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PREFACE

Just thirteen years ago, the first printing of this book ap-
peared. It was originally written for the student who had little

of a teacher was not forgotten. Every attempt was made to
make the text lucid and practical. This viewpoint has persisted
through subsequent editions, This, the Fourth Edition, has been
brought up to date, new problems have been added, new phases
of radio science have taken the places of other phases which
have disappeared. :

The book has been used in trade Schools, for which it was
intended, and in colleges for which it was not aimed. The author

there!
In preparing this new edition, the author has not been un-
mindful of his responsibility. Many men now in uniform will

try’s sake. The author hopes that the same qualities in this text
which have appealed to students using previous editions wil] help
students, military and civilian, in the present situation, and thus
in some measure acquit him of his feeling of deep responsibility.

Kerra Henney
June, 1942
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CHAPTER 1
FUNDAMENTALS

No one can learn a great deal about the theory and practice
of radio who does not also know a few fundamental facts about
electricity, for radio is but one aspect of a much broader field,
electrical engincering. And since electricity is but a movement
of the smallest known bit of matter and energy, the electron, it is
necessary that a study of electricity must be preceded by a slight
knowledge of the electron.

1. The electron. The entire universe is made up of various
combinations of about ninety substances known as elements.
These elements are composed of negative electrical charges
known as electrons, and positive charges known as protons. The
electrons are all alike. The only difference between copper and
aluminum lies in the difference in the number and position of
their electrical charges.

2. Charged bodies. The term charge is used in various ways. .
A body on which there is an equal amount of negative and posi-
tive eleetricity is said to be in equilibrium; but if the body has
an excess of either negative or positive electricity it is said to be
charged. Sometimes the body itself is called a charge and of
course may be referred to as a positive or a negative charge. If
it has a great excess of either of the two kinds of electricity, it is
said to be highly charged. In this condition it is in a state of
very unstable equilibrium, and at the least chance some change
will oceur to bring the body into a state of greater equilibrium.

3. The laws of electrical charges. These electrical charges
obey simple laws: like charges, whether positive or negative, re-
pel each other; unlike charges, that is, a positive and a negative
charge, attract each other. The more highly charged the bodies
are the greater will be the repulsion or attraction. The closer

1



2 FUNDAMENTALS

together the charges are the greater will be the attraction or re-
pulsion. Doubling the distance between two unlike charges di-
vides their attraction by four. The greater the magnitude of the
individual charges the greater is the attraction or repulsion; the
greater the distance between the charges the less the attraction
or repulsion.

4. The atom. The simplest form in which an element can exist
by itself is called the atom. A combination of two or more
atoms is called a molecule. Ordinarily the atom or molecule is
in electrical equilibrium with its surroundings. If, however,
through some severe mechanical shock, for example, it should
lose an electron it would be charged and then would follow the
laws cited above. It would then attract or get rid of an electron
at the first opportunity and become neutral again.

It is the motion of electrons that we know as the electric cur-
rent. When there is a sufficient number of clectrons, a billion
billion per second, for instance, there is current enough to light
an incandescent lamp or heat an electric iron.

The atoms and molecules in matter are in constant motion,
carrying with them in their movements the clectrons that con-
stitute them; in the bumping of one atom against another, elec-
trons are lost, gained, and interchanged.

Atoms of matter are inconceivably small. Everyone has seen
many-colored oil films on the street. It is possible to obtain oil
films less than half a ten-millionth of an inch thick. The atoms
composing these films cannot be thicker than this figure; the
electrons are much smaller. We think the distances in the solar
system of which the earth is part are beyond comprehension, the
sun, for example, being about 90 million miles from the earth;
but the dimensions of the electrons in their smallness are even
more difficult to picture. The diameter of the electron is esti-
mated to be about 1 ft divided by a hundred million million.
Each of these electrons resembles its brother exactly, so that
when an electron is knocked out of an atom by a collision it is
free to combine with any other body near by which may have a
deficit of negative electricity, regardless of what the body may
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be made. The electron is the unit out of which everything is
made.

5. The ether. The fact that onc charge can exert a force,
either of attraction or repulsion, upon another implies that some-
thing connects the two. For instance, a rubber comb which has
been rubbed on a coat sleeve will pick up bits of paper. Even
though the comb does not actually touch it, the paper jumps to
the comb while the two are still some distance apart. Evidently
something cxists in the spacc between the comb and the paper.
That it is not air may be demonstrated by performing a similar
experiment under a jar from which all the air has been pumped.

This leads us to a conception of what is commonly known as
the ether. It is simply the place or the substance, or whatever
onc may choose to call it, wherein the attraction or repulsion of
electrical charges exists. The cther is a concept made necessary
by our difficulty in conceciving how one body can exert an cffect
upon another except through some intervening medium. Be-
tween two charged bodics are said to exist lines of force which
tend to decrease the distance between the bodies if they are op-
positely charged or to increase it if the bodics are charged alike.
The sum of these lines of force is called an electrical field and
avery charged body is surrounded by such a field. Since a radio
acrial is but a charged system of wires it too has a field about it.
This field extends in all directions through what we call the
ether.

6. The electric current. In an ordinary picce of copper wire
the electrons are moving about in a haphazard fashion at the
rate of about 35 miles per second. If this wire is in an electrical
circuit, in addition to this to and fro motion there is a compara-
tively slow drift of electrons from one end of the wire to the
other. It is this slow drift of electrons in a given dircction that
we ordinarily call the eleetrie current. Because each electron can
carry an extremely small quantity of electricity, it is only move-
ments of large numbers of them in which we are interested. It
has been estimated that it would take all the inhabitants of the
carth, counting night and day at the highest rate of speed
possible, 2 years to count the number of electrons which pass
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through an ordinary electric light in a second. This is about
the same number that is necessary to light the tubes in a modern
ac—dc receiver.

The flow of electrons from one end of the wire circuit to an-
other can be explained by the two fundamental laws of electrical
charges (Section 3). When a wire is attached to the positive ter-
minal of a battery there is a momentary movement of the elec-
trons nearest the end of the wire toward the battery. This move-
ment soon ceases because the flow of electrons into the battery
leaves a dearth of them at the other end of the wire which must
be supplied. If both ends are attached to the battery a steady
drift of electrons takes place out of the negative pole or terminal
of the battery, through the wire, and to the battery again at the
positive terminal. .

Thus the actual motion of the electrons is from the negative
toward the positive end of a circuit. This is in the opposite di-
rection from the rule established many years before the electron
had been discovered, namely, that current flows from positive to
negative. In problems the student can assume either direction so
long as he is consistent. We know that the electrons flow from
negative to positive; electrical workers assume the current flows
from positive to negative. In this book we shall follow the lat-
ter rule, but the student should remember that the actual carriers
of electricity move in the opposite direction.

7. Insulators and conductors. It is a matter of common
knowledge that the current does not flow through the non-.
metallic parts of a radio set, or through the insulating material
around a broken conductor. How does it happen that some ma-
terials are such good conductors, copper and silver for example,
whercas others, such as glass or Bakelite, appear not to conduct
at all? Here again we are dealing with the building stones of
all matter, the atom and the electron. Atoms of the so-called
non-conductors maintain their hold on their individual electrons
very tightly; few electrons escape. In the conductors, the elec-
trons of the various atoms are frcer to move about, and so to be
interchanged among atoms. A conductor is made of material
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through which charges move easily. A non-conductor is made
of material in which electric charges do not move easily.

A good conductor is a material whose electrons are freer to
move about than those of a poor conductor. Strictly speaking,
there are no non-conductors. All materials will carry current to
some degree. Glass, for example, which is generally considered a
very good insulator, conducts electricity fairly well when it is in
a molten state.

The best insulators—that is, the poorest conductors—are am-
ber, rubber, sulphur, shellac, porcelain, quartz, silk, air. Dry
wood, paper, cotton and linen thread are semi-conductors. The
best conductors are the metals, acids, moist earth, ete.

8. Conductivity. All materials have a certain characteristic
called conductivity, which describes their ability to conduct an
electric current. Among pure metals silver has a very high con-
ductivity, copper is next, and near the bottom lies iron with
about one-ninth the conductivity of copper. The conductance of
a circuit is a term expressing its ability to pass an electric cur-
rent. The greater the conductance, the greater the current. The
unit of conductance is the mho.

9. Resistance. Those metals which have a high conductivity
may be said to offer little resistance to the flow of electrons
through them. Thus, copper has a low resistance, whereas some
combinations of copper, nickel, and iron-manganese, for example,
have resistances many times that of copper. A device added to
a circuit to increase its resistance is called a resistor. Note that
resistance is a property of a material or a circuit, whereas a re-
sistor is a device used for supplying resistance to a circuit.

Resistors used in radio apparatus are of several types. A
“fixed” resistor has a definite and fixed number of ohms. A
“variable” resistor can be varied in value. Some resistors are
made of wire wound on a form; others are made of extruded
composition material.

The resistance of two wires of the same material and at the
same temperature depends upon two things, the length of the
wires and the area of their cross section. Naturally, the longer
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the wire the fewer electrons can pass through it in a given time;.
similarly, the smaller the diameter of a wire the greater the re-
sistance, just as you can get more gallons of water per second
from a 3-in. fire hose than from a 1-in. garden hose, although
they may be attached to the same hydrant.

Similarly, a wire 2 ft long has twice the resistance of a wire
1 1t long but of the same diameter. Of two wires of the same

d=1]] R=1 ]
e———a1—
d=1| R=2 ]
L=2
d=l [R=1% == |
L=1
d=1
L=
dwm2 Re=iy
L=1
| A P 1L | IS IR | i )
0 1 2 3 4

Fi6. 1. Resistance depends upon the length and size of a conductor.

length the one having the smaller diameter will have the greater
resistance. The resistance is inversely proportional to the area of
the wire or to the square of the diameter. This is demonstrated
in the copper wire table on page 8 by noting that a No. 10 wire
has a diameter 102 wire mils and a resistance of approximately
1 ohm per 1000 ft, whereas No. 16 wire, with one-half the
diameter, has four times the resistance.

There are several ways in which the absolute value of the
resistivity of a substance may be indicated. The most useful
to electrical engineers, since they use so much of their resistance
material in the form of wires, is the ohm per mil foot. This is
the resistance in ohms of a wire 1 mil in diameter and 1 ft long.
A mil is a thousandth of an inch (0.001 in.). Tables showing
the resistivity of many materials will be found in handbooks
used by electrical and radio engineers. In general, however,
wire tables showing the actual resistance in ohms of wires of
various sizes are most practical to use.
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The resistances of several metals compared to silver are as
follows:

Silver 1.00 Platinum 6.15
Copper 1.06 German silver 20
Aluminum 1.74 Constantan 27
Nickel 4.25 Mercury 59
Soft iron 6.00 Carbon 215

Problem 1-1. How many times higher in resistance is mercury than sil-
ver? Than copper?

Problem 2-1. Two wires of the same length and diameter have resist-
ances in the ratio of 5.65 to 1. If the lower-resistance wire is copper, could
you identify the other wire material from the above table?

Problem 3-1. Two wires, one of soft iron and the other of platinum, are
to have the same resistance. They have the same diameter. The platinum
wire is 1 ft long. What is the length of the soft iron wire?

10. The ohm. The unit of resistance is the ohm. It is arbi-
trarily defined by international agreement as the resistance of
a column of mercury weighing 14.4521 grams, having a uniform
cross section and a height of 106.3 cm at 0° centigrade. A 9.35-
ft length of No. 30 copper wire has a resistance of about 1 ohm.
The table on page 8 gives sizes and resistance per thousand
feet of copper wire. The resistance per foot may be obtained
from such a table by dividing the resistance per thousand feet
by one thousand. In this table will be found the size of wires
according to the B & S gage, the diameter in thousandths of an
inch, the resistance in ohms per thousand feet, the weight, and
the numbers of turns of the wire that can be got into an inch
of winding space when the wire is covered with various insula-
tions. “S.c.c.” refers to ‘“single cotton covered,” “d.c.c.” refers
to “double cotton covered,” indicating that two layers of cotton
thread are wound about the wire as insulation. Similarly
“s.s.c.” refers to silk thread insulation.

Note that decreasing the size of wire by three numbers, that is,
from No. 20 to No. 23, doubles the resistance of the wire from
10.15 to 20:36 ohms; going from No. 30 to No. 27 lowers the re-
sistance from 103.2 to 51.5 ohms per thousand feet.

Copper is used in electrical and radio circuits because of its
high conductivity compared to other metals and its low cost com-
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CoprPER WIRE TABLE
Resistance at 68° F (20° C)
Mils, 0.001 in.

|

Size of | Diam- er Linear
Wire |eter of | Ohms per |[Pounds per Turns per Linear Inch
B.&S. | Wire 1000 I't 1000 F'y
Gage Mils | | See Dece Sse Dsc
0000 460 0.049 641 2.14 2.10
000 | 410 0.0618 | 508 2.39
00 365 0.0779 | 403 2.68 2.62
0 325 0.0983 | 319 3.00
1 289 0.1239 | 253 3.33 3.25
2 | 258 0.1563 | 201 ’ 3.75
3 229 0.1970 | 159 4.18 4.03
4 204 0.2485 | 126 4.67
5 182 0.3133 | 100 5.21 5.00
6 162 0.3951 79.5 5.88
7 144 0.4982 63 6.54 6.25
8 128 0.6282 50.0 7.35
9 114 0.7921 39.6 8.26 7.87
10 102 0.9989 31.4 9.25
11 91 1.260 24.9 10.3 9.80
12 81 1.588 19.8 11.5
13 72 2.003 15.7 12.8 12.2
14 64 2.525 12 .4 14.3
15 57 3.184 9.86 15.9 14.9
16 51 4.016 7.82 17.9 16.7 18.9 18.3
17 45 5.064 6.20 20.0
18 40 6.385 4.92 22.2 20.4 23.6 22.7
19 36 8.051 3.90 24 .4
20 32 10.15 3.09 27.0 24 4 20.4 28.0
21 28.5 12.80 2.45 29.9
22 25.9 16.14 1.94 33.9 30.0 36.6 34.4
23 22.6 20.36 1.54 37.6
24 20.1 25.67 1.22 41.5 35.6 45.3 41.8
25 17.9 32.37 0.97 45.7
26 15.9 40.81 0.769 50.2 41.8 55.9 50.8
27 14.2 51.47 0.610 55.0
28 12.6 64.90 0.484 60.2 48.6 68.5 61.0
29 11.3 81.83 0.384 65.4
30 10.0 103.2 0.304 71.4 55.6 83.3 72.5
31 8.9 130.1 0.241 77.5
32 8.0 164.1 0.191 83.4 62.9 101 84.8
33 7.1 206.9 0.152 | 90.0
34 6.3 260.9 0.120 | 97.1 70.0 121 99.0
35 | 56| 329.0 0.0954 | 104
36 5.0 414.8 0.0757 | 111 77.0 143 114
37 4.5 523.1 0.0600 | 118
38 4.0 659.6 0.0476 | 125 83.3 167 128
39 3.5 831.8 0.0377 | 135
40 3.1 | 1049 0.0299 | 141 90.9 196 145
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pared to metals of higher conductivity. Tt ig readily obtainable
and easily worked.

The term megohm ig frequently used in radio literature, It
is equal to one million ohms,

Problem 4-1. What size of soft iron wire will have approximately the
same resistance as No. 32 copper?

Problem 5-1. What is the resistance of 1 ft of No. 20 copper? Of
No. 24 aluminum?

Problem 6-1, A two-wire telegraph line is to be run a distance of 2
miles. If the tota] resistance of the line must be kept below 20 ohms,
what size of copper wire must be used? If iron wire must be used be-
cause of expense, what size will be required? If copper and iron wire
have about the same relative weights (555 to 480) what will the iron line
weigh?

11. The effect of molecular motion on resistance. Why do
some substances have greater resistance than others? Let us
again consider the electrons, atoms, and molecules which make
up the wires carrying the currents, Not only are the electrons in
motion, but the atoms and molecules themselves are also in a

Although molecules cannot traverse the clectrie circuit as the
electrons can, in their to and fro motion they impede the prog-
ress of the electricity bearers by countless collisions with them.
The greater this molecular motion, the greater the resistance to
4 progressive flow of electrons, and the greater the wire’s electri-
cal resistance,

12. The effect of temperature on resistance, The resistance of
all pure metals rises with increase in temperature. This is be-
cause of the greater molecular agitation at higher temperatures,
making it more difficult for the electrons to drift in their progres-
sive motion around the circuit,

At absolute zero, 273 degrees below zero centigrade, all molec-
alar motion is supposed to stop, making the resistances of metals
bractically zero. At the lowest temperature reached it has beep
'ound that the resistance of a cojl of wire is so low that current
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will flow for some time after the driving force is removed. Scien-
tists have approached to within a fraction of a degree of absolute
zZero.

13. Temperature coefficient of resistance. Conductors in
which radio engineers are interested increase or decrease in re-
sistance at a regular rate with respect to temperature. The

% Change in Rles. /
= //
: A
Nichrome = Nickel-Chromium Alloy
S.M.L.=67% Ni; 28% Cu; 5% Fe Mn, Si, etc.
&
40 -4 S
® &
% L
.30 -3-5 —
- z Y
= s.M. &
17
20 -2
10 -1 & 1 :
l |
| |
| 1 1 L]
0 100 200 300 400 500

Temperature Degrees C.

F1e. 2. Effect of temperature on resistance.

change in resistance of a given wire may be computed from the
following facts The temperature coefficient of resistance is a
term which gives the amount the resistance increases for each
degree rise in temperature for each ohm at the original tempera-
ture. For example, if a copper wire with a temperature coefficient
of 0.0042 has a resistance of 80 ohms at 0° C, this resistance will
be increased by 80 X 0.0042 for each degree rise in temperature.
At 50° C the resistance increase would be 80 X 0.0042 X 50 or
16.8 ohms, and the resistance would now be 80 +- 16.8 or 96.8
ohms. Manganin wire, composed of 84 per cent copper, 12 per
cent manganese, 4 per cent nickel, has a very low temperature
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coefficient of resistance. It is 0.000006. The change in resistance
of two alloys with temperature is shown in Fig. 2.

Typical temperature coeflicients of resistance for several
metals and alloys used in the radio profession are as follows:

MATERIAL COEFFICIENT
Constantan (an alloy) 0.000002
Copper 0.0042
Copper-manganese-iron 0.00012
Iron 0.005
Nickel 0.006
Platinum 0.003
Silver 0.003
Tantalum 0.003

14. The ampere. The ampere is the term used to express the
rate at which electrons move past a given point in an electrical
circuit. It is equal to 6.28 X 10'® (see Section 16) electrons per
second. Since each electron carries a definite quantity of elec-

1.0
2 0.8 S
7
a —
Eos T
E
2
El 1/
1/

/

50.2 /l

5 10 16 20 25 80 85 40
Volts Across Ballast Tube
Fic. 3. Characteristic of iron wire in a gaseous atmosphere. Note that
there is an appreciable region where the current through the wire is in-
dependent of the voltage across it. This is used to maintain a constant
current through a transformer regardless of line voltage variations.
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tricity, the total amount carried by 6.28 X 108 electrons is a
definite quantity and is known as the coulomb. The ampere,
however, is the term used in electrical practice. It corresponds
to the term gallons per second used in speaking of the amount of
water transported through a pipe or hose. The term gallons
alone conveys little meaning, since the same number of gallons
will flow out of a small hose as out of a large one provided we
do not consider the time involved, or the pressure. But “gallons
per second” involves both time and pressure and is a term easily
visioned. A current of 1 amp will convey through a circuit 1
coulomb of electricity per second.

The ampere as a quantity of electricity transported per second
is a large unit if we compare it with the current flowing from the
B batteries of a radio set. It is small compared with the currents
encountered in power houses. The B batteries supply only thou-
sandths of amperes or milliamperes, whereas in a small power
house supplying power to a village one may have thousands of
amperes flowing. A meter to measure the flow of current is
called an ammeter, or milliammeter, or microammeter, depending
upon the strength of current it can measure. Approximate cur-
rents flowing through commonly used devices are shown below.

APPROXIMATE
APPARATUS CURRENT IN AMPERES
50-watt lamp 05
250-watt lamp 25
2-hp motor 10.
Electric iron 5.
Filament of battery-type vacuum tube 0.05
Plate circuit of vacuum tube 0.005

15. The volt. The clectrons are driven through the wires and
apparatus composing the circuit by a force called an electromo-
tive force, abbreviated to emf. The unit of force is known as
the volt. It is the electrical force that will cause 1 amp of elec-
tricity to flow through a wire which has 1 ohm of resistance. The
common dry cell used to ring door bells has a voltage of about
1.5; storage batteries when charged have a voltage of about 2.0,
and thus a three-cell battery has a voltage of 6.0. The ordinary
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B battery has a voltage of about 45, and if torn apart will be
found to consist of thirty small cells, the voltage of which is 1.5
volts each. An instrument used to measure voltages is known
as a voltmeter. A table of voltages is given below.

VoLTAGE
APPARATUS (APPROXIMATE)
Dry cell 1.5
Storage battery 6
B battery 45
House-lighting circuit 115
“Third rail” 500

16. Engineers’ shorthand. Engineers have a simple short-
hand method of working with large numbers well illustrated by
the figures 6.28 X 10'8. This means 6.28 multiplied by a million
million million. This many electrons flowing past a given point
per second constitute the eleetrie current known as an ampere.
We shall have occasion to use this system many times in the
course of the book and students are encouraged to master it as
soon as possible. The table below will be helpful.

1 =10° = one

10 = 10! = ten
100 = 102 = hundred
1000 = 10% = thousand, ete.

1 =10° = one
0.1 =107 = {& = one-tenth
0.01 = 1072 = ;4 = one-hundredth

0.001 = 1073 = 13} = one-thousandth, ete.
The small number above the figure 10 is called the exponent.

Numbers less than 1 have negative exponents. Thus three-
thousandths may be expressed in these several ways:

3 3
= == - -2
0.003 =3 x 10 1 108

When numbers are multiplied, their exponents are added:
when the numbers are divided, the exponents are subtracted.
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Thus 100 multiplied by four-tenths may be done in shorthand

as follows:
100 X 0.4 = 102 X 4 X 107!

=4 X 10!
o =4X10
=40
Similarly, let us divide 3000 by 150.

3000 + 150'= (3 X 10%) = (1.5 X 10%)

The rules are few and simple:

1. To multiply, add exponents.

2. To divide, subtract exponents.

3. When any number crosses the line, change the sign of the
exponent.

Example 1-1. Multiply 20,000 by 1200 and divide the result by 6000.

20,000 = 2 X 10*
1200 = 12 X 10?

6000 = 6 X 10°
‘ 20,000 X 1200 2 X 10* X 12 X 10°
6000 6 X 10°
_2X12 X104 X 10 X 1078
h 6
=% X 10
= 4000

Problem 7-1. How many electrons flow past a given point per second
when the number of amperes is 62 60? 600? 01? 0003?

Problem 8-1. The sun is roughly 90 million miles from the earth. Ex-
press this in “shorthand.”

Problem 9-1. At 100 miles per hour, how many months would it take to
reach the sun?

Problem 10-1. If light travels at 300 million meters per second and if
a meter equals 3.3 ft, how long-does;it-take the sun’s rays to reach the

TR : )
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Problem 11-1. How many amperes of current flow when 31.4 X 1015
electrons per second flow past a point?

In connection with such shorthand methods the following table
of prefixes commonly used will be important.

PrEFIX ABBREVIATION MEANING SHORTHAND
micro M one millionth 108
milli m one thousandth 1073
centi c one hundredth 102
deci d one tenth 101
deka dk . ten 10
hekto h one hundred 102
kilo k one thousand 108
mega M one million 108

Thus a thousandth of an ampere is known as a milliampere, a
million ohms is called a megohm, etc.; or, expressed in numbers,
1 ma = 10-3 or 0.001 amp; 1 megohm = 1,000,000 ohms.

Problem 12-1. How many cycles are 1000 kilocycles? How many kilo-
cycles in 500 cycles?

Problem 13-1. How many megacycles are in 1000 kilocycles? How
many cycles in 30 megacycles?

17. Mathematics in the study of radio. The amount of mathe-
matics one needs varies with the intensity with which one intends
to study radio. As in all other branches of science in which
mathematics plays a part the easier it is to think mathematically
the greater are the possibilities ahead of the student. In this
book it is necessary to have only a rudimentary knowledge of
algebra to work most of the problems. The student with no
mathematics beyond arithmetic and common sense will be able
to work his way through most of the examples.

18. Curve plotting. Many of the answers to radio problems
can be seen visually if the problem is plotted in the form of a
graph. Such graphs or curves are used frequently in this text,
and it is essential that the student and experimenter shall be
familiar not only with how to plot curves but also with how to
interpret curves that other experimenters have drawn.
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The simplest form of curve is a map. The map has two co-
ordinates or axes, north-south and ecast-west. We say that a
town is situated at so many miles east and so many miles south
of some point that we take as the origin. We have now plotted
the simplest mathematical equation, a point. A railroad runs
straight north past a point, that is, so many miles east of this
1 T |

]

7 ol

[+,

v

y=10-x

Y Axis or
Axis of Ordinates
EY

w
B

| ? =-1)

Origin

AN

/

1 2 3 4 5 6 7 8
X Axis or
Axis of Absissae

Fic. 4. Curves are usually drawn with some portion of them going
through the 0-0 point as origin.

town. We can locate this railroad by giving two points through
which it passes, or by giving one point through which it passes
and its direction. By a point and a direction we have plotted
another simple mathematical equation, a straight line.

In radio plots the axes may be called X for the horizontal and
Y for the vertical, or current for one and voltage for the other,
ete. A graph is a visual expression of the relation existing be-
tween two factors, X and Y, or current and voltage, etc. When
one increases the other increases or decreases. Knowing the law
connecting them (the equation or formula) we can tell what the
current is at any given voltage. If the law expressed visually in
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the form of a graph is a straight line, we say the two factors,
current and voltage, are proportional. If one increases and the
other decreases, we say they are inversely proportional.

Curves are useful not only in giving us a visual picture of what
is happening in a circuit, but also in telling us if the figures se-

/|
/o
/ .
y origin

-3 -2 -1 o0 1 2 3
E,

F1G. 5. The origin in the center.

/’
v 5
5.9-3.3
—/ *i Joe |4
i _—
| Slope = Change in » 3
] Changeinx 2
=26_.65
1
J’T Origin !“; 6—2 =4_>=
¥ g .
X 2 3 4 5 6 7
——

F16. 6. How to calculate the slope of a curve.
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cured in an experiment are correct. Thus we may calibrate a
wavemeter in condenser dial degrees against wavelength in me-
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D. C. Output MA.

Fie. 7. A power supply device regulation curve.

ters. We plot this curve and one or more points do not seem to
fall on the smooth curve that goes through the other points.
Something in our laboratory experiment caused these points to
be off the curve. They were incorrectly taken, and the measure-
ment that gave us these points must be repeated.
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Points which lie to the left of the vertical axis are negative;
points which lie below the horizontal axis are negative. All
others are positive.

The change in the vertical units with a given change in hori-
zontal units is called the slope of the curve. If the curve goes
through the origin this slope amounts to the ratio between the
vertical and the horizontal values at any point. In Fig. 6 is
shown the method of calculating the slope.

450
§ . \ 300 Yoits a.c.
2300 \\ 280 Voits 4 ¢-
] —
©200
[+
a

100

Zlo 40 60 80

MA Output

F16. 8. The same data as in Fig. 7 but plotted to a different scale.
Note how much flatter the curves appear.

The units in which a curve is plotted change its appearance.
Thus in Fig. 7 is plotted the relation between the output voltage
of a B eliminator as the current taken by the receiver is changed.
Figure 8 shows the same data but plotted to a different vertical
scale. The slope of these lines looks different but really is the
same. If the slope is the factor in which we are interested, the
more open scale should be used so that small changes will be
visible.

Problem 14-1. Get some cross-section paper, or make some, like that
used in the illustrations here. Plot on this paper the height of a road
as it progresses from the bottom of a hill to the top using the following
data. At the bottom of the hill it is 400 ft above sea level. At the end
of a quarter mile it is 550 ft above sea level, at the 3% mile it is only
500 ft high, at 16 mile it is 700 ft, at % mile it has risen to 900 ft, at
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Headphones

Galvanometer

Key

Wires Connected

Reversing Switch

TV

o —

Closed Circuit Jack

or

Wires crossed
but not Connected

.

Single Pole
Double Throw Switch
“SPDT”

L =Inductance
C =Capacity
R =Resistance
w=0hms

L. =Megohms

/F

©

Ammeter or
Milliammeter

“SPST' Switch

mh=Millihenries
Mf = Microfarads
Muf=Micromicrofarads

Mh=Microhenries

(&)
-

Voltmeter

—O O
—0 O—
Double-Pole

Double-Throw Switch
“DPDT”




SYMBOLS

—.00000000

Fixed Inductance

Iron-Core
Transformer

)

Variable Resistance

—.2000600

Variable Inductance

I

Fixed Capacity
or Condenser

A

Three-Element Tube
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B

Variable Capacity
or Condenser

U

Heater-Type A-C Tube
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with
Fixed Coupling

000000
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*
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Coupling

%%g
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% mile it has dropped to 800 ft, at % mile it is 1000 ft high and at the
end of a mile it is at the 1200 foot level. Mark off these points on the
plotting paper, draw lines connecting the points, and then draw a line
connecting the 400 and the final 1200-ft points. What is the average
rate of climb (slope of the road) of a car traversing this road?

19. Symbols. In all technical literature a number of abbrevi-
ations are used to express parts of circuits. The symbols used
in this book are shown on pages 21 and 22. A circuit is built
up simply by connecting several of these symbols. Each piece
of apparatus used in radio circuits has at least two terminals.
Thus, there is a positive and a negative terminal to a battery;
a pair of headphones has two terminals. When two pieces of
equipment are in series, the current flows through one of them
before it goes through the other. Thus if two coils of wire are
connected in series, one terminal of one coil is connected to one
terminal of the other coil. The two remaining terminals may
be connected to the remainder of the circuit.

If, however, the components are connected in parallel, the
current flows through the individual pieces simultaneously. The
two terminals of one coil are connected to the two terminals of
the other coil, and then these same paired terminals are con-
nected into the remainder of the circuit.

Circuit diagrams are merely the engineers’ pictorial system of
showing the connections between the individual parts of an
aésembly of radio apparatus. An engineer can tell as much by
looking at a circuit diagram about the equipment he is going
to use as can an architect about a house by looking at a floor
plan on a blueprint.




CHAPTER 11
OHM’S LAW

In the previous chapter we stated that an electric current was
a motion of electrons; that the force which caused the motion of
the electrons was called an electromotive force (emf or a poten-
tial difference (pd), that the resistance of a circuit opposes the
flow of current, and that the unit of the current which actually
flows per second is called the ampere. We have then a very
simple law which enables the engineer to calculate:

a. The current that will flow when the voltage and resistance
are known.

b. The voltage necessary to force a certain amount of cur-
rent through a known resistance.

¢. The resistance that will restrict the current to a certain
value under pressure of a certain emf expressed in volts.

20. Ohm’s law. The law which governs all simple and many
complex electrical phenomena is known as Ohm’s law. This law
states: Current in amperes equals emf in volts divided by re-
sistance in ohms, or, as expressed in electrical abbreviations,

E (voltage)

I (current) = R (resistance)

21. Ways of stating Ohm’s law. There are three ways of
stating this fundamental law.

1) I=E/R (2 E=IXR @) R=E/

These three ways of stating the same law are determined from
the first statement of Ohm’s law by simple mathematical trans-
formation, and make less difficult the solving of problems.

From these three expressions of Ohm’s law, any one of the
quantities can be obtained if the other two are known. Thus

23 ’
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from (1) the current in a circuit can be determined if the volt-
age and the resistance of the circuit are known. From (2) the
voltage required to forece a desired current through a given re-
sistance can be determined. Finally, from (3) the resistance
of a circuit can be found provided we can measure the current
flowing in it under the force of a known voltage.

Example 1-2. A radio tube filament producing the electrons which
perform all the many useful functions of the tube is heated by current
flowing through it. The current comes from a battery to which the fila-
ment is connected. The battery has a voltage of 5 and the resistance
of the filament is 20 ohms. How much current will flow through the
filament?

We use (1) dividing the voltage, 5, by the resistance, 20, to obtain
5/20 amp or 025 amp.

Now suppose we know the resistance (20 ohms) and that 025 amp is
required to heat the filament sufficiently to cause it to produce the
proper number of electrons. How many volts must be connected to the
filament?

Here we use (2), multiplying the current, 025, by the resistance, 20,
to get 5 volts required.

Finally if we know from experience that the proper voltage is 5 and
that with this voltage 025 amp will flow through the filament, what is
its resistance? Here we use (3) and the reader should work out this
relation for himself.

Nore. The fundamental units are amperes, volts, and ohms. We can-
not use volts, milliamperes, and ohms without getting into trouble. First
the milliamperes must be converted into amperes and then used in the
formulas expressing Ohm’s law.

22. Voltage drop. The second way of stating Ohm’s law in-
dicates that whenever a current flows through a resistance, a dif-
ference of potential exists at the two ends of that resistance. For
every ampere of current that flows through an ohm of resistance,
there is a volt lost. In other words it requires a volt to force an
ampere through an ohm of resistance.

Consider Fig. 9, which shows the voltage divider between a
radio receiver and a voltage supply system for feeding power to
the receiver. The power tube may require 180 volts. Other
tubes require only 90 volts or perhaps small negative voltages.
If 36 ma of current flow through this voltage divider, whose re-



VOLTAGE DROP 25

sistance may be 5000 ohms, and if there are 180 volts across the
entire resistance, there will be other voltages along the resistance
as indicated in the illustration. If the negative terminal of a
voltmeter were attached to the

negative end of the voltage di- ot
vider and the positive terminal
of the meter touched to various
points along the resistance on

To Rectifier

the way toward the positive end, and Filter 130
greater and greater voltages would g0
be measured. What is being A l
measured at each point is the y

—

drop in voltage betwecen that
point and the negative terminal
of the voltage divider.

Often in laboratories a voltage
is needed so small that it cannot be measured with a wil~ble
instruments. A larger voltage can be measured cas i -
cver; and if it is impressed across a voltage divider, an: ¢ l
part of the total voltage may be
by tapping into this divider. (S
lem 4-2.) A voltage divider, con
of a fixed resistor with a tap by i
practically any value of resistance be-
tween zero and the maximum value can
be obtained, is often called a potenti-
ometer.

These voltages appearing across a re-
Fio. 10. A choke-con- sistance because of current flowing through
denser circuit connect- that resistance are known as IR drops.
ing a loud speaker to a They may be calculated by multiplying

tube. The “choke” is  the resistance in ohms by the current in
a coil of wire of many amperes.

turns.

—>To Receiver

Fig. 9. The voltage divider of
a receiver power apparatus.

e
1=.018 E,=180+018x1700
=210.6

Example 2-2. In Fig. 10 is a symbolic repre-
sentation of a radio tube connected to a battery through a coil of wire that
has a resistance of 1700 ohms. The loud speaker is connected across this
coil, but we will consider that it is temporarily disconnected from the
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circuit. The tube draws 18 ma from the battery, and 180 volts must be
impressed between the “plate” of the tube and the negative terminal of
the filament (which gets its current from another battery and is not in-
volved in our immediate problem). The question is, how many volts
must the plate battery have in order to impress this required 180 volts
across the tube?

Now there is a rule (Kirchhoff) which states that the sum of the volt-
ages appearing in a given circuit must add up to zero. That is, the volt-
age supplied by the battery must equal the sum of the voltage drops
(current times resistance) appearing across the several circuit compo-
nents. In this case the battery voltage minus the voltage drop across
the resistance of the coil minus the drop across the tube equals zero.
Thus

E,—Egr — Er =0
or
E, =Er + Er

where Ep = battery voltage;
Eg = voltage across resistance of coil;
Er = voltage across tube.
In & series circuit the same value of current flows through all the parts;
the voltage drops across each component are equal to this value of cur-
rent multiplied by the resistance of the component. Thus

Er = IR,
Er = IRt

where R, = resistance of coil;
Rt = resistance of tube. !

The voltage across the tube is already given as 180. The voltage across the
coil Eg = IR, = 1700 X 0.018 = 30.6 volts.

The battery voltage, therefore, is equal to 180 plus 30.6 or 210.6.

Note that the coil is represented in the diagram by two components,
a coil plus a resistance. This is a convenient convention established
among engineers whereby the individual parts of a circuit may be broken
down into their electrical equivalents. A coil which has resistance, there-
fore, may be represented in a diagram as made up of two parts, the coil
itself plus a resistance, although actually both the coil and its resistance
reside in the same physical unit.

Problem 1-2. A piece of electrical apparatus having a resistance of
8 ohms is plugged into a 32-volt farm-lighting system. How much cur-
rent will low through the apparatus?

Problem 2-2. Suppose we desire to limit to 1 ma the flow of current in
a circuit attached to a 45-volt battery. What must be the total resist-
ance of the circuit? ! 7 0

3
)
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Problem 3-2. What is the resistance of a 1C7-G tube filament taking

0.120 amp from 2-volt batteries?
Consider Fig. 11.

Problem 4-2.

B
R=100 w

1=1

F16. 11. Use of an IR drop as

a source of voltage.

23. Graphs of Ohm’s law.

-3
EL= 20x 10 volts

How many milliamperes of current
must be forced through the circuit in order to get 20 mv across the resistor
A-B? How many volts in all will be needed?
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A

(1)
U~

Fe. 12. A circuit for
studying Ohm’s law.

An interesting study of Ohm’s

law may be made by means of the circuit shown in Fig. 12 and
several sheets of plotting or graph paper. The result of plotting
current against voltage with constant resistance (Fig. 13); or
resistance against current with constant voltage (Fig. 14); or
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¥i1c. 13. In an Ohm’s law cir-

cuit plotting current against

voltage results in a straight
line.
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F1e. 14. The result of plotting cur-

rent against resistance.
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voltage against resistance with constant current—all give an
accurate graphical picture of what Ohm’s law means. In Chap-
ter I the term conductance, K, was explained. It is equal to 1/R.
When conductance against current is plotted, a straight line
results, as shown in Fig. 15. When voltage and current are

10.0

9.0

8.0

7.0

6.0

5.0

4.0

Current (1) in Amperes

3.0

2.0

1.0

1 .2 3 4 5 6 7 .8 .9 10
Conductance (K) in Mhos

Fic. 15. Conductance % plotted against current.

plotted with a fixed resistance in the circuit, the curve is a
straight line if the circuit follows Ohm’s law.

Experiment 1-2. If the apparatus is at hand, connect it up as in Fig. 12,
using a 6-volt battery, a 40-ohm resistor, and an ammeter reading a max-
imum of about 0.5 amp. Connect the maximum resistance in the circuit
and note the current as the voltage is changed from 2 to 4 and then 6 volts
by tapping onto each of the three cells of the storage battery. Plot the
data. Then use a smaller value of resistance and repeat.

Then use 2 volts and adjust the resistor until several current readings
have been obtained. Calculate from Ohm’s law what the resistance is and
plot resistance against current.

Convert the resistances into conductances and plot against current. Cal-
culate similar data, using 4 volts and then 6 volts, and plot the data.
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Note in each case the shape of the curve has not changed, although the
slopes of the straight lines vary with the resistance and the curved lines

are displaced from cach other.

Problem 5-2,
symbols.

In Fig. 16 is represented a radio tube in conventional
The right-hand terminal represents the “plate” of the tube,

the left-hand terminal the “grid” and the terminal next to the grid is

the “cathode.” The battery (known as
the “B” battery) sends current through
the tube from plate to cathode. The
circuit is continued through the tube it-
self by means of electrons produced by
the filament (terminals next to the
plate). The current flows through the
resistor and the voltage drop along this
resistor is utilized to make the grid
negative with respect to the cathode.

What must be the value in ohms of
the resistor to make the grid 40 volts
negative? There is no loss in voltage
'in the grid coil.

1=.02

Fie. 16. A problem in Ohm’s

law—to determine the value

of R to provide negative volt-
age for grid of tube.

24, Series and parallel circuits. There are two ways in which
electrical apparatus may be connected.

When two or more pieces of equipment are connected as in
Fig. 17 they are said to be in series. The same current flows
through each unit. The voltage drop across cach unit is con-
trolled by its resistance,
and if one of these units
has twice the resistance of
the other, the voltage drop
across it will be twice as
grcat. The sum of the
voltage drops across the
three resistances must be
equal to the voltage of the battery, for there is no other source
of voltage in the circuit.

In a serics circuit the total resistance is the sum of the indi-
vidual resistances. The current in each unit is the same as in
all other units. The current is obtained from Ohm’s law (1).

If any of the units becomes “open’ the current ceases to flow.

—=
E

Fic. 17. A simple series circuit.
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If, however, any unit becomes “‘shorted” the turrent will increase
because the total resistance of the circuit has decreased.

Example 3-2. InFig.18 is a typical series circuit composed of a vacuum
tube, a 6-volt battery, a current meter, and a rheostat or variable resistor
whose purpose is to limit the flow of current through the filament of the
tube. Note also Fig. 19 in which the same circuit is represented using
electrical symbols. The arrow through R, indicates that it can be adjusted
in value. R, indicates the resistance of the filament.

The question is, what current will flow through the circuit as the resist-
ance of R, is varied? Suppose it is 4 ohms. We know the same current

R!
Amr;leter
20 Ohms
Rz
S
Storage cos'a
Battery E=6 R,
Jl||
I
Fic. 18. A series circuit F16. 19. The equivalent
used in radio apparatus. of Fig. 18.

will flow through both the filament and the rheostat. The resistance, then,
in the circuit is equal to 20 plus 4 or 24 ohms, and by Ohm’s law we know
that the current will be the voltage divided by the total resistance, or

There are two resistances in this circuit. Current flows through them.
There must then be two voltage drops. Let us calculate what they are.
By equation (2) we multiply the resistance by the current.

Voltage drop = IR, = 0.25 ampere X 4 ohms = 1 volt
Voltage drop = IRy = 0.25 ampere X 20 ohms = 5 volts
In other words, of the 6 volts available at the terminals of the battery,

5 have been used up across the 20-ohm resistance and 1 volt has been
used to drive 0.25 amp through the 4-ohm resistance.

Problem 6-2. In a “universal” ac-dc set there are 4 tubes of the 6.3-
volt type connected in series. What resistance must be put in series with
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the filaments of those tubes if they are to be put directly across a 115-volt
line? Each tube requires 0.3 amp.

Problem 7-2. Suppose you were going to use five 6.3-volt tubes in a
series filament circuit. How many volts will be necessary?

Problem 8-2. What would be the resistance of the above tubes in series?

Problem 9-2. On a 32-volt farm system how many tubes of the 6.3-volt
type (36, etc.) can be run in series? Six of the 2-volt, 0.06-amp type are
to be run from this system. What series resistance is necessary if the tubes
pass 0.06 amp?

A T—

(V)

V=90 Volts

R=100,000 Ohms

L—ji
E 1=.001Ampere

Fie. 20. A typical Fie. 21. A parallel

amplifier tube prob- circuit.

lem. What is the

value of E?

Problem 10-2. How much resistance would be necessary if one each
1R5, 1T4, 185 and 1S4 tubes are to be run from a 2-volt storage battery?

Problem 11-2. An incandescent lamp has a resistance, when hot, of
about 55 ohms, and requires 1 amp to light at full .brilliancy. How many
could be run in series on a 110-volt circuit?

Problem 12-2. How many volts are required to force 1 ma through a
circuit composed of a vacuum tube and a resistance, if the latter has
100,000 ohms and if 90 volts are required at the tube? (See Fig. 20.)

25. Characteristics of parallel circuits. A parallel circuit is
represented in Fig. 21. It consists of several branches. The
voltage across each branch is the same as that across every other
branch and is equal to the voltage of the battery. The total
current supplied by the battery is the sum of the currents taken
by the branches. The resistance of the group may be found by

741
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where R is the resultant or total resistance, and R,, Ry, etc., are
the individual resistances.

The resultant resistance of several units in parallel is less than
the individual resistance of any of the components. If two equal
resistances are in parallel, the resultant is one-half the resistance
of one. Thus if two 10-ohm resistances are connected in parallel,
the resultant resistance is 5 ohms. What would it be if they
were connected in series?

If any number of equal resistances are in parallel, the resultant
resistance is the individual resistance divided by the number of
units.

If only two resistances are in parallel the resultant may be
calculated by dividing their product by their sum:

_RiXR,
Ry + R

This simplified formula comes directly from that above by
simple algebra, and the reader should prove it.

R

Example 4-2. What is the parallel resistance of two units which have
resistances of 4 and 5 ohms?
This can be solved by either of the formulas given above.

=025 40.20
=045

R =1/0.45 = 2.22 ohms.
Or,

R
R=R1X 2

»
5 f
& ar

&

|

>
[

= 2.22 ohms

|8

Example 5-2. Suppose, as in Fig. 22, these two resistances in parallel
are placed in series with a resistance of 1 ohm and across a battery of 6
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volts. What current would flow out of the battery and through each re-
sistance?

The total resistance is 2.22 4 1=3.22 ohms. The current flowing, then,
is 6 —3.22=1.86 amp. This current through the combined resistance of
the 4- and 5-ohm units produces a voltage drop of I X R or 1.86 X 222 or
4.14 volts. This voltage across 4 ohms produces a current of 4.14 —4 or
1.035 amp, and across 5 ohms produces a current of 0.827 amp. These two
currents added together are 1.862 amp, which checks our calculation above,

Problem 13-2, A radio receiver has five tubes of the a-c heater type,
each taking 1.756 amp. What is their combined resistance, and how much

L, R,=4
AWM ——
. R,=5,
=2 MWW 200 Oh
ms
z
R,§§ 1 1
1« I, E=6

Fig. 22. Solve for the vari- Fic. 23. What is the voltage drop
ous currents. across the 800 ohms?

current do they take from a 2.5-volt transformer secondary? If another
load of the same voltage but half the previous current is added, what cur-
rent is required? The tube filaments are connected in parallel.

Problem 14-2. A circuit has three branches of 4, 6, and 8 ohms. A cur-
rent of 4 amp flows through the 6-ohm branch. What current flows
through the other branches?

Problem 15-2, Consider the circuit of Fig. 23. What is the voltage drop
across the 800-ohm resistor?

Experiment 2-2, Connect as in Fig. 22 several shunt resistances such as
tubes, rheostats, fixed filament resistors in series with a battery and a rheo-
stat. Measure the parallel resistance and individual resistances by reading
the current through them separately and in parallel and the voltage of the

. 1 1 1
battery. Test the relation 7= E; + Ez E;
26. More complicated circuits. Some radio circuits are com-
binations of series and parallel circuits. A common form and its
equivalent are shown in Fig. 24, Other more complicated circuits
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may arise in practice and may be solved by more complex
algebra than is needed for simple Ohm’s law cases. All such
circuits can be reduced to more simple circuits by the application
of certain rules which may be found in books on complicated net-
works of resistances, voltages, and current. In Transmission
Circuits for Telephone Communication, by K. 8. Johnson, may
be found the equivalent circuits of many very complex arrange-
ments of apparatus.

Problem 16-2. In Fig. 24, R, = 20, R; = 30, R3 = 60 ohms, E = 10
volts. Solve for the three currents. Using the laws of series and parallel

“—E:_"'
R, R:‘ :
1= E(R,+R;) MA W '
! R|R2+RIR3+R2R3 | ——l-b- _l_>
1 - 3
L= ER, = 145; R,E,
2 R,R,+R.R,+R,R,'|’ 3 .
ER,

L= |
: R|R2+RIR3+R2R3

F16. 24. A complex circuit and its solution.

circuits prove the equations in this figure by solving for currents and voltages
indicated.

27. Detection and measurement .of current. We cannot see or
hear or smell the passage of an electric current through a circuit.
It must be made evident to us by its effect upon the circuit.
There are three kinds, a magnetic effect, a chemical effect, and a
heating effect. Wire gets hot if too much current’flows through
it; two dissimilar metals (copper and zine, for example) placed
in a solution of one of them (copper sulphate) give off gas bub-
bles when a wire connects them externally; a wire carrying an
electric current if brought near a compass needle will cause the
needle to change from its habitual north-south position.

These are the three fundamental effects of electricity. Any of
them can be used to detect the presence of a current or even to
measure the rate at which the current flows. A hot-wire am-
meter (Fig. 25), for example, is merely a wire which sags when
it gets hot by passing a current through it. A needle is attached
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to the wire and moves across a scale as the wire gets hot. For
another method, we might measure the quantity of gas given off

per unit of time and thereby
deduce the amount of current
flowing through an electric cell.

Most measuring instruments
use the magnetic principle.
They consist of a permanent
magnet near which is a coil
of fine wire wound on a mov-
able pointer. Current flowing
through this coil makes a mag-
net of it. It changes its posi-
tion with respect to the per-

manent magnet just as a

—

—F]

Wire

|
|
|
I
|
|
|

E=
|
i
[
|
|

L _

Fic. 25.

Hot-wire ammeter.

compass needle does when brought near a wire carrying current.

L R

F16. 26. A modern meter (Westing-
house type PX) which reads full
scale 200 pa and which will indicate

a current of less than 2 ua.

—_— el a2 ]

Such instruments can be made
sensitive enough to measure .
currents as low as one-mil-
lionth of an ampere or to
detect the flow of even smaller
currents than this.

28. Ammeters. Meters to
measure current are -called
ammeters. They are con-
nected in series with the source
of current and the device into
which the current flows. They
are made less sensitive—so
they will measure large cur-
rents—by shunting them by
copper wires so that only a
small part of the total current
flowing actually goes through
the meter.

A very simple current-indicating device consists of a coil of
wire through which the current flows and a compass placed in
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the center. A modern highly sensitive meter is a delicate instru-
ment in which the compass needle is replaced by a carefully
pivoted coil of wire carrying a pointer. Such an instrument is
shown in Fig. 26. A meter measuring currents smaller than
amperes is called a milliammeter or a microammeter for obvi-
OUS reasons.

29. Voltmeters. Ammeters have low resistance. They are in
series with the apparatus taking current from the source, as
shown in Fig. 27. Voltmeters, on the other hand, must read the
voltage across some part of the circuit.
They must not permit much current to flow
because this current would be taken away
from the circuit. They have a high re-
sistance. They are really high-resistance
F16.27. Ammetersare ammeters. Thus an ammeter, the Weston
connected in series 0- to 1-ma meter, for example, can be made
with the ~resistance 4 read volts by putting it in series with a
R ol Ui ene high resistance and across the circuit to be

rent flows.
measured.

For example, 1 volt is required to give 1 ma of current through
1000 ohms. Thus if we have a 1.0-ma meter and we wish to
measure a voltage of the order of 1 volt, we need a resistance
of 1000 ohms. Then the figures on the meter scale will read volts
instead of milliamperes. Such a series resistance is called a mul-
tiplier. The sensitivity of a voltmeter is often stated as its
resistance per volt it will measure. Thus a meter to be used
on circuits from which it is not permitted to take much current
may have a resistance of 1000 ohms per volt. This means that
a meter to measure a maximum voltage of 100 will have a re-
sistance of 100,000 oms. It will require less current for full-
scale deflection than a meter with a resistance of only 100 ohms
per volt.

The manner in which ammeters may be adapted to read cur-
rents higher than originally intended may be shown by the fol-
lowing example. A given meter reading 1 ma full scale has a
resistance of 28 ohms. Now if it is shunted by a resistance of
0.57 ohms the total current taken by the meter and its shunt
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will be 50 ma, but only 1 ma will go through the meter and 4’
ma will go through the shunt. This is because the shunt has sc
much less resistance than the meter. If the shunt is properl
designed with respect to the resistance of the meter, the origina
readings of the meter may merely be multiplied by a prope.
number to make it a measure of the total current flowin_
through meter and shunt.

Problem 17-2. What voltage is required to produce a full-scale deflec
tion on a 1-ma meter having a resistance of 28 ohms? What current 1
required to produce a 25-volt reading on a meter having a resistance o'
100 ohms per volt?

30. Sensitivity of meters. A sensitive current-measurin=
meter is one which will measure very small currents but whiel
has a low resistance. A sensitive voltmeter is one which wil
give a large needle deflection through a very high resistance.
Voltmeters which are used to measure the voltage of high-re-
sistance devices such as plate supply units have high resistance
in order that the current taken from the device shall not be
great enough to lower appreciably the

A =10,000

voltage of the device. ; v
Example 6-2. Suppose we are to meas- E=100 X
ure the voltage across the circuit at the ¥

point X in Fig. 28. The voltage at X de- Ty 98 A low-resistance
pends upon the current taken by the meter. \oltmetoer placed at X will
What is desired is the open-cirenit or no- ot read the open-circuit
load voltage across X, that is, the voltage voltage.

existing there if no current is taken by the

meter. If no current flows, there is no voltage drop in the resistance R
and hence the voltage at X is the voltage of the battery, or 100 volts.
Suppose, however, the meter has a resistance of 1000 ohms. The current
flowing through the meter is given by Ohm’s law

I =E/R
100 = (10,000 + 1000)

= 1—%) = 0.0091 amp or 9.1 ma

This current, through the 10,000-ohm resistance R (which may be the internal
resistance of the battery E, Section 49) causes a voltage drop across this
resistance of I X R = 0.0091 X 10,000 = 91 volts. ¥
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’
The voltage actually recorded on the meter, then, is the difference between
the battery voltage and the drop across the resistance R, or

voltage at X = E — (I X R) =100 — 91 = 9.0 volts

If, however, the meter is a high-resistance meter, siy 1000 ohms per volt,
that is, 100,000 ohms for a meter designed to read 100 volts, the current taken
from the battery would be

I = E/R = 0.00091 amp
and the IR drop across the resistance R would be only
E = IR = (0.00091 X 10,000)
= 9.1 volts
and the voltage read at X would be 100 — 9.1 volts or 91.9 volts.

In other words the high-resistance voltmeter gives a reading much nearer
the open-circuit or no-load voltage desired.

31. Ammeter-voltmeter method of measuring resistance. The
example in the above section gives a clue to a good method of
measuring the resistance of a device. The method consists in
measuring the voltage across the device when a measured current
flows through it. If the resistance of the voltmeter is high com-
pared to that of the device, its
own resistance need not be con-
= sidered, and the inclusion of the
']' e ? ammeter into the circuit need not

be taken into account aside from

F16.29. Ammeter-voltmeter meth- exceptional cases. If the volt-

od of measuring resistance. meter has low resistance, it will

not read the true open-circuit voltage. One of the following
indirect methods may then be used.

Example 7-2. Consider the circuit in Fig. 29. A voltmeter across the
device whose resistance is unknown reads 75 volts, and the current meter,
I, indicates a current of 0.05 amp. What is the unknown resistance?

R = E/I = 75 + 0.05 = 1500 ohms

32. Voltmeter method of measuring resistance. If the resist-
ance of a voltmeter is known, a resistance can be measured by
its use and a battery. Take two readings, one of the battery
alone and one of the battery in series with the unknown re-
sistance. Then the desired resistance may be found from
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E,
R=(—-1)R,
(z-)
where E, = voltage of battery alone;
E = voltage across battery and resistance H
R.. = resistance of meter.

33. Use of low-resistance voltmeter and milliammeter in high-
resistance circuits. A high-resistance voltmeter is necessary
when the voltage of any other device which has a high resist-
ance, such as a power supply system for furnishing plate volt-
ages to a radio set, is to be measured. The current taken by
the meter is so low that the resistance drop, caused by this
current flowing through the internal
resistance of the device, is small > Key
compared with the voltage being
measured.

A method of using a low-resist-
ance voltmeter and a milliammeter
is shown in Fig. 30. Suppose the
milliammeter is placed in series
with the output resistance of the
device across which the voltage is
to be measured. Suppose the current without the voltmeter
attached is I and the current with the voltmeter attached is
I’ Let E’ be the voltage indicated by the voltmeter when the
key is pressed. The resistance in both cases is the ratio of the
voltage and current. Thus,

-]

Fie. 30. A means of avoiding
the use of a high-resistance
voltmeter.

I = current without voltmeter;
E = voltage without voltmeter;
I' = current with voltmeter;
E’ = voltage with voltmeter;
E _E
“rTr
whence

E = desired voltage
, I
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and

34. Resistance measurement. Resistances are often measured
by what is known as the comparison method, that is, by com-
paring them with resistance units whose values are known. F or
example, we might measure the current through an unknown re-
sistance, Ry, as in Fig. 31, and then adjust a variable resistance,

[::::;:R::';t:::: Switch
RZ
E

(-

F1e. 31. Measuring resistance by  Fic. 32. Wheatstone bridge for
comparison. measuring resistance.

R, whose values may be read directly until the same current
flows under the same emf. The two resistances are then equal
in value.

Another method employs a Wheatstone bridge. In diagram-
matic form it is represented in Fig. 32, in which R, and R, are
fixed resistances whose values are known, Rj3 is the unknown
resistance whose value is desired, and R, is a variable resistance
to which the unknown is compared and the values of which are
known. The method is as follows. A current is led into the
bridge arrangement of resistances at the points A and B and a
sensitive current-indicating meter is placed at the points X and
Y. The values of R,, R, and R, are adjusted until the nmeter, ¢,
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shows that no current flows through it, that is, there is no differ-
ence in voltage between the two points X and Y which would
force current through the meter. In other words X and Y are at
the same voltage.

The total current I divides at A and flows into the arms of
the bridge forming the currents I, through R, and R, and I.
through R3; and R,. If there is no potential difference between
X and Y, the voltage drop along R, is equal to the voltage drop
along Rj.

Thus
IlRl == 12R3 [1]
Similarly
Ile == 12R4 [2]
Dividing (1) by (2)
Ry Ry
R, R, 3]
Suppose R, and R, are equal in value. Then equation (3) becomes
Ry
1=28
R,
or
Ry = Ry

and to find the value of the unknown resistance s we need only
adjust R; (whose values are known) until no current flows
through the meter. Then the two resistances are equal. Sup-
pose, however, that the unknown resistance is much larger than
any value we can obtain by adjusting Ry. For example, let it
be ten times as large. Then it is only necessary to make R; ten
times as large as R when (3) becomes

R, Rs
_—_— — = 1
R, Ry 10
R3 == 10R4

and it is only necessary to adjust R, until no current flows
through the meter and to multiply the resistance of this standard
R, by 10 to get the value of the unknown resistance R;.
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The resistances R, and R, are called the ratio arms; R, the
standard resistance, is usually a resistance box, that is, a box
in which are a series of resistance units accurately measured and
equipped with switch arms so that any value of resistance may
be obtained. A simple slide-wire bridge is shown in Fig. 33. The
unknown and known resistances are compared by means of a
slider on a piece of resistance wire. The relative lengths of the
wire provide the ratio arms R, and R.

4 S 3
=) Slider Contact e
! umper  Sfider Support Rod A E Resi Wire, Jumper| !
! veSe= A = e 0 y o 1
1 = > = < |
: 5Lv“l|u-l---.'-lul-u-l.ll-I-m’uulnxu’-ri"v‘aw“/ L ] . |
I--@O 5 10 15 20 25 30 35 40 45 50 55 91 0@..!
x 10 cFIexib:g A 7s
onnection —
Q- Il S P LS =y~ -
9 12 O Phones O 11 8

Fi6. 33. A simple slide-wire bridge.

Problem 18-2. A soldering iron takes 5 amp when plugged into a 110-
volt socket. What is its resistance? How much current will it take if
the voltage is 115 volts?

Problem 19-2. A current of 50 ma flows through a resistance of 2000
ohms, What voltage would be measured if a high-resistance voltmeter
were placed across the resistor?

Problem 20-2. A rheostat is a variable resistor, either with a contact
arm riding on the resistance wire so that as the arm is moved by a
handle any point in the resistance wire can be reached, or with definite
connections to one or more points of the resistance. Suppose the total
resistance of a rheostat is 30 ohms and that taps are brought out at the
12-ohm and 20-ohm points. If 1 amp flows through the entire resistance,
what voltages are available at the taps?

Problem 21-2, A certain current-measuring instrument has a coil
wound with wire that will burn up if more than 25 amp flow through it.
It has a resistance of 0.06 ohms. What is the highest voltage that can
be placed across it without danger?

Problem 22-2. A high-resistance voltmeter is not at hand and it is
desired to measure the voltage output of a power supply system as in
Fig. 30. When a milliammeter is in series with 20,000 ohms it reads 15
ma; when a voltmeter is shunted across the current meter and the resist-
ance, it reads 270 volts and the milliammeter reads 13.5. What is the
voltage output of the device?
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Problem 23-2. Using the method in Section 32, a 10-volt full-scale
Model 301 meter and a fully charged automobile battery (6.3 volts), the
voltage across battery and resistor measures 542 volts. What is the un-
known resistance? What is the current flowing through the battery, re-
sistor, and voltmeter? The meter has a resistance of 62 ohms per volt. °

Problem 24-2. Consider Fig. 28. E is a device (perhaps a rectifier .
tube) supplying voltage. It has an internal resistance, R, of 2000 ohms.
It is desired to know the actual voltage produced by E. A voltmeter
having a resistance of 1000 ohms per volt reading 250 volts full scale
measures 240 volts at the point X. What is the value of E?

Problem 25-2. Suppose that R in this case is variable. When the 250-
volt meter is placed at X, the terminals of the device, the needle goes
off scale indicating that the voltage at X is greater than 250 volts. If,
however, R is made equal to 2500 ohms, the needle of the meter indi-
cates that just 250 volts appear across the meter. What is the voltage
output of E?

Note. This is exactly the function played by a voltmeter multiplier—
so to reduce the voltage actually appearing at the meter that it can be
read on the meter scale without the needle going off scale.

Problem 26-2. What resistance must be put in series with a 250,000-
ohm voltmeter reading 250 volts full scale if it is desired to make it
measure 500 volts full scale?

Problem 27-2. A Weston Model 322 microammeter (25 ua full scale)
has a resistance of 190 ohms. What voltage is required for full-scale
deflection? What value of resistance shunted across it will make it pos-
sible to measure 250 ua?

Hint. A good starting point is to remember that the same voltage
appears across the shunt resistance as across the meter resistance, and

that the sum of the currents taken by these two resistances is equal to
250 pa. :




CHAPTER 1III
PRODUCTION OF CURRENT

Electrical energy does not exist in nature in a form useful to
man. It must be transformed from some other form of energy.
For example, the mechanical energy of a motor or steam engine
may be transformed into electrical cnergy by means of a gen-
erator.

The commonest sources of current useful to radio workers are
the battery and the generator. The battery is a device which
converts chemical energy into electrical cnergy; the generator
uses up mechanical energy with the same result.

35. Batteries. A battery is made up of one or more units
called cells. The essentials of the cell are three: two conductors
called electrodes, usually of different, materials, and a chemical
solution known as the electrolyte which acts upon one of the
electrodes more than it does upon the other. In this action, one
of the electrodes is usually eaten up, and when this conductor,
usually a metal, is gone, the battery is exhausted; it must be
thrown away or the metal replaced. If the metal can be replaced
by sending a current through the cell from some outside source,
that is, by reversing the process through which the cell was ex-
hausted, the cell is known as g secondary or storage cell. If the
cell must be thrown away when one of the electrodes is eaten up,
it is called a primary cell. The dry cell is a well-known example.

tive terminal of the voltmeter must be placed on the copper plate in order

that the meter needle shall ‘move in the proper direction. The copper

plate is therefore positive; the zinc is negative. If a heavy external wire

is attached to the plates, a current flows; the zinc is slowly dissolved, hy-
44
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drogen bubbles appear at the copper plate, and finally the voltage of the
cell falls off. Other combinations of metals should be tried.

The number of combinations of conductors and solutions that
will make up a primary cell is very large; only a few of them are
useful. Some deliver but small currents and low voltages, others
give off noxious fumes, others do not last long enough to be
practical.

The emf of such a cell depends upon the nature of the elec-
trolyte and the materials from which the plates or electrodes are

Fie. 34. A simple F1c. 35. An experiment in
primary cell. electrolysis.

made. Copper and zinc plates immersed in a solution of dilute
sulphuric acid will give an emf of about 1 volt regardless of the
size of plates or their distance apart. Zinc and carbon plates
in chromic acid give an emf of about 2 volts.

Until the plates are connceted externally by a conductor there
is a difference of electrical potential existing between the two
electrodes but no flow of current. This voltage is known as the
emf of the cell. When the plates are connected and the cell is
put to work the destruction of the zinc begins. When all the
zine is destroyed the cell is dead.

36. Electrolysis. The appearance of hydrogen bubbles at the
copper electrode forms the basis of an interesting experiment
which is illustrated in Fig. 35.

Experiment 2-3. Dip platinum electrodes into a solution of sulphuric
acid and pass a current through them from a battery of about 10 or 12



46 " PRODUCTION OF CURRENT

volts. Hydrogen will be evolved at the electrode attached to the negative
battery terminal and oxygen at the other. These gases will exert sufficient
pressure to force the solution out of the inverted test tubes. If the vol-
umes of the two gases are measured it will be found that the hydrogen
always occupies just twice the volume required by the oxygen—which is
one of the best proofs we have that water is made of two atoms of hydro-
gen combined with one of oxygen, whence arises the familiar chemical
formula for water, H,O. .

The phenomenon whereby a chemical substance is decom-
posed by an electric current is known as electrolysis. In this
case water made up of hydrogen and oxygen, is broken down
into its two constituents. If two copper plates are placed in a
solution of copper sulphate and if an electric current is passed
between the plates the following events occur. The copper sul-
phate, CuSO,, is broken down into copper, Cu, and sulphate,
SO, ions. The copper ions move to the negative terminal and
are deposited there in the form of “electrolytic” copper, while
the sulphate ions move to the positive terminal or cathode. In
this process the anode becomes CuSOy instead of pure copper
and finally is “eaten” away.

37. Common dry cell. The common dry cell is illustrated in
Fig. 36. The zinc container is the negative electrode, the carbon

Brass Binding

Posts '\,Pitch

Sand

Zinc

Blotting Paper

Paste of Sal- ammoniac
Porous Paper

Manganese Dioxide- Powdered Carbon

Carbon Rod

Fre. 36. Construction of dry cell.

rod in the center is the positive electrode. The electrolyte is a
mixture of powdered carbon and manganese dioxide moistened
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with a solution of salammoniac. The voltage of the cell as meas-
ured by a voltmeter is about 1.5 volts. The ordinary B batteries
used in radio are made up of many small 1.5-volt cells connected
in series.

38. The storage cell. When the zinc container of the dry cell
is eaten up, the cell must be thrown away. In the storage bat-
tery neither of the electrodes is eaten away, but the character
of one plate is changed and when a current is sent through the
battery from some external source this material is changed back
to its original form, so that the cell is said to be charged and can
be used again.

The storage cell has two electrodes, one of lead and one of
lead peroxide immersed in a dilute solution of sulphuric acid.
The usual storage battery is made up of three cells in series, pro-
ducing a voltage of about 6 at the terminals. The positive ter-
minal is usually marked, either with a red terminal, or a large
cross, or in some other way. It is important to know the polarity
of the battery when charging it. The positive post of the bat-
tery should be connected to the positive post of the charging line.

Experiment 3-3. If two lead plates about 6 in. square are immersed in
a dilute solution of sulphuric acid—say one part of acid to ten of water—
and connected in series with a battery of 6 or 8 volts and an ammeter, a
current will be seen to flow, and the color of the plate attached to the posi-
tive terminal of the battery begins to change and the evolution of hydro-
gen bubbles at the other plate will be observed. The current soon de-
creases. Now replace the external battery with an incandescent lamp or
an electric bell and note that current flows out of the lead cell and
through the light or the bell.

39. Internal resistance. One might think that an unlimited
current could be secured from a battery if it were short-circuited.
Such is not the case. A very low-resistance ammeter placed
across a dry cell gives a definite reading—it is not unlimited.
Something must be in the circuit which has a resistance greater
than that of the ammeter or the connections. For example, a -
new dry cell will deliver about 30 amp through wires of very low
resistance.
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This something which restriets the current to a limited value is
the internal resistance of the cell. This resistance depends upon
the construction of the cell, its electrode and electrolyte material,
the distance apart of the electrodes, the condition of the cell—
whether new or old. The older the cell the smaller the area of
electrode in contact with the electrolyte and the greater the re-
sistance. The current delivered by a cell is

E
I—r+R

when r = internal resistance of cell;
R = external resistance of circuit.

When a dry cell shows but a few amperes on short circuit, the
chances are that its zinc case is badly eaten up. A voltmeter
which requires very little current for a deflection will still read
normal voltage, 1.5, because the small current through the cell
does not cause appreciable voltage drop. The ammeter, how-
ever, draws all the current the cell can deliver. This current
must flow through the cell as well as through the external circuit
and hence there is a large voltage drop within the cell, leaving
little voltage to force current through the meter.

Cells which have a large internal resistance deliver but small
currents; low-resistance cells deliver large currents.

When one tests a dry cell with an ammeter, he is actually
ascertaiming the condition of the cell by measuring the internal
resistance. When the cell gets old or has been exhausted because
of too heavy currents, its internal resistance becomes high and
an ammeter reads but small current when placed across it.

The storage cell is a very low-resistance device. Its terminal
voltage when fully charged is about 2.1 volts and it has a re-
sistance of about 0.005 ohm. Placing an ammeter across such a
cell is dangerous. The meter will probably be ruined.

Example 1-3. A dry cell on short-circuit delivers 30 amp. Its terminal

voltage is 1.5 volts. What is its internal resistance?
By Ohm’s law,



POLARIZATION 49

I =E/r

30 = 1.5/r

r= 1—5 = 0.05 ohm
30

Example 2-3. The emf of a battery is 5 volts. When 100 ohms are
placed across it the voltage V' falls to 4 volts.
What is the internal resistance of the bat-
tery?

In Fig. 37, R =100 ohms, r = the internal re- _
sistance of the battery, the voltage drop across E]
the 100 ohms is 4 volts, which leaves a 1-volt |
drop in the internal resistance of the cell. The E=5
current through the external 100-ohm resistance

f\?\
is, by Ohm’s law, U

I =4/100 =004 amp Fic. 37. A problem in
internal resistance.

R=100

This current must also flow through the internal
resistance of the battery and there it causes a voltage drop of 1 volt.
E=1IXr
1 =004 Xr
r =1+ 0.04 = 25 ohms
Note that the internal resistance of the cell is represented as
being in series with the voltage and the external resistance. This
is because the current must actually flow through the internal
resistance of all such voltage generators, and hence the resist-
ance of the device is represented in series with the remainder of
the circuit. Care must be taken in such representations not to
place the voltmeter in the wrong place. In Fig. 37 the voltmeter
is actually placed across the battery and its internal resistance,
which in turn are connected directly to the 100-ohm resistance.
The voltage of the cell on open circuit is its emf. Under load
the voltage falls, and is now labeled as the pd (potential differ-
ence). The emf of high-resistance cells can only be measured by
high-resistance meters, those that take but little current from the
cell. YWhen the voltage of a cell or battery is mentioned its emf
is assumed unless otherwise labeled.
40. Polarization. In common with all other cells the zinc-
copper sulphuric acid cell (Fig. 34) suffers from polarization.
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The hydrogen bubbles which surround the copper plate decrease
its surface in contact with the active liquid. This increases the
cell resistance. In addition, a minute voltage is set up between
the hydrogen and the copper. This voltage is opposite to the
useful voltage and has the same effect upon the usefulness of the
battery as an addition to the cell’s internal resistance.

Various means are taken to overcome the bad effects of polari-
zation. Chemicals may be placed in the cell to supply oxygen,
which will combine with the hydrogen to form water; shaking
the cell may remove the hydrogen bubbles and decrcase the re-
sistance of the cell. The manganese dioxide used in dry cell con-
struction is a depolarizer. But these are only temporary reme-
dies. Sooner or later the internal resistance of the cell becomes
so high that the cell is no longer useful. A dry cell which has
had large currents taken from it becomes polarized. If it is
allowed to stand for a time, the chemicals put into the cell to do
away with the polarization products have a chance to cateh up
with them and the cell is said to have recuperated. For this
reason dry cells and others which tend to polarize are used only -
on intermittent service. Where a constant current is required
a different type of cell is used.

41. Cells in series. Cells and batteries may be connected in
several ways. When the positive terminal of one cell is con-
nected to the negative terminal of
the next cell, as in Fig. 38, they
are said to be connected in series.
Under these conditions, the volt-
age appearing at the two ends of
the series of cells is the sum of
the individual cell voltages. For
example, if we connect four dry
Fic. 38. Cells in series. Small cclls in series, each cell having a
letters indicate internal resist- voltage of 1.5, a voltmeter across
ance and voltage of individual  the two ends will register 6 volts.

el At the same time the total internal
resistance is the sum of the individual resistances and whatever
current flows must flow through this resistance.
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If the ends of the battery are connected with a wire of resist-
ance R the current that will flow may be obtained by Ohm’s law
]
: __Ne
" Nr+R

where N = number of cells;

e = voltage of each cell;

r = internal resistance of each cell.

42. Cells in parallel. When the positive terminal of one cell
connects to the positive terminal of the next cell, and the nega-
tive terminals are connected together, as in Fig. 39, the cells are

e

7
f=?
— : — W —— — ]
£ /Ls
I= I v
T A
F16. 39. Cells in parallel. Fic. 40. Cells in series-parallel.

said to be connected in parallel. Under these conditions the ter-
minal voltage of the combination is the same as the terminal
voltage of each cell, but the internal resistance has been divided
by the number of cells, N, and has become r/N.

If the ends of the battery are connected with a wire whose
resistance is R, the current that will flow is

[

I=

r
N+R

Cells may also be connected in what is called a series-parallel
arrangement. In Fig. 40 are P sets of S cells in series, and the
sets themselves are connected in parallel.
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If the battery of cells shown in Fig. 40 is connected to a wire
whose resistance is R, the current that will flow is

Ne

I=RP+Sr

where N = P X 8.

43. Magnetism. The second common source of electric cur-
rents is the generator. The magnet is the heart of the generator.

Magnets obey the same laws as the fundamental electrical
charges mentioned in Section 3 of Chapter 1. Like magnetic
poles repel each other, unlike poles attract. Two magnets will
repel each other if their North poles are turned toward each
other, but will attract each other with considerable force when
a North and a South pole are brought near.

44. Oersted’s experiment. A Danish experimenter, Oersted,
in 1819 made the first of a series of discoveries concerning the
relation between electricity and magnetism which resulted in
many modern applications of electricity. His experiment can be
repeated by anyone who has a compass, a battery, and a wire.

Oersted’s experiment demonstrated that a conductor carrying
a current of electricity affects a compass needle just as a bar
magnet does. Another experiment will teach us more about this
important phenomenon known as electromagnetism.

Experiment 4-3. Wind up about

1000 turns of rather fine wire, say

No. 28 dce, on a form about 1 in.

=t __|_ in diameter or with a hole large
7 enough that a bar magnet can be

{{ ” put in it easily, similar to that
illustrated in Fig. 41. Connect it
in series with a battery of about
6 volts, and bring a compass near
Al " its two ends. Reverse the current
Coll '22:,%2';’,’8{.{23)0”9 through the coil, and note change
in direction of the compass needle
@ motion. Note that the two ends
of the coil act toward the compass

needle just as a bar magnet would.
F16. 41. A solenoid. Determine which of the coil ends

N

........... {
HHH T

e
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is North and which is South by comparing their action on the compass with
the action produced by the bar magnet whose poles are marked or by the
position the needle takes with respect to the earth’s poles.

Experiment 5-3. Scatter a quantity of fine iron filings on a piece of
cardboard about 1 ft square. Place one end of a bar magnet under the
cardboard, and tap the board until the filings assume a fixed position.
Repeat, using the other end of the bar magnet, and then with a horseshoe
magnet, and finally with the coil of wire through which a current is flow-
ing. Place the bar magnet parallel to the cardboard and again scatter iron
filings. Repeat with the coil magnet. Place the bar magnet inside the coil
and remove from the cardboard to such a distance that, with no current
flowing in the coil, the iron filings are affected but little. Connect the bat-
tery to the coil and note the increase in action among the iron filings.
Repeat with battery connected and cardboard removed to such a distance
that the filings are not affected. Then put the bar magnet inside the coil
and note increased effect.
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F1c. 42. How the lines of force about a bar magnet are located.

Such experiments demonstrate that coils carrying electric cur-
rents have much the same properties as iron bars which have
been magnetized. The fact that such a coil or a magnet affects
iron filings or compass needles even though some distance sep-
arates them, shows that in the space between them exists some
force. The iron filings show the general distribution of this force,
They tend to arrange themselves along lines which concentrate
in strength at the two ends. These lines are called magnetic
lines of force. The concentration points are called the poles.
The space through which the lines pass is called the magnetic
field.
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The number of lines per unit of area, as in Fig. 43, is called
the field intensity or flux density; and when one line goes through
1 sq em the field strength is 1 gauss. The total number of lines
through any given area is called the flux, and to find the flux
it is only necessary to multiply the field strength, H, by the
area, A. Thus

fluxo =A XH

Magnetic lines of force may be set
up in iron much more easily than in air.
The ratio of the number of lines, under
the action of a given magnetizing force,
that exist in iron to those that would
exist in air is called the permeability of
the iron. If one line flows through 1 sq
em of air and one thousand through the
same area of iron the permeability of
the iron is 1000.

The field strength varies inversely as
the square of the distance away from the
Fie. 43. The number of pole as shown in Fig. 43. The nearer the
lines of force going ypit area gets to the pole piece the
through 1 sq in. or other — opo,4or the number of lines. As a matter
unit of area is known as . . e

Mo (s dleaehy, of fact, halving the distance multiplies
the number of lines by four.

The same magnetizing effect can be produced by a strong cur-
rent acting through a few turns of wire as by a weak current
through many turns of wire. If the product of turns and am-
peres, called the ampere turns, is the same in two cases the mag-
netizing effect will be the same.

It is because of the increased permeability, and of the conse-
quent increase in flux density, that adding the iron core to the
solenoid, or coil of wire in Experiment 5-3, is so effective. Soft
iron is most easily magnetized, but loses its magnetism with the
same rapidity. Permanent magnets are made from steel.

45. Faraday’s discovery. The second important discovery on
the way toward present-day electrical machinery was that of the
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celebrated English experimenter, Faraday. The experiment may
be repeated by anyone who has a coil of wire, a bar magnet, and
a sensitive current indicator such as the gaivanometer used in
Experiment 6-3.

Experiment 6-3. Construct a galvanometer made up of twenty-five
turns of No. 14 bell wire, wound up in a coil with a diameter of about
6 in. Place an ordinary magnetic compass in the center of the coil and
connect, to the coil used in Experiment 4-3. Thrust a bar magnet into the
coil quickly, and then remove it. Note the motions of the compass needle.
Wind up another coil with about the same number of turns but of such a
diameter that it can be placed around the first coil easily. Connect the
second coil to a battery in series with a 30-ohm rheostat and place over
the first coil and then remove with a quick motion. Note the compass
needle variations.

In all the above procedure, note the relation between the compass needle
movements and the rapidity with which the various changes are carried
out.

Such was Faraday’s experiment. When the bar magnet, or the
coil carrying a current, was motionless, there was no motion of
the needle. When a bar was thrust into the coil the needle
moved in one direction, and when the motion of the bar was re-
versed the needle reversed its motion too. There was no metallic
connection between the two coils, or between the coil and the bar
magnet—and yet changing the position of one with respect to the
other, or changing the direction or magnitude of current through
one coil produced some electrical effect in the other circuit.

The facts underlying Faraday’s experiment are these: An elec-
ric voltage was genecrated or induced in the coil when the bar
magnet was thrust into it. A voltage of opposite polarity was
renerated when the magnet was removed. This voltage sent a
surrent through the coil and the galvanometer so that the needle
noved. The same explanation holds when two coils are used,
one of them carrying a current taking the place of the iron bar.
\Whenever lines of force are cut by a conductor, a voltage is gen-
rated in that conductor. ~So long as the conductor moves so that
t cuts the lines, that is, does not move parallel with them, a
voltage is set up. The more lines per second and the more nearly
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the conductor cuts the lines at right angles, the greater the
voltage. In Fig. 44 5o long as the conduetor AB moves in the
direction of the arrow, no voltage is generated because its mo-
tion is parallel to the lines of foree, but if AB moves up or down
or in a direction through the paper, a voltage will be measured
across its terminals,

This phenomenon is known as electromagnetic induction, and
voltages and current in the conductor are called induced, and the
electrical circuit in which they flow is usually: called the sec-

An ondary; the inducing circuit
' iIs known as the Primary.
There is no discovery in elec-
trical science which has been
so important. Almost every
application of electricity to
Fie. 4. So long as the conductor modern  life depends upon
AB moves across the page, no volt- this discovery of Michael
age is generated. If it moves per- Faraday_
pendicular to the baper, or up and 46. The electric generator,

down, 3 voltage is generated. .

The essentials of 5 generator
of electricity are first, a conductor, secondly an electric field,
and third a motion of one relative to the other,

A generator converts mechanical encrgy into electrieal energy.
Figure 45 is g simple generator. Tt consists of a turn of wire
which is mechanically rotated between two magnets. Remem-
bering that no current due to the induced voltage flows when the
conductor moves parallel with the lines of force, and that the

rotate the coil.

In position (a), Fig. 45, the conductor is moving parallel with
the field. No voltage is being generated. As the coil moves,
however, it begins to cut the lines at a greater and greater angle
until finally at (b) it is moving perpendicular to the lines and
the voltage is a maximum. Now as the coil continues to move,
the part A-B instead of moving upward across the lines of force
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moves downward across them. The induced voltage then has re-
versed its polarity and is increasing toward another maximum
position, after which it returns to its original position, where the
induced voltage is again zero.

In one complete revolution of the conductor there are two posi-
tions at which there is no induced voltage and hence no current

Ing. 45. In (a) the conductor AB is moving parallel or along the lines
of force. In (b) the conductor is moving across or at right angles to the
lines. At (a) the generated voltage is zero; at (b) it is a maximum.

in the external circuit, and two in which the voltage is at maxi-
mum. These two voltages have opposite polarities. At inter-
mediate positions, the voltage has an intermediate value.

A complete circle, like a compass, may be divided into 360
degrees. Since the rotating coil moves in a circle, we can label
the positions of the conductor in degrees of rotation instead of
positions (a), (b), ete. At the beginning, (a), it is at 0 degrees
—it has not started to move. Then at (b) it is at right angles
to its original position (a), or it has gone through one-fourth of
a complete revolution. It has therefore passed through one-
fourth of 360 degrees or 90 degrees. When it is again parallel
with the lines of force, it has passed through 180, and when it has
gone through three-fourths of 360, or 270 degrees, the voltage is
a maximum but in an opposite direction, and finally when it
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reaches its original position it has passed through a complete
circle or 360 degrees.

Let us plot the current induced In the circuit against the de-
grees through which the coil has passed. Such a plot is shown
in Fig. 46. When the current is flowing in one direction we call
it positive, when it reverses we call it negative, If the conductor
moves at a uniform rate, say one revolution in 360 sec, we can
plot the current induced against time in seconds,
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Fi6. 46. Each position of the conductor as indicated by the arrows cor-
responds to some voltage as shown on the graph—called a “sine wave”
of voltage,

One complete revolution is called a cycle. The number of
cycles per second is known as the frequency of the induced volt-
age. The time required for one complete revolution is called
the period. One-half cycle, or the part of the cycle during which
the current flows in a given direction, is called an alternation.

Such is the current produced by an alternatin -current, or a-c,
generator. It flows first in one direction, then in another. The
generator, of course, is a much more complex machine than we
have illustrated here. The magnet is replaced by a heavy iron
core covered with wire in which g direct current flows. This
produces a strong unidirectional magnetic field, The moving
coil is also wound on an iron form and consists of many turns
of wire wound in slots,
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The alternating current uscd to light our homes is usually of
60 cycles, or 120 alternations per second. In radio installations
for use on shipboard and on aircraft, generators usually produce
500-cycle currents. At the high-power radio stations at Rocky
Point, Long Island, are huge alternators which turn out radio
frequencies of 20,000 cycles a second. By means of vacuum
tubes, alternating currents having frequencies of many millions
of cycles are generated.

47. Work done by alternating current. Some may wonder
whether or not a current that is continually reversing its direc-
tion—never getting anywhere, so to
speak—is useful. It is. (Brush

Consider a paddle wheel in a
stream of water. To the paddle L~Cllectar

wheel are attached millstones. @

Grain is to be ground between the

stones. It matters little whether Commutator
(b)

the water flows continuously turn-

ing the millstones in a certain di- Fig. 47. Current is taken from
rection, or whether the water flows analternating-current generator
first one way and then another. by collector rings; a commuta-
So long as the millstones turn tor serves the same purpose ol

. . . a direct-current machine.

against each other, grain will be

ground, work will be done. Current flowing through a re-
sistance generates heat regardless of whether the current flows
steadily in one direction or whether it reverses its direction
periodically. ,

48. D-c generator. " Current is taken out of a generator by
collector rings. They are illustrated in Fig. 47. If current flow-
ing continuously in the same direction is desired, the-collector
rings are not used, but instead a device called a commutator
is used. It is a switch, or valve, which keeps the output cur-
rent flowing in the same direction by reversing at the proper
time the position of the leads with respect to the rotating wire.
In this manner the current flows through the external circuit in
a single direction, although the current in the conductor which
cuts the lines of force must reverse each time the conductor

-
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passes through 90 degrees and reverses its direction with respect
to the field.

The commutator serves the same purpose as a valve in a pump
which keeps water flowing upward whether the pump handle is
worked down or up. A machine which sends out current which
flows in a given direction is called a direct-current generator,
and naturally, the current is known as direct current, or de.

49. Internal resistance. The generator too has an internal re-
sistance so that the voltage measured at its terminals differs
when different currents are taken from it. The voltage measured
across the terminals on a meter requiring little current is called
the open-circuit voltage. As the current taken from the gen-
erator increases, this voltage drops.

50. Electrical power. Throughout the previous discussion we
have spoken of electrical energy in a rather loose way. What
do we mean by encrgy? What is power? What is their relation
to work?

Energy is the ability to do work. A body may have one of
two kinds of mechanical energy, either potential energy or kinetic
energy. The former is due to the position of the body, the latter
is due to its motion. A heavy ball on top of a flag pole has
potential energy because if it falls it can do work, useful or not.
It may heat the ground where it falls, or it may be used to drive
a post into the ground. A cannon ball speeding through the air
has energy because it can do work, useful or otherwise, if it is
stopped suddenly. The target may be heated thereby, convert-
ing the kinetic encrgy possessed by the ball into heat energy.
The amount of damage done gives the eye a certain measure by
which to judge the energy originally possessed by the cannon
ball. This energy was originally possessed by the powder and
was imparted to the ball when it exploded.

The power required to force a certain current of clectricity
through a wire at a voltage of E volts is the product of the volt-
age and the current. Thus,

Power in watts = current in amperes X volts

P=IXE

or
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A horsepower is 33,000 ft-lb per minute. It is equal to 746
watts.

All expressions for power involve the factor of time. In other
words, power is the rate of doing work. It requires more power
to accomplish a cértain amount of work in a short time than in
a longer time. For exampleé, a ton of material raised a foot in
the air represents 2000 ft-1b of work. If it is accomplished by a
crane in 1 sec of time it represents an expenditure of 2000 X 60
or 120,000 ft-1b per minute of power. Since 1 hp is equal to 33,000
ft-1b per minute, the crane has a power of 120,000 - 33,000 or
about 3.65 hp.

Now if a man raises the ton of material 1 ft in the air in an
hour’s time by going up a very long and gradual incline, his
power is 2000 =-60 or 33.2 ft-lb per minute, or roughly one-
thousandth horsepower (0.001 hp). The amount of work done
in the two cases is the same—the ton of material has been raised
1 ft in the air. The rate of doing work has changed.

Example 3-3. A generator is rated at 5 kw (5000 watts) output. How
many amperes can it supply if its voltage is 110 and it has no appreciable
resistance? How many horsepower is this?

Power equals E X 1
5000 = 110 x 1
I = 5000/110 = 45.6 amp
Horsepower equals 746 watts,
5000/746 = 6.7 hp

51. Power lost in resistance. According to the law called the
conservation of encrgy, energy can neither be created nor de-
stroyed. It comes from somewhere and goes somewhere, Simi-
larly, all power, which is the rate at which energy is used,
must be accounted for. The encrgy required to force current
through a resistance must do some work., It cannot disappear.
This work results in heating the resistance, Whenever current
flows through a resistance, heat is generated and the greater the
current the greater the heat. As a matter of fact, the heat is
proportional to the square of the current. If the wire is heated
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faster than the heat can be dissipated in heating the surrounding
air, the wire melts. Energy has been supplied to the unit at too
great a rate.

A resistor used in a plate voltage power supply system is rated
at so many ohms and as capable of dissipating so many watts.
Thus a 1000-ohm, 20-watt resistor means that the resistance of
the unit is 1000 ohms, and that 20 watts of electrical power can
be put into it without danger of burn-out.

Problem 1-3. A voltmeter across a resistance measures 50 volts.
Through the resistance flows 100 ma. What power is expended in it?

Problem 2-3. Assuming that 50 ma direct current flow through a re-
sistor which has a d-c resistance of 750-ohms, what amount of heat in
watts (I’R) must be dissipated? What supplies this power?

52. Expressions for power. Just as there are three ways of
stating Ohm’s law, so there are three ways of stating the relation
between power, volts, amperes, ohms. Thus,

(D)P=IXE @ P=I>XR (3) P=E>~R

Example 4-3. A plate voltage power supply system supplies 180 volts to a
power tube of the 171 type which consumes 20 ma. How much power is taken?
What is the resistance of the power tube?

The power supplied is E X I = 180 X 0.02 = 3.6 watts. The resistance
into which this power is fed is equal to P + I? = 3.6 = 0.0004 = 9000 ohms
or B + P = 180% + 3.6 = 32,400 - 3.6 = 9000 ohms.

The maximum current that can pass through one’s body with-
out serious results is 0.01 amp. The resistance varies with one’s
health and the surface in contact, etc. If the finger tips of the
two hands are dry, the resistance from one hand to the other is
about 50,000 ohms, and thus by Ohm’s law the maximum voltage
that can be safely touched is 500.

Problem 3-3. Assuming that a man can touch with his dry finger tips
a 500-volt street car conductor, and that the resistance of his body is 50,000
ohms, how much power is used up in heating the body?

Problem 4-3. A voltage of 110 is to be placed across a circuit whose re-
sistance must be such that 220 watts can be delivered. What is the resist-
ance of the circuit?

Problem 5-3. How much power is taken from a storage battery which
supplies five automotive radio receiver tubes each requiring 0.3 amp at 6.3
volts?

.
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Problem 6-3. One milliampere of plate current flows through a 100,000-
ohm resistor. How much power in heat must the resistor be capable of
dissipating? '

Problem 7-3. How much current can be sent through a 1000-ohm 20-
watt resistor without danger of burning it up? What voltage is required?

Problem 8-3. In a plate voltage supply system the voltage divider has
a total resistance of 5000 ohms. The receiver requires a maximum current
of 30 ma. What must be the wattage rating of the resistor if all this cur-
rent flows through it?

Problem 9-3. An automobile receiver of five 6.3-volt tubes consumes a
plate current of 50 ma at 180 volts. Assume that the car battery supplies
this load; what power is required?

Problem 10-3. Electric power is bought by the kilowatt-hour. Suppose
your rate is 10 cents per kilowatt-hour. How much does it cost to run
a flatiron on a 110-volt circuit if it consumes 6 amp?

53. Efficiency. Efficiency is a term that is loosely employed
by nearly everybody. Anything which works is said to be effi-
cient, and one’s efficiency is often confused with his energy—his
ability to do work whether the work is actually carried out or
not. The term, however, has a very exact meaning when one
uses it in speaking of mechanical or electrical systems of any
kind. Efficiency is a relative term. It is a ratio showing how
much useful work one gets out of a total amount of work done.

Let us consider a steam engine connected to a dynamo, a com-
bination of machines for transforming mechanical energy into
electrical energy. If the steam engine consumes 1 hp (746 watts)
and delivers 500 watts of electrical energy, it is said to be more
efficient than if it delivered only 250 watts. Let us consider two
men, one of whom gets a lot of work done in a small amount of
time and with an expenditure of little effort. The other gets the
same amount of work done but with great effort, perhaps flurry-
ing about from one thing to another instead of tackling his prob-
lem in a straightforward manner. The first man is more efficient.
He wastes less time and energy.

Efficiency, then, is the ratio between useful work or energy or
effect got out of a machine to the total energy or power or effort
put into it. It is expressed in percentage. A machine that is
100 per cent efficient has no losses; there is no friction in its
bearings, or, if it is an electrical device, no resistance in its wires.
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There are no such machines in use today. Efficiency is the ratio
of useful power one gets out of a device to the power put into it.

useful output useful output

Efficiency input output plus losses

Problem 11-3. Seventy-five per cent of the ampere-hours put into a bat-
tery are returned by it on discharge. How many hours must a 100-amp-hr
battery be charged at a l-amp rate?

Problem 12-3. A motor generator or vibrator system supplies the plate
voltage to an automobile receiver consuming 50 ma at 180 volts. If its
efficiency is 40 per cent what power and current are taken from the
battery? (6 >

Problem 13-3. If a 5-hp motor operated from a d-c¢ line is 85 peR cent
efficient, what current does it take from the power line? (IOV

Problem 14-3. A 200-amp-hr battery is taken into the field to operate
a portable radio transmitter which requires 40 amp. It is keyed so that
power is taken from the battery 75 per cent of the time. The trans-
mitter consumes 50 watts, and in addition to this load there is a contin-
uous load of 1.5 amp for a light. How long will the battery supply the
transmitter and the lamp?

Problem 15-3. A broadcast transmitter radiates 10 kw in the daytime
but is permitted to radiate only 5 kw at night. If the daytime antenna
current is 15 amp, what is the nighttime current?

Problem 16-3. A transmission line made up of two wires transmits
power from a radio transmitter to an antenna. At the transmitter end
the current in the line is 5§ amp; at the antenna end it is 4.7 amp. What
power is lost in the line if 10 kw are delivered to the antenna?

Problem 17-3. If the strength of a radio signal at a distant point is
proportional to the square root of the power at the transmitter, by how
much must the transmitter power be increased to double the strength of
the signal at the receiving end? How much should the transmitter an-
tenna current be increased?

Problem 18-3. A generator delivers 42 amp at 440 volts at an efficiency
of 82 per cent. What power is lost in the generator?



CHAPTER IV
INDUCTANCE

The experiments of Ohm, Oersted, and Faraday laid the
foundation of modern electrical science. The experiments of the
last chapter gave us some idea of what these investigators dis-
covered, and gave us a background for the following fundamental
facts.

54. Coupled circuits. Consider the two coils P and S in Fig.
48. They are said to be “coupled” when lines of force from one
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Fic. 48. If the coils P and S are coupled so that lines of force from P
go through S, a current indicator will show a flow of current in 8 when
the key in P is momentarily closed or open.

go through the other. When P is attached to a battery and the

switch closed there is a momentary indication of the needle

across 8. When the switch is opened the needle moves again

but in the opposite direction. So long as the current in the pri-

mary P is steady in value and direction, there is no movement
65
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of the needle across the secondary or coils. If a galvanometer is
put across the secondary of an ordinary high-ratio audio trans-
former, and a battery is connected across the primary, the needle
of the galvanometer will kick one way when the connection is
made, and in the opposite direction when the battery connection
is broken. This deflection of the needle indicates a momentary
flow of current in the secondary coil; this current flows only
when the primary current is changing, i.e., starting or stopping,
not when the primary current is fixed in value or direction.

55. Lenz’s law. There are two fundamental facts about this
phenomenon of coupled circuits. The first, is that when lines of
force couple two coils together, and some change in these lines
takes place, perhaps because of a change in the relative posi-
tions of the two circuits, a voltage is induced in the second cir-
cuit. The second fundamental fact is known as Lenz’s law: the
induced current is in such a direction that it opposes the change
in position that produced it.

Thus when the battery is attached to P, lines of force thread
their way across the turns of wire in 8. This movement of the
lines of force through S induces a voltage across this coil and a
current flows in the coil and the apparatus connected to it. This
current in the second coil is in such a direction that its field,
that is, its lines of force threading through the primary, induces
a counter-voltage in the primary opposite in direction to the bat-
tery voltage across it.

When the battery voltage is broken, the lines of force from
the primary current collapse back on the coil, and, in crossing
the secondary turns in an opposite direction to that taken when
the current in the primary is increasing, induce a voltage in the
secondary in such a direction that it tends to keep the primary
current flowing.

The result is that it takes a longer time to build up the pri-
mary current to its final value at “make” and a longer time for
the current to fall to zero at “break.”

If it were not for the phenomenon expressed in Lenz’s law,
electrical equipment would burn up. If a current is induced in
the secondary by a change in lines of force in the primary, a
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current will be induced in the primary by these changing sec-
ondary lines of force. This current would, in turn, induce more
current in the secondary, which would produce more in the
primary and soon there would be no limit to the currents that
were flowing and the mechanism would be destroyed.

This phenomenon of induced current is of most fundamental
importance. It is the basis of all our modern electrical machin-
ery. Our motors, our dynamos, our radio signals, all are the
result of our ability to produce changes in one circuit by doing
something to another although the two circuits have no metallic
connection whatever.

The fact that current takes longer to reach its final value in a
circuit in which there is a coil of wire indicates that something
about this coil tends to prevent any change in the current. If
the current is zero, this property of the coil tends to prevent any
current from flowing. If the current already exists, this coil
property tends to prevent either an increase or decrease in this
value of current.

56. Inertia—inductance. The property of an electrical cir-
cuit which tends to prevent any change in the current flowing is
called its inductance. It has a mechanical analogue in inertia.
A flywheel requires considerable force to get it up to speed; and
after it is started it will continue to run for some time after the
driving force is removed. It does not stop suddenly. As a mat-
ter of fact, it requires considerable force to stop it, and the more
suddenly one wants to stop it, the more force he must apply.

Inertia is evident in a mechanical system only when some
change in motion is attempted. It is not the same as friction,
which is always present.

Inductance is a property of an electrical system in which
- changing currents are present. It is not to be confused with
resistance, which is always present. Current flowing in a resist-
ance circuit stops when the driving force (voltage) is removed.
If inductance is added to the circuit, the resistance remaining the
same, a longer time will be required for the current to reach its
final value, zero, when the voltage is removed.
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57. Self-inductance, Inductance is added to a cireuit by
winding up a wire mto a compact coil. If, for example, 1000 ft
of No. 20 copper wire is strung up on poles, it will have g re-

Time for Current to reach
-63 of its final Valye

Current in Amperes

Time in Seconds

Fre. 49, Current in ap inductive cireuit does not rise instantaneously to
its maximum value as these curves show,

ever, the wire were wound up on a spool with an iron core, the
time required for the current to reach its fing) value would look
like the curve in Fig. 49. 1ts resistance has not changed; we
have merely added inductance,

When the switel is opencd a fat spark occurs; this is not true
when the wire is strung up on poles, The current seems to try
to bridge the gap—to keep on flowing. It docs not “want” to
stop. This is because of the inductance of the coil.

A single coil can have inductance and can have g voltage in-
duced across it just as though it were the sccondary coil shown
at S in Fig. 48.
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When the current starts to go through the coil, lines of force
begin to thread their way out through the coil, thereby cutting
adjacent turns of wire, and according to Lenz’s law inducing in
each turn a voltage in such a direction that it tends to oppose
the building up of the current from the battery. When the bat-
tery connection is broken, these lines of force fall back upon the
coil and when cutting the individual turns of wire in the oppo-
site direction they induce voltages in them which tend to keep
the battery current flowing.

58. Magnitude of inductance and induced voltage. The
greater the number of turns of wire in a small space, or the better
the permeability of the core on which the wire is wound, the
greater will be the inductance of the coil and the longer the time
required for the current to reach its final value. The permea-
bility of air is 1.0; that of iron may be as high as 25,000. This
means that the inductance of a given coil may be increased
25,000 times by winding it on a core of high-permeability iron
or alloy such as permalloy which, composed of nickel and iron,
may have a permeability as high as 100,000.

The induced voltage across such a coil depends upon the rate
at which the current is changing and the inductance of the coil.
Since the current tends to keep on flowing when an inductive cir-
cuit is broken the voltage across the coil must be in the same
direction as the battery voltage. Thus if a coil has 100 volts
from a battery across it, and the current is suddenly broken,
the voltage at the instant of break across the coil will be 10
plus the additional induced voltage. Breaking the current in
highly inductive circuit may set up a tremendous voltage acros
the coil and a severe shock can be felt by holding the ends of th
wire at the moment of break. This is a practical demonstratio .
of Lenz’s law.

The inductance of a coil depends upon the number of turns,
the manner in which the wire is wound, and the material o
which it is wound. If the coil is wound on iron, the inductanc
will be greater because the lines of force will be concentrated int
a smaller space; more lines per unit area will go through a give
area of coil.



70 INDUCTANCE

In radio circuits the coils are usually wound on non-magnetic
cores. In audio * circuits iron is utilized to build up large induc-
tances in small spaces and with a minimum of copper wire.

If an a-c voltage is placed across
a coil, the current through the coil
is much less than if a d-c voltage
were placed across it. This is be-
cause of the counter- or back-volt-
age induced across the coil by the
effects just described. The result
is that a seeming decrease in volt-
age across the coil has taken place,
although a voltmeter would indi-

Lamp cate that the full-line voltage was
AAAAA @ across the coil,

E . . .
Example 1-4. In Fig. 50 is an in-
_lhl"—:_‘\

ductance across which is placed a flash
Fic. 50. An example of Lenz’s lamp and a battery. The current is
law.  The lamp will light regulated so that insufficient current
when the key is opened even £0€s through the lamp to light it up.
though insufficient current flows = NOW wh.en the switch is opened the
through it when the key is lamp will suddenly light (and may
closed. burn out) because of the added voltage

across it.

0000000000000A00

59. The unit of inductance. When a current change of 1 amp
per second produces an induced voltage of 1 volt, the inductance
is said to be one henry, named from Joseph Henry, an American
experimenter who discovered the phenomenon of electromag-
netism at the same time as Michael Faraday. Coils added to
circuits for the purpose of increasing the inductance of the circuit
are properly called inductors.

60. Typical inductances. The coils used in radio apparatus
vary from inductances of the order of microhenries to very large
ones having over 100 henries in inductance. Broadcast fre-

*“Audio” eircuits involve alternating currents which can be heard by
the human ear, ie., from 50 to 15,000 cycles. “Radio” frequencies are
much higher and are inaudible.
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quency tuning coils are of the order of 300 uh and may be from
15 to 3 in. in diameter wound with from No. 30 to No. 20 wire
of from 50 to 100 turns or so. There are a number of compli-
cated formulas by which one can caleulate the inductance of
coils of various forms and sizes. The ones in Fig. 51 are accurate
enough for practical purposes.

These formulas show that the inductance increases as the
square of the number of turns. Thus if a coil of three units in-

e—b—>]
N
/3
0.394a°N* P
= un 252
58 9a + 10b ® L=0.394a N
_ 0.315g%N? 8a+1lc
" 6a+96+10c Dimensions in Cm.
(a) (€] (c)

Fic. 51. Some typical coil forms and formulas on which the inductance
may be calculated.

ductance has its number of turns doubled, the inductance will
have increased four times or to twelve units. This is true pro-
vided there is good “coupling” between turns; that is, if the coil
is on an iron core this rule is strictly true, but if the coil is
wound on a core of air the rule is only approximately true. It
becomes more nearly a faet the closer together the turns of wire.

Problem 1-4. A coil like that in Fig. 5la is called a multilayer coil.
Such a coil is wound to have 1000 turns, in a slot 1 in. square. The dis-
tance from the center of the coil to the center of the winding (a in Fig. 51)
is 2 in. What is the inductance of the coil in microhenries? Remember
that the dimensions given in Fig. 51 are in centimeters and that 1 in.
equals 2.54 em.

Problem 2-4. A coil like that in Fig. 51b is called a solenoid. Calculate
the inductance of such a coil composed of 60 turns of wire in a space of
3 in., the diameter of the coil form heing 3 in. Cotls used in modern
broadecast receivers are wound on cores about 1 in. or less in diameter.
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61. Coupling. The closer together the two coils, P and S, Fig.
48, the greater the number of the lines of force because of the
primary current that links with the turns of the secondary, and
the better the “coupling” is said to be. The better the perme-
ability of the medium in which the lines go, the better the
coupling.

The voltage across the secondary of such a two-coil cireuit
as that shown in Fig. 48 depends upon the sizes of both coils,
their proximity, the permeability of the medium, and the rate at
which the primary current changes. All the factors except the
rate of change of the primary current are grouped together and
are called the mutual inductance of the circuit.

The secondary voltage, then, is equal to

M X rate of change of primary current

where M is the mutual inductance and is rated in henries.
62. Magnitude of mutual inductance. Formulas in Fig. 51
show that the inductance of a coil depends upon the square of

M M
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Fie. 52. Coils may be connected so that their fields aid or “buck.” In
one the total inductance is increased, and in the other the total induct-
ance is decreased.

the number of turns. Doubling the turns increases the induct-
ance four times. Consider two coils built alike and having the
same inductance. If they are connected the total inductance
will be equal to that of a single coil of double the turns. In other
words, the total inductance of two coils connected “series-aiding”
will be four times the inductance of a single coil. If the connec-
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tions to one coil are reversed, the total inductance will be zero
because the lines of force from one coil will encounter the lines
of force from the other coil which are in the opposite direction,
The coils are now connected “series-opposing.”

Consider the series-aiding case, Fig. 52a. The total inductance
is made up of the inductance of coil 1, that of coil 2, the mutual
inductance due to the lines of force from coil 1 which go through
coil 2 and the mutual inductance associated with the lines from
coil 2 which go through coil 1; these two inductances are equal
because the coils are identical. Thus,

Le=Li+ Ly + 2M
= 2L, + 2M (because L; = L)
= 4L, (by experiment or measurement)

’]‘[=L1

Now if the coupling in both is less than perfect, if some of the
lines from one coil do not link the other—and such is always
true—the total inductance, L,, in the series-aiding case is less
than four times the inductance of one coil and in the series-
opposing case is greater than zero. But in any case the total in-
ductance of two coils of any inductance connected in series-
aiding will be given by L; + L, - 2M = L, and if they are con-
nected series-opposing the resultant inductance will be L, + L,
—2M = L,. The following expression involving a new term, the
coefficient of coupling, enables us to predict just what the total
inductance in the circuit will be once we know how well the two
coils are coupled.

whence

The coefficient of coupling r = M/V' L;L,

The coefficient of coupling depends upon the total inductance
in the primary and secondary circuits as well as upon the mutual
inductance between inductances L, and L., Fig. 53.

The mutual inductance depends upon only the two coils, L,
and Lg, and the coupling between them, or M = r V' LyLs; the
coefficient of coupling between two circuits depends upon the
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total inductance in the circuits. The maximum possible value of
v is 1.0. This is called unity coupling, and approaches this value
in iron-core transformers. In air-core coils and transformers the
coupling may be very weak, that is, of the order of 0.1, and sel-

L,=.06
L‘ L 2 I-| L2 =20
4 7
.08 2.0 .08
N

M<0.1 M =01
LSS S PV ) —
V08X 2.0 J(06+.08) X 2.0
(a) (b)

Fie. 53. Examples showing dependence of coefficient of coupling on
series inductance.

dom rcaches 0.7. In an iron-core transformer 98 per cent coup-
ling (r = 0.98) is usual.

63. Measurement of inductance. Inductance is usually meas-
ured by means of a Wheatstone bridge (Section 34) just as re-
sistance is measured. This is cssentially a
method of comparing the unknown indue-
tance to a known inductance. Resistances
are used as the ratio arms, as in Fig. 54.
When there is no sound in the telephones
the inductances are equal if the ratio arms
are equal, or if the ratio arms are not equal
the unknown inductance is given by the
equation

Slide Wire
+ NS

A
Lz = L.s —E
Fic. 54. If A and B . .
a:e o ) b Mutual inductance is measured on a
there is no sound in bridge, or by the following method: The
the phones, inductance of the individual coils may be
L. LA measured first. Then they are connected
'z = SB

series-aiding and the total inductance meas-
ured. This gives us the formula L, 4+ L. 4 2), from which M
can be calculated at once. Of course, the same result will be ob-
tained by connecting the coils series-opposing. It is not even
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necessary to measure the individual inductances first, provided
we can measure the inductance both series-aiding (L,) and then
scries-opposing (L,). Then

4 =L, - L,

L,— 1L,

M=—>=
4

Problem 3-4. If two identical coils are connected so that unity
coupling exists between them, ie, all the lines of force from one coil go

==
L, =100 zh. Y/ - SN
M{ T=0.6 P S
D e
L,= 200 uh. S v ———
Core
F1c. 55. A prob- F16. 56. A simple transformer.
lem in coupled
circuits.

through the other coil, what is the total inductance? If they are connected
series-aiding ?

Problem 4-4. In Fig. 55, when the coils are connected series-aiding, the
inductance is measured as 400 #h. What is the mutual inductance?

Problem 5-4. In a screen-grid tube radio-frequency amplifier circuit the
primary inductance is 350 #h, the secondary is 230 ©h, the mutual induct-
ance is 160 gh. Calculate the coefficient of coupling.

Problem 6-4. In Fig. 55, L, = 100 #h, L =200 ph, and » = 06. What
is the mutual inductance? What is the total inductance (La=L,+ L.
+2M)? What is it if L. is reversed (A is negative)?

64. The transformer. A transformer is a device for raising or
lowering the voltage of an a-c cireuit. It transforms one voltage
into another. It consists of two windings on an iron core, as in
Fig. 56. The purpose of the iron core is to insure that the mag-
netic field set up about the primary will flow through the second-
ary coil without loss. What few lines of force do not link pri-
mary and secondary are called leakage lines and the inductance
associated with them is called leakage inductance,
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The primary is attached to an a-c line, the secondary to the
load, whether this is a house-lighting circuit, a motor, or any
other device which requires electricity.

The continually changing lines of force from the primary
flow through the secondary and induce voltages in it. The rela-
tion between the primary and secondary voltages is simple and
definite—it depends upon the relative number of turns. If there
are twice as many secondary turns as there are primary turns,
the voltage developed across the secondary terminals will be
double that across the primary. The following formula gives the
relation between primary and secondary turns and the respective
voltages:

2_"_nN (turns ratio)
€g Ns

By using the proper ratio of turns, voltages either greater or
less than the primary voltages may be secured at the secondary
terminals.

Example 2-4. A transformer is to connect a 110-volt motor to a 22,000-
volt transmission line. What is the ratio of turns?

e _ T

€s Ng
22,000
22,000 _ 75 _ o009
110 ng

Nore. This does not give the number of turns in either primary or sec-
ondary windings. The absolute number of turns depends on several fac-
tors; the ratio of turns depends on the voltages to be encountered.

Problem 7-4. In electric welding a very low voltage is used. What
would be the turns ratio of a transformer to supply a welding plant with
5 volts if it takes power from the standard 110-volt circuit?

Problem 8-4. A 25-volt transformer supplies 5 tubes with 1.75 amp for
each filament. What are the turns ratio and minimum primary current?
If the transformer is 90 per cent efficient what power does it take from the
110-volt line?

Problem 9-4. A primary consists of 200 turns of wire and is connected
to a 110-volt circuit. The secondary feeds a rectifier circuit requiring 550
volts. How many turns will be on the secondary winding?
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Problem 10-4. A certain transformer used in a radio-frequency am-
plifier has a secondary inductance of 240 gh. When the two coils of the
transformer are connected series-aiding the total inductance has increased
to 350 xh, and when connected series-opposing the inductance drops to
230 ph. What is the inductance of. the primary? What is the mutual
inductance between them in the two cases, and what is the coefficient of
coupling?

65. Power in transformer circuits. Since the transformer does
not add any electricity to the circuit but merely changes or
transforms from one voltage to another the electricity that al-
ready exists, the total amount of energy in the circuit must re-
main the same. If it were possible to construct a perfect trans-
former there would be no loss in power when it is transformed
from one voltage to another. Since power is the product of volts
times amperes, an increase in voltage by means of a transformer
must result in a decrease in current, and vice versa. On the sec-
ondary side of a transformer there cannot be more power than in
the primary and if the transformer is one of high efficiency, the
power will be only slightly less than on the primary side. The
product of amperes times volts remains the same. Thus the pri-
mary power is

Epl, (1]
and the secondary power is
E,l, (2]
and since there is no loss or gain in power
Epl, = E,I, (3]
whence
L _E,_ N (turns ratio)
I, E,

which shows that the secondary voltage increases as N increases;
the secondary current decreases when NV increases.

66. Transformer losses. Transformers are not perfect. There
is some resistance in both primary and secondary coils. The cur-
rent. going through these resistances produces heat, which repre-
sents a certain amount of power lost. All the lines of force com-
ing out of the primary coil do not go through the secondary (the
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transformer does not have “unity coupling”). Some of the mag-
netic field of the primary, therefore, is not used in inducing cur-
rents in the secondary. The iron eore—which is a metallic con-
ductor in the magnetic field of the primary, just as the sccondary
wire is—has currents induced in it and since the iron is a high-
resistance conductor it heats up. All these losses must be sup-
plied by the primary source of power, the generator. Large
transformers, however, are very efficient, over 90 per cent of the
input power being transferred to the sec-
ondary circuit.
p 67. The auto-transformer. It is not
necessary for proper transformation of
voltage that the primary and secondary
windings shall be distinet. In Fig. 57 is
a representation of what is known as an
auto-transformer, in which the secondary
Fig. 57. An auto-trans- js part of the primary. The voltage
former. The secondary opqq the secondary turns, however, bears
can be the entire wind- the same relation to that across the pri-
ing or part as shown. p
mary part as though there were two scpa-
rate windings. The ratio of voltages is the ratio of the number
of turns possessed by the secondary and primary.

A transformer is often used when both alternating and direct
currents flow through a ecircuit and it is desired to keep the direct
current out of the circuit to which the sccondary is attached. No
d-c current can go across the transformer when the two windings
are distinet, although the a-c voltage variations occurring in the
primary are transferred to the sccondary by the effects already
deseribed. If no increase or decrease in voltage is desired the
turns ratio is made unity; that is, the same number of turns will
be on the secondary as on the primary.

An output transformer which couples a loud speaker to a power
tube in a power amplifier serves this isolating purpose. The
power tube has considerable direct current flowing in its plate
cireuit where the uscful alternating currents also flow. The de
is undesirable in the loud-speaker windings, so a transformer is
used to isolate the speaker from the dircet current of the tube.

An
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A good transformer of this type will transmit all frequencies in
the audible range with an efficiency of about 80 per cent.

Problem 11-4. The line voltage in a certain locality is only 95 volts but
a radio set is designed to operate from a 115-volt cirecuit. A transformer
is to be used like that in Fig. 57. What will be the ratio of turns?

When no current is taken from the secondary of a transformer
the primary acts merely as a large inductance across the line.
The current will be rather small. The energy associated with
this current is used in two ways, one of which is in heating the
transformer and its core. The other part maintains the magnetic
field of the primary. This consumes no energy from the line be-
cause at each reversal of the current the energy of this field is
given back to the circuit.

When the secondary load is put on, however, it begins to draw
current from the secondary and more power is taken from the
line leading to the generator. This additional power is that re-
quired by the load together with the loss in primary and
secondary resistance.

68. Variable inductors. A variable inductance may be used to
regulate the current in an a-c circuit. This variatien in induec-
tance can be secured by means of a

slider, as in Fig. 58, or by a fixed Slider
number of turns and a movable iron = T A
core. Variations in the position of the i

iron change the permeability of the
core on which the wire is wound and
thereby vary the inductance. This is
often employed in power circuits.

For radio-frequency work the vari- : ,

X variable inductance for ra-
able inductance can take the form of 0" oo called a “sin-
a variometer, shown in Fig. 59, in gle-slide tuning coil.”
which the inductance is continuously
variable from a low value when the two coils are “bucking”’ each
other, or are connected series-opposing, to the maximum value
where they are connected series-aiding. The coils are always
connected in the same manner, but by having one coil rotate

TUoUU000 000 00Yy

Fie. 58. An early form of
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within the other the variations in inductance result. The cali-
bration of such a variometer is shown in Fig. 60.

69. Use of iron in inductances. If one were to measure the
inductance of a coil of wire first without an iron core and then
with an iron core, it would be found that in the latter case the

Frc. 59. Variable inductance made up of two coils, one rotating within
the other.

inductance would have increased very materially. In Section
58 it was stated that the inductance depended upon the number
of turns in the coil and the permeability of the core upon which
the coil is wound. Now the number of turns has not increased;
clearly it is the permeability that has increased.

Permeability is a measure of the ease with which lines of
force can be concentrated in a small area. A highly concen-
trated field (many lines of force per unit area) is possible in
iron or in one of the iron alloys used for this purpose. Iron,
therefore, increases the inductance which one can secure with
a given amount of wire wound in a given form.
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The question arises, why not use iron in all our circuits where
we want inductance? For a given amount of wire we can get
more inductance with iron than without it, and for a given in-
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TFi6. 60. Calibration of a standard variable inductance.

ductance we will need less copper wire and less space if we use
iron.

There are several stumbling blocks, however, to this idealized
situation. In the first case iron is a conductor. Lines of force
flowing through it produce \T(ﬂTEgEs and currents in it just as
they do in a coil made up of copper wire. This current flowing

“through the iron core heats ‘the core and this heat represents a
waste of power. F urtle_nore, iron is rather cantankerous to
deal \;itli,—magnetically speaking. The permeability of an iron
core depends upon the amount of current flowing through the
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coil which surrounds the iron. This permeability does not in-
crease or decrease in direet proportion to the amount of current.
The power losses in the core depend upon the rate at which the
lines of force change and thus as the frequency of the circuit
in which the coil is operated increases, the losses increase, until
finally a frequency is reached where the iron core is more
wasteful than useful and one gets along better without it.

Consider a coil of wire wound on an iron core. Let us meas-
ure the inductance of this coil as the current through it is in-
creased from zero up to some value and then decreased back to
zero. It will be found that the inductance increases for a time
and then that further increases in current do not produce any
further increase in inductance. In other words, the core satu-
rates. Now let us decrease the current. The curve plotted as
successively lower values of current are put through the coil
does not correspond to the eurve secured when the current was
increased. One curve is secured with increases in current; a
different curve is secured when the current is decreased. The
only points where the inductance values correspond are at zero
current and at maximum current.

When direct current through an iron-core coil changes, the in-
ductance changes because of the change in permeability of the
core, In order to keep the inductance more or less constant a
small air gap is placed in the core. The inductance of a coil to
be used where both direct and alternating currents are to flow
through it should always be rated by considering the number of
d-c amperes that are to flow through it. Thus a coil may be said
to have 30 henries inductance at a direct current of 30 ma. This
is the current at which it is supposed to be used. At other cur-
rents it may have more or less inductance. In Fig. 61, note how
the inductance steadily decreases as the direct current (mag-
netizing foree) through it increases.

The effect of leaving a small air gap in the iron core is shown
in Fig. 62. The air gap decreases the inductance at low values
of direct current but brings it up at high currents and thereby
flattens the curve of inductance versus direct current.
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Fie. 61. Inductance of iron-core coils varies with direct current because
of variation in permeability.
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Fic. 62. Variation of inductance with air gap.

7. No air gap.

A. Average air gap.

B. Air gap at one end, 0.01 in.

C¢. Air gap at both ends, 0.009 in. each.
D. Air gap at both ends, 0.0075 in. each.
E. Air gap at both ends, 0.01 in. each.
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Adding iron to an inductance greatly increases the difficulty
of designing an inductance; increases the difficulty of measuring
the inductance; increases the losses in the coil; and, in general,
presents a situation widely at variance with that holding when
the coils are wound on a core of air.

Of late years, however, new forms of iron (such as finely pow-
dered iron bound together with certain insulated binders) or iron
alloys have been developed which not only have fairly low losses
but also fair permeability. They have made it possible to design
transformers for power purposes which are efficient, and even at
radio frequencies the general use of ferro-magnetic cores has
come into general practice.

Iron is also used in permanent magnet loud speakers, in
microphones, and wherever it is desired to get a high value of
inductance in small space.

The design of such equipment has been developed by trial-
and-error methods and by theoretical considerations until it has
become an engineering science.

70. Coils for radio receivers. As will be learned later, coils
used for tuning radio receivers should have a high inductance
and a low resistance. The ratio of the inductance to the resist-
ance may be taken as a figure of merit when comparing coils de-
signed for the same purpose. In modern radio receivers, space is
also a factor since it is desirable to make the receiver chassis as
compact as possible. Therefore the volume of the coil is some-
times taken into account when comparing two coils.

Present-day tuning inductances are quite small. They are not
single-layer solenoids but are multilayer coils wound in a manner
known as “universal.” They are wound in special machines
which weave the wire back and forth over a given winding area -
so that the wire is literally woven into a coil. In this manner a
high inductance with low resistance and low capacitance may be
constructed. For a given length of wire the greatest inductance
is obtained when the wire is wound as compactly as possible, that
is, bank-wound with a cross section as nearly square as possible.
These coils have higher resistance per unit of inductance, how-
ever.
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A single-layer solenoid will have greatest inductance per length
of wire when the diameter is approximately 2.46 times the length
of the coil.

The trend is toward the use of powdered iron cores in indue-
tances to be used in modern receivers because of their higher in-
ductance per unit of resistance compared with air-core coils.
Where it is necessary to get the maximum amplification or maxi-
mum selectivity in a small space or with a minimum number of
tuned circuits, these coils wound on ferro-magnetic cores are very
successful.



CHAPTER V
CAPACITANCE

There are two essential electrical quantities in every radio cir-
cuit. These are inductance and capacitance (or capacity in the
every-day language of the engincer). They are represented in
the circuit by the coils and the condensers. Upon their relative
sizes depends the wavelength or frequency to which the receiver
or transmitter is tuned. Resistance is always present too, but the
effort of all radio engincers is to reduce the resistance and to
overcome the losses in power due to its presence, just as mechani-
cal engineers deplore the share of power wasted in mechanical
friction.

71. Capacity. Inductance has been likened to inertia. In an
alternating-current circuit, it tends to prevent changes in the
current flowing. Inductance is a property of a circuit; so is
capacity. It is not something one can see, or feel, or hear; one
cannot see, or feel, or hear electricity. We are only aware of it
by the work it does. Inductance in concentrated form is pos-
sessed by coils. Whenever a coil has an alternating current flow-
ing through it, the inductance is one of its important qualities.
Capacity in concentrated form exists in condensers formed by
conductors which are insulated from cach other. Electricity can
be stored in a condenser. This capacity tends to prevent any
change in the electrical pressure or voltage in the circuit to which
the capacity is connected.

72. Capacity as a reservoir. In an electrical cireuit, a con-
denser serves the same purpose that the familiar standpipe or
water tower serves in the water supply system of a city. The
water tower maintains a constant water pressure regardless of
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74. The charge in a condenser. A condenser is made up of
two or more conducting plates separated by a non-conductor.
The Leyden jar (Fig. 64) is a good illustration. This is a glass
jar coated inside and out with metal foil. The inner foil is con-
nected to a terminal in the cork stopper by means of a metal
chain. Filter condensers used in radio circuits are made up of
metal foil separated by waxed paper or some
other insulator. The questions asked by
everyone who looks at a condenser are: Can
a condenser pass an electric current? What
is this capacity possessed by a condenser?
How much capacity is in a condenser?
What is the spark that jumps when a con-
denser is discharged?

When a condenser is connected to the
terminals of a battery, a 45-volt B battery,
for example, there is a momentary rush of
electrons on to one metallic condenser plate
and an exit of electrons from the other. This constitutes a cur-
rent flowing into the condenser, and if a voltmeter could be
placed across it the voltage would be seen to rise in much the
same manner in which the current builds up in an inductive
circuit. As soon as the voltage of the condenser is the same as
that of the battery, current no longer flows into it. It is now
charged, and if the battery is disconnected the electrons remain
on the one plate and there is a dearth of electrons on the other.
Now if a wire is connected from one terminal to the other, these
electrons jump across the gap in their effort to equalize the
charge on the two plates. The momentary rush of electrons
constitutes the spark. Once this spark has taken place the con-
denser is discharged.

So long as the condenser is charged it possesses energy, which
is like the energy possessed by a ball on top of a flag pole. The
kind of energy possessed by the ball is potential energy; it is due
to the position of the ball. The energy possessed by the con-
denser when charged is also potential energy, due to the strain
existing in the non-conductor. Nothing happens until the con-

Fi1c. 64. A Leyden
jar—an early form
of condenser.
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denser discharges, then it may set fire to a piece of paper, may
puncture a hole in a sheet of glass, or may give some person a
severe shock. Thus the condenser, just as the ball on top of the
pole, has the ability to do work—which is our definition of
energy.

This is called static electricity, and is the same kind that pro-
duces sparks when we stroke a cat’s back, or rub a comb on a
coat sleeve, or the kind of electricity that jumps from one cloud
to another on a hot summer day.

75. The quantity of electricity in a condenser. The quantity
‘of electricity that rushes into a condenser when it is connected to
a battery is a perfectly definite quantity and can be calculated or
measured. This quantity, Q, rated in cdulombs, depends upon
two factors only, the capacity of the condenser and the charging
voltage. The capacity of the condenser depends only upon the
physical make-up of the condenser, that is, (a) the size of the
conducting plates, (b) the nature of the non-conductor called the
dielectric, and (¢) the distance apart of the plates. The quan-
tity @ is proportional to both these factors, and may be ex-
pressed as

Q (coulombs) = (capacity) X E (voltage)

The unit of capacity is the farad, (f), named from Michael
Faraday, and is the capacity of the condenser whose voltage is
raised 1 volt when 1 coulomb of electricity is added to it; or vice
versa, the capacity of the condenser to which 1 coulomb of elec-
tricity can be added by an externally applied voltage of 1 volt.
This is a very large unit and in practice engineers have to deal
with millionths of farads, or microfarads (uf). A smaller unit
yet,'micromicrofarad, (uuf), is used in some radio circuits. This
is equal to 10-12 farads. Another unit is the centimeter of capac-
ity. It is equal to 1.1124 ppf.

We can write the above expression as

Q (coulombs)

C (farads) = E (vol ts)
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This shows that the capacity of a condenser is the ratio between
the quantity of cleetricity in it and the voltage across it.

The third way of stating the relation between capacity, quan-
tity, and voltage, defines the voltage:

Q (quantity)

E (vol =
(voltage) C (capacity)

A discharged condenser, of course, has no electricity, @, in it
and henee no voltage across it. When it is connected to a bat-
tery, a voltage is built up across the two plates, the value of this
voltage being given at any instant by the ratio between the-
quantity, @, and the capacity, C, of the condenser. The greater
the quantity of electricity stored on the conducting plates, the
greater the voltage. When the battery is removed the quantity
of electricity remains and, of course, a voltage, E, exists between
the two plates.

76. Time of charge. Since an ampere is a rate of flow of cur-
rent, that is, 1 coulomb per second, one can calculate the rate at
which current flows into a condenser provided the quantity, Q,
and the time, ¢, are known. The amperes before the condenser is
attached to the battery are zero, and at the completion of the
charging process the amperes are zero. The average rate, then,
is what one secures from the equation,

;.0
t

The time taken to charge or to discharge a condenser depends
upon the capacity of the condenser and the resistance through
which the charging current flows. The “time constant” is the
time required for the charge (or voltage) of a condenser to fall
to 37 per cent of its original value and is equal to R in ohms
nultiplied by C in farads. RC circuits are often used to pro-
duce time delays.

Example 1-5. A condenser of 15 uf is attached to a 220-volt circuit.

What quantity of electricity flows into it? If it requires 1/200 sec to
charge it, what iIs the average current?
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Q=CXE

15 X 1078 x 220
= 3300 X 10~°

= (.0033 coulomb

=9
t

00033
0.005

= (.66 amp

This is also the average rate of discharge if the time of complete dis-
charge is 1/200 sec.

Problem 1-5. What is the capacity of a condenser that holds 0.0024
coulombs when attached to 220 volts?

Problem 2-5. In a radio circuit is a 0.0005-uf (500 uuf) condenser across
a 500-volt source. What quantity of electricity will flow into it?

Problem 3-5. What voltage will be necessary to put 0.012 coulomb into
the condenser of Problem 1?

Problem 4-5. The average charging current in Problem 1 is 2 amp.
How long will it take to charge the condenser?

Problem 5-5. Suppose the average voltage across a condenser when it is
being discharged is one-half the voltage when fully charged. Connect a
10-ohm resistance across the condenser of Problem 1. What average cur-
rent flows? What is the average power used to heat the wire?

77. Energy in a condenser. The amount of energy that can
be stored in a condenser in the form of static electricity can be
computed from the formula:

Energy = 3CE?

This represents the work done in charging the condenser, and
naturally represents the energy released if the condenser is dis-
charged.

Similarly, the energy in the lines of force about a coil through
which an alternating current flows is equal to Y,LI>.

The unit of energy or work is the joule. It is the amount of
work required to force one coulomb of electricity through one
ohm of resistance. Thus if a 1-uf condenser is charged to a
voltage of 500, the energy is
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2 X 1 X 1078 X 500% = 0.125 joule

Since power is the rate of doing work, we can find the power
required to charge such a condenser in 1 sec of time by dividing
the above expression by 1 sec. Thus

1CE?
2t

and if we attach the condenser to a secondary of a 500-volt
transformer which charges the condenser 120 times a second
(60-cycle current) the power will be = 14CE? x 120 provided
the condenser is permitted to discharge each time it is charged.
Thus the smaller the time, the greater the power required to
charge the condenser.

A general expression for such a problem is

Power = 1CE*N

if N is the times per second the condenser is charged and dis-
“charged.

Power in watts =

Example 2-5. A condenser in a transmitting station has a capacity of
0001 of and is charged with a 20,000-volt source. What energy goes into
the condenser and what power is required to charge it 120 times a second
(60-cycle source)?

\

Energy or work

W = 3CE? .
1 X 0.001 X 10~¢ X 20,000?

= 0.2 joule

1

1

Power

"~
|

=W XN
CE’N

= 0.2 X 120
= 24 watts

As another example, consider the methods of making photographs at
very high speeds utilizing a large condenser charged to a high voltage and
then discharged through a gas-filled lamp.

The discharge condenser has a capacitance of 112 uf and is charged to
2000 volts. It is then discharged in a 30,000th of a second.
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The total stored energy, WCE?, is 14X 112X 107 X 4 X 10° =224
joules, or watt-seconds. This work is done in a 30,000th of a second, how-
ever, and so is equivalent to a power of 3 X 10* X 224 =6,720,000 watts.

The quantity of charge, CE, is 2 X 10* X 112 X 10-* = 0224 coulomb.
This quantity discharged in a 30,000th of a second results in an average
current of 3 X 10* X 0.224 = 6,720 amp.

Problem 6-5. If the generator in Example 2-5 were a 500-cycle generator,
what would be the power taken from it?

Problem 7-5. How much energy can be stored in a condenser of 100
uf charged to 1000 volts?

Problem 8-5. How much power is required to charge a 1-uf condenser
to a voltage of 220, 120 times a second?

Problem 9-5. A transmitting antenna has a capacity of 0.0005 uf. It is
desired to transmit 1 kw of power. To what voltage must the antenna be
charged from a 500-cycle source?

Problem 10-5. Suppose an antenna is to be supplied with 500 watts of
power and that between the charging mechanism and the antenna exists an
efficiency of 30 per cent. The condenser, which discharges into the antenna,
has a capacity of 0.012 uf, and the generator which charges the condenser
is a 500-cycle machine. A transformer is used to step up the voltage 110
from the generator to the value required by the condenser. What is the
secondary voltage of the transformer and what is the turns ratio between
secondary and primary? NoTe: Remember that a 500-cycle generator
charges a condenser 1000 times a second.

78. Electrostatic and electromagnetic fields. The energy exist-
ing in an inductive circuit is said to exist in the electromagnetic
field surrounding the inductance. This field is made up of lines
of force and can be explored with a compass, or by sprinkling
iron filings on paper as in Fig. 42.

The energy in a condenser is said to exist in the electrostatic
field. This is the locality in which the electrical strain exists,
that is, in the non-conductors in the vicinity of the conducting
surfaces which are charged. This field cannot be explored with
any magnetic substance, but can be discovered by any form of
charged bodies or any container of static electricity.

Some circuits, an antenna system, for example, have both ca-
pacity and inductance and, if properly charged, have both a
magnetic and a static field. Since the wire can be charged to a
very high voltage with respect to earth, considerable energy can
be fed into it.
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Frictional electricity, such as that produced by rubbing a cat’s
back, is a form of static electricity. It is this kind of electricity
that is produeed in the tank of a truck carrying gasoline. The
gasoline sloshing about in the metallic tank may raise the voltage
of the tank to a considerable degree above the ground from
which it is insulated by the rubber tires. Finally a spark may
pass, and neutralize the charge—but in the process the tank and
driver may be blown to bits. To prevent such accidents, all gas-
oline trucks trail an iron chain which connects the tank eclectri-
cally with the ground and discharges static electricity charges as
fast as they are produced.

79. Condensers in a-¢ circuits. A perfect condenser is one
which is an absolute non-conductor to direct currents—that is,
it is an infinite d-c¢ resistance-——and one which has no a-c¢ resist-
ance. All the energy that is put into it is used in setting up an
electrostatic field. Unfortunately all condensers have some a-c
resistance, and few have infinite d-c resistance. Otherwise a
condenser once charged would keep its charge forever. The time
it takes a condenser to discharge is proportional to the product
of its capacity and its resistance. This is known as its time con-
stant, and is also the time required to charge the condenser. The
resistance to direct current is known as its leakage resistance. In
a good condenser this may be as high as several hundred
megohms. The time constant of a circuit containing eapaci-
tance and resistance is equal to RC in ohms and farads and is
equal to the time for the current to fall from its initial value

to 37 per cent of this value.

Experiment 1-5. Charge a filter condenser of about 2- to 10-uf capacity
by connecting to a 110-volt d-c¢ circuit. Then discharge by a heavy wire;
then charge again and allow to stand for a half-hour and discharge. Charge
again and permit to stand for an hour and discharge. The relative sizes of
spark give an idea of how poor a condenser it may be from the standpoint
of leakage. Then charge and place a 10-megohm resistance across it for a
second or so. Then sce if it can be further discharged by means of a wire.

A good condenser may retain its charge for many hours after being re-
moved from the source of charging current. The leakage of condensers
not only takes place across the insulating material through which its ter-
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minals are brought out but also through the wax filling, the ccntainer, and
through the diclectric itself.

Example 3-5. In Fig. 65 is a coupling device used between tubes in a
resistance-capacity coupled amplifier. A high-voltage battery is used at
Ey. The purpose of condenser C is to keep these high d-c voltages from
getting to the grid of the following tube. If this condenser has any leak-

Fi6. 65. Leakage of current through the condenser € causes a voltage drop
across the input of the following tube.

age resistance, a direct current fows through it and impresses a voltage
on the grid of the succceding tube which is highly detrimental.

Suppose the condenser has a resistance of 100 megohms. What voltage
will be impressed on the grid if the battery hus a voltage, Es, of 100?

Figure 66 represents the circuit. It has the battery in serics with two
resistances, the plate resistance of the tube R, and the coupling resistor .
Across E, and R is shunted the condenser resistance and a grid leak R, in
series. The problem is to find what current flows through this shunt circuit

it

RP Rc

Fi6. 66. The circuit equivalent of Fig. 65, -

and what voltage drop this causes across the grid leak. Suppose 100 volts
appear across the series circuit composed of . and R,. This may be as
represented in Fig. 67. One hundred volts across 100 megohms (the coup-
ling resistance R and the grid leak resistance are negligible in comparison
with the condenser leakage resistance) produces 1 ua of current. This 1 ua
flowing through the grid leak of 1 megohm produces a voltage of 1 volt.
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This voltage is of a polarity that is opposite to the grid voltage E, and
therefore decreases its value. In addition a certain amount of noise may
be developed by the direct current flowing through this condenser and
grid leak. This noise is directly impressed on the input to the amplifier
tube and may assume large values when

m amp]if.ied b3f succeeding §tages. Condengers

—L R. used in resistance amplifiers must have a

+

high resistance.

1Meg. SR, 80. Power loss in condensers. A

pure inductance takes no power from
Tl-IpAmp. an a-c line once the magnetic field is
established. If, however, the coil has
resistance, power is wasted in heating
it. Similarly, a perfect condenser,
that is, one having no resistance,
wastes no power. If the condenser has resistance—and all have
—power is wasted in heat when it is connected to a source of
current, whether a d-c or an a-c source. This power in watts is
the current squared times the resistance.

81, Condenser tests. If a voltmeter, a battery, and a con-
denser are connected in series a momentary deflection will be
noted if the condenser is good. If the condenser is leaky, a con-
stant deflection will be noted. If the condenser is fairly large,
one or two microfarads, and no deflection is noted, the condenser
is probably open. If the full battery voltage is read by the
meter, the condenser is shorted. '

If a condenser that has been determined to be not shorted is
placed across a battery and then a pair of phones is placed across
the condenser, a click will indicate that the condenser is good.
The click is the discharge of the condenser through the phones.

82. Condensers in gemeral. A condenser, then, is any object
-with two or more conducting plates separated by a non-conductor
called the dielectric. A cloud filled with moisture is a good con-
ductor. So is the earth. The cloud may be a mile or so above
the earth and subjected to all sorts of electrical differences of po-
tential. It may become charged with respect to the earth. When
this charge becomes great enough to jump the gap, a spark
passes, and the condenser is discharged. This is known to us as

F16. 67. The battery in this
figure represents the voltage
across B, and B, in Fig. 66.
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lightning. Small discharges between parts of a cloud or between
two clouds may cause only small sparks and are made known to
us by static.

The earth is considered as being at zero potential. All objects
not connected to earth have a higher voltage than the earth.
These objects have a capacity with respect to earth. This capac-
ity will conduct electricity just as a 1-uf by-pass condenser in a
radio receiver will, and may cause considerable embarrassment
to the radio engineer or the experimenter who does not take it
into consideration in his calculations.

In radio circuits the conducting plates of a condenser may be
aluminum or brass or metal foil, depending upon the service
which the condenser is to fill. The insulating material, called
the dielectric, may be air, oil, mica, paper coated with beeswax
or other insulating compound. The actual capacity of the con-
denser may be fixed, or it may be variable.

83. The nature of the dielectric. If two square metal plates
10 cem on a side are suspended in air and about 1 mm from each
other, the capacity will be about 88.5 uuf. If a sheet of mica is
between the plates the capacity will be increased about eight
times. Other substances will give different values of the capac-
ity. Each substance, in fact, will give a certain value of capacity
depending upon what is called the dielectric constant of the sub-
stance. The table below gives the value of K, the dielectric con-
stant, of several substances.

. Dielectric | . Dielectric
Material Constant K lll b R Constant K
Air 1 | Paraffin 2
Bakelite 4to8 Porcelain 5to6
Celluloid 4to16 Rubber 2to 3%
Glass 4to 10 Pyrex 5.4
Mica 3to7 Shellac 3.5
Oil, castor 4.7 || Varnished cambric 4
Oil, transformer 2.2 Wood 2to 8
Paper 2to4
1]
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This factor K has nothing to do with the ability of a substance
to withstand high voltages without puncturing. Such ability dif-
fers not only with the substance but also with the condition of
the substance at the time the voltage is applied, that is, the per-
centage moisture present, the pressure to which it is subjected,
ete. DMica, for example, will withstand much greater voltages
than paraffined paper.

84. Electrolytic condensers. Of late years the majority of
condensers in radio-receiver power supply systems for filtering
purposes have been of the electrolytic type. They provide high
capacity in small space, but compared to air or mica dielectric
units they have a high power loss. They must, usually, be con-
nected to the circuit correctly; that is, they have a polarity and
are used on circuits which have some direct current in them.

The electrolytic condenser is made up of an anode, almost al-
ways of aluminum, a cathode, of aluminum or copper, and a
chemical substance between. On the surface of the anode is an
extremely thin layer of a non-conducting chemical, say aluminum
oxide. Thus in a small space may be the two conducting elec-
trodes separated by this thin oxide layer. As will be scen in Sec-
tion 85, the capacity of a condenser is increased when the area of
the plates is increased and when the separation between the
plates is decreased. Thus, if the intervening non-conducting
layer is very thin, the capacity per square inch of conducting
surface may be high.

These condensers are not adapted for high-voltage work, 600
volts being about the highest practicable voltage that may be
applied. Furthermore, they consume cnergy because of the losses
in the materials. If operated on low-voltage circuits, say 6 volts,
as much as 4000 pf may be placed in a container of reasonable
dimensions. At voltages of the order of 100 to 200, capacities
may range up to 100 pf. Small leakage currents flow through
these condensers in normal operation. This leakage current
{which represents a wastage or energy loss) is about 0.2 ma per
microfarad at 400 to 500 volts.

By ctching the aluminum foil of which the condenser is made,
the arca of the surface may be increased, thus still further de-
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creasing the cubic contents of the container into which a given
number of microfarads is placed. An 8-uf 500-volt condenser
(not etched) will be placed in a can 134 in, by 41 in.

In general there are two types of electrolytics—wet and dry.
The wet type is more economical, will withstand high-voltage
surges (self-healing), has greater internal losses, and can be
built only in a limited range of capacitics and voltages. The
dry type does not suffer from these faults, and can be used on
alternating current.

85. Condenser capacity formulas. Formulas have been worked
out by which it is possible to compute the capacity of condensers
of various forms. For example, the eapacity of two flat conduct-
ing plates separated by a non-conduetor may be computed from
the formula

C_885><A><K
T 109 x4

where C = capacity in microfarads;
A = area of the metallic plate in square centimeters-
K = dielectric constant of the non-conduetor;
d = thickness of dielectric in centimeters.
Or
C = 0.0885 K4
d
where C = capacity in micromicrofarads;
d = thickness in centimeters;
A = area in square centimeters;
K = dielectric constant.

Formulas for other types of condensers may be found in the
Bureau of Standards Bulletin 74, “Radio Instruments and Meas-
urements,” page 235.

In receiving sets the tuning condensers are variable. The im-
portant function of separating one station from another is per-
formed by changing the capacity of the condenser, which is called
tuning the circuit. The tuning condensers have air as the diclec-
tric and plates of various metals, usually brass or aluminum.
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The capacities range from 25 to 100 wuf in a short-wave (high-
frequency) receiver to 500 puf for broadcast-frequency receivers.
The above values of capacity may be written as 0.0001 and
0.0005 uf. It is probably easier to express small capacities in
micromicrofarads rather than in one of the larger units. When-
ever an-easy path for an alternating current is needed a fixed
condenser is used. It is called a by-pass condenser.

Example 4-5. How many plates 16 X 20 ¢cm in area and separated by
paraffined paper (K =2.1) 0.005 cm thick are required for a condenser of
24 uf?

3 _8854K
10'°d

885 X 16 X 20 X 2.1
B 10 X 0.005

= 0.0119 uf capacity per plate

24
Number of plates = 00119 2200.

Problem 11-5. Express in micromicrofarads: ¥ooo farad, 1 uf, 0.00025
uf. Express in farads: 500 uf, 0.01 uf, Yo uf. Express in microfarads:
1 farad, 500 uuf, 0.01 ppf.

Problem 12-5. What is the capacity of two square plates suspended in
air 0.1 mm apart, if the plates are 10 cm on a side?

Problem 13-5, A variable tuning condenser has a capacity of 0.001 uf
when air is used as dielectric. Suppose the container is filled with castor
oil. What is the capacity now?

Problem 14-5. Lead foil plates 2 in. square are separated by mica 0.1
mm thick having a dielectric constant of 6. What is the capacity of a
condenser made up of 200 pairs of such plates?

Problem 15-5. How many joules of energy can be stored in such a con-
denser as in Problem 14 when 100 volts are impressed across it? How
much power will it take to charge it to this voltage 120 times a second?

86. Condensers in series and parallel. When condensers are
connected in parallel (Fig. 68) the resultant capacity is the sum
of the individual capacities. When they are in series or parallel
the resultant’may be found as below:

Cparallel = Cl + 02 + CS' ..
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Cseries =

The resultant of two capacities in series is

C, X Cq
C, + C;

When connected in parallel the same voltage is across each ca-
pacity; when connected in series the voltage across each varies
inversely as the capacity. If two equal capacities are in series,
half the total a-c voltage is impressed across cach condenser. If
one condenser has half the capacity of the other, that one will

Cseries =

| is, c
1
] E
€, —
cl
E. F.
L™y [ =
E,=Ep=E E=E
C=C, +C,

F16. 68. Condensers in parallel.

have two-thirds the total voltage, whereas the other will have
one-third the total voltage across it.

The resultant capacity of several condensers in parallel is al-
ways greater than any single capacity; in series the resultant is
less than the capacity of the smallest of the group. In series the
voltage across each condenser varies inversely as its capacity
and is always less than the total voltage across the combination.
When a condenser is placed in an a-c circuit whose voltage is
more than the condenser can tolerate, it is only necessary to use
two or more condensers in series so that the voltage across indi-
vidual members of the group is below the danger limit, and so
that the total capacity in the circuit is the value desired.

When condensers are used across d-c circuits, as in filter cir-
cuits, the d-c resistance of the condenser becomes of importance.
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If two condensers in series across a certain d-c voltage have
equal capacities but different d-c resistances, the voltage drop
across the two condensers will differ. The voltage across one of
them may be sufficient to destroy it.

E, E, c

i |

N o - !

£ .

LS [ =
E~E,+E, Where C =%
E=E

Fig. 69. Condensers in series.

Example 5-5. In a radio circuit a 0.0005-uf variable condenser is avail-
able but the circuit calls for a 0.00035-uf condenser. What fixed condenser
may be used to reduce the maximum capacity in the circuit to the proper
value? How shall it be connected?

Solution. Since the total capacity is to be reduced, the fixed condenser
must be connected in series with the variable condenser. The total capac-
ity is given as 0.00035 uf. This is equal, from the above equation, to

Cy1 X Cq
Ci+Ce

00005 X Cq
"~ 0.0005 + C,

0.00035 =

whence
Cy = 0.001166 or 1166 uuf

87. Padding condensers. In modern superheterodynes the
tuning condenser has at least two sections, one of which tunes
the oscillator and the other tunes the r-f amplifier. There must
be a constant difference between the frequency of the oscillator
and the frequency of the amplifier.

This constant diffcrence of frequency (say 456 ke) is main-
tained by a combination of series and shunt capacitics in the
oscillator circuit. Since the oscillator is generally tuned higher
than the r-f circuits, a smaller change in oscillator capacity is
required to produce the desired variation in frequency than is
required to tune the r-f circuit over the desired bands. The oscil-
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lator inductance is smaller than the r-f inductance, and the cxact
value is such that the two cireuits tune properly (with 456 ke
difference} at the middle of the tuning range, for example, at
1000 ke. Then at the two ends of the tuning range (1400 and
600 ke) the proper 456-ke intermediate frequency is attained by
adjusting the series and shunt capacitics—known as padders.

A typical circuit of the input to a superheterodyne is shown in
Fig. 70. Here arc the r-f and oscillator tuning circuits with the

C,
A
C—— —=€, cy—z_" —Cy
L L
Fia. 70.
R-F Cireuit Oscillator Cireuit
Co = distributed capacity. (1 = trimmer condenser.
C . = tuning capacity. (', = padding condenser.

padding condenser in scries with the oscillator tuning condenser
across which is a trimmer which is part of the aligning system
to make certain that the two identical portions of the gang
tuning condenser produce the required difference or intermediate
frequency (say 456 ke) at each portion of the tuning range. Ac-
tually this exact correspondence does not take place, except at
two or threc portions of the range.

Problem 16-5. Paper condensers are made up of a thin foil pressed to
a dielectric of paper which has the form of a long sheet about 6 in. wide.
Suppose the dielectric constant of such paper is 2 and that it is 3/1000 in.
thick. A condenser is to have a capacity of 1 uf; the metal foil is 5 in.
wide. Two sheets of foil and threce of paper are used. How long will
each sheet of the foil be?

Problem 17-5. A “band spread” condenser is one in which many degrees
of rotation of the movable elements of the condenser correspond to only
a relatively small change in capacitance. One way to make such a band
spread is to connect a fixed condenser in series with the variable con-
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denser. Suppose a variable with a total capacitance of 500 uuf and a
minimum of 50 wuf (a change of 10 to 1 in capacitance) is connected in
series with a fixed capacitance of 1000 uuf. What capacitance variation
is now secured by rotating the variable condenser plates?

Problem 18-5. A condenser of 1 uf has in series with it a resistance of
1 megohm. How long will it take the voltage across the condenser to fall
to 37 per cent of its initial value if the circuit is shorted?

Problem 19-5. A resistanceless condenser is to be used in a 1000-volt
circuit but the condenser will not stand this high a voltage. Another
condenser is placed in series with it, so that the total voltage is divided
between the two. One condenser will withstand 200 volts and the total
capacitance is to be 1000 puf. What will be the capacitances of the two
condensers if the voltage across them is inversely proportional to their
capacitances?



CHAPTER VI
PROPERTIES OF ALTERNATING-CURRENT CIRCUITS

The two kinds of current in common use are: direct currents
(de) which have a more or less eonstant value and whieh flow
in the same direction all the time; and alternating currents (ac)
in which not only is the magnitude constantly changing but the
direction also.

88. Definitions used in a-c circuits. When the voltage (or cur-
rent) has started from zero, risen to its maximum value in one
direction, decreased to zero and risen to maximum value in the
opposite direction and finally come back to its starting value,
zero, it is said to have completed a cycle. Ordinary house-
lighting current which has a frequency of 60 cycles per second
goes through this cyclic change in magnitude and direction 60
times a second. The frequency is the number of times a second
a cycle is completed. An alternation is half a cycle; that is,
when the voltage has gone from zcro to zero through one maxi-
mum it is said to have completed one alternation. In 60-cycle
circuits there are 120 alternations per second. In a-c circuits we
must consider the element of time; in d-c¢ circuits time does not
enter; the magnitude of the current is constant.

Alternating currents exist of nearly all ranges of frequencies.
Sixty cycles is the common power frequency; tones generated by
audio-frequency oscillators for testing purposes may go from al-
most zero frequency to as high as the human ecar can hear, that
is, about 15,000 cycles per second depending upon the person.
Electric waves of frequencies as low as 15,000 cycles exist.
They are generated in the long-wave high-power radio stations
carrying on transoceanic communication. Radio frequencies up
to about 600,000,000 cycles per second are now used. This cor-

105
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responds to a wavelength range of from 20,000 meters to %
meter.

89. Instantaneous value of alternating current. Since the volt-
age (or current) is continually changing in value it becomes ex-
pedient to provide a means of knowing what this value is at any
time.

Let us consider the circle of Fig. 71 which is moved to the right
at a constant rate. Within the circle is a rotating arm, represent-
ing the motion of the rotating part of an a-c gencrator, as well as
the voltage E, it produces. It rotates at a constant speed such
that onc full rotation—one cycle—is completed in the time it
takes the cirele to move to the right a distance equal to the
diameter. Now, when the arm is perpendicular to its starting
position, the circle has completed one-quarter of its movement;
when the arm is pointing in a direction opposite to its starting
position the circle has moved through one-half of its motion, and
so on. Now let us picture what the end point of the arm would
trace out if we attached a crayon to it and let it go through its
motion as the cirele is moved to the right. Such a tracing will
be an accurate representation of an alternating current or volt-
age.

In Fig. 71 the height of the arm above the horizontal axis, its
starting position, represents the value of the voltage at the in-
stant the generator winding is at the position in its cyele corre-
sponding to the position of the rotating arm whose length is E.
The position of the arm at any point is known as its phase.
Since a cycle is represented by a complete circle of 360 degrees
(360°), when the arm is vertical we speak of its position at the
90-degrec phase. Now the height of this arm from the horizontal
starting position is the value of the a-c¢ voltage at that position
or phase or instant of time. At 90 degrecs this height is equal to
the length of the arm itself, or the a-c voltage is at its maximum
value; at any other point in that half-cycle or alternation the
voltage is less than this value.

Now it is handy to have something with which to compare the
value of the voltage at any phase, known as the instantaneous
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value—because this value is only temporary because of rotation
of the alternator armature. This basis of reference is the maxi-
mum or peak value. The instantancous value is always rated by
stating its magnitude with respect to the maximum value. For-
tunately there is a factor which relates the height of the arm

90° 180°} |[270° 360°
o 0° 90° 180
N ™
N
4
A
Time

Fic. 71. As the vector E rotates, the vertical height, e, of the end of the

vector varies according to the curve known as a sine wave. When the

vector has the position as shown in the first small circle, the instantaneous

value e is zero. At other times the instantaneous voltage has the other
values as shown.

representing the instantaneous value and its length, or maximum
value. This factor is known as the sine of the angle between the
arm and the horizontal line. Knowing the maximum value of a-c
voltage—the length of the rotating arm in Fig. 71—and the
phase, or the angle through which the arm has rotated, to deter-
mine the instantaneous valuc of the voltage we need only mul-
tiply the maximum value by the sine of this angle which we may
look up in a table made out for such a purpose. For example,
the “functions” of several angles are given below. The angle



108 PROPERTIES OF ALTERNATING-CURRENT CIRCUITS

itself (which is a means of expressing the time that has elapsed
since the alternator arm started rotating) is called the phase

angle.
Angle Sine ! Cosine Tangent
Degrees l
15 0.250 | 0.966 0.268
30 0.500 |  0.866 0.577
45 0.707 0.707 1.000
60 0.866 0.500 1.732
90 1.000 0.000 0
110 0.940 —0.342 —2.747
135 0.707 —-0.707 1.000
175 0.087 -0.996 0.087
180 0.000 —1.000 0.000
220 —0.643 —0.766 +0.839
270 —1.000 -0.000 ©
300 —0.866 +0.500 —1.732
360

1

0.000 +1.000 ‘ 0.000

90. Triangle functions. Considering the angle between CB
and AB in Fig. 72 labeled as 6 (the Greek letter theta), the

%—gﬂano

%nsin(i
g—g= Cosg

Fe. 72. Trigonometric
“functions.”

side AC is called the opposite side, CB is
called the adjacent side. Then these re-
lations hold:

AC

el =) 0
CB tan 6 (1) or AC = CB tan
j—g = sin 6 (2) or AC = ABsin$
i—f; = cos @ (3 or CB = ABcosé

If we know any two of the three func-
tions of the right-angled triangle and
the angle involved, the other function
may be found by means of the table in
Section &9.
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Nore. The terms sine, cosine, etc., are called the functions
of the angles. They are abbreviated as sin, cos, tan.

The function of angles greater than 90 degrees may be found from
function (N X 90° 4+ A) = function 4, if N is even, e.g., sin 210°
= sin (2 X 90° + 30°) = sin 30°. Function (N X 90° + A)=
cofunction 4 if N is odd, e.g., sin 120° = sin (1 X 90° 4 30°)
= cos 30°.

91. Means of expressing instantaneous values. We may
express the instantaneous value of an a-c voltage or current as
follows:

e=FEsing or 7= 1Isiné

where e or 7 = the instantaneous value;
E or I = the maximum value;
§ = the phase angle in degrees.

e=20

‘\0- 90°

e=E Sing
=20 Sin 90°
=20x1
=20

E=20

e=E Sinf
=20 Sin 45°
=20x.707

=14,

g=45° 6=90°

€=E Sinf
=20 Sin &
=20 Sin 27°
=90

eé=E Sin @
=20 Sin 135°
=20x.707
=14,

0=360>-0;
=333°

g=135° 0=333

Fic. 73. At various times in the cyecle the instantaneous value, e, of the
vector E is as shown in these vector diagrams.



110 PROPERTIES OF ALTERNATING-CURRENT CIRCUITS

Small letters denote instantaneous values, capital letters de-
note maximum values.

Let us look at Fig. 73 which represents the rotating arm E and
the vertical height e in four typical cases, 45, 90, 135, and 333
degrees. The actual height compared to the maximum length of
the arm E may be calculated by means of the above table and
formulas.

Since the sine of an angle of 0 degrees is zero, the instantane-
ous value of the voltage at 0 phase is zero; since the sine of an
angle of 90 degrees is 1, the instantaneous value of the voltage
at this point in the cycle is equal to the maximum value, and
S0 on.

The three methods of representing an a-c voltage or current
are:

1. By a graphical illustration such as Fig. 71, called a sine
wave.

2. By an equation, such as

e=FEsing or 7= Isiné

3. By the pictures shown in Fig. 73, known as vector diagrams.
Such a line as E in Fig. 74 which moves about a circle is called
a vector; the vertical distances of its
Vertical end point from the horizontal axis is

Component e . .
called its vertical component. The
angle 6 between the horizontal and
the vector is called the phase angle;
the value of the vertical component
may be found by multiplying the
Phase Angle § } maximum value E by the sine of the

phase angle.

Fig. 74. The maximum

value of the vector is E; Example 1-6. Represent a voltage whose
the instantancous value ig  maximum value is 20 volts. Using graph or
¢ =E sin 6. cross-section paper twelve divisions to the

right cquals one alternation and twenty di-
visions vertically from our horizontal line represents the maximum values
of the voltage. The voltage starts at zero, increases to a maximum at 90°
or six divisions, then decreases to zero at twelve divisions, etc. What is its
value at other times? We can tell by using our table of sines in Section 89.
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At the 30° phase the instantaneous value, or the height of rotating arm
above the time axis, is e=F sin 30° =20 X 05=10 volts. Other in-
stantaneous values can be found similarly and the entire sine wave plotted
similar to Fig. 71.

Lay off on cross-section paper a length say twenty divisions equal to
the maximum value of the voltage. Then using this value as a radius draw
a circle. Then the instantaneous value at any time in the cycle can be
found by measuring the vertical distance of this point on the circle to the
horizontal axis. Thus at the 30° phase the vertical distance is 10 because
sin 30° = 0.5.

A voltage of maximum value 20 may be represented mathematically as

e =20sin 6

Problem 1-6. The maximum value of an alternating voltage is 110.
What is its value at the following phases: 30°? 60°? 110°? 180°? 270°?
300°7 360°?

Problem 2-6. The instantaneous value of an alternating voltage is 250
volts at 35°. What is its maximum value? What is its value at 135°?

Problem 3-6. The instantaneous value of an alternating voltage is 400
volts at 75°. Plot to some convenient scale its sine wave.

Note. In all this discussion voltages or currents can be spoken of with
the same laws in mind. Thus the form of a sine wave of current looks
exactly like the sine wave of voltage with the same maximum value. The
vector diagram looks the same because it is only necessary to label the
rotating arm I instead of E and the mathematical formula reads i=1sin ¢
instead of e=FEsing. The answers to the above problems will be the
same numerically whether we speak of voltage or current.

A word should be said, too, about the terminology frequently
used in speaking of the voltages and currents in an a-c circuit.
Engineers use the expression “a-c¢ voltage” or “a-c current” for
simplicity, not stopping to think that such an expression really
is an abbreviation for “an alternating-current voltage” or for
“alternating-current current.” Although one would not say the
latter, one often uses the abbreviation. In many radio eircuits
there are both a-c¢ and d-c¢ branches and in some or all of them
both direct and alternating currents and voltages exist. It is
simpler to speak of an “a-c voltage” than of an alternating emf
and in the interest of simplicity this terminology has been em-
ployed here whenever it is useful.

92. Effective value of alternating voltage or current. Since
the voltage (or current) in an a-c¢ system is rapidly changing
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direction, and since the needle and mechanism of an ordinary d-c¢
measuring instrument require appreciable time for a deflection,
they cannot follow the rapid changes of voltage or current and
would only waver about the zero point of the meter even if they
could follow the fluctuations. We can, however, compare direct
and alternating currents by noting their respective heating ef-
fects. An alternating current is said to be equal in value to a
direct current of so many amperes when it produces the same
heating effect. This is known as the effective value of the alter-
nating current and is equal to the maximum values multiplied by
0.707 or divided by A/2. Thus

I

Ieﬁ=O707I=I/‘\/§ or Ieﬁ=m

where I.g = effective value of an alternating current;
I = maximum value.

The effective value is also known as the root mean square or
rms value for the following reasons. The heating effect of a di-
rect current is proportional to the square of the current. "Then
if we take the instantaneous values of the current over a cycle of
alternating current, square them, get an average of these values,
extract the square root of this value, it will be equal to the direct-
current value that will produce an identical heating effect. The
value of current secured in this manner is 0.707 times the maxi-
mum value. Since it is the square root of the average or mean
squares of several current values, it is abbreviated to the root
mean square or rms. An rms voltage is one that will produce a
current whose heating effect is the same as a given direct current
as discussed above.

Emax

V2

Eims = Eeﬂ' = 0.707Enax =

and
Eeﬁ ~
Epax = —— = E.a X V2
max 0.707 off '\/
Voltage or current is considered as cffective unless otherwise indi:

cated or stated.
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Example 2-6. What is the effective value of an alternating voltage
whose maximum value is 100 volts?

Een = 0.707 X 100 = 70.7 volts

Problem 4-6. The effective value of an alternating current is 12 amp.
What is the maximum value?

Problem 5-6. The maximum value of an alternating voltage is 110 volts.
What is the effective value?

Problem 6-6. At the 45° phase the instantaneous value of an alternat-
ing current is 10 amp. What is its effective value?

Problem 7-6. The effective value of an alternating current is 100 ma.
What is the instantaneous value at the 60° phase?

93. Phase relations between current and voltage. Whenever
an a-c¢ voltage forces a current through a resistance, the wave

I, 180°

360° L
VAR,

[

F16. 75. Current and voltage in phase, true of a circuit containing resist-
ance only.

forms of the voltage and the current look alike; so do their
mathematical formulas and their vector diagrams. This is ex-
plained by the fact that the current and voltage start at the
same instant, rise to a maximum value at the same instant and
carry on throughout their respective eycles in perfect step, or
in phase.

When an inductance or a capacity or any combination of these
quantities with each other or with resistance is in the circuit,
other phenomena take place differing entirely from what hap-
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pens in a d-¢ circuit. For example, when an a-c voltage forces
a current through an inductance, the current does not attain its
maximum value at the same instant as the voltage, but at a
later time; when the inductance is replaced by a capacity, the
opposite is true, the maximum value of the current takes place
before the maximum voltage is reached.

94. Casg I. Current and voltage in phase. Figure 75 repre-
sents the current and voltage in phase, i.c., in a resistive circuit.
' Since the form of the voltage
and current waves is exactly
similar they can be drawn on
the same horizontal axis, or in
the vector diagram can be
represented as in Fig. 76.
They can be thought of as
two vectors, which may or
may not have the same
length, rotating at the same
Fie. 76. Current and voltage in  speed in two different circles
phase. The maximum valuc of volt-  which move forward in the
age is greater (or is dr'awn to different same direction at the same
scale) than the maximum value of . .

the current. speed. Under these condi-
tions, the end points of the
vectors will trace out identical curves.

In such cases, Ohm’s law I cquals E/R tells us the relations
hetween current, voltage, and resistance, just as it does in a d-¢
circuit.

Example 3-6. Suppose a lamp of 55 ohms is placed across a 110-volt
60-cycle a-c line. What current will flow through it at the 30° phase?
We must first find the maximum value of the voltage.

E =Eur X V2
= 110 X 1.41 = 155 volts

Since there is no phase effect in the circuit due to the resistance, the current is
given by Ohm’s law
I =E/R
155

= ng = 2.82 amp
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This is the maximum current, The current gt any phase may be foung by
T=1TIsing
= 2.82sip 30°
=282 x 0.5 =14 amp

Problem 8-6. A resistance of 10 ohmsg iIs in 5 circuit With ap altemating
Voltage of 20 volts Maximym, At what Phases will the current throug},
the resistance be 1 amp?

95. Cask II. Current laggz’ng behing the voltage, Let yg con-
sider the tase where the current (yeg not attaip its maximyp,

Value gt the same instant that the maximyy, voltage g reached,
as is illustrated in Fig. 77 It wil be noteq that the currentg
turve doeg not stapt until 675 degrees of the Voltage curve hag
been complotod, and therefore that the Maximuyy, value of the
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circle, does not start until the other or voltage circle has com-
pleted 67.5 degrees of its total movement of 360 degrees.
The formulas for Case II where the current is lagging are

e = Esin @
t = 1Isin (6 — ¢)

where 8 = phase of the voltage in degrees;
¢ = difference in phase between E and I or the angle of lag.
(The angle ¢ is called phi.)

Example 4-6. The current lags behind the voltage by 60°. The maxi-
mum value of the current is 40 amp. What is the instantaneous value of
the cuirent at the 75° phase?

Solution. Lay off on graph paper the voltage at the 75° phase and 60°
behind it the current which has a maximum value of 40 amp. The vertical
component then is equal to the instantaneous value of the current at this
phase.

The problem may also be solved by the mathematical formula

1 = I sin (75° — 60°)
= 40 sin (75° — 60°)
= 40sin 15° = 40 X 0.26 = 10.4

Problem 10-6. If the maximum voltage is 110 what is the instantaneous
voltage at the 110° phase? At the 90° phase? At 45°?

Problem 11-6. In an inductive circuit there is a phase difference of 25°.
When the voltage is a maximum, the instantaneous value of the current is
10 amp. What is the maximum value of the current?

The cause of lagging current is inductance, which tends to
make the maximum of current take place later than the maxi-
mum of voltage. If a circuit is purely inductive (the resistance
is negligible) the difference between these maxima is 90 degrees.
If there is appreciable resistance the difference is less than 90 de-
grees.

96. Inductive reactance. The opposition to the flow of cur-
rent which inductance imposes on a circuit is called the inductive
reactance and is measured in ohms just as resistance is. Its
abbreviation is X% In any circuit in which there is only re-
sistance, the expression which connects voltage and current is
the familiar Ohm’s law,
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voltage

: I=
resistance

R

Current =

Similarly, the expression when inductance is in an a-c circuit
is
voltage E

Current = ———— or [ = —
reactance Xr

and if the voltage is the maximum value the current will be the

maximum value; if the voltage is the effective or rms value, the

current will be the effective value; if the voltage is the instan-

taneous value the current will be the instantaneous value.
Inductive reactance is numerically equal to

Xy, (ohms) = 628 X f X L = wL

where f = frequency in cycles per second;
L = inductance in henries;
w = Greek letter omega = 6.28 X f.

Note: The use of omega here as equal to 2xf should not be
confused with the use of omega as an abbreviation for ohms.
It is unfortunate that the same symbol has grown up in the art
as standing both for resistance and for 2xf.

Example 5-6. In an a-c circuit the following data are given: Egr = 1D0
volts; inductive reactance, X1 = 20 ohms. Find the maximum and effective
current and the instantaneous current at the 150° phase.

Solution. The effective current is found from
Een
XL
110
=20 = 5.5 amp

. Imax =1l X141 =78 amp

Ieﬂ =

The vector diagram in Fig. 78 shows the in-
stantaneous current to be

1 =1Igin (§ — 90°)
= 7.8 sin (150° — 90°)
= 7.8 sin 60°

= 7.8 X 0.866 Fie. 78. Current lagging be-
= 6.75amp hind the voltage by 90 degrees.
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Problem 12-6. In the above example find the instantaneous voltage
when the instantaneous current is 6 amp. At what phase is this?

Problem 13-6. What inductive reactance is needed to keep the maxi-
mum current down to 75 amp in a 110-volt effective circuit?

97. Case III. Current leads
the woltage. In this case the
maximum value of the current is
reached before the corresponding
maximum voltage is reached. The
voltage lags behind the current,
F1c. 79. Current leading the o g5 it is usually stated, the cur-
voltage by the angle ¢ at the 4y na0 the voltage. A vector
60° phase. The angle of lead X .

is 20°. diagram for such a case is shown
in Fig. 79.

In this case the instantaneous values of voltage and current

are:

e = E sin 60°
1 =1Isin80° or 7= Isin (60° 4 20°)
The formulas for Case III when the current leads the voltage are
e = Esin g
t=1TIsin (0 + ¢)
where ¢ is phase difference between E and I or the angle of lead.

The current in such an equation will be the maximum current
if the voltage is maximum, effeetive if the voltage is effective, ete.

Example 6-6. The effective current in an a-c circuit is 70 amp. The
angle of lead is 30°. What is the instantaneous current when the voltage
is at the 10° phase?

The maximum value of the current is found from

Imnx = lefr X 141

=70 X 141

= 98.7 amp
By the equation

;= Isin (8 + ¢)
= 98.7 sin (10° + 30°)

©
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= 08.7 X 0.643
= 64.5 amp
Problem 14-6. The instantaneous value of current in a certain capacitive
circuit is 8 amp. The instantaneous value of the voltage is 25. The maxi-

mum values of the current and voltage are 15 amp and 80 volts respec-
tively. What is the angle of lead between them?

98. Capacity reactance. The opposition which a condenser
offers to the flow of current in an a-c circuit is called its capaci-
tive reactance and is mecasured in ochms just as resistance and
inductive reactance are. The cquation

voltage E

Current = —F—————— or I =~
capacitive reactance X,

is similar in form to Ohm’s law and the equation for current in
an inductive circuit,
Capacitive reactance is equal numerically to

1 1
6.28 X fxc wC
where f = frequency in cycles per second;

C = capacity in farads;
w = Greek letter omega = 6.28 X f.

X (ohms) =

Current leads the voltage in a capacitive circuit because
capacity tends to prevent any changes in voltage and so the
maximum of current in a purely capacity circuit takes place 90
degrees ahead of the maximum of voltage. If there is an ap-
preciable resistance in the circuit the difference is less than 90
degrees; thus resistance tends to bring the current and voltage in
phase.

Example 7-6. If a condenser which has a capacity reactance of 5 ohms,
is in an a-¢ circuit the instantaneous value of the voltage at the 20° phase
is 48 volts. What is the maximum current through the condenser? What is
the instantaneous current through it at the 20° phase?

Solution e = E sin 20°
48 = E X 0.342
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E = 140 volts
,_E
-
140
=-— =28 am
5 amp

1 = Isin (20° + 90°)
1 = 28 sin 110°
= 28 cos 20°
=28 X 0.940
= 26.32 amp
Problem 15-6. If a condenser in an a-c circuit whose voltage is 110
passes a current of 3 amp what is the reactance of the condenser in ohms?
Problem 16-6. Condensers are usually rated at the maximum voltage at
which they can be operated with safety. What should be the rating of a
condenser to be used in a 220-volt a-¢ circuit?
Problem 17-6. An a-c circuit has a voltage of 115, and a current of 4.5
amp is flowing. It has a condenser in it. What is the reactance of this

condenser? What is the instantaneous value of the current when the volt-
age is 80 volts? At what phase is this?

99. Comparison of inductive and capacitive reactances. Coils
and condensers have opposite effects upon an alternating cur-
rent. The reactance of an inductor increases as the frequency
increases; the reactance of a capacitor decreases as the frequency
increases.

A coil which may pass considerable current at 60 cycles may
pass practically nothing at 1000 ke. On the other hand, a con-
denser which will pass considerable current at 1000 ke will pass
practically nothing at all at 60 cycles.

Where it is desired to pass a low frequency through a circuit
but to exclude a high frequency from it, a shunt condenser and
a scries coil are placed in the circuit. The series coil prevents
the flow of the high-frequency current because of its high re-
actance while the capacitance shunted across the circuit pro-
vides an easy path for the high frequencies, but its high
reactance to low frequencies prevents any of the low frequencies
from leaking away through this shunt circuit.
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Where it is desired to permit the flow of g high-frequency cur-

In both these cases, advantage is taken of the diffcrent effect
of coils and condensers upon the flow of alternating currents of
high and low frequencies.

Example 8-6. Assume an a-¢ circuit composed of an inductance of 1 mh,
What current will flow if £ is 100 volts and the frequency is 600 cycles?

Xp=628XfX1L
=6.28 X 1 X 103 x 600

= 3.8 ohms
E 100
I'=— = _ 9
X. =38 3 amp

Example 9-6. What is the reactance of g 500-uuf condenser to radio
waves of a frequency of 600 ke?

1
Xe = 6.28 X 600 X 10° X 500 x 10-12
10°
-1
6.28 X 600 X 500
10 105
=—— = 530 oh
6.28 X 30 1884 — 030 ohms

Problem 18-s. What would the current be in an a-¢ circuit if the
frequency were 6000 cycles? 60 cycles? If the inductance were 1 henry?
One microhenry ? Assume E = 100,

Problem 19-g, Caleulate the reactance of 1 henry, 1 mh, 1 xh at the
following frequencies: 100 cycles, 1000 cycles, 1,000,000 cycles,

Problem 20-6. What reactance is needed to keep the current into an
electric iron down to 5 amp when it s placed across a 110-volt cireuit
(assuming the jron has no resistance) ?

Problem 21-6, The inductance in an a-¢ circuit is 0.04 henry. At what
frequency will the current be 3 amp if the voltage is 110?

Problem 22-¢, Calculate the reactance of a L-uf, 0.001-uf, 50-uuf con-
denser at 60 cycles, 60,000 cycles, 600 ke, 15,000 ke,

Problem 23-6, The capacity in an a-¢ circuit is 1.0 uf. At what fre-
quency will the current through it be 415 ma if the voltage is 110?
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100. By-pass condensers and choke coils. Condensers are
shunted across a circuit to provide a low reactance path for the
higher frequencies to follow and are called by-pass condensers;
coils are used in series with a circuit to prevent the flow of the
higher frequencies in that circuit; they are known as choke coils.
When they are shunted across a cireuit, they provide a path for
lower frequencies to follow. The proper combination of induc-
tors and capacitors will enable certain bands of frequencies to
pass or to be excluded.

101. Measurements of capacities. Condensers may be meas-
ured for capacity by comparing them with a known capacity by
means of a Wheatstone bridge. The unknown capacity may
then be calculated from

B
C—ZC"

which differs from the formula when resistances or inductances
arc measured because of the fact that the reactance of a con-
denser decreases the larger it is. The formula when inductances
arc compared is

4y,

The capacity of condensers from 0.01 to 10 or more micro-
farads may be measured by noting the current through them with
a known voltage across them. The condenser is first tested for
open or short as indicated in Scction 81. Then, in series with a
milliammeter, the condenser is plugged into a light socket (a-c,
of course). Then the voltmeter may be put across the condenser,
if the voltage of the lin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>