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AVERAGE CHARACTERISTICS
AMPLIFIERS, DETECTORS,

( ! FILAMENT
%“g‘;: ‘ PURPOSE C‘?;’&DE
Volts Amp

|
1T * ‘ Super-control pentode amplifier Filament 1.4 0.05
354 * l Power amplificr pentode Filament 2.8 0.05

{ 1.4 0.1
6C4 * f H-F power triode I‘ Heater | 6.3 0.15
6J5 l General-purpose triode | Heater ‘ 6.3 0.3
6SF5 | High-mu triode Heater 1 6.3 0.3
2A3 | Power amplifier triode Filament | 2.5 2.5
6K6-GT ‘ Power amplifier pentode Heater t 6.3 0.4
6L6 ! Beam power amplifier Heater 6.3 0.9
35C5 ; Beam power amplifier 1 Heater 33 0.15
68J7 I Sharp cut-off pentode amplifier Heater 6.3 0.3
6SK7 | Super-control pentode amplifier Heater 6.3 0.3
6SN7 } Twin-triode amplifier Heater : 6.3 0.6
6SQ7 | Duplex-diode, high-mu triode Heater 6.3 0.3
25L6 Beam power amplifier | Heater 25.0 0.3

* Miniature type.

RECTIFYING TUBES

—RECEIVING TUBES
OSCILLATORS, ETC.

TraNs- |

FILAMENT Tmccg;]g:ls&;ﬂua
%g:: PURPOSE
Vi | amp | Fslnpre| DO

5U4-G Full-wave rectifier 5.0 3.0 1550 225

5V4-G Full-wave rectifier 5.0 2.0 1400 175

5Y3-GT Full-wave rectifier 5.0 2.0 1400 125

6X4 * Full-wave rectifier 6.3 0.6 1250 70

2576 Rectifier-doubler 25 0.3 700 75 per plate

117Z3 * Half-wave rectifier 117 0.04 ! 330 90

6ALS * Rectifier-detector 6.3 f 0.3 | 420 9 per plate
—GHG Rectifier-detector 6.3 ' 0.3 I 420 8 per plate

* Miniature type.

PraTE P RAN | Loap
sgreex | Gmin | g DiaR L | “awer, | ‘camon | Ogrron, | RET-
Volts AMa Onus l\l{lllf:;)- Factor | Warrs Onus
J f ; «
90 | 3.5 67.5 0 0.5 megohm 900 | ... I} coceo ] oooac
90 “g 7671 67.5 _‘—-77‘_1; 0.1 megohm u25 | .. ‘ 0.235 : 8000
300 j;o e ! | ez —
250 °o | . -8 | 7700 2600 | 20 | .| ...
25 | 09 | ... | -2 | 66,000 | 1300 | 100 | .. .
250 J, 60 | |:_45_ 800 | 5250 ' 4.2 | 3.5 | 2500
250 | 32 | 250 | —18 | 68,000 | 2300 | 3.4 | 7600
250 | 72| 250 | -4 | 22,500 | 6000 6.5 2500
10 | 40 | 110 —7.5 | 13,000 | 5800 | 1.5 2500
250 | 3.0 | 100 T ¥ occooac 1650 | ’
250 9.2 100 | =3 0.8 megohm | 2000 | ..... | .....
250t o | ... -8 | 7,700 » 2600 | 20 | l
100 :_63—_ —;_—Il 0.11 megohm | 900 100 I
1o | 4 110 -7.5 | 10,00 | 8200 | ... |22 | 2000
1 Valués for each unit. 1 As oscillator.
CONVERTER TUBES
Tone E FILAMENT | PLATE SCREEN t o ; é’é;::_ s?g:‘(':‘:;:_
e o ——| Gun”| NI | svemsen
| Volts ' Amp K Volts Ma | Volts ; Ma ' ' MEGoHMS MHOS
IR5 * 1.4 } 005 | 45| 07| 4 | 19 0 ‘ 0.6 235
IC7-G | 2.0 | 012 | 135 | 1.3 675 | 25 | -3 | 0.6 300
GBAT* | 6.3 | 0.3 ! 00 | 36 | 100 |02 | -1 | 05 T 900
6BE6* | 6.3 | 03 | 100 | 2.8 | 100 73 | -15 | 05 155
6D8G | 6.3 | 0.15 | 135 | 1.5 67.5 | 1.7 | -3 0.6 325
6K8 6.3 | 0.3 i z;&; 28 | 100 6.0 | -3 0.6 | 350
6SA7 63 | 03 | 100 | 3.3 | 100 8.5 0 0.5 425
12B136*l§ 12.6 : 0.15 | 100 | 2.8 | 100 7.3 | -1.5 0.5 455

* Miniature type.

1 Mixer plate.

{ Oscillator plate.




RELATION BETWEEN WAVELENGTH (MeTERS), FREQUENCY (KiLocycLes),
AND THE PRODUCT OF INDUCTANCE (M1crOHENRIES) AND CAPACITY (Micro-

FARADS). Note. LC = 25,303/ in Kc, uh, and uuf TRIGONOMETRIC I'UNCTIONS
1 I S i sa | Tan a
Meters| f, Ke I LxC Meters’ 7, Kcl LXC hl\leters f,Ke| LXC Angle | Sina | Cosa | Tana |[Anglea| Sina | Co
(| |
1 (300,000 | 0.0000003 || 450 | 667 | 0.0570 | 740 | 405 | 0.1541 O | 009 1100 | 00l 46 | 7o | 605 | 1.08
2 | 150,000 | 0.0000011 || 460 | 652 | 0.0596 | 745 | 403 | 0.1562 L ‘035 | .999 035 47 .731 682 | 1.07
3 | 100,000 | 0.0000018 | 470 | 639 | 0.0622 | 750 | 400 | 0 1583 S| 052 | 999 | 052 || 48 | .7a3 | le69 | 111
4 | 75000 | 0.0000045 || 480 | 625 | 0.0649 | 755 | 397 | 0.1604 3 070 | 998 070 49 . 656 | 1.15
5 | 60,000 | 0.0000057 | 490 | 612 | 0.0676 | 760 | 395 | 0.1626 - ‘087 | 096 | 088 50 766 | .643 | 1.19
6 | 50,000 0.0000101 | 500 | 600 | 0.0704 | 765 | 392 | 0.1647 2 105 | ‘995 | (105 51 7T 629 | 1.23
7 | 42,900 | 0.0000138 | 505 | 594 | 0.0718 | 770 | 390 | 0.1669 ? 122 | 993 | 123 52 - 616 | 1.28
8 | 37,500 | 0.0000180 |( 510 | 588 | 0.0732 | 775 | 387 | 0.1690 130 | 990 | 141 53 799 | .602 | 1.33
9 | 33333 0.0000228 | 515 | 583 | 0.0747 | 780 | 385 | 0.1712 8 ‘156 | .0s8 | .158 54 .809 | .583 | 1.38
10 | 30,000  0.0000282 | 520 | 577 | 0.0761 | 785 | 382 | 0.1734 8 a7 | 985 | 176 55 819 | 574 | 1.43
20 | 15,000 | 0.0001129 || 525 | 572 | 0.0776 | 790 | 380 | 0.1756 1 . : -
30 | 10,000 | 0.0002530 || 530 | 566 | 0.0791 | 795 | 377 | 0.1779 1 191 982 194 56 829 559 | 1.48
40 | 7,500 | 0.0004500 | 535 | 561 | 0.0806 | 800 | 375 | 0.1801 3 503 | 978 | 213 57 .839 | .545 | 1.54
50 | 6,000 | 0.0007040 | 540 | 556 | 0.0821 || S05 | 373 | 0.1824 }3 ‘225 | 974 | .231 58 .848 | .530 | 1.60
60 | 5,000 | 0.0010140 | 545 | 551 | 0.0836 | 810 | 370 | 0.1847 14 242 | 970 | .249 59 .857 | .515 | 1.66
70 | 4,290 0.0013780 | 550 | 546 | 0.0852 | 815 | 368 | 0.1870 15 259 | 966 | .268 60 866 | .500 | 1.73
80 | 3,750 | 0.0018010 || 555 | 541 0.0867 | 820 | 366 | 0.1893 16 ‘276 | 9061 .287 61 .875 | 485 | 1.80
90 | 3,333 | 0.0022800 | 560 | 536 | 0.0883 | 825 | 364 | 0.1916 17 202 | 956 | .306 62 .883 | .469 | 1.88
100 | 3,000 | 0.00282 565 | 531 (0.0899 | 830 | 361 | 0.1939 18 ‘309 | 951 1325 63 .801 454 | 1.96
110 | 2,727 | 0.00341 570 | 527 {0.0915 | 835 | 359 | 0.1062 16 ‘206 | 046 | 344 64 .899 | .438 | 2.05
120 | 2,500 | 0.00405 575 | 522 | 0.0931 | 840 | 357 | 0.1986 20 312 | 940 | .364 | 65 006 | .423 | 2.14
130 | 2,308 [ 0.00476 ‘ 580 | 517 | 0.0947 | 845 | 355 | 0.201 i |
140 [ 2,143 | 0.00552 585 | 513 | 0.0963 | 850 | 353 | 0.203 7 358 03¢ | .38 66 914 | .407 | 2.25
150 | 2,000 | 0.00633 590 | 509 | 0.0980 | 855 | 351 | 0.206 %9 375 | 927 | .404 67 920 | .391 | 2.36
160 | 1,875 | 0.00721 ’ 595 | 504 | 0.0996 | 860 | 349 | 0.208 23 "301 ‘920 | 424 68 927 | 375 | 2.48
170 | 1,764 | 0.00813 | 600 | 500 | 0.1013 “f 865 | 347 | 0.211 51 207 | o1a | 445 | 69 934 | 358 | 2.61
180 | 1,667 | 0.00912 | 605 | 496 | 0.1030 | 870 | 345 | 0.213 25 1493 906 | .466 || 7 040 | 342 | 2.75
190 | 1,579 | 0.01015 | 610 | 492 | 0.1047 | 875 | 343 | 0.216 2 438 | (809 | 488 71 046 | .326 | 2.90
200 | 1,500 | 0.01126 | 615 | 488 | 0.1065 | 880 | 341 | 0.218 > 454 | 8ol '510 72 .951 .309 | 3.08
210 | 1,420 0.01241 | 620 | 484 | 0.1082 | 885 | 339 | 0.220 23 460 | 8’3 | 532 73 956 | .292 | 3.27
220 | 1,364 0.01362 | 625 | 480 | 0.1100 | 890 [ 337 | 0.223 % a8 | 875 | 55% 74 .961 276 | 3.49
230 | 1,304 | 0.01489 ( 630 | 476 | 0.1117 | 895 | 335 | 0.225 20 "500 866 577 75 .966 | .259 | 3.78
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 31 515 | .857 | .601 76 970 | .242 | 4.01
260 | 1,154 0.01903 | 645 | 465 | 0.1171 | 910 | 330 | 0.233 32 530 | .848 | .625 7 974 | 225 | 4.33
270 | 1,111 | 0.0205 650 | 462 | 0.1189 | 915 | 328 | 0.236 33 545 | 839 | .649 78 .978 | .208 | 4.70
280 | 1,071 | 0.0221 Jl 655 | 458 | 0.1208 | 920 f 326 | 0.238 31 559 | 829 | .675 79 982 | 191 | 5.14
290 | 1,034 | 0.0237 660 | 455 | 0.1226 | 925 | 324 | 0.241 ' 85 ‘574 | 19 | (700 80 985 | 174 | 5.67
300 | 1,000 0.0253 | 665 | 451 | 0.1245 | 930 | 323 | 0.243 36 ‘583 | .800 | 727 81 988 | 156 | 6.31
310 968 | 0.0270 670 | 448 | 0.1264 | 935 | 321 | 0.246 37 602 709 754 82 .990 139 | 7.12
320 938 | 0.0288 675 | 444 | 0.1283 | 940 | 319 | 0.249 38 616 | 78 781 83 993 | .122 | 8.14
330 909 | 0.0306 | 680 | 441 | 0.1302 | 945 | 317 | 0.251 39 ‘620 | 777 | 810 84 995 [ 105 [ 9.51
340 883 | 0.0325 685 | 438 | 0.1321 | 950 | 316 | 0.254 0 ‘643 766 .839 85 .996 .087 | 11.43
350 857 | 0.0345 690 | 435 | 0.1340 | 955 | 314 | 0.257 : =
360 834 0.0365 | 695 | 432 | 0.1360 | 960 J 313 | 0.259 " 656 | .755 | .869 | 6 998 | .070 | 14.30
370 811/ 0.0385 | 700 | 429 | 0.1379 | 965 | 311 | 0.262 42 660 | .743 | .900 87 999 | .052 |19.08
380 790 | 0.0406 |[ 705 | 426 | 0.1399 | 970 | 300 | 0.265 43 632 | 731 -033 838 999 | .035 | 28.64
390 769 | 0.0428 710 | 423 ‘0.1419 975 | 308 | 0.268 44 695 | .719 | .966 89 |1.000 | .017 | 57.29
400 750 | 0.0450 || 715 | 420 | 0.1439 | 980 | 306 | 0.270 45 707 | .707 | 1.000 90 |1.000 | .000 |Infinity
410 7321 0.0473 || 720 | 417 | 0.1459 | 985 | 205 | 0.273 : —
‘gg (75(1)3 ‘ 88;38 ,‘ ;gg ﬁ% ‘ 8%2(7)8 { ggg ggg 8%;2 Reprinted by permission from Timbie, Basic Electricity for Communications.
440 682 | 0.0545 [{ 785 | 408 | 0.1521 | 1000 ’ 300 | 0.282 *
| ! I .
1
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Preface

Seven years is a relatively long time in a field that advances as
rapidly as radio, for in that time much that was undreamed of
can be conceived, developed, and brought into wide production
and use. Seven years have now elapsed since the Fifth Edition of
Principles of Radio was prepared; and, as always, some that is
new now was barely thought of in 1945 and, as always, emphasis
. has shifted so that some things in wide use in the 1940’s are now
considered a bit out of date.

This edition represents a complete overhaul, Professor Richard-
son preparing the first draft of the new text and the senior author
developing the final manuscript. The same viewpoint has been
retained that made the earlier editions useful to those who must
learn radio without help of a teacher—the text must be as clear
as it is possible to make technical matter. It must also be prac-
tical, so that the reader not only learns principles but gets a sense
of values to be found in practice as well.

The illustrations and problems are all new or revised, and only
a direct comparison with the Fifth Edition will show the great
many additions, deletions, and other changes in text. Much new
material has been added, and all the older material has been re-
written, rearranged, or deleted.

Throughout this job of making a new book, the authors had
the benefit of a thorough reading of the manuseript by Dr. J. E.
Schmidt who, although not a radio man at all, has a very great
interest in radio technique and at the same time a high degree of
ability with the English language. His criticism has helped keep
the text easy to understand.

Kerrn HENNEY
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] - Fundamentals

It is essential for anyone studying radio engineering to know
something about electronics, for radio apparatus of today is built
almost entirely around the electron tube. Consequently, a ques-
tion of fundamental importance is: what is the electron?

1.1. Electrons. Since the earliest days man has tried to find
out what his universe is made of ; to find out the smallest possible
unit of which matter is made. He first discovered that there are
very few different substances, less than 100, now called elements.
He discovered that all known substances can be made out of these
comparatively few elemental atoms, which differ from one an-
other in chemical, physical, and electrical characteristics.

But it was a long time before man discovered that the atoms
were made up entirely of a few still more basic units of matter.
It is now known that the nucleus contains neutrons, which are
uncharged electrically, and protens, which carry positive electric
charges. Nearly the entire weight of the atom is made up of
protons and neutrons. Around the nucleus move a number of
electrons which are electrically negative in charge.

The entire art and science of electronies is built up around the
basic fact that the electrons of atoms are electrically charged and
that they can be moved about from place to place in accordance
with man’s wishes. Every time an electron moves it constitutes
an electric current, and, therefore, it is the movements of elec-
trons that make up all there is to electronics.

Atoms of the 90-odd elements (hydrogen, oxygen, iron, sulfur,
gold, ete.) differ from one another only in the number of electrons
and the make-up of the nucleus.

1.2. Atoms. Atoms are inconceivably small in comparison
with every-day objects. 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 the atoms of which the oil is made must be
1



2 Fundamentals | [Ch. 1

smaller than this, for there is no way to spread the film so that it
is less than one atom thick.

Radio men are, in general, econcerned 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 revolve 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 continually exchanging electrons,
80 that it is possible for an individual electron to travel from atom
to atom, from one end of a wire to the other, if proper conditions
exist. In insulators, on the other hand, the electrons are held
very closely to their parent atoms and are separated from these
atoms with great difficulty.

1.3. Electrical charges. An atom, or a molecule—which is
a group of atoms—ecarrying equal amounts of positive and nega-
tive eleetricity is said to be in equilibrium and tends to stay in
this condition. It is possible, however, to make the molecule or
atom lose or gain one or more electrons, and then it is said to be
charged or ionized. If a charged partiele, such as an atom or a
molecule, has too few electrons, it has too little negative elec-
tricity to balance its positive charge and will pick up enough
electrons to get back into equilibrium at the first opportunity.
A body 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 electrons 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 charge and varies inversely with the
square of the distance between the charges.* It also depends on
the nature of the substance separating the charges. Within the

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

9192

F =
where F is the force in dynes, q1 and g2 are the respective charges in stat-
coulombs, k is the dielectric constant, and d is the distance in centimeters
between the particles. For air k = 1. The dielectric constant of other



See. 1.4] Electrons in Motion 3

atom itself, where the distances are exceedingly small, the attrac-
tive force holding the atom and its component charges 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 groups of
electrons would repel each other with a force of about 200 million
million tons.

1.4. Electrons in motion. The electric current. Electrons,
together with their positive counterparts, the protons, and the
neutrons which exist in the nucleus, are the basic building blocks
of the atoms. Everything is made up of these elementary blocks.
The electron is essentially an electrical charge which we arbitrar-
ily call negative. It will be attracted to any positively charged
body, and when it moves it carries its negative charge with it. If
sufficient electrons 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 cur-
rent flows. Actually, electric energy can be made to move from
one place to another with no real transfer of electrons (charges)
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 movement of electric charges.

In a piece of copper wire at room temperature the electrons
of the individual atoms are moving about rather slowly and hap-
hazardly. As long as the wire is not attached to a source of elec-
trical 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 to the other. If, however, the
two ends of the wire are attached to the terminals of a battery,
then the electrons will move along the wire, each representing an
elemental quantity of electricity. This quantity is so small that
engineers are generally concerned with the motion of electrons
only when large numbers of themn move from one place to another.
It has been estimated that all the inhabitants of the earth, count-

insulators is greater than 1. Coulomb’s law may also be stated in other
syvstems of units.



4 ' Fundamentals [Ch. 1

ing day and night at the highest rate of speed possible, would
need two years to count the number of electrons which pass
through an ordinary electric light bulb in a second.

1.5. 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 electrical charge each electron represents
is now well established; it is exceedingly small. The practical
unit of eharge is known as the eoulomh.* There are 6.28 million
million million electrons in 1 coulomb of electricity. If this num-
ber 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 power will be used.

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 meas-
ure, 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 thousandths of an ampere. A small-town power
plant may have thousands of amperes flowing from its generators.
Approximate currents flowing through some common devices are
shown in Table 1.

TABLE 1
APPROXIMATE
CURRENT,

APPARATUS Amperes
50-watt lamp 0.5
250-watt lamp 2.5
1-hp motor 10.0
Electric iron 5.0
Filament of a battery-type radio tube 0.05
Plate circuit of electron tube 0.005

A meter to measure the flow of electricity is called an ammeter.
1.6. Engineers’ shorthand. Engineers have a simple short-
hand method of working with large numbers. For example, the

* Note that the unit of charge is given here as a coulomb, whereas it
was given as a stat-coulomb in the statement of Coulomb’s law on p. 2.
This is an outgrowth of the various unit systems. The coulomb is the more
widely used unit in general practice. A coulomb is 3 X 10° larger than the
stat-coulomb.



Sec. 1.6] Engineers’ Shorthand S

number 6.28 million million million is expressed as 6.28 X 10'8.
This many electrons flowing past a given point per second con-
stitute the electric current known as 1 ampere. As we shall have
occasion 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 =10~! = {5 = one-tenth
0.01 = 1072 = 1} = one-hundredth
0.001 = 10~ = 1¢%g5 = one-thousandth, etc.

The small number above the figure 10 is called the exponent.
Numbers less than 1 always have negative exponents. Thus
three-thousandths may be expressed in these several ways:

3 3
0003 =3X103=—=—
1000 103

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

100 X 0.4 = 10* X 4 X 107"
=4 X 10!
=4X10
= 40
Similarly, let us divide 3000 by 150:
3000 + 150 = (3 X 10%) + (1.5 X 10%)

3
— X 103 X 1072
1.5

=2X10
= 20
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The rules are few and simple:

1. To multiply, add exponents.

2. To divide, subtract exponents.

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

Example 1. Multiply 20,000 by 1200 and divide the result by 6000.
20,000 = 2 X 10*
1200 = 12 X 10?
6000 = 6 X 10°

20,000 X 1200 2 X 10* X 12 X 10°
6000 6 X 10°

2 X 12 X 10* X 102 X 102
) 6

= 2t % 10°
= 4000

Problem 1. How many electrons flow past a given point per second
when the current in amperes is 10? 1000? 0.5? 0.0004?

Problem 2. How many coulombs per second flow past a given point for
the currents of Prob. 1?

Problem 3. How many amperes of current flow when 4.396 X 1013 elec-
trons per second flow past a point?

Problem 4. If light travels 300 million meters per second, and a “light
year” is the distance light travels in a year, how many meters does a light
year represent?

Problem 5. An electron weighs 9.11 )X 10—31 kilogram and carries a
charge of 1.60 )X 10—19 coulomb. How much charge would a kilogram of
electrons carry?

In connection with such shorthand methods Table 2 of prefixes
commonly used will be important.

TABLE 2
PREFIX SyMBoL MEANING SHORTHAND
micro u one-millionth 10—¢
milli m one-thousandth 102
centi c one-hundredth 102
deci d one-tenth 10!
deka dk ten 10
hekto h one hundred 102
kilo k or K one thousand 10®
mega M one million 108

megamega MM one million million 1012
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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 = 10—3 or 0.001 amp; 1 megohm = 1,000,000 ohms.

Example 2. How many milliamperes are there in 2 amp? Since 1 ma
is equal to one-thousandtli ampere, 1 amp is equal to 1000 ma. Thus, 1
amp = 1000 ma = 103 ma. Therefore 2 amp is equal to 2 103 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 is the larger unit. Thus, 1 ma = 0.001 amp = 10—3 amp.
Therefore 2 ma = 2 X 10—3 amp.

Problem 6. How many watts are in 5 microwatts? How many micro-
watts in 500 watts?

Problem 7. How many kilohms are in 20 megohms? How many
millichms in 50 kilohms?

1.7. 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 example,
the curve of Fig. 1 shows the distance traveled by a train moving

150

125

8

Distance, miles
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1 i
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0 1 2 3
Time, hours

Fig. 1. Plot or curve showing distance traveled by train as a function of
the time elapsed since the train started.

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
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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 be 150 miles away; and so on. All 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.

If the train travels at a uniform speed, the curve correlating
distance and time will be a straight line. The slope of the curve
(Sect. 1.8) expresses the rate of change of distance 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 independent
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 de-
pendent variables. These reference lines are called the axes.
(See Fig. 2.) 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 those above are positive. Thus we can plot
both positive and negative quantities on such a chart.

1.8. 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 of the vertical change
for a given horizontal change) will be the same. The slope is
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Fic. 2. Typical curve showing how one quantity, y, decreases as another,
z, increases.

calculated by dividing a given change in vertical units by the
change in horizontal units which caused this change, as shown in
Fig. 3.
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Fie. 3. Here y increases when z increases, and the rate at which y increases
is indicated by the slope of the curve.

Problem 8. Calculate the slope of the curve of Fig. 2. Where will this
curve cross the X-axis? the Y-axis?

Problem 9. A radio power supply has a terminal voltage of 170 volts
when 10 ma of current is drawn from it. Other values of voltage and
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current are as follows: 110 volts at 30 ma; 80 volts at 40 ma. Plot a curve
showing these relations. Determine the change of voltage per milliampere
change in current. What is the voltage when no current flows? Note that
for this curve the slope is negative gince an increase in one variable causes
a decrease of the other.

1.9. Symbels. In technical literature a number of symbols
are used to represent parts of circuits. Some of the more common
symbols are shown on the following pages. The symbols shown
are those adopted as standard by the American Standards Asso-
ciation. The weight of the lines of all symbols is the same.
Many other symbols have been used to represent various elec-
trical circuit elements. Some of the most important are shown.
These are marked with an asterisk (*). It is highly recommended
that standard symbols be used by the student.

An electrical circuit is built up by connecting together several
of these symbols in various combinations of basic series and
parallel connections. In these figures each of the rectangular
boxes represents one symbol. A series connection is one in which
one electrical element follows another as in Fig, 4. A parallel or
shunt connection is one in which the two elements are arranged
side by side as in Fig. 5.

- o Eand

Fi6. 4. Simple series circuit. Fic. 5. A parallel or shunt circuit.

Problem 10. Draw a diagram showing an air core coil in parallel with a
variable air condenser; a fuse in series with a rheostat and a milliammeter.
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Antennas Crystals Jack
Detector Contact
Aerial Piezoelectric Spring
Fuse
Sleeve
Ground . ,::
Loop = z ' |
*Not a standard symbol Closed Circuit Jack
Battery Key, Telegraph

—il=

Headsets
Single

Double

o

Capacitors

__“_

Air

_+

Air, Variable

_+H__

Electrolytic

— by

Split-Stator

Coils E

Air Core

Magnetic Core

Powdered Iron

i

Variable

Lamps E

Ballast

9

Pilot

Meters

oy

Indicate type by
abbreviation in circle:

A Ammeter

F Frequency

G Galvanometer
MA Milliammeter
uA Microammeter
V Voltmeter
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Three-Conductor, Polarized

Rectifier

%

Arrow points in the direction
of low resistance.

Permanent Magnet

o

Electromagnetic

Fundamentals [Ch. 1
Microphones Relay Switch, Key
:( o—F <:.
General | I— Break
o—_
( -
Single-Pole, Double-Throw Make
Capacitor
Resistors
-0
Il 3
. ]
Fixed
CE) > Muitiple
:< Switch, Knife
-—
. -0
Velocity Variable Single Pole Single Throw
(Rheostat)
Plugs
@ _O\‘N —
Variable —0 O——
(Poten;:ometer) Double Pole - Double Throw
Two-Conductor Switch, Multipoint
[o)
o o
Tapped 00
Three-Conductor, * Polarized
Receptacles: Speakers Transformers
Two-Conductor e Air Core
@ E Adjustable
Magnetic Armature

Ej 3

Magnetic Core

Ei

Powdered Iron Core
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Tube Elements

1

Anode or Plate

o

Dynode

—
Deflecting Electrode

Gnd

Cold Cathode

or =" \—

Cathode, Directly
Heated or Filament

]

Cathode, Indirectly Heated

Cathode, Photoelectric

Tube Envelopes

Gas - Filled

High Vacuum

Tube Applications

5

Triode with
Filamentary Cathode

=

Triode with Indirectly
Heated Cathode

-

Pentode with
Suppressor Grid
internally Connected

_@

Cold Cathode,
Gas-filled Diode

@_

Vacuum Phototube

Tube Applications (cont.)

Multiplier Phototube

®

I,
®
Triode with

Base Connections Indicated
Keyed Octal Base

©

Wires I k

I or

Crossing, not Connected

Connections
*Not a standard symbol

Letter Symbols

C-Capacitance
I-Current
L-Inductance

P,W -Power

R -Resistance

V,E — Voltage or emf
Z — Impedance

X —Reactance
rh—Microhenry

mh -Millihenry
ruf-Micromicrofarad
uf —Microfarad

ke —Kilocycle

Mc —Megacycle




2 + Direct-Current Circuits

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

Long before scientists knew anything about the electron the
convention was established that current flowed from the positive
terminal of a battery (or other source), through the external cir-
cuit, and back into the negative terminal. Now it is known that
the electrons move in the opposite direction. That is, electrons
move from a more negative point toward a less negative point.
Thus the plus-to-minus direction of current flow is merely a
manner of speaking—the electrons, which carry most or all of
the charge which make up the current, move in the opposite di-
rection. The direction of current flow is now so firmly established
that it would be difficult to change the convention. The fact that
current flow and electron motion are in opposite directions should
cause little trouble once the convention is understood.

It should be remembered that in an electrical circuit the point
from which the electrons move is always negative with respect
to the point toward which they move.

2.2. Electromotive force. What makes the electrons move
from one place to another? If, for example, a battery is con-
nected to a circuit containing wires and other apparatus, elec-
trons are driven from the negative to the positive terminals of
the battery through this external circuit. The force which drives
these electrons is the electromotive force (emf) of the battery.
The size of the force which determines the amount of electron

flow depends on the construction of the battery. The unit of emf
14
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is the volt.* An instrument used to measure voltage is known
as a voltmeter. Table 1 shows voltages of commonly used
slectrical sources.

TABLE 1
VOLTAGE
(approximate),

APPARATUS Volts
Dry cell 1.5
Storage battery 6
Radio B battery 45
House-lighting circuit 117
“Third rail”’ 500

2.3. Sources of emf. The oldest source of man-made volt-
age 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, similar light objects. These phe-
nomena are manifestations of frictional electricity which causes
electrical charges to be removed from, or added to, a substance,
thus causing it to become electrically charged. Frictional elec-
tricity is not a very reliable source of emf since a very small
amount of moisture prevents the continued production or storage
of the charges.

A common source of voltage is the dry cell used to operate a
flashlight or door bell; the lead-sulfuric acid storage battery such
as is used in automobiles is another common voltage source.

The generator is a device for converting mechanical energy
into electrical energy. It is used to produce very large amounts
of electrical energy; its principles will be described later. An-
other source of emf is the barrier type of photoelectric cell. In
this device, light shines on a surface coated with material which
emits electrons under stimulation of the illumination. This type
of photocell converts light energy to electrical energy.

2.4. Resistance. The next question which arises is: How
much current flows in a circuit when it is connected to an elec-
trical source of a known emf?

The electrons in their motion through a conductor are not un-

*A volt is the emf (voltage) required to force 1 ampere of current
through a resistance of 1 ohm.
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impeded. They constantly run into atoms and other electrons.
Since there are no perfect conductors, all materials are said to
have a certain resistance. This resistance is a measure of the
difficulty electrons have in moving freely about among the atoms
making up the material. Metals have less resistance than in-
sulators; they are better conductors. Some metals have lower
resistance than others. In general, pure metals have lower re-
sistance than alloys.

Copper, for example, has low resistance, whereas some of the
combinations of copper, nickel, and iron-manganese have resist-
ances may times that of copper. The fact that copper has a low
resistance and at the same time is plentiful explains why most
conductors are made of this element. Silver has still lower re-
sistance than copper, but is not so plentiful.

2.5. Factors that govern resistance. The comparative re-
sistances of two wires of the same material and at the same
temperature depend upon the length of the wires and the area
of their cross sections. The longer the wire the less will be the
current that passes through it if a fixed voltage is impressed
across its ends; similarly, the smaller the diameter of a wire the
greater the resistance (Fig. 1). More gallons of water per second
flow 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 cross sec-
tion or to the square of the wire diameter. The copper wire table
on p. 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 of the No. 10 wire.

The absolute value of the resistivity of a conductor may be
indicated in several ways. The most useful to electrical engineers,
since they use so much of their resistance material in the form
of wires, is the ohm per mil-foot. This is the resistance in ohms

*“Inversely proportional” means that one quantity grows larger as an-
other becomes smaller. This inverse relationship is seen in Fig. 5. As
resistance R is increased, the current I decreascs. The equation is I = E/R.
where the voltage E is held constant.
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L=%
d=2 % R=%
7

L=1

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

of & wire 1 mil in diameter and 1 ft long as shown in Fig. 2. A
mil is a thousandth of an inch (0.001 in.). A circular mil is a
unit of area. A wire having a di-

ameter of d mils will have an area 00&01" D
of d? circular mils. A mil-foot of ™ ' |
copper (1 circular mil in cross sec- ! r =

Fic. 2. A mil-foot is a wire
one mil (one-thousandth inch)
in diameter and one foot long.

tion and 1 ft long) will have a re-
sistance of 10.4 ohms. The resist-
ance of any copper wire, therefore,
will be 10.4L — A ohms or 10.4L —+ d? oluns, where A is the area
in circular mils, L is length in feet, and d is diameter in mils.

The resistivities of several metals compared to silver are as
follows:

Silver 1.00 Pure iron 6.28
Copper 1.08 German silver  20.6
Aluminum 1.77 Constantan 30.6
Nickel 4.87 Mercury 60
Platinum 6.25 Carbon, 0°C 220

Problem 1. How many times higher in resistivity is German silver
than copper? than iron?
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Problem 2. An iron rod is 8 in. long and 0.05 in. in diameter. What is
its resistance?

Problem 3. Two wires have resistances in the ratio of 628 to 1. The
wires are of the same diameter and length. If the lower-resistance wire is
made of nickel, what is the material of the other wire?

Problem 4. Two wires have the same length. One wire is aluminum
and has a diameter of 0.02 in. The other wire is constantan. What must
be the diameter of the constantan wire if its resistance is the same as that
of the aluminum wire?

2.6. The ohm. The unit of resistance is the ohm.* A 9.69-ft
length of No. 30 copper wire has a resistance of about 1 ohm.
Table 2 gives sizes and resistance per 1000 ft of copper wire. The
resistance per foot may be obtained from such a table by divid-
ing the resistance per 1000 ft by 1000. In this table “Turns per
linear inch” is the number of turns of wire that will lie side by
side per inch of winding space when the wire is covered with
different insulations. “Scc” means single cotton covered; “Dee”
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, and “Enam” refers to enameled
wire.

Note that decreasing the size of the wire by three numbers
(diameter decreases as gage number becomes larger) doubles the
resistance (approximately), and increasing the size of the wire
by three numbers halves the resistance. For example, increasing
the wire size from No. 20 to No. 23 increases the resistance from
10.15 to 20.36 ohms per 1000 ft; going from No. 30 to No. 27
lowers the resistance from 103.2 to 51.5 ohms per 1000 ft.

Problem 5. What is the resistance of 1 ft of No. 40 copper wire? of
No. 20 aluminum wire? of No. 14 silver wire?

Problem 6. An antenna is made of No. 14 copper wire. It is 75 {t long.
How much does it weigh? What is its resistance?

Problem 7. What size (B. & S. gage) of aluminum wire will have ap-
proximately the same resistance per foot as No. 30 copper wire?

Problem 8. A 60-cycle power line is 20 miles long. It consists of three
No. 0000 copper conductors. What is the resistance of each conductor?
If the power line is supported by poles spaced 200 ft apart, how much
weight must each pole support?

Problem 9. A coil form is 2% in. long and has a diameter of 1 in. How
many turns of No. 30 Scc copper wire can be wound on the coil form for
a single-layer coil? What will be the resistance of the coil?

* The resistance unit of a megohm is frequently used. It is equal to
1 million ohms.
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The Ohm

TABLE 2

) CorpER WIRE TABLE
Resistance at 68° F (20° C)
Mil = 0.001 in.

19

| 1~ '
Size of | Diam-

Turns per Linear Inch *

Wire, | eter of Ohgxs Poue';ds
B. &S. Wire, | o80T | 10bo Fe ' ' '
Gage | Mils l Sce Dce | Sse | Dsc |Enam
3 | | |
| | |
0000 | 460 0.0490 | 640.5 2.14 | 210 |
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 | 159.3 418 | 4.03
4 | 204.3 0.2485 | 126.4 467 ’
5 | 181.9 ' 0.3133 | 100.2 5.21| 5.00 |
6 | 162 0.3951 | 79.5 5.88 '
7 | 1443 0.4982 | 63.0 6.54 | 6.25
8 | 1285 0.6282 | 49.98 7.35 76
9 | 114.4 0.7921 | 39.63 8.26 | 7.87 8.6
10 | 101.9 0.9989 | 31.43 9.25 | 9.6
11 | 90.7 1.260 | 24.92 103 | 9.80 10.7
12 | 808 | 1588 | 19.77 11.5 | 12.0
13 | 72 | 2003 | 15.68 12.8 | 12.2 1 13.5
14 | 641 | 2525 | 1243 143 | ‘ 15.0
15 | 571 | 3.184 9.858 | 15.9 | 14.9 ’ | 16.8
16 | 508 4.016 7818 | 17.9 | 167 | 189 183 189
17 | 453 5064 | 6200 | 20.0 , | 21.2
18 | 403 6.385 4917 | 222 (204 | 236 227| 23.6
19 | 359 8051 | 3.809 | 244 | | 26.4
20 | 32 10.15 | 3.092 | 27.0 (244 | 204 280| 294
21 | 285 12.80 | 2452 | 29.9 | | | 33.1
22 [ 253 | 1614 | 1945 | 33.9 | 30.0 | 36.6| 344 | 37.0
23 | 226 | 2036 | 1542 | 37.6 | 413
24 | 201 | 2567 ' 1.223 | 415 | 35.6 45.3’ 418 | 46.3
25 | 179 | 3237 097 | 457 | | 51.7
2 | 159 | 4081 | 0769 | 50.2 | 41.8 | 55.9| 50.8| 58.0
27 | 142 | 5147 0.610 | 55.0 | 64.9
28 | 12.6 | 64.90 0.481 | 60.2 |48.6 | 685 61.0| 72.7
29 | 11.3 | 81.83 0.384 | 65.4 | 81.6
30 | 10.0 | 103.2 0304 | 71.4 | 556 | 833 72.5| 90.5
31 8.9 \ 130.1 0.241 | 77.5 » | 101
32 [ 8.0 | 164.1 0.191 | 83.4 629 101 | 848|113
33 7.1 | 2069 | 0152 | 90.0 | 127
34 | 63| 2609 0120 | 971 |70.0 |121 | 99.0| 143
35 | 56| 3290 0.0054 | 104 | ‘ | 158
36 50 | 414.8 0.0757 | 111 | 77.0 | 143 | 114 |175
37 45 | 523.1 0.0600 | 118 { {198
38 40 | 659.6 | 00476 125 | 83.3 |167 | 128 | 224
39 3.5 | 831.8 0.0377 | 135 [ 248
40 3.1 | 1049 141 196 | 145 | 282
|

0.0299 |

90.9

* The figures given are approximate.
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2.7. Conductance. The inverse of resistance is conductance.
Conductance expresses the property of a substance to pass an
electric current, just as resistance expresses the ability of a sub-
stance to interfere with the passage of a current. The unit of
conductance is the mho. Note that mho is “ohm” spelled back-
ward. If the resistance is known, the conductance can be found
by dividing the resistance into 1. Thus

1

Conductance = ————
Resistance

2.8. The effect of temperature on resistance. The resist-
ance of all pure metals rises with an increase of temperature be-
cause of the greater molecular agitation at higher temperatures,
making it more difficult for the electrons to drift around the cir-
cuit. In certain alloys and so-called semiconductors, effects in
addition to thermal agitation may cause the resistance to go
either up or down as temperature increases. This is illustrated
in Fig. 3.

| 1 T
% Change in resistance /
e /
- 6 /
L % /
@
| ya
S P
K
. S
30132 w
/
/[ Nichrome = nickel-chromium alioy
S.M.L. = 679% Ni; 28% Cu; 5% Fe, Mn, S, etc.
10-1 / :
| l
0 ! ]
0 100 200 300 400 500

Temperature, °C

Fic. 3. How temperature affects the resistance of certain alloys.

At absolute zero, 273° below 0° centigrade, all molecular mo-
tion is supposed to stop, making the resistance of a metal prac-
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tically zero. Scientists have approached to within a fraction of a
degree of absolute zero.

2.9. Temperature coefficient of resistance. The amount
the resistance of pure metals increases for each degree rise in
temperature 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 0.00393 for copper.
This is the reason that the resistances of wires in wire tables are
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 co-
efficient is known may be found from the formula

ng = Rh[l + a(t2 - tl)]

where R, and R,, are the conductor resistances at temperatures
¢, and {2, and « is the temperature coefficient.

Example 1. A copper wire with a temperature coefficient of 0.00393
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 0.00393 for each degree rise in
temperature. At 50° C the resistance increase will be 80 X 0.00393 X 50
or 15.72 ohms, and the resistance will then be 80 + 15.72 ohms or 9572
ohms. Using the formula, this works out as follows:

Re = 80[1 + 0.00393 (50 — 0)]
= 80(1 + 0.1965)
= 80(1.1965)
= 95.72 ohms

Typical temperature coefficients of resistance at 20° C for
several metals and alloys used in radio apparatus are given in
Table 3.

TABLE 3

MATERIAL COEFFICIENT
Constantan (an alloy) 0.000002
Copper, annealed 0.00393
Copper-manganese-iron  0.00012
Iron 0.0050
Nickel 0.006
Platinum 0.003
Silver 0.0038

Tantalum 0.0031
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Problem 10. The field coil of a d-c motor has a “cold” resistance of
70 ohms. The “cold” resistance is measured at 20° C. If the temperature
of the winding increases to 70° C when the motor is running under full
load, what is the coil resistance at the operating temperature?

Problem 11. A copper shunt to be placed across a current meter has a
resistance of 0.400 ohm at room temperature (20° C). If the meter is taken
outdoors when the temperature is freezing (0° C), what is the resistance
of the shunt? What would be the outdoor resistance of the shunt if it
were made of constantan?

Problem 12. A coil of copper wire is immersed in the cooling oil of a
transformer. The wire has a measured resistance of 2 ohms at room tem-
perature (20°C). After the transformer has been loaded for several hours
the resistance of the wire is found to be 2.02 ohms. What is the tempera-
ture of the transformer oil?

2.10. Ohm’s law. One of the laws which govern all simple
and many complex electrical phenomena is known as Ohm’s law.
This law states: Current in amperes equals emf in volts divided
by resistance in ohms,* or, in electrical abbreviations,

E (voltage)

I (current) = ————
R (resistance)

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

] I=E+R [2] E=IXR Bl R=E+1I

These three ways of stating the same law, determined from the
first statement of Ohm’s law by simple mathematical transforma-
tion, make problem solving less difficult.

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 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 the current flowing in it under the force
of a known voltage is measured. Many circuits and apparatus
follow much more complex laws than Ohm’s law.

Curves showing how current varies with voltage, with resist-
ance, and with conductance are seen in Figs. 4, 5, and 6.

*In a-c circuits “resistance” is replaced by “impedance.”
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Example 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 volts, and the resistance of the filament is
20 ohms. How much current will flow through the filament?

Using equation 1, and dividing the voltage, 5, by the resistance, 20 ohms,
the current is 5= 20 or 0.25 amp.

Now suppose that the resistance is 20 ohms and that 0.25 amp is required
to heat the filament sufficiently to cause it to produce the proper number
of electrons. What should be the voltage of a battery connected to the
filament?

This time equation 2 is used, and the current, 0.25 amp, is multiplied by
the resistance, 20 ohms, to obtain 5 volts.

Finally, suppose it is known from experience that the proper voltage is
5 volts and that with this voltage 0.25 amp will flow through the filament.
What is the resistance of the filament? The reader should work this prob-
lem for himself, using equation 3.

Note. The fundamental units are amperes, volts, and ohms.
Volts, milliamperes, and ohms cannot be used without getting
into trouble. First, the milliamperes must be converted into
amperes and then used in the formulas expressing Ohm’s
law. :
2.12. Voltage drop. The second way of stating Ohm’s law
indicates that, whenever a current flows through a resistance, a
difference of potential (a voltage) 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.

The term “voltage drop” is generally used to denote a loss of
voltage in some part of a complete network. The sum of all the
voltage drops across the series elements of a network must equal
the applied voltage. If, in a network composed of three resist-
ances in series, the voltage drops are 5, 10, and 15 volts, and a
battery is connected across these three resistors, the voltage of
the battery must be 5 4+ 10 + 15 or 30 volts. This concept is
explained more fully in the following example.

Consider Fig. 7, which shows three resistors* connected in
series and placed across a source of voltage. The emf causes

* A resistor is a device for adding resistance to the circuit. Note that
resistance is a property of a material or circuit, whereas a resistor is a
device possessing resistance. The terms are, however, often used inter-
changeably.
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current to flow through the three resistors. The current
flowing through each resistor produces a voltage drop across
each resistor, and the sum of the threce voltage drops must
equal the total voltage impressed acrosz the entire series
circuit. Thus, if 180 volts is
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impressed across the entire as-
sembly, the voltages that will
be measured by a voltmeter at
other points in the series circuit
are as shown.

Example 3. In Fig. 7 suppose that
10 ma of current is forced through the
three resistors in series. What is the
resistance of each of the three resistors?

Here, the third form of Ohm's law is
used: R = E + 1. Since 180 volts ap-
pears across the circuit and since 10 ma
(001 amp) flows through it, the total

+

A

To rectifier
-— 180
and filter

45
o D 3 B
Fic. 7. A series circuit of three
resistors making up a “voltage

divider” across a power supply
device.

resistance will be equal to

180 180

=E+1=180+10X108=—— = ——
k 80 10 X 102 1072

= 180 X 10 = 18,000 ohms

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

A voltage which is so small that it cannot be measured with
available instruments is often needed in laboratory experiments.
A higher voltage, however, can be measured easily; and, if it is
impressed across a series of resistors like those in Fig. 7 (known
as a voltage divider), any desired part of the total voltage may
be utilized by means of proper taps or connections or by a sliding
contact. A potentiometer is a resistor with a sliding arm ar-
ranged so that resistances between zero and the maximum value
may be obtained.
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The voltage appearing across a resistance when a current flows
through that resistance is known as a voltage drop or IR drop.
It may be calculated by multiplying the resistance (R) in ohms
by the current () in amperes.

Problem 13. An electric iron with a resistance of 15 ohms is plugged
into a 120-volt lighting system How much current will flow?

Problem 14. The heater of a
6J5 tube is rated at 6.3 volts and
03 amp. What is its resistance?

Problem 15. Consider Fig. 8.
How many milliamperes of cur-
-3 rent must be forced through the
E=20x10"volts  circyit to get 20 mv across the
—B resistor A-B? How many volts

in all will be needed?
Problem 16. A radio power
supply furnishes 250 volts at a
Fic. 8. A problem in Ohm’s law. maximum current of 125 ma.
What current must flow through the What is the smallest resistance
circuit and what will be the total that should be connected across
voltage? its terminals without exceeding

the current rating?

—A

2.13. Energy and power. A battery converts chemical
energy into electrical energy; a generator transforms mechanical
energy into electrical energy. What is meant by energy? What
is power? These two terms are used rather loosely by most peo-
ple, 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, or
it may have both. Potential energy is due to the position of the
body; kinetic energy is due to its motion. A heavy ball on top
of a flagpole 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 kinetic energy possessed by the ball being con-
verted into heat energy. The amount of damage done is a rough
measure of 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.
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Whereas energy is the ability to do work, power is the rate of
doing work. The horsepower, for example, is a unit of mechan-
ical 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 long time. For example, a ton of material
raised a foot in the air represents 2000 ft-lb of work (energy).
If the job is accomplished by a crane in 1 sec of time it represents
an expenditure of 2000 X 60 or 120,000 ft-lb per min of power.
Since 1 hp is equal to 33,000 ft-1b 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 pulling it up a long gradual incline with a rope
and pulley, his power is 2000 <+ 60 or 33.3 ft-lb per min, or
roughly one-thousandth horsepower (0.001 hp). The amount of
work done in the two cases is the same—the ton of material has
been raised 1 ft in the air. The rate of doing work has changed.

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 1b is raised 1 ft per hr and the work goes on for
2 hr, 2 ft-Ib of work has been done. The same amount of work
would be done if 1 Ib 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 quantities 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 circuits.

In an electrical circuit, power is the product of the voltage E
and the current I because, in an electrical circuit with a certain
resistance, an increase in voltage (force) is required to cause an
increase in current (amperes of current are a measure of “rate
of flow of electrons”). If the resistance is 1 ohm, and 1 volt is
impressed across it, 1 amp of current will flow. This corresponds
to a flow of 6.28 million million million electrons per second. If
the voltage is raised to 2 volts, the current increases to 2 amp, and
the rate of flow of electrons is likewise doubled. Not only has
the rate of flow of electrons (their speed) been doubled; in addi-
tion, twice as many per second are passed through the resistance.
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To obtain this result, both voltage and current have been doubled;
the power required is four times larger.
The unit of electrical power is the watt. Thus

Power in watts = Current in amperes X Emf in volts

or
P=EXI

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 work is the erg. It takes 10
million ergs to make 1 watt-sccond.

A homeowner usually pays for electrical service in terms of
how much energy or how many kilowatt-hours he uses. Except
in special cases, the power he uses at any given time does not
enter in the calculation of his monthly bill. A 100-watt lamp,
for example, may be burned for 10 hr for the same cost as a 1000-
watt electric iron heated for 1 hr. In each case 1 kilowatt-hour
- of electrical energy is consumed.

2.14. Power lost in resistance. According to the law called
conservation of energy, energy can be neither created nor de-
slroyed. It comes from somewhere and goes somewhere. Simi-
larly, all power, which is the rate at which energy is used, must
be accounted for. The energy required to force current through
a resistor must do some work. It cannot disappear. This work
results in heating the resistor, and the electrical energy is con-
verted to heat energy. The heat appears because of the greater
molecular activity which results from the flow of electrons 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 cur-
rent. If the resistor is heated faster than the heat can be dis-
sipated by heating the surrounding air, the resistor may be dam-
aged or destroyed. Energy 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.
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2.15. Expressions for power. Just as there are three ways
of stating Ohm’s law, so there are three ways of stating the rela-
tion between watts, volts, amperes, and ohms. Thus

(1] P=IXE 2] P=I*XR B] P=E*+R

A useful expression is I = V. P/R. It may be employed in cal-
culating the current safely passed by a resistor of a given wattage
and resistance rating.

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

The power supplied is E X I = 180X 0.02 = 36 watts. The resistance
into which this power is fed is equal to P < I2 = 3.6 = 0.0004 = 9000 ohms,
or B2+ P = 32400 = 3.6 = 9000 ohms,

The maximum current that can pass through one’s body with-
out serious results is approximately 0.01 amp. The resistance of
the body varies with one’s health, the surface of contact, perspira-
tion, and similar factors. If the finger tips of the two hands are
dry, the resistance from one hand to the other is about 50,000
ohms.

Problem 17. What is the “hot” resistance of a 200-watt, 115-volt lamp?
of a 50-watt, 115-volt lamp? Note. The “hot” resistance is the resistance
after the lamp has heated to normal operating temperature. The “cold”
resistance is much lower.

Problem 18. The voltage drop across a resistor in an amplifier circuit
must be 10 volts when 50 ma of current flows through it. What must be
the size of the resistance? its power rating?

Problem 19. A 10,000-ohm resistor is connected across the terminals
of a 45-volt B battery. How much power is dissipated in the resistor?
What current flows?

Problem 20. How much voltage may be placed across a 10,000-ohm,
l-watt carbon resistor without danger of burning it up? Compute the
voltage if the resistor is rated at 10,000 ohms, 5 watts.

Problem 21. A radio receiver consumes 50 watts on a 110-volt circuit.
If the electric power rate is 6 cents per kilowatt-hour, how much will it
cost to run the receiver for 10 hr?

Problem 22. An electric stove draws 20 amp on a 220-volt circuit. How
much will it cost to operate the stove for 2 hr if the electric rate is 5 cents
per kilowatt-hour?

Problem 23. An automobile receiver utilizes six tubes which require
0.3 amp at 63 volts. In addition, the plate circuits of the tubes require
60 ma at 150 volts. How much total power must a 6.3-volt storage battery
supply?
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Problem 24. The power supply system for a speech amplifier requires
a 7500-ohm voltage-divider resistor which can pass a maximum current of
50 ma. What is the maximum voltage across this resistor? What must
be its power rating?

Problem 25. The heating element of an electric heater is to be made
of resistance wire which has a resistance of 0.5 ohm per ft. How many
feet of wire will be required in a heater which is to consume 1000 watts
on a 120-volt circuit?

Problem 26. What is the approximate current a ¥%-hp motor will draw
from a 110-volt line when running at full load? (1 hp = 746 watts.)

2.16. Efficiency. Efficiency is a term that is loosely em-
ployed 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 “efficiency,” however, has a very exact
meaning when it is used in connection with mechanical or elec-
trical systems of any kind. It is a ratio of the useful work done
by a device to the total energy put into the device.

Consider a steam engine connected to a dynamo, a combination
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 effi-
cient than if it delivered only 250 watts. As a second example,
consider two men, one of whom gets a lot of work done in a small
amount of time and with an expenditure of little effort. The
other gets the same amount of work done but with great effort,
perhaps 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 got
out of a machine and total energy or work put into the machine.
Efficiency may also be expressed as the ratio of useful power
output to total power input. Efficiency 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, there is no
resistance in its wires. Actually, no machine is 100 per cent
efficient. Some losses are always present.

Useful output Useful output

Efficiency = oot X 1009,
npu

= X 100
Output plus losses 7%
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Problem 27. A public-address amplifier supplies 50 watts of power at
an efficiency of 10 per cent. What is the power taken from a 120-volt line?
the current?

Problem 28. A transformer furnishes 10 kw of power for a group of
motors. If there is a 5 per cent power loss in the wiring, how much power
is actually supplied to the motors? If the motors are 90 per cent efficient
in the use of the power supplied to them, how much useful power can
they deliver?

Problem 29. A generator can dissipate a maximum power in its wind-
ings of 200 watts without becoming overheated. If it is 95 per cent effi-
cient, what is the maximum power output?

Problem 30. A vacuum-tube amplifier operates at 25 per cent efficiency.
If the maximum power loss which the amplifier tubes can dissipate is 10
watts, what is the maximum power output which can be obtained? What
is the input power for maximum power output?

Problem 31. A 5-mile telephone line is used to carry audio-frequency
signals from a studio to a radio transmitter. If the line is 75 per cent
efficient, and the transmitter must receive 1 mw of power, how much power
must the studio amplifiers feed into the line?

Problem 32. A portable radio transmitter operates from a 6-volt, 200-
amp-hr storage battery. The filaments require 30 watts of power and are
operated continuously. The other circuits of the transmitter require 24
watts, and the transmitter is keyed in such a manner that power must be
supplied to these circuits 60 per cent of the time. How long will the
battery, when fully charged, operate the transmitter?

Problem 33. If the power radiated by a radar transmitter is approxi-
mately proportional to the fourth power of the received signal, by how
much must the transmitter power be increased to double the received
power? How much must the radar antenna current be increased?

2.17. Protective devices. If the wattage rating of a resistor
is exceeded, that is, if energy is fed into it too rapidly, heat is
generated faster than it can be lost and damage will result. In
a similar manner, the amount of heat that any electrical device
can dissipate without damage has a definite limit.

The simplest means of protecting a device against excessive
current is a fuse. A fuse is merely a short length of wire which
will melt and open the circuit before damage is done to the de-
vice it is protecting. Some fuses are constructed so that they
“blow” very rapidly if the current exceeds their rated value.
Others are constructed so that they will not blow on sudden 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
that required when the motor is running at normal speed. There-
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fore a large amount of current will flow for a short time, and the
fuse should not blow unless the motor is loaded too heavily or
unless, for some other reason, it fails to come up to normal speed
promptly. A fuse in series with the motor will melt if the cur-
rent passed through it is too great for too long a time. This
opens the circuit. Someone, then, must replace the fuse before
the eircuit will function again. A blown fuse is usually an indica-
tion of trouble. The trouble should be corrected before the ap-
paratus is operated. In no event should the fuse be “jumpered”
since then a heavy overload may cause the wiring to the motor
to melt, perhaps causing a fire or other damage.

Replacing a fuse is a nuisance. In a factory a more common
device used to protect machinery against overload is a circuit
breaker or an overload relay. This is a mechanical switch which
opens the ecircuit automatically when the current becomes too
great. It may be arranged to close again automatically after a
second or two, or it may be made so that a maintenance man must
close the circuit by hand after he has cleared up the cause of the
overload.

Sometimes electrical circuits must be provided with protective
devices which prevent one voltage from being applied until a
given time after a voltage has been applied to another part of the
circuit. An example is plate voltage and filament voltage to
gaseous rectifier tubes. The filament of the tube must be heated
for a specified time before plate voltage is applied. This kind
of protection is provided by a time-delay relay. After the power
switch is closed the filament voltage is applied immediately.
After a specified period of time an auxiliary switch is automat-
ically closed which applies the plate voltage. Short time delays
are secured with thermal elements which close the auxiliary
switch as they heat up. Longer time delays are secured with
electric clockwork mechanisms.

2.18. Series circuits. When two or more pieces of equip-
ment are connected as in Fig. 9 they are said to be in series. The
same current flows through each unit. The voltage drop across
each unit is controlled by its resistance, and if one of these units
has twice the resistance of the other, the voltage drop across it
will be twice as 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 voltage.
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In a series circuit the total resistance is the sum of the indi-
vidual resistances. The current through each unit is the same as
in all other units. The current is obtained from Ohm’s law,
equation 1.

PR 1 Ry v By
r—r’\N\NV\::—!-’VVV\Nw:—T’VVW\M:—
v Ey=IR,!  'E,=IR,.  Ey= IRy,

E
+ —
i
Fi6. 9. Series circuit showing the voltage drops along the individual
elements.

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

Example 5. In Fig. 10 is a typical series circuit composed of a vacu-
um-tube filament R2», a 6-volt battery, a current meter, and a rheo-
stat or variable resistor whose pur-
pose is to limit the flow of cur-
rent through the filament of the
tube. The arrow through R; in-
dicates that it can be adjusted in
value.

The question is, What current
will flow through the circuit as
the resistance of R; is varied?
Suppose that R; is 4 ohms and
the resistance of the meter is neg- E=6
ligible. The resistance in the cir-
cuit is then equal to 20 plus 4 or —M}
24 ohms, and by Ohm’s law the
current will be the voltage divided
by the total resistance, or, using
equation 1,

20 ohms

Fic. 10. Here R. represents a vac-
uum-tube filament and Ry a rheo-
stat for current control.

E 6 6
I= =——— = — = (.25 am
Ri+R 4+20 21 P
There are two resistances in this circuit. Current flows through them
and produces voltage drops across each. What are the values of these
two voltage drops? By equation 2
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Voltage drop = IR; = 0.25 amp X 4 ohms = 1 volt
Voltage drop = IR; = 0.25 amp X 20 ohms = 5 volts

In other words, of the 6 volts available at the terminals of the battery,
5 volts have been used up across the 20-ohm resistance of the tube fila-
ment, and 1 volt has been used to force 0.25 amp through the 4-ohm re-
sistance of the rheostat.

Problem 34. In an ac-dc radio receiver the filaments of the following
tubes are connected in series: 6SA7, 6SK7, 65Q7, 25L6, and 25Z6. If the
filaments are to be operated from a 110-volt line, how much additional
resistance must be connected in series with the filaments?

Problem 35. What are the “hot” filament resistances of the following
tubes: 1T4, 2A3, 6C4, 6J5, 6L6, 25L6, 35C5? How much power does each
require ?

Problem 36. How much series resistance would be required to operate
each of the tubes of Prob. 35 directly from a 50-volt source?

Problem 37. A fixed 1000-ohm resistor is connected in series with a
variable resistor, and the combination is placed across a 45-volt battery.
What must be the resistance of the variable resistor to cause a voltage
drop of 30 volts across it?

Problem 38. A vacuum tube and a 50,000-ohm resistor are connected
in series with a d-c supply. If 2 ma through the tube produces a voltage
drop of 100 volts, and this is the condition for proper operation of the tube,
what must be the voltage of the d-c supply?

2.19. Parallel circuits. A parallel circuit is represented in
Fig. 11. It consists of several branches. The voltage across each
branch is the same as that across every other branch and is equal
to the voltage of the battery. The total current supplied by the
battery is the sum of the currents taken by the branches. The
resistance of the group may be found by

1 1 1 1
R R + R, + R,
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 lowest resistance of any of the components. If two equal re-
sistance are in parallel, the resultant is one-half the resistance of
one. This fact follows logically from the following reasoning. If
two identical resistors are placed across a given voltage, they pass
twice the current passed by either one of them. If, therefore, a
new resistor is selected which passes as much current as the two
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resistors taken together, it will have half the resistance of the two
identical resistors. Working this out by Ohm’s law will verify the
reasoning. Thus if two 10-ohm resistors are connected in parallel,
the resultant is 5 ohms. What would it be if they were connected
in series?
If any number of equal re- R, 1,=E[R,

sistances are in parallel, the —
resultant resistance is the re-

. . .. I,=E[R
sistance of one unit divided by R, __L=EIR,
the number of units.

If two resistors whose re- R I,= E[R,

. o 3 —_——
sistances are unequal are in —'V\N\N\NV—-O-

parallel, the resultant resist-
ance may be calculated by di-

viding the product of their re- E
sistances by the sum of their
resistances: {|||| } @
_ Ry X R, Fic. 11. A parallel circuit with

meters to indicate the currents
through the individual branches.

R+ R,
This  simplified formula
comes directly from the one above by application of simple

algebra. The reader should check the result.

Example 6. What is the paralle]l resistance of two units which have
resistances of 4 and 5 ohms?
This can be solved by either of the formulas given.

11+1
R 4 5

= 0.25 + 0.20
= 0.45

R =1+ 045 = 2.22 ochms
or
R; X R.
R = 1 X Re

Ry + R,
4X5

4+5

= %0 = 2.22 ohms
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Example 7. Suppose that, as in Fig. 12, two resistances in parallel are
placed in series with a resistance of 1 ohm and across a battery of 6 volts.
What current would flow from the battery and through each resistor?

The total resistance is 222 + 1 = 322 ohms. The current flowing, then,
is 6 =322 = 1.86 amp. This current through the combined resistance of
the 4- and 5-ohm resistors produces a voltage drop of I X R or 1.86 X 2.22
or 4.14 volts. This voltage across 4 ohms produces a current of 4.14 =4
or 1.035 amp, and across 5 ohms produces a current of 0.828 amp. These
two cumrents added together are 1863 amp, which checks the calculation
above for the total current.

—1, R,=4

——VWWWWW—
—1, Re=5 _ R, R, R,
‘ | m
R;31 | R
3% ®© ¢ ‘
T’S E=6
J|I|
' o
Fic. 12. A problem in series- Fic. 13. Another complex circuit

parallel circuits. problem.

Problem 39. The following tubes are connected in parallel to a 6.3-volt
transformer secondary: 6D8-G, 6SK7, 65Q7, 6K6-GT, and 6X4. How much
current is taken from the transformer? What is the combined resistance
of the tubes?

Problem 40. A milliammeter requires 10 ma of current for a full-scale
indication. Its resistance is 15 ohms. A resistor is connected in parallel
with the terminals of the meter. What must be the value of this resistor
to cause the meter to read full-scale when 100 ma is forced through the
combination?

Problem 41. A circuit has three parallel branches of 3, 4, and 8 ohms.
A current of 3 amp flows through the 8-ohm branch. What current flows
through each of the other branches?

Problem 42. In Fig. 13 R; is the filament of a 6J5 tube, R2 is the fila-
ment of a 25Z6 tube, and Rj3 is the filament of a 35C5 tube. Resistor Iy
is adjusted to cause the proper current to flow through R3. What must
be the value of E? of R4?

2.20. Use of Conductance. The sum of all currents passing
through a number of parallel resistors will be the sum of the
currents through the individual resistors. The value of the cur-
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rent passed by each resistor is directly proportional to the con-
ductance (1/R). Therefore, by adding the conductances of all
the resistances, the total conductance (1/R, or G,) is obtained.
The numerical value of current will be equal to E X 1/Ry or
E X Gy. Thus

1 1+1+1
Ry R, R, R,
But
1
G =~
R
Go=G1+ G, + G3
and
R-l
o—GO

where Ry and Gy are the resultant resistance and conductance.

Conductances are useful in problems involving parallel circuits,
but, since the conductance of a piece of apparatus is seldom given,
conductances, as such, are not often used. The fact that the
actual values of conductances are usually very small (if R = 100
ohms, G'=0.01 mho; if R = 10,000 ohms, G = 0.0001 mho)
adds to the difficulty of using conductances.

2.2]1. Ohm’s law in complex circuits. It must be remem-
bered that Ohm’s law applies to a circuit as a whole, or to any of
its parts. If the voltage and the resistance of any part of a circuit
are known, the current through that part can be calculated with-
out regard to any other part of the circuit. In the following sec-
tion, the solution of complex circuits is described.

2.22. Kirchhoff’s laws. When circuits are made up of series
and parallel elements, solving for the individual currents or volt-
ages becomes somewhat complicated. All such circuits can be
reduced to simpler circuits which can be solved more easily, and
this reduction is a result of the direct application of Ohm’s law.
In some complex circuits, however, it is often easier to solve for
the currents and voltages directly than to reduce the complex
circuit to a simpler circuit. Two rules known as Kirchhoff’s
laws are used when the currents or voltages are solved for
directly.

Kirchhoff’s laws are: (1) the current flowing into any junction
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in a circuit must be equal to the current flowing away from that
junction; (2) the algebraic sum of the sources of emf and the
voltage drops around 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 equal to the

20v 40v
+ 1l |||+
II I v 1 I
A B

Fic. 14. An example of a circuit easily solved by use of Kirchhoff’s laws.

sum of the voltage drops (I X R) appearing across the several
circuit components in a closed loop. All the battery voltage must
be accounted for, and the voltage drops must add up to 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 one might think that
battery B, having higher voltage than battery A, would force
some current down through the A circuit and therefore one ought
to subtract the two voltages. This is unnecessary, as will be
shown in the following example.

Example 8. Current through C is made up of two parts, one due to
battery 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 + Ig. The junction is the point at which the two currents / 4 and
Ip join.

Applying the second law, the emf of battery A is accounted for by adding
the two voltage drops in circuit (loop) 4. These drops are 20/ 4 and 30/¢,
made up of /4 flowing through 20 ohms and /¢ through 30 ohms. Similarly
the emf of battery B produces two voltage drops in circuit B. Thus
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Ic =14+ Ip (Kirchhoff’s first law) 1]
20 = 20/ 4 + 30/¢ (Kirchhoff’s second law) 2]
40 = 60/3 + 30/¢ (Kirchhoff’s second law) [31

Now there are three unknown currents, I 4, /g, and I¢, and three equations
expressing the relations among them. Rewrite equation 1 as

Ipo=1¢c—1Ip
Substitute this value for 7 4 in equation 2:

20 = 20I¢ — 20/ + 30I¢
or
20 = 50I¢ — 20Ip 4]
and from equation 3:
40 = 30I¢ + 6015

Now multiply by 3 both sides of equation 4:
60 = 150/¢ — 6015 (51
and add equations 3 and 5. Thus

40 = 30I¢ + 60Ip (3]
60 = 150/¢ — 601z (5]
100 = 180I¢ + O
or
180I¢ = 100
Ic = 100 + 180 = 0.555 (6]

From equation 3:
40 = 60/p + 30/¢

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

40 — 16.7 = 60/
or
Ip = 23.3 <+ 60 = 0.389 [7]
From equation 1:

Iqg=1I¢c—1Ip

= 0.555 — 0.389 = 0.166 [8]
Therefore
I4 = 0.166 amp
Ip = 0.389 amp

Ic = 0.555 amp
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The current through the middle branch (I;) is made up of contributions
from circuits A and B. To determine the share of each contribution, an-
other rule called the superposition theorem may be used. The super-
position theorem states that the current through the C branch due to
battery A may be obtained by shorting out battery B (on paper, of course.
In an actual circuit battery B would be removed and the terminals to which
it was connected would be shorted together), and calculating the current
that would flow. 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. Since the resultant of two resistances in parallel is equal to the

Fic. 15. Use of superposition Fic. 16. Representation of the
theorem in solving left-hand right-hand portion of the cir-
part of the circuit of Fig. 14. cuit in Fig. 14.

product of the two divided by their sum, the current through C' due to A
is solved as follows:

= 2 =20 ___ 20 D 5m
A= 30 X 60 1800 20 +20 40 °%MP
I 20+ —
30 + 60 90

This is the current flowing out of battery A. But not all of it flows in the
30-ohm resistor. Part flows in the 60-ohm resistor in parallel with the
30-ohm resistor C. The current through the individual portions of the
parallel circuit will be inversely proportional to their resistances and will
numerically be equal to the total current /,’ multiplied by the resistance
of the resistor in which the desired current does not flow, divided by the
sum of the two resistances.

Thus the current through the 30-ohm resistance will be equal to the
total current flowing (/') multiplied by 60 =~ 90:

I =14 X% =% X1I4 =%Xx0.5=0.333 amp

Similarly, the current through C due to battery B will be found to be
0.222 amp, and the sum of these currents, 0.555 amp, equals the current
found by Kirchhoff’s laws. (The reader should solve for the current in C
due to battery B.)
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Note. In solving problems of this tvpe the engineer must assign a
definite direction of current flow in each circuit element and then stick
to it. The choice ig strictly arbitrary. Usually conventional direction of
current flow is assigned where the direction is obvious. That is, current
is assumed to flow away from the positive terminal of a battery. This
choice, however, is not necessary for a solution of a problem, and time
should not be wasted trying to determine ahead of time which way the
current actually flows. If a wrong choice is made, the resultant current
will carry a minus sign. The minus sign merely means that current in the

I, .
1000 ohms '3
l’a Icl
it [
——E, 200 ohms 400 ohms E,

.

Fic. 17. A problem in series and parallel circuits.

element under consideration actually flows in a direction opposite to that
originally assumed. Any minus signs appearing in the course of the solu-
tion must be carried along through the remainder of the solution.

Problem 43. In Example 8, reverse the connections of battery B and
solve for the currents.

Problem 44. If, in Fig. 17, I, = 30 ma, what is the current I, in the
200-ohm resistor? What is the voltage E,?

Problem 45. 1If, in Fig. 17, E> is 20 volts, what must be the value of
E;? 1If resistors are available in 0.5-, 1-, 5-, and 25-watt sizes, determine
which wattage rating should be specified for each resistor.

2.23. Sources of direct current. Electrical energy does not
exist in nature in a form useful to man. It must generally be
transformed from some other form of energy. For example, the
mechanical energy of a steam or gasoline engine may be trans-
formed into electrical energy by means of a generator.

The commonest sources of direct current useful to radio work-
ers are the battery, the generator, and the rectifier. The bat-
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tery is a device which converts chemical energy into electrical
energy; the generator converts mechanical energy into electrical
energy; and the rectifier converts a-c¢ energy into d-c¢ energy.
Direct-current generators are described in Chapter 4, and recti-
fiers and associated apparatus are described in Chapter 12.

A battery is made up of one or more
units called cells. The essentials of a
cell are three: two elements called
electrodes, usually of different con-
ducting materials; and a chemical
solution known as the electrolyte,
which acts upon one of the electrodes
more than it does on the other. In
this action, one of the electrodes is
usually eaten up, and when this con-
ductor, generally a metal, is gone, the
battery is exhausted; it must be thrown
away or the metal replaced. If the
metal can be replaced by sending a
current through the cell from some
Fia. 18. Plates of cop-  outside source, that is, by reversing the
per and zinc immersed  ,po0ess through which the cell was
in a solution of copper .
lttt ol el o exhausted, the cell is known as a sec-

electrical voltage. ondary 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 of a primary cell. A simple primary cell
is shown in Fig. 18.

2.24. Dry cells. The common dry-cell battery is a very
familiar source of emf for vacuum-tube circuits. It is widely
used in portable electronic 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.

The dry cell is commonly made up of a zinc container within
which is a sal ammoniac (ammonium chloride) electrolyte mixed
with some porous material like manganese dioxide and powdered
carbon. In the center of this paste is a carbon rod which forms
the positive terminal. The zinc case is the negative terminal.
The emf of a fresh battery is 1.5 volts, and the cell can be used
until the emf falls to 1.13 volts or even lower. In use, the zinc
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case is consumed by the electrolyte; when the case is badly eaten
away, the cell must be discarded, as the moisture will dry out of
the electrolyte by exposure to the air. Also, the container may
swell and some of the electrolyte may leak out and damage the
surrounding equipment. It should be noted that a dry cell is not
truly “dry.”

The life of the dry cell depends, naturally, upon the rate at
which power is taken from it. On the shelf, no power being re-
quired from the cell, the life is approximately 12 months. The
life during use depends upon the current required. If the cell is
operated at low current drain, the life during use may be fully
as long as the shelf life. If a large current is required the life
may be only a few weeks. Typical figures on the life of cells may
be misleading since improvements in manufacturing are being
made constantly.

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

Cells will not deliver full voltage at low temperatures, but
freezing does not harm them. The best way to determine the
condition of a dry cell is to measure its terminal voltage with a
high-resistance voltmeter while it is supplying power to the
circuit in which it is to operate.

2.25. Storage batteries. There are two common types of
storage batteries: (1) a cell using sulfuric acid as the electrolyte,
with a positive plate of lead peroxide and a negative plate of
spongy lead; and (2) the nickel-iron alkaline Edison cell. The
lead-acid battery is by far the more common and is the type used
in almost every automobile. The great virtue of the storage bat-
tery is that it may be recharged after it has run down. On the
other hand, it is bulky, heavy, and expensive.

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-acid battery is carefully treated, not overdischarged
before it is recharged, it will last from 5 to 10 years. If it is
abused or subjected to high current drains, its life may be much
shorter.
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The lead-acid cell delivers, fully charged, a voltage of approx-
imately 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,
such as starting an automobile on a cold morning.

Alkaline cells may be stored in a discharged and short-circuited
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 dis-
charged cell, at +18° F.

The condition of the 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
electrolyte is heavier in a fully charged battery than in a dis-
charged one, the specific gravity is a measure of the condition
of the battery.

Since the individual cells of a lead-acid battery have a voltage
of about 2 volts, batteries may be built to supply 6, 12, and 24
volts by connecting the necessary number of cells in series.

2.26. Battery characteristics. The term ampere-hour is
used to express the amount of electricity taken from, or put into,
a battery. As the name implies, 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 bat-
teries decreases as the current drain increases.

One might think that an unlimited current could be drawn
from a battery if its terminals were short-circuited. This is not
true. A low-resistance ammeter placed across a dry cell gives a
definite current reading—it is not unlimited. There must be
some resistance in the circuit greater than that of the ammeter
and connecting wires. For example, a new dry cell will deliver
about 30 amp through wires of very low resistance. An old cell
may deliver only an ampere or two.

The additional resistance which limits the current from a cell
to a certain maximum is the internal resistance of the cell. This
resistance depends upon the construction of the cell, the electrode
and electrolyte material, the separation of the electrodes, and
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the age of the cell. The older the cell, the greater the resistance.
The current delivered by a cell is -

E
I =
r+ R
where r = internal resistance of cell.
R = external resistance of circuit.

Cells which have a large internal resistance deliver but small
currents; low-resistance cells deliver large currents. If the in-
ternal resistance of a cell is known to be much smaller than the
external resistance of the circuit, the current can be calculated as
I = E/R. The error will be small.

A test of a cell with an ammeter is, in reality, a means of de-
termining the condition of the cell by measuring the internal re-
sistance. \When the cell gets old or has become exhausted by too
heavy current drain, its internal resistance becomes high and an
ammeter reads only small current when placed across it.

The storage battery is a verv low-resistance device. The
terminal voltage of each cell is about 2.1 volts when fully charged,
and the internal resistance is about 0.005 ohm. Placing an am-
meter across such a cell is dangerous. The meter will probably
be ruined.

Example 9. A dry cell on short circuit (zero external resistance) de-
livers 30 amp. Its terminal voltage is 1.5 volts on open circuit. What is

its internal resistance?
By Olm'’s law

I=E<+r
30=15=+r
1.5 + 30 = 0.05 ohm

Example 10. The emf of a battery is 6 volts. When 100 ohms is placed
across it the voltage falls to 5 volts. What is the internal resistance of
the battery?

In Fig. 19, R = 100 ohms, r = the internal resistance of the battery, and
the voltage drop across the 100 ohms is 5 volts, which leaves a 1-volt drop
in the internal resistance of the battery. The current through the external
100-ohm resistor is, by Ohm’s law,

r

I =5+ 100 = 0.05 amp

This current must also flow through the internal resistance of the battery,
and there it causes a voltage drop of 1 volt.
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E=IXr
1=005Xr
r=1- 005 = 20 ohms

Note that the internal resistance of the battery is represented as being in
series with the voltage and the external resistance. The reason is that all
the current must flow through the internal resistance of all such voltage
generators, and hence the resistance of the device is represented in series
with the remainder of the circuit. The actual terminals of the battery are

R =100 ohms

h

— w2
r !

E = 6 volts

~-

Fig. 19. In this diagram, r represents the internal resistance of the battery.

shown as points 4 and B in Fig. 19. Care must be taken to place the
voltmeter in the proper place in the diagram drawn to represent the cir-
cuit. It must be placed on the actual terminals of the battery.

The voltage of the cell on open circuit is its emf. Under
load the voltage falls and is then labeled as the pd (potential
difference).* The pd, then, depends on the load current. 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 is assumed unless
otherwise stated.

2.27. Cells in series. Cells, both dry and wet, may be con-
nected in several ways. When the positive terminal of one cell is

* For fresh batteries the emf and pd are nearly the same and are often
assumed to be exactly equal. If a battery is old, then the effect of internal
resistance must be considered. This can be done most easily by consider-
ing the actual battery to be made up of a perfect battery with no internal
resistance in series with a resistor whose value is equal to the internal
resistance of the actual battery. The pd is then the voltage measured
across the terminals of this equivalent circuit.
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connected to the negative terminal of the next cell, as in Fig. 20,
the cells are said to be connected in series. Under these condi-
tions, the voltage at the two ends of the series of cells is the sum
of the individual cell voltages. At the same time, the total in-
ternal resistance of the combination is the sum of the internal
resistances of the individual cells, and the current must flow
through this total resistance.

r=€=n re@eq r-e=-
P ' Vo
]
E=3xe
r=3xr
R +

() MWW ———
D
1= 5%

Fic. 20. Three cells in series have a terminal voltage and an internal re-
sistance equal to the sum of the individual voltages and resistances.

If the terminals of a battery made up of several cells in series
are connected with a resistance R, the current that will flow may
be obtained by Ohm’s law, assuming similar cells, as

Ne
Nr+ R

1=

where N = number of cells.
e = emf of each cell.
r = internal resistance of each cell.

2.28. Cells in parallel. Often more current at a given volt-
age is required than may be obtained from a single cell. Then
the cells may be connected in parallel by connecting together all
the positive terminals of a group of cells. Similarly, all the nega-
tive terminals are connected together. (See Fig. 21.) With this
connection the terminal voltage of the combination is the same as
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the terminal voltage of each cell, but the internal resistance of
each cell has been divided by the number of cells, N, and has be-
come r = N, assuming all the cells are similar.

[® Cb O
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E=e¢
r'=3':
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—(D—www»
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! E+R ~ R

Fic. 21. Placing cells in parallel  Fic. 22. A series-parallel arrangement

reduces the internal resistance and  of cells enables more current and more

cnables a greater current to be  voltage to be obtained than from a
obtained. single cell.

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

e

r+N)+R

Cells may also be connected in a series-parallel arrangement
to obtain both higher voltage and higher current. In Fig. 22 are
P sets of S similar cells in series, and the sets themselves are con-
nected in parallel. If the battery shown in Fig. 22 is connected
to a wire whose resistance is R, the current that will flow is

1 Se Ne
(*S/P)+ R 1S+ PR

where N = P X S.

Problem 46. A battery has an emf of 45 volts and an internal resistance
of 20 ohms. What voltage will a voltmeter read when placed across the
terminals of the battery if the resistance of the voltmeter is 50,000 ohms?
if the voltmeter resistance is 100 ohms?

Problem 47. A military expedition is to have 100 receivers, each requir-
ing 90 volts at 15 ma. Individual B battery cells deliver 1.5 volts, and at
the 15-ma drain they have a life of 780 hr. If each 90-volt battery costs
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82,00, estimate the cost for energy per kilowatt-hour. If the individual
cells have a diameter of 1.25 in. and are 4 in. high, estimate the minimum
cargo space required. Each cell weighs 0.366 1b. What total weight must
be carried?

Problem 48. A radio transmitter requires a filament voltage of 10 volts.
Assume that lead-acid batteries have a fully charged voltage of 2.05 volts
and a discharge voltage of 1.75 volts, and that the corresponding voltages
for alkaline cells are 1.45 and 1.0 volts.

How many lead-acid cells are required? 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 to adjust
the current to the proper value? Give answers for both lead-acid and
alkaline batteries,
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BASIC METERS

In many ways electricity is an extremely peculiar “substance.”
It cannot be detected in the usual way in which most things are
detected, for it cannot be seen, heard, or smelled. And yet it is
necessary that there be ways of measuring electrical quantities,
for without methods of measuring it would be difficult to put elec-
tricity to useful work.

Since electric currents or voltages cannot be detected directly,
advantage is taken of the effects which they produce. Four kinds
of effects are important: thermal, chemical, magnetic, and me-
chanical. For example, a fine, high-resistance wire gets hot when
current flows through it. Two dissimilar metals (copper and zinc,
for example) placed in a solution of one of them (copper sulfate)
give off gas bubbles when a wire connects them externally. The
gas bubbles are the product of the chemical action which gener-
ates a voltage and causes current to flow. When a wire carrying
an electric current is brought near a compass needle, the needle
will change from its habitual north-south position. Finally, two
adjacent metal plates, charged to a high voltage difference, are
attracted to each other. Any one of these fundamental effects of
electricity may be used to detect its presence and, with proper
design of instruments taking advantage of these effects, can be
used to measure the flow of current or the magnitude of a voltage.
A hot-wire ammeter, for example, is merely a wire which expands
when heated by a current flowing through it. A needle is attached
to the wire and is pulled across the scale by a spring as the wire
gets hot. An electrostatic voltmeter consists of a fixed and a
movable plate. The movable plate is connected to a pointer
which moves across a scale to indicate the voltage impressed

across the plates.
50
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3.1. D’Arsonval meter. The d’Arsonval movement is em-
ployed on practically all the modern meters for the measurement
of direct current and voltage. This instrument, illustrated in Fig.
1, consists of a coil of fine wire wound on a bobbin, B, surrounding
a soft-iron core, C, and mounted so that the assembly revolves
in a magnetic field set up by a permanent magnet, M. A pointer

(a) General Details (b) Details of Moving Coil

Fic. 1. Essential parts of a d’Arsonval moving-coil movement.
(Courtesy, Weston Electrical Instrument Corp.)

is attached to the coil of wire. When current flows through the
wire, the coil revolves and the needle is carried across a scale.
Springs which connect the coil to the meter terininals retard the
movement of the coil and cause the amount of the deflection to
be proportional to the strength of the current.*

D’Arsonval meters can be made sensitive enough to measure a
microampere and to detect (without measuring accurately) even
smaller currents. Since such extremely sensitive meters are not
very rugged and are easily damaged, the most sensitive meters
for general use give a full-scale deflection for about 20 micro-
amperes of current through the movable coil.

* Since the coil and associated moving parts have considerable mechanical
inertia, the needle tends to hold a steady position even if the current is

pulsating. The indication, thus, is the average or d-¢ value of the current
even in the presence of a-¢ components.
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3.2. Thermocouple instruments. In another type of instru-
ment advantage is taken of the fact that two dissimilar metals
heated at a junction between them will produce a small but meas-

urable emf. The basic elements of
D-Cmeter & thermocouple meter are shown in
Fig. 2. In this instrument the dis-

Copper similar metals are copper and con-
+ stantan. The thermal junction of
Copper Constantan  these two wires is heated by a

current flowing through a heater wire
placed close to the junction. The
emf produced by the heated thermo-
couple causes a current to flow
Fic. 2. Elements of ther.  Which is measured by a d-c meter
mocouple meter. of the d’Arsonval type. Two milli-
amperes is about the smallest cur-
rent that can be indicated by this type of instrument.
Thermocouple instruments work equally well on alternating or
direct currents since either kind of current causes the heater to
warm up. Since the amount of heat produced is proportional to
the square of the heater current, this type of instrument in-
herently has a non-linear scale on which the low-current
readings are bunched together. A thermocouple meter is gen-
erally calibrated using direct current, and with proper design
will indicate r-f currents up to 60 or 70 megacycles.
3.3. Rectifier-meter instru-
ments, A copper oxide rectifier
may be used as shown in Fig. 3 to
transform an alternating current to
a direet current, which is then
measured by a d’Arsonval meter.
The copper oxide unit consists of
several small flat plates close to-
gether, and the capacitance between o o Elemien G4 i
them is rather high. At the higher fier meter.
frequencies some of the current is
by-passed around the rectifier unit by this capacitance, and the
meter is thus limited to rather low frequencies. Such meters are
usually accurate over the audio-frequency range, but their

Heater-7

Copper

A-C
input

D-C meter
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accuracy begins to fall off rather rapidly above about 10,000

cycles.

If, instead of the copper oxide rectifier, a rectifier unit having

low capacitance is used, cur-
rents of quite high frequen-
cies may be measured with a
rectifier meter. A crystal rec-
tifier meets this requirement.
It consists of some substance
such as silicon or germanium
with a small “cat-whisker”
contact as shown in Fig. 4.
This type of rectifier was
widely used as a detector in
the early days of radio, then
practically disappeared. In
recent years its use has again
become very widespread in
the detection and measure-
ment of very high-frequency
currents in radar and other
microwave equipment. In
contrast to the earlier types,
modern crystal rectifiers are
fairly rugged and are me-
chanically stable.

3.4. Iron-vane meters. In
another type of instrument,
used mostly on low-frequency
alternating current, the mag-
net and coils are reversed in
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Fie. 4. Details of eryvstal detector
rectifier.

the roles they play. The magnet is made of soft iron and is the
movable part, whereas the coil remains stationary as seen in
Fig. 5. Currents as low as 15 ma may be measured in this way.
The meter is limited in its usefulness to frequencies below about
200 cycles because the inductance of the coil cuts down the cur-
rent flow and reduces the “turning power” of the coil as the

frequency is increased.

3.5. Dynamometer-type meter. In a dynamometer type of
meter two coils are used. One coil revolves inside the other coil
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as seen in Fig. 6. Current is conducted to the movable coil much
as in the d’Arsonval meter. All or part of the same current flows
through both coils. The instrument will work on alternating
current, since the reversals of current occur in both coils at the

Fic. 5. Iron-vane type of meter for alternating currents.

same instant and a torque (turning power) is produced in the
same direction over an entire a-c cycle. The deflection is ap-
proximately proportional to the square of the current. Like the
iron-vane meter, the dynamometer instrument is normally
limited in usefulness to frequencies below about 200 cycles. With
special compensation, the frequency range may be extended to
about 2000 cycles.
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USE OF METERS

3.6. Ammeters. M\leters used to measure current are called
ammeters. They are connected in series with the source of the
current and the load. Passing too much current through them
easily damages them, bending the pointer, injuring the movement

Fie. 6. Dynamometer type of instrument for alternating current.
(Courtesy, Weston Electrical Instrument Corp.)

mechanically, or actually burning out the moving coil. Meters
may be protected by fuses or by shunting them with low-
resistance conductors which allow most of the current to by-pass
the meter itself.

In addition to their use for the protection of ammeters, shunts
may also serve to convert a low-current meter into a higher-cur-
rent meter. When this is done the resistance of the shunt must
bear a special relation to the resistance of the meter coil. If the
coil resistance is known, the value of the shunting resistance can
be calculated by the use of parallel-circuit formulas. The
value is
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X
R = Ra( )
1-X

where R, is the shunt resistance.
R.. is the meter resistance.
X is the proportion of the total current that is to flow
through the meter, that is, 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. Suppose a meter is available which has a re-
sistance of 28 ohms and reads full-scale when 1 ma of current
flows through it. Now, if it is shunted with 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 through
the shunt, because the shunt has so much less resistance than the
meter. The original readings of the meter may now be multiplied
by the proper factor, 50 in this case, for an indication of the total
current taken by the meter and its shunt.

If large currents are to be passed by the shunt it is impor-
tant that the material from which the shunt is made has a low
temperature coefficient of resistivity so that the resistance does
not change appreciably with temperature. Manganin is often
used because of its low temperature coefficient.

Problem 1. A 0- to 1-ma milliammeter has a resistance of 50 ohms.
What shunt resistance is required to convert the meter to a 0- to 20-ma
meter? What will be the voltage drop across the meter when maximum
cutrent flows through it?

3.7. Voltmeters. Ammeters have low resistance. They are
connected in series with the apparatus, taking current from the
source as shown in Fig. 7. Voltmeters, on the other hand, must
indicate the voltage across some part of the circuit. They must

_L VWWA
—F P
. T ®
Fic. 7. Proper con- Fic. 8. Voltmeter goes across
nection for measuring circuit being measured.

current.
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not permit much current to flow through them because this cur-

rent would be taken away from the circuit.

The voltmeter is

connected across the element whose voltage is to be measured, as

in Fig. 8.

A voltmeter is, in reality, an ammeter with a high re-

sistance.

This high resistance may be built into the moving

coil of the meter (if it is of the d’Arsonval type), but more

commonly is attained by con-
necting a series resistor to one
of the terminals. This series re-
sistor is called a multiplier.
The following exainple will show
how a voltmeter is obtained
from an ammeter.

Example 1. A 0- to 5-ma ammeter
is to be used to measure a full-scale

0-5ma

R=1?

R, = 25 ohms
E = 50 volts

L

Fic. 9. Use of series resistance to
measure voltage with a current

voltage of 50 volts. The resistance meter.

of the ammeter itself is 25 ohms.

How much resistance must be added to that of the meter? See Fig. 9.
The total resistance, including that of both the meter and the multiplier,

which will permit only 5 ma to flow when the voltage is 50 volts, is

E 50 10
Rogemr = 7T 5%107 10~ 10* = 10,000 ohms
The multiplier resistance, then, is
R = Ryota1 — Rmeter = 10,000 — 25 = 9975 ohms

3.8. Sensitivity of meters. A sensitive current-measuring
meter is one which will measure very small currents and which
has a low resistance, that is, one which will give a great deflection
of the pointer with very little current. There is always some volt-
age drop across an ammeter, and consequently the voltage sup-
plied to the remainder of the circuit (load) is somewhat lower
than the source voltage. For this reason it is desirable to have
ammeters of low resistance.

A sensitive voltmeter is one which will give a large needle de-
flection for a small current and which at the same time has a high
resistance. The sensitivity of voltmeters is often rated in ehms
per volt, and this value is higher for more sensitive meters. The
ohms per volt sensitivity is obtained by dividing the resistance of
the meter and its multiplier by the full-scale voltage reading.
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Thus, for Example 1, the sensitivity is 10,000 = 50 or 200 ohms
per volt. An alternative method is to divide 1 volt by the full-
scale current that the meter takes. Thus, 1 = 5 X 10~2% = 200
ohms per volt, which is the same as before.

Problem 2. A 0- to 100-ua meter has a resistance of 400 ochms. How
large must be the multiplier resistance if the meter is to be used as a 0- to
10-volt voltmeter? What will be the ohms per volt sensitivity of the
voltmeter?

Problem 3. What is the lowest full-scale voltage reading which can be
obtained from the microammeter of Prob. 2?

3.9. Volimeter loading effects. Many of the resistors used
in vacuum-tube circuits have resistances of several thousands or
hundreds of thousands of ohms. If a voltmeter is temporarily

connected across one of the re-

R, =100,000 ohms sistors to measure the voltage,
the indicated voltage may be

R quite different from that exist-

k= Ry= ing before the meter was con-
= vlg?s lﬁﬁﬁog nected. This effect of the volt-
- age changing when the meter is
connected in the circuit is known

Fic. 10. An example of voltmeter as l?adlng. 519 &) Gl .rule,
Ehodtiod o G Rt vk loading will not be appreciable
ages are obtained. if the resistance of the volt-
meter is at least ten times the
resistance across which the voltage is to be measured. Often
more nearly accurate readings can be obtained on a multirange
instrument by switching it to a higher range scale than is actually
needed in order to take advantage of the higher resistance on
the higher scale. A sure indication of loading is found when the
indicated voltage is considerably lower as the meter is switched
from a high range scale to a lower range scale.

Example 2, Suppose a voltmeter is available which has a sensitivity of
1000 ohms per volt and which has 100-, 500-, and 1000-volt scales. The volt-
age across R in Fig. 10 is read on all three scales. Compare the readings to
the voltage (calculated) across R before the meter is connected.

The voltmeter, on the 100-volt scale, has a resistance of 1000 X 100 or
100,000 ohms. This resistance is in parallel with Rz, and their combined
resistance is

100,000 X 100,000 100,000 X 100,000

100,000 + 100,000 200000 o0/000 ohms
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The voltage read on the voltmeter is

50,000 y 50000 X 180 _
_— = — - = 0
100,000 + 50,000 150,000 v

Similarly, the voltmeter on the 500-volt scale has a resistance of 1000 X 500
or 500,000 ohms. The combined resistance of Rz and the voltmeter is

100,000 X 500,000 _ 100,000 X 500,000

= = 83,333 oh
100,000 + 500,000 600,000 83,333 ohms
and the voltage read on the voltmeter is
83,333 83,333 X 180
S0P 180 = oo X I gy 2 volts
100,000 + 83,333 < 120 183,333 ~ on7 VO

On the 1000-volt scale the voltmeter resistance is 1,000,000 ohms and the
combined resistance of Rz and the voltmeter is 91,000 ohms. The voltage
read on the 1000-volt scale is 85.7 volts.

Since the resistances of By and R; are equal, the voltage across each is one-
half of 180 or 90 volts.

VOLTAGE

ACROSS Rg,
Volts
No voltmeter 90
1000-volit scale 85.7
500-volt scale 81.7
100-volt scale 60

3.10. Wattmeters. Since power in watts is the product of the
emf in volts and the current in amperes, a wattmeter must be
arranged to read the product of
the voltage across a device and
the current through it. A dyna-
mometer-type instrument may
be employed as a wattmeter by A-C
using one coil as a potential line I Load
(voltage) coil and connecting it
in shunt with the load (across
the line). The other coil serves
as a current coil and is connected Fic. 11. Connections of a watt-
in series with the load. WWhen meter into a circuit.
used as an a-c wattmeter, a
dynamometer instrument indicates EI cos 4, which is the formula
for a-¢ power (Sect. 7.21). The manner in which a wattmeter
is connected to measure power to a load is shown in Fig. 11.
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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, transmitters, and other electronic
equipment, and the actual resistance of these units is often im-
portant. Furthermore, the ohmic resistance of many units, used
for purposes other than as resistors, is an important indication
of the condition of the unit, that is, whether the unit is normal
or whether it needs to be repaired or replaced. Methods of meas-
uring resistance, then, are important and useful.

3.11. 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 = 1). 1If
the voltmeter utilized has a
'VWVW_@_ much higher resistance than
that of the device being meas-
ured, its inclusion in the cir-
cuit need not be considered.
Otherwise, the loading effect
of the voltmeter must be
Fic.12. Ammeter-voltmeter method taken into account. Since the
of measuring resistance. resistance of d-c¢ ammeters is
usually low enough to be con-
sidered negligible, trouble may often be avoided by connecting
the voltmeter across both the unknown resistance and the am-
meter in series as shown in Fig. 12. With this connection, the
current drawn by the voltmeter does not flow through the am-
meter and a better value for the resistance is obtained.

txy
1 +
)il

Example 3. Consider the circuit of Fig. 12. A voltmeter V" across the
device whose resistance is unknown reads 75 volts, and the current meter 7
indicates a current of 0.05 amp. What is the unknown resistance?

R=E~+1 =75+ 0.05= 1500 ohms

3.12. The chmmeter. A simple instrument very commonly
used for resistance measurements is a direct-reading ohmmeter
consisting of an ammeter and a battery. The circuit of a series-
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type ohmmeter is shown in Fig. 13, where R is the unknown re-
sistance whose value is to be measured. With R short-circuited,
resistor S inside the instrument 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 variable
shunt resistor B across the indicating meter. When R is placed in
the circuit, the deflection of the instrument decreases to cor-
respond to the new value of the

current flowing. This current is, B

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. Note
that full-scale deflection cor-
responds to zero resistance, =—E R
whereas no deflection indicates o—
an open circuit.

The useful range of this type S
of meter is usually considered
as 10 times the half-scale resist-
ance indication. The calibration
marks for deflections below about third-scale are too crowded
to be of much use. 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. Low
ranges, such as 100 or 10 ohms, are usually obtained by shunting
the unknown resistance across the meter instead of placing it in
series with the meter. This type of ohmmeter (shunt ohmmeter)
deflects up-scale for large resistances, since large resistances will
shunt very little current around the meter.

Ohmmeters are used to test the continuity of a cireuit, as, for
exanple, a tube filament, a transformer winding, or a line cord.
They may also be used to detect short circuits, as in a capacitor
or choke, or between a tube cathode and its heater.

The accuracy of resistance measurements made with an ohm-
meter is not generally very good. However, the ease with which
the instrument can be used far outweighs the low accuracy for all
except precision measurements.

Fic. 13. Circuit of a series-type
ohmmeter.
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3.13. Wheatstone bridge.

Resistances are often measured

by what is known as the comparison method, that is, by com-
paring them with resistance units whose values are known. For

Switch
R,

Ry

)

o/
Fic. 14. Comparing one resist-
ance with another.

example, the current through an
unknown resistance, R,, as in
Fig. 14, can be measured with
the ammeter I. Then a variable
calibrated resistance R, can be
switched in the circuit and ad-
justed to give the same current.
The two resistances are then
equal in value.

Another method employs a
Wheatstone bridge. Such a
method is standard practice

when high precision is required. In diagrammatic form a Wheat-
stone bridge is represented in Fig. 15. R; and R, are resistors
whose resistances are accurately known, Rj3 is the unknown re-

E
il