otherwise it is considered to be improperly rated.

Questions

1. Why is it that dry cells will give a continuous current for many hours
through the filaments of certain radio tubes while such cells could not be
used for continuous current in an alarm circuit?

2. What is the difference between an ion and an electron?

3. A worn out dry cell battery will sometimes work well for a short time
after the circuit is closed and then stop working. Why?

4. Why can the state of charge of a lead storage cell be determined by
means of a hydrometer?

5. Why should a lead storage battery not be allowed to stand completely
discharged ?

6. Why might a storage battery suitable for automobile ignition not be
satisfactory in a radio circuit?



CHAPTER III
MAGNETIC ACTION OF AN ELECTRIC CURRENT

We have seen that an electric current consists of a stream of
electrons flowing in a wire or other electrical conductor. The
reader must keep this idea in mind all the way along if he is
to understand what goes on in an electrical circuit.

Wherever there is an electric current there is around that
current a force which we call magnetic. Electrons in motion
always produce a magnetic force. We could not receive radio
signals if it were not for the magnetic force of the current that
flows through the telephone receivers. There could be no
radio transmission, no power for electric motors if it were not
for the magnetic action of an electric current.

17. Magnetic Field and Lines of Force,-— If iron filings
are sprinkled around a steel magnet the filings arrange them-
selves in definite lines around the magnet. These lines mark
out the direction of the magnetic force. If a small magnetic
compass is placed near the magnet it will place itself parallel
to the filings.

A magnetic compass is simply a small magnet mounted on a
needle point so that it can turn freely. Any suspended magnet
tends to place itself in a position nearly north and south. The
position it takes is not the same at all places on the earth.
At some places it would point exactly north and south while
at other places it would be considerably out of the north and
south line. In general a suspended magnet tends to place
itself so that one end points toward the north magnetic pole
of the earth and the other end toward the south magnetic pole.
The end which points toward the north magnetic pole is called
the north-seeking pole of the magnet and opposite end the
south-seeking pole. These names are commonly abbreviated
and we speak of the north and south poles of the magnet. The
earth acts like a great magnet and the suspended magnet tends
to place itself along the magnetic lines of force of the earth.

23
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18. Magnetic Action of a Current in a Straight Wire. —
If a wire through which a current is flowing is placed in a verti-
cal position and a number of small magnetic compasses are
placed around it the compass needles will arrange themselves
so that they mark out a circle. If the wire is grasped with the
right hand so that the thumb points in the direction of the
current the fingers point in the same direction as the north
poles of the compasses. It is as if the electrons as they flow
along the wire produce a whirl of force around the wire (Fig.
25). If we could arrange matters so that the magnetic force

BATTERY

Fig. 25.— Electrons As They Flow Produce a Whirl of Force
Around the Wire

would act on only one pole of the magnet, that pole would
move in a circle around the wire as long as the current con-
tinued to flow. If the current is reversed the compasses turn
round and point in the opposite direction. There is still a whirl
of force but it has changed direction.

19. Magnetic Action of a Current in a Coil. — If the wire
is wound in a coil the lines of force around the different turns
of wire unite and form straight lines within the coil. Outside
the coil these lines curve around from one end of the coil to the
other (Fig. 26). The coil acts as if it were a bar magnet, one
end being a north pole and the other end a south pole. The
north pole of the coil will attract the south pole of a compass
needle and the south pole will attract the north pole of a com-
pass needle.
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If the coil is grasped with the right hand, the fingers point-
ing in the direction of the current, the thumb will point in the
direction of the north magnetic pole of the coil.

If a bar of iron is placed in the coil when a current is flowing,
the iron becomes magnetized. This forms an electromagnet.
The magnetic strength of a coil with an iron core is very much
greater than that of the coil alone.

According to the molecular theory of magnetism each mole-
cule of iron is a magnet having a north pole and a south pole.

Fig. 26. — Magnetic Force Around a Current Carrying Coil

When the iron is magnetized the molecules are so arranged
that the greater number of them have their north poles point-
ing in one direction. When practically all the molecules are

. ARMATURE.

ELECTRO-MAGNET

Fi16. 27.— Whenever a current is passed through a telegraph sounder, the
coil and its iron core become magnetized drawing down the iron armature,
The armature makes the familiar click when it strikes its stop.

lined up with their north poles in one direction the magnet
is said to be saturated. Its magnetic force cannot be made any
greater.

Different forms of iron differ greatly in the ease with which
their magnetization can be changed. Tempered steel retains
its magnetization for a long time if carefully handled while
annealed silicon steel easily loses its magnetization.
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The property of a magnetic substance by which its mag-
netization is changed by a magnetic force is called permeabil-
ity. Soft iron has greater permeability than hard steel.

If a bar of iron is placed in a coil in which a current is flow-
ing, the magnetic force produced by the current causes the
molecules of the iron to try to turn so that their north poles all
point in one direction. This could be illustrated by placing a
number of small magnetic compasses in the coil. The com-
passes all point toward one end of the coil when a current is
flowing. If the current is reversed the compasses all turn
round and point in the opposite direction showing that the
poles of the coil have changed. Likewise if there is a bar of
iron in the coil its molecules try to turn around when the cur-
rent changes direction.

The magnetic action of a coil is a matter of very great im-
portance in radio work. In the coils of a receiving set and in
the transformers there are currents that rapidly change direc-
tion and the magnetic effects of these currents are very im-
portant. These effects will be discussed more fully in later
chapters.

20. Power Lost in Magnetizing and Demagnetizing Iron. —
Suppose we have an electromagnet as shown in Fig. 28, with a
current flowing in the direction shown by the solid arrows.

i
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Fig. 28.— An Electromagnet

Then the end N is a north pole and S a south pole. As the
current increases in strength the magnetic strength of the iron
increases up to a certain limit. If we gradually decrease the
current the iron loses some of its magnetic force but when
the current is reduced to zero the iron still has some magnetic
force. 1If the current is reversed so that it flows in the direc-
tion of the dotted arrows, when the current reaches a certain
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strength the magnetic force of the iron is zero. When the iron
is magnetized by a magnetic force in one direction it requires
a force in the opposite direction to demagnetize it. If the cur-
rent continues to flow in the direction of the dotted arrows the
iron becomes magnetized again but its poles have changed.
If we reduce this current to zero the iron still retains mag-
netic force and we must again reverse the current to demag-
netize it. The magnetic force of the iron lags behind the cur-
rent. The molecules of the iron do not easily change their
position. It requires a certain force to change them. Some
of the energy of the electric current is used in changing the
magnetism of the iron.

Soft iron and annealed silicon steel offer less opposition to
changing magnetism than tempered steel and less than harder
forms of iron. Soft iron and silicon steel, therefore, consume
less of the energy of the current than other forms of iron. This
is a matter of importance in making transformers, particularly
those used in radio work.

The lagging of the magnetic force of the iron is called
hysteresis (pronounced hysteresis). The electrical energy
used up in changing the magnetization of the iron is known as
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Fig. 29. — Hysteresis Curve for Annealed Silicon Steel

the hysteresis loss. This is only one of the ways in which
electrical energy is lost in transformers, motors and generators.
A hysteresis curve for annealed steel is shown in Fig. 29.
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In this graph the abscissas (values of X) represent the strength
of the current and the ordinates (values of Y) represent the
magnetic force of the iron. In other words the abscissas
represent the magnetizing force acting on the iron since in any
given coil this force is proportional to the current and the or-
dinates represent the flow of magnetic force in the iron itself.
Fig. 30 is a hysteresis curve for hard steel. This curve shows
that for hard steel it requires a much stronger reversed current
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Fig. 30. — Hysteresis Fig. 31.—Ideal Hys-
Curve for Hard Steel teresis Curve

to reduce the magnetism of the steel to zero than it does in the
case of annealed steel. This means that more energy is lost
in the case of the hard steel than in the case of the annealed
steel. This is shown by the greater area between the two parts
of the curve in the case of the hard steel.

An ideal hysteresis curve is shown in Fig. 31. This is the
curve that would be obtained if it were possible to have a
kind of steel or iron for which there would be no hysteresis
loss. In this case if the magnetizing current were reduced to
zero the magnetic strength of the iron would drop to zero and
no force would be needed to demagnetize the iron.
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Questions

1. What is meant by magnetic lines of force? What is meant by the
magnetic field?

2. What is the form of the lines of force around a straight wire through
which a current is flowing?

3. What is the form of the lines of force around a coil through which
a current is flowing?

4. What is an electromagnet ?

5. How is power lost in an electromagnet?

6. What is meant by hysteresis?

7. Is hysteresis a desirable quality in the iron cores of transformers used
in a radio circuit?



CHAPTER IV
ELECTRIC CIRCUITS AND OHM’S LAW

The student cannot go far in his study of radic without a
knowledge of the measurements that are to be made in testing
electric circuits. In a radio circuit as well as in any other
electric circuit there are several quantities to be measured.
There are two ways of making and operating a radio receiver
or transmitter. One is by merely trying different coils, con-
densers and so forth until something is found that works fairly
well and the other is knowing what one is using, knowing the
values by one’s own measurements or reliable measurements
made by others. The first is a haphazard, cut-and-try method
which might be compared to a surveyor stepping off the dis-
tances instead of measuring them in laying out city blocks or
farms. No one would buy land laid out in such a careless fash-
ton. The second is an accurate scientific method like that of
the surveyor who gets his directions with a compass, lays his
lines with a cross-staff, measures his distances with a chain
and computes the areas from a base line. It is accurate work
only that gives the thing permanent value.

In this chapter we shall take up only such measurements as
can be applied to a direct current such as a current from a
battery. Measurements for the high frequency currents of
radio circuits will be given in a later chapter. These cannot
be understood until direct current measurements are mastered.

21. Units of Electromotive Force, Current and Resistance,.
— The unit of electromotive force is the volt which is about
the electromotive force of a simple voltaic cell. The electro-
motive force of a dry cell is about 1.5 volts and of a lead
storage cell about 2.2 volts.

The unit of current is the ampere. One ampere is a certain
rate of flow of electricity. If water is flowing through a pipe
at the rate of one gallon per second then one gallon per second
is the strength of the current of water. The gallon is the unit

30
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of quantity and one gallon per second is the unit of current.
In a similar way one ampere is the flow of a certain quantity
of electricity per second. The unit of quantity of electricity
is named a coulomb and an ampere is a flow of one coulomb
per second. The coulomb is not used so frequently as the
ampere in electrical calculations. The rate of flow is the
important thing.

We have seen that an electric current is a stream of electrons.
An ampere, therefore, is a unit for measuring a stream of elec-
trons. It is well to keep the idea of electrons constantly in
mind because of its importance in understanding radio circuits.
Electrons are very small, much smaller than atoms. So small
are they that, if we have lighted the filament of a tube which
takes a current of one ampere, electrons are flowing through
the filament at the rate of about six billion billion per second.
In figures the number would be 6,000,000,000,000,000,000.
How were they counted? We cannot take space to explain
that here. We can only say that the amount of electric
charge that constitutes one electron has been measured and it
would take six billion billion such charges to make the same
quantity of electric charge as that which flows in one second
when the current is one ampere.

Resistance in an electric circuit is that which opposes the
flow of current. It is measured in ohms. One ohm is the
resistance of a conductor through which an e.m.f. of one volt
will cause a current of one ampere to flow. A number 18 cop-
per wire 156 feet in length has resistance of approximately
one ohm,

22. Conductors and Insulaters.— In electric circuits use
is made of certain materials to conduct the current. Such ma-
terials are called electrical conductors. Other materials are
used to prevent the electricity escaping from a wire or other
conductor. Such materials are called insulators. Copper wire
is a familiar example of a conductor and the rubber covering
on the wire used in house wiring is a familiar example of an
insulator. There is no material that is a perfect conductor and
no material that is a perfect insulator. Some materials, how-
ever, allow such a small quantity of electricity to escape or leak
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through them that for practical purposes they may be con-
sidered perfect insulators. All metals are good conductors as
compared with most other materials but some metals are better
conductors than others. Silver is the best conductor but for
obvious reasons it cannot be used in practical work. A table
of some common materials in order of conductance, is given
below. Silver, which has the highest conductance, is placed
first. The table shows the conductance of the other materi-
als as compared to silver. For example, the conductance of
copper is,#2-that of silver.

Silver .. ... ... .. 100
Copper ... ... . 92
Gold ... ... .. ... ... 67
Aluminum . ........ . ... . 56
Brass (copper and zinc) .............. 28-41
ZINC .. ... 27
Nickel ... ... .. ... ... .. 21
Tin ... 14
Platinum ... ... .. ... . ... ... L 13
Soft steel ........ ... ... ... ... . .. ...... 12
Lead ... ... ... . ... 7
Mercury ... Vi

Nickel steel ................. ... .. ....
German silver (copper, zinc and nickel) . . 3.5-7.5
Manganin (copper, manganese and nickel)..3.5

23. Ohm’s Law. — To make the filament in the tube in a
radio circuit glow more brightly the rheostat must be turned
so as to reduce the resistance in the circuit. To dim the fila-
ment the rheostat must be turned so as to put more resistance
in the circuit. This illustrates one way of varying the strength
of the current. Increasing the resistance reduces the current.
Reducing the resistance increases the current. The current is
reduced in proportion as the resistance is increased.

Another way of changing the strength of the current is to
change the electromotive force. For example, if we connect
more cells in series in a circuit the current will be increased.
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This fact is sometimes learned by beginners in radio work in a
very expensive way. The plate battery of go volts or more is
by mistake connected across the filament terminals of a tube
which is intended to operate on an e.m.f. of from four to six
volts. The result is a current so strong that it quickly burns
out the filament of the tube.

If the resistance of a circuit remains the same and the elec-
tromotive force is doubled the current is doubled. If the e.m.f.
is reduced one-half the current is reduced one-half.

We may illustrate this law by comparing an electric current
with a current of water. If water is flowing through a pipe
there is pressure which causes the water to flow and resistance
or opposition to flow. If the pressure is made greater the rate
of flow is greater as when a fire engine applies extra pressure
to force a stronger current through the hose. On the other
hand if the opposition is greater the flow is less as when the
nozzle of the hose is nearly closed.

Pressure

Rate of flow = W‘

It is the same in an electric circuit. Current or rate of flow is
greater if electrical pressure or voltage is greater and less if
opposition or resistance is greater.
Expressed in words:
Voltage Volts

= - A = .
Current Resistance ot mperes Ohms

Expressed in symbols:
E

=R

It is clear from the above equation that if we know the e.m.f.
and the resistance of a circuit we can compute the current
that will flow. We can find also the e.m.f. required to cause a
given current to flow through a given resistance or we can
measure the current and e.m.f. of a circuit and compute the
resistance. In fact Ohm’s law is one of the most useful prin-
ciples in radio as well as in all other electrical work.
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24. Some Examples of Ohm’s Law.— Let us consider the
filament circuit of a single tube in a radio receiver. The circuit
includes filament, battery, rheostat and connecting wires as
shown in Fig. 32. Suppose we find that the voltage across the
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D

Fig. 32.— Filament Circuit

filament from D to B is g volts and the current is one ampere.
Then the resistance of the filament is 5 divided by 1 or 5 ohms.
If the voltage across the filament and rheostat taken together
is 6 volts and the current 1 ampere, the resistance of filament
and rheostat taken together is 6 ohms. In this case we have one
ohm of resistance in the rheostat. Now suppose we have a tube
which takes 1 ampere of current when the voltage across the
filament terminals is 5 volts and the rheostat has been ad-
justed to give the proper filament voltage, then the filament
resistance is 5 divided by 1 or 20 ohms. If there is a voltage
drop of 6 volts across filament and rheostat taken together,
which would be the case if we were using a six volt battery, then
the resistance of filament and rheostat is 6 divided by % or 24
ohms. Then we have 4 ohms of resistance in the rheostat. It
is clear from this example that the tube which takes 1 ampere
requires a higher resistance in the rheostat than the tube which
takes one ampere.

It will be noticed that in finding the resistance of the filament
in the above example we took the voltage across the filament
only and the current through the filament. In finding the com-
bined resistance of filament and rheostat we took the voltage
across both together. This illustrates an important rule to be
observed in applying Ohm’s law. If we are applying Ohm’s
law to part of a circuit we must take voltage, current and re-
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sistance for that part of the circuit only. If we are applying
Ohm’s law to an entire circuit we must take the voltage, cur-
rent and resistance for the entire circuit.

Ohm’s law may be applied to an electric cell as well as to
any other electric conductor. Suppose we wish to find the
internal resistance of a dry cell. The voltage must first be
measured with a voltmeter. Suppose this is 1.5 volts. Then
an ammeter capable of carrying a current of 25 amperes or
more must be connected directly across the terminals of the
cell. Let us suppose the ammeter gives a reading of 20
amperes. The ammeter forms practically a short circuit across
the cell. In other words the external resistance is practically
zero and the resistance of the cell itself is practically the en-
tire resistance of the circuit. The resistance of the cell is by
Ohm’s law 12’(-‘;5 = 0.075 ohm. If a similar test is made with
a small flash-light cell it will be found that the current on
short circuit is only four or five amperes while the voltage is
the same as that of the large dry cell. Therefore the smaller
dry cell has the greater resistance.

25. Unit of Power. — We may compare electric power with
water power. Suppose the water of a water-fall is driving a
water wheel or turbine, The power developed depends on the
pressure of the water; that is, the height of the water-fall and
the rate of flow of the water. The hydro-electric plant at
Keokuk, Towa, operates on comparatively low pressure, the
water falling only about thirty feet, but it develops very great
power on acount of the great quantity of water per second that
flows through the turbines. In contrast with the Keokuk
plant is a plant in Norway operated by a water-fall with a
very small flow of water but which develops great power be-
cause of the great height, about nine hundred feet, over which
the water falls. In a similar way great electric’ power can be
developed in either of two ways, by means of great electrical
pressure or by means of a strong current. In other words, the
power may be increased either by increasing the voltage or by
increasing the amperage.

Electric power is measured in watts or in kilowatts. If an
e.m.f. of one volt causes a current of one ampere to flow through
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a conductor the power is one watt. The number of watts of
power in an electric circuit is found by multiplying volts by
amperes.

Watts = volts X amperes

or, letting P stand for power,
P = EL

A kilowatt is one thousand watts. “XKilo” always means
one thousand. In lighting and power circuits where the watt
is too small a unit to be used conveniently the kilowatt is used.

There are two other forms of the power equation that are
sometimes convenient to use. From Ohm’s law we have,

E
I= R
and E = IR.

Substituting for I in the power equation already given,
we have

J2

R

Substituting for E in the first power equation, we have
P = I’R.

From the last equation it is clear that in a circuit in which
the resistance remains constant the power consumed is pro-
portional to the square of the current. If the power is all con-
sumed in producing heat, as in an electric heater, the heat pro-
duced is proportional to the square of the current.

26. Series Circuits. — In the filament circuit of a receiving
set of one tube (Fig. 32) we have a battery, rheostat, the fila-
ment of the tube and the connecting wires all connected in
series. There is only one path for the electric current. Such
a circuit is called a series circuit.
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Each part of the circuit offers a certain resistance to the cur-
rent. The resistance of the entire circuit is the sum of the
separate resistances. Suppose, for example, the filament has
a resistance when hot of 5 ohms, the battery a resistance of
0.05 ohm, the connecting wires a resistance of 0.1 ohm and that
the rheostat is set so that it has a resistance of 2.5 ohms.
Then the resistance of the entire circuit is the sum of all these
resistances or

54 0.05 + 0.1 + 2.5 = 7.65 ohms.

Another important fact regarding the series circuit is
that the current is the same in every part of the circuit. If
three ammeters were connected in the circuit at the points
marked D, B, and C (Fig. 32) they would indicate the same
current.

The voltages across the different parts of a series circuit de-
pend on their resistances. If we connect a voltmeter to the
terminals of the battery (DC Fig. 32) it will indicate the ter-
minal voltage of the battery. If two other voltmeters are con-
nected, one across the terminals DB to give the filament volt-
age and the other across BC to give the voltage drop across
the rheostat, the sum of the readings of these two voltmeters
will equal the reading of the first. The filament does not get
the full voltage of the battery but the voltage across the fila-
ment plus the voltage across the rheostat equals the voltage
across the terminals of the battery. This illustrates one law
of voltage in a series circuit. The entire voltage across the
circuit is equal to the sum of the voltages of the conductors
taken separately.

Another important fact is that if a current is put through a
small resistance and a large resistance in series, there will be a
much larger voltage across the high resistance than across the
low one. If the high resistance, for example, is 1000 ochms and
the low resistance is 5 ohms, then with a current of one ampere
the voltages will be 1000 volts and 5 volts respectively. In Fig.
32 if the filament has a resistance of 5 chms and the rheostat
a resistance of 2.5 ohms, the voltage across the filament will be
twice the voltage across the rheostat. If the entire voltage
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across filament and rheostat is 6 volts, the voltage across
the filament will be 4 volts and that across the rheostat 2
volts. Suppose we turn the rheostat knob until the rheostat
has a resistance of 5 ohms, then, since the resistance of the
filament and rheostat are equal the voltage will be equally
divided between them and each will have a voltage of three
volts.

We may sum up the laws of series circuits as follows:

1. The resistance of the entire circuit is the sum of the
separate resistances.

2. The current is the same in all parts of a series circuit.

3. The voltage across a series circuit is the sum of the volt-
ages across the parts of the circuit.

4. The voltages across the high resistances in a series circuit
are greater than across the low resistances and in the same
proportion as the resistances.

27. Parallel Circuits.— In a radio receiving set the fila-
ments of the vacuum tubes are usually connected in parallel.
Let us take, for example, a circuit having a detector tube and
two amplifying tubes as shown in Fig. 33. If the filament of
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Fig. 33. — Filaments Connected in Parallel

each tube takes one-fourth ampere of current, the entire cur-
rent delivered by the battery is three-fourths ampere. The
total current in a parallel circuit is the sum of the currents in
the separate parts.

One wire from the positive terminal of the battery leads to
one terminal of each filament. We call this the positive bus
wire. Another wire leads from the negative terminal of the
battery to the rheostat, the rheostat being connected between
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this wire and the other filament terminal. This is the negative
bus wire. The voltage on the bus wire is practically the same
for all the filaments and is the same as the voltage at the bat-
tery terminals. This is true if the bus wires have very low
resistance. The voltage is the same for any number of tubes
as for one tube.

Ohm’s law may be applied to each of the filaments. The
current flowing through each filament equals the voltage across
the bus wires divided by the resistance of the filament and its
rheostat. Having the separate rheostats makes it easy to con-
trol the current in each filament independently of the others.

The laws of parallel circuits may be stated as follows:

1. The total current is the sum of the currents through the
parts of the circuit.

2. The voltages are equal across all parts of a parallel
circuit.

3. The combined resistance is less than the resistance of any
part of the circuit.

For a more complete discussion of resistances in parallel
circuits see appendix.

28. Ammeters. — In the ammeters commonly used for meas-
uring direct current, the coil is mounted on a shaft which is
supported on jeweled bearings like the bearings of a watch.
The coil, therefore, moves with very little friction. A spring
like a watch spring is attached to the coil and the mounting at
each end. The coil is set at an oblique angle with relation to
the lines of force of the magnet. When a current flows through
the coil the coil tries to turn so as to place its lines of force
parallel to those of the magnet but the springs tend to hold it
back. The stronger the current flowing through the coil the
farther it can turn against the action of the springs. A pointer
attached to the coil moves over a scale marked to indicate the
current strength. To make the magnetic field uniform a soft
iron cylinder is supported within the coil. The iron cylinder
remains stationary and the coil moves in the small space be-
tween the cylinder and the pole pieces of the magnet.

Since the coil of the ammeter is of very fine wire and can
carry only a small current, a shunt must be used to enable the
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instrument to measure a large current. When a shunt is con-
nected across the coil the greater part of the current goes
through the shunt and only a small part through the coil. Sup-
pose the shunt has 1 as great resistance as the coil. Then
the shunt will have nine times as strong a current as the coil.

[ g N W
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Fig. 34.— Showing Construction of a Milliammeter

In other words the shunt will take nine-tenths of the total
current and the coil one-tenth. Since the coil and shunt are
in parallel the laws of parallel circuits apply.

Ammeter shunts are usually inside the instrument though
with some instruments external shunts are provided. The

Fig. 35.~— Ammeter with Shunt

scale of the instrument is usually marked to indicate the total
current which is the current through coil and shunt together.
A galvanometer is a specialized relative of the ammeter
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made extremely sensitive, usually to measure millionths of an
ampere or microamperes. A milliammeter measures thou-
sandths of an ampere. A milliammeter can be used as an
ammeter by providing it with suitable shunts,

Since an ammeter is used to measure current it must be con-
nected in the circuit whose current is to be measured so that
the entire current will flow through it. Always connect an
ammeter in one side of the line, never across the line.

29. Hot Wire and Thermocouple Ammeters.— A form of
ammeter frequently used in radio work operates by means
of the heating effect of an electric current. The essential part of
the instrument is a wire of platinum through which the cur-
rent flows. The current heats the wire and the wire expands.

Fig. 36.— Showing the Principle of a Hot Wire Ammeter
AB is the Platinum wire, B and C are the external connections

As it expands it allows a pointer to be moved over a scale by a
spring. The stronger the current the more the wire expands
and the farther the pointer moves.

In a thermocouple ammeter the sensitive element is a junc-
tion of two unlike metals. The principle of the thermo-couple
can be illustrated by twisting together one end of an iron wire
and one end of a copper wire. The other ends of the two
wires are connected to a milliammeter and the twisted joint
heated over a flame. The milliammeter needle will move,
showing that a current is produced by heating the junction of
the two metals. It is also true that when a current flows across
the junction of two different metals heat is produced. With
certain metails this effect is noticeable with very weak currents.
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The current flowing in the antenna circuit when strong signals
are being received can be measured with an electron tube and
milliammeter (Sec. 169).

ADVANCE, WIRES

c—e——>
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Fig. 37.— Showing the Principle of a Thermocouple Ammeter

A and B represent two thermocouples. Current flowing from C to D
heats the parallel wires A and B. This heating causes a current to flow
through the two junctions. This current flows through the milliammeter.

30. Voltmeters. — A voltmeter is used to measure the dif-
ference of electric pressure between two points in an electric
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Fig. 38.— Voltmeter Connected
for Testing Filament Voltage

VOLTMETER

Fig. 39.— Circuit for Testing
Filament Voltage

circuit. The difference of potential is commonly called volt-
age. The term “ voltage drop ” is also frequently used. In a
radio set it is important to test both the filament voltage and
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the plate voltage. To test the filament voltage the voltmeter
must be connected across the filament terminals of the
socket. See Figs. 38 and 39. To test the plate voltage the volt-
meter must be connected to the plate terminal of the socket
and the negative filament terminal. See Figs. 40 and 41.

RHEQSTAT
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Fig. 40.— Voltmeter Connected Fig. 41.— Circuit for Testing
for Testing Plate Voltage Plate Voltage

The rule for conecting a voltmeter is: Always connect a
voltmeter across the line if the voltage of the entire line is
wanted or across the terminals of the part of the circuit for
which the voltage drop is to be measured.

If a milliammeter were connected across the line the cur-
rent through the meter would be so strong that it would in-
stantly burn out the meter coil. To prevent this a high resist-
ance is placed in series with the coil. The milliammeter with its
resistance can then be connected across the line and used to
measure voltage. A voltmeter is simply a milliammeter having
a high resistance in series with it and its scale graduvated in
volts.

Suppose the coil of the milliammeter is able to carry only
one-hundredth of an ampere and the instrument is to be built
to measure any voltage up to 1zo volts. Enough resistance
must be placed in series with the coil so that when the voltage
across the terminals is 120 not more than one-hundredth of an
ampere will flow. By Ohm’s law

E=1IR
120 = c.0o1 R
120

= —— = 12,000 ohms.
.01
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The high resistance is usually placed inside the voltmeter
and connected in series with the coil. The scale of the instru-
ment is graduated so that as the pointer turns it indicates the
voltage across coil and resistance together, in other words the
voltage across the terminals of the instrument.

Some voltmeters are provided with an external resistance
called a multiplier. With an additional resistance connected
in series a higher voltage is required to turn the pointer one
division on the scale and therefore the instrument will measure
a higher voltage. For example, suppose a voltmeter is so
designed that 120 volts across its terminals will cause the
pointer to move across the scale. If a resistance is added so
that the total resistance is ten times as great as at first, it
will require ten times as great a voltage or 1200 volts to move
the pointer across the scale. With this additional resistance
or multiplier the instrument will measure any voltage up to
1200.

Some current, of course, flows through the voltmeter but
since its resistance is high this is a very small fraction of the
main current, so small that the electric bulb or other device
that is being tested is not affected.
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Fig. 42.— Circuit for Measuring Resistance, Voltmeter
Ammeter Method

31. Measuring Resistance. Voltmeter Ammeter Method.
— The simplest method of measuring the resistance of a con-
ductor is by means of a voltmeter and an ammeter. If the
voltage across the conductor and the current flowing through
the conductor are measured it requires only a very simple
application of Ohm’s law to find its resistance. For example,
suppose we find that a current of 0.25 ampere is flowing through
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the filament of a certain tube when the voltage across the fila-
ment is 5 volts. Then we have by Ohm’s law,

lm Ll les)

R =
R = = 20 ohms
.2

wn

32. Measuring Resistance. Wheatstone Bridge Method.
— The method described in Section 31 is a rough and ready
method useful where great precision is not required. Where
precision is important the Wheatstone bridge is used. Most
resistance measurements in radio work are made with a special
form of Wheatstone bridge which will be described in Chap-
ter X.

The ordinary Wheatstone bridge consists of four resistances
connected as shown in Fig. 43. The current from the battery

—i
Fig. 43.— Diagram of Wheatstone Bridge

divides at A, one part flowing along the path ABD, the other
along the path ACD, the two branches uniting at D and
flowing back to the battery. If the points B and C are at the
same potential ; that is, the same electric pressure, then, when
the key is closed, no current will flow through the milliameter.

Let I, be the current through the path ABD and I, the cur-
rent through ACD. By Ohm’s law the voltage drop in any
part of a circuit equals the current times the resistance of that
part of the circuit. The voltage from A to B, therefore, equals
I, X, voltage from B to D equals I,R, voltage from A to C
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equals I,M, and voltage from C to D equals I,N. Now since
voltage from A to B equals voltage from A to C, we have the
equation,
I1X - IzM
For a similar reason we have
Il.R = IzN
Now dividing the first equation by the second, we have

LX LM
LR LN

Cancelling I, and I, we have

X_M

R N
From this we get

. M

X =R N

This is the Wheatstone bridge equation. X is the unknown
resistance which is to be measured, R is a known resistance
and M and N are two resistances whose ratio is known. M and
N are called the ratio arms of the bridge.

33. Resistance Boxes and Special Forms of Wheatstone
Bridge. — A resistance box is commonly used for the known
resistance in Wheatstone bridge measurements. It consists
of a number of different coils of wire each having a known re-
sistance. The coils are connected to brass bars on the top of
the box. The bars may be connected by round tapering plugs
which can be easily removed. Each plug when in place be-
tween two bars short circuits the coil. Removing the plug
throws the coil into the circuit. The resistance can be ad-
justed to whatever value is desired by removing different plugs.

The simplest form of Wheatstone bridge is the slide wire
bridge (Fig. 44). The point C is a sliding contact which is
moved along the resistance wire ACD until a point is found
for which there is no deflection of the milliammeter. The ratio
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M/N is, then, the ratio of the lengths of the two parts of the
resistance wire,

A form of Wheatstone bridge which has the advantages of
accuracy and rapid work is the dial bridge. The two ratio
arms are controlled by one dial. Turning this dial corresponds

MILLIAMMETER.

A B |
s
Fig. 44. — Wheatstone Bridge. Slide Wire Form

to moving the sliding contact in a slide wire bridge. The ratios
in a common form of dial bridge are 1:1, 1:10, 1:100, 1:1000,
10:1, 100:1, 1000:1. The known resistance, R, is adjusted by
means of four dials. If R is one ohm, X may be as small as
0.001 ohm. R may be as high as 1111 ohms and X may be 1000
times R, With this bridge, then, any resistance from o.ooz
ohm to 1,111,000 ohms may be measured.

Questions

1. The filament of a certain tube takes 0.06 ampere when connected to
two dry cells in series. What is the resistance of the filament?

2. If three dry cells in series are used with this tube what resistance Is
needed in the rheostat?

3. What is the internal resistance of a plate battery of 45 volts which
delivers § amperes on short circuit?

4. How many watts of power does the radio tube of questions 1 and 2
consume ?

5. What is the resistance of the entire circuit in question 27

6. If three such tubes as that of question 1 are connected in series what
voltage is needed for the filament? What voltage if the tubes are in
parallel ?

7. How must an ammeter always be connected?

8. How must a voltmeter always be connected?

9. State the principle of the hot wire ammeter and of the thermocouple
ammeter.

10. Explain the principle of the Wheatstone bridge.



CHAPTER V
ELECTRON TUBES

We have seen that an electric current is a stream of elec-
trons flowing in an electric conductor. A stream of electrons
may also flow through free space if there are no molecules or
very few to block the way. In other words electrons can flow
readily through a vacuum. Since electrons are negative they
will flow in a vacuum from a negative to a positive electrode.
It is on this fact that the action of an electron tube depends.

34. Electrons from a Heated Filament. — An electric cur-
rent is a stream of electrons. When an electric current is flow-
ing in a wire, electrons are rushing along striking atoms and
knocking off other electrons or dodging between atoms or even
going through them. An electron is very much smaller than
an atom. The smallest known atom, that of hydrogen, has a
weight about 1800 times as great as that of an electron. An
electron is the smallest charge of electricity that has been
found to exist. Atoms are made up of positive and negative
charges, the nucleus of the atom being positive and having
electrons or negative charges revolving around it. Atoms are
always in motion but when there is a stream of electrons in the
wire it makes the atoms move faster. If a wire is connected to
the terminals of a battery, the electrons that happen to be free
so that they can move start rushing toward the positive ter-
minal of the battery. As they rush along through the wire
they collide with some of the atoms, giving up some of their
energy to the atoms and increasing their vibration. This in-
creased vibration of the atoms is heat. The heating of a wire
when connected to a battery is due to the action of electrons.
The energy the electrons lose in moving through the wire is
transformed into heat energy. The greater the stream of
electrons the greater is the resulting vibration of the atoms.
In other words, the stronger the current the greater is the heat-

48
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ing effect. This leads us to the next step in understanding the
action of a vacuum tube.

When a wire is heated, whether by an electric current or by
any other means, the atoms aré set in more rapid vibration and
this vibration causes some of the electrons to escape from the
wire, The number of electrons escaping from the wire is small
until the wire becomes red hot. If there is air or any kind of
gas around the wire, the escaping electrons cannot go very far.
Most of them are quickly forced back into the wire.

In one kind of electric light bulb, the common “ Mazda,” a
tungsten filament is heated by the current. The space within
the bulb is a nearly perfect vacuum. There is practically no
gas to prevent the electrons escaping from the wire, therefore
the electrons continue to escape until the bulb contains all the
electrons it can hold for the temperature of the filament.
When this condition is reached, electrons continue to escape
from the wire but just as many go back into the wire so that
the number of electrons in the tube remains practically constant.
The space within the tube may then be said to be  saturated.”
If the filament is made hotter more electrons escape from the
wire than return to it until the space is again saturated for the
higher temperature. The accumulation of electrons around
the filament is called in radio the “ space charge.” So far as
the escape of electrons from the filament is concerned, it does
not matter by what means the filament is heated but, of course,
the only practical means of heating the filament in a vacuum
tube is an electric current.

35. The Two-electrode Tube. — Suppose we have in the
tube, in addition to the heated filament, a plate of metal con-
nected to a wire which passes through the glass and is sealed
into it. If we connect this plate to the positive terminal of a
battery and connect the negative terminal of the battery to the
filament as shown in Fig. 45, then the electrons in the tube are
attracted to the plate because the plate is positive and the
electrons are negative. What happens now is that the elec-
trons that escape from the filament, instead of scattering
throughout the tube, move to the plate. There is also a flow of
electrons through the wire from the plate to the positive ter-
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minal of the battery, through the battery in the manner ex-
plained in Chapter II and from the negative terminal of the
battery to the filament. In other words there is an electric
current and the stream of electrons from the filament to the
plate within the tube is part of the current. This is called the
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Fig. 45.— Circuit for Two-electrode Tube

plate current. The circuit through which this current flows
consists of the battery, the wire connecting the battery to the
filament, the filament, the space in the tube between filament
and plate, the plate and the wire connecting plate to battery.
This circuit is known as the plate circuit.

Since the plate is at a low temperature, practically no elec-
trons are given off from it so that if we reverse the battery con-
nections making the plate negative and the filament positive,
no current will flow in the plate circuit. The circuit is then
open because electrons cannot go from the plate to the filament.

Since a two-electrode tube will allow current to flow in one
direction only, it can be used to rectify alternating current.
How this is done will be explained in Chapter VI.

36. The Three-electrode Tube. — In the vacuum tubes used
in radio transmitting and receiving circuits there is a third
electrode known as the grid. This is a lattice work or some-
times a loose coil of fine wire placed between the filament and
plate. If the grid is made positive it attracts electrons from
the filament as the plate does. Suppose we have a circuit as
shown in Fig. 46. We have now three batteries. The filament
battery serves only to heat the filament. The battery in the
plate circuit makes the plate positive so that a stream of elec-
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trons will flow from the filament to the plate. If now we
connect a battery in the grid circuit as shown in Fig. 46, so as
to make the grid positive, then the grid will attract more elec-
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Fig. 46.— Circuit for Three-electrode Tube, Grid Positive

trons from the filament. Since the grid is nearer to the fila-
ment than the plate is, its attraction for the electrons counts
for more than that of the plate. The stream of electrons is
greatly increased. Only a few of these electrons are caught by
the grid. Since the grid is open the greater number of them
rush on through to the plate. Thus the plate current is in-
creased by making the grid positive.
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Fig. 47.— Circuit for Three-electrode Tube, Grid Negative

Suppose now we reverse the connections of the battery in
the grid circuit so that the grid is negative (Fig. 47). The
grid now repels the electrons and tends to drive them back to
the filament. Therefore the plate current is made weaker.
If the grid has sufficient negative potential it will reduce the
plate current to zero. In other words, if the grid is sufficiently
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negative it will drive all the escaping electrons back to the
filament. A negative grid cannot, however, reverse the plate
current for, as we have seen, the plate current can flow only

in one direction.
If we connect a sensitive telephone receiver in the plate cir-
cuit as shown in Fig. 48, the plate current flows through the
REVERGING

CONNECTIONS OFf
GRID BATTERY

[

Fig. 48. — Circuit for Reversing Connections of Grid Battery
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receiver. If we reverse the connections of the grid battery the
resulting change in the plate current causes a click in the re-
ceiver. Changing the potential of the grid from positive to
negative or the reverse causes a change in the plate current
which produces a sound in the receiver. A sound may also be
produced in the receiver by making and breaking the connec-
tions of the grid battery thus changing the potential of the
grid from zero to a certain positive value and back again to
Zero.

37. Plate Voltage and Plate Current. — We have seen that
if the plate is made positive it attracts the electrons that are
being shot out from the filament. The higher the potential of
the plate the more it attracts the electrons and the stronger is
the plate current. This can be shown by a simple experiment.
If the reader will make this test and the others that follow, he
will have a better understanding of the working of an electron
tube in a radio receiving circuit than he can get in any
other way.

A circuit is arranged as shown in Fig. 49. The filament bat-
tery must, of course, be of the right voltage for the tube used.
The grid is left unconnected. The plate battery may be made
up of the small dry cells that are used in flash-lights. These
cells should be connected in series by soldering short wires to
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the terminals, the zinc of one cell to the carbon of the next
throughout the series. It is well to have enough cells in the
series to make it possible to go up to ¢o volts. A radio B
battery of 45 volts in series with another of 224 volts and 15

» B E
|||||:—-——————:i|||l|lll]l|l|l]l 1|

Fig. 49. — Circuit for Testing Plate Voltage and Plate Current

flash-light cells will make it possible to get all the different
voltages desired. The arrow point shown at E in the figure is a
movable connection. This may be a small battery clip soldered
to a wire. The clip can be attached to any of the battery ter-
minals along the series of dry cells so that the plate voltage
can be increased in steps of 1} volts. A is a milliammeter.
The plate current will probably not go much above 1o milli-
amperes. V, is a voltmeter for indicating plate voltage.

It will be noted that the circuit used in this test is part of a
radio receiving circuit. We are using simply the filament and
plate circuits with a milliammeter and voltmeter for measuring
plate current and voltage and a simple arrangement for varying
the plate voltage. The filament rheostat is now adjusted so that
the filament current is of the same value that would be used
if the tube were in a receiving circuit, or better, so that the
voltage at the filament terminals, V,, is that which is recom-
mended by the manufacturers for the particular tube that is
being tested. When this adjustment is made, readings of the
milliammeter and voltmeter in the plate circuit are taken, first
with the clip connected to make the plate voltage 13 volts and
then increasing in steps of 14 volts. Care should be taken not
to go much above the upper limit of plate voltage recom-
mended for the tube under test. From these results a graph
should be plotted as in Fig. so.
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It will be found that a limit is reached such that increasing
the plate voltage beyond this limit makes no further increase
in plate current. To reach this limit it may be necessary to
go above the voltage limit recommended for the tube. If this
is done the tube should be kept at the high voltage only long
enough to make the test. The fact that the current reaches a
limit means that for a certain voltage the plate attracts to
itself practically all the electrons that are emitted from the
filament. At the lower voltages the plate is able to attract to
itself only a part of these electrons. If the test is made with a
lower filament voltage; that is, with the contact arm of the
filament rheostat turned so as to dim the filament, it will be
found that the plate current reaches its limit at a lower plate
voltage than before. This is because, when the filament is at
a lower temperature fewer electrons are given off and the plate
is, therefore, able to attract all the electrons with a lower volt-
age than before.

38. Grid Voltage and Plate Current. — We are now going
more deeply into the study of the electron tube. We have seen

Qi)
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Fig. §1. — Circuit for Test- Fig. 52.— Circuit for Testing Grid
ing Grid Voltage and Plate Voltage and Plate Current Using Poten-
Current tiometer

that a change in the grid voltage causes a change in the plate
current. The action of a tube in a receiving circuit depends
on the relation between grid voltage and plate current. It is
important, therefore, to make a thorough study of this relation.

Figs. 51 and 52 show two circuits for testing the grid-volt-
age plate-current relation. In Fig. 51 a number of dry cells
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in series are used to vary the grid voltage. Flash-light cells
may be used as in the plate-voltage plate-current test. In Fig.
52 a potentiometer is used for this purpose. Good results can
be obtained by either method. The key in the potentiometer
circuit is for the purpose of avoiding overheating the potenti-
ometer when using the high voltages. The voltage of the plate
battery is fixed at a value which would be used if the tube were
in a receiving circuit and allowed to remain at that value dur-
ing the test. The grid voltage is varied from zero down to a
negative value that reduces the plate current to zero and up to
as high a positive value as is practical. Readings of the plate
current are taken for different values of grid voltage. It is
possible, if the apparatus at hand will permit, to reach a value
of grid voltage that will bring the plate current up to a limit
so that a further increase in grid voltage causes practically no
increase in plate current.

A graph should be plotted showing the relation between grid
voltage and plate current for the tube that is being tested.
(See Fig. 53.) This graph is called the characteristic of the
tube. The plate voltage may be changed and another series
of readings of grid voltage and plate current taken and an-
other graph drawn. If similar tests are made for a number of
different values of plate voltage and the graphs drawn, as in
Fig. 53, a great deal may be learned about the action of the
tube. Graphs of different tubes drawn on the same axes show
in a very striking way the differences between the tubes. The
characteristics of detector and amplifier tubes will be dis-
cussed in Chapter VII but we may say in a general way that
for a good amplifier tube the straight line portion of the
graph should be steep and that the sharper the bend at the
lower portion of the graph the better the tube will work as a
detector.

39. Amplification Factor.— We have seen that a certain
voltage applied to the grid causes a much greater change in
plate current than does the same voltage change on the plate.
It requires a number of volts on the plate to produce the same
effect as one volt on the grid. The ratio of the change in plate
voltage to the change in grid voltage that will produce the
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same effect on the plate current is called the amplification fac-
tor of the tube. For example: If it requires an increase of six
volts on the plate to change the plate current as much as one
volt on the grid, the amplification factor is six.

The circuit required to measure the amplification factor of a
tube is shown in Figs. 54 and 55. In Fig. 54 cells are used as

GRID BATTERY
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Fig. 54.— Circuit for Finding the Amplification Factor of a Tube

described in Section 37. In Fig. 55 a potentiometer is used for
the purpose of varying the grid voltage. The potentiometer
method of adjusting voltage is frequently used in radio work.
There are two voltmeters in the circuit, V, and V,, to measure
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Fig. 55.— Circuit for Finding the Amplification Factor of a Tube Using
a Potentiometer

plate voltage and grid voltage. There is also a milliammeter
to measure plate current. The plate battery may be made up
of small dry cells as in preceding tests or a commercial plate
battery may be used. The grid voltage may be made zero for
the first test. The plate voltage should be such that the plate
current will be a little below the maximum so that the test will
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be made on the straight line portion of the characteristic curve.
Now the reading of the milliammeter in the plate circuit is
taken. Next the plate voltage is reduced by a certain amount,
say twelve volts, and the milliammeter reading again taken.
It is found that the plate current is reduced by a certain num-
ber of milliamperes. Now, holding the plate voltage as it is,
the plate current can be increased up to its first value by in-
creasing the grid voltage. This will require only a compara-
tively small change in grid voltage. This small change in grid
voltage has produced as great a change in plate current as was
produced by the larger change in plate voltage. The ampli-
fication factor can now be found by dividing the change in
plate voltage by the change in grid voltage. It is very inter-
esting to compare the amplification factors of different tubes.

40. Plate Circuit Resistance. — The resistance within a tube
between filament and plate is an important factor in determin-
ing the working qualities of the tube. In measuring this re-
sistance the same circuit is used as for plate voltage and plate
current (Fig. 49). The grid is kept at zero voltage. A certain
voltage, say that of three dry cells, 4.5 volts, is applied to the
plate and the value of the plate current noted. For example,
suppose that 4.5 volts on the plate produces a current of 0.45
milliampere or o.00045 ampere. Then we have by Ohm’s law,

R=== = 10,000 Ohms.

This is the direct current resistance within the tube between
plate and filament. The plate circuit resistance is not the same
for all values of plate voltage. The resistance should be meas-
ured for different plate voltages, increasing the voltage say in
steps of 3 volts and continuing the tests up to 45 volts for
a detector tube and go volts or more for an amplifier tube. It is
worth while also to compare the resistances of different tubes.

After finding the resistance of a tube for different values of
plate voltage a graph may be plotted letting abscissas represent
plate voltage and ordinates plate circuit resistance (See Fig.
56). This graph shows that, as the voltage increases, the re-
sistance decreases to a certain limit. We should expect this to
be true for we have found in plotting the curve for plate volt-
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age and plate current that, as the plate voltage is increased
beginning at zero, the plate current increases rather slowly at
first and then more rapidly. In other words a higher voltage
gives a greater current in proportion to its value than a lower
voltage. For example, 20 volts on the plate give more than
twice as much current as 1o volts. From this it follows by
Ohm’s law that the resistance is less for 20 volts on the plate
than for 10 volts.

To measure the alternating current resistance of a tube it is
necessary to divide the change in plate voltage by the change
in plate current. Small changes in plate voltage should be
taken, say one or two volts.

41. Grid Voltage and Grid Current.— When an electron
tube is in action a stream of electrons is shooting across from
filament to plate. Since the grid is open like a lattice work or
a loose coil most of these electrons pass on through the grid.
A few, however, get caught by the grid unless the grid is
sufficiently negative to repel them in which case they fly on
through to the plate. If the grid is at zero potential or posi-
tive it catches some of the electrons and there is a flow of
electrons through the grid circuit from grid to filament.

-|l||||—|-<|1]||1||||]|
» "

Fig. 57. — Circuit for Testing Grid Voltage and Grid Current
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The grid current is, as a rule, much smaller than the plate
current. It requires for its measurement a milliammeter sensi-
tive to tenths of a milliampere. A circuit for testing the rela-
tion between grid voltage and grid current is shown in Fig. 57.
A is a sensitive milliammeter. V, is a voltmeter for grid volt-
age. This should have the zero in the center of the scale.
Otherwise it is necessary to reverse the connections when the
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voltage is reversed. V, is a voltmeter for plate voltage. The
plate voltage should be fixed at a certain value and held at that
value during the test. A number of readings of grid current
are taken for different values of grid voltage, the grid voltage
being changed as desired by means of the potentiometer and a
reading of the milliammeter and of the voltmeter, V,, being
taken for each setting of the potentiometer. A graph should
then be plotted as in Fig. 58, letting abscissas represent grid
voltage and ordinates grid current. The plate voltage may
then be set at a different value and a series of readings of grid
voltage and grid current again taken and another graph plotted
on the same axes as the first.

Such a series of graphs is very instructive in regard to the
action of tubes. It is found, for example, that the grid current
depends on plate voltage as well as on grid voltage. One of
the interesting facts brought out by this experiment is that
with a higher plate voltage we get a smaller grid current. The
explanation is that when the plate is at a higher potential ; that
is, more positive, it is able to attract a larger number of elec-
trons past the grid so that a smaller portion of the electron
stream enters the grid. The experiment shows also that even
with a slight negative grid potential there may be a grid cur-
rent if the plate potential is sufficiently low but, even with a
low plate potential, the grid may be made sufficiently nega-
tive to prevent any grid current.

||||||!:>|_||||-——
Fig. 59.— Circuit for Testing Filament Current and Plate Current

42. Filament Current and Plate Current. — If an ammeter
or a milliammeter having a range sufficient for the maximum
current is inserted in the filament circuit with a milliammeter
in the plate circuit as in Fig. 59, the value of the plate current
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for different values of the filament current may be measured
and a graph plotted letting abscissas represent filament current
and ordinates plate current. A, is a milliammeter for measur-
ing filament current and A, for plate current. The plate volt-
age should be left constant during this test at the value which
would be used if the tube were in a radio circuit. More
electrons are given off by the filament as the filament current
is increased and, therefore, the plate current increases.

43. Power Amplification. — An electron tube amplifies the
power it receives; that is, there is more power in the plate cir-
cuit than in the grid circuit. It should be understood that the
tube does not create power but that the additional power de-
veloped in the plate circuit is derived from the plate battery.
The grid circuit merely serves to control the power of the
plate circuit. The power developed in the grid circuit is called
the power input. The power developed in the plate circuit is
called the power output. Power output is greater than power
input. Power amplification will be taken up again in Chap-
ter VII.

44. Hard and Soft Tubes. — Tubes that are exhausted to a
very high vacuum are called hard tubes. Soft tubes are those
that have an appreciable amount of gas left in them. The
action of the soft tube is very different from that of a hard tube
on account of the gas in the tube. If practically all the gas
has been removed from a tube the electrons can pass from fila-
ment to plate with nothing to hinder them, but if a quantity
of gas remains in the tube the electrons strike some of the
molecules of gas. The result of the collision, if the electron
is moving rapidly enough, is that the gas molecule is broken up,
some of its electrons are torn away from it and set free. The
gas molecule thus becomes a positive ion and the action is
called ionization. The electrons set free from the gas mole-
cules are added to those coming from the filament and the plate
current is increased. The electrons must have a certain veloc-
ity to enable them to knock off the electrons from the gas
molecules. When the grid and plate potentials reach the point
that gives the electrons this velocity there is a sudden increase
in plate current due to the added electrons from the gas mole-
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cules. When ionization by collision begins, a hissing or frying
sound can be heard in a telephone receiver in the plate circuit.
It is on account of ionization that soft tubes are sometimes
erratic in their action.

If a soft tube is held by the glass end and any one of the
metal terminals touched to one of the secondary terminals of
a spark coil that would give a spark of one-half inch or more,
there will be a bluish glow in the tube. If a hard tube is
tested in the same way there is no glow.

POTENTIOMETER,

TRANSFORMER,

Fig. 60. — Filament Circuit for an Alternating Current Tube

45. Alternating Current Tubes. — The filament of any elec-
tron tube may be heated by an alternating current. It is only
necessary to use a transformer to secure the correct voltage
for the filament. If, however, the grid return is brought to
one of the filament terminals, the alternating voltage is im-
pressed on the grid causing a hum in the receiver. The hum
can be to a large extent eliminated by connecting a potenti-
ometer across the filament terminals, connecting the grid re-
turn to the arm of the potentiometer and adjusting the arm
until the hum is reduced as much as possible (Fig. 60). The
grid return is then at the neutral point on the potentiometer or
the point at which the potential does not change. If the alter-
nating voltage changed according to the ideal curve of Fig. 68,
it would be possible to find a point on the potentiometer that
would always be neutral. Unfortunately the alternating volt-
age curve is irregular so that the neutral point is continually
shifting. This means that even with the best adjustment of
the potentiometer there is a slight variation of voltage acting
on the grid. The hum which results from this action is more
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noticeable when the tube is used as a detector than when used
as an amplifier. By designing the tube for low filament volt-
age the hum is practically eliminated when the tube is used as
an amplifier. Such a tube is known as a “ heavy filament ” or
“ thick filament ” tube. With low voltage across the filament
terminals the voltage variations at the mid-point are very
slight.

For use as a detector the hum may be eliminated by design-
ing the tube so that the filament through which the current
flows heats another element which acts as the cathode. This
is known as the “ heater ” type of tube. In the three element
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Fig. 61.— Diagram of an Alternating Current Tube, Heater Type

tube the filament itself is the cathode but in the “ heater”
type of a.c. tube the filament becomes simply a heater. The
cathode is a cylinder surrounding the filament (Fig. 61). The
electron stream which forms part of the plate current is not
given off by the filament but by the cathode which is heated by
the filament. The grid return is also to the cathode and since
the alternating current does not flow through the cathode it
does not produce a hum. The alternating current serves only
to keep the heater at a sufficiently high temperature to heat
the cathode. A circuit using a tube of the heater type as a
detector and two tubes of “ heavy filament ” type as amplifiers
is shown in Fig, 62. The power tube in the last stage is of the
same type as a power tube for direct current operation.

In the use of a.c. tubes it is best to twist the filament leads
together and keep them as far as possible from the other wires
of the circuit otherwise the alternating current flowing through
the filament leads may act magnetically on the coils or grid
leads and cause a hum. This effect may also be prevented by
shielding the filament leads.

46. Tubes with Two Grids. — In any electron tube the elec-
trons which surround the filament tend to hinder other electrons



ELECTRON TUBES 67

coming out from the filament. The accumulation of electrons
around the filament is called a “ space charge.” A method of
removing the space charge is to place a second grid between
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the grid which controls the plate current and the filament. If
the inner grid is made positive, it attracts electrons from the
filament. We have then the arrangement of Fig. 63. The
inner grid is called the “ space charge grid ” because its use is
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to reduce the space charge around the filament. The outer
grid is called the “ control grid ” because its use is to control
the plate current. The control grid is of course connected to
the tuned circuit.

If the connections are changed so that the tuned circuit is
connected to the inner grid which is next to the filament and a
positive potential placed on the outer grid which surrounds the
plate (Fig. 64), then the outer grid becomes a screen prevent-
ing variations in plate voltage from reacting on the stream of
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electrons coming from the filament. Such a tube has many ad-
vantages one of the most important of which is that the feed-
back through the plate-grid capacity is practically eliminated
making it unnecessary to use neutralizing devices. This will
be explained in Sections 124, 125, 126 and 127. The “ screen
grid " tube just described also makes it possible to amplify suc-
cessfully at very low wave lengths. A receiving circuit having
a screen grid tube is shown in Fig. 65. The action of a screen
grid tube in a receiving circuit is discussed more fully in Section
126. The pentode tube is discussed in Section 127.
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Fig. 65. — Circuit Using a Screen Grid Tube as a
Radio Frequency Amplifier

47, Uses to be Made of Characteristic Curves. — The char-
acteristics of a vacuum tube so far described are the character-
istics for special conditions. These conditions are arranged
for each test. They are not the actual working conditions of
a tube when in operation in a receiving or transmitting circuit.

Let us take, for example, the curve showing the relation be-
tween grid voltage and plate current. The readings for this
curve as shown in Fig. 53 were taken with the plate voltage re-
maining practically constant. Now this is not what actually
happens when the tube is in operation. When the grid becomes
more positive, the plate current increases and plate voltage at
the same time decreases. The increase in grid voltage has the
effect of making an easier path for the electrons from filament
to plate which means that the resistance between filament and
plate is reduced. Since the resistance is less the voltage is less
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between filament and plate because in any series circuit the
voltage is less across the lower resistance and more across the
higher resistance. The higher resistance in this case is the ex-
ternal resistance of the plate circuit.

The result is that the tube starts working on a certain
characteristic curve and as grid voltage increases the action of
the tube moves over to another curve and then to another as
shown in Fig. 66. Then as grid voltage decreases the action
of the tube returns to the first point but along a different
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Fig. 66.— A Dynamic Characteristic of a Tube

path. The plate current is now less on account of reduced grid
voltage. The heavy line in Fig. 66 illustrates the changes in
plate current and grid voltage as they actually occur when the
tube is in operation. This is called a dynamic characteristic
while the curves described in preceding sections are called
static characteristics.

The grid voltage-plate current curve has been taken as an
example. It is true of other curves as well that the curve is
not the same when the tube is in action, the dynamic character-
istics are not the same as the static characteristics. This does
not mean that the curves for static characteristics are of no
value. They show some very important facts regarding tubes,
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besides the static characteristics are simpler and are a help in
understanding the dynamic characteristics. They are, in fact,
of great importance but they must be used with the full under-
standing that they do not show the actual operation of a tube.

Fig. 67 shows a circuit for making all of the tube tests de-
scribed in this chapter except the dynamic characteristic.

A high resistance voltmeter should be used, both for grid
voltage and plate voltage. Such a voltmeter should have a re-
sistance of about one thousand ohms per volt.
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Fig. 647.— Circuit for Tube Tests

Questions

1. What is an electron? What is the relation of an electron to an atom?

2. How does a difference of electric potential across the terminals of a
conductor affect the action of the electrons in the conductor?

3. What is the relation between the action of electrons and the heating
effect of an electric current? What is the relation between the temperature
of a filament and the escape of electrons from the filament?

4. What limits the escape of electrons from the filament in a common
electric light bulb?

5. In an electron tube why do electrons flow from filament to plate but
not from plate to filament?

6. Why does a positive potential on the grid increase the plate current?
Why cannot a negative potential on the grid reverse the plate current?

7. If you had a telephone receiver in the plate circuit and with a battery
in the grid circuit were to open and close the grid circuit rapidly what
would you hear? Explain.

8. For a certain tube the voltage of one dry cell, one and one-half volts,
applied to the grid causes the same change in plate current as 3o volts
applied to the plate. What is the amplification factor of the tube?
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9. A second tube is tested and it is found that 1% volts on the grid causes
the same change in plate current as 1z volts on the plate. What is the
amplification factor?

10. If the two tubes of problems 8 and ¢ are used in receiving circuits,
the plate circuit of each tube being connected to a transformer, which
tube will produce the greater voltage at the terminals of the transformer?

11. For a certain tube the plate current is o.§ milllampere when the
voltage between plate and filament is 10 volts. What is the resistance be-
tween plate and filament? For the same tube a plate voltage of go volts
causes a plate current of g milliamperes. What is now the plate resistance?

12. Why is the grid current small compared with the plate current? Is it
possible to have a plate current with zero grid current?

13. Why is the plate current stronger when the filament is bright than
when it is dim?

14. Why is the power output of an electron tube greater than the power
input? Does this mean that the tube creates power?

15. Why does the plate current of a soft tube sometimes increase
suddenly?



CHAPTER VI
ALTERNATING CURRENTS

We have seen in Chapter II that in a battery circuit electrons
flow around the circuit in one direction. This is an example
of a direct current. If the flow of electrons continues not only
in the same direction but at the same rate, the current is said to
be constant. In many electric circuits the electrons do not flow
continuously in one direction but flow back and forth, first in
one direction, then the opposite. Such a current is alternating.
Alternating current is used more generally than direct current
for lighting and power. Wherever electric power is trans-
mitted over long distances, alternating current is used. We
have alternating current also in radio transmission. This chap-
ter will deal with the fundamental principles of alternating
currents that are necessary to an understanding of currents in
radio circuits.

48. Current Produced by a Varying Magnetic Field. —
Current generators of all types are based on one simple experi-
mental fact which is fundamental in understanding alternating
currents. It is this: Whenever a conductor of electricity moves
across a magnetic field an electromotive force is induced in the
conductor. This principle can be illustrated by a very simple
experiment. If the ends of a copper wire are connected to a
milliammeter and the wire is moved between the poles of a
strong horseshoe magnet, the milliammeter needle moves show-
ing that a current is flowing in the wire. The current flows only
while the wire is moving. If the wire is moved up and down
between the poles of the magnet, the milliammeter needle
moves first in one direction then in the opposite direction show-
ing that the current is alternating. The direction of the cur-
rent depends on the direction in which the wire moves across
the magnetic field. If the wire is moved repeatedly up and

72
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down, the current changes direction every time the wire
changes its direction of motion. It does not matter, of course,
whether the wire or the magnet moves. All that is necessary is
that the wire shall cross the lines of magnetic force or, as it is
commonly expressed, “ cut the lines of force.”

If, instead of a single wire, a coil of several turns is used
and the coil rotated between the poles of the magnet, the
milliammeter needle moves and changes direction twice for
every complete rotation of the coil. The coil cuts the lines
of force and its direction of motion changes every half
turn,

In some manner, not fully understood, a changing magnetic
field is able to set up an electromotive force in a conductor.
This is just the converse of the magnetic action of an electric
current. Electrons in motion in an electric conductor set up a
magnetic force around the conductor. A change in the mag-
netic force about a conductor tends to set the electrons in
motion.

A current produced by the action of a magnetic field is called
an induced current. A simple rule for remembering the direc-
tion of an induced current is known as Fleming’s rule or the
right hand rule. Imagine the right hand held in the magnetic
field with thumb, forefinger and middle finger extended at right
angles to each other, the forefinger pointing in the direction of
the lines of force, the thumb in the direction of motion of the
wire, then the middle finger points in the direction of the
induced e.m.f. (positive to negative).

Another simple rule which may be more easily remembered
is this: If one looks in the direction of the lines of force and
moves the wire down, the induced e.m.f. is toward the right.
The word “ downright ” helps in remembering this rule. It
must be remembered that the direction of the e.m.f. as given
in the above rules is that in which positive electrification tends
to flow and that the electrons actually flow in the opposite
direction.

49. Electromotive Force in a Two-pole Generator.-— We
have seen that when a coil is rotated between two magnet poles
an e.m.f. is induced in the coil and that this e.m.f. changes
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direction twice in every revolution. Suppose the coil rotates
between two magnet poles in a perfectly uniform magnetic
field, that is, one of the same strength throughout (Fig. 68).
The line drawn through the center of the coil perpendicular to
the lines of force, we shall call the zero line. As the coil passes
through the position of this line the induced e.m.f. is zero be-
cause the coil at this instant is moving parallel to the lines of
force. The arrow drawn tangent to the circle at 0° shows the
direction of motion at this point and this arrow is parallel to
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Fig. 68.— Ideal Curve of Electromotive Force
for One Cycle

the lines of force. After passing this position the coil cuts
lines of force. Taking an ideal case in which the magnetic field
is uniform and the speed uniform, the e.m.f. induced in the coil
as it passes any given point is proportional to the perpendicular
drawn from that point to the zero line. If we draw a number
of perpendiculars from the circle to the zero line, these per-
pendiculars represent the electromotive forces for the respec-
tive positions of the coil. Now a graph may be drawn as in
Fig. 68 letting the abscissas represent the angles through
which the coil has turned and the ordinates the electromotive
forces. We may use for the ordinates the perpendiculars which
we have drawn from the circumference of the circle to the
zero line for, as we have seen, the elestromotive forces are pro-
portional to these perpendiculars. We now have a curve which
represents the electromotive forces for one complete revolution
of the coil. The curve shown in Fig. 68 is a “ sine ” curve. In
an actual generator the curve is not a true sine curve. The
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high frequency alternating currents produced by electron tubes
differ greatly from the sine wave form.

The curve shows that the electromotive force increases
rapidly at first, then less rapidly until it reaches its maximum
when the coil reaches the ¢go degree position. Then it de-
creases slowly at first, then more rapidly until the coil reaches
the 180 degree position. Then the electromotive force re-
verses because in the second half of the revolution the coil is
cutting lines of force in a direction opposite to that of the first
half. For the second half of the curve, therefore, the or-
dinates are drawn below the zero line to represent negative
electromotive forces.

This curve represents one cycle. A cycle is one complete
series of changes in the electromotive force. At the end of the
cycle the coil is in the same condition as at the beginning. It
then starts to do the same thing over again. If it continues to
rotate it repeats the cycle once for each rotation.

The number of cycles produced each second is the frequency.
In a two-pole generator the frequency equals the number of
revolutions per second. Commercial generators, as a rule,
have a large number of poles. One cycle is produced by a coil
passing one pair of poles. Therefore, in one rotation as many
cycles will be produced as there are pairs of poles. In the or-
dinary commercial lighting circuit the frequency is usually 6o.
In a 60 cycle current there are 120 alternations per second
since the current changes direction twice for each cycle.

50. Magnetic Field of an Alternating Current. — We have
seen in Chapter III that, wherever there is an electric current
flowing in a wire, there is a magnetic field around the wire.
We have seen also that if the current changes direction the
magnetic force changes direction. This is just what happens
in an alternating current circuit. Suppose we have a coil con-
nected to a source of alternating electromotive force, such as
the lower coil in Fig. 69. An alternating current will flow in
the coil. The coil will then have a magnetic field. When the
current is flowing in a certain direction the upper end of the
coil will be a north magnetic pole. When the current reverses
the upper end becomes a south pole (See Section 19). Now
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suppose we have a sixty cycle current in the coil. Then sixty
times a second the upper end of the coil will be a north pole
and sixty times it will be a south pole. It will change 120 times
a second. What happens to the magnetic field around the
coil? It reverses each time the current reverses. After each
reversal the magnetic force grows stronger as the current in-
creases up to its maximum then it dies down to zero as the
current diminishes. This means that the lines of force about
the coil are continually changing, that is, they are expanding,
contracting and reversing.
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Fig. 69.— Mutual Induction

51. Mutual Induction. — Suppose now we have a second
coil placed above the first. The upper coil is in the magnetic
field of the lower coil. We have seen that whenever magnetic
lines of force move across a coil an e.m.f. is induced. Since the
current in the lower coil is alternating, its lines of force are con-
tinually moving across the upper coil. Therefore there is an
induced electromotive force in the upper coil. This induced
exm.f, is alternating since the magnetic field is repeatedly
changing direction. An alternating current voltmeter con-
nected to the upper coil would indicate an e.m.f.

An electric bulb connected to the upper coil will be lighted
if the proper voltages are used. For example, if the lower coil
has, say 300 turns and a soft iron core approximately two
inches in diameter surrounded by iron to concentrate the lines
of force but leaving the magnetic field open above, and the
upper coil with no iron core has 1oo turns and a diameter
equal to that of the lower coil, a 7 volt automobile headlight
bulb connected to the upper coil will be lighted even when
there is a space of an inch between the coils. The bulb is
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lighted by the current induced in its coil by the alternating
magnetic field of the lower coil. If the coils are very close
together the bulb will be lighted brightly. If the coils are
somewhat farther apart the bulb will be dimmed. In radio we
call the first condition close coupling and the second loose
coupling. The closer the coupling the stronger is the induced
current. It is interesting to suspend the upper coil by means
of a steel spring and start it moving up and down. The change
in brightness of the bulb illustrates very vividly the differ-
ence between close and loose coupling. It is understood
that in working this experiment the lower coil is connected
directly to the ordinary 6o cycle house lighting circuit. The
coil which is connected to the source of current is called the
primary and the coil in which an e.m.f. is induced is called
the secondary.

If the current in the primary coil is direct and of constant
strength there is no effect on the secondary coil because the
magnetic field is not changing. If, however, the circuit of the
primary is alternately closed and opened so that the magnetic
field changes there is an induced e.m.f. in the secondary. The
action of a magnetic field of one coil inducing a current in
another coil is called mutual induction. The principle of
mutual induction which this experiment illustrates is applied
in the Ruhmkorff induction coil, the jump spark coil used in
gasoline engine ignition, the transformer and the coupler of
radio circuits.

52. Lines of Force.— It is necessary now to extend the
definition of lines of force. We have seen in Chapter III that
lines of force are lines indicating the direction of the force in a
magnetic field. A line of force is also a unit used in measuring
the strength of force in a magnetic field. We speak of the
strength of a magnetic field as so many lines of force per square
inch or per square centimeter as we might speak of the air
pressure in an automobile tire as so many pounds per square
inch. Just how large a unit a line of force is, it is not necessary
to discuss here but it is important to remember that lines of
force are used to indicate two things, the direction and the
intensity of the magnetic force.
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53. Induced Electromotive Force.— The strength of the
induced e.m.f. in the secondary depends on the rate at which it
cuts lines of force. This is expressed in the following
equation,

N

EMF. = —
t

in which N is the number of lines of force cut by the coil and
t is the number of seconds. Therefore l—j— is the number of lines

cut per second. If the secondary cuts 100,000,000 lines of
force per second an e.m.f. of one volt is induced. Therefore to
find the e.m.f. in volts we must divide the result obtained in the
above equation by 100,000,000.

I

n

EM.F. (in volts) = N

t Ioo,ooo,ooo'

The rate at which the secondary coil cuts lines of force de-
pends on a number of conditions. First: It depends on the rate
at which the current in the primary is changing for, the more
rapidly the primary current changes, the more rapidly its mag-
netic field changes. This is another way of saying that the
higher the frequency of the primary current the greater the
induced e.m.f. in the secondary coil. For example, if all other
conditions are equal a current of 6o cycles per second will
induce a greater e.m.f. than a current of 25 cycles per second.
The induced e.m.f. is in direct proportion to the frequency.
This point is important in radio circuits. Second: The in-
duced e.m.f. depends on the strength of the current in the
primary for, the stronger the current in the primary, the
greater the number of lines of force that move across the sec-
ondary. Third: The induced e.m.f. depends on the number of
turns of wire in the secondary. If ten turns of wire move
across a magnetic field the effect is ten times as great as if only
one turn moved across the same field.

54. Direction of Induced Current and Lenz’s Law. -— The
upper coil in Fig. 69 is repelled when the circuit of the lower
coil is closed. This can be clearly shown if the coil is sus-
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pended by a spring and its terminals short circuited. If the
primary current is alternating the repulsion continues as long
as the circuit is closed. If the primary current is direct with a
contact key in the circuit, the secondary coil is repelled at the
instant when the key is closed and attracted when the key is
opened. This experiment illustrates the magnetic action of
the current in the secondary coil. The induced current op-
poses the action that induces it. This principle is known as
Lenz’s law.

Take first the case in which the primary current is direct.
When the circuit is closed a magnetic field is produced and the
lines of force move upward into the secondary coil. A cur-
rent is induced in the secondary. The secondary then has its
own magnetic field and this magnetic field repels that of the
primary. There is repulsion then between the two coils. The
reverse action takes place when the circuit is broken. On
the breaking of the primary circuit there is attraction between
the coils. In each case the magnetic field of the secondary
is opposing the action of the primary. When the current
in the primary is alternating there is repulsion when the
primary magnetic field is expanding and attraction while
the primary magnetic field is contracting. The repulsion is
greater than the attraction, however, so that on the whole
the coils repel each other. The reason for this is stated in
Section 72.

If the induced current is in a coil rotating in a magnetic field
as in a generator, the repulsion effect is felt in a backward
push on the coil. The result is that it requires a greater force
and more energy must be expended to rotate the coil when
there is an induced current than when there is not. This can
be clearly shown by means of a small motor driven generator,
if the armature is rotated first with its circuit open and then
the circuit closed through the proper resistance so that a cur-
rent is allowed to flow. At the instant of closing the armature
circuit there will be a noticeable lowering in pitch of the hum
of the machine showing that the motor is being slowed down
by the backward push of the magnetic field in the generator.
It is clear from this experiment that the motor must do more
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work when the generator is delivering current than when it is
not. If this were not so the electric energy derived from the
generator would be obtained without a corresponding expendi-
ture of energy. In other words, the machine would be giving
out more work than was put into it which is impossible. Lenz’s
law is a special case of the conservation of energy. If the two
coils are fixed so that they cannot move with relation to each
other as in a transformer, the magnetic field of the secondary
reacts on the primary in such a way as to oppose the change
that is taking place in the primary current.

From the point of view of the electron theory we may con-
sider the opposing action of the secondary current as follows:
Suppose we connect a battery with a contact key to a primary
coil as in Fig. 70. When the key is closed, electrons begin to
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Fig. 70.— Action of Electrons in Mutual Induction

flow in the primary coil from D to C. While this stream of
electrons is increasing it causes electrons in the secondary to
flow from A to B or in the direction opposite to those of the
primary. The second stream of electrons now exerts a back-
ward push on those in the primary and tries to stop their flow.
If the primary circuit is opened, the stream of electrons in DC
dies down and that in AB reverses its direction. Whatever
change is taking place in the stream of electrons in DC, the
electrons in AB oppose the change. The force by which these
streams of electrons act upon each other is called magnetic
force.

55. Inductance.— If a coil having say 300 or more turns of
wire on an iron core is connected in series with a light bulb to a
110 volt alternating current lighting circuit, and the coil at
first short circuited by a switch or wire (Fig. 71), the bulb
will glow brightly. If now the short circuiting switch is
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opened so that the coil is thrown into the circuit the light is
dimmed. If the same coil and bulb are connected in series to a
110 volt direct current line there is no dimming of the light.
This experiment illustrates self-induction in an alternating cur-
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Fig. 71.— Inductance in an Alternating Current Circuit

rent circuit. It shows that the effect of self-induction in an
alternating current coil, on the whole, is to weaken the current
in the coil.

In the experiment just described no effect of self-induction
can be noticed when the current is direct. There is an effect
with direct current, however, at the instant when the circuit
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Fig. 72.— Inductance in a Direct Current Circuit

is opened or closed. Self-induction on opening the circuit can
be shown by means of the following experiment. A circuit is
set up as in Fig. 72 with a small 6 volt bulb in parallel with a
coil of, say, 6oo or more turns on an iron core, a battery, a
contact key or switch and a rheostat. The rheostat is adjusted
so that the bulb is dimmed. When the circuit is broken the
bulb flashes up brightly. This shows that on breaking the cit-
cuit the self-induction of the coil tends to keep the current
going.

Self-induction in both direct and alternating current circuits
can best be understood by comparing the effect with that of
mutual induction. If we have a coil, as in Fig. 73, connected
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to a source of alternating current, a current flows from D to A
then from A to D. The action between any two parts of the
coil is the same as if there were two separate coils. As the
stream of electrons starts to flow in the direction A to D and
increases in strength, the moving electrons in AB set up a
force which tends to drive electrons back from D to B. This

TO  SOQURCE
OF ALTERNATING
CURRENT

Fig. 73.—To Illustrate the Action of Electrons in a Circuit
Having Inductance

is like the case of the two coils in Section 51. As the magnetic
field increases in strength it induces an e.m.f. which opposes
the current. After the current passes its maximum and begins
to decrease, the electrons in one portion of the coil exert a
force which tends to push the electrons along in the other
portion of the coil ; that is, to increase the current.

The e.m.f. induced in a coil by the magnetic field of the coil
itself is called the e.m.f. of self-induction. The property of an
electric circuit by which an e.m.f. of self-induction is pro-
duced is called inductance.

The e.m.f. of self-induction opposes the current whlle it is
growing stronger and helps it along while it is growing weaker.
It might seem, then, that the resulting value of the current
would be the same as if there were no self-induction but this
is not true. In a coil with an alternating current the first
effect more than balances the second so that the net result is to
weaken the current.

56. Unit of Inductance.— The unit of inductance is the
henry. A henry is defined as the inductance of a circuit in
which an e.m.f. of one volt is induced when the current changes
at the rate of one ampere per second. It should be understood
that the inductance of a circuit is not the same thing as the
induced electromotive force. The inductance of a coil remains
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the same whatever the nature of the current flowing through
it but the e.m.f. of self-induction varies as the rate of change
of current varies. To illustrate, suppose we have a coil whose
inductance is one henry. Then if the current in the coil is
increasing at the rate of one ampere per second, the e.m.f. of
self-induction is one volt. If the current in the same coil is
increasing at the rate of two amperes per second the e.m.f. of
self-induction is two volts but the inductance is still one henry.

The henry is too large a unit for convenient use in radio
calculations. Two smaller units are used in practical work,
the millihenry which is one thousandth of a henry and the
microhenry which is one millionth of a henry.

The inductance of a coil depends on the number of turns of
wire, the size and shape of the turns and the magnetic per-
meability (See Sections 19 and 20) of the medium around the
wire. As an example, a coil of a single layer of wire of 150
turns wound on a non-magnetic tube, such as cardboard, 5
inches in diameter and s inches in length has an inductance of
about 1.r millihenry. Methods of finding the inductance of
coils will be given in Chapter X.

The definition of the henry may be stated in algebraic form
as follows:

E

L= 14

in which L is the inductance in henries, E is the induced e.m.f.
in volts and I/t is the change in current per second.

57. Reactance. — The electromotive force in a direct cur-
rent circuit is opposed only by the resistance of the circuit.
An alternating electromotive force, however, is opposed not
only by the resistance but also by the e.m.f. of self-induction.
Self-induction acts like resistance in the sense of hindering
the current. If the wire in the coil of Fig. 71 were unwound
and connected in the circuit as a single loop, the bulb would
light brightly. The coil might have perhaps only one or two
ohms of resistance but when the wire is wound in a coil around
an iron core it reduces the current as if it had many ohms of
resistance.
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The effect of a given e.m.f. of self-induction is equivalent to
a certain number of ohms of resistance. The effect of self-
induction in hindering the current is known as reactance and
is measured in ohms.

While reactance is like resistance in one sense, in some re-
spects it is very different. The resistance of a wire is the same
whether the wire is straight or coiled. The reactance is greater
if the wire is coiled. The resistance at low frequencies is the
same whether a coil has an iron core or an air core. The re-
actance is greater with an iron core. The resistance at low fre-
quencies is the same no matter at what rate the current is
changing. The reactance increases with the frequency. The
equation for reactance is,

Xy = 27 fL

in which X is the reactance in ohms, f is the frequency in
cycles per second and L is the inductance in henrys. Stated in
words, the inductive reactance equals 2 = times the frequency
times the inductance in henries.

To find the total hindrance to the current in an alternating
current circuit it is necessary to know not only how to calculate
the reactance but how to combine reactance with resistance.
The combined effect of reactance and resistance is called im-
pedance. Before discussing impedance it is necessary to ex-
plain what is meant by difference of phase.

58. Phase and Phase Angle.— If we refer to Fig. 68, we
see that the voltage varies according to the angle through
which the coil has turned. The voltage passes through various
“ phases ” corresponding to the various angles. The curve for
current is similar to the voltage curve. The current passes
through phases as the voltage does. The term ¢ phase”
whether applied to voltage or current means position in the
cycle.

If there is resistance and no inductance in the circuit the
current is zero at the instant when the voltage is zero and
reaches its maximum at the same instant as the voltage. Tt
passes through its various phases with the voltage. The cur-
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rent and voltage are said to be “ in phase.” We might say, in
simple language, they are keeping step together.

If there is self-induction in the circuit the current and volt-
age do not keep step together. Let us see why this is so. The
key to the whole matter is that the e.m.f. of self-induction
depends on the rate at which the current changes. The more
rapidly the current changes the greater is the e.m.f. of self-
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induction. Now the current is changing most rapidly as it
passes through the zero phase. This is clear from the graph for
current, Fig. 74. The curve has the steepest slope where it
crosses the axis at zero phase. Also there is an instant at the
9o degree phase when the current is not changing. Therefore
the e.m.f. of self-induction is greatest when the current is at
zero and least when the current is at a maximum. This means
that there is a difference of phase of go degrees between the
e.m.f. of self-induction and the current.

The effect of self-induction is to cause the current to lag
behind the voltage. When the current is increasing the self-
induction hinders it so that it reaches its maximum a little
later than it would without self-induction. This is what is
meant by the current lagging.

Suppose we had a circuit with inductance but no resistance,
Then the applied e.m.f. would have no resistance to overcome.
It would have to overcome only the e.m.f. of self-induction.
Therefore the applied e.m.f. would be directly opposite to the
e.m.f. developed by self-induction. This means that there
would be a difference in phase of 180 degrees between the ap-
plied em.f. and the e.m.f. of self-induction. There would,
therefore, be a difference of phase of go degrees between the
current and the applied e.m.f. The current would lag go
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degrees behind the voltage. This is an ideal case for it is
impossible to have a circuit with zero resistance. It is closely
approached, however, in certain transformer coils in which the
resistance is very low and the reactance very high. Fig. 75
shows the relation between current, applied e.m.f. and e.m.f. of
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Fig. 5. — Showing Relation between Current, Applied E. M. F,, and
E. M. F. of Self-induction

self-induction in an ideal circuit having inductance but no
resistance.

If there is resistance but no inductance in the circuit the
current and applied e.m.f. are exactly in phase. Increasing the
resistance reduces the current but does not change its phase,
does not cause it to reach its maximum any sooner or later.
Therefore resistance is said to act in phase with the current.
Since resistance is in phase with the current and the e.m.f.
of self-induction is go degrees out of phase with the current,
resistance and inductance are like two forces at right angles
to each other. We must, therefore, apply the principle of the
triangle of forces as in mechanics.

59. Mechanical Illustration of Phase and Phase Angle. —
Let us take a simple illustration. Suppose we have a current
of water flowing down an inclined pipe as in Fig. 76. It is the
force of gravity that keeps the water flowing but there are two
opposing forces, the friction between the water and the pipe
which acts in direct opposition to the current and the pres-
sure of the pipe which acts against the water, opposing gravity
but in a direction perpendicular to the current. The friction
corresponds to resistance and the pressure to reactance. These
two forces together act in opposition to the force of gravity.
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AB in Fig. 76 represents the pressure of the pipe against the
stream of water and BC the friction. The resultant of the
two is not their sum but the hypotenuse of the triangle of
which AB and BC are the sides. The resultant force, there-
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Fig. %6.— Phase Angle

fore, equals the square root of the sum of the squares of the
two forces. The same principle holds true of resistance and
reactance. Impedance, which is the combined effect of re-
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Fig. 77.— Showing the Relation between Impedance,
Reactance, and Resistance

sistance and reactance, equals the square root of the square
of the resistance plus the square of the reactance. Letting Z
represent impedance, R resistance and X reactance.

Z=VETX

For example: If a certain coil has a resistance of 3 ohms and a
reactance of 4 ohms, the impedance is not 7 ohms but the
square root of 32 + 42 or 5 ohms.

60. Effective Current. — If a direct current ammeter were
connected in an alternating current circuit the needle would
not move or would only vibrate slightly because the rapidly
reversing current would tend to move the pointer first in one
direction then the opposite. An ammeter must be used in
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which the pointer will move in the same direction no matter
in which direction the current flows.

An alternating current is continually changing in value,
rising from zero to a maximum, dropping again to zero and
reversing. In all these changes what value is indicated by an
alternating current ammeter? Suppose the ammeter indi-
cates one ampere. What relation has one ampere to the whole
cycle of changes through which the current is passing? The
answer is suggested by the following simple test. Suppose we
have an electric light bulb connected in a 110 volt direct cur-
rent lighting circuit and that a direct current ammeter in
series with this bulb reads one ampere. Now if we connect the
same bulb in a 110 volt alternating current circuit, an alter-
nating current ammeter will also read one ampere. The bulb
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Fig. 78.— Meaning of Effective Value of an Alternating Current

glows with the same brightness in either circuit. The alter-
nating current is producing the same heating effect as the
direct current. The alternating current ammeter indicates the
value of the constant current that would produce the same
heating effect. This is called the “ effective value” of the
alternating current,

61. Heat Curve.— The curve in Fig. 79 shows the relation
between the current and its heating effect for one cycle. The
ordinates of the heat curve are the squares of the ordinates of
the current curve, The ordinates of the heat curve are all
positive and the curve is entirely above the X axis because the
square of any quantity is positive whether the quantity is posi-
tive or negative. The average heating effect is the average
value of the heat ordinates. Now if we had a constant current
that would produce the same heating effect, this current would
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be proportional to the square root of the heating effect. There-
fore the effective value of the alternating current is also pro-
portional to the square root of the average heating effect. But
the average heating effect is the average of the squares of the
current values. Therefore the effective current is the square
root of the average square of the current over one complete

Fig. 79.— The Heat Curve

cycle. This holds good whatever the form of the current
curve, Stated briefly: The effective current is the square root
of the average square. This is the current that is indicated by
the alternating current ammeter. The abbreviated expression
used in radio engineering is “ root mean square.”

It is well to note that the effective current is not the average
current. This can be shown by plotting a current curve
and comparing the average value of the current ordinates with
the square root of the average of their squares. Not much
attention need be given to the average current for it is of little
use in electrical calculations.

62. Effective Voltage. — The same rule applies to voltage
as to current. The effective voltage is the square root of the
average square of the voltage values throughout a cycle. This
is true whatever the form of the voltage curve. Also the
effective voltage equals the maximum voltage divided by the
square root of 2. The reading of the alternating current volt-
meter must be multiplied by the square root of 2 to find the
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maximum voltage. This equation applies only in the ideal
case in which the voltage curve is a sine curve. In an actual
generator the magnetic field is not uniform as a rule and the
curve is not a sine curve. In a radio oscillation circuit the
curve differs very greatly from the sine curve. In these actual
circuits, then, the equation does not hold true. In any case,
however, the maximum voltage is greater than the effective
voltage.

One practical consequence of this is that the strain on the
insulation of a coil is greater for alternating current than for
direct current of the same voltage. For example, if we apply
an alternating e.m.f. of 100 volts to the terminals of a coil the
insulation of the coil must stand the strain, not of 100 volts,
but of 141 volts or, in some cases, even more.

63. Condensers. — The action of a condenser in an alter-
nating current circuit can be illustrated by the following ex-
periment. Twelve or more one microfarad condensers such as
are used in telephone circuits are connected in parallel and
this group of condensers connected in series with a 110 volt
light bulb to a 110 volt alternating current lighting circuit.
(Fig. 80) The bulb will light but with the same arrangement
on a direct current circuit it will not light.

Fig. 80.— In series with condensers the bulb lights if the current
is alternating

Referring to Fig. 81, if the bulb and condenser are con-
nected to a direct current circuit, the electrons are trying to
go in one direction say from A to B. The result is that elec-
trons accumulate on one set of plates, C. An equal number of
electrons leave the other set of plates, D. D is then lacking
in electrons and C has an excess. There is a force urging the
electrons to cross over from C to D but the insulation between
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the two sets of plates prevents them from going across. The
travelling through the insulation is too hard for them. The
movement of electrons soon ceases. There is a flow for an in-
stant only after the circuit is closed.

LIGHT BUALB

9

Fig. 81.— The Action of Electrons with a
Condenser in the Circuit

Suppose we have an alternating current in the same circuit.
There is a flow of electrons into C and away from D as before.
Then the electromotive force reverses and electrons rush away
from C and into D until D has an excess and C a deficiency of
electrons. Then the e.m.f. again reverses and the process is
repeated. There is a continual flow of electrons back and
forth through the light bulb and the connecting wires. Thus
we get an alternating current through the bulb though there is
practically an open circuit between the two sets of plates of the
condenser. Electric current does not flow through the con-
denser but electrons flow into and out of the condenser.

64. Capacity of Condensers. — The capacity of a condenser
depends on three things.

First, the area of the plates. The larger the surfaces of the
plates the more electrons they can hold and therefore, for a
given e.m.f. the greater will be the charge on the plates of the
condenser. The greater the area the greater the capacity.

Second, the distance between the plates. The smaller the
distance between the plates the greater is the capacity for, as
the positive and negative plates are brought closer together,
the force of attraction becomes greater. This greater force
enables the plates to hold more electrons so that for a given
applied e.m.f. the charge on the plates is greater.

Third, the nature of the insulating material between the
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plates. The insulation between the plates of a condenser is
known as the dielectric because the electric force acts through
it. The word dielectric means electric force acting through.
The force acting between the positive and negative plates can
act more readily through certain materials than through others.
For example, a condenser has greater capacity with mica as
the dielectric than with air. For some reason not fully under-
stood the force which causes electrons to accumulate in the
negative plate can act more than four times as readily through
mica as through air. The ability of a substance to convey the
influence of the electric charge through it is the dielectric con-
stant (sometimes called specific inductive capacity) of the
substance. The dielectric constant corresponds in a certain
way to magnetic permeability or the ability of a substance to
allow magnetic lines of force to act through it. The dielectric
constant is to the field of electric force what permeability is
to the field of magnetic force. The dielectric constant for the
materials most commonly used in condensers is as follows:

Alr ... 1.00

Glass ......... ....... 2.8t09.9
Mica ................. 4.6 to 8.0
Paraffined paper....... 2.8t0 3.8

The dielectric constant should not be confused with the
dielectric or disruptive strength of a substance. The latter
term refers to the voltage necessary to cause an electric charge
to break through the substance and, therefore, to the strength
of the material as an insulator. For example, it requires about
800 volts to cause a spark to pass through one millimeter of
air, from 6,000 to 8,000 volts for one millimeter of glass and
from 17,000 to 28,000 volts to break through one millimeter
of mica.

65. Unit of Capacity. — The unit of capacity is the farad.
A condenser has a capacity of one farad if a difference of po-
tential of one volt between the plates produces a charge of one
coulomb. In terms of volts and amperes the farad may be
defined as the capacity of a condenser such that an e.m.f.
across the plates changing at the rate of one volt per second
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causes a current of one ampere to flow. The farad is too large
a unit for convenient use. The microfarad or one-millionth
of a farad is the unit more commonly used particularly in tele-
phone and radio work. In considering tube capacities a still
smaller unit is often used, a millionth of a millionth of a farad
or a micro-microfarad.

66. Effect of Capacity on Current.— We have seen that
inductance causes the current to lag behind the voltage. The
effect of capacity is just the opposite. Capacity causes the
current to lead or go ahead of the voltage. With the capacity
in the circuit the current tends to reach its maximum before
the voltage does. This can be understood best by considering
the action of the electrons. Let us begin at the instant when the
voltage starts from zero. The voltage is now rising rapidly
and driving electrons into one set of plates and out of the
other. A strong stream of electrons flows because there is
nothing in the way to hinder them. Now the e.m.f. approaches
its maximum. A large number of electrons have accumulated
in the negative plate and they repel those that are coming up.
Although the e.m.f. is near its maximum, electrons cannot flow
into the plate so rapidly as before because other electrons are
there to hinder them. This means that the current becomes
less as the e.m.f. approaches its maximum. The current or
rate of flow of electrons is greatest when the voltage is near the
zero point and dies down to zero as the voltage approaches its
maximum. If there were capacity but no resistance or in-
ductance in the circuit the current would reach its maximum
as the voltage passed through the zero point. In other words
the current would be 9o degrees ahead of the voltage.

67. Capacity Reactance. — A condenser offers a certain op-
position to the flow of current which is known as capacity re-
actance. As we have seen, the greater the capacity of a con-
denser the greater the current. In other words the greater the
capacity the less the reactance. Again, the more rapidly the
e.m.f. changes, the greater the flow of electrons to and from
the condenser. In other words, the greater the frequency the
stronger the current and, therefore, the less the reactance. In
both these respects capacity reactance acts in a manner exactly
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opposite to that of inductive reactance for if either the induc-
tance or the frequency is increased the inductive reactance is
increased. It is well to keep in mind the opposite effects of
inductive reactance and capacity reactance. If we let X,
represent capacity reactance, f the frequency and C the capac-
ity in farads, then

_ I

¢ omiC
Example. — The reactance of a condenser of 0.01 microfarad
capacity for an e.m.f. having a frequency of 6o cycles per
second is
I

2w fC
which equals, remembering that o.or microfarad equals
0.000,000,01 farad,

I
6.283 X 60 X 0.000,000,01

= 265,000 ochms approximately.

The reactance of the same condenser for a frequency of
600,000 cycles per second is

I
6.283 X 600,000 X 0.000,000,01

= 26.5 ohms.

It is clear from this example that a given condenser offers
much less hindrance to the flow of currents of high frequency
than to currents of low frequency. This is particularly im-
portant in radio circuits.

68. Impedance in a Circuit Having Capacity. — Since
capacity reactance is 9o degrees out of phase with the current
and resistance is in phase with the current there is a difference
of phase of go degrees between capacity reactance and resist-
ance. The same line of reasoning can be applied as in the case
of inductive reactance to show that the combined effect of
capacity reactance and resistance is the square root of the
sum of their squares. If we let Z represent impedance, X,
capacity reactance and R resistance, then
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Z=+/XJ+ R

A diagram showing the relation between capacity reactance,
resistance and impedance is given in Fig. 82. It is customary
to draw the line for capacity reactance below the resistance
line and that for inductive reactance above the resistance line
because the two act in opposite ways. If the capacity react-
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Fig. 82, — Relation between Capacity Reactance,
Resistance, and Impedance

ance and the inductive reactance of a circuit are equal in mag-
nitude the resulting reactance is zero, one reactance neutralizes
the other. For example, if the inductive reactance would
cause the current to lag 30 degrees and the capacity reactance
would cause the current to lead 30 degrees, the two would neu-
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Fig. 83.— Relation between Inductive Reactance, Capacity Reactance,
Resistance, and Impedance

tralize each other and the current would be in phase with the
voltage. In such a case if the inductive reactance is a certain
number of ohms, say 10, the capacity reactance is ~10 chms. A
diagram for a circuit having inductive reactance, capacity
reactance and resistance is given in Fig. 83. In this figure the
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inductive reactance is greater than the capacity reactance and
the resulting reactance is the difference between the two. This
resulting reactance is then combined with the resistance, by
the rule for the right angle triangle, to find the impedance.

In diagrams such as those of Figs. 77 and 83, the angle of
lag is the angle formed by the impedance line and the resist-
ance line. If the angle is below the resistance line as in Fig.
82 it is an angle of lead.

69. Condensers in Parallel and Series. — The capacity of
two or more condensers in parallel is the sum of their capacities
taken separately. If we connect two condensers of equal
capacity in parallel (Fig. 84) the result is the same as if we

CONDENSERS
/’ = IN PARALLEL

Fig. 84

doubled the size of the plates. For the same e.m.f. across their
terminals the two condensers will receive twice as great a
charge as one condenser. If we connect any number of con-
densers in parallel across a line having an alternating current,
the current that flows is the sum of the currents that would
flow with the condensers taken separately across the same line.
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Fig. 83

Connecting condensers in series (Fig. 85) amounts to increas-
ing the thickness of the dielectric and therefore reduces the
capacity. If two condensers of equal capacity are connected in
series, the capacity of the two together is one-half that of one
of the condensers. If condensers of any capacity are connected
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in series, their combined capacity is less than that of any one
of the condensers.

A practical example is that of a condenser in series with the
antenna in a radio circuit. The condenser has the effect of re-
ducing the capacity of the antenna and therefore of reducing
the wave length (Sec. 81).

The mathematical proof of the laws of condensers in series is
given in the appendix.

70. Ohm’s Law and Alternating Currents.— The total
hindrance to the current in an alternating current circuit is
called the impedance. We have seen that when the circuit
contains resistance and inductive reactance the impedance
equals the square root of the resistance squared plus the re-
actance squared.

Z= vVRT X

If a circuit contains resistance and capacity reactance we
have a similar equation.

Z= /R4 X2

If a circuit contains resistance, inductive reactance and
capacity reactance, the capacity reactance must first be sub-
tracted from the inductive reactance to find the resulting re-
actance. The square of this result plus the square of the
resistance equals the square of the impedance.

Z= VET (%, — X

In a direct current circuit, the current equals electromotive
force divided by resistance. In an alternating current circuit,
current equals electromotive force divided by impedance.

For direct current,

-
it
|

For alternating current,

(o]
il
N =
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Substituting the value of Z,
-
VR (X — Xo)?
Example. — The primary coil of a certain transformer has a
resistance of 2 ohms and an inductive reactance of 100 ohms

