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AVERAGE CHARACTERISTICS

AMPLIFIERS, DETECTORS,

. _RECEIVING TUBES

OSCILLATORS, ETC.

‘ PrATE PLATE TRANS- PowWER Loap
TuBE - ' SCREEN Grip Rest8r- | conpper Myu Qureyr, | Rester-
TyoE Purrose Catrope TYPE : VoLTs VoLTs 6ch. ANCE WaTTS ANCE,
Volts Ma HMS Onums
Volts Amp |
. - 7.5 115 1550 | ..., o 8000
1C5 Power amp. pentode. .. .......ooueeuees Filament.......... 1.4 0.1 %0 s 0 s 000 350 | 2l
5 . ) — 4. .1 5 p Il coooo . 065 8000
154 Power amp. pentode...........cooeaennn Filament.......... 1.4 0.1 & 38 o At Wbl B 1250 | 065
2, —45 25 .2 .
2A3 Power amp. triode............ oot Filament.......... 2.5 2.5 50 80 ' 4o 00 2250 ! < B 2500
B — 8. ,000 " T R
6C5 General pUIPOSE. ... ...ovieiaraananeenns Heater............ ' 6.3 0.3 250 g ! g 10:00 2000 | g
0 5 25 | ~16.5 ,000 2500 [ ..... .
6F6 Power amp. pentode. ........coveananaenn Heater 6.3 0.7 2 85 50 ° 80 5 | 3.2 7000
00 - 3.0 0. P I 77 R RO
6K7 Super-control amp.. ... ... ..ol Heater 6.3 0.3 259 L ‘ 8 meg Li50 !
250 7 250 | —14.0 22,500 0] | .. . 2500
6L6 Beam power tube. ... ... oo Heater............ 6.3 0.9 S ° 600 l Bk 5
25 0. - 2.0 H 1500 100 | .....
6SF5 | High-mu triode. .. ... ooeereeeeeenns Heater............ 6.3 0.3 50 § 09 iy 500 |
250 | 8.5 100 - 3.0 1 A 1750 | ..o ] ...
687 Super-control amMP.. . ... iiaiaan Heater............ 6.3 0.15 & ° meg ° |
250 1.2 - 3.0 62,000 1050 63 B .....
8T7 DioAetriofe. « ..o veneaeeeaeeaeeannn Henter............ | 6.3 0.15 . ° ~
1 - 110 40 110 | - 7.5 13,800 5800 | ..... 1.5 2500
35L6 Beam power tube.......... ... oo Heater............ 35 0.15 |
CONVERTER TUBES
RECTIFYING TUBES
TyricaL OPERATING FruaMeNT PLatE Screew Consnow 1{2‘5?:1’3- g(;:(?: Con-
- ConpITIONS TyeE Grip, ANCE, DUCTANCE,
Tces ILAMENT VoLrs | MEGOHMS 1-
TyrE PURPOSE VoLTs Amp Volts Amp . Volts | Ma Volts Ma ou GOHM CROMHOS
A-c voltage | ¢ qutput |
per plate, ma 1A7-G 1.4 I 0.05 | 90 | 0.055 45 0.6 | 0 0.6 250
rms il 1
' 1C7-G | 2.0 | 0.12 | 135 | 1.3 67.5 | 2.5 -3 | 0.6 300
1-V Half-wave. . . ..ooooeeeeernn | 6.3 0.3 325 45 ; , ; |
SU4G 1D7-G 2.0 l 0.06 | 13 | 1.2 67.5 2.5 -3 l 0.4 275
g?{i—G Full-wave.................. 5.0 3 450 225 1R5 1.4 | 0.05 | 45 | 0.7 45 | 1.9 [ 0 0.6 235
| |
6A8 | 6.3 0.3 | 250 3.5 ‘ 100 |2 7 -3 ! 0.36 550
5Vi—¢g Full-wave.......coooeeeeeenn 5.0 2 500 175 f |
e 6D8-G 6.3 0.15 250 | 3.5 ‘ 100 ‘ 2.6 -3 l 0.4 550
80 Full-wave........coouuennnn 5.0 2 500 125 250% | 2.5 100 a 6.0 " 3 0.6 350
. 6K8 6.3 0.3 {| { | .
1223 Half-wave......cooceeeeeenn 12.6 0.3 235 55 100t | 3.8 | |
| | |
2525 Rectifier-doubler ... ......... 25.0 0.3 235 75 per plate 6SA7 t 6.3 ! 03 | 100 |33 | 100 | 85 | 0 0.5 425
| |

* Mixer plate.
t Oscillator plate.
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TRIGONOMETRIC FUNCTIONS

RELATION BETWEEN WAVE LENGTH IN METERS, FREQUENCY IN KILOCYCLES,
AND THE PRODUCT OF INDUCTANCE (IN MICROHENRIES) AND CAPACITY
(1N MICROFARADS)

Angle | Sin & Cosa | Tanea || Angle a| Sin«a Cosa | Tan @
0 .000 | 1.000 .000
1 .017 1.000 .017 46 719 .695 1.04
2 .035 .999 .035 47 731 .682 1.07
3 .052 .999 .052 48 743 .669 1.11
4 .070 .998 .070 49 755 .656 1.15
5 .087 .996 .088 50 766 .643 1.19
6 .105 .995 .105 51 777 .629 1.23
7 122 .993 .123 52 788 .616 1.28
8 .139 .990 141 53 799 .602 1.33
9 .156 988 .158 51 .809 .588 1.38
10 174 .985 176 55 .819 .574 1.43
11 .191 .082 .194 56 .829 .559 1.48
12 .208 978 213 57 .839 .545 1.54
13 .225 .074 231 58 .848 .530 1.60
14 242 .970 .249 59 .857 .515 1.66
15 . 259 966 .268 60 .866 .500 1.73
16 .276 .961 . 287 61 .875 .485 1.80
17 .202 .956 .306 62 .883 .469 1.88
18 .309 951 .325 63 .891 454 1.96
19 .326 .946 .344 64 .899 438 2.05
20 342 .940 .364 65 .906 423 2.14
21 .358 .934 . 384 66 .914 .407 2.25
22 375 927 .404 67 920 .391 2.36
23 .391 ..920 424 68 927 .375 2.48
24 .407 914 445 69 .934 .358 2.61
25 .42 .906 466 7 .940 .342 2.75
26 .438 .899 .488 71 .946 .326 2.90
27 454 .891 .510 72 .951 .309 3.08
28 .469 .883 .532 73 956 .202 3.27
29 485 875 554 74 961 276 3.49
30 .500 .866 877 75 966 . 259 3.73
31 .515 857 .601 76 .970 242 4.01
32 .530 848 .625 77 074 225 4.33
33 .545 .839 .649 78 978 .208 4.70
34 .559 820 675 79 .082 .191 5.14
35 574 .819 700 80 985 174 5.67
36 .588 .809 727 81 988 .156 6.31
37 602 799 754 83 .990 .139 7.12
38 .616 788 781 83 .993 122 !.14
39 .629 777 .R10 84 .995 105 9.51
40 .643 766 .839 85 .996 .087 11.43
41 .656 755 .869 86 998 .070 14.30
42 .669 743 .900 87 .999 .052 19.08
43 682 .731 933 88 .999 .035 28.64
44 .695 719 .966 89 1.000 .017 57.29
45 707 707 1.000 90 1.000 .000 ! Infinity

Reprinted by permission from Timbie, Basic Electricity for Communications.

Meters| fin Ke. LXC Meters|finKe.| LXC 'Meters finKe.| LXC
1 | 300,000 | 0.0000003 {| 450 | 667 | 0.0570 | 740 | 405 | 0.1541
2 {150,000 | 0.0000011 || 460 | 652 | 0.0596 || 745 403 | 0.1562
3 | 100,000 | 0.0000018 || 470 | 639 | 0.0622 | 750 | 400 0.1583
4 75,000 | 0.0000045 || 480 | 625 | 0.0649 || 755 | 397 | 0.1604
5 60,000 | 0.0000057 || 490 | 612 | 0.0676 | 760 | 395 | 0.1626
6 50,000 { 0.0000101 || 500 | 600 | 0.0704 | 765 | 392 0.1647
7 42,900 | 0.0000138 || 505 | 594 | 0.0718 || 770 | 390 | 0.1669
8 37,500 | 0.0000180 || 510 | 588 | 0.0732 !1 775 | 387 [ 0.1690
9 33,333 | 0.0000228 || 515 | 583 | 0.0747 || 780 | 385 0.1712

10 30,000 | 0.0000282 || 520 | 577 | 0.0761 || 785 | 382 0.1734
20 15,000 | 0.0001129 (| 525 | 572 | 0.0776 [l 790 | 380 | 0.1756
30 10,000 | 0.0002530 || 530 | 566 | 0.0791 || 795 377 | 0.1779
40 7,500 | 0.0004500 || 535 | 561 | 0.0806 || 800 375 | 0.1801
50 6,000 | 0.0007040 || 540 556 | 0.0821 805 373 | 0.1824
60 5,000 | 0.0010140 || 545 | 551 | 0.0836 “ 810 | 370 | 0.1847
70 4,290 | 0.0013780 || 550 | 546 | 0.0852 || 815 | 368 | 0.1870
80 3,750 | 0.0018010 || 555 | 541 | 0.0867 | 820 | 366 0.1893
90 3,333 | 0.0022800 || 560 | 536 | 0.0883 | 825 | 364 0.1916
100 3,000 | 0.00282 565 | 531 | 0.0899 || 830 | 361 | 0.1939
110 2,727 | 0.00341 570 | 527 | 0.0915 || 835 | 359 | 0.1962
120 2,500 | 0.00405 575 | 522 | 0.0931 || 840 | 357 | 0.1986
130 2,308 | 0.00476 580 | 517 | 0.0947 ' 845 | 355 | 0.201
140 2,143 | 0.00552 585 513 | 0.0063 || 850 | 353 | 0.203
150 2,000 | 0.00633 590 | 509 | 0.0980 || 8355 | 351 | 0.206
160 1,875 | 0.00721 595 504 | 0.0996 || 860 | 349 | 0.208
170 1,764 | 0.00813 600 500 | 0.1013 || 865 347 | 0.211
180 1,667 | 0.00912 605 | 496 | 0.1030 ' 870 | 345 | 0.213
190 1,579 | 0.01015 610 492 | 0.1047 | 875 343 | 0.216
200 1,500 | 0.01126 615 488 | 0.1065 || 830 | 341 | 0.218
210 1,429 | 0.01241 620 | 484 | 0.1082 | 885 339 | 0.220
220 1,364 | 0.01362 625 480 | 0.1100 || 890 | 337 | 0.223
230 1,304 | 0.01489 630 476 | 0.1117 || 895 335 | 0.225
240 1,250 | 0.01621 635 | 472 | 0.1135 ‘ 900 | 333 | 0.228
250 1,200 | 0.01759 640 | 469 | 0.1153 || 905 | 331 | 0.231
260 1,154 | 0.01903 645 465 | 0.1171 ] 910 | 330 | 0.233
270 1,111 | 0.0205 650 | 462 | 0.1189 || 915 328 | 0.236
280 1,071 | 0.0221 655 | 458 | 0.1208 | 920 | 326 | 0.238
290 1,034 | 0.0237 660 | 455 | 0.1226 || 925 324 | 0.241
300 1,000 | 0.0253 665 | 451 | 0.1245 || 930 | 323 | 0.243
310 968 | 0.0270 670 | 448 | 0.1264 || 935 | 321 | 0.246
320 938 | 0.0288 675 | 444 | 0.1283 || 940 | 319 | 0.249
330 909 [ 0.0306 680 | 441 | 0.1302 | 945 | 317 | 0.251
340 883 | 0.0325 685 | 438 | 0.1321 || 950 | 316 | 0.254
350 857 | 0.0345 690 | 435 | 0.1340 | 955 | 314 | 0.257
360 834 | 0.0365 695 | 432 | 0.1360 || 960 | 313 | 0.259
370 811 | 0.0385 700 | 429 | 0.1379 || 965 | 311 | 0.262
380 790 | 0.0406 705 42 0.1399 || 970 | 309 | 0.265
390 769 | 0.0428 710 | 423 | 0.1419 || 975 | 308 | 0.268
400 750 | 0.0450 715 | 420 | 0.1439 || 980 | 306 | 0.270
410 732 | 0.0473 720 | 417 | 0.1459 ‘ 985 | 205 | 0.273
420 715 | 0.0496 725 | 414 | 0.1479 | 990 | 303 | 0.276
430 698 | 0.0520 730 | 411 | 0.1500 || 995 | 302 | 0.279
440 682 | 0.0545 735 408 | 0.1521 | 1000 | 300 | 0.282

AT N aRRNRENamme————,
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PREFACE

It has now been fifteen years since the first printing of this
clementary textbook on radio appeared. The book was origi-
nally written for the student who had little background in radio
upon which to build and yet who wanted to know the basis upon
which radio communication existed. To make it useful to a man
who had to study without benefit of a teacher, every attempt
was made to keep the text clear and practical. This viewpoint
lhas been maintained through subsequent editions. In the belief
that problems are of tremendous aid in enabling the reader to
make sure that he has really understood the text, many of the
old problems have been retained and many new ones added.

Much new text material has been added. As always, the
radio art forges ahead into new and adventurous ground. Wave
guides, microwaves, Klystron tubes, frequency-modulation
broadcasting, measuring distances by radio, transients—some of
these matters are new and had not been heard of when the first
edition first appeared; others are old in the art but now assume
fresh importance.

I wish to acknowledge the guidance, in preparing this Fifth
Edition, given me by Hollis Baird, F. E. Christianson, and H. S.
Renne. Each of these teachers of pre-radar and radio courses
went over previous editions and made many very helpful sug-
gestions for improvement.

Keirn HENNEY

January, 1046
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CHAPTER 1

FUNDAMENTALS

It is essential for anyone studyi/ng radio engineering to know
something about electronics, for radio apparatus of today is
built almost entirely around the electron tube. Consequently,
a question of fundamental importance is: what is the electron?

Electrons. Since the carliest days, man has tried to find out
what his universe is made of; to find out the smallest possible
unit out of which matter is made. He first discovered that there
were very few different substances (92), and that these basic
elements existed in the form of molecules. Then he found that
molecules could be broken down into smaller units called atoms.
He discovered that all known substances could be made out of
these 92 elements, which differed from one another in chemical,
physical, and electrical characteristics.

But it was a long time before man was able to find out what
the individual atoms were made of. He later discovered that
the simplest atom, hydrogen, was eomprised of two fundamental
particles, one of which was very heavy and carried positive elec-
tricity, and the other, exceedingly small and light in weight,
which carried negative electricity. The positive particle is called
a proton; the negative particle, an electron. The electron is
1800 times lighter than the simplest atom, hydrogen. From this
it is known that the positive portion of the hydrogen atom
carries almost the entire weight. The same is true of all atoms;
the core or nucleus bears the weight or mass and contains posi-
tive electricity in sufficient quantity to balance the negative
electricity carried by one or more electrons which move about
" the nucleus. Other basic particles, with and without electrical
charge, are found in the nucleus, too, but the nucleus is essen-

tially positive.
1



2 FUNDAMENTALS

Atoms of the 92 elements (hydrogen, oxygen, iron, sulphur,
gold, ete.) differ from one another only in the number of elec-
trons and the make-up of the nucleus. '

Atoms. The atoms of matter are inconceivably small. Oil
falling on a wet street tends to spread out until the oil film may
be only half a ten-millionth of an inch thick. Yet atoms of
which the oil film is made must be smaller than this, for there is
no way to spread the film so that it is only half (let us say) an
atom thick.

Radio men are, in general, concerned with two kinds of sub-
stances: (1) conductors, such as metals; and (2) insulators,
such as glass or mica. In the metals, the atoms are rather
closely packed together. The electrons of these atoms are ar-
ranged in elliptical orbits about the nucleus. The electrons in
the outermost orbits are not so tightly held to the nucleus and
can be detached from it. In fact, the atoms of a metal are con-
tinually exchanging electrons, so that it is possible for an indi-
vidual electron to travel from atom to atom, from one end of a
wire to the other, if proper conditions exist.

Electrical charges. A particle, or an atom, carrying equal
amounts of positive and negative electricity is said to be in
equilibrium and tends to stay in this condition. It is possible,
however, to make the particle lose or gain one or more electrons,
and then it is said to be charged or ionized. If a particle has
too few electrons, it has too little negative electricity to balance
its positive charge and will pick up enough electrons to get back
into equilibrium at the first opportunity. A particle lacking
electrons is said to be positively charged. On the other hand,
if it has too many electrons it is negatively charged and will
tend to lose an electron when it gets a chance. A charged body
in a liquid or gas is called an ion.

Two electrical charges which are alike, that is, two positive
or two negative charges, repel each other; two unlike charges, a
positive and a negative, attract each other. The force tending
to make the charges move toward or away from each other de-
pends upon the amount of electricity the particles carry and
varies inversely with the square of the distance between the
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particles.* Within the atom itself, where the distances between
electrons or between electrons and nucleus are exceedingly small,
the attractive force holding the atom together may be very great.

If one could collect and place a kilogram of electrons at each
of the poles of the earth (8000 miles apart), the two masses of
electrons would repel each other with a force of about 2 million
tons.

Electrons in motion. The electric current. Electrons, there-
fore, together with their positive counterparts, the protons, which
exist in the nucleus, are the basic building blocks of the atoms.
Everything is made up of these elementary blocks. The elec-
tron is essentially an electrical charge which we arbitrarily call
negative. It will be attracted to any positively charged body,
and when it moves it carries its negative charge with it. If
sufficient clectrons move from one place to another, a definite
“flow” of electricity takes place.

Note that the word flow does not indicate that electricity is
something like water. For many years this was the belief, and
so the word flow has come to be used for the transport of charges
from one place to another. We say that an electric current
flows. Actually, electric energy can be made to move from one
place to another with no real transfer of electrons between these
places. Radio communication is an example of such a transfer
of energy. An electric current, whether passing through a wire
or through the vacuum of an electron tube, is merely a move-
ment of electric charges.

In a piece of copper wire the electrons of the individual atoms
are moving about in a haphazard fashion at the speed of ap-
proximately 35 miles per second. As long as the wire is not
attached to a source of electrical charge, the electrons have no
preference as to the direction in which they move, and in the
wire there is no tendency for the electrons to move from one end

* The mathematical expression for this force is known as Coulomb’s law:

a:0:
d?

where F is the force in dynes, g1 and gz are the respective charges in coulombs,
and d is the distance in centimeters between the particles.

F =
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to the other. If, however, the wire is attached to a battery and
the circuit is completed, then the electrons will move along the
wire, each transporting its elemental quantity of electricity.
This quantity is so small that engineers are generally concerned
with the motion of electrons only when large numbers of them
move from one place to another. It has been estimated that all
the inhabitants of the earth, counting day and night at the high-
est rate of speed possible, would need two years to count the
number of electrons which pass through an ordinary electric
light in a second.

Units. Just as a carpenter orders a board so many feet long,
if he is in this country, or so many meters long if he is in France,
the electrical man must have units for the quantities he uses.
The amount of electricity each electron carries is now well
established; it is exceedingly small. The unit of quantity is
known as the coulomb. There are 6.28 million million million
electrons in 1 coulomb of electricity. If this number of electrons
moves through an electric lamp each second, 1 ampere of current
will flow, and if this lamp is operated from ordinary house-
wiring circuits, 115 watts of energy will be used in it.

Here, then, are two units: the coulomb representing a quantity
of electricity, and the ampere representing the rate of flow of
this quantity. The coulomb corresponds to the gallon in fluid
measure, and the ampere to gallons per minute. A current of 1
ampere means a rate of flow of 1 coulomb of electricity per
second.

The current flowing through a radio receiver tube is of the
order of a few thousands of an ampere. A small town power
plant may have thousands of amperes flowing from its gener-
ators. Approximate currents flowing through some common de-
vices are shown below.

APPROXIMATE
~  APParaTUS CURRENT IN AMPERES
50-watt lamp 0.5
250-watt lamp 2.5
1-hp motor 10.
Electric iron 5.
Filament of battery-type radio tube 0.05

Plate circuit of electron tube 0.005
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A meter to measure the flow of electricity is called an
ammeter.

Engineers’ shorthand. Engineers have a simple shorthand
method of working with large numbers. For example, the num-
ber 6.28 million million million is expressed as 6.28 X 10'8. This
many electrons flowing past a given point per second constitutes
the electric current known as 1 ampere. As we shall have occa-
sion to use this shorthand system many times in this book, the
reader is encouraged to master it as soon as possible. The table
below will be helpful.

1 =10° = one

10 = 10! = ten
100 = 10%? = hundred

1000 = 10°* = thousand, etc.

1 = 10° = one
0.1 = 107! = {5 = one-tenth
0.01 = 102 = 13w = one-hundredth
0.001 = 10~® = y4lop = 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
Q.00 =3X10_3=—-=——
3 1000 10%

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

100 X 04 = 102 X 4 X 107!
=4 x10!
=4X10
=40
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Similarly, let us divide 3000 by 150.
3000 + 150 = (3 X 10%) + (1.5 X 10%)
3 -2
=13 X 10% X 10
2 X10
= 20

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 102
6000 = 6 X 103
20,000 X 1200 _ 2 X 10* X 12 X 10
6000 6 X 10
_2X12 X 10 X 10% X 102
6
= %t x 10°
= 4000

Problem 1-1. How many electrons flow past a given point per second
when the number of amperes is 6? 60? 600? 0.1? 0.003?

Problem 2-1. The sun is roughly 90 million miles from the earth. Ex-
press this in “shorthand.”

Problem 3-1. At 100 miles per hour, how many months would it take
to reach the sun?

Problem 4-1. 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
earth? '

Problem 5-1. 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.



CURVE PLOTTING 7

PreFIX SyMBOL MEeaNING SHORTHAND
micro " one-millionth 10—8
milli m one-thousandth 1073
centi c one-hundredth 102
deci d one-tenth 107!
deka dk ten 10
hekto h one hundred 102

~ kilo k one thousand 102
mega, M one million 108

Thus a thousandth of an ampere is known as a milliampere, a
million ohms is called a megohm, ete.; or, expressed in numbers,
1 ma = 103 or 0.001 amp; 1 megohm = 1,000,000 ohms.

Example 2-1. How many milliamperes are there in 2 amperes? Since
1 milliampere is equal to one-thousandth ampere, 1 ampere is equal to
1000 milliamperes. Thus, 1 amp = 1000 ma = 103 ma. Therefore 2 amp
is equal to 2 X 102 ma or 2000 ma.
* How many amperes are in 2 ma? Here one must remember that there
are fewer amperes in 1 ma than there are milliamperes in 1 amp because
the ampere ig the larger unit. Thus, 1 ma = 0001 amp = 10~ amp.
Therefore 2 ma = 2 X 108 amp.

Problem 6-1. How many cycles are 1000 kilocycles? How many kilo-
cyceles in 500 cycles?

Problem 7-1, How many megacycles are in 1000 kilocycles? How
many cycles in 30 megacycles?

Curve plotting. Many radio problems can be solved without
any mathematics at all if one understands the technique of
plotting curves. A curve is a visual means of portraying what
happens to one quantity when another is varied. For cxample,
the curve in Fig. 1-1 shows the distance traveled by a train
moving at a fixed rate of speed. One makes such a curve in the
following manner. At zero time, the train is zero distance from
its starting point. This is at the lower left-hand corner of the
plot. Now let us represent time along the horizontal part of the
plot, distance along the vertical. If the train goes 50 miles per
hour, at the end of the first hour it will be 50 miles from the
starting point (called the origin in curve plotting). At the end
of the second hour it will be 2 X 50 or 100 miles away; at the
end of the third hour it will bes150siles away; and so on. All
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we need to do to make a plot of this kind is to put a mark at
the vertical value corresponding to each horizontal value we
may choose and then draw a smooth curve which best fits the
points.

This curve is a visual picture of the position of the train for
each portion of the time we may be interested in. The curve
correlates two variables—time and distance.

150

125

8

~
w

Distance in miles

wm
(=]

N
w

0

0 1 2 3
Time in hours

Fic. 1-1. A simple curve or graph showing the distance traveled by a train
in any given time.

If the train travels at a uniform speed, the curve correlating
distance and time will be a straight line. The slope of the curve,
that is, a given vertical length of the curve divided by the cor-
responding horizontal length, expresses the rate of change of dis-
tance with respect to time. This quantity is stated in miles per
hour and is known as velocity or speed.

The two factors in this simple graph are known as the vari-
ables, one being dependent upon the other. Here the inde-
pendent variable is time, and the dependent variable is distance
since the distance traveled depends upon the elapsed time.

A curve such as we have been discussing has two coordinates,
horizontal and vertical, which represent the independent and
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dependent variables. These reference lines are called the axes.
The vertical axis is often called the ordinate or Y-axis, and the
horizontal the abscissa or X-axis. Horizontal distances to the
left of the ordinate are negative; those to the right are positive.
Similarly, vertical distances below the abscissa are negative and

Nt

N

o

w

Y Axis or
Axis of Ordinates
-y

x=7
y=3

w

N

Origin

/=

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

N

Fic. 2-1. Another type of curve. Here one variable, y, decreases as the
other, z, increases. It might represent the amount of money one has as a
function of the amount he spends.

those above are positive. Thus we can plot both positive and
negative quantities on such a chart.

Slope. The change in vertical units with a given change in
horizontal units is called the slope of the curve. This is an
important factor since it shows the rate at which one quantity
varies with respect to the other. The actual appearance of the
curve will change depending upon the units employed, but the
numerical value of the slope will not change. For example, if
the vertical units are doubled in value the curve will appear
flattened, and if they are halved it will appear steeper, but for
both curves the actual slope as defined by the ratio between the
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vertical change for a given horizontal change will be the same,.
The manner in which the slope is calculated is shown in Fig. 3-1.

Problem 8-1. A power supply device has a terminal voltage of 150
when 130 ma of current is drawn from it. Other values of voltage and
current are as follows: 200 volts at 80 ma; 250 volts at 30 ma. Plot a

: ]
5 P

L~ |  1s59-33

4 e ! Iz.s

5 iidind i b et tts bt

3 L Change in y |
-~ SO0 Changeinz |

T 77

1

y[ L, oren e 6-2=4—
0 ] ] | L
x 1 2 3 4 5 6 7 8

Fia. 3-1. How to calculate the slope, which is the rate at which y changes
as z changes. In this case, note that y has a value even though z is zero.

curve showing these relations, and determine the change in voltage per
milliampere change. For this curve the slope is negative since an in-
crease in one of the variables causes a decrease in the other.

Symbols. In technical literature a number of abbreviations
are used to represent parts of circuits. The symnbols used in this

F1a. 4-1. Two devices con- Fig. 5-1. Two devices con-
nected in series. nected in parallel or shunt.

book are shown on pages 11 and 12. A circuit is built up by
connecting together several of these symbols as shown in Figs.
4-1 and 5-1 in one of two ways since each piece of apparatus
used in radio circuits has at least two terminals.
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1

Headphones

(o)
N

Galvanometer

Key

Wires Connected

Reversing Switch

1V

(e

Closed Circuit Jack

Wires crossed
but not Connected

— e

Single Pole
Double Throw Switch
“sSPDT”’

(1)

e

L =Inductance

C=Capacity

R=Resistance
Bh=Microhenrles
mh=Millihenries
Mt =Microfarads

\_/ gt = Micromicrofarads
Ammeter or “SPST” Switch
Milliammeter
A — - |
E 1
\_/ —0 o— + I —
Voltmeter Double-Pole Battery

Double-Throw Switch

“DPDT”
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Fixed Inductance

Iron-Core
Transformer

—NA—

Variable Resistance

—gsenlo -

Variable Inductance

|

|

(—
I\

Two-Element or Rectifier

Tube

Fixed Capacitor Three-Element Tube
A
| ¢
' @
Variometer Variabte Capacitor Heater-Type A-C Tube
Transformer
with Antenna
Fixed Coupling ‘
Four-Element Tube
M ( Screen-Grid Type)
Transformer |
with

Variable =  Ground

Coupling

—.00000000 —~

Iron-Core
“Choke”

Resistance or Impedance

Fixed

Xk

Microphone




CHAPTER 2

DIRECT-CURRENT CIRCUITS

In the previous chapter it was stated that an electric current
was a motion of electrons. Now two questions naturally arise:
what makes the electrons move, and in what direction does the
electric current flow? Let us answer the second question first.

Direction of current flow. Long before engineers and sci-
entists knew anything about the electron the convention was
established that current flowed from the positive terminal of a
battery, or other source, toward the negative terminal through
the external circuit. Now, of course, we know that electrons
move from a more negative point toward a less negative point,
or toward a point of positive polarity. Therefore we realize that
the plus-to-minus direction of current flow is merely a manner
of speaking—that actually the electrons flow from negative to
positive through the external circuit. Engineers usually main-
tain the convention that current flows from positive to negative
while the electrons move in the opposite direction. It really
makes little difference as long as one is consistent. One should,
however, be able to think in terms of both systems.

The reader should remember that in a load circuit the point
from which the electrons flow is always negative with respect to
the point toward which they flow.

Electromotive force. Now what makes the electrons move
from one place to another? Electrons are driven through the
wires and apparatus composing an electrical circuit by a force
called an electromotive force (emf). The unit of force is called
the volt. An instrument used to measure voltage is known as a
voltmeter. The table shows voltages of commonly used sources

of emf.
13
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APPARATUS VoLrAGE (approximate)
Dry cell 15
Storage battery 6
B battery 45
House-lighting circuit 115
“Third rail” 500

Sources of emf. The oldest source of man-made voltage is
friction. Anyone who has rubbed a cat’s fur on a cold winter
day (or who has worn silk clothes!) will remember the crackling
noise and the tendency of the fur to stand up and follow the
hand. A pocket comb rubbed on the coat will pick up bits of
paper and other light insulated objects. These phenomena are
manifestations of frictional electricity, which causes electrical
charges to be removed from a substance, leaving it electrically
charged. Machines for generating very high voltages have been
devised on the friction principle. Charges are removed from a
source and stored on an enormous sphere to be released all at
one time when it is desired to use the accumulated charge.

Frictional electricity is not a very reliable source of emf since
moisture is fatal to the continued production or storage of the
necessary charges.

The most common source of voltage is the battery. The com-
mon dry cell used to operate door bells is one form of battery;
the lead-sulphuric acid storage battery is another.

The generator is a means of converting mechanical energy into
electrical energy. It is used to produce very large amounts of
electrical energy; its principles will be described later. Another
source of electrical energy is the thermocouple. This device is
composed of two dissimilar metals joined together mechanically.
When the junction is placed in a flame, an emf will be produced
which is proportional to the temperature. Still another source
of emf is the barrier type of photoelectric cell. In this device,
light shines on a surface coated with material which emits elec-
trons under stimulation of the illumination. A barrier photocell
will produce 5 ma or more current directly from sunlight.

Resistance. The next question that arises is: how much cur-
rent will flow? :
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The electrons in their motion through a conductor are not un-
inpeded. They constantly run into atoms and other electrons.
Since there are no perfect conductors, all materials are said to
have a certain resistance. This is the measure of the trouble
electrons have in moving freely about among the atoms making
up the material. Metals have less resistance than insulators;
they are better conductors. Some metals have lower resistance
than others. In general, pure metals have lower resistances
than alloys.

Thus, copper has low resistance, whereas some of the com-
binations of copper, nickel, and iron-manganese, for example,
have resistances many times that of copper. The fact that
copper has such low resistance and at the same time is plentiful
explains why most ‘conductors are made of this element. Silver
has still lower resistance than copper, but it is not so plentiful.

Factors that govern resistance. The comparative resistance
of two wires of the same material and at the same temperature
depends upon the length of the wires and the area of their cross
sections. Naturally, the longer the wire the fewer electrons can
pass through it in a given time; similarly, the smaller the diam-
eter of a wire the greater the resistance. 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.

A wire 2 ft long has twice the resistance of a wire 1 ft long but
of the same diameter. Of two wires the same 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 wire diameter. The copper wire table
on page 19 shows that a No. 10 wire has a diameter of 102 mils
and a resistance of approximately 1 ohm per 1000 ft, whereas
No. 16 wire, with one-half the diameter, has four times the re-
sistance.

The absolute value of the resistivity of a substance may be
indicated in several ways. The most useful to electrical engi-
neers, 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
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ohms of a wire 1 mil in diameter and 1 ft long. A mil is a
) thousandth of an inch (0.001 in.). A circular mil is a unit of
area. A wire having a diameter of d mils will have an area of

d=1}] R=1 |
L=1—]
d=1 [ R=2 ]
L=2
d=Y E=1% ]
L=1
d=1
L=1
d=2 R=
L=1

Fic. 1-2. Resistance depends upon the length and the diameter of a
conductor.

d? circular mils. A mil-foot of copper (1 circular mil in cross

section area and 1 ft long) will have a resistance of 10.4 ohms.

The resistance of any copper wire therefore will be 10.4L « A4

ohms or 10.4L + d? ohms, where 4

e is area in circular mils, L is length
0001" %) in feet, and d is diameter in mils. -

T 1 Tables showing the resistivity of

i . . many materials will be found in

P G e o el e used by electrical and

1 ft long and 0.001 in. (1 mil) . >

i dRoEes, radio engineers. In general, how-

ever, wire tables showing the actual

resistance, in ohms, of wire of various sizes are most practical.

The resistances of several metals compared to silver are as

2 N/

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

L - - - I
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Problem 1-2. How many times higher in resistance is mercury than
silver? than copper?

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

Problem 3-2. 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?

Problem 4-2. A spool of 0.008-in. wire has a gross weight of 3.59 lb;
the spool weighs 041 b, What is the length of wire on the spool?

Problem 5-2. What is the resistance of 500 ft of copper wire having a
diameter of 40 mils?

Problem 6-2. A carbon rod 0.3 in. in diameter is 6 in. long. What is

its resistance?

The ohm. The unit of resistance is the ohm. It is arbitrarily
defined by international agrecinent as the resistance of a column
of mercury weighing 14.4521 grams, having a uniform cross sec-
tion 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 19 gives sizes and resistance per 1000 ft of cop-
per wire. The resistance per foot may be obtained from such a
table by dividing the resistance per 1000 ft by 1000. In this
table will be found the size of wires according to the B. & S.
gage, the diameter in thousandths of an inch (mils), the resist-
ance in ohms per 1000 ft, the weight, and the number of turns of
the wire that can be got into an inch of winding space when the
wire is covered with various insulations. ‘“Scc” means single
cotton covered; “Dece” means double cotton covered, indicating
that two layers of cotton thread are wound about the wire as
insulation. Similarly “Ssc” refers to silk thread insulation.

Note that decreasing the size of the wire by three numbers,
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
resistance from 103.2 to 51.5 ohms per 1000 ft.

Copper is used in electrical and radio circuits because of its
high conductivity compared to other metals and its low cost
compared to metals of higher conductivity. It is readily obtain-
able and easily worked.
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A circuit having 1 ohm resistance will pass a current of 1 amp
if the emf is 1 volt.

The term megohm is frequently used in radio literature. It is
equal to 1 million ohms.

Problem 7-2. What size of soft iron wire will have approximately the
same resistance as No. 32 copper?
Problem 8-2. What is the resistance of 1 ft of No. 20 copper? of No.

24 aluminum?

Problem 9-2. A two-wire telegraph line is to be run a distance of 2
miles. If the total 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 relative weights of 555 to 480, what will the iron line

weigh?

Conductance. The inverse of resistance is conductance. Con-
ductance expresses the ability of a substance to pass a current
of electricity, just as resistance expresses the ability of a sub-
stance to interfere with the passage of electricity. The unit of
conductance is the mho. If the resistance is known, the con-
ductance can be found by dividing the resistance into 1. Thus

1

Conductance = ———
Resistance

The effect of temperature on resistance. The resistance of all
pure metals rises with increase in temperature because of the
greater molecular agitation at higher temperatures, making it
more difficult for the electrons to drift in their progressive mo-
tion around the cireuit.

At absolute zero, 273° below 0° centigrade, all molecular mo-
tion is supposed to stop, making the resistances of metals practi-
cally zero. Scientists have approached within a fraction of a
degree of absolute zero.

Temperature coefficient of resistance. The amount the re-
sistance of pure metals increases for each degree rise in tempera-
ture for each ohm at the original temperature is known as the
temperature coefficient of resistance. This figure lies between
0.003 and 0.006 for pure metals, being 0.00426 for copper. This
is the reason that the resistances of wires in the wire tables are

Y
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COPPER WIRE TABLES
Resistance at 68° F (20° C)

Mils = 0.001 in.
Size of | Diam- Turns per Linear Inch
Wire |eter of | Ohms per Pouer;ds
B.&S.| Wire | 1000 F 1000 Ft
Gage Mils Sce Dece Ssc Dsc
0000 460 0.0490 | 640.5 2.14 | 2.10
000 409.6 0.0618 | 508.0 2.39
00 364.8 0.0779 | 402.8 2.68 | 2.62
0 325 0.0983 | 319.5 3.00
1 289.3 0.1239 | 253.3 3.33 | 3.25
2 257.6 0.1563 | 200.9 3.75
3 229.4 0.1970 | 159.3 4.18 | 4.03
4 | 204.3 0.2485 | 126.4 4.67
5 181.9 0.3133 | 100.2 5.21 5.00
6 162 0.3951 79.5 5.88
7 144.3 0.4982 63.0 6.54 6.25
8 128.5 0.6282 49.98 7.35
9 114.4 0.7921 39.63 8.26 | 7.87
10 101.9 0.9989 31.43 9.25
11 90.7 1.260 24.92 10.3 9.80
12 80.8 1.588 19.77 11.5
13 72 2.003 15.68 12.8 12.2
14 64.1 2.525 12.43 14.3
15 57.1 3.184 9.858 15.9 14.9
16 50.8 4.016 7.818 17.9 16.7 18.9 18.3
17 45.3 5.064 6.200 20.0
18 40.3 6.385 4.917 22.2 | 20.4 23.6 22.7
19 35.9 8.051 3.899 24.4
20 32 10.15 3.092 27.0 | 24.4 29.4 28.0
21 28.5 12.80 2,452 29.9
22 25.3 16.14 1.945 33.9 | 30.0 36.6 34.4
23 22.6 20.36 1.542 37.6
24 20.1 25.67 1.223 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 5.6 329.0 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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indicated as being at a given temperature; the value chosen is
20° C.

The resistance at any temperature when the resistance at a
known temperature is available and when the temperature coeffi-
cient is known may be found from the formula

Riz = Ry[l + alte — 1y)]

% Change in RLs. /
~% /Z
5 A
Nichrome = Nickel-Chromium Alloy
M S.M.L.=67% Ni; 28% Cu; 5% Fe Mn,Si, etc.
20 |4 7
v\o
[ X2
E <
s —
30 -3-G
. 2 e
; = .M \&/
%] ° —_—]
20 -2
10 -1 ,,/
- L
0 ’ 200 300 400 500

Temperature Oegrees C.

F16. 3-2. How resistance of alloyed conductors varies with temperature.

where R;; and R, are the conductor resistances at temperatures
t; and {3, and « is the temperature coefficient.
Example 1-2. A copper wire with a temperature coefficient of 0.00426 has
a resistance of 80 ohms at 0°C. What will be the resistance at 50° C? The
resistance will be increased by 80 X 0.00426 for each degree rise in tempera-
ture. At 50° C the resistance rise would be 80 X 0.00426 X 50 or 17.04 ohms,
and the resistance would then be 80 + 17.1 ohms or 97.04 ohms. Using the
formula this works out as follows:
Riz = 80[1 + 0.00426(50 — 0)]
= 80(1 + 0.213)
= 80(1.213)
= 97.04 ohms
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Typical temperature coefficients of resistance for several metals
and alloys used in the radio profession are as follows:

MATERIAL COEFFICIENT
Constantan (an alloy) 0. 000002
Copper 0.00426
Copper-manganese-iron 0.00012
Iron 0.006
Nickel 0.006
Platinum 0.0037
Silver 0.0041
Tantalum 0.0033

Problem 10-2. A transformer supplying power to a load has a tempera-
ture of 70° C after being in operation for some time. If the resistance of
one of its windings is 210 ohms' at room temperature (20° C), what is its
resistance at operating temperature?

Problem 11-2. A copper shunt to be placed across a current meter has
a resistance of 0.78 ohm at room temperature, 20° C. If the meter is taken
outdoors where the temperature is freezing (0° C), what is the resistance
of the shunt?

Problem 12-2, Part of a government specification for a certain power
inductor included the statement that the inductor should not et hotter
than 90° C when running on full load. At room temperature the resistance
of the winding was found to be 8.25 ohms, and after a prolonged run the
resistance was 104 ohms. Did the inductor pass the specification?

Ohm’s law. The law which governs all simple and many com-
plex 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, in electrical abbreviations,

E (voltag
I (current) = - (\o. o8 ?
R (resistance)

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

) I=E+R (2] E=IXR [3] R=E 1

These three ways of stating the same law, determined from
the first statement of Ohm’s law by simple mathematical trans-
formation, make problem-solving less difficult.
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From these three expressions of Ohm’s law, any one of the
quantities can be obtained if the other two are known. Thus
from equation 1, the current in a circuit can be determined if the
voltage and the resistance of the circuit are known. From 2 the
voltage required to force a desired current through a given re-
sistance can be determined. Finally, from 3 the resistance of a
circuit can be found if we can measure the current flowing in it

10
9
8 8| \
7 7
6 AN
1 \
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4 | 4
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2 2 \‘\
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13 R
Fia. 4-2. In an Ohm’s law cir- Fic. 5-2. Plotting current against
cuit, a straight-line curve re- resistance does not result in a straight
sults when current is plotted line because current is proportional
against voltage. to 1/R.

under the force of a known voltage. Many circuits and appara-
tus follow much more complex laws than Ohm’s law.

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

We use equation 1, dividing the voltage, 5, by the resistance, 20, to ob-
tain 5 + 20 amp or 025 amp.

Now suppose we know that the resistance is 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 equation 2, multiplying the current, 0.25, by the resistance,
20, to get 5 volts required.
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Finally, if we know from experience that the proper voltage i1s 5 and
that with this voltage 0.25 amp will flow through the filament, what is
ity resistance? Here we use equation 3, and the reader should work out
this relation for himself.

Nore. The fundamental units are amperes, volts, and ohms. We cannot
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.

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 o) 4 .5 .6 7 .8 9 1.0
Conductance (K) in Mhos

Fic. 6-2. Current plotted against K produces a “linear” curve indicating
that current is directly proportional to conductance.

Voltage drop. The second way of stating Ohm’s law indicates
that, whenever a current flows through a resistance, a difference
of potential exists at the two ends of that resistance. For every
ampere of current that flows through an ohm of resistance, a
volt is lost. In other words, 1 volt is required to force 1 ampere
through 1 ohm of resistance.

Consider Fig. 7-2, which shows three resistors * connected in

* A resistor is a device for adding resistance to a circuit. Note that
resistance is a property of a material or circuit, whereas a resistor is a
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series and placed across a source of voltage. The emf causes
current to flow through the three resistors. The current flowing
through each resistor produces a voltage drop across each re-
sistor; and the sum of the three voltage drops must equal the
total voltage impressed across the entire series circuit. This is

true since there is no other source
©  of emf in the circuit; all the im-
pressed voltage must be accounted

LS

ot

vV

YVYVY

2p for by the voltage drops. Thus, if
To Rectifier ;: 180 volts is impressed across the
and Filter = 180 entire assembly, the voltages that
< will be measured by a voltmeter at
% 4i5 l other points in the series circuit

o [ are shown.
Fie. 7-2. A voltage-dividing Example 3-2, In Fig. 7-2 suppose
network of resistances. that 10 ma of current is forced through

the three resistors in series. What is*
the resistance of each of the three resistors?
Here we use the third form of Ohm’s law: R = E/I. Since 180 volts
appears across the circuit and since 10 ma (001 amp) flows through it,
the total resistance will be equal to

R=E+I=180+10X103 =—— = — -
8 X107 = %108 ~ 10

180 X 102 = 18,000 ohms
Now, half the total voltage appears across the top resistor. Therefore
the resistance between A and B is one-half the total resistance or 9000
ohms, Across 9000 ohms appears a voltage drop of 90 volts, and in the
middle of this resistance is a voltage drop of 45 volts or half the total
voltage of 90. Therefore the point C is half way between B and C, and
the resistance between B and C' must be 4500 ohms. The resistance from
C to D is also 4500 ohms.

Often in laboratories a voltage is needed which is so small that
it cannot be measured with available instruments. A larger
voltage, however, can be measured easily, and, if it is impressed
across a series of resistors like those in Fig. 7-2 (known as a

device possessing resistance. Engineers use the terms interchangeably in
everyday language.
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voltage divider), any desired part of the total voltage may be
utilized by means of proper taps or connections or a sliding con-
tact. A potentiometer is a continuous resistance with a sliding
arm arranged so that any value of resistance between zero and
the maximum value can be obtained.

The voltage appearing across a resistance because of current
flowing through that resistance is known as a voltage or IR drop.
It may be calculated by multiplying the resistance in ohms by
the current in amperes.

Problem 13-2. 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 flow through the apparatus?

Problem 14-2. Suppose we desire to
fimit to 1 ma the flow of current in a
circuit attached to a 45-volt battery.
What must be the total resistance of the
circuit ?

Problem 15-2. What is the resistance
of a 1C7-G tube filament taking 0.120
amp from 2-volt batteries?

Problem 16-2. Consider Fig. 8-2. Fic. 8-2. Use of an IR drop as
How many milliamperes of current must a source of voltage.
he forced through the cirenit in' order to
get 20 mv across the resistor A-B? How many volts in all will be needed?

Power and energy. A battery converts chemical energy into
electrical energy; a generator transforms mechanical energy into
electrical energy. What do we mean by energy? What is
power? These two terms are used rather loosely by most people,
but each has a very definite meaning.

Energy is the ability to do work. A body may have one of
two kinds of mechanical energy, either potential or kinetic. Po-
tential energy is due to the position of the body; kinetic energy
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, the ki-



26 DIRECT-CURRENT CIRCUITS

netic energy possessed by the ball being converted into heat
energy. The amount of damage done gives the eye a certain
measure by which to judge the energy possessed by the cannon
ball. This energy was originally possessed by the powder and
was imparted to the ball when the powder exploded.

Whereas energy is the ability to do work, power is the rate of
doing work. The horsepower, for example, is a unit of me-
chanical power. It is the power required to raise 33,000 1b of
material 1 ft in 1 min; or 1 hp is 33,000 ft-1b per min.

All expressions for power involve the factor of time. It re-
quires more power to accomplish a certain amount of work in a
short time than in a longer time. For example, a ton of material
raised a foot in the air represents 2000 ft-Ib of work. If it is
accomplished by a crane in 1 sec of time it represents an expen-
diture of 2000 X 60 or 120,000 ft-Ib per min of power. Since
1 hp is equal to 33,000 ft-lb per min, 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 {t-lb per min, or roughly one-thou-
sandth 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.

Since power is the rate of doing work, the amount of work
done in a given time is the rate of doing work multiplied by the
time. Thus if 1 Ib is raised 1 ft per hr and the work goes on
for 2 hr, 2 ft-lb of work have been done. The same amount of
work would be done if 1 lb.were raised 1 ft per min and if the
work went on for 2 min. In this case, however, the work would
have been accomplished at a faster. rate, requiring more power.

Three units are involved: energy, which is the ability to do
work; power, which is the rate of doing work; and the work
done. Energy and work are rated in the same units,
horsepower-hours for example, or kilowatt-hours in electrical
language. '

In an electric circuit, the amount of power required to force a
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certain number of electrons per second through a certain re-
sistance with a voltage of E volts is the product of the voltage
and the amperage (since amperes are a measure of “rate of flow
of electrons”). The unit of electrical power is the watt. Thus

Power in watts = Current in amperes X Emf in volts
or
P=IXE

A kilowatt is 1000 watts. The kilowatt-hour is a measure of
energy or work; a smaller unit is the watt-second or joule, and
a still smaller one used in scientific circles is the erg. It takes
10 million ergs tv make 1 watt-second.

Power lost in resistance. According to the law called the con-
servation of energy, energy can be neither created nor destroyed.
It comes from somewhere and goes somewhere. Similarly, all
power, which is the rate at which energy is used, must be ac-
counted for. The energy required to foree current through a
resistor must do some work. It cannot disappear. This work
results in heating the resistor. The heat appears because of the
greater molecular activity which results from the flow of elec-
tricity through the'material. Whenever current flows through a
resistor, 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 faster than the heat
can be dissipated by heating the surrounding air, the wire melts.
Encrgy has been supplied to the unit at too great a rate.

A resistor used in a radio circuit is often 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 17-2. A voltmeter across a resistur measures 50 volts. Through
the resistor flows 100 ma. What power is expended in the resistor?

Problem 18-2. Assuming that 50 ma direct current flows through a
resistor which has a d-c resistance of 750 ohms, what amount of heat in
watts must be dissipated? What supplies this power?
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Expressions for power. Just as there are three ways of stat-
ing Ohm’s law, so there are three ways of stating the relation
between watts, volts, amperes, and ohms. Thus,

1] P=IXE [2] P=1I*XR [3] P=E®+R

A useful expression is I = VP/R. It may be employed in
calculating the current safely passed by a resistor of a given watt-
age and resistance.

Example 4-2. A plate voltage power supply system supplies 180 volts to
a power tube 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 chms,
or B2 + 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 of the body
varies with one’s health, 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.

Problem 19-2. A man touches with his dry finger tips a 500-volt railway
“third rail.” If the resistance of his body is 50,000 ochms, how much power
is used up in heating the body? Will the dangerous current of 0.01 amp
be exceeded?

Problem 20-2. A voltage of 110 is to be placed across a circuit whose
resistance must be such that 220 watts can be delivered. What is the
resistance of the circuit?

Problem 21-2. How much power is taken from a storage battery which
supplies five radio receiver tubes each requiring 0.3 amp at 6.3 volts?

Problem 22-2. One milliampere of current flows through a 100,000-ohm
resistor. How much power in heat must the resistor be capable of dis-
sipating? )

Problem 23-2. How much current can be sent through a 1000-ohm
20-watt resistor without danger of burning it up? What voltage is re-
quired?

Problem 24-2. In a voltage supply system the voltage divider has a
total resistance of 5000 ohms. The receiver requires & maximum current
of 30 ma. What must be the wattage rating of the resistor if all this
current flows through it?
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Problem 26-2. A mobile radio receiver of five 6.3-volt tubes consumes
a plate current of 50 ma at 180 volts. Assume that the car battery sup-
plies this load; what power is required?

Problem 26-2. Electric power is bought by kiléwatt-hour. Suppose
that your rate is 10 cents per kilowatt-hour. How much does it cost to
run a soldering iron on a 110-volt circuit if it consumes 6 amp?

Efficiency. FEfficiency is a term that is loosely employed by
nearly everybody. Anything which works is said to be efficient,
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. Effi-
ciency 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 con-
sider 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 flurrying about from one thing to another instead of
tackling his problem 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 and 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. 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 B Output plus losses

Problem 27-2. Seveuty-five per cent of the ampere-hours put into a
battery are returned by it on discharge. How many hours must a 100-
amp-hr battery be charged at a l-amp rate?
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Problem 28-2. A motor generator or vibrator system suppliea the plate
voltage to a police-car radio which uses eight 6.3-volt tubes requiring a
plate current of 80 ma at 180 volts. If its efficiency is 40 per cent, what
power and current ate taken from the battery for the plate circuits?

Problem 29-2. If a 5-hp motor operated from a 110-volt d-c line is 85
per cent efficient, what current does it take from the power line?

Problem 80-2. A 200-amp-hr battery is taken into the field to operate
a portable radio transmitter which requires 40 amp-hr. It is keyed so
that power is taken from the battery 75 per cent of the time. The
transmitter consumes 50 watts, and in addition to this load there is a
continuous load of 1.5 amp for a light. How long will the battery supply
the transmitter and lamp?

Problem 31-2. A broadcast transmitter radiates 10 kw in the daytime
but is permitted to radiate only 5 kw at night. If the daytime antenna cur-
rent is 15 amp, what is the night-time current? Assume constant resistance.

Problem 82-2. A transmission line made up of two wires transmits
power from a radio transmitter to an antenna. At the transmitter end
the voltage across the line is 2185 volts; at the antenna end the current
is 465 amp. What power is lost in the line if 10 kw is delivered to the
antenna? R

Problem 33-2. 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? HMow much should the transmitter
antenna current be increased?

Problem 34-2. A generator delivers 42 amp at 440 volts at an efficiency
of 82 per cent. What power is lost in the generator?

Protective devices. If the wattage rating of a resistor is ex-
ceeded, that is, if energy is fed into it too rapidly, heat is gen-
erated faster than it can be lost. The amount of heat that any
electric device can dissipate without damage has a definite limit.

The simplest means of protecting a device against injury is a
fuse. A fuse is merely a piece of wire which will melt and open
the circuit before damage is done to the device it is protecting.
The fuse must be so constructed that it will not “blow” on sud-
den and temporary overloads caused, for example, by a motor
starting from rest. During the fraction of a second that the
speed of the motor is increasing, the current required is much
greater than when the motor is running at its normal speed.
Therefore a large amount of current will be taken from the line,
and it is possible that this current, if it continued to flow, would
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damage the motor or the line. A fuse in series with the motor
will melt if the current passed through it is too great for too
long a time. This opens the circuit. Someone, then, must re-
place the fuse before the circuit will function again.

Replacing a fuse is a nuisance. A more common device in a
factory to protect machinery against overload is a circuit breaker
or an overload relay. These are mechanical switches which
open the circuit automatically when the current becomes too
great. They may be arranged to close again automatically
after a second or two, or they may be so made that a mainte-
nance man must close the
circuit by hand after he has |
cleared up the cause of the
overload. I*

Series and parallel cir- ||l||=
cuits. When two or more +IT-
pieces of equipment are con-
nected as in Fig. 9-2 they
are said to be in series.” The same current flows through each
unit. The voltage drop across each unit is controlled by its re-
sistance, and if one of these units has twice the resistance of the
other, the voltage drop across it will be twice as great. 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 volt-
age in the circuit.

In a series circuit the total resistance is the sum of the in-
dividual resistances. The current in each unit is the same as in
all other units. The current is obtained from Ohm’s law, equa-
tion 1.

If any of the units becomes “open” the current ceases to flow.
If, however, any unit becomes ‘“‘shorted” the current will in-
crease because the total resistance of the circuit has decreased.

1 [ o |
ME=IRP <€ =IRp™  <E=IRp>

Fi1c. 9-2. A simple series circuit.

Example 5-2. In Fig. 10-2 is a typical series circuit composed of a
vacuum tube R, 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. The arrow through R; indicates that it can be
adjusted in value.
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The question is, what current will flow through the circuit as the re-
sistance of R; is varied? Suppose it is 4 ohms. We know the same cur-
rent 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 resist-
ance, or

E=6 <>R' 2 l—E/R:
l|||; N “'“W“—)O
UL

Fig. 10-2. Typical cir- ‘

cuit made up of a bat- —|1|M—@—

tery, a rheostat, a tube

(Rs), and a current Fic. 11-2. A parallel
meter. circuit.

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 amp X 4 ohms = 1 volt
Voltage drop = IRy = 0.25 amp 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 025 amp through the 4-ohm resistance.

Problem 86-2. In an ac-dc radio receiver there are four tubes of the 6.3-
volt type connected in series. What resistance must be put in series with
the filament of those tubes if they are to be put directly across a 115-volt
line? Each tube requires 0.3 amp.

Problem 836-2. Suppose you were going to use five 6.3-volt tubes in a
series filament circuit. How many volts will be necessary?

Problem 37-2. What would be the resistance of the above tubes in
series?

Problem 88-2. On a 32-volt farm system how many tubes of the 63-
volt type 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?

Problem 39-2. How much resistance would be necessary if one each
1R5, 1T4, 185, and 184 tubes are to be run from a 2-volt storage battery?
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Problem 40-2. 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 41-2. 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 across the tube?

Characteristics of parallel circuits. A parallel circuit is repre-
sented in Fig. 11-2. It consists of several branches. The volt-
age 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

1_1,.1. 1

R R, + R, R3
where R is the resultant or total resistance, and R,, R., 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. This fact follows logically from the following
reasoning. If two identical resistances are placed across a given
voltage, it will be found that they pass twice the current taken
by either of the resistances. If, therefore, a new resistance is
selected, which passes as much current as the two resistances
taken together, it will have half the resistance of either of the
identical resistances. Working this out by Ohm’s law will verify
the reasoning. 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 result-
ant 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:

R X R
Ry + R,
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This simplified formula comes directly from the one above it
by simple algebra, and the reader should prove it.
Example 6-2. 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.

W | -
Sl

+

|-

=025 +0.20
0.45
1 + 0.45 = 2.22 ohms

=)
I

R XR
R+ R
_4X5
T 4+5
20
== 2.22 ohms

Example 7-2. Suppose that, as in Fig. 12-2, two resistances in parallel
are placed in series with a resistance of 1 ohm and across a battery of

200 Ohms

f‘a E=6 E=15—= 800 Ohms

Hh 500 Ohms
fi T

Fia. 12-2. A problem involv-
ing both series and parallel Fic. 13-2. Another problem. What is
resistances. the voltage across the 800-ohm resistor?

6 volts. What current would flow out of the battery and through each
resistance ?

The total resistance is 2.22 + 1 = 322 ohms. The current flowing, then,
is 6 = 322 = 1.86 amp. This current through the combined resistance of
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the 4- and 5-ohm units produces a voltage drop of I X R or 1.86 X 222 or
414 volts. This voltage across 4 ohms produces a current of 4.14 +4 or
1035 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 42-2. A radio receiver has five tubes of the a-c heater type,
each taking 1.75 amp. What is their combined resistance, and how much
current do they take from a 2.5-volt transformer secondary? If another
load of the same voltage but half the total current is added, what current
is required?

Problem 43-2. 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 44-2. Consider the circuit of Fig. 13-2. What is the voltage

drop across the 800-ohm resistor?

Use of conductances. Remembering that conductance (K)
is the reciprocal of resistance (K = 1/R), solving for the effec-
tive resistance of several parallel resistances really involves cal-
culating the conductance corresponding to each of the resist-
ances, adding these conductances together, and then taking the
reciprocal of the effective conductance to find the resultant re-
sistance. Thus

1 1 -1 1

But
1
K==
Ko=K, +K; + K3
1
and R0=—
K,

where R, and K are the resultant resistance and conductance.

Conductances are useful in parallel circuits, but, since the
conductance of a piece of apparatus is seldom given, conduct-
ances are not often used, as such. The fact that the actual
values of conductances are usually very small (if R = 100 ohms,
K = 0.01 'mho; if R = 10,000 ohms, K = 0.0001 mho) adds te
the difficulty of using this unit.
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Ohm’s law in complex circuits. It must be remembered that
Ohm’s law applies to a circuit as a whole, or to any of its parts.
If the voltage and resistance of any part of a circuit are known,
the current through that part can be calculated without regard
to any other part of the circuit. In the following section, the
solution of complex circuits is described.

Kirchhoff’s laws. When circuits are made up of series and
parallel elements, solving for the individual currents or voltages

becomes somewhat complex.
20 60 All such circuits can be re-

W I\N\N\N\: duced to simpler circuits
I . Iz | which can be solved more
) easily. Two rules known as
4 lc% ¢ B | Kirchhoff’s laws are useful
when such complicated ecir-
o WY cuits as that shown in Fig.

'J" ! "B" 14-2 are to be solved.

. , .
Fic. 14-2. An example of the use of hKIrCthff S lavys a,'re° (1)
Kirchhoff’s laws to solve complex The current flowing into any

cireuits. junction in a circuit must be

equal to the current flowing

away from that junction. (2) The algebraic sum of the sources of
emf and voltage drops in any closed circuit must be equal to zero.

The first law states that current flowing toward a point at
which it may divide must equal the sum of the portions into
which it divides. Otherwise, some current would be left over
with no place to go. The second law states that the voltage
supplied by the source of emf (a battery, for example) must be
cqual to the sum of the voltage drops (I X R) appearing across
the several circuit components. All the battery voltage must
be accounted for, and the voltage drops cannot exceed the emf
produced by the battery for there is no other source of emf.

In solving complicated circuits, only one portion need be con-
sidered at a time. For example, in Fig. 14-2 one might think
that battery B, having higher voltage than battery A, would
force some current down through the A circuit and that there-
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fore one ought to subtract the two voltages. This is unneces-
sary, as will be shown.

Example 8-2. Current through C is made up of two parts, one due to bat-
tery A and one to battery B. No other current flows through C since there
is no other source of current. Then Kirchhoff’s first law states that I¢ =
I4+ + Iy. The junction is the point at which the two currents 7 4 and 7 join.

Applying the second law, the emf of battery A is accounted for by adding
up the two voltage drops in circuit 4 (2074 and 30/¢ made up of 74 flowing
through 20 ohms and I¢ through 30 ohms). Similarly, the emf of battery B
produces two voltage drops in circuit B. Thus

I¢c = I4 + Ip (Kirchhoff’s first law) 1]
20 = 2014 + 30I¢ (Kirchhoff’s second law) 2]
40 = 60/ + 30/¢ (Kirchhoff’s second law) [3]

Now we have three unknown currents, 74, /g, and I¢, and three equations
expressing the relations among them. Rewrite equation 1 as

Iy =1¢c—1Ip
Substitute this value for 74 in equation 2:

20 = 20I¢ — 20Ip + 30I¢
or

20 = 501¢ — 2015 4]
and from equation 3

40 = 30I¢ + 607y

Now multiply both sides of equation 4 by 3:

60 = 150/¢ — 60/p [5]
and add equations 3 and 5. Thus
: 40 = 30I¢ + 60/p [3]
60 = 150I¢ - 60/p [5]
100 = 180/¢ + O
or 180/¢ = 100.
Ic = 100 + 180 = 0.555 [6]
From equation 3
40 = 601g + 301 /

Substitute for I¢ its value 0.555:
40 = 607 + 30(0.555)
40 = 60/ + 16.7
40 — 16.7 = 60/p
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or

Ig = 60 + 23.3 = 0.389 {71
From equation 1

Iga=1I¢c—1p

= 0.555 — 0.389 = 0.166 (8]

Therefore

I, =0.166

Ip = 0.389

Ic = 0.555

The current through the middle branch (I¢) is made up of contributions
from circuits A and B. To determine the share each contributes, we may
make use of another rule called the superposition theorem, which states that
we can determine the current through € branch due to battery 4 by shorting
out battery B and calculating the current that will low. With battery B
shorted out, battery A forces current through a 20-ohm resistance and through
two resistances of 30 and 60 ohms in parallel. Remembering that the re-
sultant of two resistances in parallel is equal to the product of the two divided
by their sum we can solve for the current through C due to A as follows:

L 20 0 w0 _2_ .
4= 0+30><60"20 1800 20 +20 40
30 + 60 90

This is the current flowing out of battery A. But not all of it flows through
the 30-ohm resistance in which we are interested. Part flows through the
60-ohm resistance in parallel with the 30-ohm resistance C. The current
through the individual portions of the parallel circuit will be inversely pro-

20

Fie. 15-2. ] Fre. 16-2.

Figs. 15-2 and 16-2 show two portions of the circuit of Fig. 14-2 as an
example of the use of the superposition theorem.
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portional to their resistances and will actually be equal to the resistance in
which we are not interested divided by the sum of the two resistances.

Thus the current through the 30-ohm resistance will be equal to the total
current flowing (/4) multiplied by 60 -+ 90.

Io=T4X$% =%I4 =% %05 =0333

Similarly the current through C due to battery B will be found to be
0222, and the sum of these currents 0.555 equals the current found by
Kirchhoff’s laws. (The reader should solve for the current in C due to
battery B.)

Nore. In solving problems of this type the engineer must assign a
definite direction of current flow and then stick to it. Thus, if he decides
to follow convention, current flowing from positive to negative through
a closed circuit, then, in all portions of the circuit, current must flow from
positive to negative—considering only the apparatus attached to the
- battery or emf. Through the battery or emf itself the current will have
to flow from negative to positive to complete the circuit.

Problem 45-2. In Example 8-2, reverse the connections of battery 4
and solve for the currents.

Problem 46-2. In Fig. 17-2, determine the voltage required. If resistors
are available in wattages of 0.5, 2, and 10, determine which wattage rat-
ings should be used for each resistor. -

800 ohms

ZE=?

tx

[}

N

o
250 ohms
1000 ohms

Fic. 17-2. Another typieal d-¢c prohlem.



CHAPTER 3

ELECTRICAL METERS AND MEASUREMENTS

To utilize electric currents properly we must be able to detect
and measure them. We cannot see, hear, or smell the passage
of an electric current through a circuit; the current must be
made evident to us by its effect upon the
circuit. Three kinds of effects may be
produced: thermal, chemical, and mag-
netic. Wire gets hot if too much current
flows through it; two dissimilar metals
(copper and zinc, for example) placed in
a solution of one of them (copper sul-
phate) give off gas bubbles when a wire
connects them externally; a wire carrying
an electric current and brought near a
compass needle will cause the needle to
change from its habitual north-south

Fic. 1-3. A D’Arsonval
meter made up of a

permanent magnet, M, position.
and a coil of wire free = Any one of these three fundamental ef-
to rotate. fects of electricity can be used to detect

the presence of a current or even to meas-
ure the rate at which the current flows. A hot-wire ammeter, for
example, is merely a wire which expands when heated by cur-
rent flowing through it. A needle is attached to the wire and
is pulled across the scale by a spring as the wire gets hot.

By far the greater number of modern meters for use on direct
current employ the D’Arsonval movement, which is based on
the fact that a force is exerted on a current-bearing wire in a
magnetic field. The D’Arsonval movement consists of a perma-
nent magnet to which pole pieces of soft iron are affixed. Be-
tween these pole pieces is placed a bobbin or coil of wire to
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which is attached a pointer. When current flows through the
coil, a force is produced which tends to make the coil rotate from
its no-current position. Since this force is proportional to the
current, a scale can be attached to the meter in such a way
that the pointer indicates exactly the current flowing through
the coil.

Such current meters may be made sensitive enough to measure
a microampere and to detect (without measuring accurately)
much smaller current than this.

D-C Meter
Copper

+
Constantan

s Heqter

Copper

Copper

Fic. 2-3. Use of thermo-
electric effect as a means of
measuring current.

D-C Meter
Fic. 3-3. Rectifiers in a
bridge circuit for measur-
ing alternating currents by
means of a d-c meter.

Thermocouple instruments. In another type of instrument,
advantage is taken of the fact that two dissimilar metals heated
at the junction between them produce a measurable emf. The
basic elements of a thermocouple meter are shown in Fig. 2-3.
Here copper and an alloy called constantan are heated by their
proximity to a wire through which the current to be measured
passes. The emf produced by the couple is measured on a meter
of the D’Arsonval type. D’Arsonval meters will measure cur-
rents as low as 2 ma through the heater wire. The indicating
instrument of such a meter will be a 200-pa, 12-ohm movement.

Rectifier meters. By means of a copper oxide rectifier, alter-
nating current may be transformed into direct current which is
then measured on a D’Arsonval movement. The copper oxide
units consist of flat plates rather close together, and the capaci-
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tance between them may be rather high. At high frequencies,
therefore, they will act as a partial short circuit for the currents
to be measured. For this reason only the lower frequencies
may be measured in this manner. If, instead of the copper

Fi. 43. Details of an iron-vane current-measuring instrument.

oxide rectifier, a “crystal detector” is employed, quite high fre-
quencies may be measured. The crystal detector consists of a
crystal of some substance like Carborundum or silicon with a
small contactor placed on it, and the capacitance between the
two portions of the rectifier may be quite low.

Thermocouple instruments are used at the higher frequencies
encountered in radio work. Audio frequencies may be measured
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by the rectifier meters. The old-fashioned hot-wire meter has
practically disappeared, although it was in wide use at one time.

Iron-vane meters. In another type of instrument, used mostly
on alternating current, the magnet and the coil are reversed in
the roles they play. The magnet is made of soft iron and is the
movable part while the coil remains stationary. Currents as low
as 15 ma may be measured in this way. The meter is limited
in its usefulness to frequencies up to 200 cycles per second be-
cause the inductance of the coil cuts down the current flow and
torque. The copper oxide meter is the common a-c voltmeter;
but any ammeter placed in the a-c line will have an iron vane in
it. Figurc 4-3 shows the elements of a Weston iron-vane meter.

PROPER USE OF METERS

Ammeters. Meters to measure current are called ammeters.
They are connected in series with the source of current and the
load. Passing too much current through them easily damages
them, bending the pointer, injuring the movement mechanically,
or actually burning out the moving coil if the current is too
great and is allowed to flow too long. Meters may be protected
by fuses or by shunting them by conductors which allow most
of the current to by-pass the meter itself. After one is certain
that the current is within the range of the meter, the shunt may
he removed.

For example, the current can be regulated so that the meter
reads full scale. Then a rheostat or other variable resistor is
placed in parallel with the meter and its value is adjusted until
the meter reads one-half or whatever proportion of the total
current is to be measured by the combined meter and shunt.
Then that value of resistance, so placed across the meter, will
decrease the sensitivity of the meter by one-half or whatever
ratio is decided upon.

One must be careful to see that the shunt resistance can pass
the shunted current without overheating, and one must remem-
ber that most conductors have resistances which vary with tem-
perature. Thus, if the shunted current causes overheating of
the shunt resistor, then the meter is no longer shunted by the
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proper resistance but by some new value determined by the
temperature coefficient of resistance of the shunt. Manganin is
often used in shunts because it has a low temperature coefficient.

The lower the resistance of the shunt compared to the meter
resistance, the greater proportion of the total current will flow
through the shunt, and the less will go through the meter.
Therefore a low resistance is used when the sensitivity of the
meter is to be reduced considerably so that much higler cur-
rents can be measured than the meter acting alone can handle
without damage. )

If the resistance of the meter is known, the value of shunting
resistance can be calculated. It is a good exercise in parallel-
circuit operation to calculate the shunt resistor value in terms
of the meter resistance. The value is

X
R = Ra( =)
- 1-X

where R, is the shunt resistance.
R, 1s the meter resistance.’
X is the proportion of the total current that is to flow
through the meter, i.e., one-tenth, one-half, etc.

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 ohm the total current taken by the meter and its shunt will
be 50 ma, but only 1 ma will go through the meter and 49 ma
will go through the shunt, because the shunt has so much less
resistance than the meter. If the shunt is properly designed
with respect to the resistance of the meter, the original readings
of the meter may merely be multiplied by the proper factor to
make them a measure of the total current flowing through meter
and shunt.

Voltmeters. Ammeters have low resistance. They are con-
nected in series with the apparatus taking current from the
source, as shown in Fig. 5-3. Voltmeters, on the other hand,
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must read the voltage across some part of the circuit. They
must not permit much current to flow through them because
this current would be taken away from the circuit. Therefore,
they are really high-resistance ammeters. An ammeter, a 0- to
1-ma meter, for example, can be made to read volts by putting
it in series with a high resistance and placing the combination
across the circuit to be measured.

O

Fic. 5-3. Ammeters Fig. 6-3. Voltmeters are
are connected in se- connected across the point
ries with the resist- at which voltage is to be
ance into which the measured.

current flows.

For example, 1 volt is required to give 1 ma of current through
1000 ohms. If we have a 1.0-ma meter and we wish to measure
a voltage of the order of 1 volt, we need a total resistance, meter
plus series resistance, of 1000 ohms. Then the figures on the
meter scale will read volts instead of milliamperes. Such a series
resistance is called a multiplier. The sensitivity of a voltmeter
is often stated as its resistance per volt. 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 resistance of 100,000 ohms. It will require less current
for full-scale deflection than a meter with a resistance of only
100 ohms per volt.

Problem 1-3. What voltage is required to produce a full-scale deflec-
tion on a l-ma meter having a resistance of 28 ohms? What current is
required to produce a 25-volt reading on another meter having a resistance
of 100 ohms per volt?

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

Example 1-3. Suppose that we are to measure the voltage across the circuit
at the point X in Fig. 7-3. The voltage at X depends upon the current taken
by the meter. What is desired is the open-
R S 10:000 circuit or no-load voltage across X, that is,
S the voltage existing there if no current is
taken by the meter. If no current flows,
there is no voltage drop in the resistance R
Fro. 7-3. A low-resistance and hence the voltage at X is the voltage
voltmeter placed at X will of the battery, or 100 volts. Suppose, how-
not read the open-circuit ever, that the meter has a resistance of 1000
voltage. ohms. The current flowing through the

meter is given by Ohm’s law

E= 100

I=E+R

100 -+ (10,000 + 1000)

100 + 11,000 = 0.0091 amp or 9.1 ma

This current through the 10,000-0hm resistance R (which may be the internal
resistance of the battery E, page 57) causes a voltage drop across this re-
sistance of 7 X R = 0.0091 X 10,000 = 91 volts.

The voltage actually recorded on the meter, then, is the difference between
the battery voltage and the drop across the resistance R, or

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

If, however, the meter is a high-resistance meter, say 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 /R drop across the resistance R would be only
E = IR = (0.00091 X 10,000)
= 0.1 volts

and the voltage read at X would be 100 — 9.1 volts or 90.9 volts.
In other words the high-resistance voltmeter gives a reading much nearer
the open-circuit or no-load voltage desired.
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Wattmeters. Since power in watts is the product of the emf
in volts and the current in amperes, a wattmeter must be ar-
ranged to read the voltage across a

N E device and the current through it to
A-C determine the power taken by the
Line Load § device. Wattmeters, therefore, have
! two coils, one of which (called the

current coil) is in series with the line

Fi. 83. A wattmeter has and the load, and the other (called
two windings, one in series the potential coil) is in shunt with
with the load to measure cur-  the load across the line. The current
rent and another across the  o4i) megsures the current taken, and
line to measure the voltage. g o

the potential coil measures the volt-
age. The interaction of these two coils causes a pointer to indi-
cate the amount of power taken by the device.

RESISTANCE MEASUREMENTS

The most important and most frequent single measurement in
radio practice is the measurement of resistance. Many resistors
are used in radio receivers and transmitters, and the actual
resistance of these units is often important. Furthermore, the
ohmic resistance of many units, used for purposes other than as
resistors, is an important indication of the condition of the unit,
i.e., whether it is normal or whether it needs to be replaced.
Methods of measuring resistance, then, are important and useful.

Ammeter-voltmeter method of measuring resistance. The
simplest method of measuring resistance follows from Ohm's
law. The resistance of a device is the ratio of the voltage across
the device to the current through it (R = E < I). If the volt-
meter utilized has a much higher resistance than that of the
device being measured, its inclusion in the circuit need not be
considered. Otherwise it must be remembered that the volt-
meter is shunted across the unknown resistance and therefore
permits more total current to flow than flows when the device is
connected in the circuit by itself. The resistance of the current-
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measuring meter is usually so low that it will not affect the
value of current flowing through the device.

Example 2-3. Consider the circuit in Fig. 9-3. A voltmeter V, across
the device whose resistance is unknown reads 75 volts, and the current
meter / indicates a current of 0.05 amp. What is the unknown resistance?

R=E+1="75-+005= 1500 ohms

The ohmmeter. A simple instrument very commonly used is
the direct-reading ohmmeter consisting of an ammeter and a
battery. The cireuit is shown in Fig. 10-3, where R is the un-

B

S

Fic. 9-3. Ammeter-voltmeter Fig. 10-3. Ohmmeter diagram.
method of measuring resistance.

known resistance whose value is to be measured. With R short-
circuited, resistor S inside the metal case limits the current taken
by the meter from the battery to about full-scale deflection.
The deflection is made exactly full scale by means of the vari-
able shunt resistance B across the indicating meter. When R
is placed in the circuit, the deflection of the instrument decreases
to correspond to the new value of the current flowing. This
is, of course, less than it was with the unknown resistance short-
circuited, and the meter can be calibrated directly in terms of
ohms rather than amperes.

The range of this type of meter is usually considered as 0.1
to 10 times the half-scale reading. Ranges may be 1000, 10,000,
and 100,000 ohms. Use of a sensitive instrument or more voltage
will permit the measurement of several megohms by this method.
The low range on ohmmeters is usually obtained by shunting
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the unknown resistance across the meter instead of placing it in
series with the meter.

Wheatstone bridge. Resistances are often measured by what
is known as the comparison method, that is, by comparing them
with resistance units whose values are known. For example,
we might measure the current through an unknown resistance,
Ry, as in Fig. 11-3, and then adjust a variable calibrated re-

R, Switch
R?
E
(1)
/-

Y
il
E

Fia. 11-3. Measuring resistance by  Fic. 12-3. Wheatstone bridge for
comparison. measuring resistance.

sistance, R, 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. 12-3, in which K, and R,
are fixed resistances whose values are known, Rj is the unknown
resistance whose value is desired, and Ry 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 g is placed between points X
and Y. The values of R;, R;, and R, are adjusted until the
meter g shows that no current flows through it; that is, there is
no difference in voltage between the two points X and Y which
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would force current through the meter. In other words X and Y
are at the same voltage.

The total current divides at A and flows into the arms of the
bridge forming the currents I, through R; and R, and I. through
R3; and R4. If there is no potential difference between X and
Y, the voltage drop along R, is equal to the voltage drop along
R;.

Thus
‘Illfl = 12R3 [1]
Similarly
Ilkg &= 12R4 [2]
Dividing equation 1 by equation 2
R, R3 A
Tl )
By Ry

Suppose that R; and R, are equal in value. Then equation 3 be-
comes

4
R3=R4

or

and to find the value of the unknown resistance R3 we need only
adjust R4 (whose values are known) until no current flows through
the meter. Then the two resistances are equal. Suppose, how-
ever, 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 B,, when equation 3 becomes

B, R
EOSSRs
Ry R,
R; = 10R,

and it is only necessary to adjust R4 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 Rj.

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

N
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a series of resistance units accurately measured and equipped with
switch arms so that any value of resistance may be obtained.

Problem 2-3. A soldering iron takes 5 amp when plugged into a 110-
volt socket. What is its resistance? What power does it consume?

Problem 8-3. 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 4-3, A rheostat is a variable resistor, cither with a contact
arm riding on the resistance wire so that as the arm is moved by a handle
any point in the resistance wirc can be reached, or with definite connec-
tions to one or more points of the resistance. Suppose that the total
vesistance 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 ave available at the taps?

Problem 6-3, A certain device has a coil wound with wire that will
burn up if more than 25 amp flows through it. It has a resistance of 0.06
ohm. What is the highest voltage that can be placed across it without
danger?

Problem 6-3. A high-resistance voltmeter is not at hand, and it is de-
sired to measurc the voltage output of a power supply system as in Fig.
13-3. When a milliammeter is in seties
with 20,000 ohmns it reads 15 ma; when 7 Key
a voltmeter is shunted across the cur-
rent. meter and the resistance, it reads
270 volts and the milliammeter reads 3
13.5. What is the voltage output of the
device?

Problem 7-3. In Fig. 7-3 consider E
as a device (perhaps a rectifier tube) Fig. 13-3. A means of avoiding
supplying voltage. The device has an the use of a high-resistance
internal resistance, R, of 2000 ohms. It voltineter.
is desired to know the actual voltage
produced by E. A voltmeter having a resistance of 1000 ohins per volt
reading 250 volts full scale measures 240 volts a2t the point X. What is the
value of E?

Problem 8-3. Suppose that R in Problem 7-3 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 indicates
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—
to reduce the voltage actually appearing at the meter so that the voltage
can be recad on the meter scale without the needle going off scale.
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Problem 9-3. 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 10-3. A certain microammeter, reading 25 pa 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 possible to meas-
ure 250 pa?

Hint. A good starting point is to remember that the same voltage ap-
pears 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 ua.

Problem 11-3. A Wheatstone bridge is made up of resistors each having
a resistance 10 per cent higher than the value marked on it. Thus, in-
stead of R; =400, R» = 100, and R4 = 80 ohms, the values are actually
440, 110, and 88, respectively. Using these resistors, the bridge is balanced
when an unknown resistance is placed at R3.

What is the value of the unknown resistance?



CHAPTER 4

PRODUCTION OF CURRENT

Electrical energy does not exist in naturc 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 cnginc
may be transformed into electrical energy 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 energy; the gencrator
converts mechanical energy to electrical energy.

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 solu-
tion known as the electrolyte, which acts upon one of the clee-
trodes 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 re-
placed by sending a current through the cell from some outside
source, that is, by reversing the process through which the cell
was exhausted, the cell is known as a secondary or storage cell.
A cell that must be thrown away when one of the electrodes is
eaten up is called a primary cell. The dry cell is a well-known
example.

Experiment 1i—4. If a plate of copper and a plate of zinc are placed in
dilute sulphuric acid and a sensitive meter is placed across the terminals
as shown in Fig. 14, a voltage of definite polarity will be indicated. The
positive terminal of the voltmeter must be placed on the copper plate so
that the meter needle will move in the proper direction. The copper
plate is therefore positive; the zinc is negative. If an external wire is

53
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attached to the plates, a current flows; the zinc is slowly dissolved, hy-
drogen bubbles appear at the copper plate, and finally the voltage of the
cell falls off. Other combinations of metals should be tried.

Another instructive experiment is shown in Fig. 24 proving that water
is made up of two atoms of hydrogen and one atom of oxygen. Pass a
current through two platinum electrodes immersed in sulphuric acid using
a battery of 10 or 12 volts, Hydrogen comes off the electrode connected
to the negative battery terminal; oxygen, at the other electrode. If the
volumes of these gases are measured there will be twice as much hydrogen
as there is oxygen.

Fic. 14. A simple Fic. 24. An experiment in
primary cell. electrolysis.

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

Before the plates are connected externally by a conductor a
difference of electrical potential exists between the two elec-
trodes but no current flows. This voltage is known as the emf
of the cell. As soon as the plates are connected, current flows
and the destruction of the zine begins. When all the zinc is
destroyed the cell is dead.

Dry cell. The common dry cell is a very familiar source of
emf. It is widely used in portable radio equipment and in some
field telephone sets, or in any service where the current required
and the periods of current drain are not very great.
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The dry cell is made up of a zinc container within which is
an electrolyte of sal ammoniac mixed with sume porous mate-
rial like manganese dioxide and powdered carbon. In the cen-
ter of this paste is a carbon rod which forms the positive ter-
minal. The zinc case is the negative terminal. The emf is 1.5
volts, and the cell can be used until the emf falls as low as 1.13
volts or even lower. In use, the zinc case is consumed by the
electrolyte, and when the case is badly eaten away the cell must
be discarded, as the moisture will dry out of the electrolyte by
being exposed to the air.

The life of the dry cell depends, naturally, upon the rate at
which power is taken from it. On the shell, no puwer being
required from the cell, the life is approximately 12 months. The
life during use depends upon the current required. Thus a typi-
cal small B battery will deliver 54.7 weeks of service at a 3-ma
drain 5 hr per day 5 days per week, but if the current is in-
creased to 50 ma the cell is ready for discard at the end of 1.4
weeks.

Cells will not deliver full voltage at low temperatures, but
freezing does not harm them. The common practice of deter-
mining the condition of a dry cell by placing an ammeter across
the terminals shows very little, except the uniformity of a batch
of cells.

Dry cells are made in several sizes, including very small units
which are built up into sources of fairly high voltage by placing
a number in series. A 45-volt B battery has 30 cells in it, each
delivering 1.5 volts.

Storage battery. There are two types of storage cells: (1) a
cell using sulphuric acid as the electrolyte with a positive plate
of lead peroxide and a negative plate of spongy lead; and (2)
the nickel-iron alkaline cell (Fdison). The lead battery is by
far the commonest, every automobile having one as its source
of electric power to start the motor. The great virtue of the
storage battery compared to the dry battery is that it may be
recharged when it is run down. On the other hand, it is bulky,
heavy, and expensive.
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Alkaline cells stand mechanical shock better than lead cells,
but they cost more. They have longer life than lead cells if
both are handled properly, and they weigh less and occupy less
space than lead cells of the same capacity.

If the lead battery is carefully treated, not over-discharged
before it is recharged, it will last from five to ten years. If it is
abused or subjected to high current drains, however, its life may
be much shorter.

The lead-acid cell delivers, fully charged, a voltage of ap-
proximately 2.1 volts; the alkaline cell, about 1.45 volts. A
short circuit is harmful to the lead cell but not to the alkaline
cell. The lead cell, however, will deliver high currents in
emergencies.

Alkaline cells may be stored in a discharged and short-cir-
cuited condition. Lead cells should be recharged immediately if
they have been accidentally short-circuited, and they should
be stored fully charged. A charged lead cell will freeze at
—61° F.; a discharged cell, at +18° F.

The condition of charge of a lead cell is best tested by means
of a hydrometer, a device for measuring the specific gravity
(weight per unit volume) of the electrolyte. Since the electro-
lyte.is heavier in a fully charged battery than in a discharged
one, the specific gravity is a measure of the amount of electrical
energy remaining in the battery. During discharge the sulphur
leaves the acid and combines with the lead in both plates to
become lead sulphate; during charge the sulphur is driven out
of the plates and back into the solution. These reactions ac-
count for the variation in specific gravity.

A voltmeter reading under load is an important test on a stor-
age cell, and both the hydrometer and voltmeter test have to be
made for conclusive results. A hydrometer test alone will not
indicate the presence of a short-circuited cell caused by loose
active material touching the plates—a common cause of termi-
nation of the cell life.

Since the individual cells of a lead-acid battery have a voltage
of 2, common battery voltages of 6, 12, and 24 are made up of
the necessary number of cells connected in series.
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Battery capacity. The term ampere-hour is used to express
the amount of electricity taken from, or put into, a battery. As
its name indicates, an ampere-hour represents a current of 1
amp flowing for a period of 1 hr. A 100-amp-hr storage battery
will (theoretically, at least) deliver 1 amp for 100 hr or 100 amp
for 1 hr. The ampere-hour capacity of batteries decreases as
the current drain increases. For example, the B battery men-
tioned above as having a life of 54.7 hr at a drain of 3 ma and
a life of 1.4 hr at a drain of 50 ma delivers 4.1 amp-hr of elec-
tricity at the lower drain but only 1.7 at the 50-ma drain.

Internal resistance. One might think that an unlimited cur-
rent could be secured from a battery if it were short-circuited.
This is not true. A 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.

This something which restricts 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 clectrode in contact with the electrolyte and the greater
the resistance. The current delivered by a cell is

E
—r+R

when r = internal resistance of cell.
R = external resistance of cireuit.

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
ascertaining the condition of the cell by measuring the internal
resistance. When the cell gets old or has been exhausted be-
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cause of too heavy currents, its internal resistance‘becomes high
and an ammeter reads only 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 1-4. 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,

I =E=+r

30 =15=+r

r =15 + 30 = 0.05 ohm

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

R=100 In Fig. 34, R = 100 ohms, r = the internal re-
sistance of the battery, the voltage drop across
the 100 ohms is 4 volts, which leaves a 1-volt
drop in the internal resistance of the cell. The

h A
A
—‘WM—III'—‘ current through the external 100-ohm resistance
r .
E=5 is, by Ohm’s law,

(V) I =4+ 100 = 0.04 amp

Fic. 34. A problem in 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
1 + 0.04 = 25 ohms

internal resistance.

r

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. 3—4 the volt-

~



CELLS IN SERIES 59

meter 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 then labeled as the pd (potential differ-
ence). The emf of high-resistance cells can be measured only by
high-resistance meters, those that take but little current from
the cell. When the voltage of a cell or battery is mentioned its
emf i1s assumed unless otherwise stated.

Polarization. All cells suffer fron polarization. In polariza-
tion the internal resistance of the cell is increased, usually by
products of the internal chemical reaction which tend to insulate
the electrodes.

For example, a dry cell which has had large currents taken
from it becomes polarized and at the moment will not deliver
any further large currents.

Various means are taken to overcome the bad effects of polari-
zation. Chemicals may be put into the cell to supply oxygen,
which will combine with the hydrogen to form water; shaking
the cell may remove hydrogen bubbles which cause the high
internal resistance. The manganese dioxide employed in dry
cells is a depolarizer.

If a polarized cell is removed from service, the chemicals
placed in it do away with the polarization products. The cell
“recuperates” and can be employed again. It is for this reason
that dry cells are used for intermit-
tent service only; when a continu-
ous eurrent, iz needed, other kinds
of cells are chosen.

Sooner or later, however, the in-
ternal resistance of the cell becomes
so high that the required current
cannot be secured from it, and the
cell must be thrown away. . .

Cells in series. Cells and bat- e 44 Cells in scries.

) . Lower-case letters indicate in-
teries may be connected in several i 1.1 resistance and voltage of
wayvs. When the positive terminal individual cells.
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of one cell is connected to the negative terminal of the next cell,
as in Fig. 4-4, the cells are said to be connected in series. Under
these conditions, the voltage appearing at the two ends of the
series of cells is the sum of the individual cell voltages. For ex-
ample, 1f we connect four dry cells in series, each cell having a
voltage of 1.5, a voltmeter across the two ends will register 6
volts. At the same time the total internal resistance is the sum
of the individual resistances, and whatever current flows must
flow through this resistance.

If the ends of the battery are connected with a wire of resist-
ance B the current that will flow may be obtained by Ohm’s law

as Ne
. fae—"2_
Nr+ R

where N = number of cells.

e = voltage of each cell.
r = internal resistance of each cell.

Cells in parallel. When the positive terminals of the cells are
connected together, and the negative terminals are connected to-
gether, as in Fig. 5-4, the cells are said to be connected in parallel.

r— r-e-
| € !
i I

56 0.
© Q@
P99

E-e ?
r=% L
R
@ IWV;A ~ s
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Fi1c. 54. Cells in parallel. Fic. 6-4. Cells in series-parallel.

Under these conditions the terminal voltage of the combination is
the same as the terminal voltage of each cell, but the internal re-
sistance has been divided by the number of cells, N, and has
become r + N.
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If the ends of the battery are connected with a wire whose re-
sistance is R, the current that will flow is

€

)
r+~N)+ R

Cells may also be connected.in what is called a series-parallel
arrangement. In Fig. 6-4 are P sets of S cells in series, and the
sets themsclves are connected in parallel.

If the battery of cells shown in Fig. 6—4 is connected to a wire
whose resistance is R, the current that will flow is

Ne

= ————
RP + Sr
where N = P X S.

Problem 1-4. A military expedition is to have 100 receivers each re-
quiring 90 volts at 15 ma. Individual B battery cells deliver 1.5 volts,
and at the 15ma drain they have a life of 780 hr. If each 90-volt battery
costs 82.00, estimate the cost for energy per kilowatt-hour. If the individ-
ual cells have a diameter of 125 in. and are 4 in. high, estimate the mini-
mum cargo space required. Each cell weighs 0.366 1b. What total weight
must be carried?

Problem 2-4. A radio transmitter requires a minimum filament voltage
of 10. Lead-acid cells have a fully charged voltage of 205 and a dis-
charge voltage of 1.75; corresponding voltages for alkaline cells are 1.45
and 1.0. .

How many lead-acid cells or how many alkaline cells are required?

If the filament current is 3.25 amp, what is the maximum value of a
variable resistance to be placed in the battery-filament circuit?




CHAPTER 5

MAGNETISM AND ELECTROMAGNETISM

The second common source of electric power is the generator.
Since the generator is made possible by electromagnets, we must
look carefully into the phenomenon of magnetism.

Magnetism. Everyone is familiar with the common horseshoe
magnet. It is a piece of hardened steel which has been magnet-
ized and, as is well known, will attract bits of iron and steel.
One end is identified as the north pole, the other as the south
pole. Two magnets will repel each other if their north or south
poles are brought together, and they will attract each other if
the north pole of one magnet is brought near the south pole of
the other. The amount of attraction or repulsion follows the
same law as electric charges: the attraction or repulsion is pro-
portional to the strength of the individual magnets and inversely
proportional to the square of the distance between them. Thus

mymsg
= y

Soft iron loses its magnetisim easily and is not used for perma-
nent magnets. Instead, hardened steel or certain alloys of nickel
and iron, such as Alnico which is composed of aluminum, nickel,
cobalt, and iron, are employed when magnetism must be, re-
tained over a long period.

Terrestrial magnetism. Everyone knows that the earth is.a
great magnet, but no one knows precisely why." It is thought
that the earth’s core is iron and that it might have become
magnetized in some manner. But the core is supposed to be
very hot, perhaps molten, and iron loses its magnetism when
heated. On the other hand, the magnetic poles shift about, a

fact that is consistent with a molten core but not with a solid
one.

62
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We know that disturbances to wire and radio communication *
oceur during periods of intense sunspot activity. These disturb-
ances are known as magnetic storms; and it is quite likely that
the earth’s magnetism is partly due to a magnetized core and
partly to the effects of streams of electrons and protons produced
in the sunspots. *

Currents flowing near the earth’s surface during these storms
produce intense voltages in cables and mask the signals; radio
propagation suffers from the same causes.

Electromagnetism. One of the most important discoveries of
all science was that a coil of wire carrying an electric current
acts like a magnet. This action can be demonstrated easily by
distributing some fine iron filings on a sheet of cardboard or
glass placed near a magnet. It will be found that the filings
orient themselves along lines that are assumed to leave the north
pole of the magnet and enter the south pole. Similarly, a coil of
wire carrying an electric current will be found to have magnetic
lines of force like those of a permanent magnet.
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Fi6. 1-5. How the lines of force about a bar magnet are located.

The existence of this magnetic field made up of lines of force
can be demonstrated by bringing an ordinary mariner’s compass
near a wire carrying a current. The compass needle will swing
from its north-south direction. If the coil of wire is wound on a
hollow form, say a cardboard cylinder, and if a steady current
flows through the wire, it will be found that the magnetic effect
of the coil is increased very appreciably when an iron core is
placed within the coil form, for the reason that magnetic lines
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* of force are carried with much less opposition through iron than
through air.

Magnetic quantities. What is it that makes a magnet attract
pieces of iron? What exists in the space surrounding a magnet?
Anyone asking these questions is squarely up against a phenome-
non of nature. One might as well ask, “How high is up?” As
yet no one knows what magnetism is. The best we can do is to
accept it as a faet and to learn all that is necessary about it
to make proper use of it.

We say that in the space surrounding a magnet is a magnetic
field made up of lines of force. These lines take their place as
indicated by.the iron filings. Their position can be explored
by means of the compass needle also, as well as in other ways.
In any magnetic circuit, certain quantities must be known in

(Coil into which iron core
can be placed )

F1a. 2-5. Wire wound on a hollow core to demonstrate that a wire carry-
ing current acts like a magnet.

order to design, properly, apparatus using the circuit. For
example, the strength of the magnetic field may be expressed by
the total number of lines of force, or by the number of lines per
unit of area, that is, the number of lines that go through a
square inch or a square centimeter. The total number of lines
is known as the flux, and the lines per square centimeter as the

s
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flux density. Flux density, therefore, is the total flux divided
by the area, in square centimeters, in which the lines exist.

Another quantity that we must know
is the magnetic force required to set up a
given number of lines in a material hav-
ing a given magnetic quality, just as, in
an electric circuit, we must know the
voltage required to produce a given cur-
rent through a material of a given re-
sistance.

Magnetomotive force. Corresponding
to emf in an electric circuit is magneto-
motive force (mmf) in a magnetic cir-
cuit; and corresponding to resistance is
the magnetic quantity reluctance. The
unit of mmf is the gilbert; it is the mag-
netic ‘‘pressure”’ required to produce 1
line of force in a circuit having a reluc-
tance of 1 unit. (There is no other
name for this unit of reluctance.)

In an electric circuit, the relations be-
tween the “cause’” and the “effect” are

Fic. 3-5. The number

of lines of force going

through 1 sq in. or other

unit of area is known as
the flux densily.

Electromotive for ce E

Current I = ———

Roslstance R

In a magnetic circuit, the corresponding relations are

Magnetomotive force §

Flux ¢ =
Reluctance ¢
Consider a centimeter cube of air,
— ctn that is, a cube of air 1 em on a side.
k If a mmf of 1 gilbert is applied to
'_ Lincm em opposite faces, 1 line of force will go

Fic. 4-5. Basic volume for
computing magnet circuits.

through the cube. The reluctance of
this cube of air, therefore, is 1 unit.

If L =1 cm, the volume js 11 the cube is replaced by a column of
a “centimeter cube.” air 1 em wide, 1 em deep, but 2 ecm
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long, the reluctance will be 2 units. If, however, the cross-
sectional area is increased, the reluctance will be decreased.
Similarly, the resistance of a piece of copper wire 1 ft long and
having a cross-sectional area of 1 circular mil is 10.4 ohms. A
wire 2 ft long will have twice this resistance, and if the cross-
sectional area is increased (by using a larger wire) the resist-
ance will be decreased.

Now, in electric circuits, all materials do not Lave the same
resistance as copper: most materials have more resistance; silver
has less. How do we express the intrinsic or specific resistance
of these materials? We merely state the resistance per circular
mil-foot and call this the resistivity.

In a magnetic circuit, all wmaterials do not have the same
reluctance. We can measure the reluctance per centimeter cube
and call this the reluctivity. The reluctance of any larger or
smaller piece of the material can be figured from its reluctivity.
Thus

Reluctivity X L

Reluctance = — ——
A
where reluctivity = reluctance per centimeter cube;
= 1 for air.
L = length in centimeters of the magnetic circuit.
A = cross-sectional area in square centimeters of

magnetic circuit.

Example 1-6. What is the reluctance of an air gap having a square cross
section 1.5 cm on a side and a length of 1.6 ¢cm?

’

Reluctivity of air X Length of gap

Solution. Reluctance = :
Cross-sectional area of gap

- 1X16 16

15em = =
= /I 1.5 X 1.6 225
= "l"" = 0.71 unit

Now how much magneto-
T6en motive force is required to
Fic. 5-5. Computation of reluctance produce a given flux in a

of air gap in Example 1-5. given air gap”? In a magnetic
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circuit, the relation between mmf, flux, and reluctance is

Magnetomotive force
Magnetic flux = &n

Reluctance
or, symbolically, ® = § + @®.

Example 2-6. In the air gap of Example 1-5, how many lines of force will
be produced by a mmf of 320 gilberts?

Solution. P=F+@®
= 320 + 0.71
= 450 lines of force (approximately)

Magnetic calculations are never as accurate as similar electri-
cal calculations, where the current can be very aceurately and
precisely directed by conductors. The reason is that lines of
force cannot be exactly and precisely directed and controlled;
‘some of them escape through paths which cannot be calculated.

Note that reluctivity and reluctance are related but are not
the same thing, just as resistivity and resistance are related but
arc not the same in an electric circuit. Reluctivity always re-
fers to a given geometrical contiguration, viz., the centimeter
cube. The same material drawn out into a fine wire would
have much greater reluctance than it had in the form of the
centimeter cube. The analogy here to an electric cireuit is clear.
The resistivity of a centimeter cube of copper is a fixed and
known amount. But the resistance of this amount of copper
depends entirely upon how much it is drawn ont.

Magnetic field in a solenoid. If a coil of wire is wound on a
core of air of such dimensions that the length is greater than
the diameter by a factor of 10 or more, and if a current is passed
through the wire, it will be found that the number of lines of
force (flux) passing through the center of the coil depends upon
the number of turns of wire and the magnitude of the current
through the wire. It also depends upon the reluctance of the air
inside the coil, of course. Thus
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Magnetomotive force

Flux =
Reluctance
0.4xrNI 1.26NI
@ ®

where N is the number of turns in the coil.
I is the current in amperes.
0.4~ is a proportionality factor.

The product of N and I is known as the ampere-turns in the

coil, and thus
1.26 X Ampere-turns

Flux ¢ =
Reluctance

Now the reluctance is equal to the reluctivity times the length
of the material in centimeters divided by the cross section of the

L)/

I S Vi ] = 7

!\J'\
II l

Fic. 6-5. How lines of force make up the field about a solenoid. All lines
go through the center of the coil.

material in square centimeters. Here the material on which the
coil is wound is air and the reluctivity is equal to 1. The flux at
the center of a coil of solenoidal dimensions is-

1.26NIA
="
L
where A = cross-sectional area in square centimeters.
L = length in centimeters.
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One-half of the total number of lines of force pass out of the
ends of the coil, and the other half constitute the leakage flux.
The flux passing out the ends and the sides returns to the coil
through the air as though it were passing through a material of
zero reluctance. )

The mmf produced by a current of I amperes flowing through a
coil which is long compared to its diameter and having N turns
is equal to 1.26N1 gilberts.

For the special condition that the coil has circular cross section,

A = 7% = Lad® = 0.7854d?

where r = radins of core.
d = diameter of core.
Then

0.989N Id*
b=——

L

Problem 1-6. What is the flux produced in the center of a coil of 2000
turns of wire wound on a thin cardboard tube 2 cm in diameter and 100
cm long if 0.5 amp flows through the wire?

Problem 2-5. A coil has a square core 4 cm on a side. It is 64 cm long.
How many turns of wire must be put on it if the flux at the center is
1000 lines with a current of 4 amp?

Problem 3-5. How many gilberts are necessary to produce a flux of
2000 lines across an air gap 025 cm long and having a cross section of
8 by 4 cm?

Permeability. The reluctivity of a material is seldom used in
design work; in its place the term permeability is employed.
This is the number of lines of force that will be produced in a
centimeter cube of a material when the mmf between opposite
faces is 1 gilbert. The statement that the permeability of a
material is 2000 means simply that 2000 times as many lines of
force will be produced in it by a given mmf as will be produced
in air. The permeability of air is 1; that of certain alloys of
iron may be as high as many thousand.

Example 3-6. A bar of material having a permeability of 400 has a
length of 6 cm and a cross-sectional area of 4 sq cm. Along the longer
dimension is a mmf of 024 gilbert. How many lines of force (at the
center) will be produced in this bar?
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Solution. First disregard the fact that the bar is made of iron. Con-
sider an air core of the same dimensions. The flux produced in it will be

P=7F @R
Now, ® = L + A for air; therefore
F

¢ =
L+ A
_FxA4

X
L

0.24 X 4
T 6
= (.16 line in air

Now we know that 400 times as many lines will appear in the iron as in air,
since the permeability is 400. Therefore

& iniron = 0.16 X 400 = 64 lines

In solving problems in magnetic circuits, one must remember
that all the fundamental quantities are referred to a unit cube
of air, Thus 1 gilbert of mmf is required to produce 1 line of
force through a length of 1 cm and across 1 sq em of air, as the
permeability of air is 1. If a material has a permeability of
400, 1 gilbert will produce 400 lines per square centimeter of
cross-sectional area in a piece 1 em long. The simplest solu-
tion, therefore, is to reduce the magnetic circuit to its equivalent
in air, that is, to determine the cross-sectional area of the ma-
terial in square centimeters and its length in centimeters. De-
termine the reluctance, and either calculate the flux resulting
from a given mmf or calculate the mmf{ required to produce a
given flux, depending on what the problem is. Then multiply
the resultant flux by the permeability of the material, or divide
the mmf required by the permeability. Time can be saved by
immediately dividing the reluctance by the permeability.

The Greek letter mu, g, is often used as a symbol for per-
meability.

If the circuit is made up of two materials having different
reluctances, each portion of the circuit must be solved sepa-
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rately. Thus, if an iron core has an air gap in it, we must deter-
mine the number of gilberts necessary for the iron portion, and
then the gilberts necessary for the air portion, and add them
together to determine the total magnctizing force, §. If two or
more magnetic paths are in series, the total reluctance will be
the sum of the individual reluctances.

If two or more magnetic paths arc in parallel, the total reluc-
tance will be the reciprocal of the sum of the reciprocals of the
individual reluctances.

Reluctance in serics = ®;, + R,

) 1 1 1 R Ry
Reluctance in parallel = — = — 4+ — 4+ — | ete,, or ———
R Ry R & + R

when there are only two reluctances.

Here again the reader should note the similarity to the electric
circuit where resistances in series and parallel are combined in
exactly the same way. )

Problem 4-5. A piece of iron with a permeability of 400 has a crosc
section of 2 sq cm and a length of 10 cm. What is- the reluctance?

Problem 5-5. Silicon steel used in the core of a small power trans-
former Lias u permeability of 400. What flux
will 240 ampere-turns produce in a magnetic
circuit made up of this material if the circuit
has a circular cross section with a diameter
of 3 em and is 9 em long?

Problem 6-5. A cylinder of iron with a per-
meability of 500 is bent into the form of a
ring with a small air gap in it. That is, the
{wu ends of the iron do not quite touch. The ’
iron before bending is 40 cm long; its cross @
section is 4 sq em. The air gap is 2 mm. If —-I |—— Area=
001 amp is to pass through a coil of wire 2 mm 4 sqcm
wound on this core, how many turns will be 15 7.5 Iron bar bent
necessary if a flux of 250 lines is to be set up?  into an incomplete circle.
(See Fig. 7-5.) See Problem 6-5.

Hint. Determine the reluctance of the two )
parts of the circuit separately. Add to determine the total reluctance,
and then determine the mmf, remembering that 1 gilbert = 1/1.26 ampere-
turns.

40 cm
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Problem 7-5. In Problem 6-5, what flux would have been produced 1f
there had been no air gap?

Flux density. Since magnetic materials of all shapes and
sizes are used, a means of comparing their magnetic properties
is necessary. For example, the force necessary to produce a
given flux depends upon the length of the circuit, its cross-
sectional area, and its permeability. How can one compare two
different materials of different dimensions? The method is to
reduce everything to unit dimensions. Thus we use the term,
flux density (B), which is the number of lines per square centi-
meter. The unit for flux density is the gauss, defined as the
number of flux lines per square centimeter.

The flux density of any material, therefore, is the total flux @,
divided by the area

B=d=4
where B = flux density in gausses.

& = the total number of lines.
A = cross-sectional area in square centimeters.

Another unit is the magnetomotive force required to produce a
given number of lines through a 1-em length of a given material.
This is called the magnetizing force. The unit is the oersted, de-
fined as 1 gilbert per centimeter. Tt is cqual to the total mmf in
the circuit divided by the length of the magnetic circuit. Thus

F
Magnetizing force, H = I

where H is in oersteds,* & is in gilberts, and L is in centimeters.

Problem 8-56. What is the flux density in gausses across an air gap
which is square in cross section, 2 cm on a side, if the total flux is 2000
lines?

Problem 9-5. A bar of high-permeability (n = 2000) alloy is 40 cm
long, with a cross-sectional area of 4 sq em. A flux of 4000 lines is pro-
duced in it. What magnetizing force is required? What is the flux
density ? ‘

*Up to 1930, the oersted was used as the unit of reluctance. Older
books, therefore, will use the oersted in this manner.



B-H CURVES 73

Problem 10-5. In Fig. 85 is a drawing of a transformer core. On it
are wound 500 turns of wire through which 2 amp passes. If the reluc-
tivity of the core material is 2.0 X 1073, find the flux, the flux density, the
magnetizing force, and the permeability.

B-H curves. If a given piece of magnetic material is sub-
jected to varying magnetizing forces, the effects produced, ex-
pressed in lines per square centimeter (gausses), may be plotted

if 10 cm Jﬂ

2¢cm

Fic. 8-5. Transformer core and winding—a typical problem in magnetic
circuits.

as a curve. Such a curve is called a B-H curve, a saturation
curve, or simply a magnetization curve.
Since the permeability, g, of a material is the number of lines
of force per unit area set up by 1 unit of magnetizing force, then
p= B+H

Since B is the flux per square centimeter, the total flux through
any area is the product of B and the area. Thus
& = BA

From a typical B-H curve, one can find the permeability of
the material at any magnetizing force by dividing a value of B
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by the corresponding value of H. It can be seen at once that
the permeability is not a constant but varies with the amount
of magnetization. At values of B of the order of 100 or less,
the permeability is fairly constant, but at higher values of flux
density, permeability varies widely. Engineers are supplied by
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Fie. 9-5. Magnetization curve for Hipernik, a modern magnetic material.,

manufacturers of magnetic material with B-H curves so that
they can tell the value of H required to produce any value of B.

To calculate the mmf required to produce a given number of
lines of force through a given length of material, merely multiply
the value of H in oersteds (which is the mmf required to pro-
duce a given number of lines through a 1-cmn length of the
material) by the length in centimeters. Thus

F=HL

where & is in gilberts, H is the magnetizing force in oersteds, and
L is the length in centimeters.
These several magnetic quantities are summarized in the table.



HYSTERESIS

-1
[=1]

EvLEcTRICAL

QUANTITY ANaLogUE SymBor Uit DEFINITION
Magnetomotive Electromotive ¥ Gilbert 1 line through a reluctance

force force of 1 unit
g i . i
L3 P ¢ e Total number of lines = —

force ®R
Reluctivity Resistivity Reluctance per centimeter
~ cube

Reluctance Resistance Reluctivity X L + A

1 + Reluctivity = B + H
Oersted 1 gilbert per centimeter =

Permeability Conductivity
Magnetizing Volts per

W WmMF

force centimeter §F+ L
Flux density Amperes per Gauss 1 line persquare centimeter
square =+ A4

centimeter

Magnetomotive force (§) and magnetizing force (H) are
causes producing the effects of flux () and flux density (B)
through the opposing quantity reluctance (®).

Saturation. Studying typical B-H curves shows that, for low
values of magnetizing force H, the flux density rises rapidly; at
higher values of H the flux density rises less rapidly, and a point
is reached where further increase in H produces no noticeable
increase in flux density. At this point the material is said to be
saturated. Above this point we can obtain still greater flux
densities only by applying much larger values of H.

Hysteresis. When iron or other magnetic material is operated
in an a-c circuit, the magnetizing force is continually changing:
inereasing to a maximun, then reversing its direction and in-
creasing to a maximum in the opposite direction. If we measure
the flux density for a complete cycle we will obtain a curve like
that in Fig. 10-5. Note that the material initially has no mag-
netization, and that, as we increase H, B increases steadily, then
more slowly up to a final point. Now if the magnetizing current
is reversed in direction and decreased in value, the values of flux
density will not retrace the upward curve but will trace out a
new curve, and when the point is reached at which H is equal
to zero some flux remains in the material. To reduce the value
of B completely to zero we must apply considerable magnetizing
force in a direction opposite to that which produced the original




76 MAGNETISM AND ELECTROMAGNETISM

12000 e
10000 v
/
8000 / /

2000

Gausses
=)

= 4000

I
l

— 2000 I
|

|

|

I

|

- 6000 ]

- 8000
- 10000 r
=
- 12000 — <1
=t
-7-6-5-4-3-2-1 1 2 3 4 5 6 7

Oersteds

Fia. 10-5. Typical hysteresis curve. Note that as H in oersteds is in-
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flux density. The flux density B seems to lag behind the mag-
netizing force H.

This lagging effect is called hysteresis; it is a result of the
fact that not all the energy used to produce the flux is usefully
employed. The area of the hysteresis curve is actually a meas-
ure of the work done in overcoming the molecular resistance to
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Fic. 11-5. Comparison of two types of magnetic core materials, showing
greater permeability of the alloy Hipernik.

magnetization. This power loss depends upon the material, the
flux density, and the frequency of the alternating current. Since
it increases with frequency, care must be taken to choose mag-
netic materials properly for a job. Much research has been
expended to develop magnetic materials having low hysteresis
losses and other desirable properties.

Magnetic alloys. Combinations of iron, nickel, cobalt, and
aluminum in various proportions produce magnetic alloys of
most interesting and useful properties. Permalloy, for example,
has a very high permeability, a magnetizing force of 0.06 oersted
producing a field strength of 6000 gauses. Alnico is an alloy
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widely used for permanent magnets for loud speakers, micro-
phones, and relays. Hipernik is a new material used for pewer
transformers where minimum weight and space are important.

Magnetic shielding. Since lines of force “prefer” to flow
through iron rather than through air, it is possible to protect a
piece of apparatus from a magnetic field by enclosing it in an
iron box. Since the total number of lines of force through the
space occupied by the object (a measuring instrument, for ex-
ample) is fixed, placing an iron box around it merely shifts the
path of the lines so that they thread through the iron rather
than through the space in which the object lies. Since the air is
still a medium in which flux may exist, it is not possible to
exclude all the lines of force from the object, but the number
of them that go through it can be greatly reduced by the iron
box. Such an iron box is called a screen or shield.

Faraday’s discovery. Another very important discovery that
helped bring about the development of present-day electrical
machinery was made by the celcbrated English experimenter
Faraday. The experiment may be performed by anyone who
has a coil of wire, a bar magnet, and a sensitive current indi-
cator such as a galvanometer or a magnetic compass. The coil
should have such dimensions that the bar magnet may be thrust
into its center. It will be found that, if the terminals of the
coil are connected to the galvanometer, a current will be indi-
cated when the magnet is thrust into the coil; that no current
flows when the magnet is stationary; that a current opposite in
direction to the first is generated when the magnet is removed
from the coil; and that the magnitude of the current depends
upon the rate at which the magnet is pushed into the coil.

Now what is happening that makes it possible to produce an
electric current by a motion of a bar magnet with respect to a
coil of wire? The essential phenomenon is the change of posi-
tion of the magnet and the coil. As we have already discovered,
lines of force surround the bar magnet. When the magnet is
thrust into the coil, these lines of force move with respect to the
individual turns of wire in the coil. The lines of force are said
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to “cut” the coil of wire; and it is this cutting of lines of force
by a conductor that ‘“induces” an electric current in the
conductor.

Such-was Faraday’s discovery. He investigated the matter
further, however, and made other discoveries of vast importance.
For example, if we use two coils of wire instead of one coil and
a bar magnet, and if the two coils are in close proximity but are
not electrically connected (perhaps one coil inside the other),
then if an electric current from a battery flows through one coil
(the “primary”), a current
will be produced in the second
coil (the “secondary”) when
the relative position of the
two coils is changed. The
coil carrying the current acts
exactly like the bar magnet,

inducing & current in the F16. 12-5. As long as the conductor
. AB moves across the page, no voltage
second coil, N . .
i is generated. If it moves perpendicu-

Now, instead of actually j4r to the paper, or up and down, a
moving the position of one voltage is generated.
coil with respect to the other,
let us maintain their relative positions but change the value of
the current that flows through the primary. As long as this cur-
rent changes, a current will appear in the secondary coil; but as
long as the primary coil is constant in value, no current will be
“induced” in the second coil.

The two coils present an exact analogy to the single coil and
the bar magnet. The coil carrying the current acts like a
magnet; lines of force emanate from it just as they do from the
bar magnet. When these lines of force cut the turns of wire of
the secondary coil, a current will be produced. If, however,
the positions of the coils are not changed, and if an unvarying
current flows through the primary, there will be no secondary
current. A change in the lines of force with respect to the
secondary coil is necessary. This change can be achicved cither
by moving one coil with respect to the other or by changing the
amount of current flowing in the“primary.
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There is no discovery in all science more important than this
discovery of Faraday’s. Nearly every electrical application of
modern times is dependent upon the phenomenon of electro-
magnetic induction outlined above.

The electric generator. We have described in the paragraphs
above the essentials of a crude electric generator, a device for
converting mechanical energy to electrical energy. A more work-

Fic. 13-5. In (a) the conductor 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 maximum.

able arrangement is shown in Fig. 13-5. It consists of a turn
of wire (a conductor) which is rotated mechanically between
two magnets. In so doing this conductor cuts the lines of force
between the magnets. Remembering that induced currents are
produced only when the lines of force are cut by the conductor,
it is easy to see that, as long as the conductor moves parallel
with the lines, it will not cut any of the lines and no current
will be produced. On the other hand, when the conductor moves
at right angles to the lines of force, the greatest number of lines
will be cut per unit of time and the greatest current will be pro-
duced under these conditions.

Now let us rotate the coil. At position (a), Fig. 13-5, the
conductor moves parallel with the lines of force. No current
will flow in the wire. As the wire rotates, it begins to move
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more and more at right angles to the field of force, and more
and more current will be produced in the coil as at (b). Soon,
however, the wire AB begins to approach the position (a) when
it is again moving parallel with the lines of force, and the cur-
rent begins to decrease in value.

At another portion of the complete rotation, the coil will be
again cutting lines of force at right angles, but in a direction
opposite to the direction in which it was cutting them at (b).
Now the current in the coil will be found to flow in the direction
opposite to its direction in (b).

Twice in the cycle of events (one revolution) there will be
zero induced current; twice in the cycle there will be a maxi-
mum of current; these maxima will be in different directions;
and between the zero-current positions, or between the maxi-
mum-current directions, the current will have values between
zero and maximum. Thus the current rises and falls as the coil
is rotated in the electric field.

The clements of an electric generator producing alternating
current are deseribed above. An actual generator is much more
complex. The magnet is replaced by a heavy iron core cov-
ered with wire through which a direct current flows producing a
strong magnetic field. The moving coil is wound on an iron
form and is made up of many turns of wire wound in slots.

Alternating-current definitions. Since a circle, like a com-
pass, can be divided into 360 degrees, we may describe the posi-
tion of the rotating member of a generator in terms of the angle
of rotation through which it has moved rather than by “posi-
tion (a)” or “position (b),” or we may describe its position in
terms of the time it has been moving since the start of its rota-
tion. If it makes a complete rotation it has gone through 360
degrees; if it has turned half way through a complete rotation,
it has turned through 180 degrees; and so on.

If the current at each position is plotted against the angle of
rotation, expressed in degrees, a curve like that in Fig. 145
will result. Note that the current rises and falls about its zero-
current value.

o mmEmEm
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One complete revolution is called a cycle. The number of
cycles per second is known as the frequency of the induced
voltage or current. The time required for a complete revolution
is called the period.

Frequency = Cycles per second

1
Period = Time of one cycle = ————
Frequency
30 s
u+ :z 4,/ \\\ 1’1
I
_32 N . ,I,
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re—Alterpation
Cycle—
N DN D A Y
\H O\ U\

Position of Loop

Fia. 14-5. 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.

Although frequency is correctly rated in “cycles per second,”
abbreviated as cps, engineers seldom use the “per second” part
of the expression, the assumption being that it is the number of
complete changes of current direction per second that is being
considered and not the cycles per minute or other period of
time. In this book the simple term cycles is used rather than
cycles per second.

Work done by alternating current. Some may wonder whether
or not a current that is continually reversing its direction—never
getting anywhere, so to speak—is useful. Tt is.

Consider a paddle wheel in a stream of water. To the paddle
wheel are attached millstones. Grain is to be ground between
the stones. It matters little whether the water flows continu-
ously turning the millstones in a certain direction, or whether
the water flows first one way and then another. So long as the
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millstones turn against -each other, grain will be ground, work
will be done.

The alternating current which lights our homes is usually of
60 cycles. In some communities 25-cycle current is supplied.
In radio installations for use on shipboard and on aircraft, gen-
erators produce 400- or 500-cycle currents. At the high-power
radio stations of the Radio Corporation of America at Rocky
Point, Long Island, are huge alter-
nators which turn out radio fre-
quencies of 20,000 cycles a second.
Smaller generators which produce
frequencies as high as 100,000 per
second have been built but are
not in common use. By means of
vacuum tubes, alternating currents
having frequencies of many mil-

(&)
lions of cycles are generated. F. 155. Current is taken

D-c generator. Current is taken {rom an  alternating-current
generator by collector rings; a

out Of. a generator py collector commutator serves the same
rings, illustrated in Fig. 15-5. If purpose on a direct-current
current flowing continuously in the maohine.

same direction is desired, a device

called a commutator is used instead of the collector rings. A
commutator is a switch, or valve, which keeps the output current
flowing in the same direction by reversing at the proper time the
position of the wire 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 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 that sends out current that
flows in a given direction is called a direct-current (d-c) genera-
tor, and, naturally, the current is known as direct current.



CHAPTER 6

INDUCTANCE

Coupled Circuits. Consider the two coils P and S in Fig
1-6. They are said to be “coupled” when lines of force from one
go through the other. When P is attached to a battery and the

Fic. 1-6. 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 S when
the key in P is momentarily closed or open.

switch closed there is a momentaly indication of the needle
across S. When the switch is opened the needle moves again but
in the opposite direction. As long as the current in the primary
P is steady in value and direction, there is no movement of the
needle across the secondary coil. A deflection of the needle in-
dicates 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.
. 84
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Lenz’s law. Two fundamental facts about this phenomenon
of coupled circuits should be noted. 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
positions of the two circuits, a voltage is induced in the second
circuit. The sccond 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 S. This movement of the
lines of foree through S induces a voltage across the coil, and a
current flows in the coil and in the apparatus connected to it.
The 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 countervoltage in the primary opposite in direction to
the battery 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 a direction opposite to that taken when
the current in the primary is increasing, induce a voltage in the
sccondary in such a direction that it tends to keep the primary
current flowing.

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
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 excessive currents flowing and
the apparatus would be destroyed.

If a large coil, a battery, and a quick-acting current meter
are placed in series with a switch, the meter will be seen to
reach its final value slowly and not at the instant the switch is
closed. If the voltage drop across the coil is measured and com-
pared to the battery voltage, it will be found that only when
the final value of current is.reached are the two voltages equal.
At all other instants of time, the voltage across the coil will be
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less than the impressed voltage, but it builds up at the same rate
that the current through the coil builds up. The actual dif-
ference between the two emf’s is the voltage induced in the coil
by the changing lines of force produced by the changing cur-
rent. On the opening of the switch the current through the coil
and the IR drop across it do not fall to zero instantly; they take
as long to decrease to zero as they took to rise to their final
“steady-state” values. The actual time of build-up may He
quite short, a fraction of a second, but in large iron-core coils,
say the field of a large generator, several seconds may be re-
quired for the final value of current to be attained.

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 the coil tends to prevent any change in the current. This
phenomenon of induced voltages is of fundamental importance.
It is the basis of all modern electrical machinery. Motors,
dynamos, and radio signals are the result of our ability to pro-
duce changes in one circuit by doing something to another cir-
cuit even though the two circuits have no metallic connection
whatever.

The property of an electrical circuit which tends to prevent
any change in the current flowing through it is called inductance.
It has a mechanical analogy 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. Considerable force is
required 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. The inductance of an electrical sys-
tem manifests itself when currents are changing. It is not to be
confused with resistance, which is always present. Current flow-
ing in a circuit containing resistance stops only when the driving
force (voltage) is removed. If inductance is added to the cir-
cuit, the resistance remaining the same, a longer time will be
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required for the current to drop to zero when the voltage is
removed.

Self-inductance. Inductance is added to a circuit by winding
up a wire into a compact coil. For example, 1000 ft of No. 20
copper wire strung up on poles would have a resistance of about
10 ohms and the current into it would reach a final value very
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Fic. 2-6. Current in an inductive ecircuit does not rise instantaneously to
its maximum value as these curves show.

soon after a battery was applied. If, however, the wire is
wound up on a spool with an iron core, the time required for the
current to reach its final value will look like the curve in Fig.
2-6. The resistance has not changed; we have merely added
inductance.

When the switch is opened a fat spark occurs; this does not
happen if the wire is strung up on poles. The current seems
to try to bridge the gap—to keep on flowing. It does not “want”
to stop. This is because of the inductance of the coil.

A single coil can have inductance and can have a voltage



88 INDUCTANCE

induced across it just as though it were the secondary coil shown
at S in Fig. 1-6.

When the current starts to flow 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 collapse, cutting
the turns of wire and thereby inducing voltages which tend to
keep the battery current flowing,

Magnitude of inductance and induced voltage. The greater
the number of turns of wire in a small space, or the higher 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 re-
quired for the current to reach its final value. The inductance
of a coil is proportional to the square of the number of turns
on the coil; the induced voltage is proportional to the inductance
and the rate of change of the current through the coil. The
time required for the current through a coil to reach its final
value is directly proportional to the inductance and inversely
proportional to the resistance of the coil. Since the current
tends to keep on flowing when an inductive circuit is broken
the induced voltage across the coil must be in the same diréction
as the battery voltage. Thus, if a coil has 100 volts from a bat-
tery across it, and the current is suddenly broken, the voltage
at the instant of break across the coil will be 100 plus the addi-
tional induced voltage. Breaking the current in a highly indue-
tive circuit may set up a tremendous voltage across the coil and
a severe shock can be felt by holding the ends of the wire at
the moment of break. This is a practical demonstration of
Lenz’s law.

Example 1-6. In Fig. 3-6 is an inductance made up of the field wind-
ing of a generator. Across the inductance are placed a flash lamp and a
hattery. The current is regulated so that it is insufficient to light the
lamp. Now when the switch is opened the lamp will suddenly light (and
may burn out) because of the tendency of the collapsing field of the coil
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to maintain the current flowing in the same direction in which it has
been flowing.

In radio circuits the coils are usually wound on non-magnetic
cores. In audio * and power circuits iron is utilized to build up
large inductances 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
is placed across it. This is because
of the countervoltage or back-vol-
tage induced across the coil by the
effects just described.

The unit of inductance. When a @ Lamp
current change of 1 amp per sec |
causes an induced voltage of 1 H -
volt, the inductance is said to be Ill}

?
1 henry. This unit is named in Fic. 3-6. An example of Lenz’s
honor of Joseph Henry, an Ameri- law. The lamp will light
can experimenter who discovered When the key is opened even

the i f elect t though insufficient current flows
phenomenon ol clectromagnet=  yp ,uoh it when the key is

ism at the same time as Michael Rloaed
Faraday.
The quantitative facts of electromagnetism may be expressed
as N
Eyw=L—
Al .

where E,. is the average induced voltage.
A is the Greek letter delta indicating “a change in.”
I = current in amperes.
{ = time in seconds.

[

The portion of the expression AI/A¢ may be translated as ‘“the
rate of change of current with respect to time.” The induced

*“Audio” circuits involve alternating currents which can be heard by
the human ear, ie., from 50 to 15000 cycles. “Radio” frequencies are
much higher and are inaudible.
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voltage, therefore, is proportional to the rate at which the current
changes and is equal to amperes change per second multiplied by
a factor L known as the inductance.

Coils added to circuits for the purpose of increasing the induct-
ance are properly called inductors, although many engineers use
the terms inductance (a property of a circuit) and inductor (a
piece of apparatus) interchangeably. .

The inductance is really a measure of the flux lines linking with
the turns of a coil. The unit of inductance, the henry, is that
inductance which causes 10® interlinkages per ampere change in
current. Thus Z
L NA® X 1078

henries (1]
Al

where N = the number of turns on the coil.
% = magnetic flux linking these turns due to 7.
I = amperes of current through the coil.
108 = a constant term to bring L into practical units.

Now we have already learned that the flux in a long ccil, or
solenoid, is

0.4xNI
P =
. R
where @ is the reluctance.
R=1+pd

where I = length of the winding in centimeters.
A = area of cross section in square centimeters.
p = permeability of core on which coil is wound.

Therefore,
fp 0.47NIAp 1.26NIAu

] 7 (2]

If this value of ¢ is substituted in formula 1 an expression for
the inductance in henries of a coil whose length is large compared
to its diameter will be found. Thus
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1.26N%4, 8
1081

where g4 = permeability = 1 for air.
A = cross section of coil in square centimeters.
I = length of winding in centimeters.

Typical inductances. The coils used in radio apparatus vary
from small coils having inductances of the order of microhenries
(uh) to very large coils having 100 or more henries inductance.
Broadeast-frequency tuning coils are of the order of 300 xh and
may be from 14 to 3 in. in diameter wound with No. 30 to No. 20
wire of 50 to 100 turns or so. There are a number of complicated
formulas by which one can calculate the inductance of coils of
various forms and sizes. The ones in Fig. 4-6 are accurate enough
for practical purposes. Coils of the type (b) have an inductance of

a2N2
9a + 10b
when the dimensions are in inches and when b equals or is
greater than a.

These formulas show that the inductance increases as the
square of the number of turns.  Thus, if a coil of 3 units induc-
tance has its number of turns doubled, the inductance will have
increased four times or to 12 units. This is true provided that
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
mure nearly a faot tho closer together the turns of wire.

uh

Problem 1-6. A coil like that in Fig. 4-6a 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.
4-6) is 2 in. What is the inductance of the coil in microhenries? Re-
member that the dimensions given in Fig. 46 are in centimeters and
that 1 in. equals 2.54 cm.

Problem 2-6. A coil like that in Fig. 4-6b is called a solenoid. Calcu-
late the inductance of such a coii composed of 60 turns of wire in a space
of 3 in., the diameter of the coil form being 3 in. Coils used in modern
broadcast receivers are wound on cores about 1 in. or less in diameter.
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Problem 3-6. A transformer has a core made of silicon steel having a
permeability of 4500. The core has a cross section 15 cm square and is
100 ¢m long. The primary of this transformer has 500 turns. What is
the inductance?

le—b—>]
[
N ¥ X
a
¥
N
_0.394a°N?
Teati0p 1T _0.39a7N
0.3153%N? 8u+11c
6a+95+10¢ K Dimensions in Cm.
(a) (&) ()

Fie. 4-6. Some typical coil forms and formulas on which the inductance
may be calculated.

Problem 4-6. If the current in this primary changes from 20 to 1.5
amp in 14 sce, what voltage is induced across the primary?

Nore. E =L <12 = Il>~
2

_tl

Coupling. The closer together the two coils, P and S, Fig.
1-6, the greater the number of the lines of force produced by
the primary current that link with the turns of the secondary,
and the better the “coupling” is said to be. The better the
permeability of the medium in which the lines go, the better the
coupling.

The voltage across the secondary of such a two-coil circuit as
that shown in Fig. 1-6 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 1/ is the mutual inductance and is rated in henries.
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Magnitude of mutual inductance. Formulas in Fig 4-6 show
that the inductance of a coil depends upon the square of the
number of turns. Doubling the turns increases the inductance
four times. Consider two coils built alike and having the same
inductance. If they are connected together in series and if the
coils are perfectly coupled as in Fig. 5-6a, 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

M M
e —
A N N An A ~ i. ~ e : AN
/ : i
/ !
L L L T o
Le=L;+L, +2M—/— to=L,+L;—2M-—-
Series Aiding Series Opposing
(@) (b)

TF1a. 56. Coils may be connected so that their fields aid or “buck.” In
one the total inductance is incxtease(l; in the other the total inductance is
less than either of the component inductances.

aiding” will be four times the inductance of a single coil. If the
connections to one coil are reversed, the total inductance will be
zero beeause the lines of foree from one coil will encounter the
lines of force from the other coil which are in the opposite diree-
tion. The coils are now connected “series opposing.”

Consider the series-aiding case, Fig. 5~6a. The total induct-
ance is made up of the inductance of coil 1, that of coil 2, the
mutual inductance due to the lines of forece 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 induct-
ances are equal because #he coils are identical. Thus,

Lo=1L,+ Ly +2M
2L, + 2M (because L, = L)

= 4], (by experiment or measurement)
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whence
M = Ll

Now if the coupling between coils is less than perfect, that is,
if, as always happens, some of the lines from one coil do not link
the other, 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 event the total inductance
of two coils of any'inductance connected in series aiding will be
given by L; + Ly + 2M = L,, and if they are connected series
opposing the resultant inductance will be Ly + Ly — 2M = L,.

Whatever the values of inductance possessed by the individual
coils, L, and L, if they are connected series aiding so that complete
flux linkage results and if the total measured inductance has sub-
tracted from it the individual inductances of the two coils, a final
value will be found which is numeriecally equal to twice the square
root of the product of the individual inductances. Thus

Lo= L, + Ly + 2V L,L,
Therefore
= V' L,Ly (for complete coupling)

The expression M/V L,L, is called the “coefficient of coupling”
() since it is a measure of the completeness of the coupling between
the individual coils. Values of this factor may be as low as 5 per
cent (0.05) in air-core coils used in radio-frequency circuits or as
high as 98 per cent (0.98) in power and audio transformers using
iron cores.

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 Lo, Fig. 6-6.

The mutual inductance depends upon the two coils L; and L,
and the coupling between them, or M = r\/Lle, the coefficient
of coupling between two circuits depends upon the total induct-
ance in the circuits. The maximum possible value of 7 is 1.0.
This value, called unity coupling, is approached in iron-core trans-
formers. Of course, if the two coils are situated so that there is
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no coupling, either because they are too far apart or are placed
in iron boxes, the total inductance in the circuit will merely be the
sum of the individual inductances.

L,=.06
L, L /L. L,=20
08”7 2.0 08”7
‘-v-/

[N —
M=0.1 M=0.1
T 0.1 = 0.25 T=—&——=.189
~/.08 X 2.0 J(.06+.08) X 2.0

(@) ()

Fi1e. 6-6. Examples showing dependence of coefficient of coupling on series
inductance.

Measurement of inductance. Inductance is usually measured,
like resistance, by means of a Wheatstone bridge. The Wheat-
stone bridge method consists essentially of comparing the un-
known inductance to a known inductance. Resistances are used
as the ratio arms, as in Fig. 7-6. When ]
there is no sound in the telephones the in- Slide Wire
ductances are equal if the ratio arms are f/
equal, or if the ratio arms are not equal the B
unknown inductance is given by the equa-
tion Pho

L=L2 N
z £ ] B

Mutual inductance is measured on a
bridge, or by the following method: The
inductance of the individual coils may be o
measured first. Then they are connccted L0 76 If 4 and

. .. . . B are so adjusted
series aiding and the total inductance is ;i there is mo
measured. This gives the formula L, + Lz  sound in the phones,
+ 2M, from which M can be calculated at A
once. Of course, the same result will be L. = L.
obtained by connecting the coils series op-
posing. It is not even necessary to measure the individual in-
ductances first, provided that we can measure the inductance
both series aiding (L,) and then series opposing (L,). Then
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AM = L, — L,

L, — L,
4

Problem 6-6. In Fig. 8-6, when the coils are connected series aiding, the
inductance is measured as 400 ph. What is the mutual inductance?

Problem 6-6. In a screen-grid-tube radio-frequency amplifier transformer
the primary inductance is 350 uh, the secondary is 230 wh, and the mutual
inductance is 160 ph. Calculate the coefficient of coupling.

Problem 7-8. In Fig. 8-6, Ly = 100 ph, Ly = 200 ph, and » = 0.6. What
is the mutual inductance? What is the total inductance (Ls = L1 + Lg +
2M)? What is it if Lg is reversed (M is negative)?

M=

The transformer. A transformer is a device for raising or
lowering the voltage of an a-c circuit. It transforms one voltage

= ri A
L, = 100 gh. v ZaERN
' (B 2 ‘\x--’
1 ——4
M P — +——b S
1
1 4t
L,= 200 uh. AN S e— :___;_:_r;’/? z
Core”
Fiq. 8-6. A prob- Fic. 9-6. A simple transformer.
lem in coupled
cireuits.

into another. It consists of two windings on an iron core, as in
Fig. 9-6. The purpose of the iron core is to insure that the
magnetic field set up about the primary will flow through the
secondary coil without loss. The lines of force that do not link
primary and secondary are called leakage lines, and the induct-
ance associated with them is called leakage inductance.

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 that requires electricity.

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

e
2PN (turns ratio)

e M,

By usirg the proper ratio of turns, voltages either greater or '

less than the primary voltages may be secured at the secondary
terminals.

Example 2-6. A transformer is to counect a 110-volt motor to a 22,000-
volt transmission line. What is the ratio of turns between secondary and
primary ?

0 _

e My
22,000 =,
— == =200

110 g

Nore. This does not give the number of turns ip either primary or
secondary windings. The absolute number of turns depends on several
factors; the ratio of turns depends on the voltages to be encountered.

Problem 8-6. 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 9-6. In a radio receiver, 5 tubes are operated in patrallel from
a 2.5-volt secondary winding on a transformer. Each tube requires 1.75
amp. The primary voltage is 110. What are the turns ratio and the
minimum primary current? If the transformer is 90 per cent efficient,
what power does it take from the 110-volt line?

Problem 10-6. 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?

Problem 11-6. A certain transformer used in a radio-frequency amplifier
has. a secondary inductance of 240 uh. When the two coils of the trans-
former are connected scries aiding the total inductance has increased to
350 ph, and when connected series opposing the inductance drops to 230
wh. What is the inductance of the primary? What is the mutual in-
ductance between them in the two cases, and what is the coefficient of
coupling?
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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
and amperes, an increase in voltage by means of a transformer
must result in a decrease in current, and vice versa. On the
secondary side of a transformer there cannot be more power than
in the primary, and, if the transformer has high efficiency, the
power will be only slightly less than on the primary side. The
-product of amperes and volts remains the same. Thus the pri-
mary power is
Epl, (1]
and the secondary power is
E.I, 2]

and since there is no loss or gain in power

E,I, = E,I, [3]
whence

a5

E,
— = N (turns ratio)

P
which shows that the secondary voltage increases as N increases,
the secondary current decreases when N increases, assuming
constant primary voltage and current.

The transformer acts like an electrical lever, enabling us to
get high voltage at low current from a low-voltage, high-current
source. Since heat losses in a transmission line are proportional
to the current squared (I2R), it is common practice to transmit
power at high voltages and low currents. There will be 100
times the power loss in a 110-volt line that there will be in an
1100-volt line if both lines transmit the same power. Trans-
formers make it possible to generate'a-c power at comparatively
low voltage, to transmit it at high voltage, and to utilize it at
low voltage.
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The auto-transformer. It is not necessary for proper trans-
formation of voltage that the primary and secondary windings
be distinet. Figure 10-6 represents what is known as an auto-
transformer, in which the secondary is part of the primary. The
voltage across the secondary turns, how- .
ever, bears the same relation to that
across the primary part as though there
were two separate windings. The ratio
of voltages is the ratio of the respective
number of turns possessed by the sec-
ondary and primary. Since one side of
the a-c line is usually grounded, one pri-
mary terminal of the auto-transformer Fic. 10-6. An auto-
will be grounded and therefore these transformer. The sec-
transformers cannot be used in circuits °Pdary can be the en-
N tire winding or part as
where a ground is apt to be on the sec- i Wy
ondary side.

Transformer applications. 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 secondary is attached. No direct current can go across the
transformer when the two windings are distinct, although the
a-c¢ voltage variations oécurring in the primary are transferred
to the secondary by the effects already described. 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 circuit where the useful alternating currents also flow.
Since the direct current is undesirable in the loud-speaker wind-
ings, a transformer is used to isolate the speaker from the direct
current of the tube. A good transformer of this type will trans-
mit all frequencies in the audible range with an efficiency of
dabout 80 per cent.

AAAananan

I
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Problem 12-6. The line voltage in a certain locality is only 95 volts,
but a radio set is designed to operate from a 115-volt circuit. A trans-
former is to be uscd like that in Fig. 10-6. 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 heating the
transformer and its core. The other part maintains the mag-
netic field of the primary. This consumnes no energy from the
line because 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
required by the load together with the loss in primary and sec-
ondary resistance.

Transformers are used in practically all radio, television, and
radar equipment.

Transformer losses. Transformers are not perfect. Not all
the power taken from the line by the primary results in power
in the secondary load circuit. There are two sources of power
loss: (1) losses in the windings (which have resistance and
therefore heat up when current passes through them), and (2)
core losses. The winding losses are called the copper losses.
They are equal to the I?R loss in the primary plus the simila:
loss in the secondary. These losses in watts may be found from
the resistance of the windings, which is determined by measur-
ing the current flowing through the individual windings when a
known voltage (direct current) is across the winding. This
calculation will give a value for B from Ohm’s law. Then the
current taken by the primary and secondary when the load is
applied to the secondary may be measured with an a-c ammeter.
From these values the I2R losses may be found. At frequencies
above the audio range, the “skin effect,” described later, causes
another loss. '
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Example 3-6. A small power transformer is tested with a 1.5-volt
battery. The primary passes 3.75 amp, and the secondary, 0.75 amp.
The d-c resistance of primary and secondary windings, respectively, is,
therefore, £ = I = 0.4 and 2.0 ohms.

When the transformer is connected to an a-¢ line and the secondary
feeds power to its load, the primary and secondary currents are 10 and
2 amp, respectively. The total heat loss will be equal to

P=1IR,+ IR, =10° X 0.4 + 22 X 2 = 40 + 8 = 48 watts

The second source of power loss is in the core. The magnetic
flux expanding and contracting about the core induces a voltage
in the secondary. But the saine lines of force which cause volt-
ages to be induced in the secondary also produce voltages in the
iron core upon which the windings are placed. These voltages
produce currents in the core, and the currents produce heat
(I?R), and a heat loss must be added to the copper losses. In
addition to these loss currents, known as eddy currents, there is
another power loss in the core which is due to the basic prin-
ciples of magnetism. It is supposed that, when iron is mag-
netized, the position of the molecules is changed so that all the
north poles point in one direction and all the south poles in the
opposite direction. When the direction of flux changes every
half cycle, the orientation of the molecules must change so that
the north poles now point in the opposite direction. The con-
tinuous shifting of the positions of the molecules in the core
causes the core to heat up, and the heat represents a definite
loss of power. This wastage of power is known as hysteresis
Tloss.

Since all the losses must be supplied by the power taken from
the line, they represent power which is not supplied to the sec-
ondary load. Special pains are taken to keep these unwanted
losses as small as possible, for example, by using copper wire
as large as practicable to keep the resistance low and by making
the core of laminations (thire insulated sheets of iron) rather
than of solid iron. The currents induced in the core flow across
the breadth and depth of the laminations and not very much
in the lengthwise direction. Currents through the depth are kept
small by insulating the individual laminations; currents across
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the breadth may be kept low by making the core out of fine
insulated wires. Now the currents are restricted to the diameter
of the iron wire or the thickness of laminations, both of which
are quite small.

Eddy-current and hysteresis losses may be determined by
measuring the power input and power output of the transformer.
The difference is the total loss. Then the copper losses may be
calculated as indicated above. The copper losses subtracted
from the total loss give the hysteresis and eddy-current or core
losses.

Iron cores of one type or another are universally used in power
transformers. In transformers operating at higher than com-
mercial power frequencies (60 cycles) the use of iron becomes
much more difficult and the difficulty increases as the frequency
increases. Hysteresis effects become very great because of the
rapid reversal of the magnetic flux direction. Radio-frequency
coils contain either non-magnetic core material or core material
of very finely powdered iron which is mixed with a binder and
then pressed into the desired forin. These iron dust cores have
fairly low losses and may be used at broadcast frequencies or
somewhat higher. They increase the inductance of a given coil
appreciably and enable engineers to get high inductances in
small space.

Certain high-grade audio transformers utilize high-permecabil-
ity iron that saturates with only moderate direct current through
the primary. For this reason it is good practice to kecp the
direct current out of the windings entirely. This is accomplished
by feeding power to the circuits allied with such a transformer
through a high-inductance single-winding coil (choke coil) and
allowing the alternating currents to go through the transformer
by means of a large condenser.

Transformers with direct current. It is not necessary that
the primary be connected to a Source of alternating current.
All that is necessary is for the primary current to be interrupted
or reversed in direction to realize an interrupted current in the
secondary circuit. A battery, for example, furnishing direct cur-
rent may be placed in series with the primary of the transformer
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and a vibrator or other current-interrupting device. At each
break of the primary battery current, a voltage will be induced
in the secondary. The same step-up or step-down in voltage is
secured as where alternating current is utilized. This principle
is employed in supplying power from vibrator interrupters to
mobile radio apparatus.

AL

t
A-C Input

Fic. 11-6. The use of a vibrator, a transformer, and a rectifier to secure
high-voltage direct current from a low-voltage source.

Vartiable inductors. Scveral means are available for varying
the inductance of a coil. One is the simple expedient of having
connections brought out to several points in the winding. Trans-
formers for use at several commercial voltages, say at 105, 110,
115, etc., are made in this way. Another method is to scrapé
the insulation off the wire along the length of the winding and
make contact with any point desired by means of a sliding
contact. Also, merely sliding an iron core into the coil will vary
the inductance. Still another method consists of orienting one
coil with respect to another; thus the coupling between the wind-
ings may be changed so that the total inductance made up of
the primary, secondary, and mutual inductance can be varied
from nearly zero to a point appreciably greater than the sum
of the two individual winding inductances. )

Air gap in iron-core inductors. If the magnetizing force ap-
plied to an iron-core coil is increased indefinitely, the magnetic
flux will not increase indefinitely but will reach a ‘“saturation”




104 INDUCTANCE

)
L
inuh
320
Inductance
asured at 1000 cycles
240
160 -
80 *V< |

2 4 6 8 10 12
Magnetizing force Ampere turns per centimeter

F1a. 12-6. Inductance of iron-core coils varies with direct current because
of variation in permeability.
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Fie. 13-6. Variation of inductance with ajr gap.
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4 average air gap.
B air gap at one end, 001 in.
C air gap at both ends, 0.005 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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value. Further increase in magnetizing force (as by increasing
the current through the coil) will not produce any more flux and
therefore will not produce any further “back emf,” and the coil
will overheat. The difficulty may be overcome-by inserting a
small air gap in the iron core. Even a gap of only a few thou-
sandths of an inch has a very useful effect for the simple reason
that air cannot be saturated by flux. Increasing the current in
the coil increases the flux in the air gap, even though the flux in
the iron does not increase.

The air gap is useful where direct as well as alternating cur-
rent flows through the coil. The direct current may produce
sufficient flux to almost saturate the core, for example. Then, at
the peaks of the impressed alternating currents, the flux does
not increase proportionately to the increase in current, and the
- core saturates. The air gap overcomes the trouble. Coils in
which both direct and alternating current flow are used in recti-
fier power supply circuits to filter out hum and noise.

Problem 13-6. A transformer has an input power of 5000 watts. From
the secondary 4000 watts is drawn. The total copper loss is 700 watts.
What power is being consumed in the core losses?

Problem 146, A small power transformer feeds power to a radio set.
Normally it delivers 2 amp to the receiver. When it is disconnected frow
the receiver and from the a-c line and connected in series with a 2-volt
battery, the secondary passes 1 amp. What is the heat loss in the sec-
ondary?

Problem 16-6. A transformer is used to change voltages in an a-c
system. Suppose that we have a whter wheel connected to a generator
50 miles from a town which wishes to utilize the output of the generator.
The town requires 1000 amp of current. If the same line were to be used
in the following two cases, calculate the power lost, the line losses, and the
saving accomplished by stepping up the voltage at the generator to 11,000
volts compared to transmitting it at 110 volts.



CHAPTER 7

CAPACITANCE

The two essential electrical quantities in every radio circuit
are inductance and capacitance; they are represented in the cir-
cuit by coils and condensers. Upon the relative size of these two
essential components depends the frequency or wavelength to
which the receiver or transmitter is tuned or is responsive, It is
a fact that resistance is always present too, but the effort of
radio engineers is to reduce the resistance (where not wanted)
and to overcome the loss in power due to its presence, just as
mechanical engineers devise ways to reduce friction and the loss
in power due to it.

Capacitance. Inductance has been likened to inertia. In an
a-c circuit, it acts to prevent changes in the current flowing. If
current increases, owing to an increase in voltage, inductance
tends to prevent or delay this increase; if the current decreases,
owing to a decrease in voltage, inductance tends to prevent or
delay this decrease. Inductance is a property of the circuit as
is also capacitance.* . ,

When a current flows through a coil of wire, a magnetic field
is produced. Energy resides in this field. Similarly, energy can
be stored in a condenser. A capacitor tends to prevent any
change in the voltage of a circuit in which it is placed. If the
voltage tends to decrease or increase for any reason, the capac-
itance of the circuit tends to prevent this decrease of increase,
The proper combination of inductance and capacitance will force
the current and voltage of a circuit to remain constant in spite

* Capacitance is the preferred word to describe this property of a circuit;
a device having capacitance is a capacitor. Engineers nearly always use
the terms “condenser” for a capacitor and “capacity” for capacitance.
106 -
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of varying conditions which, in a d-¢ circuit, would change the
voltage and current.

The charge in a condenser. A condenser is made up of two
conductors separated by an insulator; for example, two long
sheets of metal foil may be wound up with a sheet of waxed
paper between.

The questions naturally asked about such a device are these:
Can a condenser pass an electric current? What is the charge
in a condenser? How much capacitance exists in a condenser?
What is the spark that passes when the condenser is discharged?

When a condenser is connected to the terminals of a battery,
there is a momentary rush of electrons to one of the conducting
plates, and a corresponding momentary rush of electrons away
from the other plate. There is no passage of electrons through
the separating non-conductor. Since a movement of electrons
constitutes an electric current, a proper kind of voltmeter placed
across the condenser plates would be seen to rise from zero to
the voltage of the bdttery during the period in which the con-
denser is being “charged.” If the battery is now removed it
will be found that the condenser remains charged; that is, a
proper kind of voltmeter will indicate a difference of potential
across its two terminals.

This simply means that one plate has too many electrons, and
the other has too few. The condenser is in a state of unequilib-
rium. If a wire is connected from one terminal to the other, a
spark will pass, indicating that the maldistribution of electrons
on the two plates is being corrected. Now the condenser is
discharged.

If the condenser is placed in an a-c circuit, there is a flow of
electrons to the plate that is positive and away from the plate
that is negative; then, when the polarity of the voltage changes,
the electrons again move and charge the condenser in the op-
posite direction. This to-and-fro motion of the electrons is just
as effective in doing work as if the electrons moved through the
insulator separating the plates.

So long as the electrons are unevenly distributed on the two
plates the condenser is charged... In_this condition it possesses
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energy, which is like the cnergy 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 pos-
sessed by the condenser when charged is also potential energy,
due to the strain existing in the non-conductor. Nothing hap-
pens until the condenser 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 like
the ball on top of the pole, has the ability to do work—which is
our definition of energy. The energy resides in the distorted
placement of the charges or electrons, a condition that will
equalize itself at the first opportunity.

Quantity of electricity in a condenser. The electricity that
rushes into a condenser when it is connected to a battery is a
perfectly definite quantity depending upon only two factors,
the size of the condenser and the voltage of the battery. Natu-
rally, the larger the condenser the greater the quantity of elec-
tricity that can be stored in it; and the ‘greater the electrical
pressure tending to produce a state of unequilibrium, the greater
the charge that can be forced onto the condenser.

The quantity of electricity in the condenser is a definite num-
ber of electrons or charges and is rated in coulombs.

The capacitance of a condenser depends only upon the phys-
ical make-up of the unit: (a) the size of the conducting plates,
(b) the nature of the non-conductor between the plates, and
(c) the distance between the plates. '

@ (coulombs) = C (capacitance) X E (voltage) [1]

The unit of capacitance is the farad (f), named after Michael
Faraday; 1 farad is the capacitance of a condenser whose volt-
age is raised 1 volt when 1 coulomb of electricity is added to it,
or it is the capacitance of a condenser to which 1 coulomb of
electricity can be added by the application of an external emf
of 1 volt. This is a very large unit, and in radio circuits the
millionth part of a farad (microfarad, uf) or even the micro-
microfarad (upf) is the customary unit. '

We may write equation 1 as
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Q (coulombs) '
C (farads) = —————— (2]
E (volts)
The capacitance may be considered as the ratio between the
quantity of charge in the condenser and the voltage across it. As
a third way of stating this relation, we may write

g (coulombs)

c (farads)

A discharged condenser has no energy in it; there are just as
many electrons on one set of plates as there are on the other
set of plates; there is no strain across the insulating material
between the plates; there is no voltage across it.

Time required to charge a condenser. How long does it take
to charge a condenser? Let us connect a condenser across a
battery. Electrons will leave the plate connected to the positive
terminal of the battery, since negative electrons are attracted
toward any positive body; and, at the same time, electrons on
the negative terminal of the battery will leave this terminal and
move to the condenser plate connected to this battery terminal.
If the condenser and the connecting wires have little resistance,
this movement of eleotrons will take place practically instan-
taneously. The voltage across the condenser plates becomes
equal to the voltage across the battery terminals very quickly.

Until the voltage across the condenser becomes equal to the
battery voltage, however, there is a motion of electrons—that is,
there is a flow of current. This current is proportional to the
rate at which the voltage across the condenser changes. No
current flows when there is no clhiange in voltage. When the
battery is first connected to the condenser, the rate of change
of voltage is a maximum since the voltage is changing from zero
to some finite value. The current that flows, therefore, is a
maximum.

As electrons move away from one condenser plate and toward
the other plate, the voltage across the condenser rises, and, since
the voltage must oppose the battery voltage to satisfy Lenz’s
law, the rate of change of voltage decreases. The current flow-

E (volts) = (3]
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ing decreases accordingly, and it reaches zero when the con-
denser and battery voltages are equal.

If the condenser is perfect, that is if it has no resistance and
if there is no resistance in the leads connecting it to the battery,
the instantaneous current flowing into the condenser will be in-
finite and zero time will be required to charge the condenser.
All practical condensers, however, and all connecting wires have
some resistance. The current, therefore, is not infinite, and finite
time is required for the battery emf to move the appropriate
number of electrons to and from the condenser plates.

The instantaneous currents and voltages occurring in inductive
and capacitive circuits are of great importance in modern elec-
tronic applications such as radar, welding timers, and television.
The conditions during these short intervals of time, known as
“transients,” will be discussed in more detail later in this book.

Time constant. The greater the resistance and the greater the
condenser capacitance, the longer it takes to charge a condenser.
The time required for the voltage of a condenser to reach 63
per cent of its final value, either on charge or discharge, is equal
to the product of the capacitance and the resistance, in farads
and ohms, respectively. This RC product is often called the
time constant of the cireuit.

Example 1-7. A condenser of 15 uf is attached to a 220-volt circuit.
What quantity of electricity flows into it? If it is charged through a
resistance of 10,000 ohms, how long will it take to put 63 per cent of its
total charge into it?

Q=CXE

=15 X 107% X 220

= 3300 X 107¢-

= 0.0033 coulomb
t=RC

= 10,000 X 15 X 10~®
15 X 1072
= %% second

Problem 1-7. What is the capacitance of a condenser that holds 0.0022
coulomb when attached to 220 volts?

I
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Problem 2-7. In a radio circuit is a 0.0005-uf (500-xuf) condenser across
a 500-volt source. What quantity of electricity will flow into it?

Problem 3-7. What voltage will be necessary to put 0012 coulomb
into a condenser of 1 uf?

Problem 4-7. Suppose that 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 a 1-uf condenser charged to 110 volts.
What average current flows? What is the average power used to heat
the wire?

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 = 1CE?

where energy is in joules, C in farads, and E in volts. This equa-
tion represents the work done in charging the condenser and, nat-
urally, the energy released if the condenser is discharged.

Similarly, the energy in the lines of force about a coil carrying
a current is equal to 1L12.

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

2 X1 X 1078 X 500° = 0.125 joule

Since the 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

9

Power in watts =

2t

and if we attach the condenser to a source of energy which charges
the condenser 120 times a second the power will be = 1CE? X 120
provided that the condenser is permitted to discharge each time
it is charged. Thus, the shorter the time, the greater the power
required to charge the condenser.

A general expression for such a problem is

Power = 1CE2N
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if N is the times per second the condenser is charged and dis-
charged. h

A joule is also known as a watt-second. It is a measure of
work done, or energy, not power. Power is work per unit of
time.

Example 2-7. A condenser in a transmitting station has a capacitance
of 0.001 uf and is charged from 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?
X 0.001 X 1078 X 20,0002

= 0.2 joule

1
2
1
2

Power:
P=WXN

= %CE’zN
=0.2 X 120
= 24 walts

Example 3-7. Consider the methods of making photographs at very high
speeds utilizing a large condenser charged to a high voltage and then dis-
charged 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 1/30,000 second.

The total stored energy, 3CE?, is 1 X 112 X 1076 X 4 X 108 = 224 joules,
or watt-seconds. This work is done in 1/30,000 second, however, 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~¢ = 0.224 coulomb.
This quantity discharged in 1/30,000 second results in an average current of
3 X 10* X 0.224 = 6,720 amp.

Problem 65-7. If the source in Example 2-7 charged the capacitor 1000
times per second, what would be the power taken from it?

Problem 6-7. How much energy can be stored in a condenser of 100
uf charged to 1000 volts?

Problem 7-7. How much power is required to charge a 1-uf condenser
to a voltage of 220, 120 times a second?

Problem 8-7. A transmitting antenna has a capacitance of 0.0005 uf.
It is desired to transmit 1 kw of power. To what voltage must the antenna
be charged from a source which charges it 1000 times per second?
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Problem 9-7. Suppose that 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 capacitance of 0.012 uf, and is charged 1000 times per
second. A transformer is used to step up the voltage 110 from the gen-
erator to the value required by the condenser. What js the secondary
voltage of the transformer, and what is the turns ratio between secondary
and primary?

Electrostatic and electromagnetic fields. The energy existing
In an inductive circuit is said to exist in the electromagnetic field
surrounding the inductance. The field is made up of lines of
force, and it can be explored with a compass or by sprinkling
iron filings on paper. The energy in an inductive circuit is equal
to §LI2 joules, where L is henries and I is amperes.

The energy in a condenser is said to exist in the electrostatic
field, where the clectrical strain exists, that is, in the non-con-
ductors in the vicinity of the conducting surfaces which are
charged. The clectrostatic field cannot be explored with any
magnetic substance, but it can be discovered by any form of
charged bodies or any container of static electricity. The energy
in a condenser is equal to 3CE2.

Some circuits, an antenna system, for example, have both ca-
pacitance 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.

Condensers in a-c circuits. A perfect condenser is one which
is an absolute non-conductor to direct currents—that is, it has
an infinite d-c resistance—and which has no a-c resistance. All
the energy that is put into it is used in setting up an clectrostatic
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. .

A perfect condenser placed across an a-c line would take no
average energy from the line since for one half cycle it would
take energy from the line but during the next half cycle it would
deliver this energy back to the line. If the condenser has re-
sistance (and all do), the current taken from the line to charge
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~

the condenser also flows through the resistance and in so doing
produces a power loss there equal to IR. For this reason, a
condenser having resistance or a circuit made up of resistance
and capacitance will consume energy from an a-c source.

Experiment 1-7. Charge a filter condenser of about 2- to 10-uf capac-
itance 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 rela-
tive 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 resist-
ance across it for a second or so. Then see if it can be further discharged
by means of a wire.

A good condenser may retain its eharge for many hours after
being removed from the source of charging current. The leak-
age of condensers takes place not only across the insulating
material through which its terminals are brought out but also
through the wax filling the container and through the dielectric
itself. Leakage is caused by an actual movement of electrons
between the terminals or through the insulation.

Example 4-7. Since a condenser definitely prevents the flow of d-c current
but permits a movement of electrons in an a-¢ circuit, a condenser may be

Q

-——

+

Ey
|+

+

Eﬂ'
I'—

Fic. 1-7. Leakage of current through the condenser C' causes a voltage
drop across the input of the following tube.

employed to separate direct and alternating currents existing in the same
circuit. For example, Fig. 1-7 shows a resistance-capacitance network for
coupling the output of one tube to the input of another in an amplifier. The
purpose of the condenser C is to prevent Epp, the plate-battery voltage of the
preliminary tube, from being impressed upon the grid of the following tube

e ]
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Any leakage of current through this condenser will impress upon the grid of
the second tube a voltage which will be in such a direction as to be highly
detrimental to the operation of the circuit. =

Figure 2-7 is the equivalent circuit in which r,, is the plate resistance of the
first tube. The problem is to find what current flows through the circuit and

Tp R,
; 100 Meg.

R E=:100 R,

|
l
—1 11 L

_.:_.|||}—

Fie. 2-7. The circuit equivalent of Fig. 1-7.

what voltage drop this causes across the grid leak. Suppose that 100 volts
appears across the series circuit composed of R. and R, as represented in
Fig. 3-7. One hundred volts across 100 megohms (the coupling resistance R
and the grid leak resistance are negligible in

comparison with the condenser leakage resist- 100 Meg.

ance) produces 1 pa of current. This 1 pa
flowing through the grid leak of 1 megohm
produces a voltage of I volt. The polarity
of this voltage is opposite to the grid voltage — 1 Meg.
and therefore decreases its value. In addi-

tion a certain amount of noise may be de- T

veloped by the direct current flowing through i=1pAmp.

this condenser and grid leak. Such noise is
directly impressed on the input to the am- Fic. 3-7. The battery in
plifier tube and may assume large values when  this figure represents the
amplified by succeeding stages. Condensers voltage across R, and R, in
used in resistance-coupled amplifiers must Fig. Z-7.

have a high d-c resistance.

The nature of the dielectric. If two square metal plates 10
¢ on g side are suspended in air about 1 mm from each other,
the capacitance will be about 88.5 ppf. If a sheet of mica is
placed between the plates the capacitance will be increased
about eight times. Other substances will have different values
of the capacitance. Each substance, in fact, will have a certain
value of capacitance depending upon what is called the dielectric
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constant of the substance. The table gives the value of K, the
dielectric constant, of several materials.

DIELECTRIC DI1ELECTRIC

MATERIAL CONSTANT K MaTERIAL  CoONSTANT K
Air 1 Paraffin 2
Bakelite 4t08 Porcelain 5t06
Celluloid 4to 16 Rubber 2to 344
Glass 4 to 10 Pyrex 5.4
Mica 3to7 Shellac 3.5
Oil, castor 4.7 Varnished cam-

transformer 2.2 bric 4
Paper 2tod Wood 2to8

Condenser formulas. Formulas have been worked out by
which it is possible to compute the capacitance of condensers of
various forms. For example, the capacitance of a flat plate con-
denser may be computed from the formula

c 885X AXK XN —1)
B 10* X d
where C' = capacitance in microfarads.
A = area of the metallic plate in square centimeters.
K = dielectric constant of the non-conductor.

d = thickness of dielectric in centimeters.
N = number of plates in condenser.

Or
KAN - 1)
C = 0.0885 —~—;1' _—

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.

The factor K has nothing to do with the ability of an insulat-
ing material to withstand high voltages without rupture. Some
materials with a high dielectric constant may have low tolerance
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to high voltages; other materials which can be used in high-
voltage condensers may have a low dielectric constant. Mica,
with a medium value of K, has a highly prized ability to with-
stand high voltages. Furthermore, the condition of the dielec-
tric material affects its breakdown voltage. Temperature, per-
centage of moisture present, and mechanical pressure to which
the insulating material is subjected are among the factors that
affect voltage breakdown.

Example 5-7. How many plates 16 by 20 cm in area and separated by
paraffined paper (K = 2.1) 0.005 cm thick are required for a condenser of
24 pf?

8854K
T 10

885 X 16 X 20 X 2.1
10% X 0.005

0.0119 uf capacitance per plate

Number of plates = 2200.

4
00119

Problem 10-7. Express in micro-microfarads: 1{gqo farad, 1 uf, 0.00025 uf.
Express in farads: 500 uf, 0.01 uf, }{o uf. Express in microfarads: 1 furud,
500 puf, 0.01 puf.

Problem 11-7. What is the capacitance of two square plates suspended in
air 0.1 mm apart, if the plates are 10 cm on a side?

Problem 12-7. A variable tuning condenser has a capacitance of 0.001 uf
when air is used as dielectric. Suppose that the container is filled with castor
oil. What is the capacitance now?

Problem 13-~7. Lead foil plates 2 in. square are separated by mica 0.1 mm
thick having a dielectric constant of 6. What is the capacitance of a condenser
made up of 200 pairs of such plates?

. Problem 14-7. How many joules of energy can be stored in such a con-
denser as in Problem 13-7 when 100 volts are impressed across it? How
much power will it take to charge it to this voltage 120 times a second?

Condensers in series and parallel. When condensers are con-
nected in parallel, the resultant capacitance is the sum of the
individual capacitances for the simple reason that the voltage
which is applied stores as much charge in each condenser as it
would store if it were applied to each condenser separately.
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When condensers are connected in series, however, a different
condition exists. Figure 5-7 shows two condensers connected
across a source of voltage, E. Since the current which charges
the condensers must be the same in the two units (the same

c,
I IE, C
I | |
| 1 | €
| [€, —_—
cz
£- E
E,=E,=E E=E
C=C, +C,

Fic. 4-7. Condensers in parallel.

current must flow through all parts of a series circuit), the same
charge (current is the rate at which charges flow) exists in the
condensers. The voltage across the combination, E, is equal to
the charge divided by the resultant capacitance of the series

£, E, c

I I | | | |

A i L [

£, .

- LS
E~E 1, Where C =C?lf(2:,
E=E

Fic. 5-7. Condensers in series.

circuit. The voltage across each condenser is equal to the charge
divided by the capacitance. Thus

E=Q+C
E,=Q~+C,
Ey, =Q -+ C;
E=E +E,

or

Q+C=Q+C+Q+C;
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or
1 1 1
cC C G,
or when only two condensers are involved, the resultant capaci-
. C,\C;
tance is equal to ———
C, + C;

Thus it can be seen that condensers in series act like resist-
ances in parallel; condensers in parallel act like resistances in
series. When condensers are connected in parallel the voltage
is the same across each; when they are connected in series the
voltage across each varies inversely as the capacitance. If two
equal condensers are in series, half the total a-c¢ voltage is im-
pressed across each condenser. If one condenser has half the
capacitance of the other, that one will have two-thirds the total
voltage and the other will have one-third the total voltage
across it.

The resultant capacitance of several condensers in parallel is
always greater than any single capacitance; in series the re-
sultant is less than the capacitance of the smallest of the group.
In series the voltage across each condenser varics inversely as
its capacitance and is always less than the total voltage across
the combination. YWhen a condenser is to be 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 individual members of the group is below
the danger limit, and so that the total capacitance in the circuit
is the value desired.

When condensers are used across d-c circuits, as in filters, the
d-c resistance of the condenser becomes of importance. If two
condensers in series across a certain d-c¢ voltage have equal ca-
pacitances 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.

Example 6-7. 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
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may be used to reduce the maximum capacitance in the circuit to the
proper value? How shall it be connected?

Solution. Since the total capacitance is to be reduced, the fixed con-
denser must be connected in series with the variable condenser. The total
capacitance is given as 0.00035 uf. This is equal, from the equation on
page 119, to
C1 X Cp
Ci+ Ce

~ 0.0005 X C;
"~ 0.0005 + C,

0.00035 =

whence
Cp = 0.001166 or 1166 upuf

Condensers compared to inductors. When voltage is applied
to an inductance and a resistance in series, the current through
the coil rises slowly from its initial value of zero up to its final
value; when a similar voltage is applied to a condenser and re-
sistance in series, the initial current is high and slowly decreases
to its final value, zero. The reasons are as follows: The applied
voltage across an inductor produces a current in the winding,
and the rate of change of this current is greatest at the begin-
ning. The inductance multiplied by the rate of change of the
current is numerically equal to the back emf or inductive voltage
induced in the coil. By Lenz’s law, this voltage is in such a
direction that it opposes the change in current. The final value
of current, therefore, is delayed.

Voltage applied to a condenser finds no back emf until some
current has flowed into it. As current flows into the condenser,
charging it, the voltage across the condenser rises, opposing the
flow of further current; when the voltage across the condenser
due to the charge in it is equal to the applied voltage, no further
current will flow into it.

The current flowing into a condenser, therefore, is a function
of the rate of change of voltage across the condenser; the voltage
across an inductance is a function of the rate of change of cur-
rent through the inductance. The higher the frequency of the
voltage placed across a condenser, the greater the current that
will flow through it; the higher the frequency of the current



ELECTROLYTIC CONDENSERS 121

through an inductance, the higher will be the inductive voltage
across it.

Condensers in radio circuits. A condenser or capacitor. then,
consists of two or more conducting plates separated by a non-
conductor (dielectric). Electric charges can be placed in a con-
dition of non-equilibrium on these plates, say by collecting too
many electrons on one plate and producing a corresponding lack
of electrons on the other set of plates. As long as this condition
exists, energy is stored in the condenser. This energy is due to
the position of the charges; energy in a magnetic field about an
inductance is due to the motion of the charges. Either of these
funds of energy can be put to use in a manner wlich will be
described later.

Condensers are used for several purposes in radio circuits.
They may tune a receiver or transmitter to a certain frequency;
they may exclude direct current from a circuit in which alternat-
ing current only is desired; they may provide a low-impedance
path for certain frequencies; they may be used in power supply
systems to smooth out any ripple which remains after rectifica-
tion.

Condensers take scveral forms. The eapacitance may be fixed
or variable; the conducting plates may be exposed to the air
or placed within a container and kept under gas pressure, or
they may be molded within an insulating compound. The plates
may be made of zine or brass or stecl or aluminum. The diclec-
tric may be air, or paraffined paper, or miea or a thin chemical
film. The capacitance may be as small as 1 puf or as great as
many microfarads.

The capacitance may vary in a known and desired manner
with temperature. Used in connection with inductances which
may also have temperature coefficients, circuits which are stable
in frequency under varying temperature conditions may be de-
signed.

Electrolytic condensers. When a high capacitance housed in
a small space is required, the electrolytic condenser is supreme.
In this interesting and valuable condenser, high capacitance is
obtained by having large conducting surfaces (the positive plate’
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being a sheet of aluminum foil; the negative being a cloth sat-
urated with a chemical solution) separated by a very thin dielec-
tric (a layer of hydrogen gas). The aluminum plate is often
etched chemically or mechanically so that the greatest possible
surface is made available. Between the positive aluminum plate
and the negative chemical plate is a special conducting fluid
which may be more or less solid in form,

These condensers are polarized; that is, they must be con-
nected into a circuit in which there is definite polarity, positive
and negative. They have high power losses compared to mica
condensers. They are employed in filter circuits in which a d-¢
voltage exists, the anode being connected to the positive side of
the voltage source. The d-¢ voltage which the condenser can
stand without injury depends upon the voltage at which the
oxide film was formed in the process of manufacture. The
thickness of the film is inversely proportional to the voltage at
which the film is formed.

Electrolytic condensers employed in low-voltage circuits may
have much greater capacitance in the same space than can be
possessed by condensers to be used in high-voltage circuits.

The earth as a condenser. The earth is considered as being
at zero potential. All objects not connected to earth have a
higher voltage than the earth; they have a capacitance with
respect to the earth. The purpose of “grounding” metallic ob-
jects in radio receivers or transmitters is to make sure that they
are at ground potential so that there will be no currents flow-
ing through the capacitance between these objects and the metal
chassis of the receiver or transmitter. The chassis, in turn, is
usually grounded either by actually connecting it to earth or
by connecting it electrically to one of the power wires that feed
energy to operate the equipment.

Condenser tests. If a voltmeter, a battery, and a condenser
are connected in series a momentary deflection will be noted if
the condenser is good. If the condenser is leaky, a constant
deflection will be noted. If the condenser is fairly large, 1 or 2
uf, and no deflection is noted, the eondenser is probably open.
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If the full battery voltage is read by the meter, the condenser
is short-circuited.

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

Problem 15-7. Paper condensers are made up of a thin metallic foil
pressed to a dielectric of paper which has the form of a long sheet about
6 in. wide. Suppose that the dielectric constant of such paper is 2 and
that it is 34goo in. thick. A condenser is to have a capacitance of 1 uf;
the metal foil is 5 in. wide. Two sheets of foil and three of paper are
used. How long will each foil sheet be?

Problem 16-7. A “band spread” condenser is one in which many de-
grees 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
condenser. Suppose that a variable with a total capacitance of 500 uuf
and a minimum of 50 uuf (a change of 10 to 1 in capacitance) is con-
nected in series with a fixed capacitance of 1000 uuf. What capacitance
variation is now secured by rotating the variable condenser plates?

Problem 17-7. A condenser of 1 uf has in series with it a resistance of
1 megohm. How long will it take the valtage across the condenser to
fall to 37 per cent of its initial value if the circuit is short-circuited?

Problem 18-7. A resistanceless condenser is to be used in a 1000-volt
circuit, but the condenser will not stand so high a voltage. Another con-
denser is placed in series with it, so that the total voltage is divided be-
tween 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 8

PROPERTIES OF ALTERNATING-CURRENT CIRCUITS

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

Definitions used in a-c circuits. YWhen the voltage (or cur-
rent) has started from zero and risen to its maximum value in
one direction, decreased to zero and risen to its 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. In a-c circuits the element of time must
be considered. In d-¢ circuits time does not enter; the mag-
nitude of the current is constant.

Alternating currents of nearly all ranges of frequencies exist.
Sixty cveles is the common power frequency; tones generated by
audio-frequency oscillators for testing purposes may go from
almost zero frequency to as high as the human ear can hear, that
is, about 15,000 cycles per second, depending on the person.
Electric waves of frequencies as low as 15,000 cycles exist. They
are generated in the long-wave high-power radio stations carry-
ing on transoceanic communication. Radio frequencies up to
about 10,000,000,000 cycles (10,000 megacycles) per second are
now used.

The table gives the terminology which has been built up about

certain ranges of frequencies now or soon to be in common use.
124
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FREQUENCY RANGE Name ABBREVIATION
kilocycles megacycles
10-30 Very low frequency VLF
30-300 : Low frequency Lr
300-3,000 Medium frequency MF
3,000-30,000 : High frequency HF
30,000-300,000 30-300 Very high frequency VHF
300,000-3,000,000 300--3,000 Ultra high frequency UHF

3,000,000-30,000,000 3,000-30,000 Super high frequency SHF

In dealing with a-c circuits, we are employing continuously
varying currents and voltages. Therefore it is helpful to have
somo means of knowing the value of these voltages and currents
at any instant.

Let us consider the circle in Fig. 1-8, in which the radius or
arm rotates counterclockwise at a constant speed. The position

éo" ‘N180°f |270° 360°
o 0° 90° 180
b N
N
4
A
Time

Fic. 1-8. 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.
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of this radius at any instant represents the position of the rotat-
ing part of an a-c generator; the length of the radius represents
the maximum value of the voltage produced by the a-c gen-
erator. The height of the end point of the arm represents the
instantaneous value of the voltage at any instant.

Suppose that the generator starts from rest at zero time. The
voltage is zero; now the arm begins to rise as the generator rotor
moves, and when the rotor has gone through one-quarter of a
complete rotation or cycle (90 degrees) the voltage has risen
to its maximum value and the end point of the arm has reached
its maximum height above the zero axis. At the end of another
quarter cycle the arm is again on the zero axis but pointing in
the opposite direction and moving down instead of up; another
quarter cycle shows the arm pointing down perpendicularly, and
its distance below the axis is again a maximum.

If the heights of the end point of the arm are plotted against
time expressed in seconds or.in degrees, a curve like that shown
at the right will result. This curve represents exactly the varia-
tion in voltage produced by an a-c gcnerator‘throughout the
cycle of 360 degrces. The angle through which the arm has
moved at any instant, reckoned from its zero position, is called
the phase. Thus, when the arm is vertical, it has gone through
90 degrees of its rotation and the phase is said to be 90 degrees.
This is merely a method of expressing time in degrees of rota-
tion instead of in seconds. The value of the voltage at any in-
stant is known as the instantaneous value and of course varies
from zero to a maximum value in one direction, through zero
agam and then to a maximum in the opposite direction.

Sine waves. The curve plotted in Fig. 1-8 is known as a sine
wave because of the following facts. The ratio of the vertical
height of the end of the radius to the length of the radius is
known as the sine .of the angle between them. Thus, sin § = e/E,
where 0 is the Greek letter “theta.” This equation is read “sine
theta equals e/E” and means simply that the sine of the angle
6 is equal to e divided by E. Sinc waves have very important
properties, as we shall see later; they arc representative of many
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natural phenomena such as the rise and fall of the tides and
the motion of a pendulum. From this expression for the sine
of an angle, we may obtain the value for e, the instantaneous
valie of the voltage in terms of E, the maximum value, at any
time we may wish.

Another expression for time in circular measure is the radian.
The radian is defined as follows. If the length of the circum-
ference of a circle is stretched out straight, it will be found to
be 6.28 times as long as the radius of the circle. That is, the
circumference divided by the radius is 6.28, and the circum-
ference divided by the diameter is 3.14. Now the ratio between
the circumference and the diameter of any circle is known by
the Greeck letter = (pi) and the
numerical value is 3.1416 for all P
circles. If an angle is marked out
in a circle such that the length of its
arc is equal to the radius (see arc PQ,

Fig. 2-8), this angle is called 1 0 (
radian. There are, therefore, 2= 1 radian
radians in a circle, and any portion
of the circle may be indicated in
radians as well as in degrees.

Triangle functions. Consider the Fiwc. 2-8. The arc PQ, if
right triangle in Fig. 3-8. Calling the stretched out straight, is as
angle between CB and AB theta (6), long as the radius OP.

. . 5 Then the angle at O is said
the side AC is called the opposite to be 1 radian.
side, CB the adjacent side, and AB
the hypotenuse. The relations between the lengths of these sides
and the angle theta are as follows:

Q

AC
— = tan§é or AC = CBtan# [1]
CB
AC
. —siné or AC = ABsiné (2]
AB

CB
== cos 0 or CB= ABcosf (3]
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The tangent (tan), sine (sin), and cosine (cos) are called the
functions of the angle 8; if we know any two of the three func-
tions of the right triangle and the angle involved, the other func-
tion may be found by means of the table at the end of this book.
The cofunctions are, respectively, the cosine (cos), cotangent
(cot), and cosecant (csc).

A
180° 1
v 360°
sin —

c d B cos +
%gu‘rano tan -
%S— Sinf 7
cB 270
E-Coso

Fic. 3-8. Trigonometric Fic. 48. A circle divided into four
“functions.” quadrants with signs of the functions
of angles in each quadrant.

The function of an angle greater than 90° may be found from
the equation:

Function (N X 90° + A) = Function A if N is even and co-
function A if N is odd.

Example 1-8., What is the sine of an angle of 195°? 120°?

Solution. This angle of 195° is equal to twice 90° plus 15°. Thus
195° = 2 X 90° 4 15°, and N = 2; since N is even, the sine of 195° is
equal to the sine of 15°.

The sine of an angle of 120° is equal to 1 90° 4- 30° = cos 30°, since
here N is an odd number.

The numerical sign (4 or —) of the functions varies from
“quadrant” to quadrant as shown in Fig. 4-8.

Means of expressing instantaneous values. We may express
the instantaneous value of an a-c voltage or current as follows:
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= Esiné or 1= 1sin@

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

Lower-case letters denote instantaneous values; capital letters
denote maximum values.

Let us look at Fig. 5-8, which represents the rotating arm E
and the vertical height e in four tvpical cases, 45, 90, 135, and

e=E Sin f
=20 Sin 45°
=20%.707

=14,

e=E Sing
=20 Sin 90°
=20x1

=20

G=45° 6=90°

€=E Sin g

=20 Sin 135°
S =20%.707
=14.

§=360>-g
=333°

f=135° 6 =333

Fi6. 5-8. At various times in the c¢ycle the instantaneous value, e, of the
vector E is as shown in these vector diagrams.

333 degrees. The actual height compared to the maximum
length of the arm E 1nay 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 O phase is zero; since the sine of an
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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
SO on.

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

1. By a graphical illustration such as Fig. 1-8, called a sine
wave.

2. By an equation, such as

e=FEsin6 or i1=1sné

3. By the pictures shown in Fig. 5-8, known as vector dia-
grams. Such a line as £ in Fig. 6-8 which moves about a circle
is called a vector; the vertical distance

) of its end point from the horizontal
corYwepr;ﬁ:,l,te axis is called’ its vertical component.
The angle 6 between the horizontal
and the vector is called the phase
angle; .the value of the vertical com-
poneiit may be found by multiplying
the maximum value E by the sine of

FEEIERHR } the phase angle.
Fic. 6-8. The maximum Exa;mple 2-8. Represent a voltage whose
value of the vector is E; maximum value is 20 volts. On graph or
the instantaneous value is  cross-section paper, 12 divisions to the right
e = E sin 0. equals one alternation and 20 divisions ver-

~

tically from the horizontal line represents the
maximum values of the voltage. The voltage starts at zero, increases to a
maximum at 90° or 6 divisions, then decreases to zero at 12 ‘divisions, etc.
What is its value at other times? We can tell by using the table of
sines. At the 30° phase the instantaneous value, or the height of the
rotating arm above the time axis, is e = E sin 30° = 20 X 0.5 = 10 volts.
Other instantaneous values can be found similarly and the entire sine wave
plotted similar to Fig. 1-8.

Lay off on cross-section paper a length, say 20 divisions, equal to the
waximum value of the voltage. 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, and the instantaneous value is equal to the maxi-
mum value (20) multiplied by the sine of 30° (0.5) or 20 X 0.5 = 10
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~
A voltage of maximum value 20 may be represented mathematically as
e =20 sin 6

Problem 1-8. The maximum value of an alternating voltage is 110.
What is its value at the following phases: 30°? 60°? 110°7 180°? 270°?
300°? 360°?

Problem 2-8. The instantancous value of an alternating voltage is 250
volts at 35°. What is its maximum value? What is its value at 135°?

Problem 3-8. The instantancous 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 suame maximum value. The
vector diagram looks the same because it is only necessary to label the
votating arm I instcad of E and the mathematical formula reads ¢ = I'sin ¢
instead of e = Esin6. The answers to the above problems will be the
same numerically whether we speak of voltage or current.

Effective value of alternating voltage or current. Since the
voltage (or current) in an a-c system is rapidly changing dirce-
tion, and since the ncedle and mechanism of an ordinary d-e
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. The value is known as the effective value of the
alternating current; it is equal to the maximum value multiplied
by 0.707 or divided by V2. Thus

I

Lg= 07071 = I/v/2 o Ig=Tp

where Iz = effective valuce 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 cffect of a di-
rect current is proportional to the square of the current. If we
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take the instantaneous values of the current over a cycle of
alternating current, square them, find the average of these
squares, and extract its square root, the final value will be equal
to the dircet-current value that will produce an identical heating
effect. The value of current secured in this manner is 0.707
times the maximum value. Since it is the square root of the

b/-Peak power

—t=Average power

3¢ Peak power

Pneah = €maxtmax

Frverage™ martman

Fic. 7-8. Power is the product of e and iz, and the curve marked P is
actually secured by multiplying tegether these factors. Note that the
power curve has twice the frequency of the e and 7 curves.

average or mean squares of several current values, it is abbrevi-
ated to the root mean square or rms. An rms voltage is one
that will produce a current whose heating effeet is the same as a

given direct current as discussed above.
- Em
B = Egg = 0.707E ,,, = '\/‘g

and

Emax = 0;:;; = Leff X ‘\/§

Voltage or current is considered as effective unless otherwise in-
dicated or stated.

Example 3-8. What is the effective value of an alternating voltage
whose maximum value is 100 volts?
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Een = 0.707 X 100 = 70.7 volts

Problem 4-8. The effective value of an alternating current is 12 amp.
What is the maximum value?

Problem §-8. The maximum value of an alternating voltage is 110
volts. What is the effective value?

Problem 6-8. At the 45° phase the instantaneous value of an alternat-
ing current is 10 amp. What is its effective value?

Problem 7-8. The effective value of an alternating current is 100 ma.
What is the instantaneous value at the 60° phase?

Adding alternating currents. Consider Fig. 8-8, in which
there are two radius vectors which rotate at the same speed.

Fic. 8-8. In this curve I3 is the sum of I; and I2 at each instant.

They represent two alternating currents which have the same
frequency but different maximum values and reach their maxi-
mum values at different times. The effect of these two currents
may be obtained by adding at each instant the vertical heights
of the two vectors and by plotting these values as a function of
time in degrees or radians or seconds. It will be found that a
new sine wave is produced as shown. This characteristic of sine
waves is very useful. The phase difference between the two
sine waves is constant, but, since the two maxima do not oceur
at the same instant, it is not possible merely to add the maxi-
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mum values to get the maximum of the new sine wave. This
phase angle must be taken into account.

If the two vectors are used to form
two sides of a parallelogramn, the
diagonal of the completed figure “will
represent the maximum value of the
new sine wave, and the instantaneous
values of the new wave can be found
in exactly the same way as they can
be found for either component.

The two sine waves need not have
the same frequency to be added, but

Fic. 9-8. A vector diagram
of two sine waves combined

to produce a new sine wave | ‘ .
of 11 amp maximum value, 11 this case the phase angle is chang-

ing continuously and the resulting
wave is not a sine wave. To show the effect of two sine waves
of different frequencies as well as different maximum values, it

26
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Fia. 10-8. How two sine waves of the same frequency but different ampli-
tudes may be added by means of graph paper.
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is only necessary to draw the waves to a convenient scale, to
measure the vertical heights of the two waves at each instant,
to add these values together, and to plot a new curve represent-
ing the values.

Phase relations between current and voltage. Whenever an
a-c voltage forces a current through a resistance, the wave forms
of the voltage and the current look alike; so do their mathe-
matical formulas and their veetor diagrams. This is explained
by the fact that the current and voltage start at the same in-
stant, rise to a maximum value at the same instant, and carry
on throughout their respective cycles in perfect step, ar in phace.

\When an inductance or a capacitance or any combination of
these quantities with each other or with resistance is in the cir-
cuit, other phenomena take place which differ entirely from
those in a d-c 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 capacitance,
the opposite is true: the maximum value of the current takes
place before the maximum voltage is reached.

Case 1. Current and voltage in phase. Figure 11-8 repre-
sents the current and voltage in phase, i.e., in a resistive circuit.

1A

180° 360°

‘ v l

Fic. 11 8. Current and voltage in phase, true of a circuit containing
resistance only.
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Since the forms of the voltage and current waves are exactly
similar they can be drawn on the same horizontal axis, or in the
vector diagram as in Fig. 12-8. They can be thought of as two
vectors, which may or may
not have the same length, ro-
tating at the same speed.

In a resistive circuit Ohm’s
law I = E + R states the re-
lations between current, volt-
age, and resistance, just as it
does in a d-¢ circuit.

Example 4-8. Suppose that a

- " lamp of 55 ohms is placed across
Fio. 12-8. Current and voltage in  , 1)q (o) 60-cycle a-c line. What

DES3, ‘The maximurrf value of current will flow through it at the
voltage is greater (or is drawn to 30° phase?

different scale) than the maximum
value of the current.

We must first find the maximum
value of the voltage.

E = Eeﬂ X \/§
=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 + 55 = 2.82 amp
This is the maximum current. The current at any phase may be found by
i =1Ising@
= 2.82 sin 30°
= 2.82 X 0.5 = 1.41 amp

Problem 8-8. A resistance of 10 ohms is in a circuit with an alfernating
voltage of 20 volts maximum. At what phases will the current through
the resistance be 1 amp?

Problem 9-8. A certain alternating current has the same heating effect
as a direct current of 8 amp. It flows through a resistance of 25 ohms.
What are the effective and the maximum voltage? At what phases will
the instantaneous value ‘of the voltage be equal to one-half the maximum
value?
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Case II. Current lagging behind the voltage. Let us con-
sider the case where the current does not attain its maximum
value at the same instant that the maximum voltage is reached,
as is illustrated in Fig. 13-8. It will be noted that the current
maximumn is 67.5 degrees behind the maximumn value of the volt-
age curve. Therefore the maximum value of the current is said
to lag behind the voltage maximum 67.5 degrees. The current
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Fic. 13-8. Current and voltage in an inductive circuit where the current
lags behind the voltage.

and voltage here may be thought of as two vectors, or arms,
moving in two circles such that the current radius does not start
until the voltage veetor has completed 67.5 degrees of its total
movement of 360 degrees.

The formulas tor Case IT where the current is lagging are

e= Esing
1= Isin (6 — ¢)
where 6 = phase of the voltage in degrees.

¢ = difference in phase between E and I, or the angle of lag.
(The angle ¢ is called phi.)
Example 5-8. 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 current at the 75° phase?
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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

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

Problem 10-8. If the maximum voltage is 110, what is the instanta-
neous voltage at the 110° phase? at the 90° phase? at 45°?

Problem 11-8. 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 makes the
mmaximum of current take place later than the maximum of volt-
age. 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 degrees.

Why is the maximum value of the voltage ahead in time of the
maximum value of the current? The maximum induced voltage
across an inductance will occur when the current through the
inductance is changing most rapidly, since an inductive voltage
is numerically equal to the inductance multiplied by the rate of
change of current. The current is changing most rapidly when
it is going through zero. Consider a pendulum. When it is
cxactly vertical its velocity is the greatest; when it is at the peak

- of its swing to right or left its velocity is zero for a fraction of
a second, since at this moment it comes up to its greatest swing -
and then reverses its direction. At the bottom of the swing,
‘gravity has had its greatest effect and the bob is, at this moment,
moving with greatest velocity. Similarly, in an alternating-
current circuit, the current is changing most rapidly at the mo-
ment it is going through zero.

When alternating current flows through an inductor there will
be an alternate increase and decrease in the magnetic field about
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it. When the field is increasing, a counter emf will be produced
(according to Lenz’s law) which opposes the increase in current.
During this period energy is stored up in the magnetic field. On
the next quarter cycle the field collapses, and during this period
the rate at which the current is decreasing slows down. This
process is repeated during the negative half cycle. It is for this
reason that the maxima (or any other corresponding values) of
voltage and current in an inductive circuit do not occur at the
same instant, the maximum of current occurring after the maxi-
mum of voltage.

Inductive reactance. If a coil of negligible resistance is placed
in an a-c circuit, less current will flow than if the coil were not
present. The effect of the coil which reduces the current is called
the inductive reactance, which is proportional to the inductance
of the coil and to the frequency. Thus

Voltage
Current = ——— or I =E~+ X
Reactance
where I is in amperes.
E is in volts.
X 1s 2xfL. J

Inductive reactance, therefore, is numerically equal to
X (ohms) = 6.28 X f X L = oL

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

NoTk: The use of omega here as equal to 2xf should not be con-
fused with the use of omega as an abbreviation for ohms. Tt is
unfortunate that the same symbol has been associated with both
resistance and 2xf.

Example 6-8. In an a-c circuit the following data are given: Eoqy = 100
volts; inductive reactance, X; = 20 ohms. Find the maximum and effective
current and the instantaneous current when the voltage is at the 150° phase.

Solution. The effective current is found from
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Tnax = Ien X 1.41 = 78 amp
The vecior diagram in Fig. 14-8 shows the instantaneous current to be
i=1Isin (0 — 90°)
= 7.8 sin (150° — 90°)
= 7.88in 60°
= 7.8 X 0.866
= 6.75 amp

Problem 12-8. In the above example
find the instantaneous voltage when the
instantaneous current is 6 amp.

Problem 13-8. What inductive react-
ance is needed to keep the maximum
current down to 75 amp in a 110-volt
effective circuit?

Fie. 14-8. Current lagging be-
hind the voltage by 90 degrees.

Case III. Current leads the voltage. Here the maximum
value of the current is reached before the corresponding maxi-
mum voltage is reached. The voltage lags behind the current,
or, as it is usually stated, the current leads the voltage.

Fic. 15-8. Current leading the voltage by the angle ¢ at the 60° phase.
The angle of lead is 20°.

A vector diagram for these conditions is shown in Fig. 15-8.
The instantaneous values of voltage and current are

e = E sin 60°
© = I sin 80° or 7 = I sin (60° + 20°)
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The formulas applicable when the current leads the voltage are
e= Esing
t=1sin @+ ¢)

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, effective if the voltage is effective,
ete. .

Example 7-8. 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
iv at the 10° phase?

The maximum value of the current is found from

Tnax = Iog X 1.41
=70 X 1.41

= 08.7 amp
By the equation
i =1sin (6 + ¢)

= 08.7 sin (10° + 30°)
= 98.7 X 0.643
= 64.5 amp

Problem 14-8. The instantaneous value of current in a certain capaci-
tive circuit is 8 amp. The instantaneous value of the voltage is 25. The
maximum values of the current and voltage are 15 amp and 80 volts
respectively. What is the angle of lead between them?

The cause of leading current is capacitance, which makes the
maximum of current occur before the maximum of voltage.

When current flows into a condenser it places a charge on the
condenser plates and conveys to the condenser a given quantity
of clectricity. When the current starts to flow into the con-
denser there is no opposing voltage across the condenser because
until the condenser receives a charge the voltage is zero. There-
fore the rate of current flow is a maximum when the voltage
across the condenser is zero. As current continues to flow into
the condenser, the voltage across the condenser rises and opposes
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further flow of current into it. When the maximum of voltage
is attained as the result of the storage of charges in the con-
denser it exactly balances the impressed emf and at this instant
the current flow into the condenser is zero.

The maximum of current, then, corresponds in time to mini-
mum voltage and is said to lead the voltage. The minimum of
current occurs when the maximum of voltage is reached. In a
purely capacitive circuit (no resistance and no inductance)
these maxima are 90 degrees apart. If there is resistance in ad-
dition to capacitance the phase difference is less than 90 degrees.

Capacitive reactance. If a capacitance having no resistance
is placed in an a-c circuit, less current will flow than if the ca-
pacitance were short-circuited. The opposition to the flow of
current is called the capacitive reactance, and it is found to be
inversely proportional to the capacitance and to the frequency.
Thus

Voltage E
Current = ——— or I =—
Capacitive reactance X,

Capacitive reactance is equal numerically to

1 1
Xc(ohms) = ————— = —
e (obms) = & 8 XfXC oC
where f = frequency in cycles per second.
C = capacity in farads.
w is the Greek letter omega = 6.28 X f.

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 capacitive circuit takes place 90
degrees ahead of the maximum of voltage. If there is an appre-
ciable resistance in the circuit the difference is less than 90 de-
grees; thus resistance tends to bring the current and voltage in
phase.

Example 8-8. If a condenser which has a capacitive reactance of 5
ohms is in an a-c 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?
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Solution. e = Esin 20°
48 = E X 0.342
E = 140 volts
E
~x
140
= 5 = 28 amp

z = I sin (20° + 90°)
i = 28sin 110°

= 28 cos 20°

= 28 X 0.940

= 26.32 amp

Problem 15-8. 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 16-8. Condensers arc 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-c circuit?

Problem 17-8. 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 thisx
condenser? What is the instantaneous value of the cwrent when the
voltage is 80? At what phase is this?

Comparison of inductive and capacitive reactances. Coils and
condensers have opposite effects upon an alternating current.
The reactance of an inductor increases as the frequency in-
creases; 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 series coil are placed in the circuit. The series coil prevents
the flow of the higch-frequency ‘¢urrént because of its high re-
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actance, and the capacitance shunted across the circuit provides
an easy path for the high frequencies but its high reactance to
low frequencies prevents any of the low frequencies from leak-
ing away through this shunt circuit, :

Where it is desired to permit the flow of a high-frequency cur-
rent through a circuit but to prevent a low-frequency current
from flowing, the capacitor and the inductor are interchanged,
the eapacitor being placed in series and the coil in shunt to the
circuit. i

In these ways advantage is taken of the different effect of
coils and condensers upon the flow of alternating currents of
high and low frequencies.

Example 9-8. Assume an a-c circuit composed of an inductance of 1 mh.
What current will flow if E is 100 volts and the frequency is 600 cycles?

X, =628 XfXL
Since 1 mh = 1073 henry
Xr =628 X1 X 1073 X 600

= 3.8 ohms
E 100
I = — =— =26
X, 38 3 amp

Example 10-8. What is the reactance of a 500-uuf condenser to radio waves
of a frequency of 600 ke? Since 500 uuf = 500 X 1072 farad, and 600 ke =
600,000 cycles

1

X, =
© 7 6.28 X 600 X 103 X 500 X 10~

10°
T 6.28 X 600 X 500
=l—05 =1—05— = 530 ohms
’ 6.28 X 30 1884

Problem 18-8, What would the current be in an a-c circuit if the fre-
quency were 6000 cycles and if the inductance were 1 henry? If the in-
ductance were 1 uh and the frequency 100 megacycles? Assume E = 100.

Problem 19-8. Calculate the reactance of 1 henry, 1 mh, 1 uh at the
following frequencies: 100 cycles, 1000 cycles, 1,000,000 cycles.

Problem 20-8. What reactance is needed to keep the current into an
electric iron down to 5 amp when it is placed across a 110-volt circuit
(assuming that the iron has no resistance)?
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Problem 21-8. The inductance in an a-c circuit is 0.04 henry. At what
frequency will the current be 3 amp if the voltage is 110?

Problem 22-8. Calculate the reactance of a 1-uf, 0.001-gf, 50-puf con-
denser at 60 cycles, 60,000 cycles, 600 ke, 15,000 ke.

Problem 23-8. The capacity in an a-c circuit is 1.0 pf. At what fre-
quency will the current through it be 415 ma if the voltage is 110?

By-pass condensers and choke coils. Condensers that are
shunted across a circuit to provide a low-reactance path for the
higher frequencies to follow are called by-pass condensers. Coils
may be 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
circuit, they provide a path for lower
frequencies to follow. The proper com-
bination of inductors and condensers will
enable certain bands of frequencies to
pass or to be excluded.

Measurements of capacities. Condensers FiG. 16-8. Wheatstone
may be measured for capacitance by com- bridge for measuring

. . . capacitance. When
paring them with a known capacitance by bridge is balanced, no
means of a Wheatstone bridge as shown g, 14 is heard in head-
in Fig. 16-8. The unknown capacity C,
may then be caleulated from

AC

B
phones, and C. - Z-C..

B
C;=— Cs
A

The capacitance of condensers from 0.01 to 10 or more micro-
farads may be measured by noting the current through them with
a known a-c voltage across them. The condenser is first tested
for open or short as indicated on page 122. 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 line is not known. The capacitance is

I ma X 1000

Cuf = —
6.28 X f X E
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Combinations of resistance with capacitance or inductance.
Coils and condensers always have some resistance in them, al-
though in most radio apparatus the resistance is negligible com-
pared to the reactance. Since a reactance as well as a resistance
impedes the flow of current, we must combine them to determine
what current flows through a piece of apparatus under a certain
voltage and at a certain frequency.

Because inductances and capacitances have different effects
upon an alternating current from a resistance, we cannot merely
add the reactances in ohms to the resistance in ohms to deter-
mine the resultant effect upon the circuit. They must be added
vectorially, not algebraically.

Impedance. A combination of resistance and reactance is
called impedance. The value in ohms may be found as follows.
Two factors whose effect is at right angles to each other may be
combined and the resultant secured by the formula found in
plane geometry which states that “the square of the hypotenuse
of a right triangle is equal to the sum of the squares of the other

H »
two sides.” Thus 2= R4 X -

and, if B = 3 ohms and X = 4 ohms,

Z22=9+4+16=25

Z=\2=25

This is called getting the vectorial sum. The algebraic sum, ob-
tained by simple addition—as when two resistances are combined
in series—would be, in this example, 7 ohms, whereas the vectorial
sum is 5 ohms. It does not matter in computing whether X is
positive or negative since the square of either a plus or minus
quantity has a positive sign. Thus

(+X)? = (—X)* = X*
The resultant of combining a resistance and a reactance can
be found graphically. Lay off on a horizontal line a number of

units corresponding to the number of ohms resistance. Then, if
the reactance is inductive, erect a perpendicular and lay off on

whence
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it a number of units equal to the number of inductive reactance
ohms. The length of line connecting the extremities of these two
lines is the resultant impedance in ohms.

The reasoning behind this procedure is as follows. Remember
that in a resistive circuit the voltage and current are in phase;
but that in an inductive circuit the current lags 90 degrecs be-
hind the voltage; and that in a capacitive circuit the voltage
lags 90 degrees behind the current. Thus,

comparing the circuits, we may see that f T TTTTTTA
in the inductive circuit the current lags (\' Nl
90 degrees behind the current in the re- /,QY .
sistive circuit—there is a 90-degree phase W {
difference between these two currents— [%2=3 A ﬁ;
and similarly, the current in a capaci- // ]
tive circuit is 90 degrees ahead of the cur- Y4 J
rent in a resistive circuit. —

R=8 |

Since the effects of inductance and re-
sistance are at right angles (90 degrees) Twic. 17-8. How to
to each other and since the effects of ¢ompute impedance by
capacity and resistance are at right vectors . e Mt
angles to each other, cireuits combining section paper
resistance with either inductance or capacitance may be repre-
sented in this manner, using two vectors, one pointing at a
90-degree angle to the other. The effect upon the circuit of the
two propertics may be determined by drawing a diagonal to the
parallelogram, two of whose sides are the resistance and the
reactance due Lo inductance (or capacitance).

Because capacitive reactance has an effect opposite to that of
inductive reactance, the line representing it should be pointed
downward. Graph paper is of great aid in solving a-c problems
in this manner.

Example 11-8. An alternating current of 8 amp maximum flows through
a coil whose inductance is 0.043 henry and whose resistance is 5 chms. What

voltage is required if the frequency is 60 cycles?
The current in such a circuit is

I =E+2
Z=VR+X?
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and
X =2xf X L =6.28 X 60 X 0.043 = 16.25 ohms

Z = V5 +16.25¢ = V/289 = 17 ohms
whence
E=1Z =17 X 8 = 136 volts

Example 12-8. What is the impedance in a circuit in which there is a con-
denser of 1.66 uf and a resistance of 800 ohms? The frequency is 60 cycles.

Z=VR+X2
1
X, =—
T 2mfC
108

= — 1500 ohms
6.28 X 1.66 X 60 onms

Z = V/800% + 1590

= V(64 X 109 + (256 X 10%) (approx.)
= 102v/320
1790 ohms

General expressions for impedance. If an a-c circuit is com-
posed of resistance and both inductive and capacitive reactance
the impedance is figured as follows. Since the inductive and
capacitive reactances are opposite in effect, the negative sign is
fixed to the capacitive reactance, the positive sign to the induc-
tive reactance. That is, a capacitive reactance is a negative re-
actance of so many ohms; an inductive reactance is a positive
reactance of so many ohms. Before they are combined with the
resistance vectorially, their algebraic sum is obtained to get the
net reactance. Thus the general expression for impedance is

Z = VR + (X, — X¢)?
and after the capacitive reactance has been combined with the

inductive reactance (it is actually subtracted because the signs
of the two reactances are different) the form of the impedance

becomes as before
Z=VR4 X2

Again note that the sign before X2 in the above equation is
positive. This sign is always positive since two negative quan-
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tities multiplied together (or a negative quantity squared) result
in a positive quantity. If, for example, the actual value of the
capacity rcactance in ohms was greater than the inductive re-
actance in ohms, the effective reactance in the circuit would be
negative but X2 would be positive.

Example 13-8. What is the impedance of a circuit consisting of a capaci-
tive reactance of 6 ohms, an inductive reactance of 10 ochms, and a resistance
of 4 ohms?

The vector diagram for this example is shown in Fig. 18-8. Here we have

ISP
/
4
o
S |
©
8 S
> ] {
/%
1/
NAR
+X u i
‘\)/ I Z=-/4 +4%=57
| eGP T E
/ | |
1
Aun pj I 7 I
_1 lq |
/ i . ,
i
R |
{
o oy
|
1
Ny [
; SN
;é" x!?—‘i
\\) |
>
J
-x IN
1 _1_d1_

Fic. 18-8. At left is resultant of combining reactances and a resistance to

form two Z vectors. At right, the two reactances have been added to

form a net reactance of 4 ohms which is then combined with a resistance
of 4 ohms to form an impedance of 5.7 ohms.
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X pointing upward at an angle of 90° from the resistance and X, pointing
downward at an angle of 90° from the resistance. The total effect of the
reactances is 10 — 6 or a positive 4 ohms which points upward.

If, however, the values of X and X, are interchanged, so that
the resultant of adding the reactances is a negative 4 ohms which

point downward, then

InCasel: Z = VER:+ (X, — X.)?

= V42 4+ (10 — 6)?

= V4 +42 =57

InCase2: Z= VR + (X1 — X.)?
= V4 + (6 — 10)*
= Va2t (-9)?

— A\ /42 + 42
= 5.7
La |
% C=250

¢ = upt
—>L,=100u4

’ =100

-s 1 Volts
—>Ly=50uk

Fic. 19-8. An antenna and its equiva-
lent.

Problem 24-8, An antenna (Fig.
19-8) may be considered as an in-
ductance, L, and a condenser in
series. 1f the voltage in Fig. 19-8
is 100 uv, f = 1000 ke, what is the
current through the coil L, in series
with L,? (There is no mutual in-
ductance between L, and L,.)

Problem 25-8. What is the total
reactance in a circuit which has 45
ohms inductive reactance, 70 ohms
capacitive reactance, and 20 ohms
resistance? What is the imped-
ance? What current would flow if
the voltage were 110 effective?

Problem 26-8. What would be
the values of capacitance and in-

ductance in Problem 25-8 if the frequency were 500 cycles?
Problem 27-8. What voltage is required to force 1 ma through the follow-
ing circuit: resistance 8 ohms, inductance 300 ph, capacity 500 uuf, frequency

750 ke?
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Series a-c circuits. In Fig. 20-8 is an inductance in series with
a resistance. The current flowing in the circuit may be found by
dividing the voltage across the circuit by the impedance of the
circuit, that is, I = E + Z, in which
Z=VE+Xx?
which is quite different in numerical value from R + X. For ex-

ample, if B = 3 and X = 4, the vector sum Z = 5 wherecas the
arithmetical sum = 7.

L R
2000000 ~~MWWWWWWN—
= /R+Cw*
Tic. 20-8. A series circuit: w = 628 X f.
As-in a d-c circuit, the voltage across an impedance, a reactance,

or a resistance is equal to that impedance, reactance, or resistance
in ohms multiplied by the current in amperes.

Voltage across a resistance Er=1IXR
Voltage across an inductance EL=1XX,
Voltage across a capacitance Ec=1XX¢
Voltage across L and ¢ Epye = I(X, -- X)

The voltage across two resistances or reactances in series is the
algebraic sum of the individual voltages, remembering that a ca-
pacitive reactance has a negative sign and that the voltage across
it is negative with respect to that across an inductance. The
voltage across two impedances in series, however, must be deter-
mined by adding the individual voltages vectorially. This is be-
cause the impedance is a vector sum of a resistance and reactance.

Let us take a typical example. The current in the circuit of
Fig. 20-8 is

E

" VEix

E=IVR*+ Xx?
E2 — 12(R2 + X2)

1

or
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or
E2 — 12R2 + I2X2

= Egp® + Ex?
whence -
E = VEg® + Ex®

Therefore the resultant voltage across a resistance and a reactance
is the vector sum of the individual voltages.

Ezample 14-8. IfE=15R =3, X = 4

—

15
5

o 15 15
VRE+ X2 V9 +16

Er =IR =3 X3 = 9 volts

= 3 amp

Ex =IX =3 X 4 =12 volts

E = VEg*+ Ex® =V8l + 144 = V225 = 15

Experiment 1-8. To measure the capacitance of a condenser. Place a con-
denser of about 10 uf in series with an a-¢ milliammeter and measure the
current through it when placed across a 110-volt, 60-cycle line.

Then

1

B X = I X s x % C
or
I
C=——— ——
E X628 X f
where E = line voltage or

C,‘f=i =17 % 0.024

o 41.5
when E = 110.
f = 60.
I = ma.

Vector diagrams of series circuit. In a resistive circuit, the
voltage and the current are in phase, their maximum values oc-
curring at the same instant. If the circuit is purely reactive
(no resistance), there is a 90-degree phase difference between
the current and the voltage. If there are both resistance and
reactance in the circuit, the angle between the current and volt-
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age is less than 90 degrees, the exact value depending upon the
relative values of R and X.

Vector diagrams furnish a convenient means of stud.ying the
relations existing in such complex series circuits. If the vector
diagram is laid off on cross-section paper, the work is greatly
simplified.

Since the current is the same in all parts of a series circuit, the
current can be taken as a “reference vector” and the voltages
determined from it. As an example
let us suppose that we have a circuit
made up of 5 ohms resistance and
4 ohms inductive reactance. Through |
these tw'o compongnts 1 amp of cur- Ix o 7 ;
rent flows. We will draw the refer- |
ence vector horizontal and label it I, e I
current. Since, however, the voltage o‘\ . :

. . &
across the resistance is the product of 4 B
R and I, we can also use this hori- Fic. 21-8. Vector diagram
zontal vector as representing the volt- o o et e
age across the resistance. This line,
therefore, represents both the total current in the circuit and
the voltage drop across the resistance. Let us lay off 5 units to
the right and label it IR. Note that, if we were considering the
current and voltage in a reactive circuit, we could not do this
because we know that there is a 90-degree phase difference be-
tween current and voltage, and the same vector cannot be used
to represent both of them. In this example the current and
voltage are in phase because only the resistance part of the
circuit is under consideration.

The horizontal line, therefore, represents both the current in
the circuit and the voltage drop across the resistance. How shall
we represent the voltage drop across the inductive reactance?

We know that the voltage across the inductance is 90 degrees
ahead of the current through it. We erect a vector perpendicu-
lar to the current vector and label it the reactive voltage vector.
How long should it be? The actual voltage drop across the in-
ductance will be equal to the product of I and X, and so we lay

C D
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off 4 units vertically. This is now equal in direction and length
to the voltage drop across the inductance, taking the current
through the circuit as the reference vector.

What is the applied voltage which will produce 1 amp through
5 ohms resistance and 4 ohms reactance? If we complete the
parallelogram as shown by the dotted lines, we will have a repre-
sentation of the applied voltage both in direction and in magni-
tude. With cross-section paper and a compass, it is a simple
matter to determine the value of the voltage, in this example
approximately 6.3.

The 6.3 volts required to force 1 amp through this series eir-
cuit must be the voltage across the entire circuit, and the line
representing this voltage must also be representative of the im-
pedance of the circuit. Thus, the vector diagram has IR as the
horizontal vector, IX as the vertical vector, and IZ as the vector
representing the total applied voltage.

Now each of these vectors has been multiplied by a constant
factor I, and if I is divided out of each of them we shall have
left R, X, and Z. Therefore not only can we use a vector dia-
gram to represent the voltages across component parts of a series
a-c¢ circuit, but also the vectors can be made to represent the
parts themselves. Furthermore the angle between the vector
representing Z and R is the angle by which the voltage across
the circuit and the current through it differ in phase. Clearly
in this example the voltage leads the current, and the angle be-
tween the directions of the R and the Z vectors is the angle of
lead. Thus, in Fig. 21-8, BD + AB is the tangent of the angle
8, or BD

— = tan 6

AB
and, since BD = AC = IX (or the voltage across X) and AB =
IR (or the voltage across R),

The reactance and the resistance in ohms being known, the
tangent of the angle may be determined, and the angle itself
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looked up in a table. When the tangent of an angle is known but

. . X .
not the angle, the expression is written § = tan™ R and is read

“@ (theta) the angle whose tangent is X over R.”

Similarly, X + Z = sin 8, and R + Z = cos 6.

The effect of a resistance in series with a reactance is to de-
crease the angle of phase difference between the current and the
voltage, that is, to bring them more nearly in phase. In a pure
reactance circuit, the angle is 90 degrees; when resistance is
added, this angle decreases. In a pure resistance circuit, there is
no angle, the current and voltage are in phase; they reach their
maximum values at the same instant. If the reactance is capaci-
tive, the procedure is exactly the same except that the X vector
is directed downward vertically.

Example 16-8. In an a-c circuit there are a resistance of 10 ohms and
an inductive reactance of 8 ohms. A current of 8 amp is flowing. What
voltage exists across each part of the circuit and across the entire circuit?
What is the phase difference between the current and the voltage?

Voltage across R = IR = 8 X 10 = 80 volts
Voltage across X = IX =8 X 8 = 64 volts

Draw the vector diagram to scale as in Fig. U
22-8; then the diagonal IZ = 102.5 volts. Tang=gn=8
(Note that the algebraic sum of the voltages g —t—t+— —t-r-r-rg
across R and X is 144 volts.) The tangent of |9 =38°40 A
the angle of phase difference is equal to X + [ ] 9" !
R or 0 IX =64 /\sb. ]'
6=X+R=8=+1 ! k4 i
tan X R 8 Oor 08 //\rll’ :
8 = tan=' 0.8 ,(/ l i
or \ ] = [}
6 = 38° 40’ 0 R=% 1,

Note in Fig. 21-8 that the right- T16- 22-8. Vector repre-
angled triangle has three sides respec- m:,:’:::i?; i:fa-caci:glglt(;ﬂl
tively representing the voltage across P )
the resistance, IR, across the reactance, IX, and across the im-
pedance, IZ. Now if each of these voltages is divided by the
current, I, three sides of the triangle can be made to represent
R, X, and Z. Then, if we know two components of an im-
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pedance, or the impedance and one component, the third com-
ponent (R or X) can be found. Thus

cosf =R+ Z sing =X =+ Z tan= X =+ R
or

R =Zcos# X =Zsin#g Z =R + cosb =X +siné

Case I. X and R given, to find Z. Look up in a table of trigo-
nometric functions the angle whose tangent is X + R; find the
sine or cosine of this angle and divide it into X or R.

CasE II. X and Z given, to find R. Note that the sine of an
angle is equal to the cosine of 90° minus that angle. Thus sin 70°
= cos 20°. Since the sum of the angles of a triangle is equal to
two right angles (180°) and since one right angle exists between
X and R, the other two angles must total 90°.

Now R = Zcos#8, but 6 is not known. However, the angle
(90 — 6) can be found since that is the angle between X and Z,
and both are given. The cosine of the angle between X and Z is
equal to X + Z. Therefore, if 6 is not known, R = Z cos 6 cannot
be solved, but R = sin (90 — 6) is known.

Look up the angle whose cosine equals X + Z; at the same time
find the sine of this angle and multiply it by Z; or in mathematical
language

R =2Zcos8 =Zsin (90 —60) = Zsin (cos™' X + Z)

Case III. R and Z given, to find X. This situation resembles
Case II, and in mathematical language

X =Zsin6=Zcos(90 —8) = Zcos(sin"'R + Z)

Example 16-8. A series circuit is made up of resistance = 46 ohms, in-
ductive reactance = 26.6 ohms. What is the impedance?

Solution: X +~ R = 0.577. This is the tangent of an angle of 30°. The
cosine of this angle is 0.866; and Z = R + 0.866 or 46 + 0.866 = 53 ohms.

Suppose, however, that Z and X are given, to find R. X +~ Z = 266 +
53 = 0.5. Look up the angle whose cosine is 0.5. Since it is 60° and the
sine of this angle is 0.866, R, therefore, is equal to 0.866Z or 53 X 0.866 =
46 ohms.

Problem 28-8. Two resistances, one of 8 ohms and the other of 24
ohms, are in a 60-cycle 110-volt circuit. What current flows? What is
the current if the frequency is increased to 500 cycles?
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Problem 29-8. What current exists in the above circuit if the second
resistance is replaced by an inductive reactance of 24 ohms? If the fre-
quency is 60 cycles, what inductance will be in the circuit?

Problem 30-8. In a circuit with 550 volts across the terminals are the
following pieces of apparatus: a coil with 15 ohms reactance, a condenser
with 7 ohms reactance, two resistances of 10 and 5 ohms. What current
flows? What is the voltage across each part? What is the phase relation
between voltage and current?

Problem 31-8. In an a-c circuit appear a voltage of 34 volts across a
resistance and a voltage of 66 volts across a capacitance. What is the volt-
age across the combination?

Problem 32-8. Two condensers are in series with two inductances and
a resistance. The condensers have reactances of 8 and 10 ohms, the in-
ductances are 20 and 6 ohms, and the resistance is 4 ohms. What current
flows, what voltage appears across each component, and what is the phase
between current and voltage? Assume that E = 110.

Problem 33-8. What is the phase difference in each of the following:
(@) pure resistance circuit; (b) pure inductive circuit; (c) pure capacitive
circuit; (d) 100 ohms resistance and 100 ohms inductive reactance; (e) 100
ohms resistance and 50 ohms inductive reactance; (f) 100 ohms resistance
and 100 ohms capacitive reactance; (g) 100 ohms resistance and 50 ohms
capacitive reactance; (k) 100 ohms inductive reactance, 50 ohms resist-
ance, and 25 ohms capacitive reactance; (i) 100 ohms each inductive and
capacitive reactance and 100 ohms resistance?

Problem 34-8. In a series circuit there are 45 ohms inductive reactance
and 20 ohms resistance. It is desired to increase the phase angle between
the current and voltage to 85°. How can this be done? How can the
phase angle be decreased to 30°? Solve by means of vector diagrams.

Characteristics -of a series circuit. 1. The voltage across a
series combination of resistance and reactance is the vector sum
of the voltages across the separate units.

2. The combined resistance of several resistances in series is
the algebraic sum of the individual resistances. '

3. The combined reactance of several reactances, whether in-
ductive or capacitive, is the algebraic sum of the individual re-
actances. “

4. The impedance, or combined effect of a resistance and re-
actance, is the vector sum of their individual values.

5. The impedance of several impedances in series must be
obtained by breaking down the individual impedances into their
corresponding resistances and reactances, adding the resistances,
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and adding the reactances with due regard to the fact that a
apacitive reactance has a negative sign. The total impedance
then is equal to

Z = V(R + R2)* + (X, + Xa)?

Example 17-8. Suppose that we combine two resistagces, reactances, ete.,
of 3 and 4 ohms respectively. The table below shows the resultant values.

COMBINATION Sum RESULTANT
1.R=3;X =4 V9 +16 =z 5
2.R=3;R=4 344 =R 7
3. XL=4;X,=3 4-3 =X 1
4. X, =3; X, =4 3—4 =X -1
5. Xp =3; X, =4 4+3 =X 7
6. X, =3;X.=4 —4-3 =X -7
7.R=3,X,=4X.=3 V9+@-32=2 3.16
8 R=3,X,=3X.=4 VO+@B—-42=2 3.16
9. R=3X,=3X.=3 VI+@B-32=2 3

Note in 7 and 8 above that the resultant is the same although the con-
ditions are different. This occurs because a negative number when squared,
or multiplied by itself, becomes a positive number. In other words, a nega-
tive reactance and a resistance always produce a positive impedance.

In a series circuit, the reactance which is the greater deter-
mines the reactance of the resultant or equivalent series circuit.
For example, if there are 4 ohms capacitive reactance and 11
ohms inductive reactance, the circuit as a whole will be induc-
tive. The greatest share of the total voltage will appear across
the inductance. Voltages are sometimes called the controlling
factors in series circuits.

Resonance. Since reactances may be positive or negative in
effect, a very important phenomenon can take place. When the
capacitive reactance of a circuit is equal to the inductive reac-
tance, their respective effects cancel out and the resultant im-
pedance’is equal to the resistance in ohms alone. To a circuit
possessing inductive (or capacitive) reactance one may add
capacitive (or inductive) reactance and thereby actually reduce
the impedance to the value of the ohmic resistance existing in
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the circuit. This reduction in impedance oceurs at a single fre-
quency only since, at all other frequencies, the inductive and
capacitive reactances will be unequal. This phenomenon, known
as resonance, is so important that the entire following chapter
is devoted to it.

Parallel circuits. In a circuit like that in Fig. 23-8, in which
several reactances or combinations of resistance and reactance
may be connected in parallei, the

following rules hold: L L

The voltage across each branch W
cquals the voltage across the com- e—yW
bination. 1,

The total current taken from the — | }
voltage source is the vector sum of Ic
the currents through each branch. 11

The impedance offered to the flow
of current by the combination is Fia. 23-8. In a parallel cir-

the voltage divided by the total cuit the current 7 may be very
current. small compared with I, or I¢.

Thus in Fig. 23-8 the current through the entire combination
may be found as follows, assuming that £ = 120, X¢ =8, X =5,
R =3;

E 120

Ic = — = — = 15 amp through the condenser
Xe 8
E 120 .

Ip = = = = = 40 amp through the resistance
E 120 .

I, = — = — = 24 amp through the inductance
XL 5

I =VIg®+ Iy — Ic)* = V1681 = 41 amp

120
= — = 2.92 ohms
41

Since the impedance is the ratio between the voltage across the
circuit and the current through it, to find the impedance of sev-
eral branches in parallel we must know the voltage and the cur-
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rent. Often we would like to know the impedance without know-
ing either the voltage or the current. The procedure then is to
assume a voltage, find the currents that would flow, divide the
voltage by the total current, and get therefrom the impedance,
or

E

Z=-
I

Example 18-8. What is the impedance of 630 ohms capacitive re-
actance shunted by 100 ohms of resistance?
Assume a voltage of 100.

Ic = 100 + 630 = 0.159 amp
Ig =100 + 100 = 1.0 amp
Total current
I=VIg*+ Ig?
=0.150% + 12 = V1.025
= 1.015 amp
E 100
== = - =9850h
T = Lo ~ 985 0hms

Vectors in parallel circuits. Since the voltage across all ele-
ments of a parallel circuit is the same, while the currents differ,
we may take the impressed voltage as the reference vector in
solving problems by vector diagrams.

As in a series circuit, if resistance only is in the circuit, the
current and voltage are in phase. The total current taken from
the source by the individual resistive branches is, then, merely
the arithmetic sum of the currents taken by the individual
branches. If, however, there is reactance as well as resistance,
the resultant current must be found in exactly the same way
that the resultant voltage is found in a series circuit, with the
exception that one uses the voltage as the reference instead of
the current.

Example 19-8. A resistance of 40 ohms is shunted by an inductance
of 60.4 ohms. What is the impedance of the combination?

Solution. Lay off the horizontal vector as representing the voltage
E across the circuit. Since the voltage across and the current through the
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resistance are in phase, this vector can also represent the current through
the resistance, provided that due care is taken to indicate its correct
magnitude. In this example the current through the resistance, Ip, is
equal to E = R, and as a start one must assume a voltage. It is always
easier to assume a voltage value which is a power of 10 (that is, 10, 100,
1000, etc.) since, as in this example, reciprocals are often required, and
they can be obtained easily from the slide rule or from a table of
reciprocals.

Assuming a voltage of 100, the current through the resistance is 100 < 40
or 2.5 amp, and the current through the inductance is 100 < 60.4 or 1.66
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Fia. 24-8. Vector diagram of the parallel circuit of Example 19-8.

amp. The current through the resistance is laid out, 2.5 units along the
voltage vector, and since the current through the inductance must be
behind the voltage vector by 90 degrees, the inductive current is laid out
on a vector vertically downward, 1.66 units long. When the parallelo-
gram is completed, the length of the diagonal is the magnitude of the
total current, and the angle between the current taken by the resistance
and the combined current is the phase angle or angle by which the
total cwrrent lags behind the impressed voltage. Note here that the
length of the diagonal of the parallelogram does not represent the magni-
tude of the impedance of the parallel circuit but the impressed voltage
divided by the impedance. Since the total current (represented by the
length of the diagonal) is 3.0 units, the impedance is 100 =-3 or 33.3
ohms.

Power in a-c circuits. In a d-c circuit the power is the prod-
uct of the voltage across the circuit and the current through it.
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Thus, if 1 amp is fed into a device under a pressure of 100 volts,
the power used is 100 watts.

In a-c circuits the voltage and current are not always in
phase. In fact in many circuits there is a decided difference in
phase betwecen the current and voltage. What is the power?

The power at any instant is the product of the instantaneous
current and the instantaneous voltage. Thus in Fig. 25-8, where
the voltage and the current are in phase, as in a resistance cir-
cuit, the height of the voltage line e above the horizontal time
axis multiplied by the height of the current line ¢ above this
axis gives the instantaneous power. This is plotted in the curve
P. ’

When, however, the current and voltage are not in phase, as
in an inductive (Fig. 26-8) or capacitive (Fig. 27-8) circuit, a
different-looking curve results although the instantaneous power
is still the product of the instantaneous values of current and
voltage. The part of the power curve marked B is interesting.
It is the result of multiplying a positive current (or voltage)
by a negative instantaneous value of voltage (or current). The
product is negative because the product of a negative and a posi-
tive number is a negative number. The power represented by
the product of a positive current (or voltage) and a negative
voltage (or current) is considered a negative power.

Power actually consumed in a circuit is considered positive
power. Negative power is power that is returned to the genera-
tor from the line. Power is returned to the generator only when
there is reactance in the circuit. A pure resistance consumes the
entire amount of power fed to it by the generator; a pure react-
ance, that is, a coil or a condenser having no resistance, con-
sumes no power from the source since it returns to the generator
on one half cycle as much power as it received on the other
half cycle. The instantaneous power, however, represents on one
half eycle the energy going from the generator to establish the
magnetic field about the coil or the electrostatic field in the con-
denser, and in the next half cycle the instantaneous power (again
the product of the instantaneous volts and amperes) is returned
to the generator. A reactance that has some resistance in it,



POWER IN A-C CIRCUITS 163

Fie. 25-8. In a resistive circuit, all power delivered by the generator is

consumed by the external circuit. Voltage and current are in phase. The

curve of instantaneous power has twice the frequency of the voltage and
current curves.

Fi16. 26-8. In a purely reactive circuit, the average power is zero, as much
being delivered back to the generator (shaded areas) as is delivered to
the circuit. The curve of instantaneous power is a double-frequency curve.

P

Fic. 27-8. In this case the circuit is slightly capacitive; some power is
stored in the capacitor, but most is used up in the resistance of the circuit.
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and all do, consumes only the amount of power represented by
the I2R loss in the resistance.
The apparent power taken by a load on an a-c¢ circuit is

Py =EI

The actual (or true) power is that taken by the resistive com-
ponent
P =I°R
The ratio between the true power to the apparent power is known
as the power factor of the circuit.

P IPR IR
HeRTETTE
Since E = IZ ‘
IR R
Pf =—=—
1Z Z

The power factor of a circuit, or of a piece of apparatus, is
a measure of its resistance compared with its impedance, or vice
versa. In radio circuits one is usually more interested in the
reactance and there is every desire to keep the resistance low;
but in power circuits the opposite is true, at least as far as the
power companies are concerned. One uses a condenser or an
inductor in a radio circuit because one wants a condenser or an
inductor; whatever resistance the component has, in addition to
its reactance, is a nuisance because it consumes power. A pure
inductor or a pure capacitance will not take any power from the
line; thus, a pure capacitance or inductance plugged into a light
socket will not cause the electric meter to turn. The current
the device takes from the line merely sets up a field which is
given back to the line when the direction of flow of current
changes. A flow of current through the line, however, is a posi-
tive thing; it flows through the resistance of the power line, re-
sulting in a voltage drop and a power loss, and it is a direct
waste as far as the power company is concerned.

The effort of the power-company engineers, therefore, is to
secure as high a power factor as possible. On the other hand,
radio engineers strive for the lowest possible power factor. One
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of the characteristics which makes mica such an excellent di-
electric for condensers is its low power factor, 0.02 per cent at
radio frequencies. A condenser made from it has very low losses.

Now on page 156 it was stated that R/Z is equal to cos 6,
where @ is the angle between the resistive component of an im-
pedance and the impedance. Therefore another expression for
the power factor is cos 6, and the true power taken by a cir-

R P =FEIlcosé

where I and I are the rms values of voltage and current.

Since the cosine of an angle has values between zero and 1,
the power factor may have any value between zero and 1 and
may be expressed as an angle or as a percentage. Thus unity
power factor represents a pure resistance or a load with 100
per cent power factor. In a purely reactive circuit the power
factor is zero.

Example 20-8. A 220-volt a-c motor takes 50 amp from the line; but a
wattmeter in the line shows that 9350 watts is taken by the motor. The
apparent power is the product EI or 11,000 watts; the power factor is true
power divided by apparent power = 9350 <+ 11,000 or 0.85 or 85 per cent.
What docs this mecan?

Power W taken by motor from line, = EI cos § = 9350
Current taken from line = W + Ecos @ = 50 amp
But the useful current = W + E = 42.5 amp

Therefore, 50 — 42.5 = 7.5 amp flows through the line and from the gen-
erator supplying the system, which would not be taken if the machine had
unity power factor (like a pure resistance). This extra current represents a
waste because of the voltage loss in the resistance of the lines and a power loss
in the resistance of these lines.

Example 21-8. A single-phase induction motor with 440 volts across it
delivers 12 hp. The motor is 89.5 per cent efficient and has a power factor
of 84 per cent. What current is taken from the line, and what power is taken
from the line?

Power delivered 12 X 746

~  Power taki tor = = = 10,000 watts
N (LA L7 Tty Motor efficiency 0.895 2
This is the real power taken from the line,
Real pow: 10,000
Current taken from line = c8 PO = = 54.25 amp

Ecos6 220 X 0.84
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If the motor had unity power factor (no reactance) it would require " + E
or 45.5 amp from the line. The difference, 8.75 amp, flows through the gener-
ator at the power plant, through the line and feeder transformers between
the plant and the motor, through the wires in the factory using the motor,
and finally through the wires of the motor.

Knowing the power factor, one can determine the ratio of the
resistance to the impedance of the circuit; but one cannot find
the absolute value of the ohmic resistance directly. For exam-
ple, a motor may have a power factor which is more or less
independent of the current drawn or the power delivered. That
is, its ratio of resistance to impedance is a constant. The cur-
rent taken from the line and the power taken from the line will
depend upon the power the motor is called upon to deliver. If
one can call the effective resistance of the motor the value of a
pure resistance taking an equivalent amount of power from the
line, i.e., R equals power divided by I2, then one can determine
this value of R, and since the ratio between R and Z is known
(power factor) all three elements of the circuit, R, Z, and X, can
be found. However, not all this B will be made up of the ohmic
resistance of the windings of the motor—in fact if much of it is,
the motor is inefficient.

Problem 36-8. The reactance of a condenser is 300 ohms at 680 ke. What
is its reactance at 1200 ke?  Hint: Use simple proportion.

Problem 36-8. What current will flow through a 4-uf condenser when
placed across a 400-volt source of 60-cycle voltage?

Problem 37-8. A resistance of 40 ochms is in series with a capacity of
60 puf. What is the impedance at 28 megacycles? If 100 volts is placed
across this series circuit, what voltage will be across each element?

Problem 38-8. In a series circuit containing resistance and inductance,
the values of these two components in ohms is equal at a certain frequency.
What is the impedance at this frequency in terms of the resistance? What
will be the impedance of the circuit at twice this frequency?

Problem 39-8. A series circuit composed of R, = 10,000 ohms, B, = 20,000
ohms, and L = 100 henries has 100 volts at 100 cycles across it. What is the
voltage across L and R, in series?

Problem 40-8. What is the impedance of 240 ohms resistance shunted by
an equivalent value in capacity reactance?

Problem 41-8. Electric lamps with the transformers supplying them com-
monly operate at a power factor of about 95 per cent. What power is taken
from a generator by eight lamps each taking 5 amp at 115 volts?
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Problem 42-8. A by-pass condenser across a 500-ke circuit has a capaci-
tance of 0.01 pf. If the voltage across the condenser is 100, and if the ratio
of the reactance to the resistance is 40, what is the current taken by the con-
denser, what is its power factor, and how much power does it consume?

Problem 43-8. A certain loud speaker has an inductance of 1.5 henries
and a resistance of 3000 ohms. What power will it take from a 100-volt,
100-cycle source? What is its power factor?




CHAPTER 9

RESONANCE

The most important circuits in radio are those in which either
series or parallel resonance occurs. In transmitting and receiv-
ing systems resonance is used to build up large voltages and cur-
rents at certain desired frequencies and to discriminate against
undesired signal frequencies by keeping their voltages and cur-
rents low. When one tunes a radio receiver, he actually adjusts
the a-c circuits within the receiver so that a condition of reso-
nance exists. Everyone who has operated a receiver has, in tun-
ing it, performed one of the most interesting experiments in all
a-c theory and practice. It is necessary that we look into the
phenomenon of resonance very closely.

Series-resonant circuit. Al-
though a general idea may be
obtained of what takes plaee
in a resonant circuit when a

j L radio receiver is tuned, a
0SC~— q

much more exact idea may
be had as a result of a labora-

7 tory experiment.
%_

R

. Experiment 1-9. The purpose
Fic. 1-9. When L is coupled loosely of this experiment is to determine
to an oscillator and C is varied, the the effect of changing the capaci-
current indicated at  will go through tance and the frequency in a reso-
a maximum like that in Fig. 3-9. nant circuit. Connect in series, as
in Fig. 1-9, a coil of about 200 uxh,

a variable capacitance of about 1000 uuf, a resistance of about 10 ohms, and
a radio-frequency ammeter. Couple the inductance loosely to a r-f gen-
erator so that at resonance the maximum current will produce a reading at
the top of the r-f ammeter scale. Then vary the capacitance of the con-
denser, noting down the current that flows at each value of capacitance.

168
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Plot these data as a curve. Now set the condenser so that it has the proper
capacitance to produce maximum current at the frequency of the genera-
tor. Then vary the frequency of the generator above, through and below
resonance, plotting the data secured. Change the value of resistance and
repeat both experiments.

Calculate the voltage across the con- 55
denser and across the coil and the phase
angle between current and voltage, and
plot the data for both experiments per-
formed above.

Experiment 2-9. Connect in series
with a lamp an inductance of several
henries. Add sufficient resistance so
that the lamp does not light when
placed across a 110-volt, 60-cycle line.
Then put a condenser (of the filter
type) in series with the resistance, the [
line, and the lamp. Add more capaci- lI

/
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Y
o

o
o
T t————

w
o

Antenna Current M.A.

w
o

tance until the lamp lights up. The
added capacitance has brought the cir-
cuit to resonance so that the only hin-
drance to the flow of current was the 20 25 ¢ 60
lamp and the resistance. Adding some-

thing to the circuit actually made more Fi6. 2-9. How the antenna cur-

]
o

current flow. vent of a vadio station varies as
. . the series antenna condenser is
The curve in Fig. 3-9 shows varied!

what happens as the voltage
across a series circuit is kept constant while the frequency is
increased. At first the current increases slowly, then as the reso-
nant frequency, 356 ke, is approached the current increases very
abruptly and after passing through a sharp maximum at 356 ke
falls very rapidly at first and then more slowly. The voltages
across coil and condenser go through similar changes. The phase
between current and voltage changes also, being a negative angle
(current leading voltage) below resonance, being zero at reso-
nance (current and voltage in phase), and becoming a positive
angle above resonance (current lagging behind voltage).

At zero frequency, that is at direct current, the current in such
a circuit will be zero because the condenser will not permit
direct current to pass. At very low frequencies, the reactance of
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the condenser is very high, so that little current will flow. At
very high frequencies the reactance of the coil becomes very
great and therefore little current will flow. At intermediate fre-
quencies more current flows.

When a series circuit is resonant, the current and voltage are
in phase, the current is a maximum, the impedance is a mini-

. [
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Fi6. 3-9. The resonance curve of a circuit like that of Fig. 1-9.

mum, and the voltages across the condenser and the inductance
are equal and opposite in sign and greater in value than the
voltage impressed across the combination. This voltage may be-
come so high that the condenser will be punctured. The voltage
across the coil or the condenser at resonance is equal numeri-
cally to the voltage across the entire circuit multiplied by the
factor X1/R or X¢/R, (uL/R or 1/oCR), often called the Q
of the circuit. This factor, @, is an important and useful “oper-
ator,” which will be employed many times in circuit design.
If R, is the resistance in series with the tuned circuit,
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Q= kl_ V'L + ¢, and if R, is the resistance shunted across the

8
tuned circuit, Q = R,VC + L.

A curve showing how the current in the circuit changes as the
variable factors are. changed, that is, a graph of I against the
capacitance, the inductance, or the frequency, is called a reso-
nance curve and is symmetrical about the resonant frequency if
the circuit is adjusted by changing the inductance, and is dissym-,
metrical when the capacitance or the frequency is the variable
factor.

Characteristics of series-resonant circuit. Below the resonant
frequency the reactance is mainly capacitive; above this fre-
quency the circuit is mainly inductive, that is, the capacitive
reactance is the main deterrent to the flow of current below reso-
nance; above resonance the inductance offers the greatest oppo-
sition to the flow of current. For a narrow band of frequencies
in the neighborhood of 356,000 cycles in Fig. 3-9 the total im-
pedance of the circuit is less than 100 ohms. Far from the reso-
nant frequency the reactance and impedances are much greater,
and very little current will flow.

Below resonance, where the capacitive reactance predominates,
the current leads the voltage; at resonance the current is in
phase with the voltage; above resonance the current lags be-
hind the voltage. At resonance, therefore, there is an abrupt
change in phase between the voltage across the circuit and the
current taken by it from the generator.

At all frequencies the voltage across the inductance is 90 de-
grees ahead of the current and the voltage across the condenser
is 90 degrees behind °the current. Between the two reactive
voltages, then, is a 180-degree phase difference; that is, they are
exactly out of phase. Their resultant may be found by sub-
tracting the lesser from the greater. The resultant of combin-
ing them with the voltage across the resistance must be the
voltage across the entire series circuit, which is the vector sum.
Thus,

E = VEp® + (EL — E¢)?
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At any frequency but that of resonance, one of the two reactive
voltages is greater than the other. At resonance, however, the
two voltages are equal in magnitude and opposite in phase so
that the resultant of combining the reactive voltages is zero.
When added vectorially to the IR drop in the circuit, the re-
sultant is the voltage which is impressed by the external source.

The vector sum of the reactive and resistive voltages is equal
to the impressed voltage.

At resonance the reactances are equal to each other and equal

to VL + C,ie, XL = X¢ = VL =+ C.

Example 1-9. What are the voltages and phase relations in a series circuit
like that of Fig. 1-9 at a frequency of 370 ke if 7, X¢, Xz and R are as follows?

I =0.274 amp
X¢ = 430 ohms
X1 = 466 ohms

R = 10 ohms

Erp =1 XR =0274 X 10 = 2.74 volts

Ec =1 X X¢ =0.274 X 430 = 118 volts

EL,= I X X1 =0.274 X 466 = 128 volts
Epyr = \/2742—-{-1282 = 128 volts (approx.)

128
¢R4+L = tan™! 2—74 = tan—146.6 = 88.46°

Egryc = V2.74% 4 1182 = 118 volts (approx.)

118 o
SR4C = tan—! 2—74 = tan—143 = —88.38°

Eric = EL — E¢c = 9.6 volts = Ex

E=IVR +X®=VER + Ex® = V274 + 062
= 10 volts

XL—-Xc_466—430_
= 15 =

X
¢RiL+c = tan™! - tan—! 3.6

= 74° 30’
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For example, the reactances of a capacitance of 1000 uuf and
an inductance of 200 xh at resonance may be found by

L
Xy = Xc = \[5
_ W
1000 X 1072
= V0.2 X 10°
=102 X 10°
= 0.447 X 10°

= 447 ohms

At resonance the inductive reactance and the capacitive react-
ance in the equation for the impedance Z = V' R? + (wL — 1/wC)?
cancel out, that is, wL. — 1/wC = 0 so that the resultant impedance
is the resistance alone,

Z = R (at resonance)

Reactance diagrams. One of the best ways to see what is
occurring*in & resonant circuit is to plot the reactances of the
inductance and the capacitance as the frequency is increased,
remembering that the capacitive reactance is negative. As the
frequency increases, the negative reactance of the condenser
decreases, approaching, but never reaching, zero reactance. At
the same time the positive reactance of the inductance increases.
The sum of the two reactances changes from a high regative
value to a high positive value, and at one frequency is zero.

The effect of quite complex circuits can be determined in this
manner, the reactance of each element being plotted versus fre-
quency and these reactances being added properly to determine
the combined effect.

Effect of resistance on series-resonant circuit. At resonance
the magnitude of the current in the circuit is controlled solely

- by the resistance. Its effect is most important in any radio
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Fic. 4-9. A plot of the reactance of a coil and a condenser in series. X,
rises in direct proportion to f; X¢ rises inversely as f. The sum, Xy — X¢,
changes from a high negative value where X ¢ is greater than Xz, through zero
where X1 = X¢, to a high positive value where X is greater than Xg.

circuits where resonance plays a prominent part. The curves
in Fig. 5-9 show the effect of adding resistance to the circuit of
Fig. 1-9. The voltages across the condenser and the inductance
depend upon the resistance of the circuit. They are greater
the smaller the resistance, because the voltage across these re-
actances is equal to the product of the reactance and the cur-
rent. The current, controlled entirely by the resistance at reso-
nance, in turn produces greater voltages across the reactance
when less resistance is in the circuit. If E is the voltage im-
pressed on the whole circuit, the voltage across the condenser is
E - wCR and that across the inductance at resonance is
E X (oL/R). The voltage across either L or C is equal to EQ.
Note how often the factor Q enters into radio circuits. Here it
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Fia. 5-9. Effect of resistance on a resonance curve. Note that the current
far from resonance is not changed so much as the resonant current.

shows that the voltage rise in a low-resistance circuit may be
very high at resonance.

Power into resonant circuit. No power is dissipated in heat
in a pure inductance or capacitance, but energy stored at one
instant in a magnetic or electrostatic field is turned back into
the circuit at another instant. Power is expended only in the
resistance of a circuit. This power is equal, as usual, to

P=I2XR

where R is the resistance of the circuit. In Fig. 1-9, where the
resistance is 10 ohms and the current at resonance 1 amp, the
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power is 10 watts. Thus the power fed into the circuit by the
generator is the product of the current and the voltage, or
10 X 1 or 10 watts.

In other words, all the energy taken from the generator is used
up in heating the resistance. None is necessary to maintain,
the magnetic and electrostatic fields of the coil and the con-
denser. The energy in these fields is transferred from one to
the other, the sum at any one instant being equal to the sum at
any other instant so long as the energy dissipated in the re-
sistance is supplied from the outside. The only factor limiting
the flow of current at resonance is the resistance of the circuit.

In actual circuits the resistance is not isolated as in our
demonstration problems. All coils have resistance; so do all
condensers, elthough the resistance of modern variable con-
densers is quite small. These resistances take power from the
generator and reduce the maximum height of the resonance
curve. :

The resonant frequency of the circuit. The condition for series
resonance—that the reactances of the circuit add up to zero—is
fulfilled when

XL—XC=0
or
X, = Xc¢
or
1
wlL ——=0
w
or
1 1
wlL = — or w? = —
wC LC

and, since w = 27,

1
2 _ 4.22
2=f)* = 4=f Ic

1
47’LC
and so we arrive at the familiar expression for the resonant fre-
quency of a circuit as

f2
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1
f = oVic

in which f = the frequency in cycles.
L = the inductance in henries.
C = the capacitance in farads.
x is the Greek letter pi and is equal to 3.1416- - -.

Example 2-9. To what frequency will a circuit tune which has an induct-~
ance of 0.25 henry and a capacitance of 0.001 nf?
Let us write the above formula as
1 1
" 42?LC  39.5LC
_ 1
7 39.5 X 0.25 X 0.001 X 108

I
"~ 39.5 X 0.25

10° 10%

=08 ~om X 17

§=V10l X V10

10.1 X 10 cycles
10.1 ke

The expression for the resonant frequency of a circuit shows
that the frequency depends upon the product of L and C, and
not upon either of them alone. If L is doubled, C can be halved
and the resonant frequency of the circuit will not be changed.

Wavelength. When higher and higher frequencies are used,
as is the trend today, the numbers designating those frequencies
become cumbersome and it is more convenient to express the
voltages or currents in terms of wavelength. Since the fre-
quency is the number of complete cycles per second and since
radio waves travel at a fixed speed, it follows that a complete
cycle occupies a given amount of space. Figure 6-9 pictures
one of the cycles. The distance apart, in space, of two corre-
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sponding parts of two waves, say the two positive or negative
crests, or the points where the two waves cross the zero axis in a
given direction, constitutes the wavelength. The wavelength
can be computed by remembering that it is equal to the speed at

Wavelength

|
!
I
|
|
i
|
|
|
|

%
Fic. 6-9. A wavelength is the distance between any two corresponding

portions of two waves. Thus, the wavelength may be the distance between
two positive (or two negative) peaks, or between the points shown above.

which electric waves travel (300 X 10® meters per second)
divided by the number of waves per second (frequency). Thus

Velocity of radio waves

Wavelength =
Frequency

300 X 108 300 x 10°

fin cycles N J in kilocycles

Wavelength in meters =

= 300 X 10% X 2=V LC

The customary symbol for wavelength is the Greek letter
lambda, A, and so the above expression may be written

300 X 10°
" kilocycles

= 1.884+/LC

where L is in microhenries and C is in micro-microfarads.
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Example 3-9. What wavelength corresponds to 1000 kc?

300 X 10*

00
1000 3

Solution. Ameters =

Example 4-9. What frequency corresponds to a wavelength of 100 em (1
meter)?
300 x 108

f cycles
300 X 10¢

Mmeters

Solution. kmem E3

fcyeles =

300 % 108
=T = 300 x 10%

Since 108 cycles = 1 megacycle, 1 meter wavelength = 300 megacycles.

Problem 1-9. What inductance must be placed in series with a 2-uf
condenser to resonate at 60 cycles? If the voltage across the combination
is 110 (effective) and the resistances in the coil and condenser add up to
200 ohms, what power is consumed in the circuit at resonance, what is
the resonant current, and what voltage then appears across condenser and
inductance?

Problem 2-9. A coil of 0.15 henry is in series with a condenser of 285
uf and a resistance of 5.8 ohms. The voltage across the circuit is 22 volts:
the frequency is the resonant frequency of 77 cyecles. What would the
voltage across the condenser be if the resistance were doubled? What
power would then be wasted in heat at resonance?

Problem 3-9. A variable condenser has a range from maximum to mini-
mum capacitance of 9 to 1, that is, from 0.0005 to 0.0000555 uf. What fre-
quency range will it cover with a given coil; that is, what is the ratio
between the highest and lowest frequency to which it will tune the coil?

Problem 4-9. What happens to the voltage across a condenser of a
series-resonant circuit if the capacitance is reduced to half, resonance being
maintained by other means which also keep the original current?

Problem 6-9. An antenna may be represented by an inductance of
50 ph in series with 0.00025-uf capacitance and 30 ohms resistance. What
is its resonant frequency? If a distant station transmitting on this fre-
quency produces a voltage of 1000 uv across the ends of this antenna
system, what current will flow?

Problem 6-9. What can be done to increase the current at 2000 ke in
the antenna of Problem 5-9? At resonance, what voltage will appear
across the 50-gh inductance if R = 30 ohms? What power is being lost
in this antenna at resonance?
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Problem 7-9. The primary of an audio-frequency transformer has 100
henries inductance. In many circuits a condenser is placed across the
primary so that high radio frequencies will not have to pass through the
transformer. If this condenser has a capacitance of 0.001 uf, what is the

decrease in effective impedance of
C=40uf the circuit to a frequency of 10,000
cycles?
Problem 8-9. A loud speaker may
be coupled to a power tube through
a condenser as in Fig. 7-9. If the
o speaker speaker has an inductance of 1 henry
L=10H and the condenser is a 4-uf unit, to
what frequency will the combination
Fic. 7-9. An example of a reso- become resonant?
nant circuit. Problem 9-9. Plot a curve of the
reactance of the loud speaker in
Problem 89 from 100 to 10,000 cycles.

Problem 10~9. In a 7100-kc transmitting station a 100-uuf condenser
is in series with the antenna. What voltage has this condenser across it,
if the antenna current is 1 amp?

Problem 11-9. In another transmitter an amplifier is used to raise the
voltage coming from a 7500-kc oscillator. In the input circuit of the
amplifier is an inductance of 4.5 ph; 80 volts is to appear across it. How
much current must flow through this inductance? What capacitance must
be across it if it is to tune to 7500 kc?

Speed of radio transmission. Radio signals, like light, travels
at the rate of 186,000 miles per second. Although we often
think of this as instantaneous transmission, it is a perfectly defi-
nite velocity and is not infinite. When signals are transmitted
through wires, the speed is less than that in free space.

Important applications have been made of the fact that radlio
waves travel at known speeds. For example, a radio signal sent
out from a transmitter may be reflected back to the region of
the transmitter by some electrical conductor, such as a metallic
airplane. The time required for the signal to go out to the plane
and to be returned back to the transmitter vicinity is a measure
of the distance of the airplane from the transmitter.

The signals travel 186,000 miles per second, or 0.186 mile per
microsecond. This is equal to 0.186 XX 1760 = 327 yards per
usec. Since it takes as long to go out as to return, if the time
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interval between sending out the signal and receiving it back is
10 psec, the reflecting object is 1635 yards distant.

Parallel resonance. Many of the circuits used in radio involve
resonance in a branched or parallel circuit. Figure 8-9 shows a
typical parallel circuit composed of an inductance shunted by a
condenser, the combination forming what is sometimes called an
anti-resonant circuit. The effects of varying the frequency of
the voltage across the circuit
are widely different from the
effects in a series circuit. In
a series circuit, the currents
become very large at reso- M
nance and the resultant series i
impedance of the circuit be-
comes small. In the parallel
connection the circuit at reso-
nance offers a large imped-
ance and the current from
the generator becomes very
small. In the series connec-

Son (D GO Gl (e Fic. 8-9. A circuit in which pa.rallel
resonance occurs. A parallel circuit

through the condenser and like this is sometimes called an anti-

the coil. The voltages across resonant circuit.

these units differ. In the

parallel connection the same voltage is across each branch, but

the currents through them differ.

=E E
L X Lo

%

m

wr

Experiment 3-9. Connect as in Fig. 89 the coil and condenser used
in Experiment 1-9. If sufficient meters are available read the allernating
current in the two branches as well as the current from the generator as
the frequency of the generator is changed. Then fix the generator fre-
quency and adjust the condenser capacity until maximum resonance
occurs. Plot the currents against frequency and against condenser ca-
pacity. The generator in this experiment may be a small oscillating tube.
A 5-watt output is sufficient to produce currents in the branches of the
circuit of 100 ma which can be read with a Weston Model 425 thermo-
galvanometer.

If laboratory apparatus is not available, the current may be calculated
after L, C, and E values have been chosen.
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The voltage across the branches is equal to the voltage across
the circuit as a whole. The current taken by each branch is the
ratio between the voltage and the reactance (or impedance if a
combination of X and R exists) of that branch. Thus,

Ic = E/X¢ = EoC

1 1 — Cw?L
I=IL—IC=E<——wC>=E——
wL wL

As the frequency is increased, more and more current is taken
by the capacitive branch, less and less by the inductive branch.
In a series circuit the voltages across coil and condenser are out
of phase; their algebraic sum at any frequency combined vec-
torially with the IR drop is the voltage across the combination.
In a parallel circuit the currents are out of phase; at any fre-
quency their algebraic sum combined vectorially with the shunt
resistance current (if any) gives the current taken from the gen-
erator. In the simple example discussed here, where the re-
sistance is neglected, the algebraic sum of the currents gives the
generator current. Since these two currents are out of phase
(the capacity current has a negative sign), adding them alge-
braically actually means subtracting I¢ from I;.

At resonance the currents taken by the two branches are
equal and if there is no resistance in the circuit the current taken
from the generator is zero, because it is the difference of the two
branch currents which is read in the generator circuit ammeter.

The impedance of the circuit as a whole, that is, the imped-
ance into which the generator must feed current, is the ratio
between the voltage and current:

Z=FE <=1

Therefore, if no current flows, the circuit has infinite impedance.
Actually there is always some resistance in the ecircuit. This
may be in an additional shunt path, or resistance may exist in
one or both of the other branches. Actually, then, the generator
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current does not fall to zero but passes through a minimum
value. In most radio circuits by far the greater part of the
resistance which is in the circuit resides in the coil since the
resistance of the average well-constructed condenser used at
radio frequencies is very small.

o]\
\N

0.75

0.50

0.25

0.25
]\\ rTotal current

0.50
Resonant / ‘ —
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Fic. 9-9. In studying parallel circuits, it is simpler to plot the current
taken by the reactive branches than to plot the individual reactances as
is done in series circuits, for example in Fig. 4-9.

Resonance conditions. The three possible resonance condi-
tions in a parallel-resonant circuit are:

1. Inductive and capacitive reactances are made equal.

2. The circuit is tuned for minimum current taken from the
line.

3. The parallel circuit acts like a pure resistance.

The three frequencies at which these distinct conditions may
exist are but slightly different provided that the resistance in the
circuit is small, as it almost invariably is in practical radio
systems.
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At any rate, at resonance the anti-resonant circuit acts ap-
proximately like a pure resistance. The current through the in-
ductive branch equals -

ER
T R? + 2L
and the impedance represented by the circuit is
E R?+ L7

1 R

where E is the impressed voltage.
R is the total resistance of the circuit.

I

Since R? is small compared to w?L?

7 w2L2_QX @R L
R P YT Re

where Ry, is the coil resistance.
The current taken from the external source by the tuned circuit
is, at resonance

I =

E E ER E

Z L?/R &L* oLQ

Thus it can be seen that the line current may be made very
small by tuning the circuit to resonance and by keeping the cir-
cuit resistance very small. The current is actually the im-
pressed voltage divided by Q times the inductive (or capacitive)
reactance.

Values of @ which are easily attained are of the order of 100
or more, and so the line current may be 144 of the impressed
voltage. This means, simply, that the parallel tuned circuit
represents a high impedance when looked at from the outside.
The loop around the circuit, however, has low impedance (acting
like a series-tuned circuit), and heavy currents may flow within
the circuit. Off resonance the impedance may be small, and
80 such a circuit may be used to by-pass frequencies higher or
lower than the resonant frequency without much loss of the
resonant frequency.
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At resonance the current circulating in the circuit (often
called a “tank” circuit) is @ times the line current.

The resonance frequency is the same as for a series circuit,
provided that the total circuit resistance is small.

1
Jr= 2r\/LC

For example, in the circuit in Fig. 8-9, let
L = 200 pzh
w = 2r X 356,000
R = 10 ohms (in the coil)
XL = wL =200 X 107° X 2r X 356,000
= 447 ohms

Here we may neglect the effect of resistance and use the simple
relation for resonant current and for impedance.

If
E=10
ER _ ER
TP (Xu)?
10 X 10
T Tur

0.5 X 1072 amp = % ma

This is the line current. The circulating current will be @ times
this value or 0.5 X wL/R = 0.5 X (447 + 10) = 0.5 X 44.7 =
22.35 ma.

Effective resistance. The thing to remember about the imped-
ance of an anti-resonant tank circuit at its resonant frequency is
that it is practically a pure resistance as far as the generator
which feeds it power is concerned. The power taken from the
generator, therefore, is equal to the square of the current from
the generator times the impedance of the circuit or
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L
P=r <ﬁ> =I’Z

where P = power from generator.
I = current taken from generator.
L = inductance of the tank.
C = capacitance of the tank.
R = resistance of tank eireuit.

Now if the inductance of the tank is coupled to a load, for
example to an antenna, then the load will draw some power
from the tank. This power must be supplied by the generator
feeding power to the tuned circuit since the tank by itself sup-
plies no power—it merely acts as a transformer to couple the
generator to the load. When the antenna takes power, the tank
acts as though its resistance had been increased. For example,
suppose that 5 watts is taken by the tank from the generator
and that 1 amp flows to the tank circuit. Now couple the coil to
an antenna which may take 5 watts. A total of 10 watts now
flows from the generator, and so far as it is concerned it seems
as though the resistance of the tank circuit had been doubled,
since twice the power is now taken from it and the line current
has been maintained constant.

The value of R, tank circuit resistance, therefore must repre-
sent not only the series ohmic resistance of the coil, the leads,
and the condenser, but also the resistance “reflected” into the
tank by the load which it feeds.

Tuned circuit applications. Series- and parallel-resonance
circuits are very widely used in radio apparatus. Whenever it
is desired to secure a large current and a low-impedance circuit,
series resonance is utilized. When it is desired to build up a
high impedance or a high-voltage circuit an anti-resonant circuit
is used. Let us consider the antenna-ground system in Fig.
10-9. The antenna has in series with it an inductance across
which a voltage is to be developed at a desired frequency. In
series with this inductance are a capacitance for tuning purposes
and an anti-resonant circuit. Voltages of various frequencies,
among them the desired frequency, are impressed on the antenna
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by distant transmitting stations. The maximum voltage is de-
sired across the inductance, L, at the desired frequency and the
minimum at other frequencies. If there is an especially strong
signal which is setting up a voltage across the antenna, then
the anti-resonant circuit can be tuned to

this interfering frequency when it will act \ /
as a rejector cireuit. -

The condenser, C, is adjusted until the  __________
antenna system as a whole is resonant to e
the desired signal. A large current flows . T

U E

through the series system, building up a
large voltage across L. Voltages of other
frequencies cause small currents to flow l
in the antcnna system, and consequently =% —C
small voltages at these frequencies are
built up across the coupling coil, L. The
anti-resonant circuit being tuned to the
unwanted signal makes the antenna sys-
tem as a whole have a very high imped-
ance at this frequency and so very small
currents will flow through it, building up
small voltages of this frequency across Fic. 10-9. The anti-
the coupling coil. resonant circuit in series

Such an anti-resonant circuit is often With the antenna re-

q B eed q g jects undesired signals
called a rejector circuit because it rejects king the serie
N . . y making the series
signals of the frequency to which it is ;i edance to them
tuned. The series-resonant circuit is very high.
called an acceptor because it accepts
signals of the resonant frequency. The rejector used in this
circuit is commonly known as a wave trap because it traps out
unwanted signals.

Let us suppose that signals are fed into the input of an ampli-
fier which has an internal resistance, R, in series with an output
circuit, as shown in Fig. 11-9. The voltage across this output,
Z, is to be made as high as possible. The amplifier has available
a certain voltage, E, which must be divided between the internal
resistance of the amplifier and the output load. The propor-

N

e
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tion of the voltage that appears across this load increases as
its ohmic impedance increases with respect to the amplifier’s
resistance. Thus, if the output impedance is equal to the in-
ternal resistance of the amplifier, one-half of the total voltage
available will appear across it. If it is higher than this value, a
greater proportion of voltage will be usefully applied across the
load and less used up in the resistance.

Amplifier
20 Ohms S r
I R P o = z
C

~E 300X 10°HSL

> 9
R=Internal Res. L
of Amplifier Where Z- s

£=1000 KC
C=1000 X 10°*F

Fic. 11-9. A high impedance is desired for the amplifier to work into. A
tuned circuit does the trick. Numerically it is equal to Z.

Here the anti-resonant circuit is used. At resonance its im-

L
pedance becomes equal to o or

@*L? _ (628 X 1000 X 1000)% X (300 X 10792
r 20
180,000 ohms

If the amplifier’s internal resistance is equal to 20,000 ohms,
the voltage across the tuned circuit is 180/200 or 9/10 of the
total available voltage. This is because the total voltage is
divided between two resistances which add up to 200,000 ohms.
The voltage across the 180,000-ohm tuned circuit is the useful
voltage, which is equal to 180,000/200,000 of the total voltage.

Problem 12-9. A screen-grid tube gives the greatest voltage amplifica-
tion when worked into a very high impedance. A condenser of 1500 uuf is
available. Calculating the size of the inductance required to tune to 30
ke and assuming it to have a resistance of 30 ohms, what is the impedance
(w2L2/R) that can be presented to the tube by shunting the coil and
condenser and using the anti-resonant circuit as a load?
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Problem 13-9. A wave trap is to be put into an antenna and tuned
to a station whose frequency is 750 ke. Convenient sizes of coil and
condenser to use are 100 xzh and 450 puf. They are to be shunted across
each other and the combination put in series with the antenna. If the coil
has a resistance of 10 ohms and the condenser a resistance of 1.0 ohm at
this frequency, what impedance will the trap offer to the offending signal?

Problem 14-9. In Problem 13-9, neglecting phase differences between
the trap and the rest of the antenna, if the total impedance of the antenna
to the offending signal is double that of the trap alone so that one-half
of the total antenna voltage is across the trap, what current will flow
through the condenser if the total 750-kc voltage across the system is
10 uv?

Sharpness of resonance. The effect of resistance is to reduce
the maximum current flowing in a series-resonant circuit, to
make less pronounced the minimum of current flowing into a
parallel-resonant circuit from an external source, and to decrease
the impedance (L/CR) of the parallel circuit.

Since the maximum current is desired in a series circuit, and
the maximum impedance in a parallel one, the inclusion of re-
sistance in either is deleterious.

Let us consider the antenna illustrated in Fig. 10-9. Suppose
that its inductance, L, is 200 pxh, and C at resonance (356 ke) is
1000 ppuf. For the moment we shall neglect the presence of the
wave trap. Assume a voltage of 10 volts. What is the effect on
the resonance curve of this antenna system if it has a resistance
of 10 ohms or of 40 ohms? The current at resonance in the
10-ohm case is 1 amp whereas at 370 ke the current is 0.215
amp, a ratio of 46.5. In the 40-ohm case, the resonant current
would be only 0.25 amp—one-fourth of its value with the lower
resistance—and the current at 370 ke, i.e., 14 ke off resonance,
would be 0.0209 amp. This is a current ratio between the reso-
nant and the off-resonant current of only 12.

In other words, if the antenna had impressed “on it from
equally distant and equally powerful radio stations two voltages
—one of 356 ke, the desired frequency, and one of 370 ke, the
unwanted frequency—46.5 times as much current flows at the
desired frequency as the unwanted. In the 40-ohm antenna,
however, not only is the desired current cut to one-quarter of its
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other value but the ratio of wanted to unwanted current has
been decreased to 12. The low-resistance antenna is said to be
more selective, and its selectivity is decreased when resistance is
added to it. The sharpness of resonance, or the selectivity, is
proportional to the @ of the circuit. The circuit increases in

1.0

8 0 ./ v
: \
, A1 N\

4 / 200 x 1075H \\

v “nf= 355»«;% 10

1 A |-
N E=10

900 925 950 975 1000 1025 1050 1075 1100
Cuut

Fia. 12-9. If I, and I are equal to 70 per cent of the maximum value
attained at resonance, the resistance of the circuit may be calculated.

selectivity as @Q increases; i.e., the ratio of the response at reso-
nance to the response to some frequency off resonance is greater.
Low-resistance, high-Q circuits are highly selective.

To measure two circuits comparatively it is convenient to
have a fixed frequency at which the selectivity is determined
compared to the resonant frequency. This is taken usually as
the frequency at which the reactance in the circuit is equal to
the resistance of the circuit.

Suppose that, as in Fig. 12-9, we plot a resonance curve of
current against capacity. Suppose the capacity to be adjusted
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until the total reactance in the cireuit (X, — X¢) is cqual to
the resistance in the cireuit, that is,

XL —Xe)=R
when
o E
VR? + X*
K
= = 0.7071
V2R? ’
where
I, = current at resonance
and if
C,C, = C,2
then
wL 2C, 0
R Cy—-0C
in which C, = the capacitance at resonance.
C, and Cy = the two values of capacitance which make I =

0.7071,.

Width of resonance curve. If, however, the frequency of the
impressed voltage is so adjusted that two currents are reached,
above and below the resonant frequency f,, which are equal to
0.7071,,

wL i
—_— = = Q
R f2— N
whenee the width of the frequenecy hand
; _ R, R
2 el 21l

Example 5-9. What will be the width in cycles of the resonance curve
at a point where I = 0.707/, when L = 200 gh, R = 10 ohms, f = 356,000
cycles?

10 X 356,000 R X fr
fo=hi= 447 " WL

= 8000 cycles
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and if
2C,

Cs — C,

2C, X R
wL

2000 X 10
Y

S = 44.7 puf

=
= =

C—C =

This equals the change in capacitance required to change the current from
I = 0.7071; below resonance to I = 0.707I, above resonance, or from I, to
I in Fig. 12-9.

Problem 16-9. In Fig. 12-9, suppose that the resistance is 20 ohms
instead of 10. Calculate the width of the band at the point where the
current is 0.7 of its maximum value, and the change in capacitance re-
quired to produce this change in current.

Problem 16-9. A certain coil-condenser combination has a resistance
of 16 ohms at 400 meters. The inductance is 170 gth. What is the width
of band passed at the point where the current is equal to 0.7 of its maxi-
mum value? What is the @ of this circuit?

Problem,17-9. A circuit is to pass only 0.707 of its maximum current
at a point 2.0 ke off resonance, which ‘occurs at 500 ke. The condenser
to be used has a capacity of 0.0006 uf. Calculate the maximum resistance
the circuit can have.

Problem 18-9. Suppose that increasing the size of an inductance by a
factor of 20 increases the resistance in a circuit by a factor of 1.5. The
circuit is to tune to the same wavelength. What has happened to the
selectivity of the circuit?

Problem 19-9. If the expression wL/R of a coil remains constant over
a fairly wide band of frequencies, does the selectivity of a tuned circuit
differ at different frequencies? Does the width of band passed differ at
1500 ke from what it is at 500 ke?

Ratio of L/C. Since the selectivity is proportional to Q which
is equal to the inductive or capacitive reactance divided by the
circuit resistance, it is apparent that increasing L and decreas-
ing C so that the circuit is still tuned properly will increase the
selectivity.
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If, however, the coil resistance increases as fast as the induc-
tance increases, or faster, then the benefit of using high L and
low C will not be secured.

Coil resistance. An inductor for radio frequencies may have a
d-c resistance of only a fraction of an ohm. Yet that coil placed
in a tuned circuit in series with a condenser having stilkdower
resistance will exhibit an effect as though the resistance were
many times the d-c¢ resistance of the wire.

A wire stretched out straight will have one value of resistance
to direct currents and another value of resistance to high-fre-
quency currents. Therefore the increase in apparent resistance
is not due to the fact that the copper wire is wound up in the
shape of a coil. The fact is that the resistance is higher to
higher-frequency currents than it is to direct currents. Be-
cause of the rapid change in direction of flow and because the
current within the cross section of the conductor changes rapidly,
small countervoltages are induced within the wire itself, accord-
ing to Lenz's law. Because magnetic lines originate at the
center of the wire and expand outward, being more concentrated
at the center than near the surface of the conductor, the in-
duced voltage would cause a decided opposition to the flow of
current at the center. The result is a decrease in effective con-
ductor area, and a rise in resistance. This effect is known as
skin effect, and it explains why the resistance of an inductance
increases as the frequency increases. Over the normal tuning
range in which the coil is to be used, the resistance does not vary
greatly (perhaps 2 to 1), but the effect is important, never-
theless. As the frequency is increased, the current tends to flow
more on the surface (or “skin”) of the conductor and less in
the interior.

Distributed capacitance of coils. Whenever two objects which
conduct current are insulated from each other and are at dif-
ferent voltages, electrostatic charges can be stcred on them;
they constitute a condenser. The capacitance of this condenser
depends upon the proximity of the objects, the insulation be-
tween them (the dielectric constant), and their shape. In a
coil of wire, each turn is insulated from the adjacent turns, and
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a difference of potential exists between two turns. Therefore
a coil is not a pure inductance but may be thought of as a coil
shunted by a capacitance made up of the sum of many small
turn-to-turn capacitances. At some frequency the coil shunted
by the resultant capacitance becomes as shown' in Fig. 13-9.
Here the tuning condenser is no longer in series with a coil but
is in series with an anti-resonant
o e . circuit made up of parallel in-
ductance and capacitance. At
the resonant frequency of this
parallel combination little cur-
rent will flow from the generator.
through the series circuit be-
Fic. 13-9. When the dotted ca- cause, at this frequency, the
pacitance across the coil tunes it anti-resonant circuit has very
to the f'req\.lency of the generator,  high impedance.
e gty el ©f dhe @i Near the resonant frequency of
cuit becomes very high because . oo g
it then acts as an anti-resonant the coil, the total series imped-
circuit. ance of the entire circuit becomes
very high. This inherent coil
capacitance is known as a distributed capacitance since it is not
concentrated in any one place or form but is more or less evenly
distributed along the whole length of the inductor.

If one mecasures the resistance of a coil at higher and higher
frequencies, he will find that, near the resonant frequency, the
apparent resistance rises very rapidly.
What is happening is the phenomenon
described above. Actually it is the
parallel impedance_ 9f the inductqr_ Fic. 14-0 Bank wind-
shunted by its own distributed capaci- ing type of coil.
tance that is being measured.

Various attempts have been made to calculate the capacitance
of coils. It has been found by experiment that the radius and
shape of the coil control the distributed capacitance to a large
extent. Thus a coil of average proportions, i.e., the length about
equal to the diameter, has a capacitance of approximately 0.6R
ppf, where R is the radius of the coil in gentimeters. As a rough




SERIES AND PARALLEL TUNED CIRCUITS 195

rule it has been stated that the capacitance in micro-microfarads
is always less than the radius in centimeters in a solenoid of a
single layer. Another experiment showed that the natural wave-
length of solenoids was about 2.54 times the total length of wire
on the coil.

To obtain large inductance in small space and less internal
capacitance, it has become customary to make multilayer coils
of peculiar types of winding called bank winding and universal
winding.

Air cores have a permeability of unity; if coils could be wound
on a core of higher permeability, the inductance per length of
wire and per unit of space would increase. Permalloy is a kind
of iron alloy dust on which coils may be wound with increased
inductance at the medium frequencies. At higher frequencies
one may use cores made up of finely powdered iron bound to-
gether with some sort of very fine binder. The permeability of
this material may be as high as 12. With a given length of wire, .
therefore, of a given high-frequency resistance a greater in-
ductance may be wound. The Q of such a coil will be higher
because the ratio of inductance to resistance will be higher.

Q’s of the following values are typical: 456 ke litz wound uni-
versal coil, 80; same coil with powdered iron core, 145; trans-
mitter coil for 5000 ke, 650; gang condenser, ceramic insulation,
1000 ke, 3000.

Problem 20-9. A coil with a Q of 100, an inductance of 18 uh, and a
condenser of 30 uuf are in series. To what frequency does the circuit
resonate, what is the resonant impedance, and what is the resistance of
the coil? How wide is the resonance curve at the points where the cur-
rent is 0.707 of the maximum current?

Problem 21-9. At 1 megacycle, by how much must the frequency be
changed to lower the resonant current to 0.707 of its value if the circuit
Q is 2007

Comparison of series and parallel tuned circuits. In the
series circuit the line current is high, the circuit impedance is
low, the voltages across coil and condenser are high, current
through L and C is high, and the actual impedance at resonance
is equal to R, the resistance of the circuit.
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In the parallel circuit the line current is low, the circuit im-
pedance is high, the currents through coil and condenser are
high, voltage across coil and condenser is equal to the impressed
line voltage, and the actual impedance of the circuit is equal to
»’L?/R or L/CR.

Far from resonance there is a large phase difference between
the voltage across the coil, or condenser, and the line voltage,
but as resonance is approached these voltages come more and
more into phase with the impressed voltage.

Current
—
Line Circuit Impedance Ex Z
Series High High Low High R
W2L2
Parallel Low High High Line R

Transients. In many radio and radar circuits, advantage is

- taken of the fact that the final value of current (or voltage) in

the circuit is not attained instantaneously after voltage (or cur-
rent) is applied. Proper combinations of B and C or R and L
can delay the attainment of the final value of current (or
voltage) for an appreciable time. In R-C circuits, for example,
current flows for a short time only after d-c¢ voltage is applied.
In R-L circuits, current flows in a coil coupled to the inductance
for only a brief time after d-c¢ voltage is applied.

Let us consider the simple case of R and C in series with a
battery and a switch. One cathode-ray tube voltmeter which
acts very quickly can be placed across B and another across C.
What happens when the switch in Fig. 15-9 is closed?

Since there is no charge in C there is no voltage across it. At
the instant of closing the switch, the full battery voltage is
impressed across R. Current flows through it. This current
must also flow into and charge the condenser. The charge
builds up a voltage across the condenser which opposes the bat-
tery voltage. As soon as the condenser voltage is equal to the
battery voltage, current flow ceases, and all the voltage drop
in the circuit appears across the condenser; none across the
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resistance. The voltage across the resistance falls off at the
same rate as the condenser voltage rises.

The conditions during the time in which this momentary cur-
rent flows are called transient. After current flow ceases, the
conditions are called the steady-state conditions.

Time ——>

] I
5
[&]
[ E
&a R
°
>
&
: E.
>

Switch Switch closed

open

Fic. 159. When the key is closed, current rushes into the capacitor,

building up a voltage there which opposes the battery voltage and ulti-

mately equals the battery voltage. Then current around the circuit ceases

to flow, the condenser is charged, and, since there is no current, there is

no voltage across R. This chain of events may occur very quickly (in a

microsecond or less) or may require a much longer time if C' and R are
large.

When the switch in Fig. 16-9 is thrown so that the condenser
is discharged through the resistance, what are the transient con-
ditions? At the instant the switch is thrown, there is but one
voltage in the series circuit, that existing across the condenser.
Current begins to flow and to build up a voltage drop across
the resistance. This voltage drop must be opposed to the con-
denser voltage according to Kirchhoff’s law. The current flow-
ing through the resistance produces a power loss in this re-
sistance, due to heat, of I2R. Here the energy that existed in
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the condenser in the form of potential energy is dissipated and
soon current flow ceases. Maximum current flows at the instant
the switch is closed; maximum voltages exist across condenser
and resistance at this instant. The sum of the two voltages
must equal zero at all times; that is, E; — Er = 0.
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F16. 16-9. In this figure the condenser is charged. When the key is closed,

current flows through the circuit, building up a voltage across R which opposes

E.. When the charge in C has been dissipated, current ceases and E. and
Er both become zero.

Conditions in R-L circuits. When voltage is impressed on a
circuit made up of resistance and inductance, the voltage across
the inductance rises to the full battery voltage instantly, but the
current through the ecircuit builds up slowly. Therefore the
voltage drop across the resistance builds up slowly (at the same
rate as that at which the current increases). The voltage across
the inductance decreases at the same rate as that at which the
current increases since there is induced voltage across an in-
ductance only when the current through the inductance changes
and it is proportional to the rate at which the current changes.

If the R-L circuit is shorted, the impressed voltage is reduced
instantly to zero; the current decreases at a rate depending upon
R and L; the voltage across the resistance decreases at the same
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rate; and the instantaneous voltage across the inductor, which
has a polarity opposite that of the original impressed voltage,
decreases at the same rate as the current decreases.

Square waves. Now that we see that currents and voltages in
R, L, and C circuits do not build up instantly, we can under-
stand why the voltages across the individual components of the
circuits differ from one another when a square wave is impressed
upon the circuits. The exact wave forms of the voltages will
depend upon the length of time that elapscs between charge and
discharge in an R-C circuit or between the instants of impressing
the battery voltage on and shorting the R-L circuit. If the flat-
topped portion of the square wave is long compared to the time

—0

Out

| Out I
In R tkl?& n
| i -
= O
Differentiating Circuits

Fia. 17-9. Circuits in which the transient response is important. The forms
of Eg, E., and E}, vary according to the time constant of the circuit compared
to the dimensions of the square wave input.
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constant of the R-C or R-L circuit, the wave forms shown in
Figs. 15-9 and 16-9 will exist; but if the square wave has a
narrow flat top, then only a portlon of the full transient wave
form will be realized.

For example, Fig. 17-9 shows the effect of impressing a pulse
on R-L and R-C circuits. These circuits and the corresponding
wave forms are employed in television, in welding control, and
in radar circuits. They are known as differentiating and in-
tegrating circuits as indicated. Note how the square wave is
changed into a peaked wave (in integrating circuits) or a saw-
tooth wave (in differentiating circuits). This is one way of
producing wave forms of these two kinds. If sine waves are
impressed on these circuits, sine waves of voltage will appear
across the individual components, the only change occurfing be-
ing a shift in phase between the voltage across the resistance
compared to that across the capacitor or the inductor.



CHAPTER 10

PROPERTIES OF COILS AND CONDENSERS

Coils and condensers form the nucleus of every radio circuit.
To understand their role in the reception of radio messages, let
us look at a simple receiving system.

Tuning a receiver. A simple receiving circuit consists of an
antenna-ground system connected to a coil and a detector, such
as a crystal of galena or silicon or other sensitive
mineral which has the property of separating the
audio tones from a radio wave. A pair of head-
phones may be put in series with the detector so
that the audio tones which are filtered out of the
radio wave by the detector may be made audible.
A small eondenser across the phones will pass the
radio frequencies but not the audio frequencies,
which must go through the phones. ¢

One way to get louder signals is to tune the
antenna-ground system to the frequency of the
desired wave. This is done by varying C in Fig.
1-10. When the circuit is series resonant, a large
current flows through the inductance. The voltage
across it (X X I) will be large, and the response from the
crystal will be greater.

The voltage across the inductance can be amplified and then
impressed across the detector. This amplification may take
place in several stages so that very weak signals may finally be
heard with the strength of nearby strong signals which are de-
tected directly from the antenna inductance. If desired, the sig-
nals may be amplified again after detection by means of audio-
frequency amplifiers. *

As we have already seen, there is another advantage of tun-
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Fi6.1-10. A

simple radio
receiver.
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ing the antenna, the advantage of selectivity. Signals of low
frequency find considerable impedance in the condenser of such
a series-tuned antenna; signals of high frequency find impedance
in the coil; signals of the desired or resonant frequency find a
minimum of impedance, and so the filtering action of the tuned
system is advantageous. If, in addition to the series-tuned cir-
cuit, we use an anti-resonant or parallel-tuned circuit as in
Fig. 2-10, we impose more hardships upon
unwanted signals. In this case when maxi-
mum current flows through L, maximum
current is induced in L.. If, then, C, is
tuned so that L.C, forms an anti-resonant

c — circuit, the impedance to the resonant fre-
7{ c, quency will be very high and any current

L ooy through it will build up a large voltage
L. across it so that the detector gets a high

= voltage at the desired frequency and a low
F16.2-10. Varying¢; ©ne at all other frequencies—and the selec-
until the antenna tivity of the system as a whole is improved.
system as a whole is If, in addition, each radio-frequency am-
series resonant in-  plifier gtage is tuned to the desired signal,
creases V(}itagc 3CTO%  the selectivity of the entire receiver may
" become very great. In the present conges-
tion of radio stations, the necessity for selectivity of a high degree
is evident.

The frequency meter. An instrument for measuring the fre-
quency of signals is called a frequency meter. It consists of a
coil and a condenser and some means of indicating when this

_ _ simple circuit_is tuned to resonance with a radio wave. The
indicator may be a current meter, a lamp which lights up at
maximum current through it, or a crystal detector and a d-c
milliammeter. It may be connected directly into the circuit or,
preferably, coupled loosely to it.

The circuit of a simple and effective frequency meter is shown
in Fig. 3-10. The indicating device is a crystal detector and a
meter which indicates the rectified direct current. If the indi-
cator is coupled loosely to the tuned circuit its resistance will

e
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not broaden the response curve of the frequency meter. The
inductance is usually fixed and the capacitance varied to obtain
resonance, but to cover a wide band of frequencies it is fre-
quently necessary to have several coils which fit into the instru-
ment by means of plugs and jacks. If the coils are arranged so
that the larger coils have exactly four times the inductance of
the next smaller the wavelengths to which the larger coil will
tune will be twice those of the next smaller coil or the fre-
quencies will be one-half those of the next

smaller coil. %)

A series of coils in which the same winding 2T
space is used but in which the number of turns
in this space is doubled for each next larger M{
coil will approximate these conditions very
closely. ) @

Sometimes the instrument is equipped with a :
buzzer so that it will send out a modulated wave. Fi. 3-10. A
A receiver can be tuned to a desired frequency Si™Ple 5=

. . quency meter.
by starting the buzzer, tuning the meter to the
desired frequency, and adjusting the receiver until the buzzer
tones ure heard at maximum loudness.

Oscillating frequency meter. A most useful type of frequency
meter has an oscillating vacuum tube and a meter, usually con-
nected in the grid circuit of the tube. The circuit diagram for
such a meter is shown in Fig. 4-10. Tube 1 generates radio-
frequency currents, which are modulated when desired by the
low- or audio-frequency generator tube 2. The grid meter gives
very sharp indications of resonance, and because the device is a
small modulated source of radio-frequency energy it can be used
to tune receivers to any desired frequency. It is a much more
accurate instrument than the buzzer frequency meter. The data
in Table I are those of an oscillating frequency meter. The
coils have dimensions as indicated.

Calibrating a frequency meter. A frequency meter, to be
most useful, must be properly calibrated. This may be done in
several ways. If the meter uses an oscillating tube the process
is simple; all one needs is a source of known frequency and a




204 PROPERTIES OF COILS AND CONDENSERS

+ - B 0._(*)012
1.5 mA 0
. r~0.0005 RF choke ==
Plug in A
A

II|FB

Radio frequency Audio frequency

MYl

=

Fie. 4-10. Circuit diagram of a modulated oscillator useful as a wave-
meter. The r-f oscillator has a d-c meter in its grid circuit and employs a
series of plug-in coils. The modulating oscillator may use an audio output
transformer or other center-tapped inductance of the correct value. When
the r-f oscillator is coupled to an external tuned circuit, a sharp dip in the
grid current will occur when the two circuits are tuned to the same

frequency.
TABLE I
KivocycLEs PER
CorL £, ke A\, meters  DiaL DEGREE
A 2500-6660 45-120 31.6
B 1430-3750 80-210 23.3
C 750-1820 165400 10.7
D 485-1130 265-620 6.5
Di1aMETER, LENGTH
CorL TurnNs Size WIRE in. oF WiNpiNG L, mh
A 15 21 24 14 0.014
B 30 21 24 13 0.055
C 60 21 24 1% 0.217
E 90 27 25 13 0.495

receiver. Tune the receiver to a station whose frequency is
known. Then turn on the oscillating tube, and, when a whistle
is heard from the receiver, the known station, the receiver, and
the frequency meter are all tuned to the same frequency. Next
tune the receiver to another frequency and repeat the perform-
ance. A curve can then be plotted showing the calibration of the
frequency meter.

The following description of how to calibrate a frequency
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meter over a wide range of frequencies by means of but a single
accurately known frequency is an interesting experiment. It
follows from the fact that an oscillating vacuum tube generates
not only the frequency governed by the LC product of its cir-
cuit but also multiples (harmonics) of this frequency.

Experiment 1-10. To calibrate a frequency meter by harmonics. The
necessary apparatus consists of :

1. An oscillating frequency meter connected as in Fig. 4-10.

2. An oscillating detector tube preferably followed by a stage of audio
amplification.

Tune the oscillating detector to the frequency of some known station
by listening in the headphones and bringing an antenna wire near the
detector inductance. The tuning condenser of the detector should be
equipped with a vernier or worm gear so that very accurate settings are
possible. Tune as nearly as possible to zero beat with the known station.
As the tuning dial is adjusted near resonance with the known station,
now acting as the frequency standard, a note will be heard-in the phones
which represents the difference in frequency between the known station
and that of the detector tube. When this difference tone (or beat note)
disappears, the two oscillations are at the same frequency. Since fre-
quencies lower than about 100 cycles capnot be heard in the phones, it
will not be possible to tune closer than this to the desired frequency. By
estimating the two points at which the audible beat disappears and by
finally setting the oscillating receiver detector at the mid-point between
these two dial settings, a sufficiently accurate setting will be made.

We have now equipped ourselves with a local generator whose
frequency is accurately known. For example, suppose that it is
610 ke and that we are set to within 100 cycles of this frequency.
We are within 100 parts in 610,000 of being exactly correct, or
1 part in 6100, which is sufficiently accurate. It is much more
accurate than the dial reading of the frequency meter we are to
calibrate.

Now move away the antenna eoupling and see if the beat note
changes. If it does, again adjust for true zero beat. Then start
up the oscillating-tube frequency meter and, after giving it a few
minutes to warm up, tune its dial slowly until a whistle or beat
note is heard in the headphones which are still plugged into the
detector-amplifier. This means that the frequency meter is be-
ing tuned to the frequency of the oscillating tube.
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If we use the broadeast band coil of the frequency meter we
ought to get a very loud beat note when the two circuits are in
near resonance and another loud note when the dial is tuned to
the half wavelength, in this case 1220 ke. Between these points
several other weaker beat notes may be heard.

Now turn the dial slowly and note the dial reading each time a
beat note is heard. For example, the table of such points may
look like Table II, in which the loudest beat notes are marked
with an asterisk. Then use another frequency-meter coil and
repeat, always marking down the loud notes.

TABLE 1I

DiaL UniTts

DEGREESs DirrERENCE DIFFERENCE (approximate) (exact)
10.2 * .. 1220 1220
34.0 23.8 2 1020 1016
47.0 13.0 1 920 915
60.0 13.0 1 820 813
85.0 * 25.0 2 610 610

* Loudest beat notes.

Now prepare data like those in Table III, in which the
numbers along the top are obtained by multiplying the detector
frequency by whole numbers from 1 to 10, and the vertical num-
bers are obtained by dividing this frequency by whole numbers.
Thus our fundamental frequency is 610 ke. Twice this is 1220
ke, one-half is 305, ete.

TABLE III
1 2 3 4 5 6

1 610 1220 1830 2440 3050 3660
2 305 610 915 1220 1525 1830
3 202.5 406 610 813 1016 1220
4 152.5 305 457 610 763

5

6

Then make a list from this table of the frequencies that may
be looked for from our calibration, namely, 610, 763, 813, 915
ke, ete.
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What ‘actually happens as we tune the frequency-meter dial
and hear beat notes? The oscillating detector and the frequency-
meter tubes are generating additional or harmonic frequencies
as well as the fundamental to which they are set. These addi-
tional frequencies are much weaker than the fundamental.
When we tune the meter to 1220 ke it beats with the second
harmonic of the detector and gives an audible note. But how
are we to recognize the 1220 point? How do we know that it is
not the third or the fourth harmonic instead of the second?

Consider the data in Table II. We got loud notes at 10.2 and
85 degrees. We guess that these are the second harmonic and
fundamental. We subtract the dial settings as in column 2.
Then, assuming that 13 degrees is a unit, we note that there are
two units between the 10.2- and 34-degree beat notes. We see
then that there are six units between 1220 and 610 ke. We
guess again and say that each hcat note represents about one-
sixth of the difference between 1220 and 610 ke, or about 100 ke
per unit. Looking in our list of expected frequencies we can
pick out these frequencies exactly.

We might guess at these frequencies from the original assump-
tion that the two loud notes were from the 1220 and the 610 ke
frequencies and noting that between them, a difference of 610
ke, were 85 — 10.2 dial degrees or about 8 ke per degree.

When the smaller coils are to be used, care must be taken to
sce that no harmonics are missed. Fortunately, if the coils have
the dimensions given in Table I, the harmonics will fall at al-
most the same points on the dial. Thus on the largest coil 610
ke is found at 85 degrees. On the next smaller coil the 1220-ke
frequency will be found within a degree or two of 85 degrees.
And so on until the entire set of coils is calibrated.

Standard frequencies. In this country standard frequency
signals are sent out from a Burcau of Standards’ station, WIWVV.
These signals are on 5000 ke, modulated at 400 cycles, and
should be heard all over the United States. In addition there
are many long-wave and intermediate-wave stations whose fre-
quencies are kept within very close limits and which are on the
air 24 hours of the day. Broadcasting stations form good stand-
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ards of frequency, covering the band from 550 to 1600 ke, and
above this are many short-wave stations whose signals may be
heard the world over.

Calibrating by clicks. A common method of calibration is the
click method. When a tuned circuit is brought near the in-
ductance of the oscillating frequency meter, a sharp dip of the
grid-current needle will be noted as the two circuits are reso-
nated to each other. If the same tuned circuit is brought near
the inductance of an oscillating detector tube, a sharp click will
be heard in headphones when the circuits are tuned to the same
frequency, provided that one listens in the plate circuit of this
tube or behind a stage of audio amplification. This click is
produced by a sharp change in grid current and a corresponding
change in plate current.

Experiment 2-10. Calibration by clicks. This method requires an
oscillating detector, a calibrated meter, and the unknown meter to be
calibrated.

Couple the calibrated meter to the inductance of the detector, and turn
the dial until a sharp click is heard in the phones, indicating that the
circuits are tuned alike. If the two inductances are closely coupled two
clicks will be heard, one when the tube stops oscillating and one when it
starts again. These two points may be several degrees apart. Loosen
the coupling, and note that the two clicks approach each other. Keep on
loosening it until a degree of coupling is reached when only a single
resonance click is noticed. Note the dial setting of the standard meter.
Now remove it from the tuned circuit and bring near the latter the fre-
quency meter to be calibrated. Turn its condenser dial until a click is
heard as before. Now the meter has the same frequency as the standard.
Other points for a calibration curve may be noted in the same manner.

This method really constitutes setting a generator or miniature trans-
mitter (the oscillating detector) to a given frequency by means of the
calibrated meter and then tuning the uncalibrated meter to resonance
with this generator. !

The properties of coils and condensers. We may investigate
the properties of coils and condensers by performing the various
parts of the following experiment.

Experiment 3-10. Wind up on a form, about 3 in. in diameter, a coil

of about 60 turns of rather large wire, preferably with silk or enamel
insulation so that the distributed capacitance of the inductance will be
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rather large. Connect it across a condenser whose maximum capacitance
is about 500 puf. Start at the maximum capacitance of the condenser
and measure the resonant frequency of the coil-condenser combination by
clicking it into an oscillating receiver, or by coupling it to an oscillator.
Then decrease the capacitance and repeat until several readings are taken,
say at 500, 400, 300, etc., uuf. Plot the result against C' as shown in Fig.
5-10, that is (wavelength) 2 against capacitance.

N\ 2
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B I _T 5 P
//
)2
- = 3%
| / = 130,000 — 40,000
40,000 —200 L “3.50(196-38) |
T =2321h

Distributed
Ca:)s.:;é puf L
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C’ uuf
Fi6. 5-10. A method of determining the distributed capacity of a coil.

A straight line results because the formula
(Wavelength)? = 3.54L X C -
where L is in microhenries and C in micro-microfarads, is the equation of a
straight line and states that the wavelength (in meters) squared is propor-
tional to the capacitance in the circuit. The slope of the line divided by 3.54
is the inductance of the coil; that is,

L

=35 °7C



210 PROPERTIES OF COILS AND CONDENSERS

It will ‘be noticed that the straight line crosses the wavelength squared
axis at some distance above the zero point. This gives us the natural
wavelength squared of the coil itself and therefore the resonant wave-
length to which the coil with no additional capacity will tune. The point
where the line crosses the capacitance axis gives us the distributed capac-
itance of the coil. This value multiplied by the inductance as obtained
above gives the LC product which when fitted into the proper formula
gives the natural wavelength of the coil.

Thus, in one experiment we can determine not only the frequency or
wavelength to which a coil-condenser combination will tune but also the
coil’'s inductance, its distributed capacitance, and its natural wavelength.

As a check on these data: (a) Calculate the inductance from the
formulas given in Fig. 4-6. (b) Disconnect the condenser from the coil
and determine the natural frequency of the coil alone by means of an
oscillating frequency meter.

Measurement of coil resistance. The effect of resistance upon
the sharpness of resonance and the selectivity of the circuit has
been mentioned. The resonance curve furnishes one method of
measuring the resistance in a given circuit, provided that we
know the inductance of the coil, which can be calculated from
the formula in Fig. 4-6.

Experiment 4-10. To determine the resistance of a coil. Couple a series
circuit composed of a coil, condenser, and indicating meter to a generator of
about 5-watt output Adjust the frequency of the generator to resonance
with the series circuit. If the generator has a constant output over this fre-
quency range the accuracy with which the coil resistance is determined will
e greater. Pick out the two frequencies (j2 and f1) above and below reso-
nance where the current in the circuit is 0.707 of its value at resonance (f,),
and calculate the width of frequency band at this point and the resistance of
the circuit, from the equation
R = wL(f2 — f1)

Jr

Subtract from this value the resistance of the current meter.
For example, a model 425 Weston thermogalvanometer will read
currents of 115 ma and has a radio-frequency resistance of 4.5
ohms. The value of resistance remnaining is the resistance of coil,
leads, and condenser. Most of this resistance resides in the coil.

Experiment 5-10. To determine resistance of a circuit. Another
method of determining the resistance of a coil is as follows: It necessitates
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the use of a decade resistance box or series of accurately known resistances
of negligible inductance and capacitance and a variable condenser.

Small lengths of high-resistance wire (manganin) are to be preferred for
frequencies higher than 1000 ke. Their d-c and high-frequency resistance
is practically the same.

Connect the apparatus in series and couple to an oscillator.

With the resistance box short-circuited (R = 0), tune the circuit to
resonance. Then add enough resistance to the circuit to reduce the cur-
rent to one-half its resonant value, retuning to resonance, if necessary.
Then, since we have halved the current, Ohm’s law tells us that we have
doubled the resistance. In other words, the added resistance is equal to
the resistance already existing in the circuit. Again subtract the resistance
of the current-indicating meter. What remains is the resistance of coils,
condensers, and leads.

Repeat at several different frequencies, and calculate the @ and plot
against frequency .and wavelength.

If only one or two resistance units are available, say 5 or 10
ohms, and not a continuously variable standard of resistance like
a decade box, the resistance of the circuit above may be deter-
mined by noting the current at resonance, and the current when
some resistance has been added, retuning to resonance after add-
ing the resistance if necessary. Then the currents, according to
Ohm’s law, arc

,_E
YT Ry
E
e ——
Ry + R

current at resonance and no added resistance.

where I,

I, = current at resonance and R added.
R, = resistance of circuit.
Ry = addcd resistance.
Then : :
RoI,
e

If a current-indicating meter is used whose deflections are
proportional to the current squared, such as a thermogalvanom-
cter, it is only necessary in this experiment to add sufficient
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resistance to quarter the deflection of the instrument. This is
equivalent to halving the current, and the added resistance is
equal to the resistance already in the circuit.

The lower the resistance of the current-indicating device, the
greater will be the accuracy with which such measurements may
be carried out. For example, if the indicator has a resistance of
4.5 ohms and the circuit a resistance of 5 ochms, great accuracy
cannot be attained, but if the ecircuit resistance is double or
treble that of the indicator, much greater accuracy results. In
any event the meter resistance must be subtracted from the
measured resistance to get the resistance due to the circuit alone.

Condenser .capacitance. e will now investigate, by means
of an experiment, the capacitance of a condenser.

Experiment 6-10. To determine the capacitance of a condenser. Con-
nect a variable condenser whose calibration is known across a coil and
click into an oscillating receiver or into an oscillating frequency meter; at-
tach the unknown condenser across the variable condenser and retune the
variable condenser to resonance with the frequency meter. The difference
in readings of the calibrated condenser is the capacitance of the unknown
condenser. For example, suppose that resonance is obtained by the vari-
able condenser alone when set at 400 puf. Connecting the second con-
denser across the variable forces us to reduce the capacitance of the
variable to 340 uuf. The difference 400 — 340 = 60 uuf is the capacitance
of the unknown. Such a method enables the experimenter to disregard
the capacitance of the coil itself or of the leads since they are connected
across the variable at all times and do not change when the unknown is
attached to the circuit.

Antenna wavelength. We will proceed to determine the wave-
length of an antenna by means of the following experiment.

Experiment 7-10. To measure the natural wavelength of an antenna.
Connect in series with the antenna an inductance which can be adjusted
in even steps, say a coil of 20 turns with taps at each turn. Measure the
frequency to which the antenna tunes with the entire coil in the circuit
by coupling the coil to an oscillating wavemeter. Then reduce the in-
ductance by one turn, and repeat. Repeat until accurate readings are no
longer possible. Plot wavelength, or frequency, against added turns of
wire. Where the line crosses the wavelength or frequency axis is the nat-
ural wavelength or frequency of the antenna.

L \
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Antenna capacitance. The capacitance of an antenna may
also be determined by experiment.

Experiment 8-10. To measure the capacitance of an antenna. Meas-
ure the wavelength of an antenna attached to an inductance, as in Fig.
6-10. Then replace the antenna-ground connections by a variable con-
denser (Fig. 6-10b), and tune the con-

denser until resonance with the frequency v
meter is indicated. The capacitance of H
the condenser at this point is the capaci- :
tance of the antenna. 1
Antenna inductance. By the
following experiment we can de- 3 A
termine the inductance of an an- /' T
tenna. Wavzgleter
Experiment 9-10. To determine the
inductance of an antenna. Connect a
known inductance, L;, in series with the = =
antenna, and measure the frequency fi. (a) (®

Repeat, using a different inductance L2, Fig. 6-10. To measure the
and get frequency f;. The two frequen- capacitance of an antenna.
cies are related as follows:
1
fl L« ————
v (Ll + La)Ca
R
2 y————————
(L2 + La)Ca

where L, = antenna inductance.

Cs = antenna capacitance.
o indicates ““is proportional to.”

Squaring both equations and solving for L we get

L = Sl — fofLs
“ - hnt

Problem 1~10. A frequency meter is being calibrated from a standard. At
resonance the capacitance of the standard is 400 uuf, the capacitance of the
other meter is 500 uuf. What is the ratio of their inductances? If the induct-
ance of the standard is 300 ph, what is the inductance of the cther frequency
meter? At what frequency are they now set? What is the wavelength?

Problem 2-10. In calibrating a frequency meter from a source of 1000 ke
which has many harmonics, the fundamental is received when the condenser
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capacitance i8 253 uuf. Another indication is received when the capacitance
is approximately 65 uuf. What harmonic is this?

Problem 3-10. In an experiment to determine the resistance of a coil, the
current without added resistance is 100 ma and with 12 ohms added it is 60 ma.
The resistance of the meter is 5 ohms. What is the resistance of the coil
and condenser in series?

Problem 4-10. A certain coil and condenser (LCi) tunes to a frequency, fi.
The condenser is changed by adding another to it so that the value is Ca.
The circuit now tunes to a frequency, fo. Prove that fo =+ fi = \/a + Cs.

Problem 6-10. Using the formula in Problem 4-10, what must be done
to the capacitance to make a circuit tune to twice the frequency? half the
frequency? double the wavelength? one-half the wavelength?

Problem 6-10. A coil-condenser combination tunes to 450 kc when the
condenser is 600 uuf. When an unknown condenser is placed in series with
the 600-uuf capacitance the circuit tunes to 600 ke. What is the unknown
capacitance?

Problem 7-10. An antenna tunes to 1000 ke when 100 xh is in series with
it, and 750 ke when 300 xh is in series. What is the inductance of the antenna?
Remembering that the two inductances, Ly or Lg, and the inductance of the
antenna L, are in series, and can be added to get the total inductance, what
is the capacitance of the antenna? What is its natural frequency?

Problem 8-10. A radio receiver tunes to 600 meters (500 kc) with a 500-uuf
condenser. What maximum capacitance must be put in parallel with this
condenser in order to receive 800-meter (375-kc) radio compass signals and
ship-to-shore traffic on 2200 meters?

Coil-condenser applications. Combinations of coils and con-
densers in circuits perform useful services throughout the electric
communication art. Not only is the selectivity of a radio re-
ceiver produced by the properties of a resonant circuit, but
such circuits may also be used to eliminate undesired frequencies
or frequency bands and to
change the response of a sys-

S tem to frequencies of certain

S él’ . values.

E C Tamplifier For example, a “scratch”

P —g‘ filter may be used with a
Y L=Momh phonograph amplifier to re-
Fickup  C=0.0075 pt duce the noise caused by

R =800 chms 1 . ] Q
Fic. 7-10. Use of a series-resonant needle scratch. This filter is

circuit as a low-impedance trap to & Series-resonant circuit placed
reduce noise from needle scrateh. across the circuit between the
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phonograph pickup and the amplifier it feeds into, as shown in
Fig. 7-10. This circuit tunes to about 4500 cycles, and, since
it is a series-resonant circuit, its impedance to frequencies near
4500 cycles will be very low. It will provide a low-impedance
path for these frequencies, and since needle scratch is of this
order of frequency the scratch noise will be reduced. Of course,
any music frequencies in this region will be reduced also.
Filters. Since coils and condensers have varying effects upon
a circuit, one having a reactance which increases as the fre-
quency increases and the other decreasing as the frequency in-
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creases, combinations of L and C may perform many useful
functions. Filters are combinations of L and C that may be
used to transmit only a required portion of a wide frequency
spectrum or, conversely, to attenuate certain frequencies.

A filter that passes low frequencies but attenuates frequencies
above the cut-off frequency is known as a low-pass filter; a
combination of L and C that passes high frequencies but at-
tenuates lower frequencies than the cut-off frequency is called
a high-pass filter. If a band is attenuated while all other fre-
quencies higher and lower than this band are transmitted, the
filter is a band-elimination filter; if certain frequencies are
passed but all others are.attenuated, the unit is called a band-
pass filter.

If sharper cut-off is desired, several sections of these elemen-
tary filters may be connected in series, each attenuating still
further the energy transmitted by the one before it.

The values of L, C, and the terminal resistance, R, between
which the filter works, for the simple filters shown in Fig. 9-10
are given in Table IV.

TABLE IV

VaLvEs oF L AND C For FiLTERs

I. L=R/xfy; C=1/afR
II. C =1/4=f,R; L = R/4xf,
I {Ll = (fi — fo)R/=fofr; Ci=1/4x(fy — fo)R
Ly = R/4x(fo — f1); Ce = (fi — fo)/=Rfofr
Ly =R/x(fz - fi); C1= (2 — f)/4=hfiR
Lz = (fa = fR/4xfofy; Co = 1/n(fo — f)R

Frequency regulation. A simple example of the use of the
diverse effects of L and C is shown in Fig. 10-10. As long as
the frequency is equal to the series-resonant frequency of L and
C, the two tubes get equal voltages and produce equal currents
through the output transformer. Since these two currents are
opposite in direction, no current will pass through the secondary
transformer. If, however, the input frequency rises, more volt-
age will be applied to the L tube than to the C tube, and more

Iv. {
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Fic. 9-10. Examples of the use of coils and condensers as filters.

current will flow through it. Conversely, if the frequency drops,
a greater voltage will be impressed upon the C tube and inore
current will flow in it.

ﬂ’\—‘

Fic. 10-10. Use of L and C as a frequency-regulating network.

These variations in current, since they are in opposite direc-
tions, can be applied to a circuit to maintain the input voltage
to the two tubes constant in frequency. Thus the circuit may
be used as a frequency-control system.



CHAPTER 11

VACUUM TUBES

“The radio tube is a marvelous device. It makes. possible the
performing of operations, amazing in conception, with a pre-
cision and a certainty that are astounding. It is an exceedingly
sensitive and accurate instrument. Its future possibilities even
in the light of present-day acomplishments are but dimly fore-
seen; for each development opens up new fields of design and
application. The importance of the radio tube lies in its ability
to control almost instantly the flight of millions of electrons,
with a minimum of control energy.” *

The principle of the radio or electron tube is very simple.
A source of electrons forms the basic part of the tube. These
electrons are attracted to a positively charged electrode called
the anode or plate. Electrons will not flow in the reverse direc-
tion. A simple two-element tube, therefore, will act as a recti-
fier, passing current only when the anode is positive with respect
to the source of electrons known as the cathode. If a third
element in the form of an open mesh of wires is put between
the cathode and the plate, positive or negative voltages placed
on this grid will control the rate at which electrons arrive at the
plate. This control can be exercised almost instantaneously,
and, since the grid catches very few electrons so that almost no
current flows in the grid circuit, engineers are provided with a
quick and efficient device for controlling the flow of an electric
current which may be as small as a fraction of a microampere
or as great as many amperes.

The tube will produce direct current from alternating current,
or vice versa. It will act as a voltage or current amplifier or

*From the RCA Receiving Tube Manual RC-14.
. 218
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will perform as a frequency changer. It will separate audio and
radio frequencies, or it will mix them so that the radio fre-
quencies act as a carrier for the audio frequencies. It will con-
vert voltage changes into changes of light intensity, and vice
versa. It will act as a voltmeter, current meter, wattmeter, or
frequency meter. It will control industrial machinery with a

Constructional details of 6J7G, 6SJ7GT, 68J7, and 6C7. Courtesy of
Sylvania Electric Products Co.

precision possible in no other way. The radio tube is indeed a
modern miracle.

Edison effect. In his search for more efficient filaments for
incandescent electric lamps, Thomas A. Edison discovered that
the glass bulbs of the lamps were blackened in the form of a
shadow of the filament. An investigation discovered that par-
ticles were leaving one side of the filament and crossing the
evacuated space to the other leg of the filament. When they
missed the filament and hit the glass they blackened it. Subse-
quent research disclosed the fact that the particles carried an
electric current which could be collected by a positive metallic
plate placed within the bulb. The particles were electrons, al-
though Mr. Edison did not know it, and the phenomenon by
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which the bulbs were darkened is now known as the Edison
effect.

This discovery lay dormant for a long time. Then Fleming,
in England, made use of the ability of the filament to pass cur-
rent in only one direction (rectification) to construct a more
sensitive radio detector than had existed up to that time. An-
other long period elapsed during which the Fleming “valve” was
widely used for this purpose but during which little or no im-
provement was effected. Then de Forest, in this country, made
a most important invention. He introduced a third element, the
control grid, between the filament (cathode) and the electron
collector (anode).

Much work remained to be done before the radio tube (de
Forest called it the “audion”) reached its present stage of de-
velopment, out of which have come broadeasting, the many ap-
plications of tubes to industrial processes, and, of course, radar
and the numerous other important military uses.

Electron emission. The heart of the tube is the source of
electrons. There are several ways in which free electrons are
obtainable.

1. Thermionic emission. When a metallic filament such as
tungsten is heated to a sufficiently high temperature (2700° C
for pure tungsten) certain electrons escape from the tungsten
atom, break through the surface of the filament, and are free to
be moved about by electric fields. This process resembles the
escape of molecules of water from the surface of water heated
to the boiling point. At the surface of water, or of tungsten,
exists a barrier through which the moving molecules, or elec-
trons, cannot pass under ordinary circumstances; but when they
have sufficient energy imparted to them, as by heating, they
break through the “surface tension” and escape.

2. Secondary emission. 1When an electron is accelerated suffi-
ciently it may have enough energy imparted to it to knock one
or more electrons out of any material with which it comes in
contact, either metal or insulator. A positively charged elec-
trode situated near the source of these “secondary” electrons
will collect them. In practical tubes the secondary electrons
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may be attracted back to the electrode from which they came,
as from the plate, or they may be driven to another electrode
which is maintained positively charged.

3. Photoelectric emission. When light of proper wavelength
is allowed to fall upon certain metals, electrons are released from
the surface of the metal. In the photoelectric cell, or phototube,
the released electrons are attracted to a positively charged elec-
trode.

4. Field emission. - Electrons may be pulled out of the surface
of metals if a sufficiently high positive potential is placed near
it. The voltages must be quite high and concentrated in small
space so that the voltage drop at a particular point is very great.
This method of obtaining electrons is known as field emission
since it is the high electric field which enables the electrons to
escape from the metal.

In radio work, tubes employing thermionic emission are used
almost to the exclusion of the other possible sources.

Types of electron emitters. Cathodes are of two general
types. In one type the filament itself acts as the source of
electrons. It is heated by battery or other d-c source or from an
a-c source. In the second type the filament merely acts as a
heater for raising the actual electron emitter to the proper tem-
perature; it is placed within a metallic sleeve or cylinder which
has a highly efficient emitting substance as an outer coating.
This type of emitter is said to have an indirectly heated eathode.

If the first type of tube is operated from alternating current,
care must be taken to see that the electrons from the anode or
plate circuit are returned to the center of the filament rather
than to one end. Otherwise, the cyclic change in voltage of
one end of the filament with respect to the other, as the current
changes its direction, produces hum in the output circuit. Usu-
ally the filament is heated by a step-down transformer, and, if
the electrons from the plate circuit are returned to a center tap
on this transformer, hum will be minimized.

Since the indirectly heated cathode need have no electrical
connection to the filament, the filament can be operated from
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alternating current without having the alternating voltages im-
pressed upon the cathode. The cathode, therefore, acts as
though all portions of it were at the same potential, and it is
called a unipotential cathode. No hum results from its use on
alternating current if proper care is taken in constructing the
tube and in its operation.

Emitter materials. Electron emitters are usually constructed
of one of three substances, namely, tungsten, thoriated tungsten,
and certain metallic oxides. Pure tungsten filaments operate at
high temperature, consume appreciable filament power, but are
mechanically sturdy. If the tungsten filament is impregnated in
manufacture with thorium, the operating temperature required
for copious emission is materially reduced. Less heating power
is required; but the filament is not so strong as a 'pure tungsten
filament and can be overloaded easily. If platinum or nickel
or a nickel alloy is coated with certain alkaline earths (barium
or strontium oxide) the temperature required for emission is still

~further reduced.

In general, receiving tubes and small transmitting tubes, say
up to 30 watts plate dissipation, have oxide-coated cathodes;
transmitting tubes up to about 1000 watts plate dissipation have
thoriated-tungsten filaments; and larger tubes have pure tung-
sten emitters. All mercury-vapor tubes have oxide-coated
cathodes.

Visually, tungsten filaments are white when heated to operat-
ing temperatures, thoriated tungsten filaments are yellow, and
oxide-coated cathodes are dull red.

‘Directly heated cathodes (filament-type tubes) are more effi-
cient than the heater-cathode (unipotential) types.

Diode tubes. The simplest radio tube consists of a cathode
which acts as a source of electrons and an anode which acts as
a collector of electrons. The characteristics of such a tube,
known as a diode or two-element tube, can be studied by con-
necting it as shown in Fig. 1-11. When the cathode is heated,
by means of a battery or other source of electrical power, and
when the plate circuit is completed, current will flow as indi-
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cated by the milliammeter. The amount of current flowing de-
pends upon two factors only: (1) the temperature of the cathode
and (2) the voltage between plate and cathode. If the current
is noted for each value of plate voltage we shall obtain a char-
acteristic curve which shows the relationship between plate volt-
age and plate current for a given cathode temperature. It will
be found that the current in-
creases in proportion to the 3/2

power of the voltage. Plate
If the plate-cathode voltage 3::'::“

is increased continuously, it
will be found that, ultimately,
the plate current no longer in-
creases. At this point all the
electrons emitted by the cath-
ode are attracted to the plate.
Further increase in plate volt-
age merely speeds up the elec-
trons in their flight through the

Atk ---
B

tube but cannot increase the
number per second that arrive,

Under these conditions the
only way to increase the cur-

Fic. 1-11. Connections for studying
action in a two-element or diode
tube. Here the two elements are
the cathode and the plate, the
heater serving only to heat the

rent flow is\to increase the
cathode temperature. There-
fore if we fix the plate voltage and increase the cathode tempera-
ture (by increasing the filament voltage) we shall get another
curve which expresses the relation between cathode temperature
and plate current. If the cathode temperature is increased con-
tinuously, the plate current will rise sharply but the curve will
ultimately level off. Under this condition the cathode may be
emitting more electrons than actually reach the plate. An in-
crease in plate voltage will again increase plate current, however.

Space charge. Electrons not collected by the plate tend to
congregate in the space between cathode and plate and form a
negative cloud. Electrons leaving the cathode now find this
negative barrier between them and the plate and of course are

cathode to emitting temperature.
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repelled by it. Many of the electrons return to the cathode,
some pass on to the plate, and others remain to form the space
charge. The negative cloud has the same effect as decreasing
the positive plate voltage; and the only way to increasé the flow
of electrons to the plate is to increase the plate voltage.
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Fic. 2-11. Curves of typical diode, showing that plate current is controlled
by plate voltage, Ep, and filament voltage, Ep.

Tubes are ordinarily so operated that more electrons are
emitted than are taken by the plate. Space charge, therefore,
is a factor in controlling plate current.

Tube voltages. The filament battery is called the A battery;
the plate battery is called the B battery; and if there is a grid
battery it is known as the C battery.

Diode operation. In practice the filament current is many
times greater than the plate current. For example, in an ordi-
nary rectifier tube such as the 5Y3, 2 amp (2000 ma) is required
to heat the filament. From this filament acting as cathode a
maximum of 375 ma plate current is permissible without over-
heating the plate.

If a plate battery is connected in series with a resistance and
the diode, current flowing through the circuit represents power
taken from the battery. The power consumed in the resistance
is equal to the product of the current through and the voltage
across that resistance and may easily be calculated. The power
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taken from the battery is equal to IE, and this is greater than
the power consumed in the resistance. Where does the rest of
the power go? ’

It is common knowledge that a rectifier tube in a radio re-
ceiver or transmitter gets hot in operation. Neglecting the power
supplied by the filament battery, power is being consumed in
the plate circuit of the tube, and it is this power that makes up
the difference between the power taken from the B battery and
that used up in heating the resistance. The tube, therefore, acts
as though it were a resistance and the power consumed in it is
equal to I2R,, where I is the plate current and R, represents the
d-c plate resistance of the tube. Thus

Battery power = IE

Power in resistance = I°R

Power in tube = Battery power — Power in resistance
= IE — I’R = I’R,

’

R, can be found for any value of plate current by dividing the
power consumed in the tube by ‘the current squared.

In Fig. 3-11 is shown the £, — I, characteristic of a typical
transmitter rectifier, the 217-A. The value of the plate resistance
of the tube at any value of plate current may be found by dividing
the voltage by the current. The reader should calculate the d-¢
plate resistance for several values of plate current and should plot
these values against plate current. He should note that the plate
current does not follow Ohm’s law; that is, doubling the voltage
does not double the current. As a matter of fact, the current
varies as the 34 power of the voltage. Thus, doubling the voltage
increases the current 22 times; multiplying the voltage by 3 in-
creases the current 3%2 times.*

* The reader need not be confused by these fractional powers. For ex-
ample, 23 equals 2 multiplied by itself 3 times; 2'/2 equals the square root
of 2. Therefore 2°/* equals 2 cubed and then the square root of the product
taken. Thus 23/2 = 2 X 2 X 2)}/2 = V2 X 2 X 2 = 4/8 = 2.8. Let the
reader take values from Fig. 3-11 and see how closely the 217-A follows the
34 power law.
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It will be noted that the plate resistance varies with the cur-
rent through the tube. If the tube is acting as a rectifier, that
is, if alternating current is impressed between cathode and plate,
no current flows on the portion of the cycle which makes the
plate negative with respect to the cathode. Under this condition
the plate resistance is infinite. Throughout the half cycle in
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Fig. 3-11. Typical diode plate current curve for a fixed value of filament
voltage sufficient to supply all the electrons that will be collected by the
plate.

which the plate is positive, the current through the tube is vary-
ing and the tube resistance is varying also.

The d-c plate resistance of vacuum-type rectifiers is fairly
high—hundreds or thousands of ohms. It may be made low in
two ways: (1) by placing the plate and cathode very close to-
gether as in the 83-v and the 25Z5, where the spacing is 0.002
in.; or (2) by placing some gas in the tube.

The d-c plate resistance actually determines the power re-
quired to drive electrons through the tube. When the electrons
strike the plate the power is dissipated in the form of heat.

Gaseous tubes. If a gas such as mercury vapor is introduced,
the tube characteristics change markedly. The d-c plate re-
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sistance becomes very much lower, and the voltage drop across
it becomes decidedly lower and is essentially independent of the
current. The tube glows with a characteristic color when plate
current flows.

Mercury vapor consists of atoms of mercury. Electrons leav-
ing the cathode collide with the mercury atoms and liberate elec-
trons from them. Thus a new supply of electrons is available to
carry current to the plate. But another most important effect
has been produced. The mercury atom, having lost one or more
electrons, is positively charged. It is large and heavy and does
not get very far from the vicinity of the cathode. But this is the
region where the space charge, the cloud of negatively charged
electrons, is located. A sufficient supply of positively charged
mercury atoms (called ions) will neutralize the space charge
and remove this inhibiting influence. Electrons are now free to
move toward the plate in quantities limited only by the supply
and the number taken by the plate. There is some voltage drop
within the tube, but it is of the order of 15 volts, which is the
emf required to ionize the mercury.

Since gaseous tubes have constant voltage drop, putting two in
parallel will not increase the load current unless the resistance
of the load is decreased. More current will not flow in a load if
two equal-voltage batteries are connected in parallel. More
current is available, but the load must be changed to utilize it.

Inverse peak voltage. How much voltage can be placed across
a tube? The amount is limited by the construction of the tube.
Excessive voltage will cause arcing and consequent damage.
Spacing between cathode and plate, the kind of insulation, and
the effect of heat on the electrodes and the glass all govern the
maximum voltage permissible. On the half cycle that the tube
conducts current, if it is operating as a rectifier, the voltage drop
across the tube is fairly low. It is actually the impressed voltage
minus the voltage drop across the load. But during the half
cycle in which the tube is not conducting, the total impressed
voltage is across the tube since there is no voltage drop in the
load for the reason that no current is flowing.
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The voltage across the tube during the half cycle when the
tube is not conducting is known as the inverse voltage, and the
maximum or peak value that may safely be placed across a tube
is called the maximum peak inverse voltage. It is an important
tube “rating.”

Triodes. If a third element, like an open-mesh grid or similar
structure, is placed between cathode and plate, the versatility
of the tube increases enormously. Such a tube is called a triode
or three-element tube. Now the tube will not only rectify, i.e.,
change alternating to direct current, but it will also perform the
many other functions for which the electron tube is so well
known.

The purpose of the grid. The grid has several important
functions. It may be used to neutralize the space charge so
that greater plate current may flow with a given filament tem-
perature and given plate voltage.

Suppose that the grid is made positive with respect to the
cathode. Since it is physically nearer the cathode than tle
plate is, a small positive potential will have the same effect as a
large positive potential on the plate. A positive potential near
the filament prevents the building up of a high negative space
charge, making it easier for the electrons to go to the plate.

Suppose, however, that we make the grid negative. Its nega-

tive potential, near the cathode, will have more effect on electrons
than the positive potential on the plate, which is farther from
the cathode. A small negative voltage on the grid may prevent
the plate from getting electrons even if the plate is at a positive
potential. Since there is practically no time lag in the flow of
clectrons, the grid takes instantaneous control. Therefore the
grid is a control electrode.
. Characteristic curves. In practice the cathode is heated so
that more electrons are emitted than are needed. The rate of
electron flow between cathode and plate is determined by the
plate and grid voltages. Raising these voltages in a positive
direction will increase the plate current. The cathode tempera-
ture is not varied in operation.
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Under these conditions the plate current depends upon two
factors: the grid and plate voltages. If we choose a value for
either and vary the other, we will get data for a characteristic
curve showing the relation between plate current and either grid
or plate voltage. A circuit for studying the characteristics of a
tube is shown in Fig. 4-11. Meters measure the several volt-
ages and the plate current.

-_4||||B||[||+

Fie. 4-i1. Apparatus for studying tube characteristics. The DPDT switch
reverses the polarity of the grid voltage.

Experiment 1-11, Effect of grid bias upon plate current. Set up the
apparatus as shown in Fig. 4-11, using in succession several of the com-
mon types of tubes. Set the filament or cathode heater at the proper
voltage. Fix a small voltage on the plate of the tube, and take down
data showing how the plate current changes as the grid voltage (known
as a bias) is varied from a value negative enough to make the plate cur-
rent zero to a value a few volts positive. The DPDT switch in the grid
circuit permits changing the polarity of the grid without changing the
meter (E,) connection. Then increase the plate voltage and repeat. Plot
these data like those in Fig. 5-11.

Grid voltage-plate current curves. Several interesting and
important facts may be discovered by looking at grid voltage-
plate current curves, which we shall call the E,-I, curves. At
large negative grid voltages there is little or no current in the
plate circuit. As this negative voltage is decreased, some elec-
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trons get past the grid and through the space charge and to the
plate. The current begins to flow, increases at a rather slow
rate, then more rapidly, then in a steep and straight line, and
finally, if the experiment is carried far enough, the curve flattens
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Fia. 5-11. Typical E.~I» curves. Note that the several curves correspond-
ing to different plate voltages are parallel and have long straight portions.

out. Increasing the plate potential and again varying the grid
potential produces a new curve which is essentially parallel to
the first, but moved to the left. Increasing the plate voltage a
like amount again produces a new curve displaced an equal dis-
tance to the left of the second line. Such a graphic collection of
data, known as a family of curves, tells all we need to know of
the effect of grid voltage upon plate current. The steady grid
voltage is called a C or grid bias.
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If we place a meter in the grid circuit we shall see that a very
minute grid current, seldom more than one-tenth the plate cur-
rent, flows.

Effect of plate voltage upon plate current. To determine this
effect we will resort to experiment.

Experiment 2-11. Set up the apparatus as in Experiment 1-11. Set
the grid voltage at some value, say —5 for an ordinary receiving tube,
and note the plate current as the plate voltage is changed from O to
perhaps 100 volts in 10-volt steps. Then change the grid voltage to —10
and repeat; then at —15, —20, 0, 45, +10, etc.

These data may be taken from the E.-I» curves plotted in Experiment
1-11 by picking from the curves the proper values of current, and plate
and grid voltages.

Plate voltage-plate current curves. Here again (Fig. 6-11)
the plate-current curves are essentially parallel over the straight
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Fic. 6-11. Family of Es-Ib curves for a triode tube.

parts. If the grid voltages chosen are in equal steps, the plate-
current curves will be equal distances from each other.

Note that any one curve, for example, the E;, = 180 volt curve
of Fig. 5-11, tells us what the plate current will be for values of
grid voltage between —2.6 and —0.8 volts. Similarly in Fig.
6-11 the E, = —4 curve shows what the plate current will be
for values of plate voltage between 40 and 180 volts.
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From characteristic curves of this type, we may calculate all
the tube constants and foretell nearly all the properties of the
tube when connected into a circuit with other apparatus whose
electrical constants we know.

Amplification factor. For example, we know that the grid
potential is relatively more important than the plate voltage in
controlling plate current. Why? Because it is nearer the source
of electrons. How much? We can tell from the E,-I, curves
in Fig. 6-11. Looking at the line marked E, = —20, we see
that at a plate voltage of 360 the plate current is 7.5 ma but
that if E, is decreased to 300 volts the plate current decreases to
2 ma, a change of 5.5 ma for 60 volts or a net change of 0.092 ma
per volt. The slope of this particular line, 0.092 ma per volt,
gives us another important tube constant without further cal-
culation, as we shall see later.

Now, looking at the two curves marked E, = —20 and
E; = —16 at the points where they cross the 300-volt E, line,
we see that at a plate voltage of 300 the plate currents are re-
spectively 2 and 7 ma. We see that changing the grid voltage
by 4 volts causes a change of 5 ma in the plate current, a net
change of 1.25 ma per volt. Dividing the change per volt caused
by E, variations by the change per volt produced by E, varia-
tions gives the relative ability of the grid and plate potentials
to influence the plate current. Thus,

Ability of grid voltage to control plate current 1.25 ma/volt

Ability of plate voltage to control plate current 0.092 ﬁla/volf
= 13.6

This ratio is defined as the amplification factor of the tube.
It is the ratio between the plate-voltage change required to pro-
duce a certain plate-current change and the grid-voltage change
required to produce the same change in plate current. The
Greek letter mu, 4, is the symbol commonly used for the ampli.
fication factor of a tube.

The amplification factor for a given tube does not vary much
under the conditions under which the tube is ordinarily used.
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It is controlled largely by the mechanical construction of the
tube and by the nearness of the grid to the cathode. A grid
composed of many wires close to the cathode produces a high
amplification factor; a grid with a wide mesh and not so close
to the cathode produces a tube with a low amplification factor.
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Fic. 7-11. Dependence of 1, gm, and g on the plate current. Note that
# is almost constant in value and that gm increases as r, decreases.

The student should note that the amplification factor is not
the ratio hetween plate and grid voltages but the ratio between
changes in these voltages.

AE, .
= to produce a given Al

i

where the symbol A signifies ‘‘a change in.”

Internal plate resistance. Like a rectifier tube, the triode im-
poses resistance to the flow of electrons or current. The actual
resistance to the flow of direct current is the ratio between the
voltage and the current, but since the tube is more often used
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with both direct and alternating current flowing through the
plate circuit, and since the direct current is merely incidental,
it is important to have a knowledge of the internal resistance to
a flow of alternating current.

Ordinarily the tube is operated with certain fixed grid (E.)
and plate (E,) voltages. Then in addition an alternating volt-
age is applied to the grid (sometimes to the plate) and a certain
amount of alternating current flows in the plate circuit. What is
the resistance to the flow of this alternating current?

If the plate voltage is varied slightly, say a volt or so, and the
corresponding change in plate current is noted, then the ratio
between these changes is called the dynamic plate resistance r,.
Thus

Change in plate voltage AE,

Tp = =
P Change in plate current  AI,

For example, reducing the plate voltage from 180 to 140 volts
(Fig. 8-11) produced a plate current change of 7.8 ma (0.0078
amp).

AE, 180 — 140 40

AI, 0.016 — 0.0082  0.0078

Problem 1-11. The plate current of a tube is 4.5 ma when Ep = 90 volts,
and 0.9 ma when Ep = 40 volts. What is the plate resistance?

Problem 2-~11. The plate resistance of a tube is 12,000 ohms. At Ep =
140, I = 14.5 ma. What is I when Ep = 100 volts?

s, =

= 5200 ohms (approx.)

Since the dynamic plate resistance, r,, changes with plate- and
grid-voltage changes, the conditions of both must be considered
when the resistance is mentioned. Thus the 2A3 tube has a dy-
namic plate resistance of 800 ohms when the plate voltage is
250 volts and the grid voltage is 45 volts negative. Its internal
resistance changes if either E, or E, is varied.

Transconductance of a tube.* One more important tube con-:
stant remains. The transconductance is the factor which tells

*In the older literature this tube constant is called “mutual conduct.
ance.” Transconductance is the preferred present-day term.
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Fic. 8-11. Method of calculating plate resistance from E.-I» curve.

how much plate-current change is caused by a given grid-voltage
change. Thus
Change in plate current Al

Im = _Change in grid voltage a AE,

Thus, if a change of 1 volt on the grid produces a change of
plate current of 1 ma, the transconductance

1x1073
1

The mho is the unit of conductance. Note that it is ohm spelled
backwards.

Tm = 1 X 1073 mho or 1000 micromhos
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The transconductance is numerically equal to the ratio of the
amplification factor to the plate resistance. Thus

Al,

AE. 1,

Problem 3-11. A tube has a plate current of 7.75 ma at zero grid bias and
3.8 ma at E, = —4. What is the transconductance?

Problem 4-11. The transconductance of a tube is 800 micromhos. What
change in plate current is produced by a 1-volt change on the grid?

Problem 6-11. The transconductance of a tube is 775 micromhos. The
plate current at E. = —6 is 2 ma. What is the plate current at E, = —2?

gm =

N

Importance of transconductance. The tube is ordinarily so
worked that variations in the input a-c voltage (grid voltage)
produce variations in output (plate circuit) a-c current, and it is
important that the transconductance of a tube be high. Ampli-
fication factors as low as 3 and as high as 100 are used for simple
three-element tubes with plate resistances varying from 800 to
100,000 ohms and with transconductances of the order of 1000
to 4000 micromhos.

Slopes of characteristic curves as tube constants. Since the

. . AE
plate resistance of the tube is defined as r, = Fb , and the trans-
b

I
=2 , these values may be taken directly

conductance as =
Im = AR,

from the E,-I or E-I curves.

The transconductance is the slope of the E.I, line. When
changing the grid voltage produces no change in plate current the
transconductance is zero, that is, the E.-I; curve no longer has
any slope or steepness and it flattens out, as for high positive
values of grid bias. On the other hand, when the Ej-I, curve
flattens out the plate resistance becomes infinite, and so the steeper
the Ey-I, curve the lower the plate resistance.

Experiment 3-11. From the curves plotted in Experiments 1-11 and 2-11
measure the slopes at various values of E, and E. and calculate the plate
resistance, transconductance, and amplification factor. Plot these values
against grid voltage for one curve and against plate voltage for another
curve.
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Note carefully that the “slope” of the characteristic curves
relates only to the straight part—not the lower bend where the
curvature, and hence the slope, is continually changing. In the
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Fic. 9-11. Difference between d-c and a-c resistance of a Lube. One (a-c)
is the slope of the curve; the other (d-c) is merely the ratio between
Iy and E.,.

problems above, it is assumed that the characteristic is straight
(linear) over the region in which the values given are to be
found.

The three important tube “canstants” or “parameters” are de-
termined by the methods indicated here or by means of a-c
bridges.



CHAPTER 12

THE TUBE AS AN AMPLIFIER

The essential property of the triode (more complex tubes are
really triodes with some modern improvements) is the ability to
amplify voltages or currents or power. Small a-c voltages
placed upon the grid produce higher a-c voltages in the plate
circuit. How is this possible?

Basic triode circuit. In Fig. 1-12 is the basic amplifier cir-
cuit. The direct voltages on cathode, grid, and plate are fixed.

F1g. 1-12. Basic amplifier circuit with resistance load RL.

In the plate circuit is a resistor; voltmeters and ammeters are
placed at the points where voltages and currents are to be meas-
ured. Provision is made to apply some alternating voltage be-
tween the grid and cathode. An a-c voltmeter is placed across
the plate resistor. Up to the moment when alternating voltages
are applied to the grid, no alternating voltage will appear across
the plate resistor (known as the load) because there is no alter-
238
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nating current through the load and therefore no a-c voltage
drop across it.

When, however, alternating voltage is applied to the grid, al-
ternating current flows in the plate circuit and an alternating
voltage appears across the plate resistor. If conditions are prop-
erly chosen the value of the alternating voltage across the load
will be greater than the alternating voltage applied to the grid.
The tube then is amplifying.

For the moment let us simulate an alternating grid voltage
by merely increasing and decreasing the grid voltage about its
average or bias (E.) value. For each value of grid voltage there
will be a new plate current, and by plotting these values we shall
obtain a curve like that in Fig. 2-12. Note that the tube has
both direct and alternating voltages in the input and direct and
alternating currents in the output circuit. The grid current is
practically zero because the grid is always maintained at a po-
tential negative with respect to the cathode and electrons will
not be collected in any quantity by the grid. At some instants
the grid is more negative than the bias voltage and at others
less negative. The grid voltage, e, and plate current, 7,, rise
and fall in unison, more current flowing when the grid is less
negative and less current flowing when the grid is more nega-
tive. This is exactly what occurs when an alternating voltage is
applied to the grid-cathode circuit.

The plate current can be analyzed in two ways: (1) it is made
up of a pulsating current, increasing and decreasing above and
below some median value in unison with the grid-voltage
changes; (2) it is made up of two currents, (a) a d-c component
whose value is fixed by the steady plate and grid voltages, and

- (b) an a-c¢ component whose peak or rms value is determined
by the circuit eonditions.

Thus in Fig. 2-12 a d-c meter will read 6.6 ma and an a-c
meter will read 1.4 X 1/v/2 or 1.0 ma. If a 60-cycle a-c volt-
age is applied to the grid the a-c component of the plate current
will have a frequency of 60 cycles.

The point P on the curve is called the operating point. It is
determined by the fixed values of grid bias and plate voltage.
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Fic. 2-12. Alternating voltages superimposed on the steady (bias) grid
voltage produce a pulsating plate current which rises and falls from its
steady (d-c) value.

Choice of operating point. Two conditions determine the
placement of this point on the tube characteristic curve: (1) the
amount of power the tube can safely dissipate, and (2) the
amount of distortion of the input wave form that can be toler-
ated in the plate circuit. The power dissipated is controlled
solely by the plate voltage and the plate current and is the
product of these factors. The limit to this power is determined
by the construction of the tube. The distortion factor will be
considered later.

Tube voltages. All tube voltages are measured with reference
to the cathode; that is, the grid bias is the voltage which exists
between grid and cathode and the plate voltage is the voltage
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measured between plate and cathode. This is less than the bat-
tery voltage (E,;) by the drop in the plate resistor load. With
filament-type tubes operated from direct current, the most nega-
tive end of the filament is considered the reference point, and
grid and plate voltages are measured. with reference to this
point.

The low-potential ends of the grid and plate circuits are con-
nected to the cathode of an indirectly heated tube, to the nega-
tive terminal of a filament-type tube when operated from direct
current, and to the center tap of the filament transformer wind-
ing or to the center of a resistance:across the filament when
operated from alternating current. These low potential leads
are called the “common return” of the grid and plate circuits.
Electrons flowing in the plate circuit return to the cathode
through this lead.

Tube nomenclature. Since several voltages and currents are
present in tube circuits, a problem in nomenclature arises. In

é ]
I
E,. Ey

Fic. 3-12. Lower-case letters (es, i, etc.) indicate a-c values; capital
letters (Eco, Ew, etc.) indicate d-c values.

general, lower-case letters indicate instantaneous values; capital
letters indicate d-¢ or rms values. In Fig. 3-12 these several
voltages and currents are indicated. The a-c¢ values are the in-
stantaneous values unless otherwise indicated. Thus e, is the
instantaneous alternating voltage applied to the grid; E,, is the
grid battery voltage; E. is the actual direct voltage between grid
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and cathode; e, is the instantaneous voltage measured from grid
to cathode. This last value, e, is not the same as e,; it is the
algebraic sum of e, and E,. (See also Fig. 10-12.)

Resistance load. Figure 1-12 is the basic amplifier circuit.
If conditions are properly adjusted the wave form of the alter-
nating voltage measured across the resistor will be similar to
that of the input alternating voltage, and the instantancous
values of this output voltage will be greater than the corre-
sponding values of the input applied voltage. These conditions
exist when (a) the C bias and the input a-¢ voltage are such
that the alternating plate current has values which lie on the
straight part of the characteristic curve only, and (b) the load
resistance Ry, is high compared to the tube resistance.

Let us look at the circuit in Fig. 1-12 rather critically. The
plate voltage E, as measured by a voltmeter connected from the
plate to the cathode is no longer the voltage Ey, across the B
battery. It is less than this value by the voltage drop in the
resistor Ry, i.e., the IR, voltage drop caused by the plate cur-
rent. The voltage actually at the plate then is E, = Eyy — IR,

If, for example, the B battery voltage equals 180 volts, R,
equals 100,000 ohms, I, equals 0.5 ma, I, X R, equals 0.0005 X
100,000 or 50 volts, and E, cquals 180 — 50 or 130 volts.

Now it can be seen that any variation in I, causes a variation
in the IR drop across R, and the plate voltage E, must change
accordingly. Any variation in the grid bias will cause a varia-
tion not only in the plate current of the tube but also in the
plate voltage (E,).

We must now have a new kind of characteristic curve to indi-
cate the fact that the plate voltage is no longer constant but
varies as the plate current varies. The difference between the
plate battery voltage and the voltage actually measurable from
plate to cathode depends upon the load resistor, the difference
being greater the higher the value of the load resistance.

Dynamic characteristic curves. A series of “dynamic” curves
is shown in Fig. 4-12. They were taken by placing resistances
in series with the plate battery and power tube, maintaining the
voltage on the plate equal to 180 when the C bias was —38.5
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by increasing the plate battery voltage to compensate the loss in
voltage across R;. It will be noted that these curves are much
flatter and longer than the static curves, indicating that plate-
current variations are much smaller in magnitude under the
same grid-voltage variations. The transconductance of the cir-
cuit is not as high as the value for the tube alone, but the slope
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Fr6. 4-12. Dynamic characteristic curves show plate current as a function
of grid voltage when a load resistance is in the plate circuit.

of the curve shows the alternating current which will flow
through the resistor when a given a-c voltage is applied to the
grid, and these curves are therefore more uscful than the static
curves,

Experiment 1-12. Connect as in Fig. 1-12 a tube of the 6J5 or similar
type, a plate battery, and a resistance. Short-circuit the terminals for e,.
Measure and plot the current in the plate circuit as the grid voltage is
varied. Then change the resistor and repeat. Use values of 8,000, 16,000,
24,000, and 48,000 ohms.

Magnitude of the amplified voltage. There are several vari-
able factors in a one-stage resistance amplifier, as shown in
Fig. 1-12. The grid bias, E,,, the plate battery voltage, E,,, the
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load resistance Ry, all may be changed as desired. With a fixed
value of E, and Es,, the plate resistance of the tube r, is fixed.
If we measure the alternating voltage across a load resistance
with a given value of alternating voltage on the grid we shall
determine the voltage amplification of the circuit. Then, if we
change the load resistance and again measure the output voltage
across Ry, we shall get data for a curve which shows that the
amplification increases as the load resistance increases, but
which finally comes very near a certain fixed value numerically
equal to the amplification factor of the tube. Increasing the
load resistance beyond this point has little effect on the amplifi-
cation.

Because each change in Ry, will change the plate current, we
must adjust the plate battery -each time so that the voltage
actually on the plate (E,, minus the voltage drop along the load
resistance) is the same.

The amplification that will be realized in a laboratory experi-
ment of this kind may be calculated from the formula

el
RL + Tp
and the alternating plate current from

= A (voltage amplification) [1]

Meg

s S 2]
RL + p ?
and the a-c voltage across the load from
e
ML _ 4, 3]
RL + p

where e, equals grid voltage.

The maximum voltage amplification takes place when the ex-
ternal resistance, R;, is infinite. Practically, however, 75 per
cent of the maximum amplification is obtained when Ry, is three
times as great as r,. For example, if r, is 10,000 ohms, a load
resistance of 30,000 ohms will produce an amplification equal
numerically to 75 per cent of the p of the tube. The maximum
possible value is the amplification factor () of the tube. Thus,
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if a tube especially made for resistance-coupled amplifiers hav-
ing an amplification factor of 30 is used, the maximum possible
amplification will be 30, but under actual operating conditions
the voltage amplification, 4, of the complete circuit is about 20.

Power output. The a-c power in the load resistance is cal-

culated as follows: P =R,
. Kég

Ip = ————

RL + p

_ (#ex)2RL

R -} rp2

This is a maximum when the two resistances are equal, that is,
when

rp = R
Then the power
ule,?
P =

4rp

where ¢, = rms input voltage; and
2, 2

p=t%

8rp

where e, = peak or maximum voltage.

This power, which is fed into the load resistance, must come
from the plate battery, because the tube itself generates no
power—it acts merely as a transformer or valve which takes
small voltages and currents on its input and turns out larger
voltages and currents to its output circuit. The power in the
input circuit must come from the circuit to which the tube is
attached. The power in the output must come from the bat-
teries. The tube therefore releases power from the batteries in
a form which is an exact replica of the power utilized in the
input circuit to which the tube is attached. The tube itself con-
sumes power from the battery. This power heats the plate and
is wasted. It is equal to I,E,. Note that the power output is
proportional to the square of the input voltage. Doubling the
input voltage increases the output power four times.
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Power amplification. Ordinarily the grid circuit takes no cur-
rent from the input. If, however, the grid voltages are fed
through a resistance so that the voltage drop across the resist-
ance represents the applied input, then some power is consumed
in this resistor. The power output divided by this input power
represents the power amplification.

Example 1-12. Four milliampheres of current at 1000 cycles is fed
through a 10,000-ohm resistance in series with the grid of a tube and its
C battery. In the output is a 2000-chm resistor. The amplification factor
of the tube is 3; its internal plate resistance is 2000 ohms. What is the
power output, what is the voltage across the output, what is the voltage
and power amplification, and what power is lost on the internal resistance
of the tube?.

Let the input voltage e; = #;R; = 0.004 X 10,000 = 40 volts rms

wRL

voltage amplification 4 =
ge amp Rt

The output voltage e, = e; X 4 = 40 X 1.5 = 60 volts rms.
Power output
_ e

B dr,

9 X 402
= ————— = 1.80 watt:
4 %2 1 watts

(0.004)% X 10,000

16 X 10~% X 10,000
= (0.16 watt

Power amplification = P, + P; = 1.8/0.16 = 11.25 times.
Since i, flows through both Ry and rp and since r, = Ry, a-c power lost
in r, = power lost in By = 1.8 watts.
Total power taken from batteries = 3.6 watts.
Useful power _ 1.8

ffici =———=— =50 t
Efficiency Total power 3.6 0 per cen

Problem 1-12. Assume a tube with a load resistance of 12,000 ohms
and an a-c grid voltage of 3 volts (peak). The p of the tube is 8; its
7, is 12,000 ohms. What is the peak value of the alternating plate cur-

o

Power input, Ps, i’R;
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rent? (Use formula 2) What is the rms value? What a—c power is
developed in the load resistance? What voltage appears there?

Problem 2-12. What is the voltage amplification in the above circuit?
(Use formula 1.) How much would it be increased if the load resistance
were increased to 36,000 ohms? How much would this change the power
output?

Problem 3-12. The plate resistance of a certain “high-x” tube is 60,000
ohms, and its amplification factor is 20. What load resistor value in
ohms must be used to obtain a voltage amplification of 15?

Problem 4-12. A certain tube has an internal plate resistance of 5000
ohms, its amplification factor is 8; it is worked into a load of 5000 ohms.
Plot the output power in the load resistance as the input a-c voltage is
increased from 1 to 8 volts (peak).

Problem 5-12. What is the voltage amplification in Problem 4-12?

Problem 6-12. The power output of a tube when worked into a load
whose resistance is equal to the tube resistance (when the input grid

2
voltages are peak volts) may be written as Sﬁ— X eg2 If we divide this
r

expression by e,2 we shall have a figure which gpives us the power output
in watts per (volt input)2. Make a table of such values for representa-
tive tubes used at the present time, getting the data from manufacturers’
information.

Problem 7-12. The normal C bias for a certain tube is 9 volts. What
is the largest rms voltage that may be applied to its grid before the grid
goes posilive?

Amplifier overloading. The conditions for undistorted ampli-
fication are: (a) the C bias and magnitude of the a-c input
voltage must be such that only the straight part of the tube
characteristic curve is employed, and (b) the load resistance B,
must be large with respect to the internal resistance of the tube
rp.  Let us examine these conditions. Suppose first that the C
bias is too great, as in Fig. 5-12, so that the operating point is
down on the curve of the characteristic. Suppose that, at the
start, there is no alternating voltage on the grid. The plate
current I, will be as indicated on the drawing. Now let the a-¢
voltage be impressed on the grid. The instantaneous plate cur-
rent i, will increase when the effective negative bias is decreased
by the superposition of the positive half of the input a-c ‘wave.
Similarly, 7, will decrease from the steady no-input-signal value
as the grid bias_is increased by having added to the steady C
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bias the negative half of the a-c input wave. Note, however,
that, at the most negative portion of the input voltage cycle, no
current at all flows in the plate circuit. The plate current has
been cut off.

The current flows longer on the positive portion of the cycle
than on the negative part, and the average value will be some-

/\ y 0

No 7, during >
this period <
& €

E
7

[

Z

Fic. 5-12. Wrong bias (a) produces an output current and voltage that is
not like the input voltage. In (b) the bias is correct.

E (a) (o)

xU

thing between zero and the maximum value attained. This will
be greater than the current which flows when no input voltage
is applied. A meter in the plate-circuit will show an increased
current when a-c voltage is applied to the grid under these con-
ditions compared with the current that flows without an input
signal (or without excitation, as the engineers say).

This is a sure sign of distortion—an increase or decrease in
plate current as read by a d-c meter when the grid is excited.
A glance at the plate-current curve in Fig. 5~12 is all that is
necessary to prove that distortion is present: the plate-current
wave does not resemble the grid-voltage exciting wave. In this
case the remedy is to decrease the C bias, permitting more no-
signal plate current to flow. (This discussion is true of class A
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amplifiers only. In some amplifiers this type of distortion is
intentional.)

Distortion may be caused if the C bias is correct, say at the
center of the E,-I; curve, but if the input a-c voltage is so great
that the grid is still forced so negative, at times, that no instan-
taneous plate current flows.

The C bias may be too low so that, on the positive half cycles
of input voltage, the grid is forced positive. The remedy is
either to reduce the voltage applied as excitation or to increase
the C bias. If the C bias is increased, the negative part of the
input voltage may force the operating point down onto a curved
part of the characteristic and distortion again occurs. The
remedy now is to increase the plate voltage. This may cause
such a large steady plate current to flow that the plate of the
tube overheats. ‘

Thus there are a number of conditions that must be met in
designing and operating an amplifier correctly.

Distortion due to curved characteristic. When a load is in
the plate circuit the tube characteristic becomes flatter and its
straight part longer, but at the lower part of the curve there is
still a bend and throughout the E,-I, graph there is considerable
curvature. Large input voltages, therefore, may cause distor-
tion because of these curved parts of the characteristic.

Although the maximum power output is obtained from a tube
when the load resistance is equal to the internal tube resistance,
the maximum undistorted power output is attained when the
load resistance, R, is twice as great as the tube resistance, r,.
Some power is sacrificed under these conditions but, as the curve
in Fig. 6-12 shows, the loss is not great. If the load resistance
is lower than the tube resistance distortion due to curvature of
the characteristic is certain to occur. Even with a load equal
to twice the tube resistance there is curvature, and input volt-
ages high enough to drive the plate current too low must not be
applied. The power output when R, equals 2r, is

_2 e
9

where ¢, is rms input voltage.

Tp
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Fic. 6-12. Relation between load resistance, 5000 ohms, and power output.
Maximum power is transferred from tube to load when load and tube
resistances are equal.

The load line. The amount of power output, the amount of
distortion created, and other important factors can be determined
from the routine known as plotting the load line. To do this a
family of Ej-I, curves is necessary. The value of the load
resistance to be used must be known.

The load line gives the division of voltage across the load and the
tube for all values of plate current as produced by the varying
exciting grid voltages. There are several ways of plotting this
load line, but the simplest is as follows.

All the voltage of the plate battery is divided between the tube
internal resistance, r,, and the load resistance, Ry. If the tube is
considered a short circuit, then the entire voltage appears across
the load and the current flowing is simply the voltage divided by
the resistance as given by Ohm’s law. This value of current,
which is the maximum value the plate current can ever attain in
the given circuit, constitutes one point of the load line which is a
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straight line. The other point is found by this consideration: If
no current flows in the plate circuit, there is no voltage drop across
the load, Rz, and therefore the total battery voltage appears
across the tube. This is the maximum value of plate voltage that
can oceur.

In Fig. 7-12 is a family of curves for a typical tube. With a
load of 8000 ohms, a battery voltage of 552 volts, one point is

90 T 1 Average plate characteristics
0 PJ-21 I= 1.1 Amperes D.C
[‘o E;= 4.5 volts, approx.
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Fic. 7-12. The straight line between Is = 69 ma and Es = 552 volts is the

“load line.” The value of I» for any combination of Es and E, for a load

resistance of 8000 ohms may be found from it. The slope of the line
E. = Iy = 8000 ohms.

given directly, 552 volts and zero plate current. The other point
of the load line is given by the maximum current that would flow
if the tube were short-circuited. This maximum current is given
by Ohm’s law, I = E + R, or 552 + 8000 = 69 milliamperes. The
load line is drawn between these two points.

Any point on the line indicates the plate current for the corre-
sponding value of plate voltage. Thus in Fig. 7-12 with 265 volts
actually between plate and cathode the plate current will be 33
ma, and the corresponding grid bias is —40. If the point repre-
sented by these conditions is chosen as the operating point, this
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value of plate current (33 ma) will flow and will not change when
the tube is “‘excited” (that is, when an alternating voltage is ap-
plied) unless distortion is present.

Now what can be learned from this procedure?

At any given plate voltage (E;) [that is, battery voltage (E3s)
minus the drop in the resistance (I,R.)] the plate current will be
given by this line. The actual voltage on the plate at any value
of plate current will be given by the distance along the plate
voltage axis to the right of the zero voltage point. Thus if the
grid is so excited that a plate current of 16 ma flows, the plate
voltage will be 400 and, if the grid is driven to zero voltage, the
plate current will be 45 ma. ‘

The difference between the battery voltage and the plate voltage
at any instant represents the voltage appeasing across the load
resistance Ry.

Now suppose that we impress upon the grid an alternating volt-
age of 40 volts peak value. The grid voltage actually on the tube,
therefore, will vary 40 volts up and down from the —80-volt value,
or from —40 to —120. The instantaneous plate current will vary
from 33 to 12 ma, with a peak value of 10.5 ma. The instanta-
neous plate voltage varies up and down from the 350-volt value,
with the upper and lower limits given by the values of plate voltage
at which the load line crosses the grid voltage lines —120 and —40.
These limits in plate voltage are 432 and 262, and the peak value
of the alternating plate voltage is approximately 82 volts.

The power into the load resistance is the useful tube output.
It may be calculated from the formula:

8 = %[(epmax - epmin) X (ipmax - ipmin)]

= $(432 — 262) X (0.033 — 0.12)

0.445 watt or 445 mw

This is the a-c power conveyed to the load by the tube. The
steady d-c power lost in the load resistance whether a-c voltage
is fed to the grid or not, is, of course, I,R, = (0.0225)2 X
8000 = 4 watts.
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Harmonic distortion calculation. The amount of distortion
produced in such an amplifier may be calculated from this load-
line curve. The distortion is produced when the non-linear parts
of the tube characteristic curve are used, when the load resist-
ance is wrongly calculated (and used) for the tube in question,
and when the a-c input to the grid is incorrect with respect to
the steady grid bias. The distortion increases as the input ex-
citation to the grid (a-c voltage) increases, and it is very low
for low inputs and may become quite evident to the ear if the
grid is over-excited.

The second harmonic distortion may be calculated from:

ipmax7+ ipmin

P R
9 b

X 100%

Ymax T YPmin

where I, is the steady plate current when no signal is applied to

the grid. In Fig. 7-12 where the excitation is low compared with
the grid bias, distortion will be very low. Suppose, however, that
the grid is excited with an a-c voltage whose peak value is equal
to the grid bias, —80 volts. Substitute in the above expression
the values from Fig. 7-12.

0.045 4 0.0065

L — 0.0225
2 T 0.02575 — 0.0225
0.045 — 0.0065 o 0.0385
- 000325 3
= = 0,078 X 100 = 7.89
0.0385 38.5 .

This means that, for every signal put on the grid having a
peak value of 80 volts, there will be in the output a second har-
monic of this input signal frequency equal to 7.8 per cent of the
value of the fundamental. Since it is generally considered that
5 per cent second harmonic distortion is readily audible to the
average listener, this amount of distortion is too great for high-
quality reproduction. The solution is to reduce the input volt-
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age, to increase the plate voltage, to increase the load resistance,
or to try some combination of these possibilities.

Problem 8-12. Let the reader choose other load lines, such as one
representing a low resistance, say 4000 ohms as in Fig. 7-12, and calculate
the power output and percentage sccond-harmonic distortion for several
values of input voltage. A curve might be plotted showing percentage
distortion as a function of the load resistance for a given input a-c volt-
age, or as a function of input voltage with a constant load resistance.

Note on Fig. 7-12 that an alternating voltage e, is represented
as being impressed on the tube. This has a peak value of 40
volts and produces a plate-current variation of i, = 10.5 ma
peak. These current variations produce plate-voltage variations
(bottom of diagram) of 82 volts peak.

If the plate-current variations are equal above and below the
22.5-ma line, then no distortion is being created; but, if the bias
point or any other condition is improperly chosen, the plate cur-
rent may rise more above 22.5 ma than it decreases below this
value. Now the plate-current curve will not have the same form
as the grid-voltage curve, and the output is not a replica of the
input. The principal component of the distortion is the second
harmonic of the fundamental, that is, a new alternating current
of twice the frequency of the original.

Power diagrams. To review the tube with a resistance load
as a power amplifier, and to gather a few additional facts, let us
draw the E,-I, curves as shown in Fig. 8-12, which is a purely
theoretical case—the curves and values of current and voltage
represent no particular tube now available; they were chosen at
random. Let us assume that the voltage actually on the plate
is 160 volts when the steady plate current is 20 ma. That is,
E, = 160, and I, = 20 ma. Let us assume a load of 5000 chms,
and draw the load line through the operating point and the zero-
plate-current point; we find that the bias on the grid to main-
tain such a plate current is 20 volts. Let us assume that on the
grid is put a sine wave of voltage with a maximum value of 10,
so that the actual grid voltage varies between —10 and —30
volts. The corresponding I, variations are from 30 to 10 ma.
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We note that the load line crosses the battery voltage line at
about 260 volts. This, then, is the battery voltage necessary to
insure that the plate of the tube gets its 160 volts. In other
words, there is a drop of 100 volts (5000 % 0.02) in the resist-
ance of the load. Under normal conditions of no a-¢ input to the
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Fic. 8-12. Power diagram for an amplifier with resistance load of 5000
ohms.

grid, the voltage across the tube is 160 volts, across the load is
100 volts, and the plate current is 20 ma.

Now the d-c power lost in the load is the product of the volt-
age across the resistance and the current through it, and the
power lost on the plate of the tube is the product of the voltage
across the tube and the current flowing. Thus,

Power lost inload = E;, X I, = DE X CD
Power lost in tube = E, X I, = OD X CD

and the total power supplied by the battery must be the sum of
these powers, that is
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Power from battery = Ey, X I, = OE X CD

When a 10-volt a-c input is applied to the tube so that the grid
operates about its mean or average value of —20 volts, the peak
value of the alternating current through the load is given by the
line HC and the peak value of the a-c¢ voltage across the load is
given by the line HB. Let us call these values of current and
voltage

er, = peak a-c voltage across load = HB
i, = peak alternating current through load = HC

Since a-¢c power in a resistance circuit is the product of the rms
current and the voltage, to obtain the a-c power in the load we
must first get the rms values of the above values and then multiply
them

eers = el‘max X —2

% rms = Pmax _\/§
whence a-¢ power in load = epi, (rms)

1 1
=er X 1p X 7§ X W
_GLX‘ip ’
2
- M = e 6 tyale AET

This power is dissipated in the load resistance in addition to
the d-c power lost there due to the voltage drop across it and the
current through it. Since the average current drawn from the
battery has not changed, the power taken from the battery has

. not changed—and yet the load has an additional amount of
power used up in it. Where does this power come from? Clearly
it must come from the power used up on the plate of the tube.
When an a-c voltage is placed on the grid, then a-c power is
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developed in the load, less power 1s wasted on the tube plate, and
the tube will actually run cooler when it is delivering power to
the load than when standing idle, that is, with no a-c input grid
voltage.

Let us see what these values of power are. We can take them
directly from the graph in Fig. 8-12.

D-c¢ power lost in load (no a-c grid voltage)
= DE X CD = (260 — 160) X (20 ma)
= 100 X 0.02 = 2.0 watts

D-c power lost in tube (no a-c grid voltage)
= 0D X CD = (160) X (20 ma)
= 160 X 0.02 = 3.2 watts

D-c¢ power taken from battery
= OE X CD = 260 X 0.02 = 5.2 watts

Max a-c voltage across load (a-c grid voltage = 10)
= HB = 210 — 160 = 50 volts

Max alternating current through load (a-c grid voltage = 10)
= IIC = 10 ma = 0.01 amp

A-c power in load (a-c grid voltage = 10)
3 X HB X HC = 0.5 X 50 X 0.01 = 0.25 watt
= 250 mw

which is subtracted from the d-c¢ power in tube.
The formula for the power output of a tube is

#2(3g2RL
(rp + R1)?
and to check the above calculations we must find the tube con-
stants from the curves in Fig. 8-12. The plate resistance of the
tube is simply the reciprocal of the slope of the Ej-I, line, and

noting that a change of 120 — 40 volts on the E; = —10 line pro-
duces a change in plate current of 32 to 10 ma we calculate

Power output =
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120 — 40 80
rp=————— = —— = 3630 ohms
0.032 — 0.010  0.022

From the two curves, E, = —10 and E, = —20 we ascertain that
a change of 10 volts on the grid produces a change in plate current
of 32 to 10 ma when the plate voltage is 120. From these facts

we calculate

0.032 — 0.010
Om = —10 —— = 2200 micromhos

And, since
=15 X gm = 3630 X 2200 X 10~

w=38
whence power output

(8 X 7.07)% X 5000
"~ (5000 + 3630)2

= (0.262 watt = 262 mw

This value agrees closely enough with our data secured fromn
the characteristic curves in Fig. 8-12.

From a collection of the E,-I, curves of any tube we may ob-
tain all the necessary data upon which to build an amplifier and

- calculate its power output, the losses in the various tubes, the
percentage distortion, etc.

Equivalent tube circuit. Since a change in plate voltage may
be replaced by a smaller change in grid voltage multiplied by
the mu of the tube, we may replace the entire tube by a fictitious
generator whose voltage is u¥, and whose internal resistance is
equal to the resistance of the tube. In fact in all problems the
tube is so considered, and is indicated symbolically as in Fig.
9-12.

Problem 9-12, With a 20-volt bias the plate current of a tube under
a given value of plate voltage is 55 ma, and when the bias is increased
to 30 volts the plate current is reduced to 28 ma. If, however, at this
value of grid bias (—30) the plate voltage is increased from 180 to 210
volts the plate current comes back to its original value, 55 ma. What is
the amplification factor of the tube?
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Problem 10-12. The amplification factor of a tube is 8, and when the
grid is —3 volts the plate current is 3 ma. If the bias is reduced to zero
the current increases to 8 ma. Both these current values were read when
the plate voltage was 90 volts. How much would the plate voltage have

[V
Eo Ewy

Fic. 9-12. A tube and its load may be replaced for purposes of calculations
by a generator with an output of ue, and a resistance of 7,.

to be reduced (at zero grid bias) to bring back the current to its 3-ma
value?

Problem 11-12. Changing the plate voltage of a power tube from 100
to 300 volts changes the plate current from 10 to 55 ma. If the bias is
zero at 55 ma what must be done to it to reduce the current to 10 ma
if the amplification factor is 7.8?

Phase of e,, e,, and i,. When the grid voltage increases in
a positive direction, the plate current increases. When this hap-
pens a greater voltage drop occurs along the load resistance and
less voltage will be measured from plate to cathode. Thus the
plate voltage decrcases when the grid voltage increases in a posi-
tive direction. These two voltages, e, and e,, are out of phase.

The end of the plate load resistor farthest from the plate bat-
tery is negative with respect to the end connected to the battery.
The negative end of the load resistor becomes more negative the
greater the current drawn through it from the plate battery.

Therefore, as the grid voltage increases in a positive direction,
the voltage across the load increases in a negative direction.
This amounts to a phase difference of 180 degrees between the
grid voltage and the output voltage.

If, therefore, a sine wave or square wave which starts from
zero and rises in a posttive direction is applied to the grid, a sine
wave or a square wave appears across the plate load which starts
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from zero and rises in a megative direction. A negative grid
pulse, on the contrary, produces a positive pulse in the plate
cireuit.

Plate
circuit
voltage [

0
Less
negative

\I,

Grid
circuit [
voltagej

/

More
negative

Steady plate current

+

Plate
circut [T F T T T —
current
-<—— A.C plate current

=l i

Fic. 10-12. Phase of grid, plate, and load voltage. As ¢, becomes more
negative e, becomes less negative. The load voltage, ¢;, also differs from
the grid voltage by 180 degrees.

Screen-grid tubes. The grid and plate represent two metallic
conductors more or less parallel to each other like the plates of
a condenser. Furthermore, capacitance exists between wires
connected to the electrodes and to the tube prongs. Capacitance
exists between the prongs themselves. The total capacitance
existing between grid and plate is appreciable and may have
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quite a low reactance if the frequency of operation is sufficiently
high. Current will be conducted from a point of high potential
(plate) to a point of low potential (grid) through this reactance.
The voltage produced by this current will add to or subtract
from the grid voltage, depending upon the phase of the voltage
thus “fed back’” from output to input.

If the amplification of the tube and its circuit is 10, and if
one-tenth of the output voltage gets back to the grid in some
way, as much voltage may be impressed on the grid from the
output as was placed there by the driving circuit. This addi-
tional voltage is amplified in the tube and is again impressed
upon the input. Soon the tube and circuit will break into un-
controllable oscillation and the tube becomes worthless as an
amplifier. The grid loses control so far as
amplifying and reproducing the original ex-
citation is concerned.

If now, another grid is placed between
the control grid and the plate and is main-
tained at zero a-c potential by connect-
ing a condenser between it and ground,
the capacitance between grid and plate is
reduced. The feedback from plate cir- -
cuit to grid circuit is reduced and much fmunded G loge

. A . N e | ween plate and grid
greater amplification without instability is  .quces current flow
possible. Actually the screen grid is main- from plate to grid.
tained at a positive d-¢ potential and so
tends to neutralize the space charge and accclerate the clectrons.

Some electrons strike the screen and form a sereen current,
but the greater proportion get through to the plate. Since the
sereen current subtracts from the total possible plate current
the efficiency is impaired, but by proper design the effect of the
grid upon the plate current is as great as if the screen were not
present.

Not only does the screen protect the grid from reaction from
the output circuit but it produces a further change in the tube
characteristic. Since the plate is now shielded from the grid, it
follows that it is shielded to some extent from the cathode. Plate

G P

wv

Fic. 11-12, A
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voltage, therefore, is not so effective in controlling plate current
as it is in a triode. On the other hand, the effect of the grid is
not impaired (except by those few electrons which are lost on
the way to the plate). The ratio of the effectiveness of the
grid voltage to plate voltage is increased, and the amplification
factor increases proportionately. Screen-grid tubes may have
amplification factors as high as several hundred.

Since the plate resistance of the tube is the ratio of a change
in plate voltage to the corresponding change in plate current, it
follows that the plate resistance may become very large since
large changes in plate voltage produce only small changes in
plate current.

The screen-grid tube (tetrode), therefore, has a high dynamic
plate resistance (1 megohm), high amplification factor, and
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F1a. 12-12. Characteristic curves of typical screen-grid tube.

average mutual conductance. It is very useful in voltage ampli-
fiers, but it must be employed with care so that no output volt-
age gets back to the input except as is desired for one purpose
or another.

In circuit operation the screen is connected to a positive po-
tential, and the alternating voltage components in the screen
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circuit are by-passed to the cathode by a condenser connected
¢lose to the screen terminal. .

Characteristic curves of the screen-grid tube are shown in Fig.
12-12. Note the fairly flat portion of the curves to the right of
the plate voltage = 90 line. This is the useful region of the
characteristic. To the left of this 90-volt line something very
interesting happens. Over a
small region the plate cur-
rent actually decreases as the
plate voltage is increased.
How does this happen?

Consider the scrcen grid
biased at +90 volts. An |
electron leaves the cathode e,
and is impelled onward by ¢
this positive voltage on the
screen. It gets through the
mesh of the screen and may i

il il
E. Ey,

N
~

strike the plate. If the plate
is positive enough, say 10
volts or so, the velocity of Fic. 13-12. Screen grid has a positive
the electron as it hits the d-c potential with respect to cathode
: and is by-passed to cathode to pro-
Elna;:kn;any etl)eect};' log: ::: l:)gfht:;: vide low}:il}':lpe'dance path for arber-
nating currents.
plate. Since the screen is at
a higher positive potential than the plate, it has greater attrac-
tion for the electron than the plate, and the electron will
naturally turn around and go back to the screen. This new
electron is called a secondary electron, and the emission of
electrons under these conditions is known as secondary emis-
sion.

If the plate voltage is raised higher than that of the screen,
the electrons will prefer to go to the plate and the characteristic
curve straightens out like an ordinary law-abiding tube. When
tubes are operated with a-c input voltages, the actual voltage on
the plate varies from instant to instant, under some circum-
stances going from zero to near the battery voltage impressed
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upon the plate-cathode path. A circuit operated so that the
plate voltage might be lower than the screen voltage would be
unstable, and, therefore, the useful operating region of the E,-I,
characteristic is limited. This means that the voltage output
and power output of the tube are less than if this unstable region
of the characteristic did not exist.

Pentode tubes. How can this unwanted falling-plate-current
region be eliminated? By simply placing another shield or
screen in the tube, this one being put between the screen grid
and the plate. It is connected to the cathode and therefore is
negative with respect to the plate. Now an electron may strike
the plate hard enough to knock some electrons out of it, but these
electrons find the zero-potential screen (negative compared with
the plate) an insuperable barrier and cannot go through it to
get back to the screen grid. They are turned around and fall
back into the field of the plate. This third grid is called a sup-
pressor grid because it suppresses secondary emission. Note the
curves in Fig. 14-12 and compare them to those of the screen-
grid tube of Fig. 12-12, The tube itself has become a five-
element tube, or pentode, and as a class the pentode has taken
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Fic. 14-12. Characteristics of a typical pentode tube used for voltage
amplification.
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over functions formerly performed by screen-grid tubes or tet-
rodes. Pentode power amplifiers such as the 6F6 produce a con-
siderable output with low grid excitation voltages; voltage
amplifiers like the 6J7 produce
very high amplification compared
with that possible in triodes.

Variable-mu tubes. Early re-
ceivers utilizing screen-grid tubes
suffered from many troubles.
Among others was the production
of cross modulation (“cross talk”)
by strong undesired signals. These
tubes had such a short range of
grid voltage over which they could
work that a strong signal would
force the grid voltage to the point
where the alternating plate current would cut off. This resulted
in severe distortion, evidenced by blurbs or gasps of undesired
modulation crashing through the desired program, or by hum
cntering from the power supply.

Late in 1930 a new sereen-grid tube
madc its appearance and became quite
important in the following year. This
was the variable-mu or super control tube.
It had a very long, fairly flat character-
istic at the bottom of its E.-I, curve. In
other words, strong negative voltages on
~ Negative Grid Volts 0 the grid did not force the plate current
Fic. 16-12. Difference 10 zero, and cross modulation was pre-
between  variable-mu vented.
and sharp cut-off tube. Because of the very long even char
Variable-mu tubes are g otorigtic the tube was nicely adapted
said to have a “remote’ : q .

cut-off. for automatic volume control, for i-f

and r-f amplifiers, and for recording

signal strength, or loud-speaker output, or other measure-

ments where large ranges of current or voltage, etc., were to be
measured.

Inner Screen

Fic. 15-12. Note how the grid
winding has variable pitch from
top to bottom.

Plate Milliamperes
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In this tube the grid is wound, not regularly or evenly along
the length of the winding space, but with a wide spacing at one
portion and close spacing at another. The E,-I, characteristic
may be controlled in manufacture by varying the pitch of the
winding or the manner in’ which the wide and close spacing is
put on the grid-wire supports.
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F16. 17-12. Characteristics of variable-mu or super control tube.

The super control tube is also known as a “remote cut-off”
tube.

Beam power tubes. Although the pentode is an advance over
the screen-grid tetrode, there is need for improvement. At the
lower plate voltages, there is still enough curvature to the char-
acteristic to produce distortion unless the tube is limited severely
in its output. .It would be an advantage to straighten out the
Ey-I, curves. This is done in the beam power tubes in a most
ingenious way.

Instead of placing an actual gridlike electrode within the
tube structure, electrons are forced to travel in prescribed paths
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and with such density that a “virtual” low-voltage electron-
repelling screen (called a suppressor) is in the desired region.
The screen, therefore, which repels secondary electrons back to
the plate does not exist in the form of wires, but rather in the
form of a collection of other electrons. The second grid, corre-
sponding to a screen-grid tube, is spiral-wound like the control
grid, and each turn is shaded from the cathode by a turn of the
control grid. For this reason electrons do not often hit the screen
and therefore very little screen current flows. The beam power
tube is very efficient since so little loss of current exists in the
screen circuit, and it has very high sensitivity, which means that
a large amount of power is delivered for a small input grid
voltage.

Grid nomenclature. In tubes having several grids, it is cus-
tomary to speak of them according to their position from the
cathode. Thus the grid nearest the cathode is the No. 1 grid,
the next grid is called the No. 2 grid, and so on. Grid voltages
are labeled accordingly, E.; being the bias on the grid nearest
the cathode.

Power output for pentode and beam power tubes. The gen-
eral procedure for obtaining power output and distortion from
pentodes and beam power tubes is much the same as for triodes
just described. The calculations are made from a special
Ey-I, family. In Fig. 20-12 from a point A just above the
knee of the zero-bias curve draw arbitrarily selected load lines
to the zero plate current axis. These lines should be on both
sides of the operating point P whose position is located by the
desired operating plate voltage, E,, and one-half the maximum
signal plate current. Along any load line A4; measure the dis-
tance AO;. Along this load line lay off line 0,4, equal in length
to AOl

For best operation the change in bias from A to O; and from
O; to A, should be nearly equal. If they are not, select some
other load line arbitrarily, until one is found which makes the
equal-bias change a fact. The load resistance for the tube may
then be found by
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Emax - Emin
Load resistance B, = ————
max — Imin

This value of load resistance méy be substituted in the follow-
ing formula and the power output obtained.

[Imax - Imin + 1-41(1: - Iy)]zRL
32

=0

Power output =

» ts E 1
3 Grid Vol
Contre

Plate Milliamperes

i3
Iy Eaq=1.101V
NEq=2V
A 142
E win, E, Eyex,
Plate Volts
V is the control grid bias voltage at the operating point

Frc. 20-12. Method of determining correct load resistance for a pentode
power tube.

In these formulas, I is in amperes, R is in ohms, E is in volts,
and W is in watts.

Distortion calculation from pentodes and beam power tubes.
The following formulas will be useful in calculating distortion
from tubes of the pentode or beam power output type.

Imax + Imin - 2Io

Second harmonic distortion = X 100
¢ I Lomt 1410 — 1) <1 %%

Tpox — Imin — 1.41(1. — I
Third harmonic distortion = —— ) X 1009,
Imax - Imin + .1~41(I;( - Iy)
Gain from high-mu tubes. Since the plate resistance of screen-
grid tubes may be as high as 1 megohm, a better method must
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be found for estimating the voltage amplification than the for-
mulas used with low-mu tubes. Such a formula is

Asg = gmReg

where gy, is the transconductance (in mhos) of the tube at the op-
erating values of grid, screen-grid, and plate voltages.
R.q is the equivalent resistance of r, and Ry, in parallel.

Since the tube resistance is very much greater than any load
resistance likely to be used with the tube, and since the effective
resistance of a small resistance shunted by a large resistance is
not very much different from the small resistance unshunted, a
good approximation of the voltage gain of a screen-grid tube, or
of any similar tube having high amplification factor and high
plate resistance, is

Ase = gnBL

where R; is the load resistance.

Problem 12-12. A tube with a transconductance of 1250 micromhos works
into a load of 100,000 ohms. The tube internal resistance (r,) is 0.8 megohm.
Disregarding the shunting effect of the tube upon the load resistance, calculate
the voltage gain. Then calculate the gain taking into account the fact that
the tube resistance (r,) shunts the load resistance (Rp).

An amplifier of three such stages delivers 1 volt. What is the input voltage?

Problem 13-12. In the plate circuit of a tube with a plate resistance of
10,000 ohms and an amplification factor of 10 is an inductance of 20 henries
and a @ of 10. What alternating voltage ¢, will appear across this inductance
if 10 volts at 100 cycles is pliced on the grid? NoOTE: ¢, = #/V Rr? 4 X2
and 4 = peg/V (rp + RL)? + X2

Problem 14-12. In a receiver to be operated from a-¢ or d-c lines are one
tube requiring 25 volts for the filament and four others requiring 6.3 volts
each. They require 0.3 amp each, and the filaments are in series. If the
receiver is to be operated from 115-volt circuits, what value of resistance is
to be used between line and the filaments? )

Problem 16-12. What loss in power is experienced in operating a tube
under the conditions of maximum undistorted power as compared with the
maximum output power? Assuming any reasonable tube values, calculate
power under both conditions and express the loss in percentage of the maxi-
mum power.

Multi-unit tubes. It is possible to put two or more tubes on
one mechanical structure and to put the combination in one
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envelope. Some multi-unit tubes are entirely distinet with sepa-
rate cathodes and have means of preventing electrons from stray-
ing from their desired paths; other tubes share a cathode; and
in still other tubes extra grid structures are added to exercise
additional control functions, as in converter tubes.

In the 6L7, for example, there are seven electrodes. This tube
is employed as a mixer tube in a superheterodyne circuit. It
mixes signals coming from the antenna with signals generated
in an oscillator within the tube. These two signals are at dif-
ferent frequencies, and in the output of the tube signals of still
another frequency occur. For descriptions of these tubes see
the material on superheterodyne receivers.

Putting two tubes in gne envelope conserves space, shell ma-
terial, and bases, but a circuit which needs two tubes rarely
works as well if the tubes are combined in this way.

Metal tubes. The tube elements may be mounted within a
glass or a metallic envelope. Modern receivers use both types.
The metal-envelope tubes are smaller and better shielded than
those in glass envelopes. They are more expensive to make,
which may explain why they have not superseded the glass types.
Fundamentally they perform exactly as their counterparts in
glass envelopes.

Several kinds of bases and sockets are utilized, but, since the
tube operations are not controlled by the kind of base, this mat-
ter will not be discussed here.

Cathode-heater connections. In heater-type tubes, it is com-
mon practice to connect the cathode to the center tap of a
transformer winding supplying heater voltage or to the center
of a 50-ohm resistor across this winding. It is sometimes desir-
able to have the heater somewhat positive with respect to the
cathode to prevent any electrons from flowing from heater to
cathode and thereby producing a-c hum. This voltage is of the
order of 10 volts. In general, however, it is desirable to have no
high potential between cathode and heater.

Tube operation. Tubes may be operated from batteries or
from d-c¢ or a-c lines. The heater-type tube may be operated
either on alternating or on direct current without danger of hum
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appearing in the output. Filament-type tubes cannot be oper-
ated on alternating current except in the final output stage, since
otherwise hum produced in the filament will be amplified by -
succeeding stages and cause noise in the output.

If several tubes are to be operated in a circuit, the electron-
emitting filaments or the heater filaments may be wired in series
or in parallel. If the source of filament power is of low voltage,
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Fic. 21-12. Cathode of heater-type tubes is connected to filament circuit
in two ways as shown. This minimizes hum.

such as a battery or a step-down transformer, the filaments are
wired in parallel. Each tube gets the same voltage, and the
current required from the source is the sum of the currents
taken by the individual tubes. If the source of filament power
is of high voltage, a house lighting circuit, for example, the tubes
are frequently wired in series. Each tube, then, gets the same
current, and the total voltage required to heat the filaments
properly is the sum of the voltages appearing across each tube.

Filament voltages vary from 1.4 to 117. The 1.4-volt tubes
are designed to operate directly from a dry cell: the 2-volt tubes
operate directly from a single storage cell; the 6.3-volt tubes
may be operated directly across a 6-volt storage battery. If
these tubes are to operate from higher-voltage sources some
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means must be provided to limit the flow of current through the
filaments. Thus if a 1.4-volt tube is to be operated from a
2-volt battery, a series resistance must be provided. If several
tubes are to be operated with their filaments in series across a
line whose voltage is greater than the sum of the tube voltages

required, a voltage-dropping resistor must be employed.
The required resistance may be calculated from this formula:
Supply volts — Voltage required by tube

Required resistance = — -
3 Current required by the tubes

Thus if two 32s, two 30’s, and two 31’s are to be operated
from two dry batteries in series, the resistor is equal to
(3 — 2) = 0.62, approximately 1.6 ohms.

If one 6SA7, one 6SK7, one 6B8, one 25A6, and one 25Z6
are to be operated from a 117-volt line, the resistance equals
(117 — 68.9) + 0.3, or 160 ohms.

Grid-bias arrangements. A tube operated from batteries may
gets its grid bias from a C battery. Batterics, however, are in-
convenient, and every means are taken to avoid their use except
where they are the only practical source of power.

One of the simplest ways of placing a steady negative voltage
on the grid is by means of a resistor through which the plate
current of the tube flows. The voltage drop (I X R) along this
resistor is of such a direction that the negative end can be con-
nected to the grid and thus give the grid a negative bias with
respect to the filament or cathode. This resistor is usually con-
nected between the negative end of the plate supply voltage and
the cathode, although the voltage drop along a resistor between
battery and filament in battery-operated circuits may be used.
Thus in Fig. 22-12 may be seen the two methods of providing
bias. In one case the plate current flowing through the “cathode-
bias resistor’” provides the voltage; in the other the resistance
needed to lower the battery voltage to the voltage required by
the tube filament is utilized.

Although any current flowing through any resistance can be
used, and. therefore the plate currents of several tubes flowing
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through a common resistor may be utilized as bias, it is common
practice to have each tube provide its own bias and thus to iso-
late its plate current from that of other tubes.

In series filament circuits, advantage may be taken of the volt-
age drop across tube filaments to bias one or more grids. Thus
in Fig. 23-12 the filaments are wired in series. The same cur-
rent flows through each filament, and the total voltage required

Input _I -1 Output

| [,

Grid return lead

—Illr— Bo—'+B

Fic. 22-12. Methods of biasing the grid negative.

is the sum of the individual tube filament voltages, plus the
voltage drop across the 10-ohm resistors. If each tube requires
a quarter ampere, then this current (250 ma) must be provided
and the voltage is 5 times 5 or 25 volts (since each tube fila-
ment requires 5 volts) plus the voltage drop across the bias
resistor for the first and second tubes. The current enters one
end of the string of filaments and leaves at the other.,

As we go along the series of filaments there is a series of
voltage drops which may be used as biases.

For example, suppose that the final tube (No. 5) is a power
tube requiring a C bias of 10 volts. We note that the negative
terminal of the filament of tube 3 is 10 volts more negative than
the negative terminal of tube 5 because there is a 5-volt drop
across the filament of tube 4 and an additional drop of 5 volts
across tube 3. We attach the grid circuit to this point in the
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circuit. If tube 4 requires only 5 volts C bias we can attach its
grid circuit to the same point in the circuit because so far as
tube 4 is concerned this point is only 5 volts negative. If the
detector tube 3 requires a C bias of positive 5 volts we can
attach its grid circuit to the pbsitive leg of its own filament.

r{(:.B

AF  Output

- 30 =30V +30

oy R =10 ohms o+B

Fic. 23-12. Typical series-filament circuit in which voltage drops across
filaments are used as C bias.

Suppose that the first two tubes in the set do not require 5
volts bias but some value less than this. All that is necessary
is to insert a resistor in the circuit ahead of that tube so that the
negative drop in voltage in this resistance will be utilized. Thus
in Fig. 23-12 the 250 ma through a resistance of 10 ohms will
produce a drop of 2.5 volts. The grid circuit should be attached
as shown.



CHAPTER 13

RECTIFIERS AND POWER SUPPLY APPARATUS

Among the many useful functions of vacuum tubes is the con-
version of alternating currents into direct currents for charg-
ing batteries or furnishing power for radio receivers or trans-
mitters at the voltages desired. Battery chargers require high
currents at low voltages; radio apparatus requires high voltages
at low currents. High-vacuum rectifier tubes for x-ray appa-
ratus will operate safely at voltages as high as several hundred
thousand. Gaseous rectifiers will pass several thousand amperes
for electroplating and welding and other applications, and three-
element gaseous rectifiers perform very useful industrial func-
tions.

The essential characteristic of the rectifier is that it permits
current to flow in only one direction. It is only when the plate
is positive with respect to the cathode that current will flow
through the tube.

High-vacuum rectifiers.. When high-voltage, low-current
power is desired high-vacuum tubes are ordinarily used. If
greater current is necessary gaseous rectifiers are required. If
still greater currents are needed, mercury-pool rectifiers are em-
ployed. Figure 1-13 shows characteristic curves of receiver-type
rectifier tubes giving the voltage drop across the tube for various
currents flowing through it. Note that the drop varies with
current for the high-vacuum tubes and is a constant value of
about 15 volts for the gaseous tube.

Mercury-vapor tubes. When greater currents are needed than
can be safely handled by high-vacuum tubes, or when greater
efficiency is required, mercury-vapor tubes must be employed.

The voltage drop across mercury-vapor tubes is essentially con-
276
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stant regardless of the current taken. They are specifically use-
ful where currents are in excess of 100 ma.

Since the voltage drop in the tube is constant, some means
must be provided to limit the current flowing through it, in the
event of a short circuit in the load. Otherwise the cathode of
the tube will be ruined. Gas tubes also create radio interference
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Fia. 1-13. Voltage drop versus current drain of several high-vacuum
rectifiers. Note the dotted line at 15 volts representing the drop across
a typical mercury-vapor rectifier. -

at times. This trouble is due to the fact that they start con-
ducting abruptly on the half cycle which makes the plate posi-
tive, and this steep wavefront or abrupt starting resembles turn-
ing on and off an electric switch. A choke coil of about 1 mh
connected close to the plate and placed within a shield which
also contains the tube will help reduce the difficulty. Condensers
connected from the outer terminals of the transformer secondary
windings to the center tap, plus the use of chokes. will usually
eliminate most of the trouble of this sort.

To prevent excessive current flow in the event of a short cir-
cuit, resistors are often placed in the plate leads to produce a
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voltage drop. Fuses are essential in the transformer primary
winding since during a short circuit the sole current-limiting
factor is the resistance of the transformer.

Mercury-vapor tubes have heavy filaments in order to supply
a very large number of electrons. Considerable time is required
for these filaments to heat up to the required emitting tempera-
ture. If the plate voltage is applied and current taken before
the cathode has reached the required temperature, a high volt-
age drop near the cathode may, accelerate the positive ions re-
sulting from ionization to sufficient speed to damage the cathode
coating by impact. Time delay relays are employed to keep the
load circuits open until the cathode has been heated sufficiently.

Because of their good regulation, mercury-vapor or gaseous
rectifiers are employed in circuits where considerable fluctuation
of output current is experienced. In radio receiver circuits the
current taken from the power supply system is fairly constant;
but in a transmitter, for example, where the output is keyed,
the current requirements vary from instant to instant. If the
internal drop within the rectifier tube varies with current output
(as in high-vacuum tubes) the voltage supplied to the trans-
mitter varies from instant to instant. This will not be true of
the gaseous tubes, except for the variation in voltage caused by
transformer IR drop. Vapor and gaseous rectifiers are used
wherever the currents are high enough to make the voltage drop
of a high-vacuum tube uneconomical.

Controlled rectifiers. A most important addition to the
vacuum-tube family has been made in the thyratron, which is
a gaseous rectifier with a control grid. The characteristics of
such a tube present many interesting points. For example, if
the grid is made negative by the proper amount no current what-
ever will flow to the plate even though it is positive with respect
to the cathode. At any given plate voltage, however, there is a
value of grid voltage which will permit current to flow—and
when this occurs the current is limited only by the external cir-
cuit, not by the tube itself.

In other words, all the current flows, or none of it. There is
another interesting characteristic. Once the current begins to
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flow, the grid has lost control over it and negative voltages on
the grid make no difference—the current still flows. The only
way to stop the flow of electrons from cathode to plate is to
remove the positive voltage from the plate.

Thus the tube acts like a relay and can be used to key a radio
transmitter or for any other power control purpose.

Now suppose that we place a-c voltages on the plate and a
fixed bias on the tube. Whenever the plate has reached the
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Fia. 2-13. Characteristics of mercury-vapor thyratron. Note that the
temperature of the tube aftects the starting voltage.

point in the positive half cycle such that its positive voltage is
high enough to overcome the inhibiting effect of the grid volt-
age, current will flow. Then, at the end of the cycle, the plate
becomes negative with respect to the cathode and current flow
stops. By adjusting the bias on the grid the point in the cycle
at which current starts may be controlled—but it will flow
throughout the rest of that half eycle.

Now if alternating voltage is placed on the grid as well as the
plate and if the phase between grid and plate is adjusted, any
amount of average current may be taken from the tube, from
zero to the maximum cathode emission permissible. The thyra-
tron is a gaseous rectifier, with low internal voltage drop, which
can supply many amperes of current under the control of the
user by means of the variable phase between voltages on grid
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and anode. A high-vacuum tube acts like a rheostat and a
rectifier in series. A thyratron acts like a latching relay plus a
rectifier plus an opposing battery.

Relay tube. The OA4G is a gaseous triode useful for relay
services. In an envelope filled with an inert gas or vapor at
low pressure are a cathode, an anode, and a grid. The cathode
is cold; that is, there is no
heated filament or heater to
supply electrons. The grid is
a starter electrode, to initiate
and control the gaseous dis-
charge. A relatively small
voltage on the starter elec-
trode starts the discharge
between starter electrode
and cathode. This discharge
ionizes the inert gas and en-
ables a discharge between
cathode and anode to take
place. This is the discharge
Y7z=§ =4 0 & 8 1z 16 which performs the work re-

Contro! Grid Voltage quired of the tube, such as
Fia. 3-13. Characteristics of shield- closing a relay.

grid thyratron. Note that various The first use to which this
starting voltages are possible, de-
tube was put was remote

pending upon voltage of shield grid. . A .
operation of a radio receiver.

A very small amount of energy is required to start the initiating
discharge. This energy was transmitted over the power lines
to the tube which was located within the radio receiver itself.
The remote-control energy was generated at radio frequencies,
and the power lines were utilized as the carrier of this controlling
energy.

In the remote-control function, the starter electrode is main-
tained at a voltage just below that required for breakdown. In
Fig. 4-13 this voltage is supplied from the power lines by R,
and R,. A tuned circuit with a high @ made up of L and C has
a considerable voltage across it when a carrier of the proper fre-
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quency is impressed on the line at the distant point. This volt-
age increases the potential between cathode and starter elec-
trode, and the increase of potential starts the discharge which
flows between cathode and anode and closes the relay. The tube
ceases to pass current when the carrier is removed, since the
tube is supplied with alternating current.

Relay

110 volts |
A-C
Controlled

circuit
‘I ’ 0A4G

Fic. 4-13. Use of gas tube in a remote-control circuit.

Deionization time. Once the grid of the thyratron has per-
mitted current to flow, the grid is surrounded by positive ions.
These are one of the two products of ionization, that process
by which electrons are knocked out of mercury (or gaseous)
molecules to leave the molecule positively charged. The posi-
tive ions neutralize the negative voltage on the grid, preventing
it from exercising any further control. When, however, the
plate voltage is cut off, the ions recombine with electrons and
become neutral molccules again. A few microseconds are re-
*quired for this recombination process, known as the deionization
time. If the tube is operated on 60-cycle power the plate voltage
is cut off each half cycle when the plate becomes negative with
respect to the cathode. Within the few microseconds required
for deicnization after the plate becomes negative, the grid has
regained control and is now ready to permit or prevent further
plate current at the will of the engineer. The deionization time
In mereury-vapor tubes is of the order of 100 to 1000 micro-
seconds. The use of thyratrons of this general type is therefore
limited to frequencies in the audio range.
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RECTIFIER CIRCUITS

Half-wave rectifier. The simplest rectifier circuit is shown in
Fig. 5-13. The alternating a-c power source is connected in
series with the tube and the load. Current flows through the
circuit on the half cycle which makes the plate positive, but not
on the other half cycle. If 7, is the
maximum or peak value of the cur-
rent passed through the conduction

e half cycle, the average value (which
- would be read by a d-c meter) is
DCo+
. . 0.3181,,..
Fre. 5-13. Simple rectifier

The half-wave rectifier has two dis-
advantages: (1) The output contains
an a-c component of the same frequency as the power source.
If this frequency is low, say 60 cycles, it is difficult to filter or
smooth it out so that the load has only direct current flow-
ing through it. (2) The a-c¢ power supply is furnishing power
only half the time so that the peak

circuit.

load is high compared to the average
load. These disadvantages limit its e
use to low-current loads, such as =
tathode-ray-tube circuits, and to ap-
plications where there is no trans- ac ~0 p cO—

former. In this case the unit using
the tube can be operated on either l_)
alternating or direct current. T

Full-wave rectifier. If two tubes :
are connected as in Fig. 6-13 a full-
wave rectifier results. Now each
tube conducts on each alternate half
cycle so that current flows through
the load all the time. Under these conditions the a-c¢ component
in the load has twice the frequency of the power source and it is
easier to filter. The ratio between peak power taken from the
transformer and the average power is lower.

Fic. 6-13. Full-wave recti-
fier which passes current on
both halves of the a-c cycle.
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Voltage-doubler circuits. It is possible to have two tubes in
a circuit which will produce a d-c output voltage with a value
equal to approximately twice the peak voltage of the a-c line
from which the cifcuit derives its energy. The circuit in Fig.
7-13 requires two rectifiers with their outputs connected in
series. This type of rectifier is most valuable in places where
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Fi6. 7-13. Use of two rectifiers in a voltage-doubling circuit.

it is impossible or undesirable to use a power transformer. It
is possible to obtain a useful output of 240 volts at 40 ma from
a 117-volt a-c line.

For the moment consider only tube B. When the plate is
positive, current flows through the tube and charges the con-
denser in its output. Now consider tube A. When the plate is
positive, current flows through the tube and charges its con-
denser. Since the two tubes are connected opposite to each
other across the line, the two condensers are charged in the
same direction, so that the positive terminal of one connects to
the negative terminal of the other. If no current is taken from
them, as by a load, they will charge to the full voltage of the
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a-c input line. When current is drawn by the load, the terninal
voltage drops somewhat.

In practice, a special tube such as the 25Z5 or 25Z6 is used.
This has two separate diodes within one envelope. The heater

2525
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E=180
when I =100 ma

Fic. 8-13. Use of a rectifier with two plates and two cathodes to double
the input voltage.

requires 25 V(;Its and is connected in series with the heaters of
the other tubes in the receiver and across the line. A typical
circuit is shown in Fig. 8-13.

This circuit has two disadvantages: it cannot be grounded,
nor can the d-¢ output be connected to one side of the a-c line.

R,

[T*F=TT}

—_— DL

_T+

R =heaters of other tubes in circuit

Fie. 9-13. Voltage doubler in which one terminal is at line or ground
potential.

Hum may be produced because of the high voltage between
heaters and cathodes. A circuit which overcomes the difficulty
is shown in Fig. 9-13. One side of the output is connected to
the line. It is called a half-wave doubler because rectified cur-
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rent flows to the load only on alternate half cycles of the input
voltage. One of the diodes charges a condenser which discharges
in series with the line and through the other diode on the next
half cycle. The regulation is not as good as the circuit in Fig.
8-13.

Voltage-doubler tubes have other interesting applications.
Since the cathodes and anodes are separate, they really consti-
tute two complete rectifiers. Thus one half of the tube might
be used to supply plate voltage and the other half to supply
grid-bias voltage; or one side might supply plate voltage and
the other half supply energy for a dynamic loud-speaker field
coil.

Rectifier tube ratings. Vacuum rectifiers have fairly high in-
ternal resistance which varies with the current taken by the
load. Gaseous and vapor rectifiers have a-rather low constant
voltage drop across them. Because of this low voltage drop,
much more current can flow through them for the same power
loss in the tube itself than can flow through high-vacuum tubes.
Mercury-vapor rectifiers have characteristics which.depend to
some extent upon the temperature of the tube. Plate-current
flow should be delayed until the cathode has had time to warm
up to the proper temperature. In addition to this time delay,
the mercury vapor in tubes employing it must be allowed time
to reach the proper temperature. High-vacuum tubes are, in a
measure, self-protecting against excessive current drain, but
gaseous and vapor tubes must be protected against damage from
this cause.

The maximum peak inverse voltage is the highest peak voltage
that may be applied safely to the tube in the direction opposite
to that in which it conducts current (plate negative). In single-
phase half-wave circuits with sine-wave input and condenser
input to the filter, the peak inverse voltage may be as high as
2.8 times the rms value of the applied secondary voltage.

The maximum peak plate current is the highest instantaneous
current that a rectifier tube can safely stand in the direction in
which it is designed to pass current. If a condenser is used as
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the input to the filter, the peak current often is many times
the average load current.

The maximum average plate current is the highest value of
average current that should be allowed to pass through the tube.
This may be read on a d-c¢ meter in the load circuit.

Dry disk rectifiers. Certain combinations of metals, such as
copper sulphide and magnesium, or copper and copper oxide, or
iron and selenium, have the useful property of passing current
in only one direction. They may be used as rectifiers. The
copper oxide rectifier is typical in its simplicity and reliability.
It consists of a sheet of copper on one side of which has been
formed a coat of cuprous oxide (Cuz0). Properly made, this
combination has relatively low resistance in the direction oxide-
to-copper, with very high resistance in the reverse direction.

The units are generally made in the form of washers, of 1%5-
inch outside diameter. These washers are then assembled in
any desired series and parallel arrangement on mounting bolts.
Soft metal washers are placed between the oxide layer and the
adjacent metal surface for the purpose of improving the con-
tact with the oxide. The surface of the oxide is graphitized for
the same reason.

This rectifier operates eclectronically and not electrolytically.
Rectification commences instantly on the application of voltage,
with no forming or transient condition interposed. Current is
carried uniformly over the available area. Furthermore, the
rectifying elements can be paralleled to any extent. Operation
in series presents no difficulties, as the disks divide the voltage
with approximate uniformity.

Dry disk rectifiers may be used either half wave or full wave.
The bridge connection is common since it simplifies the trans-
former design and permits units to be operated direct from the
a-c line without intervening transformer if so desired. The
quality of the d-¢ wave obtained is good so that filtering is
readily acfomplished. Battery charging, battery elimination,
magnet operation, loud-speaker excitation, etc., in fact almost
any d-c application, can be successfully handled by these simple
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rectifiers. They are often used in measuring instruments. Thus
a d-c movement can utilize the rectified current produced by a
copper oxide disk when alternating current is applied. The disk
is kept as small as possible so that it will have low electrostatic
capacitance.

FILTER CIRCUITS

Since the rectifier passes current only when the anode is posi-
tive, and since alternating voltages are applied to it, the output
is not a smooth flow of current but a pulsating one. Although
this current may be applied directly to some uses, nearly always
the pulsations must be smoothed out so that a steady direct cur-
rent results. The smoothing takes place in a filter made up of
shunt capacitances and series inductances or series resistances.

Let us consider the simplest situation, a rectifier shunted by a
condenser with the load resistance across the condenser. If 60-
cycle alternating current is applied to the rectifier cireuit, for
140 second the anode of the rectifier is positive and current flows
into the condenser, charging it. Let us suppose that the con-
denser is completely charged in this time; that is, the voltage
of the condenser is equal to the peak alternating voltage ap-
plied to the rectifier or some value less than this voltage. Now
when the polarity of voltage applied to the circuit changes,
that is, on the next half cycle when the anode is negative with
respect to the cathode, the tube will not pass current, and the
charge in the condenser begins to flow out through the load. If
the rate at which the charge leaves the condenser is slower
than the rate at which the condenser is recharged by the recti-
fier, the terminal voltage of the condenser will not fall to zero
at each change in polarity of the applied alternating voltage, but
to some positive value greater than zero.

In other words, the time constant of the RC circuit must be
such that the time required to discharge the condenser is greater
than the interval between the periods during which the rectifier
is non-conducting. Under these conditions the terminal voltage
of the condenser will look somewhat as shown in Fig. 10-13.
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A mechanical analogy to the storage of charge in a capacitor
at relatively short time intervals is a pump. If the handle is
worked slowly the water all flows out during the downward mo-
tion of the handle. No water flows while the handle is being
raised in preparation for the next downward motion. If, how-
ever, the handle is worked at a faster rate so that the complete
handle cycle takes less time, water will flow continuously since
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Fig. 10-13. Effect of using an RC circuit with a time constant greater
than the time during which the rectifier is not passing current. The
condenser maintains part of its charge between cycles of charging current.

it takes longer for the water to flow out of the pump than it
takes to raise the pump handle.

Actually, of course, the situation is not as simple as this. For
one thing, after the peak of the positive voltage wave has been
applied to the rectifier circuit, the applied voltage begins to fall
so that the condenser will be at a higher potential than the
applied voltage. Furthermore, at the same time that current is
taken by the condenser, current is also flowing through the re-
sistor. When the voltage drop across the resistor due to the
charged condenser equals the instantaneous input supply volt-
age, the rectifier ceases to pass current. The rectifier current,
therefore, is sharply peaked with respect to time, indicating
that the rectifier must be able to supply large peak current out-
put.

If the rectifier is a full-wave system, the time between charges
of the condenser is roughly half that of a single-wave system
so that the voltage drop between rechargings will be less. The
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variation in the voltage in the full-wave rectifier occurs at twice
the rate or frequency of that of a half-wave system. This
“ripple” voltage is easier to filter because of its higher frequency.

On the half cycle in which the tube does not conduct, the
voltage across the tube is equal to the line voltage plus the
voltage to which the condenser has been charged. For this rea-
son the tube must be insulated to withstand voltages approxi-
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Fie. 11-13. (a) High instantaneous current required from rectifier with
capacitive input. (b) Reduced tube current in an inductance input filter.

mately twice the output d-c voltage. Furthermore, since the
tube conducts only during a short period near the voltage peaks,
the transformer supplies power to the rectifier only part of the
time. More compl