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SCHEMATIC SYMBOLS USED IN CIRCUIT DIAGRAMS

T — Plate

FIXED RESISTOR

=4 =
ANTENNA  GROUND —W"& :@ :6
C D Filament

_6
|||—

VARIABLE RESISTOR, DIODE VACUUM TUBE
_L POTENTIOMETER, VOLTAG E cv ve
DIVIDER, RHEOSTAT, ETC. Plate

%5 -

MICROPHONES

A-Single-button D-Dynamic  Grid
B-Double-button E-Velocity

FIXED CONDENSER

(See footnote 1) 8 C-Condenser  F-Crystal
WIRING-DIAGRAM DEVICES Filament
A- Wires connected TRIODE VACUUM TUBE
B~ Wires not connected
5o & Plate
. 6 Ga
VARI/:%'ED%*; ADJUSTABLE TWISTED -PAIR CABLE Double Single 2
SER - HEADPHONES (e Gz
o g///;yt/e section ) o
plit-stator Cathode
p COAXIAL CABLE
(See footnote 2) exgroooes my MULHGRID VACUUM TUBE
) r/d‘.{c cGzre usuaé/7 9
--------- o num re L a
SHIELDED WIRE OR CABLE LOUDSPEAKER et Lt e the
SHIELDING ' Eﬁ n r
" BUZZER
0f oru.AMENTR CATHODE
! o R HEATE
AIR-CORE INDUCTOR _’1,;'_ =yl
A- Fixed coil or r.f choke = A B
8- Co/; with fixed tap EARACAY R SHIE LD RELAYS
C-Coil with variable tap A-Normally-open
(mall circles indicate plug-and- l B- /Vorma//yy closed PHOTOELECTRIC _ COLD
Jack or b/ndmypost termma/s) CATHODE CATHODE

TERMINALS -
—00000,— with appropriate labels G _L

Wiso beam-confining  PLATE
IRON-CORE INDUCTOR 1 1 1 1 1 u l VIBRATORS or beam.- /omuny’q
OR CHOKE A- A/a;;;;ectll;/mg electrode)
B-Selfrect mg ] —_—
—as
DIODE
SW'TC“ES PLATE ANODES
. A-SPST C-DPST ( th:ETER
D- Mu, Wi, = proper
B-S.PD.T. D-Rotary Multipoint ionicanlre ﬁu etc) \S— O
@ t I ELECTRON-RAY CATHODE -RAY
_ TUBE TARGET TUBE DEFLECTING
A-AIR-CORE TRANSFORMER o BIARER
OR INDUCTIVELY-COUPLED COILS KEY JACK
(Arrow u:edon/y if couplin e
/s vartable) ] v MOTOR R @
B- LINK-COUPLED COILS LAMPS
- 4+ A-Panel or dial
—@— —|| | | I— — }— B-/Nluminating
POWER PLUGS
A-Non polarized BATTERY  SINGLE CELL _@_
i Pa/a.nzed + NEON BULB or VOLTAGE REGULATOR
@ or
JRON-CORE TRANSFORMERS RECTIFIER (VR) TUBE
A- laminated core Mmpo/anzcd and polarized (Uswally dry-disk)
B-Powdered-iron core power receptacies
(Arrows indicate varable *(dot) CRYSTALS
core or permeability tuning) INDICATES GASEOUS TUBE A- Plezoe/ectrlc
" FUSE 8- Detector
1 Where it is necessary or desirable to identify the electrodes, lhe curved clement represents the outside electrode
(marl\ed “outside foil,” “ground,” ete.) in fixed paper- and ceramic-dielectrie condensers, and the negatirve electrode
in elutrol\ ytie condensers,
2 [n the modern symbol, the eurved line indicates the moving element (rotor plates) in variable and adjustable airs

or mica-dielectric condensers.

In the ease of switches, jacks, relavs, cte., only the basic eombinations are shown. Any combination of these sym-
bols may be assembled as required. fnllmnng the elementary forms shown,
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FOREwoRD

West Hartford, Conn.
December, 1948

With .the appearance of this twenty-sixth
edition The Radio Amateur’s Handbook attains
an all-time circulation figure ‘éver the two million mark, ex-
emplifying the book’s wide acceptance during its twenty-three
years of continuous publication. Produced primarily for ama-
teurs by the staff of the amateur’s own organization, The
American Radio Relay League, the Handbook has also won
universal acceptance in other segments of the technical
radio world—engineering, servicing, operating and educating.
This wide dependence on the Handbook is founded on its
practical utility, its treatment of radio communication problems
in terms of how-to-do-it rather than by abstract discussion and
abstruse formulas.

Synchronized to the needs of a fast-moving and progressive
science, continuous revision has always been a feature of the
Handbook — always with the objective of presenting the sound-
est and best aspects of current amateur practice rather than
merely the new and novel.

In contrast to most publications of a comparable nature, the
Handbook is printed in the convenient format and under-
standable language of the League’s monthly magazine, QST.
This, together with extensive and usefully-appropriate catalog
advertising by reputable manufacturers producing equipment
for radio amateurs, makes it possible to distribute for a very
modest charge a work which in volume of subject matter and
profusion of illustration surpasses most available radio texts
selling for several times its price.

This twenty-sixth edition of the Handbook carries on the
plan so successfully inaugurated in the preceding edition.
Emphasis is again placed not on textbook style but instead
on simpler and more understandable discussion of the facts
that an amateur should know to get the most out of designing
and using his apparatus; related theory and practice are
arranged to complement each other. A large assortment of
new equipment has been added to the receiver and trans-
mitter chapters, gear attuned to the technical requirements
imposed by operation in heavily-populated amateur bands
and in neighborhoods sprouting television lookers-in. Technical
progress on the ultrahighs has not been neglected either, a
large number of new units being described in the u.h.f. chapters.
As a final touch, the Communications Department sections have
been thoroughly revised to conform to present approved
standards of station operation.

It is sincerely hoped that this new edition will succeed in
bringing as much assistance and inspiration to amateurs and
newcomers to the hobby as have its many predecessors.

A. L. BupLoNG
Acting Secretary, A.R.R.L.
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THE

AMATEUR’S

CODE

m THE AMATEUR IS GEN-
TLEMANLY . . . He never
knowingly uses the air for his own
amusement in such a way as to lessen
the pleasure of others. He abides by
the pledges given by the ARRL in his
behalf to the public and the Govern-

ment.
THE AMATEUR IS LOYAL

S

radio to the American Radio Relay

. . He owes his amateur

League, and he offers it his unswerv-

ing loyalty.
m THE AMATEUR IS PRO-
GRESSIVE . . . He keeps
his station abreast of science. It is
built well and efficiently. His oper-

ating practice is clean and regular.

THE AMATEUR IS

m FRIENDLY . . . Slow and

patient sending when requested,
friendly advice and counsel to the
beginner, kindly assistance and co-
operation for the broadcast listener;
these are marks of the amateur spirit.
m THE AMATEUR IS BAL-
ANCED . . . Radio is his

hobby. He never allows it to interfere
with any of the duties he owes to his

home, his job, his school, or his com-

munity.
m THE AMATEUR IS PA-
TRIOTIC . . . His knowl-
edge and his station are always ready
for the service of his country and his

community.



CHAPTER 2

Electrical Laws

and Circuits

Lveryone knows that radio is electrical in
nature, and it ix taken for granted that to know
anything about the operation of radio cquip-
ment you have first to know something about
electricity and electrical circuits. The amount
of electrical knowledge yvou need in amateur
1adio depends on how far you delve into the
technicalities of the various types of trans-
mitters, receivers and measuring equipment
that amateurs use. If you're just getting
started you do not need very much, but as
you progress you will find that you will ae-
quire, more or less unconsciously, a great deal
of basic information. That is, you will if you

make a canscientious effort to understand and
analyze the things that you observe in using
radio gear.

The purpose of this chapter is to provide
the answers to many (uestions about circuits
that will come up in the course of building and
operating an amateur station. It is intended
as a practical reference section rather than a
course in ‘“theory.” You can study it con-
secutively if you wish, of course. How-
ever, it should be even more valuable to
you in showing how everyday problems can
be solved when the oceasion to solve them
arises,

Fundamentals

@ ELECTRIC AND MAGNETIC
FIELDS

At the bottom of everything in electricity
and radio is o field. Although a field is not too
easy to visualize, we need to have some appre-
ciation of what it is if electrical effects are to be
understood. When something occurs at one
point in space because something else hap-
pened at another peint, with no visible means
by which the “cause” can be related to the
“effect,” we say the two events are connected
by a “field.” It does not matter whether or not
the field is ““real” — that is, whether it is some-
thing physical although, like air, invisible. The
important point is that the distant effects are
predictable, and it is convenient to attribute
them to properties of a ficld. The fields with
which we are concerned are the electric and
magnetic, and the combination of the two
called the electromagnetic ficld.

A field has two important properties, tn-
teasily (magnitude) and direction. That is, the
tield exerts a force on an object immersed in it;
intensity measures the amount of force ex-
erted while direction tells the ditection in
which the object on which the force ix exerted
will tend to move. An eleetrieallv-charged ob-
ject in an electric field wiil be acted on by a
force that will tend to move it in a direction de-
termined by the direction of the field. Similarly,
a magnet in a magnetic field wiil be subject to
a force. Everyone has seen demonstrations of
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magnetic fields with pocket magnets, so in-
tensity and direction are not hard to grasp.

A “static” field is one that is fixed in space.
Such a field can be set up by a stationary elee-
tric charge (electrostatic field) or by a sta-
tionary magnet (magnetostatic field). But if
either an electric or magnetic field is moving
in space or changing in intensity, the motion
or change sets up the other kind of field.
That is, a changing electric field sets up a
magnetic field, and a changing magnetic field
generates an eleetrie field. This interrelation-
ship between magnetic and electric fields
makes possible such things as the electromay-
net and the electric motor. It also makes
possible the electromagnetic waves by which
radio communication is carried on, for such
waves are simply traveling fields in which the
energy is alternately handed baeck and forth
between the electric and magnetie fields.

Lines of Force

We need, obviously, some way to compare
the intensity and direction of different fields.
This is done by picturing the field as made up
of lines of force, or flux lines. T'hese are purely
imaginary threads that show, by the direc-
tion in which they lie, the direction the object
on which the force is exerted will move, The
number of lines in a chosen cross section of the
field is a measure of the intensity of the force.
The number of lines per square inch, or per
square centimeter, is called the flux density.
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. ELECTRICITY AND THE ELECTRIC
CURRENT

Llectrical effects are caused by extremely
small particles of electricity called electrons.
Liverything physieal is built up of atoms, par-
ticles so small that they eannot be seen even
through the most powerful microscope. But
the atom in turn consists of still smaller par-
ticles — several different kinds of them. ()ne
type of particle is the electron. An ordinary
atom consists of a eentral core, ealled the
nucleus, around which one or more electrons
circulate somewhat as the earth and other
planets cireulate around the sun. Both the
nueleus and the electrons are electrieal, but
the kind of eleetricity associated with the
nucleus is called positive and that associated
with the electrons is called negative.

The important fact about these two “oppo-
site’” kinds of electricity is that theyv are
strongly attracted to each other. \Also, there is
a strong force of repulsion between two charges
(a eollection of electrified particles is ealled a
charge) of the swme kind. The positive nucleus
and the negative eleetrons are attraeted to eaeh
other, but two electrons will be repelled from
each other and so will two nuelei. The faet
that an atom contains both positive and nega-
tive eharges makes it tend to stay together as
a unit; in a normal atom the positive charge
on the nucleus is exactly balanced by the total
of the negative charges on the electrons. It s
possible, though, for an atom to lose one of its
eleetrons; when that happens the atom has a
little less negative eharge than it should —
or, to put it another way, it has a net positive
eharge. Sueh an atom is said to be ionized,
and in this case the atom is a positive ion.
If an atom picks up an extra electron, as it
sometimes does, it has a net negative charge
and is called a negative ion. A positive ion will
attract any stray eleetron in the vicinity, in-
eluding the extra one that may be attached to
a nearby negative ion. In this way it is con-
venicntly possible for electrons to travel from
atom to atom, and when such movement oc-
curs on a measurable scale (millions or billions
of clectrons moving) we have a detectable
electric current.

Conductors and Insulators

The movement of electrons can take place
in a solid, a liquid, or a gas. In liquids and
gases, positive and negative ions, as well, are
free to move when attracted electrieally, but
in solids only the electrons move. However,
movement of clectrons or ions is not possible
in all substances. Atoms of some materials,
notably metals and acids, will give up an elec-
tron readily, but atoms of other materials will
not part with any of their electrons even when
the electric force is extremely strong. Mate-
rials in which electrons or ions can be moved
with relative ease are called conductors, while
those that refuse to permit such movement are
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called nonconductors or insulators. The follow-
ing listing shows how some common materials
divide between the conductor and insulator
classifications:

Conductors Insulators
Metals Dry Air
Carbon Wood
Acids Porcelain

Textiles
Glass
Rubber
Resins

Electromotive Force

The electric force (ealled electromotive
force, and abbreviated e.m.f.) that causes cur-
rent flow may be developed in several ways.
The action of eertain chemical solutions on
dissimilar metals sets up an e.m.f.; such a
combination is called a cell, and a group of
eells forms an electrie battery. The amount of
eurrent that sueh eells ean earry is limited, and
in the eourse of eurrent flow one of the metals
is eaten away. The amount of eleetrieal energy
that ean be taken from a battery consequently
is rather small. Where a large amount of en-
ergy is needed it is usually furnished by an
eleetric generator, which develops its e.m.f. by
a combination of magnetic and meehanical
means. Large generators in power houses sup-
ply the energy that is distributed to homes and
factories.

In pieturing current flow it is natural to
think of a single, constant foree eausing the
eleetrons to move. When this is so, the elee-
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Fig. 2.1 — Three types of current flow, A — direct
eurrent; B — intermittent direct current: C — alternat-
ing eurrent,
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trons always move in the same direction
through a path or circuit made up of conduc-
tors connected together in a continuous chain.
Such a current is called a direct current, ab-
breviated d.c. It is the type of current fur-
nished by batteries and by certain types of
generators. However, it is also possible —and
desirable as well —to have an e.m.f. that
periodically reverses. With this kind of e.m.f.
the current flows first in one direction through
the circuit and then in the other. Such an
e.m.f. is called an alternating e.m.f., and the
current is called an alternating current (ab-
breviated a.c,). The reversals (alternations)
may occur at any rate from a few per second
up to several billion per second. Two reversals
make a cycle; in one cycle the force acts first in
one direction, then in the other, and then
returns to the first direction. The number of
cycles in one second is called the frequency of
the alternating eurrent.

Direct and Alternating Currents

Fhe difference between direct current and
alternating current is shown in Fig. 2-1. In
these graphs the horizontal axis measures
time, increasing toward the right away from
the vertical axis. The vertical axis represents
the amplitude or size of the current, increasing
in either the up or down direction away from
the horizontal axis. If the graph is above the
horizontal axis the current is flowing in one
direction through the circuit (indicated by the
+ sign) and if it is below the horizontal axis the
current is flowing in the reverse direction
through the circuit (indicated by the — sign).
Fig. 2-1A shows that, if we close the circuit —
that is, make the path for the current com-
plete — at the time indicated by X, the cur-
rent instantly takes the amplitude indicated
by the height A. After that, the ourrent con~
tinues at the same amplitude as time goes on.
This is an ordinary direct current.

In Fig. 2-11B, the current starts flowing w1th
the amplitude A at time X, continues at that
amplitude until time Y and then instantly
ceases, After an interval YZ the current again
begins to flow and the same sort of start-and-
stop performance is repeated. This is an inler-
mittent direct current. We could get it by alter-
nately closing and opening a switch in the
gircuit. It is a direct current because the direc-
tion of current flow does not change; the graph
is always on the + side of the horizontal axis.

In Fig. 2-1C the current starts at zero, in-
creases in amplitude as time goes on until it
reaches the amplitude 1; while flowing in the
+ direction, then decreases until it drops to
zero amplitude once more. At that time (X)
the direction of the current flow reverses; this
is indicated by the fact that the next part of
the graph is below the axis. As time goes on the
amplitude increases, with the current now
flowing in the — direction, until it reaches
amplitude A3, Then the amplitude decreases
until finally it drops to zero (Y) and the direc-

Fundamental

+{ 2ad Harmonic

ANANNANY AN
[V

<
<

Resultant

*//V N

o
~

’
Fig. 2-2 — A complex waveform, A fundamental (top)
and second harmonic (eenter) added together, point by
point at each instant, result in the waveforin shown at
the bottom. When the two components have the same
polarity at a selected instant, the resultant is the simple
sum of the two. When they have opposite polarities, the
resultant is the difference; if the negative-polarity com-
ponent is larger, the resultant is negative at that instant.

tion reverses once more. This is an allernating
current.

Waveforms

The graph of the alternating current is what
is known as a sine wave. Sine-wave alternating
current is the simplest — but not the only —
kind. Notice that the variations in amplitude
are quite regular and that the ‘negative”
half-cycle or alternation is exactly like the
“positive” half-eycle except for the reversal of
direction. The variations in many a.c. waves
are not so smooth, nor is one half-cycle neces-
sarily just like the preceding one in shape.
However, these more complex waves actually
can be shown to be the sum of two or more sine
waves of frequencies that are exact integral
(whole-number) multiples of some lower fre-
quency. The lowest frequency is called the
fundamental frequency, and the higher fre-
quencies (2 times, 3 times the fundamental
frequency, and so on) are called harmonics.

Fig. 2-2 shows how a fundamental and a
second harmonic (twice the fundamental)
might add to form a complex wave. A little
thought will show that simply by changing the
relative amplitudes of the two waves, as well as
the times at which they pass through zero
amplitude, an infinite number of waveshapes
can be constructed from just a fundamental
and second harmonic. Waves that are still
more complex can be constructed if more than
two harmonics are used.

Electrical Units

The unit of electromotive force is called the
volt. An ordinary flashlight cell generates an
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e.m.f. of about 1.5 volts. The e.m.f. commonly
supplied for domestic lighting and power is 113
volts, usually a.c. having a frequency of 60
cycles per second. The voltages used in radio

receiving and transmitting circuits range from.

a few volts (usually a.c.) for filament lLieating
to as high as a few thousand d.c. volts for the
operation of power tubes.

The flow of electric current is measured in
amperes. One ampere is equivalent to the
movement of many billions of electrons past a
point in the circuit in one second. Currents in
the neighborhood of an ampere are required
for heating the filaments of small power tubes.
The direct currents used in amateur radio
equipment usually are not so large, and it is
customary to measure such currents in milli-
amperes. ()ne milliampere is equal to one one-
thousandth of an ampere, or 1000 milliamperes
equals one ampere.

In assigning a value to an alternating cur-
rent or voltage, it is necessary to take into de-
count the difference between direct and alter-
nating currents. A ‘““d.c. ampere’’ is a measure
of & steady current, but the “a.c. ampere’” must
measure a current that is continually varying
in amplitude and periodically reversing direc-
tion. To put the two on the same basis, an
a.c. ampere is defined as the amount of current
that will cause the same heating effect (see
later section) as one ampere of steady direct
current. For a sine-wave alternating current,
this effective (or r.m.s.) value is equal to the
mazimum amplitude of the current (A, or Azin
Fig. 2-1C) multinlied by 0.707. The instanta-
neous value of an alternating current is the
value that the current measures at any selected
instant in the cycle.

If all the instantaneous values in a sine-
wave alternating current are averaged over a
half-cycle, the resulting figure is the average
value of the altérnating current. It is equal to
0.636 times the maximum amplitude. The
average value is useful in connection with
reetifier systems, as described in a later
chapter.

These definitions of units apply to a.c.
voltage as well as to current.

@ rREQUENCY AND
WAVELENGTH

Frequency Spectrum

The electrical energy supplied for household
use usually has a frequency of 60 cycles per
second. Frequencies ranging from about 15 to
15,000 cycles per second are called audio fre-
quencies, because the vibrations of air particles
that our ears reeognize as sounds occur at the
same rate. Audio frequencies (abbreviated
a.f.) are used to actuate loudspeakers and thus
create sound waves.

Frequencies dabove about 13,000 cycles are
called radio frequencies (r.f.) because they are
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useful in radio transmission. Frequencies all
the way up to and beyond 10,000,000,000
cycles have been used for radio purposes. At
radio frequencies the numbers become so large
that it becomes convenient to use a larger unit
than the cycle. Two such units in everyday use
are the kilocycle, which is equal to 1000 cycles
and is abbreviated kc., and the megacycle,
which is equal to 1,000,000 cycles or 1,000 kilo-
cycles and is abbreviated Mc. The accompany-
ing table shows how to convert frequencies
expressed in one unit into frequencies in
another unit.

The various radio frequencies are divided off
into classifications for ready identification.
These classifications, listed below, constitute
the frequency spectrum so far as it extends for
radio purposes at the present time.

Frequency Classification Abbreviation

10 to 30 ke. Very-low frequencies v.Lf.

30 to 300 ke. Low frequencies L.

300 to 3000 ke. Medium frequencies m.f,

3 to 30 Me. High frequencies h.f.

30 to 300 Me. Very-high frequencies v.hf.
300 to 3000 Me. Ultrahigh frequencies u.h.f,
3000 to 30,000 Me. Superhigh frequencies s.hf.

Wavelength

We said earlier that radio waves are travel-
ing fields of electric and magnetic force. These
fields travel at great speed — so great that, so
far as we can observe, ‘‘cause’” and “‘effect”
are simultaneous. Nevertheless, it does take
a definite amount of time for the effect of a
field set up at one point to be felt at a point
some distance away.

Radio waves travel at the same speed as
light — 300,000,000 meters or about 186,000
miles a second. They are always set up by
a radio-frequency current flowing in a circuit,
because the rapidly-changing current sets up a
magnetic field that changes in the same way,
and the varying magnetic field in turn sets up
a varying electric field. And whenever this
happens, the two fields move outward at the
speed of light.

Suppose our r.f. current has a frequency of
3,000,000 cycles per second. The fields, then,
will go through complete reversals (one cycle)
in 1/3,000,000 second. In that same period of
time the fields — that is, the wave — will
move 300,000,000/3,000,000 meters, or 100
meters. (The meter is the unit of length com-
monly used in all sciences. We could use miles,
feet, or inches, though, if those units were more
convenient.) By the time the wave has moved
that distance the next cycle has begun and a
new wave has started out. The first wave, in
other words, covers a distance of 100 meters
before the beginning of the next, and so on.
This distance is the “length” of the wave, or
wavelength.

The longer the time of one cycle — that is,
the lower the frequency — the greater the dis-
tance occupied by each wave and hence the
longer the wavelength. The relationship be-
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tween wavelength and frequencey is shown by
the formula

300,000
A= 2
f

where A = Wavelength in meters
f = Frequency in kilocycles
300
or A= -
)

where A = Wavelength in meters
J/ = Frequency in megacycles
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Example: The wavelength corresponding to a
frequency of 3630 kilocyeles is

A= :;—(m = ¥2.2 meters

Most of our dealings are with frequency, if
for no other reason than that it can be meas-
ured much more accurately than wavelength.
However, we cannot ignore wavelength; it
enters into the calculation of the size of
“linear” circuits such as antennas.

Resistance

The ease with which we can force an electric
current through a conduetor varies with the
material, shape and dimensions of the conduc-
tor. (liven two conductors of the same size and
shape, but of different materials, the amount of
current that will low when a given e.m.f. is
applied to the conductor will be found to vary
with what is called the resistance of the mate-
rial. The lower the resistance, the greater the
current for a given value of e.m.f.

Resistance is measured in ohms. A circuit
has a resistance of one ohm when an applied
e.m.f. of one volt causes a current of one am-
pere to flow. The resistivity of a material is the
resistance, in ohms, of a cube of the material
measuring one centimeter on each edge. One of
the best conductors is copper, which is why
this metal is so widely used in electrical cir-
cuits. It is frequently convenient, in making
resistance calculations, to compare the re-
sistance of the material under consideration
with that of a copper conductor of the same
size and shape; Table 2-1 gives the ratio of the
resistivity of the material to that of copper.

The longer the path through which the cur-
rent flows the higher the resistance of that con-
ductor. For direct current and low-frequency
alternating currents (up to a few thousand
cycles per second) the resistance is inversely
proportional to the cross-sectional area of the
path the current must travel; that is, given
two conductors of the same material and hav-
ing the same length, but differing in cross-
scetional area, the one with the larger arca will
have the lower resistance.

Resistance of Wires

1t is readily possible to combine all these
statements about resistance in a single formula
that would enable us to calculate the resistance
of conductors of any size, shape and material.
However, in most practical cases the problem
will be to determine the resistance of a round
wire of given diameter and length ——or its
opposite: finding a suitable size and length of
wire to supply a desired amount of resistance.
Xuch problems can be easily solved with the
help of the information in the copper-wire table
in Chapter Twenty-Four. This table gives the
resistance, in ohms per thousand feet, of each
standard wire size.

Example: Suppose a resistance of 3.5 ohms is
needed and some No. 28 wire is on hand. The
wire table in Chapter 24 shows that No. 28 has a
resistance of 66.17 ohms per thousand feet. Since
the desired resistance is 3.5 ohms, the length of
wire required will be

35 % 1000 = 52.89 feet

66.17 o ’
Or, suppose that the resistance of the wire in
the circuit mnust not exceed 0.05 ohm and that
the length of wire required for making the con-
nections totals 14 feet. Then

4
o X R = 0.05 ohmn
10VL

where R is the maximum allowable resistance in
ohms per thousand feet. Rearranging the for-
mula gives

R = 0.05 X 1000

14

Reference to the wire table shows that No. 15 is
the smallest size having a resistance less than
this value.

= 3.57 ohms/1000 ft.

When the wire is not copper, the resistance
values given in the wire table in Chapter
Twenty-Four should be multiplied by the ratios
given in Table 2-1 to obtain the resistance.

Example: If the wire in the first example were

iron instead of copper the length required for
3.5 ohms would be

3.5
_ _ X 1000 =9.35 foet.
617 X 565 1 o

Temperature Effects

The resistance of a conductor changes with
its temperature. Although it is seldom neces-
sary to consider temperature in making the

TABLE 2-1
Relative Resistivity of Metals
Resistivity
Material Compared to Copper

Aluminum (pure)........... 1.70
Brass.....coooeiirnneinnans 3.57
Cadmium. ................. 5.26
Chromium. ...............n 1.82
Copper (hard-drawn). ....... 1.12
Copper (annealed) . ......... 1.00
Iron (pure) ......covuveennnn 5.65

ead. .. iiiii e ieiiean 14.3
Nickel. ..o, 6.25t0 8.33
Phosphor Bronze ........... 2.78
Silver...cocosresnnariasnans 0.94
Tin. oot eeeceniraraasasasee 7.70
ZINC....cooiiinnsiaceensons 3.54
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resistance caleulations required in amateur
work, it is well to know that the resistanee of
practieally all metallic eonductors increases
with inereasing temperature, Carbon, however,
acts in the opposite way; its resistance de-
creases when its temperature rises. The
temperature effect is important when it is
necessary to maintain a constant resistance
under all conditions. Special materials that
have little or no ehange in resistance over a
wide temperature range are used in that case.

Resistors

Resistance has important uses in electrical
and radio cireuits. A “package” of resistance
made up into a single unit is called a resistor.
Resistors having the same resistance value
may be considerably different in size and eon-
struetion. The flow of current through re-
sistance causes the econduetor to become
heated; the higher the resistance and the larger
the current, the greater the amount of heat
developed. Consequently, high-resistance re-
sistors intended for carrying large currents
must be physically large so the heat can be
radiated quickly to the surrounding air. If the
resistor does not get rid of its heat quickly it
might reach a temperature that would eause it
to melt or burn. Types of resistors used in
radio circuits are shown in the photograph.

Conductance

The reciprocal of resistanee (that is, 1/R) is
called conductance. It is usually represented
by the symbol G, and the higher its value the
greater the conduetivity of the circuit. A ecir-
euit having large conductance has low resist-
ance, and vice versa. In radio work the term is
used chiefly in eonnection with vaeuum-tube
eharacteristies. The unit of conduetance is the
mho. A resistanee of one ohm has a conduet-
ance of one mho, a resistance of 1000 ohms has
a conductance of 0.001 mho, and so on. A unit
frequently used in connection with vacuum
tubes is the micromho, or one-millionth of a
mho. It is the eonduetance of a resistance of
one megohm,
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Fig. 2.3 — A simple cir- = }

cuit consisting of a bat-  ~=Batl R
tery and resistor, =
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@® oum's Law

The simplest form of electric eircuit is a bat-
tery with a resistanee conneeted to its ter-
minals, as shown by the symbols in Fig. 2-3. A
complete eircuit must have an unbroken path
so eurrent can flow out of the battery, through
the apparatus connected to it, and back into
the battery. The eircuit is broken, or open, if
a connection is removed at any point. .\
switch is a device for making and breaking
conneetions and thereby closing or opening the
eircuit, either allowing current to flow or pre-
venting it from flowing,

The values of current, voltage and resistance
in a cireuit are by no means independent of
eaeh other. The relationship between them is
known as Ohm’s Law. It can be stated as
follows: The current flowing in a circuit is
direetly proportional to the applied e.m.f. and
inversely proportional to the resistance. Ix-
pressed as an equation, it is
E (volts)

R (ohms)

The equation above gives the value of cur-
rent when the voltage and resistance are
known. It may be transposed so that any of
the three quantities may be found when the
other two are known:

E=1IR

(that is, the voltage aeting is equal to the eur-
rent in amperes multiplied by the resistance
in ohms) and

1 (amperes) =

(or, the resistance of the cireuit is equal to the
applied voltage divided by the eurrent).

All three forms of the equation are used al-
most constantly in radio work. 1t must be

-

¢

‘I'vpes of resistors used in radio equip-
ment, Those in the foreground with
wire lcads are carbon types, ranging
in size from 14 watt at the left to 2
watts at the right. The larger resistors
use resistance wire wound on ceramic
tubes; sizes shown range from 5 watts

" to 100 watts, ‘Three are the adjustable
type, using a sliding contact on an
exposed section of the resistance
winding, .

¢
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remembered that the quantities are in volls,
ohms and amperes; other units cannot be used
in the equations without first being converted.
For example, if the current is in milliamperes
it must be changed to the equivalent fraction
of an ampere before the value can be sub-
stituted in the equations.

Table 2-11 shows how to convert between
the various units in common use The prefixes
attached to the basic-unit name indicate the
nature of the unit. These prefixes are:

micro — one-millionth (abbreviated u)
milli — one-thousandth (abbreviated m)
kilo — one thousand (abbreviated k)

mega — one million (abbreviated M)

For example, one microvolt is one-millionth of
a volt, and one megohm is 1,000,000 ohms.
There are therefore 1,000,000 microvolts in one
volt, and 0.000001 megohm in one ohm.

The following examples illustrate the use of
Ohm's Law:

The current flowing in a resistance of 20,000
ohms is 150 milliamperes. What is the voltage?
Since the voltage is to be found, the equation to
use is £ = IR, The current must first be con-
verted from milliamperes to amperes, and refer-
ence to the table shows that to do so it is-neces-
sary to divide by 1000. Therefore,

E = % X 20,000 = 3000 volts

When a voltage of 150 is applied to a circuit
the current is measured at 2.5 amperes. What is
the resistance of the circuit? In this case R is the
unknown, so

B=E_-15_ 6 ohms
I 2.5
No conversion was necessary because the volt-
age and current were given in volts and amperes.

How much current will flow if 250 volts is ap=
plied to a 5000-ohm resistor? Since [ is unknown,

I-E=ﬂ]-=-0.05ampere
R 5000

Milliampere units would be inore convenient for
the current, and 0.05 amp. X 1000 = 50 mil-
liamperes.

@ SERIES AND PARALLEL
RESISTANCES

Very few actual electric circuits are as sim-
ple as the illustration in the preceding section.
Commonly, resistances are found connected
in a variety of ways. The two fundamental
methods of connecting resistances are shown
in Fig. 2-4. In the upper drawing, the current
flows from the source of e.m.f. (in the direction
shown by the arrow, let us say) down through
the first resistance, R;, then through the
second, Rg, and then back to the source. These
resistors are connected in series. The current
everywhere in the circuit has the same value.

In the lower drawing the current flows to the
common connection point at the top of the two
resistors and then divides, one part of it flow-
ing through R; and the other through Ro. At
the lower connection point these two currents
again combine; the total is the same as the
current that flowed into the upper common
connection. In this case the two resistors are
connected in parallel.
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TABLE 2-II
Conversion Values for Fractional and
Multiple Units
To change /rom] To Divide by | Multiply by
Units Micro-units 1,000,000
Milli-units 1000
Kilo-units 1000
Mega-units | 1,000,000
Micro-units | Milli-units | 1000
Units 1,000,000
Milli-units | Micro-units l 1000
Units ‘ 1000 |
Kilo-units | Units ‘ 1000
Mega-units 1000
Mega-units Units 1,000,000
| Milli-units 1000

Resistors in Series

When a circuit has a number of resistances
connected in series, the total resistance of the
circuit is the sum of the individual resistances.
If these are numbered Ry, Rq, R3, etc., then

R (total) = R; + Rs + Rs + R4 +

where the dots indicate that as many resistors
as necessary may be added.

Example: Suppose that three resistors are
connected to a source of e.m.f. as shown in Fig.
2-5. The e.m.f. is 250 volts, R1 is 5000 ohms,
Ra is 20,000 ohms, and Rs is 8000 ohma. The
total resistance is then

R = R1 + Ra + Ra = 5000 + 20,000 + 8000
= 33,000 ohms
The current flowing in the circuit is then
E 250
R T 33,000

(We need not carry calculations beyond three
significant figures, and often two will suffice
because the accuracy of measurementa is seldom
better than a few per cent.)

= 0.00757 amp. = 7.57 ma.

Voltage Drop

Ohm’s Law applies to any part of a circuit as
well as to the whole circuit. Although the cur-
rent is the same in all three of the resistances
in the example, the total voltage divides

—

! §

A Source of
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Fig. 2-4 — Resis-
tors connected in
sevies and in par-
allel.

«
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among them. The voltage appearing across
each resistor ean be found from Ohm's Law.

Example: If the voltage across B (Fig. 2-5)
is called E1, that across Rz is called E2, and that
across K3 is called E3, then .

Er = IRt = 0,00757 X 5000 = 37.9 volts
Ez = IR2 = 0,00757 X 20,000 = 151.4 volts
E3 = IR3 = 0.00757 X 8000 = 60.6 volts

The total voltage must equal the sum of the in-
dividual voltuge drops:
E = E1 4+ E2 + E3 = 379 + 151.4 4 60.6

= 2499 volts
The answer would have been more nearly exact
if the current had been caleulated to more deci-
nmal places, but as explained above a very high
order of acenracy is not necessary,

In a simple series circuit like that in Fig, 2-5,
the voltage drop across each resistance can be
caleuluted very simply, if only the drop and not
the current is wanted. The drop across each re-
sistor is proportional to the ratio of the indi-
vidual resistance to the total resistance. Thus

R\ o
Ef = ——————— X250 G
A )
- 5000 = 00 950
5000 + 20,000 4 8000 33,000
= 37.8 volts
= 20000 250 = 1515 volts
33.000
Es = 2090 950 = 60.5 volts
33,000
R
5000
= Jl Fig. 2.5— An example
R2Z  of resi i ies. The
Ig= 250w, 22 of resistors in series. Th
’ 20,0003 solution of the cirenit is
e worhed out in the text,
8000
Ry

In problems such as this considerable time
and trouble can he saved, when the current is
small enough to be expressed in milliamperes,
if the resistunce is expressed in kitol'ms rather
than ohms. When resistance i kilohms is
substituted directly in Ohm’s Law the current
will be in milliamperes if the e.m.f. is in volts.

Example: Since 3000 ohms = 5 kilohms,
20,000 ohms = 20 kilohms, and 8000 ohms
= 8 kilohws, the equations above hecome

R E_wmo o
= = e = (00 10A,

R g
Ey = IR = 7.57 X5 = 37.9 volts
Er = IRy = 7.57 X 20 = 151.4 volts
Ey = IRy = 7.67 X 8 = 60.6 valis

Resistors in Parallel

In a circuit with resistances in parallel, the
total resistance is less than that of the lowest
value of resistance present. This is because the
total current is always greater than the cur-
rent in any individual resistor. The formula
for finding the total resistance of resistances in
parallel is

R = !

P

1
TR Ry TR
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T P4
le2sov. Ry R2 Ry
! 20,0002 8000
Fig. 2-6 — An example of resistors in parallel. The solu.

tion is worked out in the text.

where the dots again indicate that any num-
ber of resistors can be combined by the same
method. For only two resistances in parallel
(a very common case) the formula is
k= "0k
Ri+R.
Example: If a 300-ohmn resistor is paralleled
with one of 1200 ohius, the totul resistance is
R~ MR 300 X 1200 600,000
Ry 4+ R: 500 + 1200 1700
= 3353 ohms

It is probably easicr to solve practical prob-
lems by a different method than the “recipro-
cal of reciprocals” formula. Suppose the three
resistors of the previous example are con-
nected in parallel as shown in Fig. 2-6. The
same e.m.f., 250 volts, is applied to all three of
the resistors. The current in each can be found
from Ohm’s Law as shown below, 7y being the
current through 12y, /2 the current through Re
and /3 the current through Rj.

For convenience, the resistance will be expressed
in kilohms so the current will be in milliamnperes,

E 250
nh = i —;—- = 50 ma,
E %0 .
12—-”2 = Eull,omn.
=5 2% 5105 ma
(]
The total current is

I'=h 412413 =50 + 12,5 + 31.25

= U3.75H ma,
The wtal resistance of the sireuit is therefore
R = E 250

7 D_S_E = 2,66 kilohms (= 2660 ohins)

Resistors in Series-Parallel

An actual circuit may have resistances both
in parallel and in series. To illustrate, we use
the same three resistances again, but now con-
nected as in Fig. 2-7. The method of solving
such a cireuit is as follows: Consider 22 and g
in parallel as though they formed a single resis-
tor. Find their cquivalent resistance. Then
this resistance in series with £y forms a simple

= 2 2 iy
rasow R, 3 Ry EE (Equivalent R
—_ 20,0005 80007 of Ry i';;l;h
in paral

EqQuivaLent Circuir

Fig. 2.7 — An example of resistors in series-parallel. The
solution is worked out in the text.
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series cireuit, as shown at the right in Fig. 2-7.

Example: The first step is to find the equiva-
lent resistance of R2 and Ra. From the formula
for two resistances in parallel,

Req. = ReR3 20 X8 160
" R:+Rsz 20+8 28
= 5.71 kilohms
The total resistance in the cireuit is then
R = Ry 4+ Re. = 5 + 5.7 kilohms
= 10,71 kilohms
The current is
) _ 250
R 1071
The voltage drops across R1 and Re,. are
Er = IR =234 X5 = 117 volts
Ee = IReq. = 234 X 5,71 = 133 volts
with sufficient accuracy. These total 250 volts,
thus checking the caleulations so far, hecause
the sum of the voltage drops mmnst equal the
total voltage. Since Ez appears across bolh Re

= 23.4 ma.

and R3,
Is = B2 = 1135 = 6,75 ma.
R2 20
13=§3 :@ = 16.6 ma.
R3 8

where T2 = Current through R2
I3 = Current through R3
The total is 23.35 ma., which chocks sofficiently
close with 23.4 ma., the eurrent through the
whole eireuit.

There is a general rule for handling such
complex cireuits: Reduce the variousresistances
in parallel or series in parts of the cireuit to
equivalent resistances that then can be handled
as single resistances in a simpler eircuit.
liventually this proeess will lead to a simple
series or parallel circuit from which the cur-
rent and voltage drops can be ealculated. Onee
these are known, Ohm’s Law ean be applied to
cach part of the circuit to determine currents
and voltage drops in individual resistances.

@ POWER AND ENERGY

Power — the rate of doing work — is equal
to voltage multiplied by current. The unit of
electrieal power, called the watt, is equal to one
volt multiplicd by one ampere. The equation
for power therefore is

P =FI
where P = Power in watts
E = L., in volts

I = Current in amperes

Comimon fractional and multiple units for
power are the milliwatl, one one-thousandth of
a watt, and the kilowait, or one thousand watts.

Example: The plate voltage on a transmitting
vacunm tube is 2000 volts and the plate current
is 330 millinmperes. (The current must be
changeld to amperes before substitution in the
formmla, and so is .35 amp.) Then

P = EI = 2000 X 0.35 = 700 watts
By substituting the Ohm’s Law cquivalents
for E and I, the following formulas are obtained
for power:
E?

R
P =1IR
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These formulas are useful in power ealeulations
when the resistance and either the eurrent or
voltage (but not both) are known,

Example: How much power will be used up
in a 4000-chm resistor if the voltage applied to
it is 200 volts? From the equation

»_ EP (20002 40,000

P=—= = 10 watts
4000

B 4000
Or, suppose a current of 20 milliamperes flows
through a 300-ohm resistor, Then

P = 2R = (0.02)2 X 300 = 0.0004 X 300

= (.12 watt
Note that the current was changed from inil-
liamperes to wnperes before substitution in the
formula.

Tlectrical power in a resistance is turned
into heat. The greater the power the more
rapidly the heat is generated. We said carlier
that if a resistor is to handle considerable power
it must be large in size and must be eonstructed
in such a way that the heat will be earried off
rapidly by the surrounding air. This prevents
the temperature of the resistor from rising o
a dangerous point. Resistors for radio work are
made in many sizes, the smallest being rated
to “dissipate” (or carry safely) about 14 watt.
The largest resistors used in amateur equip-
ment will dissipate about 100 watts.

However, electrical power is not alwuwys
turned into heat. The power used in running a
motor, for example, is converted to mechanical
motion. The power supplied to a radio trans-
mitter is largely converted into radio waves.
Power applied to a loudspeaker is changed into
sound waves. Nevertheless, every electrical
device has some resistanee, so a part of the
power supplied to it is dissipated in that re-
sistance and hence appears as heat even though
the major part of the power may be converted
to another form.

Efficiency
In deviees such as motors and vaeuum tubes,
the object is to obtaip power in some other
form than heat. Therefore power used in heat-
ing is considered to be a loss, because it is not
the wseful power. The efficiency of a device is
the wuscful power output (in its eonverted
form) divided by the power input to the de-
viee. In a vaieuum-tube transmitter, for exam-
ple, the object is to convert power from a d.e.
souree into a.c. power at some radio frequeney.
The ratio of the r.f. power output to the d.e.
input is the efficiency of the tube. That is,
IR
&
where Eff. = Efficiency (s a decimal)
. = PPower output (watts)
I’s = Power input (watts)

Example: If the d.c. input to the tube is 100
watts and the r.f. power output is 60 watts, the
efficicney is

Ef. =

Efficiency is usually expressed as a percentage;
that is, it tells what per cent of the input power
will be available as useful output. The efficiency
in the above exumple is 60 per cent.
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If a resistor is used purely for generating
heat — as in ap electric heater or cooker — its
efficiency is practically 100 per cent, because
all of the power input is converted into the
desired form of power output. However, gen-
erating heat is usually not the desired end
when resistors are used in radio equipment.
The power losscs in them are tolerated because
very often a resistor performs a function that
could not be conveniently or economically
performed by any other device.

Energy

In residences, the power company’s bill is
for electric energy, not for power. What vou
pay for is the work that electricity does for
you, not the rate at which that work is done,

CHAPTER 2

Electrical work is equal to power multiplied by
time; the common unit is the watt-hour, which
means that a power of one watt has been used
for one hour. That is,
W=prT

where IV = Energy in watt-hours

P = Power in watts

T = Time in hours

Other energy units are the kilowatt-hour and
the watt-second. These units should be self-
explanatory.

Iinergy units are scldom used in amateur
practice, but it is obvious that a small amount
of power used for a long time can eventually
result in a “power” bill that is just as large as
though a large amount of power had been
used for a very short time,

Capacitance and Condensers

Suppose two flat metal plates are placed
close to each other (but not touching) as shown
in Fig, 2-8. Normally, the plates will be elec-
trically “ncutral’; that is, the number of clec-
trons in each plate will just balance the num-
ber of atomic nuclei and there will be no electric
charge.

Now suppose that the plates are connected
to a battery through a switch, as shown. At the
instant the switch is closed, eleetrons will be
attracted from the upper plate to the positive
terminal of the battery, and the same number
will be repelled into the lower plate from the
negative battery terminal. This electron move-
ment will continue until enough electrons move
into one plate and out of the other to make the
e.m.f. between them the same as the e.m.f. of
the battery. (That this must be so should be
fairly obvious. The plates are conductors, and
when they are connected to the battery, the
battery voltage must appear between them.)

' Fig. 28— A
simple con-
denser,

L)

Mefal Plates

If the switch is opened after the plates have
been charged, the top plate is left with a de-
ficicney of clectrons and the bottom plate with
an excess. In other words, the plates remain
charged despite the fact that the battery no
longer is connected. They remain charged be-
cause with the switech open there is nowhere
for the electrons to go. However, if a wire is
touched between the two plates (short-circuit-
ing them) the excess electrons on the bot-
tom plate will flow through the wire to the
upper plate, thus restoring electrical neutrality
to both plates. The plates have then been
discharged.

The two plates constitute an electrical
condenser, and from the discussion above it
should be clear that a condenser possesses the
property of storing electricity. It should also
be clear that during the time the electrons are
moving — that is, while the condenser is being
charged or discharged — a current is flowing
in the circuit even though the ecircuit is
“broken” by the gap between the condenser
plates. However, the current flows only during
the time of charge and discharge, and this time
is usually very short. There can be no con-
tinuous flow of direet current through a con-
denser.

The charge or quantity of electricity that
can be placed on a condenser when a given
voltage is applied depends on its capacitance
or capacity. The larger the plate area and the
smaller the spacing between the plates the

TABLE 2-111

Dielectric Constants and Breakdown Voltages

Material Dielectric  Puncture

Constant Voltage*
Air 1.0 19.8-22.8
Alsimag A196 5.7 240
Bakelite (paper-base) 3.8-5.5 650-750
Bakelite (inica-filled) 5-6 475-600
Celluloid 4-16
Cellulose acetate 6-8 300-1000
Fiber 5-7.5 150-180
I'ormica 4.64.9 450
Glass (window) 7.6-8 200-250
Glass (photographie) 7.5
Glass (Pyrex) 4.24.9 335
Lucite 2.5-3 480-500
Mica 2.5-8
Mica (clear India) 6.4-7.5 6001500
Mycalex 7.4 250
Paper 2.0-2.6 1250
Polyethylene 2.3-2.4 1000
Polystyrene 2.4-2.9 500-2500
Porcelain 6.2-7.5 40-100
Rubber (hard) 2-3.5 450
Steatite (low-loss) 4.4 150-315
Wood (dry oak) 2.56.8
* In volts per mil (0.001 inch).
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Fig. 2.9 — A multiple-plate condenser. Alternate plates
are conneeted together,

greater the capacitance. The capacitance also
depends upon the kind of insulating material
between the plates; it is smallest with air in-
sulation, but substitution of other insulating
materials for air may inerease the capacitanee
of a condenser many times. The ratio of the
eapacitance of a condenser with some material
other than air between the plates, to the
capucitance of the same condenser with air
insulation, is ecalled the specific inductive
capacity or dielectric constant of that particu-
lar insulating material. The material itself is
called a dielectric. The dielectric constants of
a number of materials commonty used as
dicleetries in condensers are given in Table
2-111. If a shect of photographic glass is sub-
stituted for air between the plates of a con-
denser, for example, the capacitance of the
condenser ‘will be increased 7.5 times.

Units

The fundamental unit of capacitance is the
farad, but this unit is much too large for prac-
tical work. Capacitance is usually measured in
microfarads (abbreviated ufd.) or micromicro-
farads (uufd.). The mierofarad is one-millionth
of a farad, and the micromicrofarad is one-mil-
lionth. of a microfarad. Condensers nearly
always have more than two plates, the alter-
nate plates being eonnected together to form
two sets as shown in Fig. 2-9. This makes it
possible to attain a fairly large capacitance in a
small space as compared to a two-plate con-
denser, since several plates of smaller individ-
ual area ean be stacked to form the equivalent
of a single large plate of the same total area.
Also, all plates, except the two on the ends, are
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exposed to plates of the other group on both
sides, and so are twice as effective in inereasing
the eapacitance, )

The formula for calculating the eapacitance
of a condenser is:

C = 0.224 KT" (n-1)

where C = Capacitance in upfd.

K = Dielectric constant of material be-
tween plates
Area of onc side of one plate in
square inches
d = Scparation of plate surfaces in

inches

n = Number of plates

A

If the plates in one group do not have the same
arca as the plates in the other, use the area of
the smaller plates.

Example: A * variable” condenser has 7 semni-
eircular plates on its rotor, the diameter of the
semicircle being 2 inches. The stator has 6 rec-
tangular plates, with a semicireular cut-out to
clear the rotor shaft, but otherwise large enough
to face the entire area of a rotor plate. ‘T'he diamn-
eter of the cut-out is 14 inch. The distance be-
tween the adjacent surfaces of rotor and stator
plates is 14 inch. The dielectric is air, What is
the eapacitance of the condenser with the plates
fully meshed?

In this ease, the ‘“‘effective’” area is the area
of the rotor plate minus the area of the eut-out
in the stator plate. The area of either semicircle
is ar2/2, where r is the radius, The area of the
rotor plate is x/2, or 1.57 square inches (the
radius is 1 inch). The area of the cut-out is
x{(%)2/2 = x/32 = 0.10 square inch, approxi-
mately. The “effective’ area is therefore 1.57 —
0.10 = 1.47 square inches, The capacitance is
therefore

K.\ 1 X 1.47

C = 0224 - (n—1) = 0.224 (13—1)

= 0.224 X 11.76 X 12 = 31.6 uufd.

(The answer is only approximate, because of the
diffieulty of accurate ieasnrement, plus a
“fringing " effect at the edges of the plates that
makes the actual capacitance a little higher.)

The uscfulness of a eondenser in clectrical
circuits lies in the faet that it can be charged

¢

Fixed and variable condensers, The
bhottom row includes, left to right. a
high-voltage mica fixed condenser, a
tubular eleetrolytie, tubular paper,
two sizes of "postage-stamp” micas,
a small ceramic type (temperature
compensating), an adjustable con-
denser with ceramie insulation (for
neatralizing in transmitters), a “but-
ton” eeramie condenser, and an ad-
justable “padding” condenser. Fonr
sizes of variable condensers are
shown in the second row. The two-
plate condenser with the micrometer
adjustment is used in_ transmitters.
The condenser enclosed in the metal
case is a high-voltage paper type used
in power-supply filters.

¢
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with electricity at one time and then dis-
charged at a later time. In other words, it is
capable of storing electrical energy that can be
released later when it is needed; it is an “elec-
trical reservoir,”

Condensers in Radio

The types of condensers used in radio work
differ considerably in physical size, construc-
tion, and capacitance. Some representative
types are shown in the photograph. In “vari-
able” condensers (almost always constructed
with air for the diclectric) one set of plates is
made movable with respect to the other set so
that the capacitance can be varied. “Fixed”’
eondensers — that is, having fixed capacitance
—also can be made with metal plates and
with air as the diclectrie, but usually are con-
structed from plates of metal foil with a thin
solid or liquid dielectric sandwiched in be-
tween, so that a relatively large capacitance
can be secured in a small unit. The solid
diclectries commonly used are mica and paper.
An example of a liquid dicleetric is mineral oil,
but it is seldom used by itself in present-day
condensers. The “electrolytic’” condenser uses
aluminum-foil plates with a semiliquid con-
ducting chemical compound between them; the
actual dielectric is a very thin filim of insulating
material that “forms” on one set of plates
through clectrochemical action when a d.c.
voltage is applied to the condenser, The ca-
pacitance obtained with a given plate area in
an electrolytic condenser is very large, com-
pared with condensers having other diclectrics,
because the film is so extremely thin — much
less than any thickness that is practicable with
a solid dielectric.

Voltage Breakdown

When a high voltage is applied to the plates
of a condenser, a considerable force is exerted
on the electrons and nuclei of the dielectric.
Because the dielectric is an insulator the elec-
trons do not become detached from atoms the
way they do in conductors. Ilowever, if the
force is great enough the dielectrie will “break
down”; usually it will puncture and may char
(if it is solid) and permit current to flow. The
breakdown voltage depends upon the kind and
thickness of the dielectric, as shown in the
table. It is not directly proportional to the
thickness; that is, doubling the thickness does
not quite double the breakdown voltage. If the
dielectric is air or any other gas, breakdown is
evidenced by a spark or arc between the plates,
but if the voltage is removed the arc ceases and
the condenser is ready for use again. Break-
down will occur at a lower voltage between
pointed or. sharp-cdged surfaces than between
rounded and polished surfaces; consequently,
the breakdown voltage between metal plates of
given spacing in air can be increased by buffing
the edges of the plates.

Since the dielectric must be thick to with-
stand high voltages, and since the thicker the
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dielectric the smaller the capacitance for a
given plate area, a high-voltage condenser
must have more plate area than a low-voltage
condenser of the same capacitance. High-
voltage high-capacitunce condensers are phys-
ically large. The breakdown voltage of paper-
diclectric  condensers can be increased by
saturating the paper with a special insulating
oil and by immersing the condenser iw oil.
Electrolytic condensers can stand 400 to 500
volts before the dielectric film breaks down.

@ CONDENSERS IN SERIES AND
PARALLEL

The terms “parallel” and “series” when
used with reference to condensers have the
same cireuit meaning as with resistances. When

it ol ol ol
[ 1

EME
4
o—
ParaLLEL
Fig. 2.10 — Con-
densers in series and
parallel,
‘[ T
So\;_—ru of 3

=
H
«
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a number of condensers are connected in paral-
lel, as in Fig. 2-10, the total capacitance of the
group is equal to the sum of the individual
capacitances, so

Ctotal) =C, +Co +C3 +Cs + ..........

Ilowever, if two or more condensers arc
connected in series, as in the second drawing,
the total capacitance is less than that of the
smallest condenser in the group. The rule for
finding the capacitance of a number of series-
connected condensers is the same as that for
finding the resistance of a number of parallel-
connected resistors. That is,

1
e S U
ateatategt
and, for only two condensers in series,
C1C2
C (total) = ——=_
. ) Cy + C;

The same units must be used throughout;
that is, all capacitances must be expressed in
either ufd. or pufd.; you cannot use both units
in the same equation.

Condensers are connected in parallel to ob-
tain a larger total capacitance than is available
in one unit. The largest voltage that can be ap-
plied safely to a group of condensers in parallel



ELECTRICAL LAWS AND CIRCUITS

is the voltage that ean be applied safely to the
condenser having the lowest voltage rating.

When condensers are conneeted in series, the
applied voltage is divided up among the vari-
ous condensers; the situation is much the
same as when resistors are in series and there is
a voltage drop across each, However, the volt-
age that appears across each condenser of a
group connected in series is in tnverse propor-
tion to its capacitance, as compared with the
capacitance of the whole group.

Example: Three condensers having capaci-
tances of 1, 2 and 4 ufd., respectively, are con-
nected in series as shown in Fig. 2-11, The total
capacitance is

C = 1 - 1
1 1 1 1 i 1 7
G C2 s 12
= 0.571 ufd.
The voltage across each condenser is propor-
tional to the total capacitance divided by the ca
pacitance of the condenser in question, so the
voltage across C) is
0.5
B = —;71 X 2000 = 1142 volts
Similarly, the voltages across Cz and C3 are

5
Ez2 = (-%1- X 2000 = 571 volts

i
E3 = (Lf—l X 2000 = 286 volts
totaling approximately 2000 volts, the applied

voltage.
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Fig. 2-11 — An example of condensers connected in
series. The solution to this arrangement is worked out
in the text.

Condensers  are frequently connected in
serics to enable the group to withstand a
larger voltage (at the expense of decreased
total ecapacitance) than any individual con-
denser is rated to stand. One very common ap-
plication of this arrangeigent is in the filter
circuits of high-voltage power supplies. How-
ever, as shown by the previous example, the
applied voltage does not divide equally among
the condensers (except when all the capaci-
tances are the same) so care must be taken to
sec that the voltage rating of no condenser in
the group is exceeded. It does no good, for
example, to connect a condenser in series with
another if the capacitance of the second is
many times as great as the first; nearly all of
the voltage still will appear across the con-
denser having the smaller capacitance.

Inductance .

It is possible to show that the flow of cur-
rent through a conductor is accompanied by
magnetic effects; a compass needle brought
near the conduector, for example, will be de-
flected from its normal north-south position.
The stronger the current, the more pronounced
is the magnetic effect. The current, in other
words, sets up a magnetic field.

If a wire conductor is formed into a coil, the
same current will set up a stronger magnetic
field than it will if the wire is straight. Also, if
the wire is wound around an iron or steel
“eore” the field will be still stronger. The re-
lationship between the strength of the field
and the intensity of the current eausing it is ex-
pressed by the inductance of the conductor or
coil. If the same current flows through two
coils, for example, and it is found that the
magnetic field sct up by one coil is twice as
strong as that set up by the other, the first coil
has twice as much inductance as the second.
Inductance i8 a property of the conductor or
coil and is determined by its shape and dimen-
sions. The unit of inductance (corresponding
to the ohm for resistance and the farad for
capacitance) is the henry.

If the current through a conductor or coilis
made to vary in intensity, it is found that an
c.m.f. will appear across the terminals of the
conductor or coil. This e.m.{. is entircly sepa-
rate from the e.m.f. that is causing the current

to flow. The strength of this “induced” e.m.f.
becomes greater, the greater the intensity of
the magnetic field and the more rapidly the
eurrent (and hence the field) is made to vary.
Since the intensity of the magnetic field de-
pends upon the inductance, the induced voltage
(for a given current intensity and rate of varia-
tion) is proportional to the inductance of the
conduetor or coil.

The fact that an e.m.f. is “induced” ac-
counts for the name “inductance” — or
“self-inductance” as it is sometimes called.
The induced e.m.f. tends to send a current
through the circuit in the opposite direction to
the current that flows because of the external
e.m.f. so long as the latter current is increasing.
However, if the current caused by the applied
c.m.f. decreases, the induced e.m.f. tends to
send current through the circuit in the same
direction as the current from the applied e.m.f.
The effect of inductance, therefore, is to oppose
any change in the current flowing in the circuit,
regardless of the nature of the change. It ac-
complishes this by storing energy in its mag-
netic field when the current in the circuit is
being increased, and by releasing the stored
cnergy when the current is being decreased.
The effeet is the same as the mechanical inertia
that prevents an automobile from instantly
coming up to speed when the aceelerator pedal
is pressed, and that prevents it from coming to
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an instant stop when the brakes are applied.

The values of inductance used in radio
equipment vary over a wide range. Inductanee
of several henrys is required in power-supply
cireuits (see chapter on Power Supply) and to
obtain such values of inductance it is necessary
to use coils of many turns wound oniren cores.
[n radio-frequeney  eircuits, the inductance
‘alues used will be measured in millihenrys (a
millihenry is one one-thousandth of a henry) at
low frequencies, and in microhenrys (one one-
millionth of a henry) at medium frequencies
and higher, Although coils for radio frequencies
may be wound on special iron cores (ordinary
iron is not suitable) most r.f. coils made and
used by amateurs are the “air-core” type:
that is, wound on an insulating form consisting
of nonmagnetic material,

Inductance Formula
The inductance of air-core eoils may be
caleulated from the formula
0.2 o*n?®
L (ph) = — -
Wh) = 3 ¥ o + 100

where I = Inductance in microhenrys

a = Average diameter of coil in inches
b = Length of winding in inches
¢ = Radial depth of winding in inches

n = Number of turns

The notation is explained in Fig. 2-12. The
quantity ¢ may be negleeted if the coil only
has one layer of wire,

Example: Asstine a coil having 35 turns of
No. 30 d.s.c. wire on a form 1.5 inches in diam-
eter, Consulting the wire table (Chapter 24), 35
turns of No, 30 d.s.c. will oecupy 0.5 inch. There-~
fore, a = 1.5, b = 0.5, n = 35, and

5)2 35)2
L= 0.2 X (1.5)2 X (35) = 61.25 uh.
@ X 1.3) + (9 X0.5)

To ealculate the number of turns of a single-
layer coil for a required value of inductance:
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gt
| Fig. 2-12 — Coil dimensions
L used in the inductance
formula.

[3a 4+ 9h
\ 0.242

Example: Suppose an induetance of 10 micro-
henrys is required. The forin on which the coil is
to be wound has a diameter of one inch and is
long enough to accommodate a coil length of 11{
inches, Then a =1, b =125 and L = 10,
Substituting,

N = X L

18X D + O X1.2) o o

0.2 X 12

N =

= 26.6 turns,

A 27-turn coil would be close enough to the re-
quired value of inductance, in practical work.
Since the coil will be 1.25 inches long, the num-
ber of turns per inch will be 27/1.25 = 21.6.
Consulting the wire table, we find that No. 18
cnameled wire (or any smaller size) can be used.
We obtain the proper inductance by winding the
required number of turns on the form and then
adjusting the spacing between the turns to make
a uniformly-spaced coil 1.25 inches long.

Every conductor has inductance, even
though the conductor is not formed into a coil.
The inductance of a short length of straight
wire is small — but it may not be negligible,
beeause if the current through it changes its
intensity rapidly enough the induced voltage
may be appreciable. This will be the case in
even a few inches of wire when an alternating
curtent having a frequency of the order of 100
Me. is flowing. However, at much lower fre-
quencies the inductance of the same wire could
be left out of any caleulations beeause the in-
duced voltage would be negligibly small,

Inductance coils for power and radio
frequencies. The two iron-core coils
at the upper left are “chokes” for
power-supply filters, The three “pie™.
wound coils at the lower right are
used as chokes in radio-frequeney
cirenits, The other coils are for r.f.
tuned cirenits ranging in power from
25 watts to a hilowatt,
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© IRON-CORE COILS

We mentioned carlier that the inductance
of a coil wound on an iron core is much greater
than the inductanee of the same coil wound on
a1 nonmagnetie core. As a erude analogy, iron
has a much lower “resistance” to the magnetie
force than nonferrous materials, just as metals
have much lower resistance to the flow of
electric current than nonmetallie substances.

Permeability

For example, suppose that the eoil in Fig.
2-13 is wound on an iron core having a cross-
sectional area of 2 square inches. When a cer-
tain current is sent through the coil it is found
that there are 80,000 lines of foree in the core.
Since the area is 2 square inches, the flux
density is 40,000 lines per square inch. Now
suppose that the iron core is removed and the
same current is maintained in the coil, and
that the flux density without the iron core is
found to be 50 lines per square inch. The ratio
of the flux density with the given core material
to the flux density (with the same coil and
same current) with an air core is called the
permeability of the material. In this case the
permeability of the iron is 40,000/50 = 800.
The inductance of the coil is increased 800
times by inserting the iron core, thercfore.

The permeability of a magnetic material is
not constant, unfortunately, but varies with
the flux density. At low flux densities (or with
an air core) inereasing the current through the
coil will cause a proportionate increase in flux.
For example, if there are 2000 lines per square
inch at a given current, doubling the current
will increase the flux density to 4000 lines per
square inch. But this cannot be carried on
indefinitely; at some value of flux density, de-
pending upon the kind of iron, it will be found
that doubling the current only increases the
flux density by, say, 10 per cent. At very high
flux densities, increasing the current may
eause no appreeinble change in the flux at all.
When this is so. the iron is said to be satur-
ated. ““Saturation” causcs a rapid decrease
in permeability, because it decreases the ratio
of flux lines to those obtainable with the same
current and an air core. Obviously, the in-
ductance of an iron-core coil is highly depend-
ent upon the current flowing in the coil. In an
air-core eoil, the inductance is independent of
current hecausce air does not ““saturate.”

In amateur work, iron-core coils such as the
onc sketched in Fig. 2-i3 are used chiefly in
power-supply equipment. They usually have
direct current flowing through the winding,
and the variation in inductance with current
is usually undesirable. It may be overcome by
keeping the flux density below the saturation
point of the iron, This is done by cutting the
core so that there is a small “air gap,” as indi-
cated by the dashed lines. The magnetic “re-
sistance” introduced by such a gap is so large
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— even though the gap is only a small fraction
of an inch — compared with that of the iron
that the gap, rather than the iron, controls
the flux density. This naturally reduces the
inductance compared to what it would be
without the air gap — but only for small cur-
rents. It actually results in a higher inductance
when the current is large; furthermore, the
inductance is practically constant regardless
of the value of the current. Further informa-
tion on the construction of such inductance
coils will be found in the chapter on Power
Supply.

Eddy Currents and Hysteresis

When alternating current flows through a
eoil wound on an iron core the magnetie flux in
the eore goes through variations in intensity
and direction that correspond to the variations
in the alternating current. Variations in a
magnetic field cause an e.m.f. to be indueed, as
previously explained, and since iron is a con-
ductor a eurrent will flow in the core. Sueh eur-
rents (called eddy currents) represent a waste
of power because they flow through the resist-
ance of the iron and thus cause heating. Eddy-
current losses can be reduced by laminating
the core; that is, by cutting it into thin strips.
These strips or laminations must be insulated
from each other by painting them with some
insulating material such as varnish or shellac.

There is also another type of energy loss in
an iron core: the iron tends to resist any
change in its magnetic state, so a rapidly-
changing current such as a.c. is forced con-
tinually to supply energy to the iron to over-
come this “inertin.” losses of this sort are
called hysteresis losses.

Eddy-current and hysteresis losses in iron
increase rapidly as the frequency of the alter-
nating eurrent is increased. For this reason, we
can use ordinary iron cores only at power and
audio frequencies — up to, say, 15,000 eyeles.
Lven so, a very good grade of iron or steel is
nceessary if the core is to perform well at the
higher audio frequencies. Iron cores of this
type are completely useless at radio frequen-
cies,

For radio-frequeney work, the losses in iron
cores can bhe reduced to a satisfactory figure by
grinding the iron into a powder and then mix-
ing it with a “binder” of insulating material
in such a way that the individual iron particles
are insulated from each other. By this means
cores can be made that will function satisfae-

Fig. 2.13 — Typical conatruc.
tion of an iron.core coil. The
small air gap prevents magnetie
saturation of the iron and in-
creases the inductance at high
currents,
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torily even through the v.h.f. range — that is,
at frequencies up to perhaps 100 Me. Because
a large part of the¢ magnctic path is through a
nonmagnetic material, the permeability of the
iron is low compared to the values obtaincd
at power-supply frequencics. The core is
usually in the form of a “slug” or cylinder
which fits inside the insulating form on which
the coil is wound. Despite the fact that, with
this construction, the major portion of the
magnetic path for the flux is in the air sur-
rounding the coil, the slug is quite cffective in
increasing the coil inductance, By pushing the
slug in and out of the coil the inductance can
be varied over a considerable range.

@ INDUCTANCES IN SERIES AND
PARALLEL

When two or more inductance coils (or
inductors, as they are frequently called) are
connected in series (Fig. 2-14, left) the total in-
ductance is equal to the sum of the individual
inductances, provided the coils are sufliciently
separaled 8o that no coil is in the magnetic field of
another. That is,

Liotal = Ly + Lo + L3 4+ Ly +

If inductances are connected in parallel (Fig.
2-14, right), the total inductance is

) ST | [, 1
fl f? + 1—4“3 + Zﬂ 4+ o
and for two inductances in parallel,
_ _LiL,
I+ L,

Thus the rules for combining inductances in
serics and parallel are the same as for resist-
ances, if the ceils are far enough apart so that
cach is unaffected by another’s magnetic ficld.
When this is not so the formulas given above
cannot be used.

Ly
Fig. 2-11 — Indue-
L2 tances in series and
parallel.
Ly

In caleulating the total inductance of a com-
hination of iron-core coils to be used in a d.c.
circuit, it must be remembered that the in-
ductance of each coil may change with the
amount of current that flows through it. With
air-core eoils there is no such change.

Although there is frequent oecasion to com-
bine resistances or capacitances in series or
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parallel in amateur work, there is relatively
little necessity for such combinations of in-
ductances — or rather, the cases that do arise
in practice seldom require calculations.

. MUTUAL INDUCTANCE

If two coils are arranged with their axes on
the same line, as shown in Fig. 2-15, a current
sent through Coil I will cause a magnetic field
whieh “euts” Coil 2. Consequently, an e.m.f.
will be indueed in Coil 2 whenever the field
strength is changing. This induced e.m.f. is
similar to the e.m.f, of wli-induction, but since
it appears in the second coil beeause of current
flowing in the first, it is a “mutual” effect and

Fig. 2-15— Mutnal inductance. When the switeh, S,
is closed eurrent flows throngh coil No. 1, setting up a
magnetic ficld that induces an e.m.f. in the turns of eoil
No. 2.

results from the mutual inductance between
the two coils,

Mutual inductance may be large or small,
depending upon the sclf-inductances of the
coils and the proportion of the flux set up by
one coil that cuts the turns of the other coil.
If all the flux set up by one coil cuts all the
turns of the other coil the mutual inductance
has its maximum possible value. If only a
small part of the flux set up by one coil cuts
the turns of the other the mutual inductance is
relatively small. Two coils having mutual in-
ductance are said to be coupled.

The ratio of actual mutual inductance to the
maximum possible value that could be ob-
tained with two given coils is ealled the
coefficient of coupling between the coils. Coils
that have nearly the maximum possible mu-
tual induetance are said to be closely, or
tightly, eoupled, but if the mutual inductance
i relatively small the coils are said to be
loosely coupled. The degrec of coupling de-
pends upon the physical spacing between the
coils and how they are placed with respeet to
cach other. Maximum coupling exists when
they have a eommon axis, as shown in Fig.
2-13, and arc as close togcether as possible.
The coupling is least when the coils are far
apart or are placed so their axes are at right
angles.

The maximum possible coeffieient of cou-



ELECTRICAL LAWS AND CIRCUITS

pling is 1. This value is closely approached
only when the two coils are wound on a closed
iron core. The coefficient with air-core coils
may run as high as 0.6 or 0.7 if one coil is
wound over the other, but will be much less if
the two coils are separated.

If two coils having mutual inductance are
connected to the same source of current, the
magnetic field of one coil can either aid or
oppose the field of the other. In the former case
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the mutual inductance is said to be “positive”’;
in the latter case, “negative.” Positive mutual
inductance means that the total induetance is
greater than the sum of the two individual in-
ductances. Negative mutual inductance means
that the total inductance is less than the sum
of the two individual inductances. The mutual
inductance may be made cither positive or
negative simply by reversing the connections
to one of the coils.

Time Constant .

Both inductance and capacitance possess
the property of storing energy — inductanée
stores magnetic energy and capacitance stores
cleetrical energy. In the case of inductance,
electrical energy is converted into magnetie
energy when the current through the induc-
tance is increasing, and the magnetic energy is
converted back into electrical energy (and
thereby restored to the circuit) when the cur-
rent is decreasing. It is this alternate storing
and releasing of energy that makes inductance
oppose a change in the current through it. The
self-induced e.m.f. is the means by which
energy is put into and taken out of the mag-
netic field.

In the case of eapacitance, energy is stored
in the condenser (actually in the electric field
between the plates) whenever the voltage ap-
plied to the condenser is increasing, and re-
stored to the circuit when the applied voltage
is decreasing. That is, current flows into the
condenser in the first case, and out of the con-
denser in the second.

Capacitance and Resistance

In Fig. 2-16A a battery having an e.m.f.,
E, a switch, §, a resistor, R, and condenser, C,
are conneeted in series. Supposce for the mo-
ment that /¢ has zero resistance — in other
words, is short-circuited — and also that there
is no other resistance in the circuit. If S is now
closed, condenser C will charge instantly to the
battery voltage; that is, the electrons that con-
stitute the charge redistribute themselves in a
time interval so small that it can be considered
to be zero. As soon as the condenser is fully
charged the current flow stops completely. But
since the condenser became fully charged in
zero time, the current during the instantaneous
charge must have been very large; mathemati-

S
|
C= £ R

®)

Fig. 2-16 — Schematics illustrating the time conatant of
an RC circuit.

cally, it would be infinitely large if the time
actually was zero — this regardless of the
actual number of electrons that moved. At
the instant of closing the switch, therefore, the
condenser can be considered to have a ‘“re-
sistance’’ of zero, a resistance that becomes an
open circuit the instant the charge is com-
plete.

If a finite value of resistance, R, is put into
the circuit the condenser no longer can be
charged instantaneously. If the condenser is
initially uncharged, it will have zero ‘“‘resist-
ance’”’ at the instant S is closed, but now the
amount of current that can flow is limited by
R. The infinitely-large current required to
charge the condenser in zero time cannot flow
through R, because even with C considered as
a short-circuit the current in the circuit as a
whole will be determined by Ohm’s Law. If the
battery e.m.f. ig 100 volts, for example, and R
is 10 ohms, the maximum current that can
flow with C short-circuited is 10 amperes. Even
this much current can flow only at the very
instant the switch is closed. As soon as any
current flows, condenser C begins to acquire a
charge, which means that the voltage across
the condenser plates rises. Since the upper
plate (in Fig. 2-16A) will be positive and the
lower negative, the voltage on the. condenser
tends to send a current through the circuit in
the opposite direction to the current from the
battery. The voltage on the condenser, in other
words, opposes the battery voltage. Immedi-
ately after the switch is closed, therefore, the
current drops below its initial Ohm’s Law
value, and as the condenser continues to
acquire charge and its potential rises, the cur-
rent becomes smaller and smaller.

The length of time required to complete the
charging process depends upon the capacitance
of the condenser and the resistance in the cir-
cuit. More time is taken if either of these
quantities is made larger. Theoretically, the
charging process is never really finished, but
practically the current eventually drops to a
value that is smaller than anything that can be
measured. The time constant of such a circuit
is the length of time, in seconds, required for
the voltage across the condenser to reach 63
per cent of the applied e.m.f. (this figure is
chosen for mathematical reasons). The voltage
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Fig. 2.17 — llow the voltage across a condenser rises,
with time, when a condenser is charged through a re~
sistor, The lower curve shows the way in which the
voltage decrcases aeross the eondenser terminals on
discharging through the same resistor,

across the condenser rises logarithmically, as
shown by Fig. 2-17.
The formula for time constant is

T =CR

where T = Time constant in seconds
C' = €apacitance in farads
R = Resistance in ohms

If € is in microfarads and R in megohms, the
time constant also is in seconds. The latter
units usually are more convenient,

Example: The time constant of a 2-ufd. con-
denser and a 250,000-ohm resistor is

T =CR =2 X0.25 = 0.5 second
If the applied e.m.f. is 1000 volts, the voltage

across the condenser plates will be 630 volts at
the end of !4 second.

If a charged condenser is discharged through
a resistor, as indicated in Fig. 2-16B, the same
time constant applics. If there were no re-
sistance, the condenser would discharge in-
stantly when S was closed, and for instanlaneous
discharge the current would have to be in-
finitely large. However, if R is present the
current cannot exceed the value given by Ohm’s
Law, where E is the voltage to which the
condenser is charged and R is the resistance.
Since R limits the current flow, the condenser
voltage cannot instantly go to zcro, but it
will decrease just as rapidly as the condenser
can rid itself of its charge through . When
the condenser ‘is discharging through a resist-
ance, the time constant (calculated in the same
way as above) is the time (in seconds) that it
takes for the condenser to lose 63 per cent of its
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voltage; that is, for the voltage to drop to 37
per cent of its initial value,
Example: If the condenser of the cxample
above is charged to 1000 volts, it will discharge

to 370 volts in Y4 seeond through the 250,000~
ohm resistor,

Inductance and Resistance

A comparable situation exists when resist-
ance and inductance are in series. In Fig. 2-18,
first consider L to have no resistance (which
would be impossible, since the conductor of
which it is composed always has resistance)
and also assume that R is zero. Then closing
A would tend to send a current through the
circuit. However, the instantaneous transition
from no current to a finite value, however
small, represents a very rapid change in cur-
rent, and a back e.m.f. is developed by the
self-inductance of L that is practically equal
and opposite to the applied e.m.f. The result
is that the initial current is very small, How-
ever, the back e.m.f. depends upon the change
in current and would cease to offer opposition
if the current did not continue to increase, With
no resistance in the circuit (which would lead
to an infinitely-large current, by Ohm’s Law)
the current would increase forever, always
increasing just fast enough to keep the e.m.f.
of self-induction equal to the applied e.m.f,
Since such a eircuit never would “settle
down,” the time constant of an inductive eir-
cuit without resistance is infinitely long.

When resistance is in series, Ohm’s Law sets
a limit to the value that the current can reach.
In such a circuit the current is small at first,
just as in our hypothetical case without re.
sistance. But as the current increases the volt-
age drop across R becomes larger. The back
e.nv.f. generated in L has only to equal the
difference between E and the drop across R,
because that difference is the voltage actually
applied to L. This difference becomes smaller
as the current approaches the final Ohm’s
Law value. Theoretically, the back e.n.f.
never quite disappears (that is, the current
never quite reaches the Ohm’s Law value)
but practically it becomes unmeasurable after
a time. The difference between the actual cur-
rent and the Ohm’s Law value also becomes
undetectable. The time required for this to
occur is greater the larger the value of L, and
is shorter the larger R is made. The time con-
stant of an inductive circuit is the time in
seconds required for the current to reach 63
per cent of its final value. The formula is,
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IA
T =
R
where T = Time constant in seconds
[. = Inductance in henrys
R Resistance in ohms

The resistance of the wire in a coil acts as
though it were in series with the inductance.

Example: A coil having an inductance of 20
henrys and a resistance of 100 ohms has a time
constant of

T = ; = ]2(;:) = (0.2 second

if there is no other resistance in the circuit. If a
d.e. c.anf. of 10 volts is applied to such a coil,
the final current, by Ohm’'s Law, is
E 10
I =~ = —— = 0.1 amp. or 100 ma.
R 100 LA s me

The current would rise from zero to 63 milliam-
peres in 0.2 second after closing the switch.

An inductor cannot be discharged in the
same way as a condenser, because the mag-
netic field disappears as soon as current flow
ceases. Opening S does not leave the inductor
“charged.” The energy stored in the magnetic
field instantly returns to the circuit when §
is opened. The rapid disappearance of the
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field causes a very large voltage te be induced
in the coil — ordinarily many times larger
than the voltage applicd, because the induced
voltage is proportional to the speed with which
the field changes. The common result of open-
ing the switch in a circuit such as the one
shown is that a spark or arc forms at the
switch contacts at the instant of opening. If
the inductance is large and the current in the
circuit is high, a great deal of energy is released
in a very short period of time. It is not at all
unusual for the switch contacts to burn or
melt under such circumstances.

“Iilter” circuits used in power-supply equip-
ment represent an excellent example of the
application of the CR or L/R time constant
to practical work, although calculations of the
type illustrated above are seldom nccessary
with such circuits. An understanding of the
principles also is nceessary in numerous special
devices that are coming into widespread use
in amateur stations, such as electronic keys,
shaping of keying characteristics by vacuum
tubes, and timing devices and control eircuits.
The time constants of circuits are also impor-
tant in such applications as automatic gain
control and noise limiters.

Alternating Currents

@ rHASE

You ecannot really understand alternating
currents until you have a clear picture of phase.
Essentially it means ‘“time,” or the time in-
terval between the instant when one thing oc-
curs and the instant when a second related
thing takes place. As a homely example, when
a bascball pitcher throws the ball to the catcher
there is a definite interval, represented by the
time of flight of the ball, between the act of
throwing and the act of catehing. The throw-
ing and catching are therefore ““out of phase”
because they do not occur at exactly the same
time.

Time differences arec measured in seconds,
minutes, hours, and so on. In the baseball
example the ball might be in the air two sec-
onds, in which case it could be said that the
throwing and catching were out of phase by
two scconds. However, simply saying that two
events are out of phase does not tell us which
one occurred first. To give this information,
the later event is said to lag the first in phase,
while the one that occurs first is said to lead.
Thus, throwing the ball “leads’’ the catch by
two seconds, or the cateh “lags’ the throw by
two seconds.

In a.c. circuits the current amplitude changes
continuously, so the concept of phase or time
obviously has utility whenever it becomes
necessary to specify the value of the current
at a particular instant. Phase can be measured

in the ordinary time units, such as the second,
but there is a morc convenient method: since
cach a.c. cycle occupics exactly the same
amount of time as every other cycle of the same
frequency, we can use the eycle itself as the
time unit. When this is done it does not matter
whether one cycle lasts for a sixtieth of a see-
ond or for a millionth of a second so long as
all the cycles are the same. In other words, using
the cycle as the time unit makes the specifica-
tion or measurcment of phase independent of
the frequency of the current, so long as only
one frequency is under consideration at a time.
If there are two or more frequencies, the meas-
urement of phase has to be modified just as
the measurements of two lengths must be
reconciled if one is given in feet and the other
in meters,

—1 Cycle ——

3 Cycle

Fig. 2-19 — An a.c. cycle is divided off into 360 degroes
that are used as a measure of time or phase.
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The time interval or “phase difference”
under consideration usually will be less than
one cycele. Phase difference could be measured
in decimal parts of a cyele, but for many
reasons it is more convenient to divide the cy-
cle into 360 parts or degrees. A phase degree
is therefore 1/360 of & cycle. (The reason for
this choice of unit is this: In a sine-wave alter-
nating current, the value of the current at any
instant is proportional to the sine of the angle
that corresponds to the number of degrees —
that is, length of time — from the time the cy-
cle began. There is of course no actual “angle”
associated with an alternating current.) Fig.
2-19 should help make this method of meas-
urement clear,

Measuring Phase

In a steady alternating current each cyele
is exactly like the preceding one. To compare
the phase of two currents of the same fre-
quency, we measure between corresponding
parts of cycles of the two currents. This is
shown in Fig. 2-20. The current labeled A
leads the one marked B by 45 degrees,
since A's cycles begin 45 degrees sooner in
time. (It is equally correct to say that B lags
A by 45 degrees.) The amplitudes of the in-
dividual currents do not affect their relative
phases — current 3 is shown as having smaller
amplitude than A. Regardless of the ampli-
tudes, the lagging current always would begin
its eycle (the start of the cycle is considered to
be the point at which it is passing through
zero and starting to increase in the positive
direction) the same number of degrees after
the current that leads begins its cycle.

+

Amplitude
_-— —

Fig, 2-20 — When two waves of the same frequency
start their eycles at slightly different times, the time
difference or phase difference is measured in degrees, In
this drawing wave B starts 45 degrees (one-cighth
cycle) later than wave 4, and so lags 45 degrees behind A.

Two important special cases are shown in
Fig. 2-21. In the upper drawing B lags 90
degrees behind A; that is, its cycle begins just
one-quarter cycle later than that of A. When
one wave is passing through zero, the other is
just at its maximum point. Note that (using
A as a reference) in the first quarter eycle A4
is positive and B is negative; in the second
quarter cycle both A and B are positive, but
one is decreasing while the other is increasing;
in the third quarter cycle A ix negative while
13 is positive; and in the last quarter cycle both
are negative,
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In the lower drawing A and B are 180 de-
grees out of phase. In this case it does not mat-
ter which one we consider to lead or lag. B
is always positive while 4 is negative, and vice
versa. The two waves are thus completely out
of phase.
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Fig. 2-21 — Two important special cases of phase dif-
ference. In the upper drawing, the phase difference be-
tween 4 and B is 90 degrees: in the lower drawing the
phase difference is 180 degrees.

The waves shown in Figs. 2-20 and 2-21
could represent current, voltage, or both. A
and B3 might be two currents in separate cir-
cuits, or A might represent voltage while B
represented current in the same circuit. If A
and B3 represent two currents in the same
circuit (or two voltages in the same circuit)
the actual current (or voltage) would take a
single value at any instant. This valuc would
equal the sum of the two at that instant. (We
must take into account the fact that the sum of
positive and negative values is actually equal
to the difference between them.) The resultant
current (or voltage) also is a sine wave, because
adding any number of sine waves of the same
frequency always results in a sine wave also
of the same frequency.

@ REACTANCE

The discussion of capacitance and induct-
ance carlier in this chapter was confined to
cases where only d.c. voltages were applied.
To understand what happens in a condenser
or inductance when an a.c. voltage is applied,
it is necessary to hecome acquainted with a
fundamental definition of clectric current (as
contrasted to the physical description of cur-
rent given earlier). By definition, the ampli-
tude of an clectric current is the rate at which
electric charge is moved past a point in a cir-
cuit. If a large quantity of charge moves past
the ohserving point in a given time, the cur-
rent is large; if the quantity is small in the same
amount of time, the current is small.

Alternating Current in Condensers

The quantity of charge that can be placed
on a condenser of given capacitance is propor-
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tional to the voltage applied to the condenser.
As we explained earlier, the condenser becomes
charged instantly if there is no resistance in the
circuit. Suppose a sine-wave a.c. voltage is ap-
plied to a condenser in a circuit containing
no resistance, as indicated in Fig. 2-22, For
convenience, the first half-cycle of the applied
voltage is divided into eight equal time in-
tervals. In the period O4, the voltage increases
from zero to 38 volts; at the end of this period
the condenser is charged to that voltage. In
the next interval the voltage increases to 71
volts; that is, 33 volts additional. In this second
interval a smaller quantity of charge has been
added than in the first interval, because the
voltage rise during the second interval was
smaller. Consequently the average current
during the second interval is smaller than dur-
ing the first. In the third interval, BC, the
voltage rises from 71 to 92 volts, an increase of
21 volts. This is less than the voltage increase
during the second interval, so the quantity
of electricity added to the charge during the
third interval is less than the quantity added
during the second. In other words, the average
current during the third interval is still smaller.
In the fourth interval, CD, the voltage in-
creases only 8 volts; the charge added is smaller
than in any preceding interval and therefore
the current also is smaller. By dividing the
first quarter cyele into a very large number of
intervals it could be shown that the current
charging the condenser has the shape of a
sine wave, just as the applied voltage does.
But the current is largest at the beginning of
the cycle and becomes zero at the maximum
value of the voltage (the condenser cannot be
charged to a higher voltage than the maximum
applied, so no further current can flow) so there
is a phase difference of 90 degrees between the
voltage and current. During the first quarter
cycle of the applied voltage the current is
flowing in the normal way through the circuit,
since the condenser is being charged. llence
the current is positive during this first quarter
cycle, as indicated by the dashed line in Fig.
2-22,

In the second quarter cycle — that is, in the
time from D to H, the voltage applied to the
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condenser decreases. During this time the
condenser loses the charge it acquired during
the first quarter cycle. Applying the same
reasoning, it is plain that the current is small
from D to E and continues to increase during
each succeeding interval. However, the current
is flowing against the applied voltage because
the condenser is discharging into the circuil.
Hence the current is negalive during this
quarter cycle.

The third and fourth quarter cycles repeat
the events of the first and second, respectively,
with this difference — the polarity of the ap-
plied voltage has reversed, and the current
changes to correspond. In other words, an
allernating current flows through a condenser
when an a.c. vollage is applied to it. As shown
by Fig. 2-22, the current starts its cycle 90
degrees before the voltage, so the current in a
condenser leads the applied voltage by 90 de-
grees.

Capacitive Reactance

Remembering the definition of current as
given at the beginning of this section, as well
as the mechanism of current flow described
above, it should be plain that the more rapid
the voltage rise the larger the current, because a
rapid change in voltage means a rapid transfer
of charge into or out of the condenser. The
rapidity with which the voltage changes de-
pends upon two things: (1) the amplitude of the
voltage (the greater the maximum value, the
faster the voltage must rise from zero to reach
that maximum in the time of one-quarter cycle
if the frequency is fixed); (2) the frequency (the
higher the frequency, the more rapidly the
voltage goes through its changes in a given
time if the maximum amplitude is fixed). Also,
the amplitude of the current depends upon the
capacitance of the condenser, because the
larger the capacitance the greater the amount
of charge transferred during a given change in
voltage.

The fact that the current flowing through a
condenser is directly proportional to the ap-
plied a.c. voltage is extremely important. It is
exactly what Ohm’s Law says about the flow
of direet current in a resistive circuit, and so

leads us to the conclusion that Ohm’s Law
may be applied to an alternating-current cir-
cuit containing a condenser. Of course, n
condenser does not offer “resistance’” to the
flow of alternating current, because the
condenser does not consume power as a
resistor does. It merely stores energy in one
part of the cycle and returns it to the circuit
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Fig. 2-22 — Voltage and eurrent phase relationships when an

alternating voltage is applied to a condenser.

in the next part. Furthermore, the larger the
capacitance the larger the current; this is
just the opposite of what we expect with
resistance. And finally, the “opposition”
offered by a condenser to alternating cur-
rent depends on the frequency of that cur-
rent. But with a given capacitance and a
given frequency, the condenser fellows
Ohm’s Law on a.c.
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Since the opposition effect of a condenser is
not resistance, it is called by another nanie,
reactance. But because reactance holds back
current flow in a similar fashion to resistance,
the unit of reactance also is the ohm. The re-
actance of a condenser is

1
Xo = 2xfC}

where X¢ = Condenser reactance in ohms

f = Frequency in cycles per second
(" = Capacitance in farads
r = 3.14

The fundamental units (cycles per second,
farads) are too large for practical use in radio
circuits, However, if the capacitance is in
microfarads and the frequency is in mega-
cycles, the reactance will come out in ohms in
the formula.

Example: The reactance of a condenser of 470
uufd. (0.00047 pfd.) at a frequency of 7150 ke.

(7.13 Me.) is
1 1

X=—"—="_ —————— = 47.4 ohins
2xfC  6.28 X 7.15 X 0.00047

Inductive Reactance

In'the ease of an alternating voltage applicd
to a circuit containing only inductance, with
no resistance, it must be remembered that in
such a resistanceless circuit the current always
changes just rapidly enough to induce a back
e.m.f. that equals and opposes the applied
voltage. In Fig. 2-23, the cycle is again divided
off into equal intervals. Assuming that the
current has a maximum value of 1 ampere, the
instantaneous current at the end of each inter-
val