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Frontispiecs
One of the beneficial results of our increasing knowledge of the behavior of
electrons, has been the development of more efficient vacuum tubes for use in
radio receivers, and larger tubes capable of handling greater amounts of electri~
cal power for radio transmission purposes. One of the smallest types of
vacuum tubes used in radio receiving equipment, is shown at the left. The
large water-cooled tube on the right is used for generating the high-frequency
carrier current which produces the radiated signals from the broadcasting sta-
tion. It costs about $1500.
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PREFACE

This second revised and enlarged edition, represents the result of an
effort to include in a single book, all of the material required for a com-
plete up to date course in radio. It has been written especially for use
as a text book for radio courses in technical high schools, trade schools,
and by custom radio set builders and the thousands of technical and non-
technical persons who desire to gain an insight into the working of radio
receivers, sound amplifier equipment, photoelectric cells and devices, tele-
vision equipment, and sound motion pictures, either for their own knowl-
edge and satisfaction or as a means of earning a livelihood. The book is
also adapted for home study by those who cannot attend a school.

The title “Radio Physics” has been applied in the sense that physics
is mainly an explanation of common things. Radio Physics is then an ex-
planation of the common things in radio. Every attempt has been made
to bring this edition up to date with descriptions and illustrations of the
modern forms of radio equipment which are now being employed. Those
readers who are familiar with the first edition, will quickly see that all
obsolete material has been dropped in this edition. Even though this has
been done, the addition of a complete electrical course for radio students,
and the thorough revision of the radio section and addition of new mater-
ial which was necessary to keep the book up to date, has resulted in a large
increase in the number of pages. Every attempt has been made to further
the usefulness of the book as a text on radio for the use of even the most
non-technical persons. The topic sections are numbered for easy refer-
ence, and larger more readable type has been used throughout this edi-
tion. Enough carefully selected review questions for the questioning of
entire classes, have been included at the end of each chapter.

In the preparation of the text, the requirements for a thorough prac-
tical knowledge of modern radio, have constantly been kept in mind. In-
volved technical discussions have been omitted wherever possible. An
attempt has been made to present the subject matter as clearly, and in as
simple language, as possible A complete course in electricity, and some
work in sound, has been added, as a result of the suggestions of a large
number of radio instructors who have used the first edition in their courses.
The author has always felt that a thorough training in the fundamentals
of both d-c and a-c electricity should first be obtained, before making any
serious attempts to study radio. This is even more necessary now than
ever before, because of the refinements in design and almost universal
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PREFACE

use of electric receivers with associated alternating current power equip-
ment. It is necessary for the student to have a thorough knowledge of
the principles of both d-c and a-c phenomena in order to proceed with the
study of this equipment with any degree of intelligence. In his own in-
struction work, the author has always felt a need for a complete electrical
course written especially for the requirements of radio students. No
satisfactory text for this purpose has heretofore been available. It was
felt that this should be written in a manner which was both interesting
and in accordance with the modern electron theory.

The author has tried to incorporate in the electrical course in this
book, all of the features which he has found helpful in his own instruction
work and which meet the above requirements. The modern conception
of the electron theory has purposely been introduced early in the book,
so that the students may benefit from it to understand and obtain a mental
picture of the probable actions taking place in magnetic and electric cir-
cuits. This not only makes the subjects more interesting to the student,
but removes a great deal of the mystery which is usually connected with
the early studies of the force of magnetism and the flow of electricity.
The student has been warned not to accept the electron theory as a final
explanation of these phenomenas, but rather to look upon it as one which
seems to explain better than any other theory yet advanced, the many
actions involved. By the time the student has advanced to the study of
the vacuum tube, he is on such intimate terms with the electron theory
and structure of matter, that very little explanation is required to intro-
duce the conception of the emission of electrons by heating, photoelectric
action, etc., and he is able to grasp the operating principles of electronic
devices very easily. The order of study of this new electrical course has
been laid out in a manner which best leads the student almost unknow-
ingly to the advanced electrical work without sudden jumps or confusion.
Any part of the work which the instructor may desire to omit, may be
easily left out without seriously breaking up the continuity of the course.
The alternating current work has been presented in a way which the
author feels is most conductive to proper understanding of the construc-
tion and operation of modern radio equipment. This work has been carried
sufficiently far to give the student all the knowledge necessary for the
study of radio. Electrical measuring instruments of all kinds have been
treated in detail on account of their great importance in radio work.

This edition has been revised and enlarged in keeping with the many
great advances made in the radio art in the past two years. Many new
chapters have been added in order to thoroughly present the theory and
description of all the new vacuum tubes and other apparatus which has
been developed and to round out the course so it covers the subject com-
pletely. The physical principles underlying the construction and opera-
tion of the apparatus described have been stressed wherever possible, in
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PREFACE

order to tie up the theoretical knowledge with its practical application.
The chapter on television has also been greatly enlarged with the idea of
presenting to the student, the main methods of attack which are being
employed by the various workers on the problem of television today. De-
scription and illustrations of actual apparatus now developed are included.
These are by no means to be considered the final forms of television equip-
ment, for undoubtedly great changes will be made in them within the next
few years.

If some explanations seem unduly long and detailed, it is because the
writer has found by practical experience in teaching the subject in class-
room and laboratory, that those particular topics require such explana-
tions for proper understanding by the novice. The order of topics and
illustrations has been selected with the purpose of leading the pupil into
the subject in the most logical and interesting manner. The use of over
500 carefully planned illustrations is in accordance with the author’s firm
conviction that a good illustration presents more information to the stu-
dent than several hundred words. Many new, useful tables have been
added to the appendix at the rear of the book. The index has been made
unusually complete, so that it is an easy matter to look up any subject in
the book. Students are advised to develop the habit of making use of it
instead of thumbing the many pages to locate some particular bit of in-
formation they require.

Grateful acknowledgment is due to the various electrical and radio
manufacturers for the kind spirit of cooperation and helpfulness shown
in furnishing the illustrations and descriptions of their apparatus for this
book. Many helpful ideas have been obtained from time to time from the
Bell Laboratories Record, The Bell System Technical Journal, Aeronau-
tical Engineering, Radio Broadcast, Electronics, Radio Design, Radio En-
gineering, Radio News, Radio Craft, Q.S.T. and The Citizens Radio Call
Book magazines.

The author also wishes to express his appreciation to his many pupils
who have been of invaluable assistance in providing questions which were
food for thought and explanation; to Mr. M. B. Sleeper, Mr. Robert Hertz-
berg, Mr. M. Reiner and Mr. F. L. Horman, for their criticisms and valuable
help during the preparation of the text; and to Dr. Edgar S. Barney and
Mr. W. W. Ker, who have ever been an ingpiration in this work. Mr.
Edward Buechner, Jr., has supplied invaluable aid in the preparation
of the drawings used throughout the book, and Misses M. Schranz and
R. Levitan have assisted greatly by their work of proof reading and
typing the manuscript. Thanks are also extended to the editors of Radio
Design for their kind permission to reprint all of the Radio Physics Course
articles which appeared in that magazine; and to Mr. L. Cockaday, Editor
of Radio News Magazine, for the many illustrations and helpful sugges-
tions supplied. To the many friends and radio instructors who have
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PREFACE

offered their opinions and criticisms of the first edition, the author feels
deeply grateful, for their ideas have proved exceedingly helpful and val-
uable in the work of revision.

A A G
New York City, September 10, 1931.

PREFACE TO THE SECOND IMPRESSION

The enthusiastic manner in which the first impression of the Second
Revised and Enlarged Edition has been received by both students and
teachers alike, is extremely gratifying.

In this second impression, an attempt has been made to correct all
of the troublesome typographical errors which unavoidably appeared in
the first printing. Also, minor changes have been made here and there
where a phrase or sentence could be re-worded to clarify the meaning.
The vacuum tube characteristic chart on P. 434 and the detailed instruc-
tions for aligning the tuned circuits of radio receivers have also been re-
vised in order to present the latest data on these subjects. Some addi-
tional material has also been included on the important subject of cathode-
ray tubes for television work.

These minor changes are not to be regarded as a revision of the book.
No such change has been necessary. Also, these slight changes in no
way affect the section or page numbers on which the various topics appear,
and should cause absolutely no difficulty in classes where both “first im-
pression” and ‘‘second impression” books may be used together.

It is the sincere wish of the author that these corrections will prove
helpful to both students and instructors alike.

A. A G
March 15, 1932.

PREFACE TO THE THIRD IMPRESSION

In this impression, Art. 313 which deals with the variable-mu screen
grid tube (now called ‘“super-control” tube), has been re-written in order
to present the latest data on this subject. Also, corrections of additional
typographical errors which have been discovered, have been made.

A A G
March 1, 1933.
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RADIO PHYSICS COURSE

CHAPTER 1.

RADIO BROADCASTING SYSTEM

1. Radio broadcasting system: The art of radio broadcasting as
we know it today presents a very fascinating subject for study. It has
for its main object the transmission of sound programs over long dis-
tances and wide areas to the homes of millions of people. The pro-
grams usually originate as sound waves (speech and music) created by
artists in the studios of the broadcasting stations, although they are
sometimes picked up in halls, theatres, restaurants, or other public
places and relayed to the broadcasting stations over special telephone
wire lines and networks. In addition we have the specialized uses of
radio for communication between land, sea and air vessels in commer-
cial work.

It is certain that the popularization of radio television will add to
this, the necessity for the transmission of visual scenes, possibly in their
natural colors. It is fortunate that our present general methods of
broadcasting of sound programs is also satisfactory for transmitting
television programs. The major portion of this course is devoted to the
sound phase of broadcasting. This lays a foundation for the study of
television apparatus which is discussed later.

Considering the purpose of radio broadcasting as outlined above,
let us see how and why it is being carried on in the particular way
we are all familiar with today. We know that it is possible to trans-
mit sound waves directly. A common example of this is furnished by
one person talking to another. The sound vibrations or waves pro-
duced by the vocal apparatus of the first person, travel out directly to
the hearing or auditory apparatus of the second person and cause the
sensation of sound. This is an example of the direct transmission of
sound. This method is not suitable for broadcasting purposes for the
following reasons: Sound can be transmitted directly only over very
limited distances. Even loud whistles and sirens can only be heard
over distances of a few miles at the most. A sgpeaker or singer’s voice
cannot be heard intelligibly over distances greater than a few hundred
feet. Our popular musical instruments such as the piano, organ, violin,
etc. are similarly limited in their range. Also if several persons or

1



2 RADIO PHYSICS COURSE

musical instruments were producing sound waves of equal loudness
simultaneously we would have no way of listening to one of them to the
exclusion of the others. Nature has not equipped us with any means
of selecting or “tuning” to the particular sounds we desire to hear. Our
ears respond to all sound waves lying within certain ranges of frequency
or pitch. Imagine the distressing result of hearing the programs from
all of the stations in your vicinity at one time!

It is evident that some method other than the direct transmission
of sound waves must be employed for our broadcasting system. The
sound programs originating in the many stations all over the world are
to be broadcast simultaneously over long distances and wide areas to
the millions of listeners; and must be received in such form that the
listeners can readily tune to any single station or program desired.
These requirements are satisfactorily met by using electricity, and
electrical or radio waves as intermediate agents in our radio broad-
casting system. It has been found that alternating electric currents of
high frequency (carrier current) can be made to produce electromag-
netic and electrostatic waves of similar frequency (radio waves) when
made to flow in suitable circuits in the transmitting station. These
radio waves have the desirable property of radiating or spreading out
into space in all directions over great distances without serious decrease
in strength. They are propagated at the rate of approximately 186,000
miles per second. Also, it is possible, by erecting a suitable metallic
electrical conductor (antenna wire) at any place through which these
waves are traveling, to induce in this conductor electric voltages or
potentials which can be strengthened or amplified and then converted
back into sound waves similar to those originating in the broadcasting
studio. By arranging each broadcasting station to operate with a car-
rier current of different frequency it is possible to operate many stations
at one time without interference. By the use of suitable equipment at
the receiving station, it is possible to select the signal of any particular sta-
tion it is desired to hear, from those of all of the other stations broad-
casting at the time.

A simple outline picture of this system as it is employed by our
broadcasting stations today is shown in Fig. 1. Starting at the left, the
person speaking sets up sound waves which are made to act on the
microphone M. This changes the varying sound vibrations into corres-
ponding electrical current impulses. These are led into the trans-
mitting apparatus B (which will be studied in detail later) where they
are made to control the strength of flow of a more powerful steady high
frequency current (carrier current) so that it is no longer steady but
varies in strength in accordance with the original sound waves. This
varying high frequency current is made to flow into the transmitting
aerial A where it produces high frequency radio waves of varying
strength which immediately travel outward in all directions to great
distances at the rate of 186,000 miles per second. In any receiving



RADIO BROADCASTING SYSTEM 3

antenna C erected in the path of these waves, weak electric potentials
or voltages are induced. These are led to the home receiving set R
where they are selected, and amplified until they are of sufficient
strength to actuate the loud speaker L so as to produce sound waves
which are loud enough to be heard by the listener. These sound waves
are very nearly an exact duplicate of the original sound waves. An
important advantage of this method of transmitting is that it makes it
possible to have a number of stations broadcasting at one time and still
be able to select the program from any one station desired, without in-
terference from any of the others. It is this feature which makes
practical our modern broadcasting system, wherein a large number of
high powered stations are operating simultaneously in the same locality,
while the listeners are able, with proper receiving equipment, to select
any one of them at will by tuning their receivers.

VOICE MOULDED STR’EAM/
OF RADIO ENERGY
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Fig. 1.—Radio Broadcasting System with Transmitter at Left and Receiver at Right.

This outline of the broadcasting system should be studied very
carefully, since a thorough understanding of the main function per-
formed by each unit will make the study of the subject more simple
and exceedingly interesting. It is evident that the entire structure of
radio broadcast is intimately tied up with sound waves, magnetism,
electric currents, and electromagnetic and electrostatic waves. The
latter are commonly referred to as “radio waves” for simplicity. It is
essential therefore that we know something about the characteristics
of these things insofar as they affect speech, music, and broadcasting.
As a large portion of modern radio broadcasting deals with music, it is
essential that the student understand some of the fundamental things
about the frequency ranges, types of sound waves, ete., produced by the
various common musical instruments since both the radio transmitting
and receiving equipment must deal with corresponding sound waves and
electrical currents of these frequencies. The characteristics of sound
waves, speech and musical instruments will be studied first.

(Review Questions on Next Page)
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RADIO PHYSICS COURSE
REVIEW QUESTIONS

What is the main purpose of radio broadcasting?

What is the purpose of television broadcasting?

What is meant by the direct transmission of sound? Give an
example of this.

State 3 limitations to the broadcasting of speech and musical pro-
grams by the direct transmission method.

Why are radio waves used in the modern broadcasting system?
Draw a simple diagram of the complete system including both
the transmitting and receiving stations.

Explain the purpose of the microphone, transmitting equip-
ment and aerial in the transmitting station.

Explain the purpose of the antenna, receiver and loud speaker
in the receiving station.



CHAPTER 2.
SOUND, SPEECH AND MUSIC AS RELATED TO BROADCASTING

SOUND WAVES — SOUND AND HEARING — NOISE, SPEECH AND MUSICAL
SOUNDS —— PITCH — TIMBRE OR QUALITY — LOUDNESS — SOUND SENSATION
~— FREQUENCY RANGE REQUIRED — REVIEW QUESTIONS.

2. Sound waves: Sound waves are produced by the mechanical
vibration of a material object in an elastic medium. Air is elastic. It
can be compressed, and will expand when the pressure is released. Air
can be set in motion by a body vibrating in it, and its rate of vibration or
frequency will be the same as the rate or vibration of the body which
set it in motion. For example, if we ring an ordinary electric door-
bell so as to set it vibrating, it will produce a ringing sound. We can
prove that the sound is caused by the actual vibration of the bell metal
and air around it. If the bell is touched with a finger so as to damp
the vibrations, the ringing ceases. If the bell is enclosed in a vacuum,
no sound is produced, even though it is vibrated as before, simply because
there is no air around it to be set in vibration. The vibrations of a radio
loudspeaker can be felt by placing the hand on its diaphragm or horn
while playing.

Let us study the motion of the diaphragm of an ordinary cone-type
loud speaker as used in radio sets, and see how it produces sound waves
in the air. At A, in Fig. 2, the diaphragm is at rest. At B, the diaphragm
has moved to the end of its first vibration to the left. The small dots
represent a single series of molecules of air moving forward. Air mole-
cule, No. 1, adjacent to its front is pushed onto molecule No. 2. Mole-
cule No. 2 pushes into No. 3. No. 8 pushes into No. 4, etc. These
molecules of air are therefore compressed together. Those nearest to
the front of the diaphragm are compressed together most. After each
molecule has bumped into its neighbor and given up its energy of move-
ment to it, it stops. The wave of compression thus formed, travels
along at the velocity of sound. Out some distance in the air, the mole-
cules are not so compressed as yet, and still farther out they have not
yet felt the movement, and are their natural distance apart. But they
will feel it when this travelling wave of compression gets to them at F.
During this time, an empty space is left at the back of the diaphragm.
The adjacent molecules will move forward into this since air is elastic,
and will fill up all the available space. Immediately next to the
diaphragm there are few molecules and they are far apart. (Nos. 5, 6,
7, ete.). This area where the molecules are far apart, is called a rare-
faction. As the molecules rush to fill the spaces successively, the wave

5



6 RADIO PHYSICS COURSE

of rarefaction travels outward as shown, at the velocity of sound, (about
1130 feet per second in air at 20° Centigrade). (As will be discussed
later, in the chapter on loud speakers, a baffle must be put around the
edge of the cone so that the compressed molecules at the front will not
travel right around the rim of the cone and neutralize the rarefaction
wave behind the cone-—thus neutralizing the sound wave-—when pro-
ducing sound waves of low frequency.)
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Fig. 2.—Sound Waves Produced by Vibrating Cone of Loud Speaker.

When the diaphragm reaches the end of its first forward push, it
moves back to approximately its original position, C. Immediately
there is a rushing back of the molecules on the left. They have been
tightly pressed together there, but when the diaphragm begins to move
back it leaves an open space in its wake into which the compressed
molecules rush. At the right, a wave of compression is being pro-
duced at the same instant. The diaphragm continues to the end of its
swing at D. A full rarefaction is at the left and a compression wave
has already started to move along at the right. The movement back
to its original position and next forward swing to the left are shown at
E and F. This cycle of events repeats itself as the diaphragm contin-
ues to vibrate. Sound waves are set up in air by vibrating bodies in this
way.

A complete single sound wave includes an area of compression;
the adjacent area in which the molecules are their natural distance
apart; the adjacent area which the molecules are widely separated
(rarefaction) ; and the adjacent area in which the molecules are their
natural distance apart. This is illustrated at F. The exact length
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of this wave in feet or other unit of length is called the wavelength of the
sound wave. We may measure the length of a wave from any point
to the corresponding point farther on but it is customary to measure it
from compression to compression for convenience.

As the diaphragm vibrates, the complete sound waves travel out
in all directions from molecule to molecule in the form of expanding
spheres of increased pressures and decreased pressures, as shown in

w WL {Q

1
LOUD SPEAKER 1
|
i
i

Q]

AIR PRESSURE

TAAAAAJ\A/\AA
VA RVAAVEAVAVAVAVA

TIME OR DISTANCE-—r
Fig. 3—Sound Wave Propagation and Pressures.

Fig. 3. These moving spheres are commonly called sound waves. The
number of complete waves created in each second is known as the
frequency or pitch of the sound. This is usually referred to as the number
of waves or cycles per second. It is important to note here, that the
individual molecules themselves move only over very short distances,
that is, each molecule does not move out the entire distance to the
listener. The action may be compared to that occurring if a number
of men stand with feet absolutely fixed in a long line. Now the end
man is given a push. He sways forward and pushes against the next
man, who in turn pushes against the next, etc. The push, or pressure
is carried down along the whole line of men without the lower part of
the body of any one of them moving from its original position.

The vibrations of the sounding bodies are usually so rapid, that the
human eye cannot see the actual motion. The eye is able to see as sep-
arate pictures or impressions, movements up to 10 per second. Move-
ments faster than this blend into a continuous scene. (The motion pic-
ture depends upon this principle.) This fact hampers somewhat the
visualization of the actions taking place, since we do not see either the
movements of the sounding body or the sound waves. Movements of
sounding bodies can be studied however, by means of the stroboscope.

Any elastic material such as steel, brass, wood, ete. will transmit
sound waves. The speed or velocity at which the sound waves travel
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depends upon the density of the substance in which they are moving,
and the temperature. Accurate experimental determinations show that
the velocity of sound in dry air is 1090 feet per second at 0° Centigrade.
The velocity increases two feet for each degree increase in tempera-
ture. Therefore at 20° Centigrade (normal temperature) the velocity
is 1130 feet per second. This value will be used throughout this book
in sound calculations. The more elastic the medium, the greater is the
velocity of sound in it. In lead at 0° Centigrade, it is 4,659 feet per
second; in glass 1,783 feet, and in steel 16,322 feet. In radio
broadcasting, we are concerned chiefly with sound waves in air. Con-
trasting the velocity of sound waves in air, 1130 feet (or about one
quarter mile per second) with the velocity of radio waves in air, 186,000
(approximately) miles per second, we can see that radio waves travel
about 750,000 times as fast as sound waves do.

If we could devise apparatus for measuring the very small varia-
tions in the air pressures caused by a very simple sound wave at any
particular point, we would find that these variations could be shown in
picture form by the wavy line or curve of Fig. 8, where vertical dis-
tances represent pressure and horizontal distances represent time. The
axis or horizontal line P—O represents the normal atmospheric pres-
sure. When the sound wave comes along, the pressure gradually in-
creases to a maximum from P to A, then decreases from A to B, further
C, then increases again from C to D at which point the pressure is again
the same as at the beginning. The next wave would continue similarly
along D EF G H. Point A, which is the crest of a wave, represents a
point of condensation or compression, at this point the air is condensed
or compressed. Point C, which is at the hollow of a wave, is a point
of rarefaction since at this point the pressure is lessened or rarefied. It
must be remembered that the wavy line of Fig. 3 represents the air
pressure, and not the movements of the individual molecules of air.

3. Sound and hearing: The study of radio and sound should in-
clude some consideration of the structure, operation, and characteris-
tics of the human ear. There are many ways of producing, recording,
transmitting and reproducing sound waves, but we have only one means
of making them affect us, that is, through the human ear and associated
nerve systems. As the ear is the one common element in any sound
system, and since much of the design of our radio and audio systems
and equipment is influenced greatly by the characteristics of the ear,
we should learn some of the elementary things about its action. When
we become familiar with its remarkable construction and actions we
cannot help but cease to regard it merely as a decorative flap presented
to us by nature. We see it as a highly sensitive mechanism rivalling
any man-made piece of delicate machinery for ingenuity of construc-
tion.

The ear may be roughly divided into three parts, the outer ear, the
middle ear and the inner ear. The outer ear consists of the flap R, and
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a short tube G, leading to the middle ear, as shown in Fig. 4. The tube
is sealed by a thin stretched membrane or diaphragm T, commonly
called the ear drum.

When sound waves strike the ear drum of the listener, the termin-
als of the auditory nerves are stimulated and the sensation of sound is
produced in the brain.

In our study, “sound” is held distinct from the term “sound waves”.
Sound is the sensation produced in the brain by the sound waves. The
sound or air pressure
waves entering the
ear passage G, vibrate
the ear drum T in Fig.
4. The number of
these back and forth
vibrations of the drum
per second is the same
as the number of
pulses of the wave
that arrive at the ear
per second. The vi-
brations of the drum
are transmitted di-
rectly to the first of a
set of three oddly
shaped bones in the
middle ear, the last
one of which touches
a second diaphragm Fig. 4.—Internal Structure of the Human REar.
(oval window) at the entrance to the inner ear. These bones are called
the hammer, the anvil and the stirrup. They form a mechanical lever
system.

The stirrup is attached to the end of the oval window O, which
separates the middle from the inner ear. There is another flexible
membrane “r’ (round window separating the middle from the inner
ear).

Due to the fact that the area of the stirrup resting against the oval
window of the inner ear is about one-twentieth of that of the ear drum
and also due to the lever action of the three bones, the pressure exerted
by the oval window of the middle ear upon the fluid of the inner ear is
30 to 60 times that exerted by the air upon the ear drum.

The inner ear is a spiral, snail shaped cavity in the skull bone, and
is filled with a liquid. This liquid-filled spiral cavity or cochlea is
separated into two parts V., and P; by the soft, flexible cone-shaped
spiral basilar membrane T which extends across its entire length, but
leaves a narrow communicating passage Y (helicotrema) at the right
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end for passage of the liquid from the upper to the lower half of the
inner ear. This cochlea is encased by the bony structure of the head.

Into the liquid from the walls of the chambers, project thousands
of tiny, elastic hairs of varying length and size. The auditory nerve N
is divided at its extremity into filaments, one of which is attached to
each hair.

The middle ear is entirely closed except for a small duct E leading
to the throat. By the process of swallowing we allow air to escape
from, or allow it to enter into, the middle ear through this duct in order
that the air pressure on both sides of the ear drum shall be the same.
When entering a deep tunnel in a subway train the pressure on the out-
side of the eardrum increases and it is temporarily pushed inward.
This causes the common unpleasant sensation in the ear. By swallow-
ing hard, or holding the nose and blowing, air is forced up to the middle
ear through tube E to equalize the pressure and allow the ear drum to
assume its normal position. When rising to the surface the outside
pressure is again decreased and swallowing hard allows some air to
escape from the middle ear through tube E. This reverse action also
occurs when rising to a high altitude during an airplane flight.

There are several theories as to the exact function of the inner ear.
The exact way in which the auditory nerves T act on the brain to pro-
duce the sensation of sound is still a mystery. It is of course extremely
difficult to obtain any direct experimental observations on these actions.

When sound waves cause the ear drum T to vibrate, this mechani-
cal vibration is transferred across the middle ear by the system of bone
linkages P and is impressed on the flexible diaphragm O, which in turn
impresses the vibration on the fluid in the cochlea. This fluid being
relatively incompressible and being encased in a solid bone container
in the head, needs some relief for pressure or there would be no transfer
of vibration to the inner ear. The diaphragm r, (round window) open-
ing back into the middle ear provides this. When the diaphragm O is
pressed inward, the liquid bends the basilar membrane T downward and
this in turn forces the diaphragm “r” outward. The next instant,
diaphragm O moves outward and “r” moves back in, etec.

Different tones and sound frequencies affect different parts of the
basilar membrane and therefore affect different hair cells and nerve
fibres. Low frequency vibrations (low tone) cause a transfer of vib-
ration across the basilar membrane at points near the thick end at the
right. High frequency tones affect the thinner end near the diaphragm
0. Frequencies between these affect it at points between the extre-
mities. A 1,000 cycle sound wave (1,000 complete to-and-fro vibrations
per second) is sensed by the nerve terminals very near the center of
the membrane. The motion of the basilar membrane causes the many
tiny hair cells to stimulate the nerve endings at their bases. Each tiny
hair having a different length, thickness, and mass will respond only to
that particular ripple or movement with which it is in sympathy. Thus
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it is supposed that each tiny hair cell responds only to a certain definite
frequency, just as each individual string of a piano or harp will vibrate
at its own particular frequency depending on its length, thickness and
mass.

The nerve filaments transmit the impression to the brain, where in
some mysterious manner the disturbances are interpreted as sound of
definite pitch, quality and loudness. The pattern carried to the brain
by the nerves of hearing depends upon the particular combination of
vtigr?:tions or frequencies disturbing the basilar membrane at each in-
stant. N

The entire mechanism of hear-
ing is extremely delicate, composed
of many parts and is quite complex.
There is still considerable con-
troversy regarding the exact func-
tion of some of them. Now that we
have some idea of the construction
and operation of the human ear it is
obvious that slight differences in
shape and structure of any of the
parts can cause different people to
hear the same sounds differently.
These differences may be inherited
at birth or may be caused by some
accident or disease. The mechan-

Fig. 5.—Human Vocal Organs. The

ism of hearing in some people is as vibration of ithe tvotc:,l cordai; a-a

: varie e B8lze O € openin
pearly perfect as nature intended T which © air from  the. lungs
it should be. As a result of musical rushes.

training and practice, minute changes of pressure or frequency are dis-
tinguished by some ears which would not be noticed by ears and hearing
not so delicately adjusted and trained. It is evident that the hearing
faculties of different persons may vary greatly. This explains why
some radio receivers sound perfectly satisfactory to certain persons and
are absolutely unsuited to the delicate and fine appreciation of sound
and music of other persons with highly trained hearing faculties. Also
the range of sound frequencies which different persons hear and the
strength with which certain frequencies are heard vary greatly due to
slight differences in ear construction.

4. Noise, speech and musical sounds: In radio broadcasting we
are concerned mostly with speech and music although at times noises
are transmitted as parts of plays and dramas. The dropping of a book
on the floor, the crash of a piece of glass, the rattle of a train of freight
cars, all produce sound disturbances that have no regularity of vibra-
tion and to which we can assign no definite pitch. Such sounds are
disagreeable to the ear because of lack of steadiness, regularity or
rhythm and are classed as noises.
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Speech or vocal sounds are produced by the human organs of
speech. The main vocal sound wave producing organ is shown in Fig.
5. The lungs supply the streams of air by a bellow-like action. The
air presses in and out of the windpipe, vocal passages, the elastic vocal
cords “aa’” in the larynx, the tongue, the lips and the resonant cavities
of the nose and throat. The rapid movement of the vocal cords “aa”
stretched across the top of the windpipe changes the size of the slit-like
opening “b” through which the air from the lungs passes. This im-
presses on the air stream, variations which are heard as speech sounds.
The pronunciation of the English language is composed of about 39
different sounds located in different parts of the frequency range. The
“voiced sounds” are produced as described above by the vocal cords in
the larynx. They are located mostly in the lower register and possess
most of the volume and energy of speech. The “unvoiced sounds” are
produced without using the vocal cords at all. They are caused by the
flow of air through small openings, or over sharp edges of the teeth, lips
and tongue. They have a hissing rushing sound of the breath, and con-
sist of the sounds like p, 1, s, k, sh, ch, th. Most of these sounds are
high pitched, and they are much weaker than the voiced sounds. The
student is urged to pronounce these sounds in front of a mirror and
notice the movements of his tongue, teeth and lips when doing so.
These higher unvoiced sounds are absolutely necessary to the clear
and distinet rendition of speech. A third class of speech sounds called
the “voiced consonents” are produced by a combination of the two
processes just outlined.

The length and tension of the vocal cords “aa’ can be altered by
muscular action with great rapidity, hence the extreme flexibility and
great range of tone of the human voice. The vocal cords in men are
thicker than in women and children, so they vibrate more slowly and
produce the lower tones characteristic of men’s voices. The sound
waves produced by the vocal cords are greatly modified by varying the
shape of the resonant cavity of the mouth. This may be easily proven by
uttering all of the five vowel sounds a, e, i, o, u, one after another.
The altering of the shape of the mouth produces the change of the
voice sound. This is called articulation. Changes in the flexibility or
size of the openings in any of the air passages, etc. may change the
tone of the voice. Thus when a person catches cold, the nose passages
are blocked and the throat may be inflamed or swollen. The result
of this interference to the free normal passage of the air pulses makes
itself evident as “hoarseness” of the voice.

Musical sounds occur in the form of smooth, uniform vibrations
of steady duration, until the dying of the sound. A musical sound is
produced from a source of regular vibration. Thus when a horsehair
bow is drawn across the strings of a violin, they are set into vibration.
This vibration is regular and smooth and results in a musical sound. Music
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is pleasing, because of its agreeable combination of sounds, which have
been worked out more or less systematically.

Every sound has three identifying properties or characteristics,
which distinguish or identify it from all other sounds. These are pitch
or frequency ; quality or timbre; and loudness or intensity.

5. Pitch: The musician’s term for frequency of vibration is pitch.
Pitch is defined as the number of air waves per second produced by the
vibrating source, or the number of air waves received by the ear per
second. Sounds of low pitch like those of the bass viol, bass tuba, ete.,
are low in frequency, and therefore vibrate the ear drum slowly.
Sounds of high pitch, like those of the flute, piceolo, etec. are high in
frequency, and vibrate the ear drum rapidly. In stringed instruments
the low notes are produced by the long, thick or heavy strings. For
instance, on the piano, the strings which produce the low notes are wound
with wire and weighted down so they cannot vibrate so fast.

In the wind instruments we find the low notes produced by the
vibration of air in air columns of large volume-—either long or of large
diameter. The long air columns of the pipe organ Fig. 7 and bass
tuba Fig. 9, are illustrative of this. The relative approximate lengths
of some common wind instruments are, piccolo (Fig. 10) 12 inches,
flute (Fig. 10) 26 inches, trumpet (Fig. 11) 55 inches, trombone (Fig.
11) 107 inches, Sousaphone bass tuba (Fig. 9) 216 inches. The fre-
quency of the lowest notes these instruments can produce can be found
from the chart of Fig. 8.

The notes of high pitch are produced by the light, thin, or short
strings in string instruments and short or small diameter air columns
in wind instruments. In instruments like the violin (Fig. 10), man-
dolin, guitar, banjo (Fig. 11), and ukelele, a wide range of notes is
produced with a few strings by ‘“stopping” or shortening the vibrating
length of the string with the finger. The triangular shape of the harp
and the grand piano illustrate the application of the law of length by
using longer and heavier strings for the lower pitches.

By impressing sounds of various measured frequencies on human
ears it has been found experimentally that the normal ear is able to
detect sounds of frequency about as low as 16 cycles per second, and
about as high as 20,000 cycles per second, but not with the same degree
of sensitivity.

Vibrations slower than 16 per second do not sound as one tone,
they separate into 16 or less separate noises. Above 20,000 vibrations
per second, the vibrations are so rapid, that the ear drum membrane
and associated parts cannot follow them. Above this point, we cease
to hear. The ear is most sensitive to frequencies between 500 and
4000. Below 16 cycles per second, the sense of feeling occurs before
the sense of hearing. The actual frequency range the human ear will
respond to varies among individuals. It is narrowed by weakening
of the sound and also by advancing age of the person. Some persons
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cannot hear the chirp of crickets or the high notes sung by some birds
and insects. The range of sound frequencies employed in ordinary
speech lies between about 200 and 3000 cycles per second.

The effect of the frequency or rapidity of occurrence of the indi-
vidual sound waves can be demonstrated very convincingly by the use
of a simple siren (Fig. 6). This consists of a small circular flat disc
mounted on a central shaft so it can be rotated rapidly either by hand,
by an electric motor or even in a
lathe. A circle of evenly spaced small
holes are drilled in the disc. A rub-
ber hose or small metal pipe is ar-
ranged directly over the perforations
or holes so that a flow of air under
pressure is forced through the holes
when the disc revolves. This flow
of air is naturally cut off or interrupt-
ed as each solid portion of the disc
passes the air pipe, and as a hole

Fig. 6.—S8iren Disc. The blowpipe di- S ir »i i
rects air in puffs thru the rotating passes the air pipe a prf Of alr ShO(?tS
holes. Sound waves result. through the hole. Therefore, a vib-

ration of air. is produced by each
hole. The frequency of the air vibrations depends upon the number of
holes that pass the air jet during each second. Multiplying the number
of holes in a circle on the disc by the number of revolutions that it makes
per second gives the vibration frequency per second. The speed can be
measured with a revolution counter or tachometer. By varying the
speed of the disc, or by drilling several circles of holes, each circle
having a different number of holes, various sound frequencies can be
produced. If the number of holes on each circle is 14 the number on
the next, each circle will produce a note one octave higher or lower
than that on the next circle if the disc is rotated at constant speed. By
choosing suitable high and low speeds and numbers of holes it is also
possible to determine the upper and lower limits of audible frequencies
with this apparatus. This experiment is a very interesting one, espec-
ially when made with a number of listeners in a group. Also by per-
forating some circles with the same total number of holes but with the
holes slightly uneven (two closer together, making the next two further
apart, as at B) the frequency will be the same, but the succession of air
puffs will not occur in the same order. The sound produced will ap-
pear different as judged by the ear. This illustrates the effect of “timbre
or quality” of a sound (see Fig. 14).

The various musical instruments produce sound waves in different
ways. Thus the violin, cello, piano, banjo, ete. produce sound by means
of strings which are set into vibration. On the piano, for instance, low
notes are produced by the vibration of long, heavy, loose strings, while
shrill or high notes are produced by short stretched small strings.
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The wind instruments are classified as of two kinds, wood and
brass. The commonest of the wood-wind instruments are the flute,
oboe, piccolo, clarinet, bassoon and English horn. The brass-wind types
are the cornet, trumpet, trombone, French horn, bass tuba, saxophone,
alto horn. In all of these, the air is vibrated in a hollow tube either
by reeds by blowing against the sharp edge of an opening, or by the

Oourtesy Skinner Organ Co.

Fig. 7.—Pipe Organ During Assembly. A mechanical blower keeps the wind chest full of

air. When a key is pressed, a valve admits air to the proper pipe. Many sets of pipes of

different lengths are employed to give the different pitches and qualities, each set being con-

trolled by a ‘‘stop.” At the lower left is a bank of closed wooden pipes for the low notes.

At the right are several banks of open pipes. The space inside is nearly filled with the
shorter, more slender, high-note pipes.

lips of the player. In wind instruments different pitches are obtained
by changing the length of the air column by moving a slide as in the
trombone Fig. 11, or by opening and closing holes as in the flute, saxo-
phone, trumpet, ete. (Figs. 10 and 11).

The percussion instruments, are those that are beaten, shaken,
rattled or jingled. Among these are the kettle drums. bass drum, (Fig.
12) cymbals, snare drums, tambourine, xylophone, bells, and the piano.
The pipe organ (Fig. 7) is a wind instrument, and has become a col-
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lection of all possible wind instruments controlled by keyboards and
stops with possibilities of string tone and percussions as well. The
human voice is really of the vibrating air column type.
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Fig. 8—Chart showing the fundamental frequencies of the various keys or notes on a piano
Reyboard, as well as the fundamental frequency ranges of the various common musical in-
struments and the human voice. The comparative acoustic range of the broadcasting station
equipment, and that of “average’” and ‘inferior” radio receiving sets are also shown.

Each musical instrument has a definite range of sound frequencies
which it can produce. The chart of Fig. 8 shows the fundamental fre-
quencies of the various notes on a piano keyboard. The frequency
ranges of the various common musical instruments are indicated above
this in direct line with the piano key frequencies. The range of the
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pipe organ is about the same as that of the piano and is not indicated
here. Middle C lies near the middle of the piano keyboard and repre-
sents a frequency of 256 cycles per second. The lowest, C; is 82 cycles.
The C; above this is an octave of it and has a frequency of 32X%2, or 64
cycles. The octave of a frequency is a frequency twice as high. For
instance, low Cs is 32 cycles per second, the second octave of this is
32 2=64, the third octave is 64X2=128, the fourth octave (middle C)
128 2=256, the fifth octave C! is 256 X2=512, and so on.

The horizontal spacing of the chart of Fig. 8 may be rather
puzzling to the reader. It is evident that in going from the low notes
to the high notes the actual increases in frequency between the adjacent
piano keys is not the same. The frequencies of the tones are arranged
according to the octaves in such a manner that the various octaves
occupy equal horizontal spaces on the chart, irrespective of the actual
number of cycles covered by the octave. One octave means doubling
of the frequency. Thus we have one octave of tone if we jump from
100 to 200 cycles. We also have one octave if we jump from 1000 to
2000 cycles. The latter jump covers 1000 cycles while the former
covers only 100 cycles. Yet both ranges cover just one octave.

In music we are interested in all of the octaves between certain
limits. Therefore, in radio reproduction of music we are also inter-
ested in the same thing. As will be seen later it is common practice
to plot amplification curves of audio amplifiers, etec. in this same way
with the frequency scale plotted according to octaves. Mathemati-
cally this is known as a logarithmic scale because it is really plotted
according to the exponents of the numbers instead of the actual num-
bers themselves.

Close examination of the chart of Fig. 8 reveals many interesting
things about our common musical instruments. The piano, organ and
harp produce the greatest range of fundamental frequencies, ranging
from about 16 to about 4096 cycles per second on the physical scale of
pitches. All of the other instruments have more limited ranges within
these values.

Some of the instruments like the bassoon and the bass viol and
bass tuba of Fig. 9, produce sounds lying entirely in the low frequency
range. Others like the violin, flute and piccolo of Fig. 10 cover the
high frequency range. The tenor banjo, trombone, saxophone and
trumpet (Fig. 11) produce sounds of the middle range of frequencies.
The pipe organ, harp and piano cover the entire range of low, middle
and high frequencies. The bass drum, snare drum, tom-tom, traps and
cymbals have no definite musical pitch and are used only to bring out
the rhythm and add novelty effects. The bass drum and traps are
shown in Fig. 12.

The great body of a symphony orchestra is composed of an as-
sembly of practically all of these instruments. Therefore if we are to
be able to satisfactorily broadcast and reproduce the music from such
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an orchestra our electrical apparatus in both the transmitting and re-
ceiving stations must be capable of dealing with the complete range of
frequencies of all of the instruments.

6. Timbre or quality: Musical sounds are sustained at definite
pitches for comparatively long times and the change in pitch takes

Fig. 9.—~Bass Tuba and Bass
Viol. These two instruments
produce the deep, rich sounds
in the low frequency range.
The Bass Tuba at the left
goes down to 43 cycles and the
Bass Viol goes to 40 cycles,

Courtesy Carl Fischer Musical Inst, Co.

place in definite steps called the musical interval—thirds, fifths, oct-
aves, etc. The musical sounds are all agreeable to the ear. However,
we can very easily distinguish the sound of one musical instrument
from that of another. For instance, middle “C”, which is defined as
producing 256 air waves per second, may be struck on the piano, blown
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on a trumpet or played on a violin, yet the sound in each case will be
characteristically different, and easily recognized, despite the fact that
the piteh or frequency of the fundamental sound waves thus produced
is exactly the same in all three cases. We have no difficulty in recog-
nizing the particular instrument which produced it. The voices of
different persons can also easily be distinguished and recognized. The
characteristic which enables one to recognize the tones of the different

Courtesy Carl Fischer Musical Inst, Co.

PFig. 10.—Top—Plccolo; Middle—Violin; Bottom—Flute. These Instruments produce the fund-
amental sounds in the high frequency range. The highest fundamental sound frequency of
the Flute Is about 2300 cycles; Violin, 3000; and Piccolo about 4,600 cycles.

instruments, or to assign a sound to its source, is called the quality or
timbre.

The physical explanation of quality or timbre, is that most sound-
ing bodies vibrate not only as a whole, but also in various parts as well.
When the string of a musical instrument is plucked so as to make it
vibrate as a whole (A of Fig. 13) the production of the musical note is
easily understood. When a bow is drawn across it or the string is
plucked at the proper point, it may not only vibrate as a whole, but in
parts as well. This may easily be seen by plucking the strings on a
piano. Thus in B of Fig. 18 a string is vibrating as a whole between
points A and C and is also vibrating in halves between AB and BC. In
C of Fig. 13 a string is vibrating as a whole and in five segments. The
same action occurs in vibrating air columns. When a string or an air
column vibrates as a whole, it produces its lowest tone or fundamental
(A of Fig. 18). When it vibrates in two segments (B of Fig. 13) it
produces its first overtone, or second harmonic. This harmonic is double
the frequency of the fundamental. A harmonic is an integral multiple of
the fundamental frequency. Thus the second harmonic of middle C
(256) is, 2566 X 2 = 512 cycles, etc. When the string vibrates in fifths,
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(C of Fig. 13) the fourth overtone or fifth harmonic results, etc. A
string or air column of a musical instrument can be vibrating as a whole
and at the same time be vibrating in segments. It will then give out its
fundamental frequency and a number of multiple higher, (harmonic), fre-
quencies at the same time. The harmonics are usually weaker than the
fundamental, but in some musical instruments they may be stronger.

The fundamental and harmonic sound waves do not exist separate-

Courtesy Carl Fischer Musical Inst. Oo.

Fig. 11.—Tenor Banjo, Saxophone, Trombone, Trumpet. These Instruments produce the mid-
dle range of frequencies.

ly in the air, but combine to form a resultant wave which is different
from any of its components. This is the wave which affects the ears
of the listener. The combination is responsible for the ‘“quality”’,
“timbre”’, or ‘“tone color” of the tone and gives each musical instrument
its individual characteristic sound. The general “wave-form” of a
musical note of a given frequency maintains a similarity easily recog-
nized as being of a certain fundamental frequency regardless of the
instrument which produced it. Fig. 14 shows the actual wave-forms
of the sound waves produced by sounding the note middle C on the
piano, cello organ pipe, and trombone organ pipe. These curves were
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determined by Dr. Harvey Fletcher of the Bell Telephone Laboratories.
At the top is the wave-form of a “pure” fundamental or sine-wave sound
of the same frequency. Note the difference in the little zigzag lines of
the sound wave curve of note C originating on the piano and the same
note originating on the cello organ pipe and trombone organ pipe.
These little zigzag lines or ripples, are caused by, and represent the
number, position and loudness of the harmonics in the sound waves

Courtesy Carl Fischer Musical Inst. Co.

Fig. 12. Left: Harp with long, thick strings for low
frequency notes, and short strings for high notes.

Right: Base Drum and Traps. These have no deflnite

pitch and are used only to bring out the rythm and
add novelty effects.

produced by these particular instru-
ments. The height or amplitude of
these lines indicates the loudness of
each harmonic note. Notice that the
general form or shape of the wave
is similar in all three cases. A low-
pitched piano tone has a large number of harmonics; the third harmon-
ic of the cello organ pipe has about five times the amplitude of the
fundamental; the trombone organ pipe is also very rich in harmonics.
Pure tones (tones without harmonics) are very rare and lack indi-
viduality. They seem flat when heard by the ear and have little musi-
cal value. Higher harmonics than the fourth are seldom encountered
in ordinary practice. Harmonics higher than the third are not im-
portant. It is the abundance of strong harmonics that produces the
“quality”’, “tone color” or richness of musical sounds, but the pitch

Courtesy Wurlitzer & Qo.
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depends entirely on the fundamental frequency. Those musical instru-
ments which have a deep rich tone are the ones which produce strong
harmonic frequency air vibrations as well as the fundamental. Musical
tones are quite complex because of these harmonics.

The harmonics are influenced greatly by the difference in the
physical make-up, characteristics of the material, etc. of the musical
instruments. Thus a violin made of wood has a pleasing, mellow sound
and certain harmonics. If it were made of sheet metal it would sound
metallic because the intensity of
the individual harmonics produced
would be different. A cornet made
of wood would sound like a clar-
inet, ete. “Muting” of a saxo-
phone, cornet, trumpet or clarinet is
a familiar procedure especially in
dance orchestras. These instru-
ments are muted simply by inserting
a plug in the opening of the horn.
The resulting tone has a decided
wheeze because the mute damps out
certain of the overtones of the in-

A B strumental notes. This changes the
~<_. 3 character of the tone because the
SSedgmaal L eemm e wave-form of the sound is changed.

R iyt LI In speech, cavities in the head and

Fig. 13— Vibrating Strings and Harmonic  upper part of the chest resonate to
vib::teogg' a w%vovllé1 gandoivrz sg'vegal r;)ga,rts a}é affect the timbre or quality of the

the same time. tone. The roof of the mouth and
the lips also affect this by varying the shape of the resonance cavity of
the mouth. Interference with the free passage of this vibrating air
(such as stopping of the nasal passages or irritation of the throat when
suffering from a cold) causes a harsh rasping sound or hoarseness due
to the suppression of the harmonics and overtones.

- 7. Loudness or intensity: The harder we strike a bell, or a
drum, the louder will be the sound because the body vibrates over a
greater amplitude. The “loudness” of a sound depends upon how
violently the air is set in motion. The loudness is determined by the
intensity of the sound sensation as produced in the brain by the ear.
Loudness of sounds can usually be controlled greatly by the sound pro-
ducing body. Thus the human speech organs can control the sound
of the voice from a very low whisper (barely audible) to a loud shout.
Musicians refer to the loudness of musical sounds by special terms such
as ‘“pianissimo’” for very soft; “piano” for soft; “forte” for loud and
“fortissimo’ for very loud.

It must be remembered that the actual air pressure variations due
to sound waves are very small. The variations due to the weakest
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sound which a person with average hearing can hear is in the order of
.000000015 pounds per square inch. A painfully loud sound would
produce a pressure variation of about .015 pounds per square inch, or
1,000,000 times as great. The average power of normal speech is
about 10 microwatts (0.00001 watts). In music the variation of sound
power between a “fortissimo’ passage and a ‘““pianissimo” passage may
be as great as 100,000 to one. The

intensity just sufficient to be heard

is called the “threshold of audibility”. /\

The intensity which stimulates

the sensation of feeling is called v \/ \\/ \/ \/
the “threshold of feeling.”” Both the

threshold of feeling and threshold PURE SINE WAVE FUNDAMENTAL C zsevwssg)
of audibility vary greatly with the

frequency of the sound. A consid-

eration of these figures shows that

the human ear is an extremely sen-

sitive and delicate instrument and PIANO C (256 VIB SEC)

will operate over a wide range of

frequencies (about 10 octaves) and

a large range of intensity of sound.

8. Sound sensation: The sen-
sation of sound as relayed to the
human brain by the auditory nerves CELLO PIPE ORGAN C (256 VIB. SEC)
presents an interesting and import-
ant study. Dr. Harvey Fletcher has
covered this subject thoroughly
in his excellent book “Speech and
Hearing”. Two sounds having the TROMBONE ORGAN PIPF C” (256 Vi, SEC)
same physical amplitude but differ-
ing in frequency do not sound equally Fig. 14—Wave-forms and Harmonic Fre-
loud. It requires a much greater “"F %, Tromione’ coenn Prgan oFive
amplitude in low frequency than in
high frequency sounds to produce equal loudness sensation because,
the human ear hears sounds of high frequency better than those of low
frequency and sounds around 2000 cycles better than either. Thus it
is evident that a radio loudspeaker emitting the low sounds of an organ
selection is really handling a greater amount of energy, and is vibrating
over a greater amplitude, than when emitting the high notes of a violin
selection so as to produce equal loudness sensation in the ear. Other
characteristics of the ear will be studied in Articles 419 to 421.

9. Frequency range required: In radio broadcasting we are
interested in transmitting and reproducing as naturally as possible,
both speech and music. We have seen that the sound waves are first
changed into electric currents and then into radio waves at the trans-
mitter. At the receiver the electric waves are transformed into electric
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currents and finally back into sound. It is essential that all of these
changes be so made that the final sound issuing from the loud speaker
will be an exact counterpart (insofar as the human ear can judge) of
the original program. From the foregoing studies of the characteris-
tics of speech and musical sounds we can see that true reproduction of
music and speech in the home depends on maintaining with exactness
the frequency loudness, pitch and quality or wave-form of the sounds.
When we realize the complexity of the sounds occuring in music and
speech it seems almost impossible that they could undergo so many
transformations in the radio broadcasting system and still reach our
homes in almost perfect condition. It is true that some changes may
occur without being noticed by the average ear.

The average fundamental frequency of the male voice is around
120 cycles per second, while the female voice is about 240 cycles (an
octave higher). However, harmonics exist in some speech sounds
up to about 8000 per second, and while female speech has less overtones
than male, they extend up to 8000 and the richest overtone area of the
male voice is between 3000 and 5000 cycles. Cutting off the frequen-
cies above 6000 eliminates the characterizing features of the unvoiced
sounds such as s, f, sh, th, z, etc. These are absolutely necessary for
the clear and distinct rendition of speech. Most of the energy of the
voice occurs in the frequencies below 1000 cycles, most of the intelli-
gibility above that frequency. The frequencies transmitted over the
ordinary telephone lines range only from about 250 to 2700 cycles.
That is the reason why it is difficult or impossible to understand sounds
like th, z, sh, etc. in telephone conversation.

The playing of a musical selection by an orchestra, an organ or a
piano involves the production of a large number of fundamental sound
frequencies and accompanying higher harmonic frequencies. The
musical tones are more or less complex. Speech does not involve as
large a range of frequencies as does music, so that a system designed to
satisfactorily transmit and reproduce the entire useful musical scale
will generally be satisfactory for speech also.

The range of “fundamental” frequencies which must be trans-
mitted in the reproduction of music from an entire orchestra will ordin-
arily range from about 40 up to 4000 cycles per second. The orchestra
is composed of four choirs, the strings, the wood-wind, the brass and
percussion. The lower and higher strings or keys on the harp and
piano are seldom used. However, satisfactory transmission requires
that the important “harmonics” of these frequencies also be transmitted
and reproduced, otherwise the reproduction will not possess the char-
acteristics of the original sound.

A certain amount of low frequency suppression is possible without
serious effects due to the fact that the ear has the power of supplying
to our consciousness many of the fundamental frequencies, provided the
harmonics are reproduced. However, it is much better if these missing
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fundamental frequencies are transmitted and reproduced, for the ear
soon grows tired of performing this function and the listener becomes
mentally fatigued. This tiring action is very marked when listening
to old radio receivers which do not reproduce either the low or the
high frequencies correctly. When the harmonics are not reproduced
the personal element in either the human voice or musical instrument
is lost. A violin tune may sound like a whistle, the high pitched tones
of the piccolo may not be heard at all. The ideal frequency range for
perfect speech, music, important harmonics and most noises as tapping,
hissing, ete. is about 30 to 10,000 cycles. However, it has been defin-
itely established experimentally, by progressively eliminating high and
low frequencies by means of electrical filters, that exceedingly good
reproduction is possible if the range extends from about 40 to 8000
cycles. We must remember that harmoniecs higher than the third can
be cut off without seriously affecting the music.

Examination of the chart of Fig. 8 shows that only four major
instruments produce fundamental sound frequencies above about 2500
cycles. These are the pipe organ, piano, piccolo and the flute. Funda-
mental notes of higher frequency than this are rarely played in ordinary
music excepting on the piccolo and flute. It would appear then that a
radio transmitting and receiving system designed to handle sound vib-
rations up to about 8000 cycles would satisfactorily handle the funda-
mental and first three harmonics of all notes up to about 2500 eycles.
(The third harmonic of 2500 cycles is 2500 3=-7500 cycles.) Only
the very high notes of the flute, piccolo, piano and organ would be
eliminated.

At the lower end of the musical range we find that only the pipe
organ and piano can produce notes lower than 40 cycles per second.
These lower notes are seldom played, and even if they are, their har-
monics are reproduced and the ear unconsciously tends to supply the
missing fundamental frequencies. The lower limit of 40 cycles there-
fore seems satisfactory. At the present stage of the radio art, the cost
of apparatus increases greatly with the attempt to increase the fre-
quency range below and above these limits.

At the present time, most of the powerful broadcasting stations in
the United States, transmit all sound frequencies from slightly below
100 cycles to about 5,000 cycles per second due to the present 10 kilo-
cycle band basis for assigning broadcast station carrier frequencies
as we shall see later. Broadcast engineers have been pushing into the
higher frequencies however, and many of the latest transmitters are
capable of transmitting a complete range of sound frequencies from 30
cycles in the bass to 8,000 cycles in the high notes in order to obtain
better transmission of the low notes and harmonics. It is interesting
to note that many telephone wire circuits which link radio stations into
chains or networks for programs of common origin, are capable of only
the range from 75 cycles to 4,800 cycles at present. This is the reason
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for the noticeable poorness in quality of programs originating from
some chain station hookups.

The telephone engineers have developed special telephone wire cir-
cuits which will pass everything from 30 or 40, to 8,000 cycles. When
such lines are in general use, we may expect the programs originating
in distant cities and put out over chain station hookups to be of just as
good quality as those originating directly in the studio of the local
station we are listening to. At the present time, radio receiver design
has not kept up with the improvements in radio transmitters, from the
standpoint of sound-frequency range. Very few receiving sets repro-
duce below 100 and above 4000 cycles.

It is almost certain that the next few years will witness great im-
provements in loud speakers and receiving equipment, with the complete
important sound-frequency range reproduced for full tone quality and
realism. The extending of the frequency range is simply a question of
improvement at reasonable cost of the radio and audio-frequency ampli-
fiers, vacuum tubes and loud speakers in the receiver. It is essential
that every part perform its function properly. Early types of trans-
mitters, radio receivers and loud speakers did not reproduce the low
and the high notes simply because we did not know enough about them
at that time to be able to construct them properly at reasonable cost.
As our knowledge of these things increases we can expect finer and
more realistic reproduction.

It is true that some persons have a distinct aversion to really faith-
ful low-note or high-note reproduction. Very high notes cause the sen-
sation of feeling rather than that of hearing.

Loud high notes may cause severe irritation or pain. Also static
and many other electrical interfering noises are most prevalent on the
high frequencies. The latter consideration has been a very important
factor in the question of high-frequency reproduction. It seems that
best all-around satisfaction can be obtained by high quality trans-
mission and reception with provision in the radio receiver for some form
of tone control which can be adjusted to reduce either the high, low, or
middle frequency response to suit the musical taste of the individual
listener and to make up for the acoustic difference in the rooms in which
receivers are operated.

When one fully realizes and understands the task of the radio
broadcasting transmitter and receiver, one must really marvel at.its
simple design and almost perfect accomplishment. The complex audio
frequency sound waves must be faithfully transformed into audio-fre-
quency electric currents and waves, varying in intensity at these audio
frequencies. These waves are in turn radiated out into space. The
transmitter as a whole must be capable of responding to a whisper or a
pianissimo, as well as to a shout or a fortissimo. It must be impartial
in its transmission of the complex sound waves of all the different in-
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struments.

It must not introduce frequencies which are not present

in the original sound waves, and must accurately reproduce even the most
delicate tone shadings.
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REVIEW QUESTIONS

How could you prove that sound is produced by mechanical
vibrations?

Describe what occurs when a body vibrates in air.

Do the particles of air actually travel outward the entire dis-
tance from the sounding body to the ear of the listener?
Describe two common devices for producing sound waves,
and explain just how these sound waves are produced in
each case.

Why is the vibration of a sounding body usually not visible
to the human eye?

What is the velocity of sound in air?

Is the velocity the same in all substances?

What kind of waves are sound waves? Of what does each
wave consist?

Explain how sound waves produce the sensation of sound
when impressed on the human ear.

When a bottle of soda water is opened, a sound is heard.
Explain this.

Distinguish between noise, speech sounds and musical sounds.
What are the three identifying characteristics of all sounds?
Explain the operation of the human organs of speech.

Define “pitch”. What is a low pitched sound; a high pitched
sound?

What is the approximate range of sound frequencies which
the average person is able to hear?

Describe an experiment which proves that the pitch of a
sound depends upon the frequency of vibration.

Describe an experiment which shows the exact upper and
lower limits of sound frequencies audible to the human ear.
Explain the various methods used to produce sound waves in
musical instruments.

Name three musical instruments able to produce sound waves
lower than 100 cycles per second. Name three able to pro-
duce fundamental sound waves above 2,000. Name two able
to produce the entire range of musical sound waves.

Why are the strings of a bass viol and a cello heavier than
those of a violin?

Why does increasing the speed of rotation of a phonograph
record change the character of the music produced? Would
this raise or lower the pitch of the music?
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Why is the length of the horn or air-column in the bass tuba
much longer than in the piccolo?

Distinguish between (a) fundamental (b) overtone or har-
monic (¢) octave.

What is the second octave of a 200 cycle note? The fourth
octave?

What is the second harmonic of a 200 cycle note? The
fourth harmonic?

Upon what does the quality or timbre of a sound depend?
Why does a 200 cycle note sounded on a piano sound differ-
ently than a 200 cycle note sounded on a violin?

What would be the effect on the sound wave produced by a
loud speaker diaphragm whose amplitude of vibration was
not proportional to the current through its winding?

What determines the loudness of a sound?

Since the complete range of important fundamental sound
frequencies occurring in speech and music is only from about
40 to 4,000 cycles, why is it necessary to transmit a range of
40 to 8,000 cycles for real good reproduction of speech and
orchestral music?

What musical instruments would not be heard in their en-
tirety if the loud speaker or some other part of the trans-
mitting and receiving equipment cut off at 3,000 cycles?

A symphony orchestra composed of over 100 instruments is
performing in a broadcasting studio. What determines the
actual movement of the microphone diaphragm,—the resultant
sound-pressure wave produced by the combination of the
sound waves of each individual instrument, or does each
individual sound wave act on the diaphragm separately?
Why is the rattling of paper, squeak of a door, chirp of an
insect, etc., difficult to transmit and reproduce over the radio?
Why are ordinary telephone lines unsuited for the transmis-
sion of sound pickups for broadcast programs of symphonic
music?

In what direction do sound waves normally travel? How
may they be directed in some particular direction?

Why does the sound from a radio loud speaker diminish in
strength as you move farther away from it?
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ELECTRON THEORY, ELECTRIC CURRENT

ELECTRICITY IN RADIO — USE OF ELECTRON THEORY — ELECTRICAL CHARGES
—- LAWS OF ELECTRICAL CHARGES ~— MATTER AND MOLECULES — COM-
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VELOCITY OF PROPAGATION - DIRECTION OF ELECTRONS AND CURRENT —
ELECTRIC CONDUCTORS — ELECTRIC INSULATORS — INSULATION BREAKDOWN.
—— DIELECTRIC STRENGTH — REVIEW QUESTIONS.

10. Electricity in radio: Every piece of electrical apparatus used
in radio work has an electric circuit in some conducting material, and
a magnetic circuit either in air or some magnetic material. Transform-
ers, choke coils, loud speakers, ete. used in radio receivers, depend for
their operation on the proper use of electricity and magnetism. In-
visible electromagnetic radiations manifest their actions by magnetic
and electrostatic fields. It is desirable and necessary therefore, for
every student of radio to know something of the nature of electric cur-
rent and magnetism, the properties of the common electric and mag-
netic materials, and the laws governing electric and magnetic action
in order that he may understand the design, operation, servicing and
limitations of radio apparatus. It is interesting to note that in a com-
plete radio system we are dealing with almost every form of electric
current known.

Another important consideration which is too often overlooked, is
the fact that the student who thoroughly understands, and has a good
mental picture of, the fundamental actions associated with the flow of
current and magnetism, is excellently prepared to keep abreast of all
the new developments which are coming almost daily in the radio art.
He finds that the new things are merely new adaptions and arrange-
ments of the fundamental principles he is already familiar with, and
he is usually able to quickly understand their operation and put his
fundamental knowledge to practical use.

Since the most recent scientific discoveries and investigations in
science indicate strongly that the manifestations of electricity and mag-
netism are really due to actions of tiny electrical charges called elec-
trons, it is necessary that our study of these two important servants of

29
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man be preceded by a study of the behavior of the electron. This is
really the most interesting subject in the study of electricity and not at
all difficult if it is pursued in a logical manner.

11. Use of electron theory: The flow of electricity through a
wire is always a very puzzling thing to the novice, possibly because the
action is not directly visible to the naked eye. However, by making
use of the information brought to light in recent discoveries, and em-
ploying our powers of imagination and visualization, a rather complete
picture of what goes on inside the wire can be presented. Like many
other things we can learn to use and control electricity by studying its
various actions and effects. Many theories have been advanced to ex-
plain the reasons for the observed behavior of electric currents. The
one most commonly accepted at present, because it explains the ob-
served actions most satisfactorily and completely, is the electron theory.
The student is reminded here, that the electron theory is simply an
explanation of these things which fits and explains most of the observed
facts. It has not been definitely proved in its entirety, for then it would
have become a law of science. It does however, explain more satisfac-
torily and more thoroughly than any other theory thus far presented,
the observed behavior of the flow of electric current, magnetism and
electromagnetic waves. While there are still a few things about the be-
havior of light that the electron theory does not satisfactorily explain,
it seems that the necessary slight changes to be made in it in the future,
or a different point of view on these questions will settle them satis-
factorily.

We do not have definite and positive answers to every question
that might be asked about electricity today. There is however, a grow-
ing mass of exact fundamental data proved by precise and really beau-
tiful experiments, that is leading rapidly to a satisfactory solution and
explanation. This work has opened the door to a new physics, a new
way of looking at, and explaining, familiar things. It is extremely ab-
sorbing and interesting. When Madame Curie through her remarkable
patience and skill succeeded in discovering and isolating radium, she
opened the door to the innermost minute particles of matter and re-
vealed to us the workshops of nature where heat, light, electricity,
magnetism and the many rays and radiations have their origin. It
really seems a pity that nature did not provide us with eyes capable of
looking into this atomic and electronic world so that we might appreci-
ate the wonders and the beauty of the actions locked up therein.

12. Electrical charges: The word “electricity” is derived from
“elektron”, the Greek word for amber. About 600 B.C., Thales, a Greek
philosopher, recorded the fact that if amber is rubbed it will attract ob-
jects of light weight. As no satisfactory explanation was forthcoming at
that time, the action was looked upon as being rather mysterious.

Benjamin Franklin investigated this phenomenon of the electrical
action of various substances and combinations of substances when
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rubbed together. For instance a glass or a rubber rod when rubbed with
a piece of fur or a cloth became electrified and would attract light objects.
(This experiment may easily be repeated by the reader by rubbing an or-
dinary hard rubber comb, rubber rod, or fountain pen with a piece of silk
or flannel cloth. The comb will then attract small pieces of paper, or
balls made from the dried pith of the elder bush, as shown in Fig. 15.)
As a result of his work, Franklin concluded that there are two kinds
of electrification or “electricity”’, positive and negative. Bodies that be-
have like the rubbed glass rod, he said, possessed positive electricity,
and those behaving like the rubbed rubber rod, possessed negative elec-
tricity. It should be noted that he
chose the terms positive and nega-
tive arbitrarily without any def-
inite reason except possibly the
fact that these two charges could be
made to neutralize each other, and
thus made the terms seem justifiable.
* Any substance capable of being

. . . BITS OF
electrified in this manner, he called . S% = _PAPER = —
. P ad
an electric; our modern name for = A —
such a substance, is insulator. ' .
After an insulator like hard ¥'& 154 Body Kectrifed by rupbing at-

rubber or glass has been electrified

by rubbing, or some other means, the electricity does not move through
it as it does in an ordinary conductor like copper, but remains at rest
in the form of a stationary (static) charge. The electricity remaining
at rest in an insulator is called a static charge, static electricity, or just
an electrical charge. When the body is very small, the body itself is called
a charge, and it may be referred to as a positive or negative charge.
If it has a large excess or deficiency of electrons it is said to be highly
charged.

13. Laws of electrical charges: It has been determined by ex-
periment that a field of force exists around every charged body, and
that like charges repel each other, and unlike charges attract each other.

Thus, a negative charge attracts a positive charge.
Two negative charges repel each other.
Two positive charges repel each other.

The more highly charged the bodies are, the grecater is the force
of attraction or repulsion between them. Also, the closer together the
charged bodies are, the greater is the force of attraction or repulsion.
The force is directly proportional to the product of the strength of the
charges, and is inversely proportional to the square of the distance be-
tween them. Thus, tripling the distance between the two charged bodies
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makes the force of attraction or repulsion 1 or 1 as great, ete.

32 9

A single body on which there is an equal amount of positive and
negative charge is said to be neutral, or in equilibrium. If a single body
has an excess of either positive or negative electricity it is said to be
charged either positively or negatively.

An understanding of the actions between electrical charges is im-
portant in radio work for it has direct application when considering
the design of condensers, vacuum tubes, hand-capacity effects in tun-
ing, etc. Bodies may be charged electrically in many ways. One of
the common methods, known for a long time, is by friction. Whenever
one body is rubbed by a dissimilar one, one of the bodies takes on or
assumes a positive charge and the

other assumes a negative charge. LIKE CHARGES  UNLIKE CHARGRS
The charge on either body may be /4 }
transferred to another body under

proper conditions. Charging a body 2 S o9
by friction is a familiar trick. A

During cold dry weather, the friction (1) @ )]

of one’s shoes on a rug will charge
the body so that sparks can be drawn Fis. 15A.—Attraction and Repulsion of
from the finger tips. A rubber Charged Bodies.
fountain pen rubbed with a piece of fur or cloth will become charged
and attract bits of paper. A rubber comb drawn briskly through the
hair on a cold dry day, will charge it and it will emit crackling sounds.
Charged bodies may be studied by the simple apparatus shown in
Fig. 15A. A small piece of paper or a piece of pith from a dry corn-
stalk, elder, or sunflower stalk, is suspended from a stand by a short silk
thread. The stand should be well insulated from the table by a sheet
of clean glass or other good insulator. Stands for the purpose are made
with a glass rod for a shaft.

Experiment. Briskly rub a rod of glass or hard rubber with a flannel
cloth or piece of fur. Bring the glass near the pith ball. It should be strongly
attracted, proving that the pith ball must also have acquired an electrical charge.
1f the glass rod is allowed to touch the pith ball and is then pulled away from it,
the ball will immediately be repelled from it. Now suspend two similar pith balls
from two independent threads hung from separate stands. Rub the glass rod brisk-
ly and touch each pith ball with it. They will both receive a similar charge from the
glass rod. Now bring the stands close together and the balls will immediately repel
each other as shown at (2) in Fig. 15A (like charges repel). Now rub the glass
rod again. Touch one ball with it and touch the other pith ball with the piece of
flannel. The two balls then assume the opposite charges of the two opposite charged
objects, and are attracted to each other when brought near one another, as shown at
(3) in Fig. 15A, (bodies having unlike charges attract each other).

The two charges of electricity are called positive and negative, but there is no
really good reason for this. If a glass rod is rubbed with silk, the rod assumes a
positive charge, if a stick of sealing wax is rubbed with a piece of flannel cloth,
the wax will assume the negative charge. Thus the charge induced on the rubbed
body depends on the two materials used.
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The forces of attraction or repulsion between charged bodies may
be considered to act along imaginary lines called electrostatic lines of force.
The sum total of the lines of force around a charged body constitutes
the electric field. Every charged body is surrounded by such a field.

14. Matter and molecules: The word ‘“electron” is generally
familiar and is usually understood to represent a very small particle of
matter. Beyond this very elementary conception the average person’s
ideas on the subject are vague and usually altogether too jumbled to
be useful to him.

Let us first consider matter. Matter is any substance having weight,
volume and other physical characteristics. The water we drink, the
clothes we wear, the earth we live on, the air around us, our own bodies,
all constitute matter. It has been found that all matter really consists
of numerous very tiny particles instead of single large chunks. The
smallest possible portion to which a substance (compound) can be
divided, and yet retain all its individual characteristics is called a
molecule. The molecule is too small to be visible even under the most
powerful microscopes we have, due to the grossness of our sense of
sight. The smallest portion of matter we can see under even the most
powerful microsope still contains several hundred molecules.

15. Compounds, elements, atoms: Those readers who have al-
ready studied physics or chemistry will remember that there are 92
different chemical elements, (see Art. 223), from which all matter in the
entire world is made up. Among the more common are oxygen, hydrogen,
gold, silver, copper, iron, etc. An eclement contains nothing other than
the single material itself. The smallest particle of an element is an
atom. Single elements such as the above are common in our daily
lives but most of the substances and materials with which we are
familiar consist of a chemical combination of the atoms of two or more
elements to form a new substance or compound whose physical and
chemical properties are entirely different from those of any of the con-
stituent elements. Examples of common compounds are, table salt,
(sodium and chlorine), iron rust (iron and oxygen), water (hydrogen
and oxygen), etc. The smallest portion into which a compound can
be divided without splitting it up into its element atoms is called a
molecule. Of course if a substance is a simple single element, then its
molecules and its atoms are identical. The term molecule is usually
agsociated with compounds, whereas atom is associated with the ele-
ments.

In general each molecule of a compound is made up of two or
more smaller atoms of the simpler elements entering into its composi-
tion. The properties of a compound prove to be due to the particular
way in which the atoms are architecturally grouped. The strength and
elasticity of metals, their power of conducting electricity, heat, ete.,
can be explained in terms of their structure as it is revealed by the ac-
tions of X-rays upon them. Much experimental work on the determina-



34 RADIO PHYSICS COURSE

tion of the arrangements of atoms in substances has been carried on by
means of X-rays by Sir William H. Bragg and Prof. W. L. Bragg. It
is thought that the atoms arrange themselves in regular geometric
forms, which in some substances are extremely complicated. Fig. 16
shows the structure or arrangement of the atoms of sodium and chlorine
in sodium chloride (ordinary table salt).

The innumerable possible combinations of the 92 chemical ele-
ments explains why it is possible for us to have so many different kinds
of materials in existence today. Thus two atoms of the element hydro-
gen will combine with one atom of the element oxygen to form each
molecule of a new substance, water. The chemist uses a special sim-
plified method for expressing this elementary combination of atoms,
thus H,4-O=H,0. One atom of
sodium combines with one atom of
chlorine to form each molecule of

Q:“"f“‘i““‘:" . sodium chloride (table salt). Thus,
"__,'__.1.. b2 Na--Cl=NaCl. The salt does not
- T T S look, taste or act like either of
——'——‘--f——{-—-@ Lo the two constituent elements, it is
) lr N a new material entirely. Hydrogen

1 ]

, to and oxygen are both gases under

-t -’--T—-r —CD ordinary conditions; water formed by
! Lo their chemical combination is a liquid.

. ! . ! N Fig. 16 shows the arrangement

Q‘—:-s—o,;u—”- e O of the atoms in salt. The black
g’

o=--—- ‘{)C:Jf_"f'f_ _‘_‘ spots represent the atoms of sodium
and the white spots represent the
Fig. 16.—Arrangement of the atoms in atoms of chlorine as they are ar-
sodium chloride. The black spots repre- . s
sent sodium ator;xﬂs a;nd the white ones ranged inside of a crystal of the salt.
chlorine.

16. Electronic structure: Mole-
cules are extremely small, so small
that we cannot see them with the lenses of the most powerful micro-
scopes. Lenses are themselves composed of molecules and atoms. To
see molecules, the lenses and our eyes themselves would have to be-
come molecular in size. Still, the empty space between the molecules
of a substance is thousands of times greater than the space actually
occupied by the molecules themselves! A molecule however, is a
relatively huge affair compared to the size of an atom.

Up to the time that radium was discovered, atoms were considered
to be indivisible units of matter. We now know them to be very simple
or very complicated structures (depending on the chemical element).
Every atom consists of a miniature planetary system with a central
nucleus or “sun”, around which constantly revolve in regular orbits, one
or more tiny particles or planets. This is somewhat like our solar sys-
tem, of the earth, sun, and moon. The nucleus or core of each atom
contains one or more particles called protons; each proton having a
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definite positive electrical charge. The little bodies revolving around
the nucleus were called electrons by Johnston Stonly in 1891 because of
their electrical nature. These electrons are simply infinitesimally tiny
negative electrical charges. The number of negative electrons revolv-
ing around the central core or nucleus of each atom varies in the dif-
ferent chemical elements. Also the number of positive protons in the
nucleus is different in each chemical element. In some elements the
nucleus consists of both protons (positive charges) and a few electrons
(negative charges) with additional electrons revolving in concentric
rings around the core, as shown in (B) of Fig. 17. The latter revolving
electrons are commonly called planetary electrons to distinguish them
from the electrons which remain in the core.

Under normal conditions each atom is electrically neutral as a
whole, that is, the sum total of the negative charges of all its electrons
just balances and equals the total positive charge of its protons. Un-
der this condition the body is uncharged electrically, so far as any out-
side effects are concerned.

It is evident then, that acording to the electron theory, the final
analysis of all elements and compounds of which all matter is com-
posed, reveals them to be made up of but two things, positive electrical
charges known as protons, and negative electrical charges known as
electrons. The atom is pictured as a core or nucleus of positive charge
(with a few electrons in it also, in some elements) surrounded by a
number of negative electrons rapidly rotating in circular or slightly
elliptical orbits which form more or less concentric rings around it.
The atoms and the molecules in matter are constantly in motion, carry-
ing within them in their movements, the electrons that constitute them.
In the bumping of one atom against another, electrons may be gained,
lost, or interchanged.

Why then, do the various chemical elements such as gold, silver,
iron, oxygen, chlorine, etc. differ in weight, taste, color, strength, elec-
trical conductivity and other characteristics? The difference is due to
the difference in the number and position of the electrical charges
(protons and electrons) which constitute each tiny atom. The atoms
of some elements contain only a few protons and electrons arranged
simply, as in the case of hydrogen, helium, etc. The atoms of the other
substances like copper, gold, uranium, etc. contain many electrons and
protons arranged to form very complicated systems. The simplest
of all atoms is that of hydrogen (one of the constituent elements of
water). This consists of a nucleus composed of one revolving proton,
around which rotates a single planetary electron as shown in (A) of
Fig. 17. The circle indicates one of the several orbits the moving plane-
tary electron may take. It is difficult to represent the real structure
of atoms by diagrams, since the element of motion and relative sizes
is lost. In all diagrams of this kind, the nucleus in the center and the
electrons around it are drawn several thousand times too large rela-
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tive to the actual distance and space between them, because the ac-
tual distance between the electrons and protons is many times as
large as they are. There is a relatively large amount of empty space
around the protons within the boundaries of the electron orbits. This
is one of the astonishing things about matter, this great emptiness of
it. A piece of copper wire seems solid to us because of the grossness
of our sense of sight. It is really the openest kind of a sponge. Only
about two-one-hundred trillionths of the space inside a piece of copper
is occupied by anything solid, by the electrons and nucleus. All the
rest of the space so far as we know is absolutely empty. While the
proton seems to be extremely small compared to objects with which
we are familiar, the electron is a mere dwarf compared to the proton.
Almost the entire mass of every atom is due to the mass of the protons.
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Fig. 17.—Structure and Electron Orbits of Atoms of Hydrogen, Helium, Carbon and Copper,
according to Bohr. The Hydrogen Atom {8 the simplest.

The next simplest atom 1s that of helium (the gas used in lighter-
than-air craft) having a rotating nucleus of two positive protons with
two electrons revolving about it as shown in (B) of Fig. 17. In this
way we conceive the atoms of different masses to be made up by pro-
gressively adding one electron and a corresponding proton to the ele-
ment of lower mass and lower atomic weight. The heavier atoms are
those having the greatest number of protons and electrons, (see Art. 223).

17. Atomic structure: The grouping of the electrons in the
more complicated atoms is still in the stage of hypothesis and the pic-
tures shown here are merely those which today most satisfactorily ac-
count for the largest number of known phenomena. It is imagined
that in the more complicated atoms the electrons are arranged around
the nucleus as if they lay in a concentric series of spherical shells. In
the first shell are two planetary electrons (except in the case of hy-
drogen) revolving around the nucleus. In those atoms which contain
more than two planetary electrons all those planetary electrons in ex-
cess of these first two are arranged in shells external to the one just
described. The next outer shell is supposed to be twice as far from the
nucleus, and thus has four times its area. In it a maximum of 8 electrons
may be revolving. If the total number of planetary electrons in
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the atom is greater than 10, an additional outer shell is required; for
electrons greater than 18, a fourth shell is required, etc. More com-
plicated atoms then have electrons revolving in additional shells. Two
elements may have the exact same number and arrangement of plane-
tary electrons in these outer shells, but may differ simply because the
proton and electron arrangement in the nucleus is different.

In (C) of Fig. 17, the internal structure of an atom of carbon is shown.
This consists of 12 protons and 6 electrons in the nucleus. Around this
are two planetary electrons in the first outer imaginary shell, and four
electrons in the second outer shell. In this figure, only the boun-
daries of the shells are indicated, as an attempt to show the individual
orbits of the electrons would make it too complicated for our purpose.

The internal arrangement of each atom in a piece of copper wire
is shown in (D) of Fig. 17. Here the central nucleus contains 15 elec-
trons and 44 protons. Flying about in planetary orbits ouside of this
are the other 29 electrons: distributed in four concentric spheres or
shells (a total of 44 electrons). The orbits of these planetary electrons
are shown in the diagram.

The atoms of all the 92 different chemical elements are formed by
various combinations of protons and electrons. The most complicated
of all the 92 different atoms or chemical elements known at the present
time is that of uranium (one of the radio-active substances). This has
a nucleus into which are tightly packed 238 protons and 146 electrons,
around which revolve 92 planetary electrons distributed systematically
in seven concentric shells or spheres. The story of how uranium atoms
are constantly emitting electrons and thereby changing themselves
into simpler atoms and elements and at the same time supplying en-
ergy (radio-activity) is a most interesting one.

It is evident from the foregoing descriptions that the atom is
somewhat like a miniature solar system, with the sun corresponding to
the nucleus and the several planetary orbits corresponding to the rings
in which the electrons revolve. One difference between these how-
ever, is that in our sclar system each orbit contains only one planet,
whereas a single electronic orbit may contain as many as 32 and as
few as a single electron. The electrons are grouped about the nucleus
as if they occupied individual cells in concentric shells of successive
diameters which are related as 1:2:2:3:3:4:4: and of capacities or
quotas for electrons 2, 8, 8, 18, 18, 32 and 32 respectively. No elec-
trons exist in outer shells unless those within are completely filled.

18. Chemical action: Those chemical elements whose atoms
contain outer shells having their complete quota of electrons, are satis-
fied inert substances which do not enter into chemical combination
easily. Those chemical elements whose atoms contain outer shells
only partially filled with electrons tend to combine chemically with
other substances in like condition, (either losing electrons to, or gaining
electrons from the other substances) so as to form a more stable and
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satisfied system. This is the basis of all chemical combinations and
explains why some elements like neon (eight electrons actually in the
second shell which has a capacity for only 8 electrons) and helium
(two electrons in first shell) are chemically inert. Other elements like
hydrogen (one electron in first shell), fluorine (seven electrons actually
in the second shell which has a capacity for 8 electrons), etc. are
chemically active because the number of electrons in the outer shells
are not enough to completely satisfy the full capacity of the shell for
electrons as given in Art. 17.

19. Charged bodies: Up to this point in our discussion of the
structure of the atom, we have considered only the condition where the
sum total of all the positive charges of the protons in the nucleus is
equal to the total negative charge of all the electrons in the atom, and
the atom does not exhibit any electrical manifestation outside. A body
composed wholly of such atoms is said to be neutral or uncharged.
The electrons and protons because of their opposite charges have a
great attraction for each other, and this normally tends to keep the
electrons revolving inside the atom.

If by some means, a body is made to have an excess of electrons
or protons, its electrical charges are unbalanced, (having more positive
charges than negative or vice versa) and it exhibits the external ef-
fects commonly associated with electrically charged bodies. When-
ever a body has an excess of protons, (whether the body is of atomic
size or as large as the earth) we say it is “positively charged” with
electricity ; similarly, when it has an excess of negative electrons, it is
“negatively” charged.

Note: It must be understood that this does not necessarily mean that a change
in the chemical nature of the substance has taken place, for in those bodies which
can be charged, an electron can be added to or subtracted from each atom without
changing the arrangement of the atom to what it would be for some different sub-
stance. It must be remembered also that in order to change one element having
say, four protons and four electrons in each atom into an element having five elec-
trons and five protons, in each atom, we must add not only an electron to the first,
but must also add a proton to it and re-arrange the electrons so they are in the
same order as in the second element. Simply adding or taking away one electron

from each atom as during the process of charging a body does not satisfy this
condition for change of element or substance.

There are various ways of charging a body with electricity, the
most simple one is by the so-called “frictional method” as described in
Article 12. When the two dissimilar substances are rubbed together,
although their surfaces appear smooth, the structure of their atoms is
such that the act of rubbing the two bodies together is really the act
of crowding one planetary system into another or causing one to pass
through the other. This presents a splendid opportunity for some of
the electrons to be displaced from their own planetary systems and
join those of the nuclei in the other body. In general, the molecules
of that substance which has the greater need for electrons, will gain
them and become negatively charged; that substance which will will-
ingly assume an electron arrangement with fewer electrons, will lose
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them and become positively charged. Those substances which already
have their outer shells completely filled with the proper number of
electrons (see latter part of Article 17) will not lose or take on ad-
ditional electrons easily and so are not electrified by rubbing together.
When glass and silk, or cat’s fur and sealing wax, are rubbed together,
the first of each pair loses electrons and thus becomes positively
charged, and the second gains these electrons and becomes negatively
charged, as shown in Fig. 18. The rubbing is simply a means of bring-
ing more points into intimate contact so the exchange of electrons can
take place. Since the number of electrons gained by one body is just
equal to the number lost by the other body, they became equally and
oppositely charged. A charged body may contain millions of normal
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Fig. 18.—Charging Bodies by Rubbing. The

upper body is positive because it has lost Fig. 19.—Flow of BElectrons (current)
electrons to the lower body which became through a wire connecting two charged
negative. bodies.

atoms for every atom that has either an excess or a deficiency ot elec-
trons.

The act of separating the two charged bodies after they have
been rubbed, is done against the force of attraction of the unbalanced
charges of the atoms of one body for the excess electrons which were
put on the other body. A certain amount of work is done to effect this
separation. If free to move into contact again they will do so, and
the excess electrons will return to the atoms deficient in electrons and
restore the electrical equilibrium. The return of the electrons need
not be brought about by touching the two bodies together again. Any
method which will transfer the electrons from the negative body will
tend to bring about the original, stable condition. There are several
methods of doing this, but to all of them we give the general name of
“electrical conduction”, and we say the medium through which con-
duction takes place possesses “electrical conductivity”. We will see
later that this medium may be a suitable solid, liquid, gas, or even a
vacuum. Conduction through solids like copper, brass, etc., represents
the more common instances of electrical current flow, but in radio we
are also interested greatly in conduction through liquids (storage bat-
teries), conduction through gases (rectifier tubes, neon tubes), and
through a vacuum (vacuum tubes). Conduction through solids and
liquids will be studied first.
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If we take two charged bodies A and B of Fig. 19, A being charged
positively, (deficiency of electrons) and B being charged negatively
(excess of electrons) and connect them together by a piece of copper
wire, an immediate re-distribution of charge will take place. The ex-
cess electrons from B will start a flow of electrons through the wire
to A. This will continue until A has gained enough and B has lost
enough electrons so as to bring them to their normal uncharged con-
dition or to the same electrical potential. Meanwhile, a flow of elect-
rons has taken place through the wire. This is an electric current,
of exactly the same nature as that furnished by batteries, dynamos,
etc. It will produce exactly the same effects as the current found in
ordinary power and electric light wires. This experiment can be per-
formed by charging the plates of a 1 or 2 mfd. condenser used in
radio receivers, by connecting it across a 110 volt electric light circuit.
The condenser is then removed, and a short wire is connected across
its terminals. A spark will be produced due to the flow of current
between the terminals.

20. Electronic force: We have shown that electrons can be
transferred from one body to another by rubbing or frictional contact.
We have also shown that electrons can be made to move from one
end of a body to the other end, as in the case of the copper wire in
Fig. 19. Electrons can be made to flow continuously if a proper closed
circuit through some suitable material (particularly metals) is pro-
vided, as in Fig. 21, This is commonly called a flow of electricity, or
simply an ‘“electric current”. In practice the circuit is usually ar-
ranged in the form of a wire. In order to make the electrons flow in a
definite direction, through the wire, an external force must be applied
to it. This force is called electron-moving force, or simply electromotive
force. The usual abbreviation for this rather long word is em.f. This
will be referred to often in our work.

There can be no definite flow of electrons or flow of electricity
without the application of electromotive force, just as there can be no
flow of water through a pipe unless a pressure is applied to it. As a
matter of fact, electromotive force is sometimes called ‘“‘electrical press-
ure” since it causes the flow of electrons, but of course it is really not
a pressure in the same sense as applied to water.

21. Sources of e.m.f.: Electromotive force which will force
electrons to flow through a suitable conductor (flow of electricity) can
be developed or generated in several ways. We have already studied
the process of creating an electron flow by friction.. This is not used
in practice to any extent. Other more practical methods consist of
moving an electrical conductor in a magnetic field as in the case of
the electric dynamo or generator; by creating chemical changes in
suitable substances as in the case of primary batteries and during the
discharge of storage batteries; and by heating the junction of two
dissimilar metals as in the case of the thermocouple. These methods
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will be studied in detail later. The common sources of e.m.f. em-
ployed in radio receivers are shown in Fig. 20.

22. Flow of electric current by conduction: Let us see just what
happens when current flows through a solid conductor. The atoms
in solid bodies are more or less restricted in their motion and do not
wander around from one part to another as much as do the molecules
of gases and liquids. They are constantly in a state of agitation how-
ever, depending on the temperature of the body. Through solids there-
fore, the conduction of electricity results simply from the motion of
electrons through the body, since they are very small. The smallest
known atom, that of hydrogen, has a weight about 1845 times that of
an electron.
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Fig. 20. —Common Sources of E.M.F. used in Radio Work. Radio Signal Wave; Dry Cells or
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The solid substances which conduct electricity best, are the metals,
and these are the ones whose atoms will most easily part with an elec-
tron. Thus each atom of copper normally has 11 electrons in its
outside (fourth) shell. The capacity of this shell is 18 electrons.
Therefore it is relatively easy to release at least one electron from
each atom and make it move through copper. Copper is therefore
said to be a good conductor of electricity, that is, a comparatively
small e.m.f. applied to it will cause a large number of electrons (large
current) to flow through it. The same is true with the other good
electrical conductors, such as gold, silver, etc.

When visualizing the flow of electrons through an apparently
solid body such as copper it should be remembered that actually the
body is very empty, that is, there are comparatively large spaces be-
tween the atoms. Thus if a copper penny were enlarged so as to
cover the earth’s orbit, (to a great copper disc 189,000,000 miles in
diameter) the distance between the individual atoms would be about
three miles; the cores of the atoms would be about 11 inches in
diameter and the electrons would be about 3 inches in diameter! In
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the whole of a copper cent there are about 700,000,000,000,000,000,-
000,000 electrons. For convenience this can be written 7x1023, which
means that 7 is to be multiplied by 10 twenty three times.

It is evident then, that even in solid objects the tiny electrons have
plenty of empty space in which to move around. Imagine the large
amount of room a particle about four-thousandths of an inch in dia-
meter would have for movement within a sphere 1 meter (over three
feet) in diameter!

When an e.m.f. is applied to a wire as in Fig. 21, those electrons
which can be taken from their atom families easily are driven from
one atom to another through the wire towards the source of the force.
This movement of electrons results in a drift of electrons around the

_ R ooy complete circuit and is called conduc-
N tion current or electronic drift. The
v {1 ELeeTRODE number of electrons flowing past
1 6 any point in the circuit depends
7 8 upon the strength of the applied
\ 8 em.f. and the resistance which the
9 g2 e |4  conductor offers to the flow of the
9 [~ s electrons through it.
i If a copper wire is connected to
9 T 4 a source of em.f, such as the dry
\ (SOURCE OF EM.F; cell battery in Fig. 21, at the posi-
9 acroas eLectron rrow—ST3Y [ tive terminal of the battery an at-
S o or > o> = o o ov oo of traction occurs for those electrons
Cconpuctor pIRECTION OF current I its immediate vicinity because

Tg;%‘guaicggfég‘?ﬂo 9 the c_hem_ical action between the
Fig. 21.—Actual Direction of Electron Flow, matzenals in the cell has forced ma.ny
and direction of current flow according to Of its electrons out to the negative
popular usage, in an electric circuit. terminal, leaving the positive term-
inal with a scarcity of electrons. As copper is a good conductor, that
is, electrons can be freed from its atoms by comparatively small elec-
tric forces, some of them will be set free (‘“free electrons”) and will
immediately start to rush toward the positive terminal. (According
to some investigators a large number of electrons are free in conductors
even before any e.m.f. is applied.) As soon as they are set free their
atoms have unbalanced positive charges and will tend to attract elec-
trons from the atoms behind them. When these lose electrons they
attract some from the atoms behind them, etc. At the same time, since
at the negative terminal of the battery there is -a surplus of electrons,
some electrons in the atoms of the wire in its immediate vicinity are
freed from their atoms and repelled forward in a direction through
the wire toward the positive terminal of the battery. The chemical
changes taking place in the dry cell, tend to maintain the charge at
each terminal, that is, maintain the e.m.f. or propelling force in the
circuit. There is then a drift or circulation of electrons around through
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the conductor from the negative to the positive terminal of the source
of em.f., and through the source of e.m.f. from positive to negative as
shown in Fig. 21. This drift of electrons constitutes the flow of elec-
trie current by conduction.

It is thought that the flow of electrons through the conductor
really takes place in several ways. Some of the electrons may flow
from one atom to another thus releasing electrons which flow on to
the next adjoining atom, etc.; some may flow between the atoms, some
even flow through the relatively large empty spaces in the atoms in
the same way that a bullet can be fired through the empty spaces be-
tween the planets of our solar system without hitting any of them. The
electrons may dash in and out without attaching themselves to the
atoms. It must be remembered that while there is a general drift of
electrons through the wire, the atoms continue their haphazard vibra-
tion in the wire. Whatever the individual electrons may do, we may as-
sume that an electric current through a conductor consists of a stream of
electrons drifting through the wire.

23. Number of electrons: In order to produce a perceptible
effect of current flow, it is necessary that a large number of electrons
be transferred through the wire. Thus when one ampere of current
flows through a wire, about 6,280,000,000,000,000,000 or 6.28 x 1018
electrons (over 6 quintillion) are drifting or flowing past any point in the
circuit every second. This however, is only a very small fraction of
the total number of electrons contained in the wire. It has been es-
timated that only one in 5000 electrons resident in a conductor actual-
ly is used when current is flowing through the conductor. The others
remain in their respective atoms.

24, Velocity of propagation: In the usual electric wires the
electrons revolve around their protons at very high velocities. How-
ever, the free electrons are darting around from atom to atom and they
actually move or drift along the wire very slowly, probably only a few
inches a minute, but of course they move in enormous numbers. This
slow movement of the electrons should not be confused with the speed
of electricity or electrical disturbances which is 186,000 miles per sec-
ond. The latter means that when the electrons at one end of a very
long electrical circuit for instance, are set in motion by the application
of an e.m.f., the electrical disturbance of the electrons would reach to
a point 186,000 miles from this end in one second; so that in one sec-
ond, electrons in that whole 186,000 miles section of wire would start
to move toward the positive terminal (at a comparitively low speed).
Any change or variation in the current flow also takes place at this
rate.

The effect may be roughly compared to a long column of soldiers
standing still. At the instant of the command ‘forward march” the
front row advances and starts to march, at say two miles per hour.
The next row then moves forward, then the next, etc. It may take a
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fraction of a second before the last row in the column will start to
move forward after the first row has started. The steady forward
movement of the soldiers is only two miles per hour, whereas the initial
wave of disturbance or movement proceeded along the column at a
very much faster rate.

Now if for some reason the first row of soldiers decided to speed
up their marching to four miles per hour, this wave of speeding up
would proceed back along the line very rapidly (velocity of propaga-
tion) so that within a fraction of a second all the soldiers up to the
last row would have speeded up. The four miles per hour corresponds
to the slow rate of drift of the electrons in a wire, the wave of speeding
up or starting up, proceeding back along the column, corresponds to the
rate of propagation of electrical disturbances and electrical waves,
186,000 miles per second.

25. Direction of electrons and current: The atoms cannot drift
freely in metals because of their relatively large mass. Consequently
the flow of electricity through metals is due solely to the drift movement
of the electrons. Obviously the direction of movement of the electrons
is continuously from the negative terminal of the source of e.m.f.,
around through the circuit to the positive terminal of the source of
e.m.f., and through the e.m.f. source to the negative terminal as shown
in Fig. 21. It is unfortunate that in the early experiments with prim-
ary batteries (before the electron theory or the flow of electrons had
even been thought of), the electric current was supposed to be a
fluid like water and was arbitrarily said to flow from the positive term-
inal of the battery (point of high pressure or level) to the negative
terminal (point of low pressure or level). This purely arbitrary term-
inology has been carried down from that time and is in universal use
among electrical workers. Nowadays we know that the electron flow
(which is really the current) is actually from the negative terminal
around to the positive terminal of the source of e.m.f. This unfortun-
ate apparent discrepancy need not cause any serious difficulty how-
ever, if the student will keep the electron theory in mind and remem-
ber how and why the terminology of current flow now in popular use,
originated. In this book, confusion will be avoided by accepting the
common positive to negative direction of flow when speaking of “elec-
tric current”, and specifically stating ‘‘electron flow” when speaking
of the actual direction of the electrons. The reader is urged to do like-
wise.

For instance when studying the electron flow in vacuum tubes,
we will find that the electrons actually flow from the filament or cathode
to the plate inside the tube, whereas the plate current is said to flow from
the positive terminal of the B supply source of e.m.f., up to the plate,
across from plate to cathode, and back to the negative terminal of the
B supply of e.m.f.
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26. Electric conductors: It is well known that certain materials
like copper, silver, gold, brass, aluminum and other metals and cer-
tain solutions will readily permit the passage of electric current through
them while other materials like rubber, Bakelite, porcelain, silk, cot-
ton, ete. do not. The former are called conductors of electricity. The
reason why metals are such good conductors is that their atoms appar-
ently have such weak attraction for electrons that large numbers of
them are either in practically a free state throughout the body of the
metal, or else are capable of being shifted readily by any outside
electric forces. The more easily the electrons can be shifted, in a
given material, the better are the current conducting qualities of that
material i.e., the lower is its resistance to current flow. Good conductors
like copper, brass and aluminum are used extensively in the construe-
tion of radio receivers for wires, condenser plates, coil shields, ete.

The electrons in ordinary metallic conductors at ordinary tempera-
tures are moving around at random from one datom to another. They
have no definite direction, their directions at any instant being deter-
mined by the attractive forces of adjacent atoms having deficiencies
of electrons. As soon as an e.m.f. is applied to the ends of the con-
ductor the electrons may still continue their movements among the
atoms but they also begin to move or drift in a more or less definite
direction along the wire, urged on by the electromotive force. They
move from the negative to the positive end of the conductor. This
action may easily be likened to the condition existing in a slowly mov
ing stream of water in which are thousands of tiny young fish darting
to and fro between, and to, the larger fish. The larger fish (atoms)
may keep themselves from travelling downstream, but while the tiny
fish, (electrons), are darting to and fro in all directions, they are also
drifting slowly in a definite direction downstream.

27. Electric insulators: Materials in which the atoms hold on
to their electrons very strongly so that it is difficult to free any elec-
trons and make them flow along in a definite direction, are known as
non-conductors or insulators. There is no sharp distinetion between con-
ductors and insulators. Substances that for some cases would be re-
garded as fair insulators would in other cases be regarded as fair con-
ductors.

For instance, the grid leak resistance employed with the ordinary
detector tube in a radio receiver usually has a resistance of 2 million
ohms. In radio work this is considered as offering a conducting path
for the charges on the grid of the tube to leak off slowly, so it is a con-
ducting path. In ordinary electrical work a body having a resistance
of two million ohms would be considered a pretty good insulator.

Some substances which are good insulators at one temperature,
become fairly good conductors when their temperature is raised. Glass
acts like this. The resistance of carbon also decreases as the tempera-
ture is increased. We do not know of any perfect insulator. All
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practical insulators will allow some electrons to flow through them,
(conduct some current) if e.m.f. is applied to them. The actual rate
of current flow through a body having a given resistance and given
e. m. f. applied to it can be calculated. This will be studied later.
Thus a piece of Bakelite of certain dimensions, having a resistance of
say ten million ohms will have flowing steadily through it a small cur-
rent of .00001 (one-hundred-thousandth) ampere if an e. m. f. of 100
volts is applied to it. As this current is very small, we can say that a
piece of Bakelite is a good insulator, since a medium amount of e. m. f.
cannot make many electrons move through it. However, if 1,000,000
volts is applied to this same piece of Bakelite (provided it does not
break down) a current of 0.1 ampere would flow through it and if
we were particularly interested in employing this as an insulator to
prevent leakage of current at this voltage, it might not be considered a
good insulator under these conditions.

It is fortunate that certain substances do not conduct electricity
freely and may therefore be used as insulators, for if this were not
80, we would find it impossible to conduct electricity from one place to
another through metallic conductors. If we did not have insulators, we
would not be able to isolate one electric circuit from another.

The ohmic resistance which an insulating material offers to current
flow or leakage through it is called the resistivity or insulation resistance.
It is measured in ohms, and is usually expressed as the resistance of a cube
of the material measuring 1 centimeter on each side, at a certain tem-
perature. The following table shows the values of the volume-resistance
of dielectric materials determined by tests at the Bureau of Standards.

RESISTIVITY OF SOLID DIELECTRIC MATERIALS

Resistivity of a centimeter cube at 22° Cent. or 71.6° Fahr. in billions of ohms
(1,000,000,000 or 109)

Bakelite India, slight stains ... 50,000,000
No. 1 200 moulded 1,000,000
No. 150 4000 | Porcelain, unglazed . ... 300,000
No. 190 100| Quartz, fused ... 5,000,000,000
No. L-568 . 20,000,000 Rosin 50,000,000
micarta 50| Rubber, hard ..o 1,000,000,000

Celluloid, white 20 [ Shellac 10,000,000

Condensite 40 Sulphur 100,000,000

Fibre, hard 20| Waxes
red 5 beeswax, yellow ... .. 2,000,000

Glass, ordinary 90,000 beeswax, white . 6,000,000
plate 20,000 ceresin (over) .. -..5,000,000,000

Lavite ... 20 halowax No, 1001 ... . 20,000

Marble halowax No. 5055B . .--.20,000,000
Italian 100 paraffin ... -...50,000,000
Tennessee b parowax ... 10,000,000
Vermont 1 sealing 8,000,000

Mica Woods, paraffined
African, spotted black ... 40,000 mahogany 40,000
African, brown clear ..____ 2,000,000 maple 30
colorless. .. . 200,000,000 poplar 500
India ruby, stained ... .. 50,000 walnut 10
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Note: The surface resistivity of any material is lowered by humidity, and by the
presence of moisture. For example, the surface resistivity of hard rubber which is 10186
ohms at a relative humidity of zero drops only to 1015 at a humidity of 60; but it then
drops to 1012 at humidity of 80 and to 109 at a humidity of 90.

28. Insulation breakdown: If a sufficiently high e. m. f. is ap-
plied to an insulating material, the electric forces acting on the free
electrons in the material become very great. Under these forces the
free electrons are speeded up to very high velocities, proportional to
the forces acting on them. As this velocity becomes very high, the
velocities acquired by the electrons in the short paths between collisions
with molecules becomes greater and greater, and finally, at an intensity
(voltage) which is fairly definite for any particular insulating mater-
ial, the few free electrons acquire such high velocities that upon collid-
ing with neutral molecular or atomic structures they tear away the
more easily detached electrons, giving rise to a greatly increased num-
ber of free electrons. This destructive process rapidly increases the
supply of free electrons and thus a conducting channel or path is
formed through the insulating material. This intense destructive bom-
bardment results in failure, breakdown or puncture of the insulating med-
ium, during which condition the material fails to insulate. This break-
down is indicated by the formation of a brush discharge or by the pass-
age of an electric spark. Upon breakdown, sufficient heat is produced
to char a path through such insulating materials as wood, silk cotton,
tape, Bakelite, etc. Materials like porcelain or glass will be cracked
open, or a small channel will be melted through them due to the con-
centration of the energy. Fig. 21A illustrates three common instances
of insulation breakdown.

This is what happens when the insulation on wires or the waxed
paper or mica dielectric between the tinfoil sheets of fixed condensers

(a)

Fig. 21A—Three common instances of breakdown of insulation due to the application of suf-
ficiently high voltage. (a) In a condenser due to breakdown of the dielectric be-
tween the plates; (b) in the spark gap of a spark plug, (here it is intentional);
(¢) lightning due to breakdown of the air insulation between charged clouds and
the earth.

used in radio sets breaks down. Practically the same action takes

place when a high voltage is applied between the spark gap points in

an automobile spark plug, or when a lightning discharge takes place
between two electrically charged clouds or between a cloud and the
earth. The breaking down of insulating material should be distinguished

from the simple current flow or leakage through it discussed in Article
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27. The breakdown action makes the insulation worthless, there-
after, unless the insulating property can be healed or restored upon
removal of the high e. m. f. as in the case of the air path in the spark
plug, or between clouds, or in the oxide films formed in electrolytic
condensers. In these cases the insulation is not permanently dam-
aged.

29. Dielectric strength: The electric intensity at which an in-
sulating material fails or breaks down is called the dielectric strength or
breakdown voltage of the material. It is expressed in volts per centi-
meter length of conducting path in the insulator, or sometimes in “volts
per inch.” The breakdown voltages of a few of the common insulating
materials are listed in the following table. The voltages are expressed
as the number of volts required to pierce a given thickness of the material
(.001 inch).

TABLE OF BREAKDOWN VOLTAGES

Dielectric strength or Breakdown Voltage
. in volts per .001 inch thickness
Material of material

Cotton (single covering) ...
Cotton (double covering) ..
Silk (single covering) ...

Silk (double covering) ...

Miea F—- | 111t S {11
Micanite (cloth) I———— > ) 1}
Micanite (paper) 280—390
Paraffined paper 800—1000
Asbestos 60—100
Glass 150-—300
Dry process porcelain 1000

Dry Manilla paper 110—320
Press board 200—330
Untreated pure para rubber 300—500
Air (dry) 50

The breakdown voltages are difficult to measure exactly, for they
vary greatly with the particular samples tested and the conditions of
test. The upper and lower limits of breakdown voltage which may be
reasonably expected for the particular materials are given in the table
above.

Dry air is a fairly good insulator, but its dielectric strength is not
exactly directly proportional to the thickness of the layer. The values
given in the table above, are useful in determining approximately how
thick a certain insulating material must be made in order to safely stand
a given voltage without breaking down, remembering that the thicker
the insulator is, the higher is the voltage required to break it down.
Thus if a piece of mica .001 inches thick can stand 2000 volts, a piece
.003 inches thick can stand approximately 6000 volts. Of course a fac-
tor of safety must be allowed to take care of possible weak spots in the
insulator, etc. Also, the properties of most insulating materials are
very different when subjected to low frequency alternating current vol-
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tages than when subjected to high frequencies. A piece of insulating
material capable of withstanding 100,000 volts at 60 cycles (commer-
cial electric light frequency) may deteriorate and become conductive
very rapidly when subjected to only 20,000 volts at 150,000 cycles per
second (radio frequency current).

In radio transmitting and receiving equipment, porcelain, pyrex
glass, and dry treated wood are used as insulators in the antenna sys-
tem. In the station equipment, Bakelite, formica, hard rubber, mica,
paraffin wax, bees-wax, cotton, silk, glass and treated papers and cloths
are used extensively as insulators. Each one has its own particular
properties such as hardness, flexibility, adaptability to molding, cheap-
ness, thinness, ete., which make it best suited for use in a certain part of
the equipment.

The common conducting materials used are copper, aluminum,
brass, tungsten, tin-foil, etc., each being employed where it is most suit-
able.

REVIEW QUESTIONS

1. Why is it important for a student of radio to have a good
knowledge of the fundamentals of electricity and magnetism?

2. The entire electron theory has never been proved to be correct
by actual experiments. Why then, is it accepted as an ex-
planation of the actions existing in all bodies?

3. If someone proved that a part of the electron theory was in-
correct, would that make the entire theory useless? Why?

4. Why does a body become charged when it is rubbed?

5. Define in accordance with the electron theory, (a) a charged
body. (b) a positively charged body. (¢) a negatively
charged body.

6. Describe a simple way of determining if a body is charged.

7. How would you determine if two charged bodies had like
charges or unlike charges? State the rule upon which your
method depends.

8. How did the words “electricity”, “positive charge”, “negative
charge”, “electron” originate?

9. What factors affect the force of attraction and repulsion be-
tween two charged bodies? State the quantitative relations.

10. Name three elements and six compounds. In each case give
your reason for classifying the substance as an element or
compound.

11. According to the electron theory, what is an atom of any
material supposed to consist of? Draw a simple picture to
illustrate your answer.

12. Why is it that electrons can flow or drift through iron which
is apparently a hard, dense, solid substance?
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18.

14.

15.

17.
18.
19.

20.
21.

22.

23,

24.

25.

26.

217.
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A piece of copper wire contains negative charges (electrons)
and positive charges (protons). Why doesn’t every piece of
copper then exhibit all the external properties or effects of a
charged body?

A substance contains 20 protons and 4 electrons in the nuc-
leus, with two additional planetary electrons in the first outer
shell, eight electrons in the second outer shell, and six elect-
rons in the third outer shell. Draw a picture of the internal
arrangement of this atom. Will this substance be chemi-
cally active?

Of what does a current of electricity consist?

What is the difference between static electricity and a cur-
rent of electricity? What similar features do they have?
What is necessary besides a conducting path in order to have
a flow of electricity?

Describe in detail the flow of electricity in a wire connecting
two oppositely charged bodies.

Make a diagram showing the conditions existing in question
18 and show on it the direction of both the electron flow and
the current flow.

Name three sources of electromotive force.

Why is the direction of electric current flow according to
popular usage, just opposite to the actual direction of the
electron flow?

Explain why copper is a good conductor, and Bakelite is a
very poor conductor of electricity.

Why is it that exchanges of electrons can take place between
the atoms of a conductor, and electrons can move through
the conductor, during the flow of electricity without any
change of chemical composition of the material taking place?

Describe in detail, the actions taking place during the flow
of current in a complete closed circuit consisting of a dry
cell battery with a piece of copper wire connected across its
terminals.

Draw a diagram to illustrate your answer to question 24, and
mark on this the positive and negative terminals of the dry
cell, and the direction of flow of both the electrons and the
current.

Distinguish between (a) the resisting action of an insulating
material to current leakage through it and (b) actual voltage
breakdown of this material.

Equal thicknesses of the five following materials are simulta-
neously subjected to a gradually increasing voltage. In what or-
der are they likely to break down: rubber, air, paraffined paper,
glass, porcelain?
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RESISTORS IN RADIO EQUIPMENT — WATTS DISSIPATION — REVIEW QUESTIONS.

30. Need for units: We have now reached a point in our study
of electricity where it is necessary to establish definite units and rela-
tions to express electric current flow, e. m. f. and resistance quantita-
tively. In our everyday lives we are accustomed to using common
units and their subdivisions to express lengths, time, forces, ete. Thus
the foot, meter, etc., are employed to measure and express lengths or
distances; the second, minute, hour, etc., are used to express intervals
of time. In electrical work also, certain units of current, e. m. f. and
resistance are in common use. Furthermore these units have been
adopted as standard by the many countries of the world so that an
ampere, for instance, in the United States represents exactly the same
rate of current flow as an ampere in Australia, England, Germany, etc.
Also the units used by the electrical worker or electrician are the same
as those employed in radio work. This standardization of units is of
course absolutely essential to a simplified electrical practice. In the
early days of the electrical art, before the electron theory was known,
several systems of units were proposed and used in different countries.
This led to confusion. At the present time the International Units have
become standard in all of the civilized countries of the world.

31. Quantity of current (coulomb): It was explained in Chap-
ter 8 that an electric current flowing through a conducting circuit really
consists of a large number of tiny electrons moving rapidly in complex
paths from atom to atom, but at the same time flowing or drifting
through the conductor. Since these electrons are tiny negative charges,
it follows that an electric current really consists of the motion of a
large number of tiny electric charges, through the circuit, so that a
measure of the quantity of current really resolves itself into a measure-
ment of the quantity of electric charges. We cannot feel, see, smell,

51
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or hear these tiny electric charges and therefore cannot count or meas-
ure them by any of our senses. Also we cannot measure an electric
charge by any of our common standards of measurement such as length,
weight, etc. However, we can measure a charge by measuring the
force of attraction or repulsion which will always exist between it and
some other charge. Since the force of attraction or repulsion depends
not only on the strengths of the charges themselves, but also on the
material and the distance between them, these factors must also be
considered when defining our units.

A very natural method of procedure in establishing a unit of
electric charge would be to specify a standard medium and distance be-
tween the charges and the force acting between two unit charges under
these conditions. Thus the original Electrostatic unit of quantity of
electricity was defined as ‘“that quantity with which a very small body
must be charged so that when placed in a standard medium at a dis-

ance of one centimeter (2.54 centi-
meters equal one inch) from a similar

I*—' e [ body charged with an equal quantity,

a force of repulsion of one dyne

PU— — (1 lb.= 444,827 dynes approximate-
ly) will exist between the two.” This

\ ~7—~ \ was the unit of quantity in the elec-

JNITEE  FORCE OF REPULSION “ConmaE trostatic system of wunits, evacuated
IDYNE space (a vacuum) being selected as

Fig. 22. — Conditions specified for unit the standard medium. This condi-

quantity of electricity .n the original elec-  tion is represented graphically in Fig.

22. However, this unit and the
associated units for e. m. f. and resistance were later found to be entire-
ly too small for conveniently measuring and expressing the quantities of
electricity, e. m. f., and resistance dealt with in the applications of
practical batteries and generators and in practical electrical devices.
For instance, the quantity of electricity flowing through a 100 watt, 110
volt incandescent lamp every second is about 2,700,000,000 electrostatic
units.

As it was found inconvenient and unwieldly to use the large num-
bers necessary to express in this system of units the values of quantities
of electricity dealt with in practice, the so-called practical units were
defined to be certain multiples of these original units. The practical
units are those in common use today. The fundamental unit of quan-
tity of electricity in the practical system is the Coulomb, (named after
Charles A. Coulomb, the celebrated French Physicist). The Coulomb
is approximately 3,000,000,000 (83X 10°) times as large as the electro-
static unit defined above.

We may define the Coulomb as that quantity of electrical charge
with which a very small body must be charged so that, when placed
in a vacuum at a distance of one centimeter from a similar body charged



ELECTRICAL UNITS, OHM’S LAW 53
with an equal quantity of electricity, it will repel that body with a force
of approximately (8>10%)2 dynes (since the force is proportional to the
product of the strengths of the charges, as explained in Art. 13).

The coulomb represents a definite quantity or amount of electrical
charge, just as a gallon of water represents a definite quantity of water
as represented in (A) of Fig. 23. It is independent of all other units.
Since the electron theory has come into use it has been estimated that
since each electron contains a definite quantity of electricity a coulomb is
the total amount of charge contained by 6.28 <1018 electrons (6,280,000,-
000,000,000,000 electrons).

32. Rate of current flow (am- OF WATER |oe—ae
pere): In the cases of storage of GALLons) | = =
electric charges as in the charging = =
of condensers, or charges at rest as ==l
in static electricity, we are interested QUANT'TY< L= =m0
in the bulk or quantity of electri- ) -
city or charge stored. The coulomb oF a.scmmq.—__—.]:._—_r_:;

i i i i CHARGES
is useful in expressing this. In (o) EEEE

the case of current flow through
wires and other conductors, we are
not usually much interested in the r
total quantity of electricity flowing OF WATER

through the circuit, (coulombs), for (fe‘,,“';&':,ﬁo)
this does not take into account the

time during which the electricity RATE <

flows All of the effects of electric rlow

current (heating, chemical, mag- ®)

netic, etc.) with which we commonly OF ELECTRICAL
deal, depend for their intensity on CHARGES OR
the rate at which current flows k{,ggt,ogggg

through the conductor. For instance,
100 coulombs of current might
flow through a wire in one hour.
This would produce a certain fotal
quantity of heat in the wire during that time. During the hour the
wire would have plenty of time to lose this heat by radiation, ete. If
the 100 coulombs were sent through the wire quickly, say in one second,
the same total quantity of heat would be produced, but since it is now
all produced in one second, it heats the wire up to a higher temperature.
Thus the intensity of the heating effect in the wire depends on the rate of
current flow rather than on the total quantity of current flowing through
it. It is more important then for us to know the rate of current flow.
Instead of expressing the rate of current flow as so many coulombs
per second it is convenient to use a separate short term. The name
ampere has been adopted in honor of the famous French scientist André
Marie Ampere, to represent the practical unit of rate of flow of electri-

Fig. 23.—Analogous units of quantity and
rate of filow for water and electrical
charges.
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city. The current flowing past any given point in a circuit is one
“ampere” (commonly abbreviated as “amp.”) when electricity passes
through at the net rate of one coulomb per second. (This is analogous
to the term “gallons per second’” when expressing the rate of flow of water,
as shown in (B) of Fig. 23.)

Since one coulomb equals 6.28 <1018 electrons, when a current of
1 ampere is flowing through a circuit, 6.28X10'® electrons are drifting
past any given point in the circuit every second. It can be seen from
this that in our common electrical circuits carrying tens, hundreds, and

0 @ g . m

25 WATT 100 WATT ELECTRIC ELECTRIC FILAMENT OF 20FA
MAZDA LAMP MAZDA LAMP TOASTER VACUUM TUBE
L amp 1 AMP 5 AMPS, s AMPS 1 amwe
FILAMENT OF 227 PLATE CIRCUIT DYNAMIC SPEAKER FIELD 10 HORSE POWER
ACUUM TUBE OF VACUUM TUBE LOW VOLTAGE TYPE ELECTRIC MOTOR
AMPS, To5e AMP | AMP 75 AMPS.

Fig. 24.—Rates of current flow through common electrical devices.

thousands of amperes of current, billions and billions of electrons are
circulating through the conductor every second.

33. Milliampere, microampere: For measuring very small
electric currents, (for instance the plate current in a vacuum tube) it is
convenient to use a smaller unit than the ampere. In this case the

1

milliampere is employed. Milli is French for Therefore, 1 milli-

1000

ampere is .001 ampere. Conversely, one ampere equals 1,000 milliam-
peres. (See Appendix C on page 942.)

A still smaller unit sometimes used is the microampere. This is

1
————— ampere; or 1,000,000 microamperes equal one ampere.
1,000,000

The student may perhaps gain some idea of just how much an
ampere of current is by studying Fig. 24. Here several common elect-
rical devices are represented together with the rate of current flow in
amperes required for their proper operation. Some devices take cur-
rents considerably less than one ampere, some take currents of many
amperes. In radio receiving equipment most of the parts are carrying
rather weak currents. Meters have been developed for measuring the rate
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of flow of electric current. They are called ammeters, milliammeters or
microammeters, depending upon the strength of the currents they are
designed to measure. Their construction and operation will be studied
later.

34. E. M. F. (the volt): During our study of the electron
theory we found that the free electrons could be made to drift in a defin-
ite direction along a conductor by applying an external electric force
which we call “electromotive force”, (abbreviated to e. m. f.). This
electrical force or pressure exists between any two bodies that have a
different intensity of charge or a different polarity of charge. It is
sometimes called “potential difference.”

Electromotive force may be developed or generated in several ways
in practice. Common sources of e. m. f. are, primary cells or batteries,
storage batteries on discharge, electric dynamos, etc. These devices
produce a continuous difference of electric potential or pressure be-
tween their terminals. If a complete conducting path is provided. this
difference of electric potential will cause a flow of electrons, or electric
current. The practical unit of electromotive force is the volt.

When a coulomb of electricity is transferred between two points by
an expenditure of one joule of energy (107 ergs) the points are said to
differ in electrical potential by one volt.

Because of the term wvolt the e. m. f. or source of electric potential
is often referred to as “voltage”.

The e. m. f. developed by a single dry cell is 1l4volts. That
developed by the three cells of a lead-acid storage battery on discharge
is slightly over 6 volts. Incandescent lamps are usually operated from
110 volt sources of e. m. f. The filaments in the 201-A, 171-A, and
112-A tubes are designed to operate on 5 volts. Those of the 224 and
227 tubes require 2.5 volts. The plate voltage employed on radio
receiving tubes varies from 45 to 450 volts, depending on the type of
tube. The e. m. f. of a standard B battery is 45 volts. Voltages as
high as 2,000 are employed on electrical transmission lines. Thus it is
seen that a large range of voltages is employed for various devices.

35. Kilovolt, millivolt: Sometimes it is more convenient to use
larger or smaller units of electric potential than the volt. In such cases

the kilovolt (equal to 1,000 volts), the millivolt, (equal to volt),

and the microvolt (equal to 1 volt), are used. For instance,
1,000,000

5,000 volts=5 kilovolts; .008 volts=3 millivolts; .00005 volts— 50

microvolts.

Measuring instruments called voltmeters have been devised for in-
dicating directly in volts, the values of e. m. f. Where the e. m. f. is
small, (few thousandths of a volt), a millivoltmeter is used. This will be
studied later.
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36. Resistance, (the ohm): All conductors of electricity op-
pose the flow of current through them, that is, they have electrical re-
sistance. The unit of resistance is called the Ohm in honor of George
Simon Ohm, a German mathematician.

A conductor has a resistance of one ohm if the ratio of the applied
e. m. f.in volts to the current flowing through it in amperes is unity. That
is, an ohm is the resistance through which an e. m. f. of one volt will send
a current of one ampere (6.2810!8 electrons per second). The common
symbol for resistance is “R’. “ohm” is sometimes represented by the
symbol “Q” (the Greek letter Omega). Thus 5 ohms may be written
5Q. This representation has been standardized by the Radio Manufac-
turers Association (R.M.A.) for use in radio work.

The resistance of a body varies with its length, sectional area and
material. TFurther consideration of the laws of resistance will be stud-
ied later.

37. Microhm, megohm: The resistance in a conducting path is
usually kept as low as possible. Resistors however, are often em-
ployed to control the amount of current flowing in a circuit, to produce
heat, etc. It often happens that very small resistances are to be con-
sidered, for which the ohm is an inconveniently large unit. Therefore
to facilitate calculations and recording, a smaller unit, the microhm is

1
often used. A microhm is equal to one millionth,f ——— ), of an
1,000,000
ohm. For example, .00031 ohms equals .00031<1,000,000=310 micr-
ohms. Also, 4500 microhms equals 4500+1,000,000= 0045 ohms.

Wherz large resistances are dealt with, the megohm is employed.
(often abbreviated Meg. or represented by the symbol MQ). One megohm
equals 1,000,000 ohms. (see appendix) Thus a 5 megohm grid leak
has a resistance of 531,000,000=5,000,000 ohms. Also, 30,000 ohms
equals 30,000-+1,000,000, equals .03 megohms or .03 MQ.

Note: Authorities differ in their use of the symbols (p and ). The American Institute
of Electrical Engineers, in their March, 1928, Proceedings, propose a complete group
of electrical symbols in which the ohm is shown as (), and the megohm as ¢(y. Promin-
ent electrical corporations such as the Bell System and allied organizations use the
letter ¢p exclusively for ohms, and of the various diagrams in a large number of pub-
lications which have been scrutinized, about half of them use (p as the symbol for
ohms, and the other half use the letter Q. To prevent confusion, we are identifying
all resistances in this book with the word “ohms” spelled out. In the diagrams the
letter QQ is used for ohms and MQ) for megohms.

38. Conductance (the mho): In some calculations and con-
siderations of electric circuits it is convenient to consider not the resis-
tance of a circuit, but its conductance. The conductance of a circuit is

1
numerally expressed by taking the reciprocal of its resistance, —, and

expressing it in mhos. (Mho is ohm spelled backward.) Thus if
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the resistance of the filament of a vacuum tube is 20 ohms, its conduc-
tance is 1 or .05 mhos.
20

39. Absolute and international units: The units of current,
e. m. f. and resistance (ampere, volt, ohm) have been derived entirely
through consideration of the unit quantity of electrical charge. This
system of units may be called the electrostatically derived practical system.

Because of the difficulty in precisely standardizing or calibrating
electrical instruments such as ammeters and voltmeters in terms of
the fundamental units by absolute methods, the International Electrical
Congress at Paris in 1881 recommended that a commission be charged
with formulating from the results of carefully made absolute measure-
ments, specifications for practical standards to represent certain units
of the practical system. These standards could then be constructed by
anyone at any place and they would serve as exact references. This
commission drew up specifications for practical physical standards of
electric current, and resistance. These are known as the International
Standards and the units derived from them are known as the International
Units. By legislative actions of the various governments these Inter-
national Standards have been made the legal standards of all the eivi-
lized governments of the world. The physical specifications for the
International Standards as drawn up by this commission follow:

The International Ampere is the unvarying current, which, when
passed through a solution of nitrate of silver in water in accordance
with standard specifications, deposits silver at the rate of 0.001118
grams per second.

The International Ohm is the resistance offered tc an unvarying
electric current by a column of mercury at the temperature of melting
ice (0° C), 14.4521 grams in mass, of a constant cross-sectional area,
and having a length of 106.300 centimeters.

The volt is the e. m. f. which will send a current of one ampere
through a resistance of one ohm. Notice that this is defined in terms
of the ampere and ohm.

While the International Standards were intended to represent in
a practical form certain of the units of the Electrostatically Derived
Practical System, they fail to do this precisely. Later absolute meas-
urements carried on by the National Standardizing Bureau indicates
that the greatest discrepancy is about 0.05 of one per cent. For all in-
dustrial purposes, this discrepancy is negligibly small, and these stand-
ards may be taken as being correct.

40. Ohm’s law: When thinking about the flow of electrons in a
conductor it must be evident that the greater the e. m. f. is, the more
electrons will flow past any point in the conductor each second. Also
the greater the resistance of the conductor the less the number of elect-
rons which will flow through. Dr. George Simon Ohm found that there
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was a definite simple mathematical relationship between the e. m. f.
applied to a conducting circuit having a certain resistance, and the cur-
rent which weculd flow in the circuit. This relationship is now known
as Ohm’s Law. The law is stated thus: The intensity of current in any
circuit is equal to the electromotive force divided by the resistance of the
circuit.

Expressed in the common electrical abbreviations this law be-
comes: B

U (1)
R
where I=current in amperes.
E=e. m. {. in volts.
R=resistance in ohms.
Equation (1) enables us to calculate the current (I) which will
flow when an e. m. f. (E) is applied to a circuit having a resistance (R).

Example: What current will flow through the filament of a 201-A vacuum tube having
a resistance of 20 ohms, when an e. m. f. of 5 volts is applied? .
Solution: The current in a circuit may be calculated by Ohm’s Law using the equation
1

I::i—-. By substituting 5 for E and 20 for R we obtain I——-——=—0.25 Amp. Anas.

20 4

To find how much pressure or e. m. f. must be applied to a circuit

to make a given current flow through a conductor having a known resist-

ance, equation (1) can be put in more convenient form by simple mathe-

matical transformation.

E

Thus since I-=—, then E=IXR . (2)
R

Example: The resistance of the filament of a 201-A vacuum tube is 20 ohms, and it
requires 0.25 amperes for proper operation. What e. m. f. should be ap-
plied to obtain the correct operating current?

Solution: E-—I x R. Since I—0.26 amp, and R—20 ohms, the E—0.256 x 20—5 vxlts.

ns,
When the e. m. f. (E) and the current (I) are known, the resis-
tance R of the circuit may be calculated very easily by placing equa-
tion (1) in more convenient form
E E
Thus since I==—, then Re=—o __________. --(3)

R I
Example: An e. m. f. of § volts applied to the filament of a 201-A vacuum tube sends a
current of 0.25 amperes through it. Calculate the resistance of the fila-
ment.

E 5
Solution: R——-———20 ohms. Ans.

0.256
Ohm’s Law is one of the most useful and important principles in

all radio and electrical work and the student should study it carefully
and commit it to memory. While it applies only to direct current cir-
cuits, a special form of this law is also used in alternating current work.
The student should remember when using Ohm’s Law that the current
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(I) should be expressed in amperes. So many current values in radio
work are expressed in milliamperes, that one often forgets and uses milli-
amperes in the formula. This results in incorrect answers.

41. Voltage drop—fall of potential: Current can flow in a cir-
cuit only as a result of the application of electromotive force. When-
ever a current flows through a resistance there must be a difference of
electrical potential (p. d.) or pressure between the ends of that resis-
tance tending to make the current (electrons) flow through it. This
difference of potential is equal to the product of the current in amperes
times the resistance in ohms. In practice, when a source of e. m. f. is
applied to a circuit containing resistances, the part of the e. m. f. used
up in sending the current through each resistance is called the “wvoltage
drop” or “fall of potential” through that resistance. Both of these ex-
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Fig. 25.—Examples of fall of potential along a resistance.

pressions are commonly used. In some devices the voltage drop occur-
ing in resistance is made use of to reduce voltages which may be too
high, as in the case of filament circuit and plate circuit resistors in
vacuum tubes shown in (A) and (B) of Fig. 25. In other cases the current
is made to flow through a resistance purposely in order to create a
difference of potential for some definite use as in the case of C bias
resistors in electric radio receivers, shown in (C) of Fig. 25. As the cur-
rent flows from A to B through the resistance, there is a fall of potential
from A to B. Therefore point B is at a lower potential than point A.
That is, B is negative with respect to A. In other cases, the voltage
drop in resistors is harmful, and is kept low by keeping the resistance
of the circuit as low as possible. It is the pressure and not the current
that is used up in maintaining a flow of electricity (electrons) through
a circuit.

The end to which the current flows is at a lower electrical poten-
tial (—) than the end from which it flows (4+). This condition is
shown in (D) of Fig. 25 which represents an output divider resistance
employed in B power packs used in electric radio receivers. This is
made up of several resistors connected as shown, or else a single re-
sistor with taps taken off the resistance wire at various places. The
current flows out of the B power pack at A, and back into the negative
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terminal at B. Thus A is the positive terminal (point of highest poten-
tial). We will assume that all of the current flows down through the
resistance from A to B. There will be a fall of potential from A to C
equal to the resistance in ohms from A to C multiplied by the current
in amperes flowing through (E=-IR). Point C is at a lower electric
potential than point A by this amount. Similarly point D is at a lower
potential than C by an amount equal to the fall of potential from C to D
(IXR). Point B is at a lower potential than point D by an amount
equal to the resistance B multiplied by the current flowing through it.
We will assume that the resistances have been so chosen that the poten-
tials at these points are as indicated in the diagram, i.e., 180, 90 and 45
volts. The fall of potential along the resistance may be indicated
graphically by the sloping line EF whose vertical height above the hori-
zontal axis line at any point indicates the potential at that point. Notice
how the electrical potential decreases as we go from end A to end B of the
resistance.

The fall of potential through a resistance may be looked upon
somewhat similarly to the case of the fall or drop in pressure of water
flowing through a pipe. The friction between the individual molecules
of water and between the water and the inside surface of the pipe
causes a gradual loss of pressure along the pipe.

42. Electrical power: Electricity flowing through a conductor is
really a source of power because it can be made to do work if it is made
to flow through suitable apparatus. A familiar application of this is
in the use of electricity to drive electric motors of all kinds. Power is
the rate of doing work. In considering power, we consider not only
the amount of work done but also the length of time during which it is
done, that is, the time rate. It requires more power to do a certain
amount of work in a short interval of time than in a longer time.

The unit of electric power is the watt. The watt is the power in a
circuit in which one ampere is flowing under a pressure of one volt.
The number of watts in a circuit is equal to the volts multiplied by the

amperes.  wW_BExI (4)

Thus, the filament of a 224 type vacuum tube has flowing through
it 1.75 ampere under a pressure of 2.5 volts in order to heat it to a red
heat. The filament is therefore using electric power at the rate of
2.5 1.75=4.37 watts.

The watt is a rather small unit of electrical power for use in prac-
tical work. The kilowatt, (K. W.), equaling 1,000 watts, is used when
expressing larger amounts of power. To change watts to kilowatts,
divide by 1,000. To change kilowatts to watts, multiply by 1,000.
746 watts, (or nearly 34 kilowatt), equal one horsepower. These rela-
tions are useful to remember.

Equation (4) enables us to calculate the watts if the voltage and cur-
rent are known. There are two other convenient forms of this power
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equation which can be easily derived from this one. These enable us
to calculate the electric power used up in sending current through a
resistance. The electric power used up in this manner is converted into
heat. The ordinary incandescent lamp filament or vacuum tube fila-
ment are common illustrations of the practical application of this. Cur-
rent sent through the filament against its resistance, produces enough
heat to raise the temperature of the filament to a point where it gives
off light. The heat is produced by the collision of the moving free
electrons with the many atoms in their path. The energy of the mov-
ing electrons is thus converted into heat energy which raises the tem-
perature of the conductor. - The heating effect of electric current is
also made use of in the electric stove, electric iron, electric furnace, ete.
E
From Ohm’s law (equation (1) we have I——
R
Substituting this value of I, for I in the power equation (4), we
obtain: E E2
W=EXI=EX—=— oL (5)
R R
This gives an expression for the electrical power in terms of the
voltage and resistance.
From equation (2) we have E=IxXR.
Substituting this value of E, for E in the power equation (4), we
obtain:

W=EXI=IXRXI=IR (6)

Examination of this last equation shows that in a circuit in which
the resistance is kept constant, the electric power consumed in forcing
current through it is proportional to the square of the current. For
instance if we consider the filament of a 201-A type vacuum tube again,
its resistance is 20 ohms. Its normal current is 0.25 amperes. This
heats the filament to a dull red heat. If now, we triple the voltage ap-
plied to this same filament, the current flowing through it becomes 8 times
as great (Ohm’s law). Therefore, the heat produced is 3 X 3, or “nine”
times as much (varies as the square of the current). This of course
would raise the temperature above the melting point of the filament wire,
and it would melt.

The electrical power can be measured by measuring the current
with an ammeter and the voltage with a voltmeter. The amperes and
volts are then multiplied together to obtain the watts. The wattmeter
is an electrical instrument for measuring the watts directly.

43. Relation of e. m. f., resistance and current: In every branch
of electrical and radio work it is very important to have a clear under-
standing of the relation between e. m. f., resistance and current. The:
student must learn to look at any electric circuit as a combination of
three factors. First, we have the e. m. f. which is able to cause a flow
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of current (electrons) if a conducting path is provided. Second, we
have the conducting path, which offers a certain amount of resistance
or opposition to the flow of current (electrons), depending entirely
upon its material, length, cross section area, and temperature. Third,
we have the resulting flow of current, whose value depends upon the
applied voltage and the resistance of the conducting path. Note that
the resistance of the path really is independent of the voltage and the
current. The resistance really depends upon the physical characteris-
tics of the conducting circuit, i.e., the material, the length, the area and
the temperature. The current is the result of the application of the
e. m. f. to the conducting circuit. The current depends upon the ap-
plied e. m. f. and the resistance. The e. m. f. depends on the amount

- LrI0F T je-L210F T ke L=10F T
At = O [___JcoPPeER=2 cHmS
LRea—
r—loFI_”'T'OFT_'#_'OFT”’"—'OFT'—”'"OFI_* C————srass:aonms
At TOTAL R+5 ) feLeiOFT [————J1RON= 12 OHMs
e R0 eemorneana
EFFECT OF LENG;H A b :CAQBONIQQ%
EFFECT oF EFFECT OF
) (B) “area (C) “vaTeriAL

Fig. 26.—Illustrating how resistance depends upon the length, area and material.

of e. m. f. which is provided by the e. m. f. generating or producing
device (battery, dynamo, etc.) applied to the circuit.

It has been stated several times that the resistance of any con-
ductor depends upon its length, cross-section area, material and tem-
perature. We will now study these factors in detail.

44. Length and resistance: Just as a long pipe offers a greater
resistance to the flow of water than a short one, so a long electrical
conductor has a greater resistance than a short one. The resistance is
proportional to the length. Thus a wire 50 feet long has five times the
resistance of a similar wire ten feet long. This becomes evident when
we realize that every 10 foot section of the 50 foot wire offers the same
opposition (resistance) to the flow of electrons through it as the orig-
inal 10 foot piece of wire does. Therefore the total resistance of the
50 foot piece is 5 times as much. This is shown in (A) of Fig. 26. We
may then state the rule:

The resistance of a conductor is directly proportional to its length.

45. Area and resistance: Just as the internal diameter or cross-
section area of a water pipe determines how much water can flow
through it, so the cross-sectional area of a conductor determines its
resistance to the flow of current (see (B) of Fig. 26). The larger the
diameter or cross section area, the less will be its resistance. Thus, the
resistance of a conductor is inversely proportional to its cross-sectional
area. The areas of two similar circular conductors are proportional to the
squares of their diameters. Hence the resistances of two wires of simi-
lar material and length are inversely proportional to their diameters
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squared. The larger the cross section area of the wire, the more eclect-
rons there are available to flow past any point every second under the
influence of a given applied e. m. f. Therefore the resistance to the
electron flow must be less.

46. Wire gauges: The standards by which the various sizes of
wire are designated are called wire gauges. Unfortunately several stand-
ards of wire gauges differing from each other have been adopted by
various manufacturers and are in use.

In each gauge, a particular number refers to a wire having a cer-
tain diameter, the gauge number increasing as the size of the wire de-
creases. The law by which this decrease occurs is not the same in the
different gauges. In the United States, copper wire is usually designated
by the Brown and Sharpe (sometimes called American) wire gauge. This
is generally termed B. & S. G. or A. W. G. (Note: the common B. & S.
wire gauge sizes together with the corresponding diameters and resist-
ances of the wire will be found in the Copper Wire Table in Fig. 288 of
Article 402, and in the Bare Copper Wire Table in Appendix F.)
In the B. & S. gauge, the ratio of the areas for two successive gauge num-
bers is 1.26. The diameter of a wire may be measured accurately with a
micrometer.

47. Circular measure: When calculating the resistance of round
wires for electrical purposes, it is convenient to use a circular measure
to express the cross-section area of the wire, rather than the old method
of measuring the area of circles in square inches. A mil is a unit of

length used in measuring the diameter of wires, and is equal to
that is, 1 mil equals .001 inch. 1,000

The circular mil area of a wire is equal to its diameter in mils
squared. For instance, No. 36 wire is .005 inches in diameter, that is,
it has a diameter of 5 mils (see wire table Fig. 288 on page 591, or the one
on page 948). Its circular mil area is therefore 5Xx5==25 circular mils.

48. Material and resistance: It must be evident from our study
of the electron theory, that since all materials have a different electron
arrangement, the ease with which the free electrons can be made to
drift along through the material (flow of current) by the application
of an e. m. f., must vary with the different materials. That is, different
materials offer a different amount of resistance to the flow of current
(electrons) through them. In order to compare the resistance offered by
different materials, some standard sample of unit dimensions must be con-
sidered, since the resistance depends not only on the material, but on the
cross-section area and length also. In practical work, it is common to
consider a piece of the material having a unit cross-sectional area of one
circular mil, and a unit length of one foot.

“The resistance of a piece of a material having a cross-section area
of one circular mil and a length of one foot, is called the “specific resist-
ance” of that material.”

inch;
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This unit size is commonly referred to as a “mil-foot”. As we shall soon see, the
“specific resistance” is the basis of formula (7) which enables us to calculate the re-
sistance of any object if its material, area and length are known,

The fact that copper has a low specific resistance (see table of

specific resistances) and is rather cheap, makes it used more than any
metal in electrical work., Aluminum is also a good conductor, but its
specific resistance is higher than that of copper. However, it is lighter
in weight and where this factor must be considered, it is used. Part (C)
of Fig. 26 shows graphically the resistances of five wires of similar dimen-
sions, but made of different materials.

The values of specific resistance (k) in ohms per circular mil-foot
for several common conducting metals and special resistance alloys are
listed below. Notice that silver has the lowest resistance, and copper
has but a slight bit more. The lower cost of copper makes it used for
electrical conductors instead of silver. Notice that the specially manu-
factured high resistance alloys such as “Climax”, “Excello’”” and “Nich-
rome’”’ have from 30 to 60 times as much resistance as copper wire.
These are employed especially to purposely place resistance in a circuit.
German silver is an alloy of copper, nickel and zine. The per cent stated
in the table below indicates the percentage of nickel in the alloy.

If the specific resistance (k), in ohms per mil-foot, of a material
is known, it is very easy to calculate the resistance of a wire of that
material by multiplying the specific resistance (k) by the length (L)
of the wire in feet, and dividing by the area (C.M.) of the wire in cir-
cular mils. The formula is:

C.M

Note: See Bare Copper Wire Table (Appendix F) for cross-section areas of round wires.

Specific Resistance in Ohms per Circular Mil-Foot at 20° C.
Copper (annealed) 10.35| Lead 132.35
Copper (hard drawn) 10.60( Manganin 264.
“Advance” (alloy) 294, Mercury 576.
Aluminum 17. Molybdenum (drawn) 34.
Brass 42. Monel metal (alloy) 252,
Carbon (coke, lampblack) 22,000. Nichrome (alloy) 675.
“Climax” (alloy) 480. Nickel 60.
“Constantin” (alloy) 294, Platinum 60.
Excello (alloy) 552, Silver 9.56
German Silver (18%) 198. Steel (soft, carbon) 96.
German Silver (30%) 294. Steel (cast) 115.

(Constantin) Steel (transformer) 66.
Gold 14.6 Tantalum 93.
Graphite 4,300. Therlo (alloy) 282,
Iron (pure, annealed) 61. Tin 69.
Iron (Cast) 435. Tungsten (drawn) 34.
Ia Ia, hard (alloy) 300. Zinc 35.

49. Temperature and resistance: Since the temperature of a
conductor may be greatly changed by its surroundings or by the heat
developed in the wire itself due to the passage of current through it, the
temperature must be taken into account when calculating the resistance
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if accurate results are desired. The resistance of pure metals and most
alloys increases as the temperature rises. The resistance of carbon and
electrolytes (fluid conductors) decreases as their temperature rises.
The amount of change of resistance varies with the different conduc-
tors, but for pure metals the increase in resistance is nearly 0.4% for
each change of one degree Centigrade.

Manganin is an alloy of 84% copper, 12% nickel and 4% man-
ganese, developed especially for use in the shunts of ammeters and for
precision resistances. Therlo is a similar alloy. Their change in resistance
per degree is only one part in 100,000. “Constantin’ is another alloy whose
resistance does not change materially. It consists of approximately 60

COourtesy Ward Leonard Elect. Oo.

Fig. 27.—Stages of manufacture, and construction of vitrified fixed resistance unit from the
bare porcelain tube at the left to the completely vitrified resistor at the right.

per cent copper and 40 per cent nickel. It is used in rheostats and meas-
uring instruments.

The amount in ohms, that a piece of the material having a resis-
tance of one ohm changes for each change of one degree in temperature
is known as the temperature coefficient of resistance (‘‘a”’). Thus if a con-
ductor has a resistance of one ohm at 20° C. temperature, at 21° C. it will
have a resistance of one ohm plus the amount equal to this coefficient.
At 19° C. it would have a resistance of one ohm minus the coefficient, ete.
Values of the temperature coefficients of various metals and alloys are
given in the Table of Properties of Metals in Appendix G.

The average temperature coefficient between 0° and 100° C. (32’ to
212° F.) is roughly the same for all pure metals (not alloys). It is about
.004 per degree Centigrade, or .0023 per degree Fahrenheit (since one
degree C. represents a larger change in temperature than one degree F.).

The temperature coefficient for annealed copper is 0.00218 at an
initial temperature of 68° F. (on the Fahrenheit scale), or 0.00393 at
an initial temperature of 20 C. (on the Centigrade scale). The value
of the temperature coefficients of the various resistance alloys used
in radio work for winding fixed or variable resistors must be obtained
from the manufacturers of the resistance wire, in any case when exact
calculations are to be made.

Since the specific resistance of the conducting materials is usually
given for the material at the standard temperature of 20° C., formula (7)
must be altered if we are to take into account the change of resistance
caused by the fact that the conductor may be operating at a temperature
above or below 20° C. in actual practice. To calculate the true exact re-
sistance of any metallic conductor at any temperature (up to 100° C.) use
the formula:
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kL
R=—— | 1= (axt) ] ................................................... (8)
C. M.
where R=resistance of the conductor in ohms at operating tem-
perature.

k=specific resistance of the conductor at 20" C.

L=length of conductor in feet.

C.M.—=cross section area of conductor in circular mils.

a—temperature coefficient of the material per degree C.

t=difference in degrees between the operating tempera-
ture and the standard temperature at which the specific
resistance k is specified (20° C. in most cases).

The =+ sign inside the bracket means that if the temperature of the
conductor is above the standard of 20° C., the resistance increases, so the
plus sign is used. If the temperature is below 20° C., the resistance is
less and the minus sign is used. (For carbon and liquids, the reverse is
true.)

Example: A piece of No. 18 B. & S. gauge copper wire 600 feet long is wound up to
form a circular field coil for an electro-dynamic loud speaker., When the
normal current flows through the coil its temperature rises to 60° C. What
is the exact resistance of the coil during normal operation?

Solution: From the Copper Wire Table we find that a No. 18 wire has a cross-section
area of 1624 circular mils. The specific resistance of annealed copper is
10.356 at 20° C. Its temperature coefficient is 0.00393 per degree C. t in
formula (8) is therefore equal to 60—20—40 degrees. Substituting these
values in formula (8) we obtain

10.35 x 600

k L
R | 1+ (ax t):|_
C. M. 1624
from which R—4.42 ohms. Ans.

50. Resistors in radio equipment: There is naturally a certain
amount of resistance in every electrical circuit due to the resistance of
the counecting wires, joints, contacts, etc. The resistance of a circuit
can be kept low by making it as short as possible, using a good electri-
cal conductor (such as copper), and making its cross-section area large.
(Due to the fact that very high frequency currents travel only through
a thin surface layer of the wire (“skin effect”), wires for conducting this
type of current are often made up of a number of very small conduec-
tors insulated from each other by an enamel, cotton or silk covering.
This is called Litzendraht wire. See Art. 406.)

In radio equipment, resistance is purposely introduced at various
places in the circuits in order to reduce or control the amount of current
flowing, reduce the effective voltage applied to a device, or cause dif-
ferences of potential which are utilized for some definite purpose (C
bias resistors), ete. A resistor is a device whose purpose is to intention-
ally provide resistance in an electrical circuit. Resistors may be made
either fixed or adjustable (variable). Fixed resistors are those whose
value cannot be changed readily while in use. Adjustable resistors may
be varied in value. Fixed resistors are used in the filament circuits of

[:1+( 00393x40) :|
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battery operated vacuum tubes, in the voltage dividers of B power
units, for leaks, resistance couplings, for furnishing grid or C bias volt-
ages, etc. Variable resistances are not used as much in radio receivers
nowadays as they formerly were, due to the tendency to eliminate as
many control knobs from the panels as possible. They are still em-
ployed as rheostats, potentiometers, volume controls, ete.

Vitreous enamelled resistors are used extensively in power packs
of radio receivers. They are made by space-winding the resistance
wire on a special porcelain tube base. The base, including the ter-
minal connections is then coated with a powdered glassy enamel, and
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Courtesy Ward Leonard Elect. Co.
Fig. 28.—Several forms of wire-wound resistors for use in radio receivers.
fired at red heat. The result is a resistor unit covered with a vitreous
enamel coating which protects the fine resistance wire from mechanical
injury, and serves as an excellent heat conductor to rapidly conduct the
heat from the resistive element to the outside surface. This construc-
tion permits the finest resistance wire to be used without danger of
oxidation or other chemical depreciation. The enamel also holds the
resistance wire in place without any mechanical strain, and no strains
can be set up by heating or cooling, as the vitreous enamel and the wire
expand and contract together. Fig. 27 shows a resistor of this type
during the various stages of manufacture, from the bare porcelain base
tube at one end to the completely vitrified resistance winding at the
other end. This is a voltage divider resistance used in power packs.
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Special resistance wires made from alloys of nickel and iron have been
developed for winding these resistors. They have very low tempera-
ture coefficients of resistance and therefore their resistance does not
change very much when they get warm in service. Several resistors of
this type made up in special forms for use in radio receivers are shown
in Fig. 28. Resistor H is variable in value.

Fixed resistors of high resistance (several hundred thousand ohms
or more), and which are to carry very little current, are made by de-
positing either carbon, or a metal such as tungsten, on glass or other
insulating material. The deposit may be placed on a thin glass fila-
ment placed within a protecting glass tube or may be deposited on the
inside wall of a glass tube. A metal
cap at each end serves as a con-
nection to the deposit as shown in
the upper part of Fig. 29. Such
units have practically no induct-
ance and have very little capacity.
They are used as grid leak resist-
ances or as plate coupling resistors,
Fig. 29— Upper: Metallized erid.leak ¢ for vacuum tubes. It is possible to

" “high Tesistance fixed resistor. 7. make these resistors in high resist-
Lower: Carbon type fixed resistor with pig- ance values at considerably less cost
tail leads. .
than the wire-wound types.

Fixed resistors of small size are also made by compressing pow-
dered carbon with a binding material into thin solid rods. Flexible
pigtail connection wires are provided at each end as shown in the lower
part of Fig. 29. These can also be manufactured very cheaply and
are being used extensively now in radio receivers.

Fig. 30 shows several variable or adjustable resistors (A, B and
C). Resistances B and C are made of a resistance wire wound on a
fibre strip. A metal contact arm is arranged to slide over this resis-
tance to vary the amount of resistance wire included between it and
one end of the winding. A bakelite form supports the arm, bushing
and resistance wire strip. Very high variable resistances used for vol-
ume and tone controls (where very little current must be carried) usu-
ally have a special adjustable wiping or rolling contact moving over a
paper strip impregnated with graphite. The graphite acts as the high
resistance.

Adjustable high resistances for controlling B power unit output
voltages, vacuum tube plate currents, etc., are usually constructed from
a mixed mass of carbon powder which is a conductor, and mica flakes
which are insulators. The resistance is lessened by compressing the
mixture (by turning a knob) to force the carbon particles into closer
contact, and is raised by releasing the pressure, whereupon the spring-
iness of the mica separates the carbon particles and reduces the area of
contact. The mica also prevents ‘“packing” of the carbon particles
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when compressed. Resistance A of Fig. 30 is of this type. A porce-
lain case encloses the inside parts. More recent resistors of this type
use a metal case in order to dissipate the heat more readily. They are
therefore able to handle more power without overheating.

Resistances D, E and F of Fig. 30 are ballast resistors used to
maintain constant filament current in battery-operated tubes. They
consist of pieces of fine iron wire enclosed in airtight glass tubes with
metal connecting caps at the ends.

Ordinary commercial resistors
are accurate to within 10 per cent
of their marked value. Precision re-
sistors are more expensive and are
made more carefully. They are
usually baked at 120°C for several
hours to prevent slow change of
resistance with time, and are finally
covered with paraffin wax.

51. Watt dissipation of resist- T& 30‘_Seve';f;1d,fg",f‘esce%e:_f‘_s’swrs used, b

ors: When current flows through
a resistance, the electrical energy is converted into heat. This heat must
be dissipated to the surrounding air as fast as it is produced, if the re-
sistance is to operate at a steady temperature. The heat developed is
proportional to the product of the resistance in ohms and the square of
the current in amperes. (equation 6)

W=I%R.

This product equals the number of watts of electric power being
used up in the development of heat in the resistor, and because of this
fact, resistors which are to handle any appreciable current are gener-
ally rated according to the number of watts they will safely dissipate,
as well as the number of ohms resistance they have. The standard
definition of the maximum wattage rating of resistors of the vitreous
enamel type is; “the input in watts required to produce a temperature
rise of 250 degrees Centigrade (482 degrees Fahrenheit) at the hottest
point of the resistor, when the resistor is surrounded by at least one
foot of free air, the surrounding air being at a temperature not exceed-
ing 40 degrees C. (104 degrees F.)”.

This is a standard adopted by the National Electrical Manufacturers’
Association (N.E.M.A.) and the Radio Manufacturers’ Association
(R.M.A)).

The heating of resistors in radio receivers, while chiefly due to
the electric power dissipated in them, is also increased by their proxi-
mity to other warm or hot parts such as vacuum tubes and other re-
gistors, and to lack of sufficient air circulation.

The safe current in amperes which may be carried by a resistor
of given rating in watts and resistance is found by the equation:



70 RADIO PHYSICS COURSE

I:\/jv———
R

where W=allowable wattage dissipation rating of the resistor
R=its resistance in ohms.
Example 1: A certain 2,000 ohm resistor has a rating of 80 watts. How much cur-
rent will it safely carry?
Solution:
W 80
I=~/—=
R 2,000

If the resistance and the current to be carried are known, the watt-
age rating of the resistor to be used can be calculated from the formula.
W=I?R.

Example 2: A C-bias voltage of 4.5 volts is to be obtained by having the plate cuirrent
of 3. milliamperes of a 224 tube flow through a resistance. What must

be the resistance in ohms and the minimum watts dissipation rating of
the resistor used for this purpose?

—0.2 amps. or 200 milliamperes. Ans.

3
Solution: R_—__—I—, 3 milliamperes— —.003 Ampere,
00

4.5
R————1500 ohms. Ans.
.003
W=I2R=—.003%.003%¢ 1500—.0135 Watts. Ars.

As a matter of safety and to insure long life, resistors are generally
operated at about 25 % of their maximum watts dissipation rating and
at about three fourths of their maximum current carrying capacity rat-
ing. Such use makes plenty of allowance for poor ventilating condi-
tions such as are found in the usual installations.

Where there is no danger of damage to other parts from the heat
developed by the resistors, or where the ventilation is very good, it is
permissable to use them at the higher “Maximum” ratings.

It should be remembered that the watts dissipation rating of a re-
sistor is based on the supposition that the current flows through the entire
resistor. In case the resistor is provided with taps, and the full current
flows only through part of the resistor, the watts dissipation rating is pro-
portionately lowered.

The student should familiarize himself with the symbols used on
radio circuit diagrams to represent the various types of resistors; fixed
variable, tapped, etc. These will be found in the Radio Symbol Chart
in “Appendix A” at the back of this book. Possibly the best way to do
this is to draw the circuit diagrams for all problems worked out, and for
other additional problems which the student should formulate and solve
for himself. In this way he will become thoroughly familiar with this
sign language which is used so extensively in all branches of technical
work.
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REVIEW QUESTIONS

Why are standard electrical units of e. m. f., resistance and
current necessary in electrical and radio work?

Name and define the practical units of current, resistance and
e. m. f.

The plate current of a certain vacuum tube is 7 milliamperes.
Express this current in (a) amperes; (b) microamperes.
The signal voltage applied to the grid circuit of an amplifying
tube in a radio receiver is 15 microvolts. Express this in (a)
millivolts; (b) volts.

The grid leak resistor used with a detector tube has a resis-
tance of 5 megohms. Express this in ohms. What is the
conductance of this resistor?

It is desired to produce a fall of potential of 90 volts in a cir-
cuit through which 45 milliamperes of current are flowing.
This is to be accomplished by connecting a resistance in the
circuit. (a) What must be the value of the resistor in ohms?
(b) What must be the maximum watts dissipation rating of
the resistor assuming that it is to be operated at 50% of its
maximum rated value?

The field coil of a dynamic speaker is connected across a B
eliminator having an output voltage of 300 volts. The resis-
tance of the field coil is 1500 ohms. Calculate the electric
power in watts supplied to the field coil.

State Ohm’s law. Write the formula for it.

Write the three formulas for electrical power in watts.

(a) in terms of e. m. f. and current.

(b) in terms of e. m. f. and resistance.

(c) in terms of current and resistance.

Calculate the power supplied to the filament of a 280 type
rectifier tube which takes a current of 2 amps. at 5 volts.
State the four factors upon which the resistance of a conduc-
tor depends and explain just how each one affects the resis-
tance.

The diameter of 1000 ft. of No. 24 B. & S. copper wire, used
for the winding on a filament transformer is .0201 inches.
What is its diameter in mils? What is the circular mil area?
If the specific resistance of copper wire is 10.35 at 20° C.
what will be the resistance of this wire at a temperature of
20° C.?

What is the resistance of the wire in problem 12 at an operat-
ing temperature of 80° C. if the temperature coefficient of cop-
per is .0047?

From the table of specific resistances of various materials
in your book, write down the ten metals having the highest
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specific resistances. Next to each, write down how many
times greater its resistance is than that of annealed copper.
Describe the construction of the vitreous enameled type of
wire-wound resistor.

Describe the construction of two forms of high resistors used
in radio receivers in places where very little current will be
flowing.

Describe the construction of a variable high resistor de-
signed to carry a small amount of current without overheat-
ing. What is the purpose of the flaked mica in this?
Describe the construction of a variable wire-wound resistor.

What installation conditions affect the power in watts which
a resistor can dissipate in the form of heat?
Draw the symbol for (a) a fixed resistor, (b) a variable re-

sistor, (¢) a resistor tapped at the middle, (d) a resistor
tapped at three places.
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52. Series circuits: In order to have current flowing in any con-
ductor the circuit must form a complete conducting path from the posi-
tive terminal of the source of e. m. f. around to the negative terminal,
(except in the case of a circuit with a condenser). In actual electrical
circuits, electrical devices are connected in either of two ways—or a
combination of the two. When they are connected one after the other
in such a way that all of the current flows through each of them, they
are said to be in series. Thus, in Fig. 31 the filaments of all three
of the vacuum tubes shown are connected in series with each other and
with the resistor R4, across the 110 volt electric light circuit whose
e. m. f. is maintained by the electric dynamo G. In such a circuit, the
total resistance of the entire circuit is equal to the sum of the separate
resistances. Thus in Fig. 31 if the resistances of the individual parts
are as marked, the total resistance is:

R=R +R2+R3+R + ete. ____(9)
The total resistance is R=380+204-201+-20=440 ohms
The current I flowing in the circuit is:

E 110
=w——=——=0.25 amperes.

R 440

Another important fact regarding the series circuit is that the cur-
rent is the same through every part of the circuit since there can be no
accumulation of current at any point along the circuit. If five am-
meters were connected at the points marked I in Fig. 31, they would
all indicate the same current I, of 0.25 amperes. Also if a series cir-
cuit is opened or broken at any point the current stops flowing.

73
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A voltage drop occurs across each of the various resistances in a series
circuit, depending on its resistance. If a voltmeter were connected across
the filament of tube A it would indicate E:=IXR;:=0.2520= 5 volts.
This is the voltage drop or fall of potential across this resistance. Sim-
ilarly the voltmeter would read 5 volts if connected across the filaments
of tubes B, and C, since they both have resistances of 20 ohms. If it
were connected across resistance R, it would indicate E=IxXR=0.25%
380=95 volts. The sum of all these voltage drops around the circuit is
equal to 5-4-5-+45-4+95=110 volts. This of course is equal to the voltage
of the source of e. m. f. (G) which is causing the flow of current
through the resistances. This illustrates another law of the series cir-
cuit: “The total voltage applied to the circuit is equal to the sum of the

A C
20 OHMS 10 OHMS 5 OHMS
- R 2 Ry
1) !_\I’IA"IB‘IC [a+lc le
%o F . d
E26VOLTS ) € L E L.E
9O l AR, 8 Ra C*Ry
+ > 4 > - >
I=la+lg+lc Ie+ ¢ Ie
Fig. 31.—Series circuit. The same Fig. 32.—Parallel circuit, The current divides
current flows through every part and part flows through each branch.

of the circuit,

voltage drops across the individual resistances in the circuit.” If any
unit in a series circuit should become “‘short circuited”, the current will
increase because the total resistance of the circuit would be decreased.

Notice from Fig. 31 that the voltage drop across any resistance in
the circuit depends upon its resistance. Thus even though the same
current flows through all parts, the voltage drop across the 380 ohm
resistance is 95 volts, whereas that across each 20 ohm resistance is
only 5 volts.

In radio receivers seties circuits are very common in the plate cir-
cuits of vacuum tubes as we shall see later. The adding of resistances
in series is equivalent to increasing the length of the conductor, so that
the total resistance is equal to the sum of the separate resistances.

53. Parallel circuits: When parts of a circuit are connected in
such a way that they form separate paths through which the current
can divide they are said to be connected in parallel, multiple, or shunt.
Only a portion of the total current flowing from the source of e. m. f.
flows through each path.

Fig. 32 shows a parallel circuit consisting of the filaments of three
dissimilar vacuum tubes supplied with current forced through the cir-
cuits by the e. m. f, of the storage battery, E. Only a portion of the
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total current circulating through the battery passes through each of the
circuits, but of course the sum of the number of amperes of current
flowing in the three circuits is equal to the number of amperes of cur-
rent circulating through the battery, since all the currents combine
again. The actual current in each wire of the circuit is indicated
on the diagram. Notice how the current coming out of the positive
terminal of the battery divides to go through the tube filaments and
then combines again at the negative line.

Any number of electrical devices or circuits may be connected in
parallel. The current returning to the negative side of the source of
e. m. f. is exactly equal to the current leaving the positive side.” The
current is merely circulating through the circuits. The electrical de-
vices connected in parallel may all have the same resistance or they
may all have unequal resistances. If the resistances are equal, then
it is evident that the total current will divide equally among the various
paths, and the combined resistance of all the paths considered together
is equal to one of the resistances divided by the number of resistances.
Thus, if five resistances of 100 ohms each are connected in parallel,

the combined resistance will be

= 20 ohms, since five paths are
5
being presented to the flow of current instead of only one.

When the parallel resistances are not equal, the combined resis-
tance must be found by another method, in which the conductances of
the various paths are considered. When resistances are arranged in
parallel, since several paths are being offered for the passage of the
current, the effect produced is the same as if we were to increase the
cross-sectional area of the original conductor. The current passing
through the separate resistances is proportional to the conductivity of
each path.

In Article 88 it was stated that the conductance of a circuit is equal to
1

R
tance or ability to conduct current. Conductance is expressed in mhos.
Thus if the resistance of a conductor is 5 ohms, its conductance is

1
— = 0.2 mbho.
5

That is, the less the resistance of a wire, the greater is its conduc-

The conductance of the entire parallel circuit is equal to the sum
of the conductances of its individual branches. Thus if R stands for
the combined resistance of the parallel circuit, and ry, 1o, rs, e ete.,
stand for the individual resistances of the parts of the parallel circuit,
then

1 1 1 1
——f—t—-} ete. . (10)
R r; r; r;
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from which the combined resistance R may be calculated if the resis-
tances of the individual branches are known. Thus in Fig. 32, the
combined resistance of the three filaments in parallel is:

1 1 1 1
—_— 34— 4+ —=20.05+0.1-+4+02=035
R 20 10 5

Therefore, R = 1 =+ 0.356 = 2.9 ohms. Auns.

Notice that the combined resistance is less than the resistance of
any of the paths. This should be expected of course since even the
path of the lowest resistance is having several additional conducting
paths connected in parallel with it so that the resistance must be less.
Additional paths increase the current carrying ability of the circuit,
that is, they decrease the resistance.

We see that two or more equal resistances in parallel is merely a
special case of parallel circuits. Equation (10) can be used for any
condition of equal or unequal resistances.

In a parallel circuit the voltage across each branch is the same as
that across every other branch and is equal to that supplied by the
source of e. m. f. The current which flows through each branch is
simply equal to this voltage divided by the resistance of the branch.
Thus in Fig. 82, if the battery supplies an e. m. f. of 6 volts the currents
in the various branches are:

Ia:——:—(-;—:0.3 amps.
Iy 20
6

Ib—=—=—=0.6 amps.
) ) 10
6

Ic=—=—=1.2 amps.
) 159

Therefore 1=0.3+0.64-1.2=2.1 amps. (this is the total current sup-

plied by the battery).
As a check on this calculation we may calculate the total current
directly from the value of the combined resistance of 2.9 ohms ob-

6
tained above for the circuit. Thus I=—=-———=21 amps (which

R 29
checks with the value just calculated).

In a parallel circuit, if any one of the branches is opened, current
will continue to flow through the others. The conditions existing in
parallel circuits may be summed up as follows:

1. The voltage is equal across all branches of a parallel circuit.

2. The combined resistance is less than the resistance of any

branch of the circuit.

3. The total current is equal to the sum of the currents through

all the branches.
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Parallel circuits are very common in radio receivers. In battery
operated receivers the filaments of the various tubes are usually con-
nected in parallel across the source of e. m. f. (battery). In a-c
electric receivers the filaments of the tubes are connected in parallel
across the filament winding of the power transformer. The plate cir-
cuits of the tubes are all connected in parallel across the B power
supply unit.

54. Series — parallel circuits: Circuits may consist of several
devices so connected that some of them are in parallel with each other,
and others are in series with each other and the parallel combination.
Connections of this kind are referred to as series—parallel circuits, since
they are a combination of series and parallel circuits. A circuit of this

A B
E=6 VOLTS
@ &==e ) 20 20
o| ool onm OHM! OHMS OHMS
oo |9l F3( .
- + 1 OHM

(K

Fig. 33.—Series—Parallel circuit. The circuit at (a) can be considered to be equivalent elec-
trically to the simple circuit at (b).

kind is shown in (A) of Fig. 33. Here the filaments of three 201-A
vacuum tubes A, B and C (each having a resistance of 20 ohms) are
connected in parallel with each other. A resistance F of 1 ohm is
connected in series with the group. The filaments of two other tubes
D and E are connected in parallel with each other. A resistance G of 2
ohms is in series with them. This second group is in parallel with the
first group across the battery.

The total resistance of the entire circuit can be found by reducing
each series—parallel combination to an equivalent single resistance.

The combined resistance of the resistances A, B and C is found

from,

1 1 1 1
_:_+_+_:005+005+005——015 Therefore, R =6.67 ohms.

R 20 20

As this is in series with resistance F, the total resistance of this
group is R=6.67--1=7.67 ohms. Therefore this group is equivalent to,
and could be considered as, a single resistance of 7.67 ohms connected
across the circuit as shown in (B) of Fig. 33.

Likewise the combined resistance of resistances D and E is found
1 1 1
from — = — 4+ — = 0.05 4+ 0.05 = 0.1. Therefore, R = 10 ohms.
R 20 0
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As this is in series with resistance G, the total resistance of this
group is R=—=104+2-=-12 ohms. Therefore this group could be considered
as a single resistance of 12 ohms connected across the circuit as shown
at B.

Therefore the combined resistance of the entire circuit (from B

1 1 1
of Fig. 33) is E:—-+-——-:0.13+0.083:0.213. Therefore R—4.7 ohms.

767 12
The total current drawn from the 6 volt source of e. m. f. is then
E
I=—=—=1.3 amperes.
R 4.7

The individual voltage across each filament, or the current through
it, could be calculated from these values by applying Ohm’s law.

1 OHM
2 AMPS -5 _ ] 3omm } _ {
aaps | 2ampss [aames [ ] 4 ames 1000 OHMS GO0 OHMS 20 1620 OHMS
1 OHM
RESISTANCES OF )
2 RESISTANCES  (A) RESULT 1000, 600, AND 20 (B) RESULT:
IN PARALLEL § OHM, 3AMPS. oHME IN ‘SERIES 1620 ORMS

Fig. 34.—How standard size resistors may be combined to obtain odd values of resistance.

Series-parallel circuits are encountered in the plate circuits of
modern a-¢ tube electric receivers where the plate circuits of all the
tubes in the receiver are in parallel with each other across the source
of B voltage supply, but each individual complete plate circuit consists
of several resistances in series. Such circuits may be very complicated
when considered as a whole, but when they are split up and attacked as
above they may be solved very simply by the formulas for series and
parallel circuits. The scheme of substituting equivalent single resis-
tances in the computations for series-parallel connected resistors, makes
this work simple.

55. Combination of resistances: Resistances are sometimes pur-
posely connected in series, parallel, or series-parallel in order to obtain
odd resistance values or current carrying capacities which are not ob-
tainable commercially in single resistances. For instance, suppose a
resistance of 14 ohm with a current carrying capacity of 4 amperes is
required for the filament circuit of a radio receiver. We will assume
that 14 ohm resistors with a current carrying capacity of 4 amperes
are not readily available, but that 1 ohm resistors having a carrying
capacity of say 2 amperes can be obtained. By simply connecting two
of these in parallel as in (A) of Fig. 34, a joint resistance of 14 ohm is
obtained and since each resistor can safely carry 2 amp. the combina-
tion of the two in parallel can handle the 4 amperes.

As another simple illustration of connection of resistors to obtain
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some desired value, let us suppose that we require a resistance of 1620
ohms for some purpose. Now resistors are not made in standard sizes
of 1620 ohms. But standard resistors of 1,000, 600 and 20 ohms are
available. By connecting one each of these in series as shown in (B) of
Fig. 84, a total resistance of 1620 ohms can be obtained.

56. Sources of e. m. f.: We have found in our study of elect-
ricity that electrons can be made to drift or flow in a definite direction
through any conductor (current flow) by the application of an external
electrical force which we call electromotive force. The e. m. f. is really
the force which keeps the electrons moving in a definite direction
around the circuit. It is sometimes called electron-moving force. Elect-
romotive force may be produced or generated in-a number of different
ways, among which are the following:

1. By friction between two bodies, and electrostatic induction.

2. By chemical action as in the dry cell or storage cell.

3. By electromagnetic induction, such as produced in a dynamo

when conductors are moved across a magnetic field.

4. By thermo-electric action produced by the contact of two dis-

similar materials and the application of heat at the junction.
The e. m. f. produced in this way is often called thermo-electro-
motive force.

The first and fourth methods are not used commercially. The
third method is used for producing e. m. f. on a large scale for com-
mercial electric light and power supply. This method will be studied
later. The second method finds use where no electric light service is
available, as in the case of rural districts. This method will be studied
first. We will confine ourselves to the use of chemical changes occur-
ing in primary and storage cells for its production.

57. Cells, batteries: A cell is usually considered to be a single
unit in which electrical energy is produced by chemical action. A bat-
tery is a combination of two or more cells, either in series or in parallel,
for the purpose of obtaining either more e. m. f. or more current than a
single cell will provide. Thus an ordinary 6 volt storage battery con-
sists of three 2-volt cells connected in series to give 6 volts.

The terms E. M. F., potential difference, fall of potential and voltage
are often used interchangeably by the layman. It is perhaps better to
reserve the term e. m. f. to denote the total electrical pressure actually
developed by the source, whether it be a dry cell, storage battery, electric
dynamo, thermo-couple, etc, no matter how it may be caused. As we
will find out later, all generators of electric energy have some internal
resistance of their own. When current is being delivered there is a fall
or drop of potential in the generator due to this resistance. The result
is, that the voltage actually available at the terminals when current is
being supplied, is less than the e. m. f. generated, by an amount equal
to the internal IXXR drop in the generator. This resulting voltage actual-
ly available at the terminals is called the terminal voltage or p.d.
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58. The ion: Electrons or negative charges of electricity may
be added to, or removed from normal atoms in several ways. If by
some means an electron is removed from an atom as shown in B of Fig.
35, the balance between the strength of the total positive charge of the
nucleus or protons and the total negative charge of the electrons in the
atom no longer exists, and the positive charge of the excess proton left
in the atom predominates. This unbalanced electrical state of an atom
due to the removal of one or more of its electrons changes the atom to
an ton. The process of accomplishing this result is known as tonization.
As the excess electrical charge remaining on the ion is positive, this ion is
known as a positive ton. The electron which has been removed from the
atom becomes a free electron, free to move about wherever it is attracted

@ =PROTONS OUTER RING
QO =£ELECTRONS

INNER RiNG

LOST
ADDED
ELECTRON ELECTRON

-

(B) ©

NORMAL ATOM POSITIVE ION NEGATIVE 10N

Fig. 35.—A normal atom has as many electrons as protons. A positive ion has one less
electron than protons. A negative ion has one more electron than protons.

by the charges. Of course the unbalanced positive charge remaining
in the ion exerts a force tending to attract it back, this force diminish-
ing as the square of the distance between them. If the free electron
becomes attached to a neutral atom, the amount of negative charge
or electricity in the atom becomes excessive, and this atom exhibits a
resultant negative charge as in C of Fig. 385. It is then known as
a negative ion. The actual substance of an ion remains the same since
the protons—which contain the mass of the atom-—are not removed or
combined. However, some substances exhibit increased chemical acti-
vity when in an ionized condition. It is evident that the more electrons
that are removed from each atom during ionization of a substance, the
greater becomes its unbalanced electrical charge.

When salts or acids are dissolved in water, the act of solution sep-
arates or dissociates many of the salt or acid molecules, each molecule
yvielding a negatively charged atom (— ion) and a positively charged
atom (4 ion). Thus when sulphuric acid (H:SO,) is mixed with
water, there are present in the solution the positive hydrogen ions H,
H* and the negative SO, ions SO4. We might say that the SO, ion
takes an electron from each hydrogen ion.
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59, Wet primary cell: A simple primary cell may be made of a
plate of zinc and one of carbon dipping into a jar of ammonium chlor-
ide (NH,Cl—sal ammoniac solution). A conducting circuit connects
the two plates outside of the solution as shown in Fig. 36. In the
electrolyte (ammonium chloride) there are present the ions NH,* (am-
monia) and Cl- (chlorine). When zinc is immersed in the solution,
Zn** ions enter the solution. The Zn** ions are positive because each
has left behind on the zinc plate two electrons (-). This accumulation
of negative electrons constitutes a negative charge on the zinc plate, as
shown in Fig. 36. The Zn** ions, on entering the solution, repel the H*
ions and the NH4* ions that are already present. In this simple cell,
the H* and the NH4* ions are repelled toward the carbon plate. The
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Fig. 36.—Wet primary cell Fig. 37.—Interior of an ordinary

6-inch dry cell.

H* and the NH4* ions reaching the carbon plate take electrons from its
atoms and form neutral hydrogen and ammonia atoms which collect
on the surface of the carbon plate in the form of hydrogen and am-
monia bubbles. The loss of electrons to the hydrogen leaves the car-
bon plate with a positive charge. The zinc ions, Zn** combine chemi-
cally with the chlorine ions C1- to form zinc chloride (ZnCl;) (a white
substance). Thus the zine plate is gradually used up to form zinc
chloride during the normal operation of the cell. This zinc chloride
stays in the solution.

The chemical action in the cell results then, in leaving too many
electrons on the zinc plate and too few on the carbon. The overcrowd-
ed electrons on the zinc plate repel each other and try to push each
other off the plate. This push, together with the attraction of the posi-
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tive carbon plate, is the electromotive force of the cell. This e. m. f.
will cause an electron flow around through the external circuit from
the negative zinc plate through the wire to the positive carbon plate.
This is equivalent to saying that an electric current flows from the car-
bon plate through the external circuit to the negative zinc plate (see
article 25). Thus the chemical action in the cell really produces elect-
ric charges which act like a pump in producing a continuous flow of
electrons in any conductor joining its plates. The carbon is the +
terminal of the cell and the zinc is the — terminal.

The accumulation of hydrogen bubbles over the carbon plate re-
duces both the voltage and the current. The hydrogen tends to set up
an electromotive force in a direction opposite to that of the cell and
thus decreases the effective e. m. f.; and it also reduces the conducting
area of the plate and so increases the internal resistance of the cell. This
action is called polarization.

Polarization may be remedied either by constructing the cell so
that the electrolyte is mechanically agitated to free the hydrogen bub-
bles, or else to remove the hydrogen by causing it to combine chemi-
cally with a substance rich in oxygen, to form water. Manganese
dioxide (Mn O,) is commonly used for this purpose, and it is called a
depolarizer. (In the recent Eveready Air Cell “A” battery, oxygen is
drawn directly from the surrounding air for this purpose.) The man-
ganese dioxide is placed around the carbon plate. When hydrogen
combines with its oxygen, water (H.,O) and Mn.O; are formed.

If the zinc plate contains on its surface, any impurities, such as
iron, carbon, etc., each little particle of these impurities forms a tiny
local cell with the zine, causing the zine to be eaten away whether the
cell is delivering current to an external circuit or not. This is called
local action. This may be reduced or prevented by using pure zine
(which is expensive) or by amalgamating the surface of the zine with
mercury. The mercury covers over the impurities.

60. The dry cell: There are many types of wet cells, and various
electrolytes, plates and arrangements are used in them. In many
applications, they are rather inconvenient to use as sources of e. m. f.
because they are not readily portable and are rather messy due to the
liquid. The so-called dry cell is a more convenient form of primary
battery in many cases. With the perfection of the new low-filament-
current vacuum tubes, the use of dry cells, and the new Air Cell battery
to be described later, should increase greatly. They may be used as
sources of filament current in the battery operated receivers used in the
nine million or more homes in the rural districts where ordinary elect-
ric lighting circuits are not available for operating radio receivers.

The dry cell is not entirely dry, for it contains the electrolyte soaked
up into a porous mass in the cell. Its elements are similar to the wet
cell just described. However, the cell may be used in any position
without spilling its contents. The dry cell consists of a zinc can which
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acts both as a container for the various parts inside and also as one
plate of the cell. The sectional view of Fig. 37 shows both the internal
construction and the outside view of a standard 6 inch (6 inches high)
dry cell. The zinc container is lined with absorbent paper (like blot-
ting paper) which serves to insulate the zinc from actual contact with
the interior elements, to prevent a short circuit. The electrolyte soaks
into, and thus filters through, this blotting paper lining. In the center
of the can is the carbon rod which does not extend quite all the way to
the bottom. Binding posts are fastened to the tops of the carbon rod
and the zinc can for convenience in connecting wires to them. The
carbon rod is the positive electrode of the cell while the zinc can is the
negative electrode. Surrounding the rod is a quantity of powdered man-
ganese dioxide sometimes mixed with granulated carbon. This acts as
the depolarizer. The granulated carbon, manganese dioxide and the
blotting paper are saturated with a solution of ammonium chloride (sal
ammoniac) and water. This is the electrolyte.

Upon the top of the mixture is placed a piece of corrugated paper
and then a layer of sand. Over this is poured melted pitch or sealing
wax, which acts as a seal to prevent evaporation of the liquid from the
cell. Caution should be exercised to prevent this sealing compound
from becoming cracked, and the cell should not be placed in a very
warm place for it would then soon become dry and inactive. The en-
tire cell is placed in a cardboard container which acts as a sort of in-
sulator to the outside of the zinc can.

The chemical reaction taking place during operation of this type
of cell is: Zn-|—2Mn02-|—2NH4 C].:Mng 03+H2 O+2NH3—|—ZHC].2.

Thus Zinc chloride (ZnCl,), and water (H.O) and ammon:a gas
(NH;) are formed by the chemical reactions.

In this type of cell the chemical action causes a slow eating away
of the zine, and the life of the battery is theoretically until this zinc
is entirely gone. This is not quite true actually, because before this hap-
pens, the internal resistance of the cell rises due to the failure of the de-
polarizing agent to fully neutralize the hydrogen. This continues until
the electromotive force is insufficient to overcome the resistance. So we
see that the larger the cell, the greater its useful life is.

The voltage is about 1.5 volts per cell when new, and this is true
whether the dry cell be a very small one such as is used in small “B”
batteries, or a large 6” dry cell. The e. m. f. of a cell depends only on
the materials used in its construction and not on the size.

Such batteries are rated at a definite maximum current discharge
rate, so that the depolarizing effect will have a chance to keep step
with the hydrogen liberation. This rating should never be exceeded for
any appreciable length of time, lest the cell be ruined. The normal
discharge rate for a 6 inch dry cell used as an “A” battery is between
14 and 14 of an ampere. Dry cells are adapted only to intermittent
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service conditions where they will be given a chance to recuperate by
the action of the depolarizer on the hydrogen film.

Dry cells deteriorate when not in use, the smaller sizes having a
shorter “shelf life” than the larger sizes. A dry cell becomes exhaust-
ed as soon as the electrolyte has been consumed and the inner surface
of the zinc container has changed to zinc chloride.

61. Connecting dry cells: The e. m. f. of a dry cell in good con-
dition is about 1.5 volts on open circuit. Due to its internal resistance,
the terminal voltage drops when the cell starts to deliver current.

Testing a cell with a voltmeter is of no value when the cell is not
delivering current, for even a cell that is almost entirely discharged
will test close to 1.5 volts on open circuit. When delivering maximum
current the voltage of a new cell should remain as high as one volt.

4 CELLS IN SERIES

4CELLS IN PARALLEL
ADD YOLTAGES VOLTAGE = 1.5

TOTAL YOLTAGE =4X1526V CURRENT DRAIN FROM
w EACH CELL=JOF
TOTAL CURRENT

8CELLS IN SERIES PARALLEL
6 VOLTS ————» ‘;c'ifTs *vo?_rs TOTAL VOLTAGE=2X15%3V.
CURRENT DRAIN FROM EACH
-l - + - € CELL*} TOTAL CURRENT
(A) (B) )
Fig. 38.—How battery cells may be connected for high total voltage, high current drain,
or both,

The method of testing dry cells in practice is to connect an am-
meter of low resistance (less than .01 ohm) directly across the ter-
minals of the cell. On short-circuit through the low resistance of the
ammeter (having a scale reading up to about 50 amperes) a 6 inch dry
cell will generally send a current of 25 to 30 amperes. Cheap pocket
ammeters are sold for testing dry cells this way. The ammeter should
be left across the terminals only long enough to take the reading. As
a dry cell becomes old, its internal resistance increases, so that the
amount of current flowing during the short-circuit test through the
ammeter decreases. A 6 inch cell should be thrown away if it reads
less than 5 amperes. Dry cells cannot be recharged, so they are called
primary cells.

In all radio diagrams a single cell is represented by a pair of par-
allel lines. One is long and thin, representing the positive terminal, and
the other is short and thick, representing the negative terminal. The
symbol is shown in Fig. 37.

If a higher voltage than 1.5 volts is required, a number of cells
must be connected in series. The number of cells to connect in series in
any case is found by dividing the total voltage required, by 1.5 (the
voltage of 1 cell). Thus if six volts are required, connect 6-=-1.5=4
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dry cells in series. “B” batteries used in radio receivers consist of
many small dry cells connected in series to obtain the high voltages
required. When connecting cells in series, the outer (negative) terminal
of one cell should be connected to the inner (positive) terminal of the
next, and so on. The two remaining posts are a positive and a negative,
one on each of the two end cells, as shown in (A) of Fig. 38. The total
voltage of the combination equals 1.5 times the number of cells.

As mentioned above, the normal discharge rate of the standard 6
inch dry cell is from 14 to 14 ampere. Smaller size cells have the same
voltage but are not able to provide this much current. If more current
than this is to be supplied at 1.5 volts, a number of cells should be con-
nected in parallel as shown in (B) of Fig. 38 so as to divide the total
current drain among them. All of the outer, or negative terminals,
are connected together, and all of the inner, or positive terminals, are
connected together. The total current drawn from the combination
is divided equally among the cells but the total voltage available is
equal to 1.5 volts (that of a single cell).

If voltages above 1.5 volts, and currents greater than 14 ampere
are needed, the proper number of cells to furnish the necessary voltage
should be connected up in series, and a sufficient number of these
series combinations should be connected in parallel (as in C of Fig. 38)
so as to reduce the current drain per cell to a value within the normal
discharge rate for the size of cells employed. This is called series-par-
allel connection of cells. In (C) of Fig. 88, eight cells are shown, connect-
ed two series—four parallel. This arrangement will provide 1.5X2=3
volts, and a total of one ampere may be drawn from it. At this current
drain, each cell is supplying 14 ampere.

A combination of two or more cells connected together is called
a battery. DBatteries are represented in radio diagrams by a series of
long and short lines as shown in the radio symbol chart in Appendix
A. Usually the number of pairs of long and short lines in the battery
symbol indicates the number of cells connected together, but this is not
always the case.

62. “B” batteries: Although the modern a-c electric radio
receivers have eliminated the use of B and C batteries for plate and
grid voltage supply, the use of dry batteries is still widespread for many
other radio uses. The development of satisfactory automobile, motor-
boat, airplane and farm home receivers has created new fields in which
batteries are the only convenient sources of filament, plate and grid
voltages.

“B” batteries are dry-cell batteries used in battery-operated re-
ceivers to furnish voltages of 2214 volts or more for the plate circuits
of the vacuum tubes. (B batteries are also available in storage cell
form as shown in Fig. 42.) As the total current drawn from the B
batteries by the tubes in the receiver rarely exceeds about 50 or 75
milliamperes (.050 to .075 amps.) the individual dry cells used in B
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batteries are much smaller than the standard 6 inch dry cell already
described, but they are constructed exactly like the larger cell.

Dry cell “B” batteries are made in two standard sizes, considered
from the voltage standpoint. One size contains 15 cells connected in
series, and delivers a total voltage of 1.5X15, or 2214 volts. The other
gize contains 30 cells connected in series and delivers a total voltage of
1.5 80, or 45 volts. The cells are assembled into cardboard encased
blocks with suitable terminals provided. The 2214 volt units may
have taps brought out to provide intermediate values of voltages. The
45 volt units are usually provided with a tap at 4 2214 volts, in order
to provide proper plate voltage for some types of detector tubes, or to
allow variations in plate voltage on radio frequency amplifier tubes.

I
M

Prrs

Courtesy National Carbon Co.

Fig. 39—Dry B-battery construction. Left: (A) B-battery with cylindrical cell construction.
Right. (B) Layerbilt construction showing reduction of wasted space in the battery.

The units are made both in vertical and flat shape. Part (A) of Fig. 39
shows a vertical large size 45 volt “B” battery of this type. The insert
in this illustration is an inside view showing the 30 cylindrical cells which
compose this battery. Some of the series connection wires between the
cells can be seen in this illustration.

Notice that in this type of construction the empty space between
the cylindrical cells is wasted. These units are made up in various
sizes to meet the various conditions of current drain encountered.
Generally speaking, the larger the cells used, the greater is the economy
in their use, so long as the physical dimensions of the battery are held
within reason. The internal resistance of a 45 volt B battery is quite
high (200 or 300 ohms) due to the fact that the internal resistances of
the individual cells are all in series with each other because of the series

connection of the cells.
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63. Layerbilt “B’” battery: In order to very materially reduce
the amount of waste space in B batteries, another type known as the
“Layerbilt” has been developed. This is shown in (B) of Fig. 39.

Instead of using the usual cylindrical cells, this particular type of
B battery has its elements arranged in tiers forming two cubes,
which, when housed within a cardboard container, form a battery of
standard size. See Fig. 39. The elements are of practically the same
materials used in the ordinary battery, but are of different shape. The
carbon element, for example, is painted in a thick layer upon the zinc.
Next below comes a porous separator containing the electrolyte, and
then the mixing block which comprises the manganese dioxide and
other materials usually used at this point. Below this, continues a
series of similar carbon and zinc elements, until the entire assembly of
the required number of plates is in place. This method of construc-
tion does away with all internal connections except three—that between
the two piles and the connections of the binding-post terminals on the
outside. This reduces the possibility of broken or poorly made connec-
tions, and simplifies the construction.

The difficulty, of course, lies in the possibility of leakage from one
cell to the next and of a resulting internal short circuit; but this has
been taken care of satisfactorily by the adoption of a dam along the
edges of the plates. This is also treated to prevent seepage.

In this type of cell, it is apparent that every particle of space is
used and, since the zinc no longer acts as a container, the battery will
continue to render service even after the zinc is eaten to the appearance
of old lace.

This results in longer useful life for a battery of given outside
dimensions. The two 45 volt B batteries shown in Fig. 39 are ap-
proximately the same in external appearance, but the Layerbilt battery
will give longer service. The Layerbilt battery also has a much lower
internal resistance than the cylindrical type due to the greater surface
area of the layers between zinc sheets.

It is interesting to note that the Layerbilt battery is constructed
along the lines of the famous ‘“Volta Pile” which was the world’s first
electric battery, developed shortly after 1800.

64. “B” battery rating: Dry cell B batteries are rated accord-
ing to their capacity in milliampere-hours, that is, their ability to deliver
a certain number of milliamperes for a given number of hours. The
rating for the heavy duty cylindrical cell battery is 4500 milliampere-
hours, that of the medium size is 1200, and that of the small size is 450.
It is more economical to use the large size.

Small dry cell batteries for providing 414, 9, or 2214 volts to the
grid circuits of vacuum tubes are also manufactured. They are called
“C” batteries.

Batteries used for “C” supply, or “negative bias” on the grids of
vacuum tubes, have a service life practically equal to their shelf life;
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for the reason that they are called upon to deliver but a very small
amount of current, if any at all.

“B” batteries should be tested while normal current drain is being
taken from them, that is, with the radio receiver turned on. When the
voltage of a 2215 volt block drops to 17 or when the voltage of a 45
volt block drops to 85 volts, the battery should be replaced with a new
one. Beyond this point, the voltage of the battery drops very rapidly
as it is used. This results either in poor operation, or failure of the set
to operate at all.

“B” batteries may be connected in series to obtain higher voltage
than a single battery provides. Thus two 45 volt B batteries connected
in series gives a total voltage of 45X2=90 volts, three in series gives
45X 3=135 volts, four in series gives 180 volts, etc. Special single high-
voltage battery blocks delivering. 108 volts, or 144 volts have been
developed for automobile and airplane radio equipment (see Chap. 29).

65. Air Cell battery: Recently a new form of primary battery
has been developed especially for supplying constant voltage to the fila-
ments of the 2 volt type tubes employed in battery operated receivers.
In this battery the oxygen used as a depolarizer is absorbed directly
from the surrounding atmosphere instead of being supplied in the cell
in the form of manganese dioxide (MnO2) as in the case of the dry
cell just described.

The Eveready Air Cell “A” battery is shown in Fig. 40. It con-
sists of 2 cells, assembled in a2 molded hard rubber container and per-
manently connected in series. Like the regular dry-cell, the “Air Cell”
uses zinc and carbon electrodes. TUnlike the “dry’’ cell, which uses a
depolarizer in the form of a paste to prevent hydrogen (an insulator)
from forming on the carbon electrode, (and from increasing the internal
resistance of the cell and reducing the voltage actually available at its
terminals), the new Air cell uses an electrolyte solution in conjunction
with a plate formed of a newly invented special grade of carbon which
is highly porous to oxygen. This has the peculiar property of extract-
ing oxygen from the unlimited supply of surrounding air which we
breathe, and making it available inside the cell for its function as a
depolarizer to combine with the hydrogen on the carbon electrode to form
water.

The electrolyte used in the Air cell “A” battery is a solution of
sodium hydroxide (caustic soda), and the active ingredient is zinc.
As the zinc dissolves in the electrolyte, a reaction takes place which
produces, as a waste product, sodium zincate. In addition to these ele-
mentary materials the battery also contains a certain amount of calcium
hydroxide, the purpose of which is to rejuvenate the spent electrolyte.
The sodium zincate which results when the zine goes into solution reacts
on the calcium hydroxide to produce calcium zincate, plus sodium hy-
droxide. Inasmuch as sodium hydroxide is the required electrolyte, this
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material evolved from the above reaction is available for further dissolu-
tion of zinc.

These rezctions expressed in the form of chemical equations are as
follows:

Air Cell reaction Zn-+NaOH-+H.0=HNaZnO,-}{2H

2H-+0O (from air)=H.
(or, combined) Zn4+NaOH-4+H.0+4+0 (from air) =NaHZnO.-+H,0
The calcium hydroxide reaction is as follows:
2NaHZnO.+Ca (OH) »—=Ca (HZnO.) ,+2NaOH

The passage of current through the cell dissociates the water in
the electrolyte into its principal constituents, oxygen and hydrogen.
The hydrogen ions migrate toward the carbon electrode, where they
discharge themselves against the oxygen which the special carbon
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Fig 40—Left (A) Partial cross-section view of the Eveready Air Cell *A’" Battery. Right:
(B) Voltage characteristic and life curves of an Air cell A’ Battery compared to 5 banks
of No. 6 Dry cells connected in series-parallel.

electrode draws in from the surrounding air, and by this combination
produce water. Inasmuch as the oxygen in the electrode is freely
available all over the surface of the electrode, there can be no accumu-
lation of the voltage-reducing hydrogen at current drains below the
overload point; and, as a consequence, the internal resistance remains
constant and the working voltage of the Air cell “A” battery remains
practically at its full initial strength throughout the life of the battery.
The electrolyte-forming chemicals, in solid form, are placed in
the battery at the time of manufacture. To prevent them from losing
some of their strength by possible contact with moist air, while waiting
to be placed in service, the battery is hermetically sealed at the time of
manufacture by thin rubber membranes under the filler holes, and by a
transparent sheet of Cellophane placed over the tops of the special
“breather” carbon electrodes. Thus sealed, no change can take place
in the chemicals; the battery can be placed in service at any time after
manufacture, and still be as “fresh” as the day it was made.
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To place the battery in service, all that need be done is to remove
the covers from the electrodes so they can “breathe” oxygen, punch out
the membranes in the bottom of the filler holes, and fill the two com-
partments with cold drinking water; a total of about six quarts being
required.

This battery has a definite discharge current rate beyond which it
is unsafe to go. This overload point is determined by the maximum
rate at which the carbon electrodes can extract oxygen from the sur-
rounding air, and amounts to approximately 0.75 ampere.

At current drains below this figure, the porous carbon is able to
replenish the oxygen as rapidly as it is consumed within the battery;
and as long as the carbon contains oxygen it repels water and remains
dry. As the chemist would say, there is a “meniscus’ or capillary ef-
fect downward, instead of upward. Once the oxygen content is ex-
hausted however, the water in the electrolyte rushes into the pores of
the carbon and clogs them up so that oxygen can no longer be drawn
through. Under such conditions the battery dies of ‘“‘suffocation”.
Any load on the battery, therefore, amounting to more than 0.75-am-
pere will bring about the premature death of the battery; and, once
it has been subjected to this treatment it never recovers. This should
be remembered when using this battery for filament current supply in
battery operated radio receivers.

The current capacity rating of this battery is 600 ampere-hours,
that is, the current drain in amperes multiplied by the total number of
hours of useful service at this rate is about 600. Thus it will supply
0.25 ampere for 2400 hours, 0.5 ampere for 1200 hours, etc. The
ampere-hour rating of a battery is really a measure of the total amount
of useful electrical energy the battery can supply. (This term is also
used for rating storage batteries as we shall see later.)

The Air cell is a “primary” battery and therefore is not recharge-
able. When exhausted, it is worthless and must be discarded. As the
internal resistance of the battery increases only slightly with use, the
terminal voltage remains practically constant, dropping from 2.5 volts
when new to 2.0 volts at the end of its useful life. On account of this
practically constant voltage characteristic, it is ideally suited as a
source of steady filament voltage to supply current to the filaments of
the two-volt filament type tubes (230, 231, 232 types) used in battery
operated receivers. (Receivers of this type will be studied in detail
later in the chapter on battery operated receivers). In B of Fig. 40,
two interesting sets of performance curves of ‘“dry cell” A batteries
and “Air cell” “A” batteries are shown. A seven tube receiver using
two-volt type tubes and drawing a total filament current of 0.55 ampere
was operated first by an Air cell battery and then by banks of 8 dry
cells (2 groups of 4 cells each; cells in each group connected in par-
allel, with the two groups connected in series as shown at the right of
Fig. 38). It required 414 complete dry battery renewals (total 36 dry
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cells) to operate the receiver satisfactorily for a total of 1100 hours at
three hours per day. 1In each case the bank of dry cells was discarded
when its total voltage dropped to two volts (the rating of the tube
filaments). Each bank of dry cells was only good for about 250 hours
of operation. Notice from these curves, how the voltage of each bank
of dry cells used, dropped from three volts to two volts within about 250
hours of use. A single air cell battery operated the same receiver for
the entire 1100 hour period during which time its voltage only dropped
from 2.5 volts to 2 volts. As the cost of 36 dry cells is about double
the cost of an Air cell “A” battery and the latter provides almost correct
filament voltage (fixed filament resistor may be used to get exact volt-
age required) throughout its entire useful life, its advantages are ap-
parent.

66. Primary and secondary batteries: We have seen how a differ-
ence of electric potential or e. m. f. can be produced by arranging two dis-
similar materials so they can be acted upon chemically by an acid or alkal-
ine solution. The e. m. f. produced will cause a flow of electrons (current
flow) if a complete closed circuit is provided. Such a battery will furnish
e. m. f. until the chemical action has changed all of the electrolyte or
electrodes into some other chemical form. It is then said to be ‘“‘dead”.
In a “primary cell” it is not possible to reverse the chemical actions which
have occurred in it so as to attempt to change the materials back to their
original form and composition after the cell has become dead. Therefore
the cell could only be renewed by renewing both the electrolyte and the
electrodes. This is not practical or worth while in the usual commercial
forms of cells, so they are discarded and replaced with entire new cells
when they have reached the end of their useful lives.

In a “storage” or ‘“secondary cell” the chemical reactions which take
place between its electrolyte and electrodes on discharge can be completely
reversed by sending a current through the cell in the opposite direction,
from some external source of e. m. f. This is called “charging”. When
a cell has been fully charged in this way its interior ingredients have been
completely re-converted to their original composition and are all ready to
enter into chemical action to produce e. m. f. again on discharge. Thus
the difference between a primary and secondary cell is that the former
cannot be ‘“‘re-charged” after use, while the latter can.

67. The lead-acid storage cell: Usually two or more storage cells
are connected in series to form a battery commonly called a “storage bat-
tery”. It should be remembered that a storage battery does not act as a
storage reservoir for clectricity as its name would seem to imply. The
only true storage reservoir of electrons or electrical charge is the “elect-
rical condenser,” shown in Fig. 83. In a storage battery, electric cur-
rent is sent in during charging. This is stored up in the cell in the form
of chemical energy in the active material of the electrodes or “plates” and
the electrolyte. The chemical energy is converted back into electrical
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energy during discharge of the battery. There are two main types of
storage cells; the lead-acid type most commonly used, and the Edison
Nickel-iron alkaline type. The former will be studied first. Storage bat-
teries are used extensively in all kinds of electrical work where a source
of steady e. m. f. is essential. They find a wide use as a source of e. m. {.
for the starting, lighting and ignition systems of automobiles, and for
supplying filament current for the vacuum tubes in automobile and air-
craft radio receivers. They were used more extensively in the early days
of radio than at present, as a source of filament current supply for the 5-
volt tubes of the 201-A type used in battery operated home receivers.
The development of the new more efficient 2-volt type tubes and the Air
cell A battery will undoubtedly supplant the old type tubes and storage
battery in many places, such as farms, etc., where battery-operated re-
ceivers must be employed and a source of current is not conveniently avail-
able for re-charging storage batteries. Storage batteries are still used
extensively in automobile receivers, talking moving pictures and tele-
vision transmitting equipment.

The storage cell has two electrodes, one of spongy lead and one of lead
peroxide immersed in a dilute solution of sulphuric acid and water. These
elements are usually contained in a hard rubber case (Fig. 42) which will
not be attacked by the chemicals. The usual storage battery is made up
of three cells connected in series by heavy lead-alloy straps as shown in
Fig. 42. As the voltage of each cell is about 2.2 volts when fully charged,
one of these batteries delivers 3Xx2.2 or 6.6 volts when fully charged.
This is commonly called a “six volt storage battery”.

Each storage cell contains several positive electrodes and several
negative electrodes. These are commonly called plates since they are wide
and flat as shown in Fig. 41. Each plate has for its backbone a cast grid
made of a stiff alloy of lead and antimony for strength. There are many
styles of plates in use but in radio batteries they are usually pierced to
form an open framework or grid. This construction forms little
“grooves,” ‘“‘channels” or “pockets” which are used to hold the softer active
material in place. This framework of the plates does not take part in the
chemical actions going on in the cell to any great extent. The pockets on
one face of the grid are staggered from those in back.

The active material is a paste of litharge, or red oxide of lead, mixed
with dilute sulphuric acid. This is forced into the little pockets in the
grids, under great pressure. Upon drying, it “sets” like cement, and the
pockets in the grids are filled with the hardened active material.

After the paste has hardened the plates are placed in a solution of sul-
phuric acid and water, and a current of electricity is sent from one group
through the electrolyte to the others. This is known as the “forming
charge”. It changes the active material on one group of plates to spongy
lead, (grayish in color), and that on the other plates to lead peroxide
(redish brown in color). In Fig. 41 a positive plate with its brown per-
oxide of lead and a negative plate with its grayish spongy lead are shown.
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All plates are provided with an extension or lug for connection to a
common strap. A certain number of the negative plates (usually 6 or 7)
are “lead burned” to an alloy strap forming a single negative group as
shown in Fig. 41. In the same way a number of the positive plates (usu-
ally 5 or 6) are connected in parallel into a positive group, as shown. In
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Fig. 41—Individual and assembled plates and wood separators of a lead-acld storage battery.

this way a large surface area of active material is exposed to the elect-
rolyte so as to store a large amount of chemical energy.

The negative group usually has one more plate than the positive so
that when all the plates are assembled together to form an element, each
outside plate is a negative. In this way all of the positive plates are
worked as nearly equally as possible from both sides, equalizing expansions
and contractions of the active material when it is changed from lead sul-
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phate to lead peroxide, and minimizing the tendency to buckle. The
negative plates are not subject to this tendency since their active material
does not greatly change in volume when transformed from spongy lead to
lead sulphate.

Thin separators of wood with a grooved surtace (grooved on the side
which goes against the positive plate, see Fig. 41) are inserted between
each positive and negative plate in order to keep them from touching—
thus preventing short-circuits between them. In some makes of batteries,
a perforated rubber sheet is also inserted between each wood separator
and positive plate. A completely assembled cell is shown in Fig. 42.

The elements and electrolyte are either contained in a single molded
hard rubber case with three separate compartments, or else in three
separate hard rubber jars placed in a wooden case. The former type is
most popular. Projecting ribs stick up from the bottoms of the jars,
(Fig 42) and support the plates. The spaces between the ribs act as sedi-
ment chambers to allow all active material shedded from the plates, ete.
to collect without bridging across or short-circuiting the plates.

A hard rubber cover is sealed on to each compartment with a pitch
sealing compound. Each cover has a filling tube and vent plug. An alloy
collar supports the jar cover, a soft rubber gasket being placed between.
A threaded seal nut on the post clamps the cover tight with a soft-rubber
gasket underneath to give a very effective seal. The three cells are con-
nected together in series by the cell connectors as shown in Fig. 42. The
positive terminal, is usually marked either with a red terminal, or large
cross, or in some other way.

The electrolyte is a dilute solution of sulphuric acid and water.
When e. m. f. is supplied by a lead storage battery to a complete electrical
circuit so as to produce a flow of current, it is produced by the acid of the
electrolyte soaking into and combining with the porous active material
of the plates. In the positive plates it is lead peroxide (PbO,) and in the
negative plates it is metallic lead in spongy form (Pb). When the sul-
phuric acid, (H.SO,) combines with the lead (Pb) in the active material
of both positive and negative plates, a new compound lead sulphate
(PbS0y) is formed.

As discharging continues, the active material in both the positive
and negative plates is being converted into lead sulphate. The electrolyte
becomes ‘“weaker” (more dilute) because acid is being taken out of it and
is used up in the plates—also because additional water is formed by the
chemical combination of the hydrogen (H) and oxygen (O) in the cell.
The chemical reaction taking place is as follows:

Pb 4 PbLO, + 2H.SO, = 2PbSO, + 2H.O )
N%Pi':geve P%?;tti;'e Electrolyte Pl%g'g;s Water (“Discharge”)

Lead | lead peroxide + sulphuric acid becomes lead sulfate |- water.
As the formation of sulphate continues on the plates, it fills the pores and
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retards the free circulation of the acid into the active material and then
since the acid cannot get into the plates fast enough to maintain the nor-

Type LR, 48-Volt Battery

Negative
5+rc\p

Level of

Positive S#ruP Electrol Yie

Positiwwe Plate

Rubber
Separator

s

Negative Plate il

Wood
Separator

Case

Sectional View of Battery XCR Type, Showing Construction Details

Courtesy Electric Storage Batt. Oo.

Fig. 42—Storage ‘B’ battery, sectional and outside view of storage '‘A’ battery and
Hydrometer with syringe at right.

mal action, the battery becomes less active as indicated by a rapid drop
in voltage when it reaches a certain “critical” point in its discharge.
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Also as the electrolyte becomes a weaker acid and therefore a poorer
conductor, and the lead sulphate on the plates is also a poor conductor
the internal resistance of the battery increases as it discharges, especially
after the critical point mentioned above is reached.

In order to re-charge a storage battery direct current must be passed
through the cells in the direction opposite to that of discharge. This cur-
rent reverses the chemical changes which took place in the cells during
discharge. The lead sulphate on the plates now combines with the water.
The positive plates are re-converted into lead peroxide (PbO.) and the
negative plates are re-converted into spongy lead (Pb). Sulphuric acid
(H.SO,) is returned to the electrolyte solution. The chemical equation
which expresses this change during charging is as follows:

(uchargen)
2PbSO; + 2H,0 = Pb 4+ PbLO. 4+ 2H,SO,

Both Water Negative Positive Electrolyte

Plates Plate Plate

Lead sulphate -}- water becomes “spongy” lead -} lead peroxide -}- sulphuric acid.

As this equation is exactly the reverse of the one representing the
reactions on discharge, the materials in the cells will all be converted back
to their original composition and be ready to combine again to produce
electrical energy.

Small storage cells are available for use as B batteries for radio re-
ceivers. These consist of 12 or 24 cells connected up in series to form B
battery units of 24 or 48 volts respectively. A 48 volt B battery of this
type is shown in Fig. 42. Glass jars are used for the cells. This battery
has a capacitv of 600 milliampere-hours. It is evident that the storage
cell really stores chemical energy, which makes itself available as electrical
energy or discharge.

68. Testing storage batteries: Sulphuric acid is heavier than water.
From our study of the chemical reactions taking place during “charge”
and “discharge” of the lead-acid storage battery, we found that during
charge, acid is returned to the electrolyte (making the electrolyte heavier
or denser) and during discharge acid is taken from the electrolyte to form
lead sulphate on the plates, (making the electrolyte lighter in weight).
The specific gravity of a material is its comparitive weight with respect to
an equal volume of water. For example, a cubic foot of water weighs
62.5 Ibs. A material weighing twice as much (125 pounds) has a specific
gravity of 2. When a lead storage battery is in a fully charged condition,
the specific gravity of its electrolyte ranges from about 1.275 to 1.300,
This is usually read twelve seventy-five (1275) to thirteen hundred
(1300). Since acid is taken from the electrolyte during discharge, the
specific gravity of the electrolyte decreases. Therefore the specific grav-
ity is a valuable indicator of the condition of charge of a battery (provided
extra acid has not been purposely put into an old battery by a dishonest
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battery dealer simply to bolster up the specific gravity to make it appear
fully charged).

To find the condition of charge of a battery by testing the electrolyte,
a hydrometer is used. This is shown at the lower right of Fig. 42. It
consists of a rubber bulb arranged to draw up the electrolyte from the
filler cap on each battery cell, through a rubber nozzle, into a glass tube.
Inside of this, floats a small hydrometer consisting of a small glass tube
having a hollow bulb with a weight (usually lead shot) at one end, and a
thin tube with a numbered scale at the other end. The more dense the
electrolyte the higher the bulb floats in it. If the cell is completely dis-
charged, the hydrometer will sink almost to the bottom. The hydrometer
float should not be allowed to stick to
the sides of the glass tube. The scale
marked on the hydrometer stem indi-
cates the specific gravity of the solu-
tion (the decimal point is left off).
If the cell is fully charged, the line
marked 1280 or 1300 will be at the
surface of the liquid as shown in Fig.
43. When the reading drops below
ACID LEVEL 1185, the battery should be recharged.

HYDROMETER
SYRINGE

HYDROMETER

FLOAT ~_ 3
FULLY OISCHARGED LI20——F1:

% DISCHARGED 1160 ——E°
% OISCHARGED 1210 ¢

4 DISCHARGED 1260——+] NOW At 1120 the battery is fully dis-
FULLY CHARGED 1175~ 1300 —gmy SHS?O':, ATl charged. If by chance a battery
b should become fully discharged, it

531352% }j VENT should not be allowed to stand around

i for any length of time in that con-

dition, for the lead sulphate on both

=) the positive and negative plates will

crystallize and harden. It is almost
Fig 43—How to test the specific gravity of lmpos.SIble to break thls up into lead
the electrolyte in a storage battery. The perox1de and spongy lead later when
o ording "o the sondition” of - charge. . charging, so the battery becomes

practically useless.

69. Charging storage batteries: The voltage of each cell of a fully
charged storage battery on open circuit is about 2.2 volts. This voltage is
approximately the same for a partly discharged cell as for one fully
charged, so that the condition of charge of a battery cannot be determined
accurately by an open-circuit voltage test. Since a lead cell has a very low
internal resistance it will give a current of from 200 to 500 amperes on
direct short circuit. Therefore it cannot be tested with a simple pocket
ammeter of the type used for testing dry cells, because this current is too
large for such an instrument. Where it is suspected that acid has been
added to the cells in a battery simply to bolster up the hydrometer read-
ings to make the battery appear fully charged, it is usual to test the bat-
tery by measuring its output voltage while it is delivering current, for in
this case a hydrometer test would be worthless.
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All storage batteries must be charged by sending direct current
through them in the direction opposite to their normal current flow on
discharge. That is, the positive terminal of the charging source of
e. m. f. must be connected to the positive terminal of the battery, and the
negative terminal of the source is connected fo the negative terminal of the
battery.

Care should be taken in charging the battery to make certain that its
positive terminal is connected to the positive terminal of the source being
used for charging purposes. If the battery is charged in the opposite
direction, the plates will be reversed in chemical character, and if the
charging is continued for any great length of time, the battery will be
destroyed. If a battery has only been charged in the wrong direction for
a short length of time it can generally be brought back to normal by

Courtesy General Electric Oo.
Fig. 44—l.eft: 5 ampere Tungar storage battery charger.

Right: Trickle charger. KFour taps on top of case permit different charging rates,
fromn 0.5 amp. to 2 amp.

charging in the right direction for a very long time at a low charging rate.

Batteries are usually charged from the electric light current line.
Where alternating current only is available, it must first be changed to
direct current by means of a suitable rectifier, since alternating current
changes rapidly in direction and would discharge the battery just as much
as it would charge it. Several types of rectifiers are used for battery
charging, but the Tungar bulb type is perhaps the most popular. Fig. 44
shows two sizes of Tungar chargers designed for home charging of stor-
age batteries from the 110 volt a-c electric light circuit. One charges
at the rate of 5 amperes while the other is a “Trickle Charger”, designed
to charge the battery continuously at the low adjustable rate of from 0.5
ampere to 2 amperes while the battery is supplying current to the radio
receiver. The top of the glass bulb of the Tungar rectifier is visible in
the trickle charger. In the 5 ampere charger it is completely enclosed
with the necessary transformer in the sheet steel case.
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Fig. 45 shows the internal connections of a charger of this type, to-
gether with a suggested layout of charger, charging switch, and A and B
batteries, for a battery-operated radio receiver installation. Chargers of
this type are also adapted for charging the lead-acid type of storage “B”
batteries used in some places. The three pole double throw switch in Fig.
45 enables one to charge either the A battery or storage B battery at will.

Charging should be continued until the specific gravity ceases to rise
any further on continual charging for an additional one-hour period.
Usually the hydrometer reading will show about 1275 to 1300 at this time,
but this is only true provided extra acid has not been added to the battery
at some previous time.

A-CLine To Lighting Circuit
ov. AC Small Triple Pole, Double
Throw Switch. (Cat.922+ Trumbull
Etectric Co,Pilainvi Ile,Conn.)
S

o]

Charge
.B..9

. Battery Connections
Fig. 45—Left: Internal con- at Radio Set.
nections of Tungar Battery

Charger.

+
1

Right: Suggested layout of
charger and “A’” and “B”
batteries so arranged that ‘A’Bat.

either the ‘“'A” or the *“B
batteries may be charged.

Courtesy General Electric Co.

Ventilate the battery compartment when charging, in order to dis-
pose of gas generated by battery. Never bring a flame or spark, such as
candle, lantern or lighted cigar or pipe, near the battery when charging
or shortly after. Keep the vent plugs in the cells. Do not remove them
except to take specific gravity or temperature readings or to add water.
If the cells flood or sputter electrolyte, the level is too high and should be
lowered by withdrawing electrolyte.

When a direct-current charging circuit is available, as in the case
where a 110 volt direct-current lighting circuit is at hand, no rectifier is
needed and the charging of storage batteries is an easy matter. We can-
not connect a 6 volt storage battery directly across a 110 volt charging
source because a very large current would flow through the battery due
to its very low internal resistance. This would damage the plates by
overheating and buckling them and would blow the fuse in the electric
light circuit. In order to limit and regulate the charging rate, a bank
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of lamps or other resistance unit should be connected in series with the
line, as shown in Fig. 46. Ordinary 100 watt 110 volt incandescent lamps
used in homes for lighting make very convenient and cheap forms of
current limiting resistances, since each lamp will pass roughly about 1
ampere through the charging circuit. If a higher charging rate than this
is required, 2 or more 100 watt lamps should be connected in parallel as
shown. The total charging current is then equal to one ampere multi-
plied by the number of 100 watt lamps connected in parallel. It is usual
practice to charge radio storage ‘“A” batteries at a rate of 10 amperes.
Thus, to charge a simple 6 volt battery at about a 6-ampere rate, connect a
parallel bank of six 100-watt 110-volt lamps in series with the battery and
charging circuit as shown in Fig. 46. The lamps will light up during
the charging process.

Before connecting the battery to
the charging circuit it is important (wre) (ros,)

to determine which side of the line is ¢

positive, by means of a voltmeter.
If no voltmeter is available, dip the
separated ends of the two line wires
into a glass full of water containing
a very small amount of Dbattery
electrolyte, or common table salt. A
larger number of bubbles will rise
from the negative wire than from swrror

O &

DC.Crouif

QY

FUsks

b

Where two or more batteries are

the positive wire. T Q__J

o O
all to be charged at once at the same
rate from a 110 volt d-c line’ they Fig, 46—Connections for Charging
may be connected with the positive ﬁfc‘ﬁ?{ymgggl lg;gp Elect, pright
terminal of one to the negative of
the next, etc. When more than 3 or 4 batteries are thus connected the
charging current passing through each 100 watt lamp is a bit less than 1
ampere due to the counter voltage of the batteries in series.

70. Care of lead storage batteries: It is very important to keep
the battery clean and dry, for dampness or dirt permits the electric cur-
rent to leak away over the surface between the positive and negative ter-
minals, and in time accumulates sufficiently to corrode the terminals, and
rot the case if it is made of wood. See that the battery, its connections
and surrounding parts are kept clean, and the vent caps are in place and
tight. It is considerably easier to prevent corrosion, especially when
starting with a new battery, than it is to get rid of it afterward.

If corrosion has started, the only way to eliminate it is to scrape
the corroded surfaces clean and then remove all traces of acid film from
contact with the metal connections or terminals by the use of cloth or
waste wet with ammonia or soda solution. Then (1) cover the metal sur-
faces which are connected together, with a film of pure vaseline to keep
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acid from creeping in afterwards, and (2) keep the top of the battery dry
and clean.

It will be noted that pure vaseline is specified. This is because only
a pure mineral grease with no filler or other material should be used.
Ordinary grease generally contains an animal or vegetable fat, which,
under usual operating conditions, is more corrosive than the battery elec-
trolyte, and instead of preventing corrosion actually increases it.

The solution (electrolyte) is a mixture of pure water and pure
sulphuric acid. Ordinarily the only loss in volume of electrolyte is from
the loss of its water. Some water is lost by evaporation, but most of the
loss is due to the action of the charging current which decomposes the
water forming gases which are given off through the vent holes. Acid
is never lost from the battery by evaporation or decomposition. It will,
therefore, never be necessary to add new electrolyte unless some should
get outside the cell through carelessness by leaving the vent plugs out or
loose, or by bringing the level too high when adding water.

During the operation water must be added regularly to each cell.
Do not allow the surface of the electrolyte to get below the top of the
separators; keep it above by removing the vent plugs at intervals from all
the cells and adding sufficient approved water to each cell as often as
necessary. Do not fill higher than about 34 inch above the separators,
otherwise electrolyte will be lost through the vent plugs. Less harm will
result by allowing the level to get a little low than by adding too much
water. After filling, be sure the plugs are replaced and tightened.

Only water free from impurities such as iron, lime, etc. should be used
in storage batteries, for if impurities get into the battery they will either
neutralize some of the acid or else cause local action inside the battery
with resultant eating away of the active material. If in doubt as to the
suitability of the water, clear rain water or distilled water should be used.
Distilled water is now sold in quart bottles especially for the purpose.

If a battery is to be left idle for a few weeks, it should be stored away
fully charged, for if it is left uncharged, crystals of hard lead sulphate will
form on the plates. These will materially reduce the output and life of
the battery because they are not readily converted back into lead peroxide
and spongy lead during re-charging.

If a battery is not to be used for a long period of time, say a few
months, it should be put into wet storage. The battery is first charged,
then placed on wooden strips on a dry bench or shelf, so that air can circu-
late freely around it. Vaseline should be applied to all exposed metal
parts. If possible the battery should be placed on a low-rate trickle charge
of about half an ampere. The level of the electrolyte should be kept above
the plates by adding distilled water. If continuous trickle charging is not
possible, the battery should he charged until all of the cells are gassing
freely, about every month or two.

71. Battery rating and life: The capacity of a storage battery is
rated in ampere hours, that is, amperes X hours. The capacity decreases



102 RADIO PHYSICS COURSE

as the discharge rate is increased, due to the increased losses caused by
internal heating of the battery and the inability of the acid to properly
and quickly combine with the active material of the plates at the more
rapid rate of discharge. Therefore it is usual to base the normal dis-
charge rate for most batteries upon an 8 hour rate of discharge. For ex-
ample, suppose a battery is rated at 100 ampere-hours. The normal rate
of discharge is found by dividing 100 by 8, giving 12.5 amperes. This
means that when the battery is fully charged, 12.5 amperes can be drawn
from it for 8 hours. According to rules adapted by the National Elect-
rical Manufacturers Association the amperc-hour rating of a radio “A”
battery is based on the rate (amperes) at which the battery will discharge
in 100 hours down to a cut-off voltage of 1.75 volts per cell, the cell tem-
perature being- 80 degrees Fahrenheit. The rating of a storage B battery
is based on 