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PREFACE

For several years the need for a handbook for radio engineers has been
wpparent.  Although many of the fundamental principles of electrical
angineering apply as well to radio, the whole task of designing, manu-
‘acturing, and operating equipment for radio communieation is vastly
jifferent from that for electrical-power apparatus.

Radio engineering moves forward rapidly. New cireuits, new tubes,
new portions of the frequency spectrum, new applications of existing
apparatus are explored annually. In fact, the developments are so
sxtensive that a textbook ean searcely cover both theory and praetiee
adequately without becoming hopelessly large. A handbook dealing
more with praetice than with theory is therefore essential.

In addition to the practical material, much of which appears in tables
representing many man-hours of effort, there is an essential amount of
fundamental discussion. The ecircuits deseribed quantitatively are
those in use today, or soon to be widely used, while deseription of the
past art has been limited.

The twenty-odd engineers and physieists who contributed to this
handbook were chosen because of their expert knowledge of a partieular
phase of the subject matter. In many cases the authors are daily
engaged in the design, manufaeture, ot operation of the apparatus they
describe here.

The editor’s eontribution is largely that of ¢oordination and of the
neeessary, though laborious, work incidental to publishing. He wishes
to express his gratitude to the authors for keeping the subject matter
an up-to-date record of the rapidly changing art. Althoug{l his name
does not appear among the list of authors, Mr. Howard E. Rhodes has
been of assistance in originally laying out the contents and in mueh later
consultation.

Keira HENNEY.

NeEw Yorg. N. Y.,

October, 1932.
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THE RADIO ENGINEERING
HANDBOOK

SECTION 1

MATHEMATICAL AND ELECTRICAL TABLES
1. Greek Alphabet.

Name

Alpha ..
Eeta .

Letters
Cap. | Small
A a
B B8
r ¥
A 1]
E €
Z ¢
H n
2] 89
I ¢
K x
A A
M m
N v
= 3
9] o
11 .
P P
z os
'I‘ T
Y v
<o 2]
X x
W I v

€

Commonly used to designate

Angles. Coefficients. Area

Angles. Coefficients

Specific gravity. Conductivity
IDecrements. Variation. Density

E.m.f. Base of hyperbolic logarithms
Impedance. Coordinates

Hysteresis coefficient. Efficiency

Angular phase displacement. Time constant
Current in amperes

Dielectric constant. Susceptibility. Kilo. Visi-
bilit

(Smaﬁ) Wave length

Permeability. Amplification factor. Prefix micro-
Reluctivity

Circumference divided by diameter 3.1416
Resistivity

(Cap) Sign of summation

Time constant. Time-phase displacement

Flux. Angle of lag or lead
Reactance X . X
Angular velocity in time. Phase difference.

Dielectric flux
Resistance in ohmas.
Angular velocity

Resistance in megohms. 2xF.

2. Decimal Equivalents of Parts of One Inch.

Ies 0.015625 1764 | 0.265625 3364 | 0.515625 4964 | 0.765625
Yo 0.031250 952 0.281250 1244 0.531250 2869 0.781250
64 0.046875 1964 0.296875 Bige 0.546875 Rlgg 0.796875
e 0.062500 e 0.312500 %e 0.562500 13{q 0.812500
884 0.078125 3144 0.328125 3744 0.578125 53¢s 0.828125
3o 0.093750 114, 0.343750 1ugg 0.593750 2732 0.843750
84 0.109375 23¢, 0.359375 Bhge 0.609375 856 s 0.859375
12 0.125000 3¢ 0.375000 &g 0.625000 78 0.875000
964 0.140625 2564 0.390625 464 0.640625 5764 0.890625
LI 0.156250 136, 0.406250 3l39 0.656250 2969 0.906250
1164 0.171875 2764 0,421875 43¢ 0.671875 5944 0.921875
3e 0.187500 718 0.437500 1l{g 0.687500 154g 0.937500
1364 0.203125 2944 0.403125 4564 0.703125 6lgg 0.953125
182 0.218750 15¢4 0.468750 2349 0.718750 Sleg 0.968750
1864 0.234375 3}24, 0.484375 16, 0.734375 | 634 0.984375
14 | 0.250000 Ya | 0.500000 | 34 | 0.750000 | 1 | 1

1




2 THE RADIO ENGINEERING IIANDBOOK {Sec. 1
3. Trigonometric Functions.
o l sin | tan cot | cos | I @’ I 8in | tan | cot l cos
JEOTO.OOOO_IO_.OOOO_ﬂ\_ﬁnTiT(XX)() 0 90| 8 Oiofﬁ()z‘m 1154]0.9903| 0 82
10/0.0029(0.0029|343.7737/1.0000[50 || 10/0.14210. 1435 6.9682(0.9809|50
20,0.00580.0058|171.8854|1.0000/40 200714490, 1465 6.8260(0.0804 |40
30(0.0087|0.0087 114 5887 |1.0000 30 30|0.1478/0.1495 6.6912(0.9890 30
40(0.0116(0.0116/ 85.9398(0.9999 20 400:1507/0: 1524 6.5606 0.9886,20
50/0.0145/0,0145| 68.7501|0.9999|10 50(0.1536(0.1554| 6.4348/0.9881|10
1 0/0.0175 0_0175i 57.2900/0.9998| 0 89| 9 0|0.1564I0.1584 6.3138(0.0877| 0 81
100.0204/0.0204| 491039 0.9998(50 10/0.1593(0.1614| 6.1970(0.9872(50
20(010233(0. 0233 42,0641 0.9997 40 20/0.1622(0. 1644) 6.0844|0 9868 10
30|070262/0. 0262 38. 1885 0.9997 30 30(071650(0. 1673  5.9758(0.9863[30
4010 0201/0.0201| 34,3678 0.9996(20 40(0.1679/0.1703| 5.8708(0.9858 20
50/0.0320|0.0320| 31.2416(0.9995 10 50(0.1708/0.1733| 5.7694|0,9853 10
| |— — —_— | —
2 0/0.0349/0.0349 28.63630.9994( 0 88]10 0/0.1736/0.1763| 5.6713,0.9848 0 80
| I | —_— [=—— —_—
10/0.0378/0.0378| 26.4316/0.9993|50 || 10/0.1765'0.1793| 5.5764(0.9843/50
20|0.0407(0.0407| 24.54180.9992(40 | 20(0.1794 0.1823| 5.4845/0.9838 40
30(0/0436(0.0437| 2290380090030 | 30[0. 1822 0.1833) 5 39550 0833 30
10/0.0465/0.0486| 21.4704 0998920 40(0°1851(071883) 5 3003(0 9827120
50/0.0494/0,0495  20.2056/0.9988/10 50(0. 1880(0. 1914 5710 9822(10
3 00.0523|o.0524: 19.0811/0.9986/ 0 87’11 00.1908(0. 1944 5.1446/0.9816 0 79
10[0.0552/0.0553| 18.0750.0.9985/50 100.1937/0.1974, 5.0658(0.9811/50
20101058110:0582 17.16030:908340 || 200 10650.2004  4.9804 09805 40
30(0.0610(0.0612| 16.3499/0.9981|30 30/0.1994(0. 2035  4.9152(0.9799|30
40/0.0640/0.0641| 15.6048/0.9980/20 0/0.2022(0.2065| 4 8430/0.9793|20
50(0.0660(0.0670 14,9244 0.0978|10 50/0 203102005 4.7720(0.9787 10
4 0/0.0698/0.0609| 14.3007/0.9976 0 86|12 0/0.2079(0. 2126 4.7046/0.9781, 0 78
10/0.0727/0.0720| 13.7267/0.997450 10/0.2108(0.2156| 4.6382(0.9775(50
20/0.07560.0758| 13.1969(0.9971 40 200.2136/0.2186 4.5736/0.9769/40
30(0.0785(0.0787, 127062 0.0969(30 300.21640.2217) 4.5107(0.9763/30
40/0.0814(0.0816| 12,2505 0.9967|20 40/0.2193[0.2247| 4.4494/0.9757/20
50(0.08430.0846 11.8262|0.9964]10 50/0.2221/0.2278| 4.3897(0.9750/10
5 0;0.0872:0.0875l 11.4301'0.9962 0 8513 0|0_2250i0.2:;09 4.3315(0.9744| 0 77
10/0.0901(0.0904| 11.0594|0.9950|50 10(0.2278/0.2330| 4.2747(0.9737/50
20(0.0929(0.0934| 10.7119|0.9957 40 20(0°2306(0.23370] 4 2193(0.9730/40
30(0.0958/0.096:3| 10 3854(0.9954(30 30/0.2334(0/2401| 4.16530.9724(30
40(0.0987/0. 0992 10.0780(0.9951 |20 4010236310, 2432| 4.1126/0.9717(20
500.1016 0.1022| 9.7882(0.9948 10 500.2301/0.2462 4.0611(0.9710/10
|
6 0/0.1045(0.1051] 9.5144(0.9945| 0 84}14 0/0.2419/0. 4.0108/0.9703| 0 76
10/0.1074/0. 1088 9.2553/0.9942/50 |' 10/0.2447/0. 3.9617|0.9696 50
20(0.1103/0. 1110| 9.00980.0930(40 | 201024760, 2555 3.9136/0.9689 40
300.1132/0.1139] 87769|0.9936(30 3010, 2504|027 378667/0.9651 30
40(0.1161/0.1169| 8.5555/0.9932(20 100 2532(0 378208/0.9674 20
500°1190(0.1198] &.3450(0.9920(10 500.2560(0.2648| 3.7760|0.9667 10
7.0[0.1219/0.1228 8.144300.9925 O 8315 0/0.2588(0.2679| 3.73210.9659| 0 75
10/0.1248(0.1257| 7.9530/0.9922|50 10(0.2616/0.2711) 3.689110.9652 50
20101276 0. 1287 7.7704/0.9918(40 20|0.2644(0.2742 3.6470/0.964 40
301013050, 1317| 7.5058/0.9914[30 30(0°2672/0.2773) : 19636130
40(0.1334/0. 13346 7.4287/0.9911|20 40/0.2700/0. 2805 "0628 20
50/0.1383/0.1376) 7.2687(0,9907 10 50(0.2728/0. 2836 0.9621)10
8 0;0.1392|0.1405F 7.115440_9903; 0 82(16 0}0.275610.2867 3. 9613 0 74
, coa | cot | tan | sin I'r e I I cos | cot tan i gin |+ ©°

[World R



Sec. 1] MATHEMATICAL AND ELECTRICAL TABLES 3

© 0 | 8in l tan | cot | cos ' I o | sin I tan I cot ] cos |

16 0|b.2‘75§6‘.2se7’ '3.4874|0.9613] 0 74|24 o|0.40670_445-' 2.2460(0.9135) 0 66
100.2784(0.2899|  3.4495(0.9605(50 10/0.4094(0.4487| 2 2286/0.9124/50
20/0.2812(0.2931| 341240959640 20/0.4120(0.4522) 2.2113/0.9112(40
30/0.2840/0.2062| 337590 9588|30 £00:41470.4557 211943109100 30
40/0. 2868 0.2994| 3.3402|0.9580/20 40/0.4173(0.4592) 2.1775/0.9088 20
50/0.2896 0.3026) 33052 10.9572(10 50/0.4200/0 4628 2.16090.9075 10

17 00.2924io_3057: 3.27000.9563| 0 7325 0]0.4226!0.4663’ 2.1445(0.9063| 0 65
10(0.2952/0.3089| 3.2371/0.9555/50 | 100.4253/0. 4699 2.1283/0.9051|50
20/0.2979/0.3121| 3.2041/0.9546(40 20/0.4279(0.4734| 211230, 9038|40
30/0.3007|0.3153| 3.1716|0.953730 30/0.4305(0.4770| 2.0065 0. 902630
40/0.3035(0.3185| 3.1397|0.9528[20 40(0.4331(0.4806 2.0809/0.9013|20
50/0.3062(0.3217| 3.1084|0.9520|10 50/0.4358/0.4841) 2106550, 9001 10

18 0(0.3090(0.3249  3.0777|0.9511| O 72|26 0/0.4384(0. 4877 2.0503'0.8988i 0 64
10/0.3118(0.3281| :.0475(0.9502|50 100.4410(0.4913| 2.03530.8975/50
20/0.31450.3314| 3.0178|0.9492(40 20(0.4436(0.4900| 2.0204 0. 8962 40
30/0.3173(0. 3346 2.9887|0.9483(30 30(0.4462|0.4986| 20057 0. 8949 30
40/0.3201/0.3378| 2.9600(0.9474 20 40/0.4488(0.5022 1.99120.8936(20
50/0.322800.3411 2.9319/0.9465 10 50/0.4514(0.5050| 1.9768|0.8023[10

19 0(0.3256(0.3443| 2.9042(0.0455) 0 71|27 0|0.4540(0.5095| 1.9626(0.8910 0 63
10/0.3283(0.3476| 2.8770/0.9446/50 | 10[0.4566(0.5132| 1.9486/0.8897/50
20/0.3311'0.3508| 2.8502|0 9436 40 2010.4592(0.5160| 1.9347 0.8884|20
30(0.3338(0.3541| 2.8230|0.9426/30 30/0.4617(0.5206 1.9210|0.8870|30
40/0.3365(0.3574| 2.7980(0.9417 20 40/0.4643(0.5243] 1.0074/0.8857/20
50(0.3393(0. 3607 2.7725(0.9407(10 50/0.4669(0.5280| 1.8940(0 8843 10

20 0/0.3420/0.3640 2.7475(0.9397 O 70|28 00.4605(0.5317| 1.8807/0.8829| 0 62
10(0.3448(0.3673] 2.7228(0.9387|50 . 5 1.8676/0. 8816 5
20/0.3475(0.3706| 2.6083/0.9377 40 : 5: 1.8546/0. 8802 10
30/0.3502(0.3730| 2.6746/0.9367 30 ’ 30/0.4772|0.5430| 1.8418(0. 8788|350
40(0.3520(0.3772  2.6511|0.9356(20 40(0.4797/0.5467| 1.8291/0.8774 20
50/0.3557(0.3805 2.6279/0.9346(10 | 50/0.4823/0.5505 1.8165(0. 8760 10

21 0/0.3584/0.3830| 2.60510.9336| 0 6920 0|0.4848(0.5543 1.8040 0.8746| 0 61

|

10/0.3611(0.3872| 2.5826/0.9325/50 10/0.4874(0.5581| 1.7917/0.8732(50
20/0.3638/0. 3906 2.5605/0 9315 40 20/0.4899(0.5619| 1.7796(0. 8718 40
30(0.3665/0 3030 2.5386/0 9304/30 30/0.4924(0.5658| 1.7675(0.8704 30
40/0.3692(0.3973| 2.5172(0.029320 40/0.4950(0.5606) 1.7556|0. 8689 20
50(0.3719/0.4006 2:4960/0.928310 | 50|0.4975/0.5735 1.7437/0.8675 10

22 0]0.3746’0,4040 2.4751(0.9272) 0 6830 0/0.5000(0.5774| 1.7321/0.8660| 0 60
10(0.3773/0.4074| 2.4545(0.9261!50 10(0.5025/0.5812| 1.7205/0.8646/50
20/0.3800(0.4108| 2.4342/0.9250/40 20/0.5050(0 5851 1.7090/0. 8631 40
30/0.3827(0.4142| 2.4142/0.9239(30 3010.5075|0 5800 1.6977‘0.8616 30
40/0.3854/0.4176| 2.3945/0.0228|20 40(0.5100|0. 5930/ 1.6864/0.8601 20
50(0.3881(0.4210( 2.37500.9216/10 50(0.5125/0.5969) 1.6753(0.8587|10

[ |

23 0/0.3907(0.4245| 2.3559(0.9205| 0 67|31 0/0.5150/0.6000 1.6643(0.8572 0 50
10/0.3934/0.4279| 2.3369(0.9194|50 10/0.5175(0.6048) 1.6534/0.8557 50
20(0.3961|0.4314| 2.3183/0.0182|40 20/0.5200|0.6088| 1.6426/0.8542 20
30/0.3987|0.4348| 2.20980.9171 /30 30(0.52250.6128| 1.6:319/0 852630
40/0.4014|0.4383| 2.2817/0.9159/20 40(0.5250(0.6168, 1.6212(0.851120
50(0.4041(0.4417| 2.2637/0.9147 10 50(0.5275(0.6208 1.6107/0.8496|10

24 0/0.4067|0.4452| 2.2460(0.9135 0 6632 0[0.5200/0.6240] 1.6003|0.8480| 0 58

| cos | cot | tan | gin (7 o 1 | cos cot | tan sin_ '’ °
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© ’i sin | tan cot ! cos | ° ’l sin ] tan l cot | cos
32 0(0.5209/0.6249| 1.6003(0.8480| 0 58/39 0)0.623(0.8098 1.2349/0.7771 0 51
) 1
10|o.5324 0.6280| 1.59000.8485(50 10/0.6316(0.8146| 1.2278|0.7753|50
200 5348/0.6330| 1.5798|0.8450(40 200 6338(0 8105 1.2203|0.7735(40
30/0.5373(0.6371| 1.5697/0°8434(30 30(0.6361/0.8243] 1.2131(0.7716/30
10[0.5308(0 6412 1.5507/0 8418/20 10[0/6383/0.8292| 1.2059(0.7698/20
50(0.5422(0.6453) 1 .549710.8403l10 50(0.6406(0.8342] 1.1988)0.7679/10
33 0[0.5446(0.6404| 1.5399(0.8387| 0 57l40 0l0.6428 0.8391! 1.1918[0.7660/ 0 50
[
10/0.5471/0.6536 1.5301/0.8371(50 10(0.6450(0.8441| 1.1847|0.7642(50
20|0.5495(0.6577| 1.5204 0.8355/40 20/0.6472(0.8491| 1.1778|0.7623(40
30/0.5510(0.6619| 1.51080.8339/30 | 30(0.6494/0.8541| 1.1708|0.7604|30
40/0.5544(0.6661 1.50130 832320 1010 8517(0.8591| 1.1640/0.7585(20
50(0.5368(0.6703 1.4910/0.8307(10 | 50(0.6530(0.8642( 1.1571/0.7566 10
34 0[0.5592(0.6745)| 1.4826|0_8290| 0 56(41 0/0.6561(0.8603| 1.1504/0.7547) 0 49
10/0.5616/0.6787 1.4733|0.8274/50 10/0.6583(0.8744| 1.1436(0.7528/50
20/0.5640(0.6830| 1.4641|0.8258 40 20/0.6604/0.8796| 1.1360|0.7509|40
300 5664(0.6873 1.4550(0.8241|30 30/0.6626/0°8847| 1.1303|0.7490/30
400 3688(0.6916) 1.4460(0. 8225 20 40/0.6648/0.8800| 1.1237|0.7470|20
50[0.5712(0.6959 1.4370/0.8208(10 | 50[0'6670/018952 1.11710.7451/10
35 Ol0.5736‘0.7002: 1.4281/0.8192| 0 55142 0/0.6691(0.9004| 1.1108]0.7431| 0 48
| .
10(0.5760/0.7046| 1.4193(0.8175(30 | 10/0.6713/0.9057| 1.1041(0.7412(50
20/0.5783|0.7080| 1.4106/0.815840 200°6734(0.9110| 1.0977(0.7392(10
3007 5807/0.7133| 1.4010(0.8141/30 30/0.6756|0.0163| 1.0913(0.737330
400 5831(0.7177| 1.3934(0.8124/20 10/0°6777(0.9217| 1.0850(0.7353/20
50(0.5854(0.7221| 1.3848/0.8107/10 50(0.6799/0.9271| 1.0786|0.7333(10
f——— | — | — —
36 00.5878(0.7265 1.3764(0.8090) O 54/43 0/0.6820/0.9325( 1.07240.7314) 0 47
| == | [ |
10/0.5901(0.7310| 1.3680/0.807330 | 10/0.6841(0.9380 1.0661|0.7204/50
2010 5925(0.7355 1.3597(0.8056(40 20(0.6862(0.0435  1.0399(0.7274/40
30(0.5048(0.7400] 1.3514/08039 30 30/0.6884/0.0400 1.0538|0.7254(30
4010 5972(0.7445 1.3432|0.8021 20 10/0°6005(0°0545 1.0477(0.7234(20
500.59950.7490 1.3351/0.8004(10 | 50/0.6026/0.0601 1.0416/0.7214/10
- | | |( I |
37 0/0.6018(0.7536)| 1.3270|0.7986: 0 53|24 0[0.69470.9657 1.0355/0.7193| 0 46
10/0.6041(0.7581| 1.3190[0.7969(50 10/0.6967(0.9713  1.0295(0.7173|50
20/0.6063(0.7627| 1.3111/0.7951[a0 200 6988(0.9770| 1.0235(0.7153|40
300 6088(0.7673| 1.3032/0.7934/30 30/0.7000(0.0827) 1.0176|0.7133/30
400611107720 1.29540.7916[20 00°7030(0.0884| 1.0117/0.7112(20
5010 8134(0.7766| 1.2876(0.7898(10 50(0.7050/0.0942| 1.0058|0.7092|10
[ —— | E———— —| | | -~
38 0[0.6157/0.7813| 1.2799(0.7880| 0 52(45 0(0.7071/1.0000{ 1.0000/0.7071 0 45
10'0.6180/0.7860| 1.2723/0.7862/50 | | l
20/0.6202/0.7907| 1.2647(0.7844 40
3010 6225/0.7954| 1.2572/0.7826(30
10/0.6243/0.8002| 1.2497/0.7808[20
5010.6271|0.8030( 1.2423|0.7790(10 “
39 0[0.6293/0.8098 1.2:;49[0.7771‘ 0 51|
| cor | cot i tan | sin l o ol cos cot | tan | sin |’ °
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4. Inductance of Various Windings.

=3

R

%
UL S-S "2 1+ tnctvetance drcort
00cs |~ (i Cmitmemch

05001 2 3 4561690 20 3040

07 0304
Longth of Winding in Inches mh Mmh

5. Table of Circuit Constants. .

Values of w, 1/w, inductive and capacitive reactance, wave length,
and LC products for frequencies from 10 eycles to 100 me.

The following table, in conjunction with the multiplying factors given below, gives

the values of frequently used circuit constants, for any frequency between 10 cycles and
100 mec:

MvuvrtirLYING FacTors

Mult. X
. ) Mult. | Mult. | (wave | Mult.
For frequencies between @by | 1/w by |length) | LC by
by

10.5 cycles and 100 cycles........................ | 1.0 104 108 10-¢
105 cycles and 1,000 cycles................ ... ... 10.0 1075 10¢ 108
1,050 cycles and 10,000 cycles.................... 10° 10-6 103 1010
105 keand 100 ke ..o oena o 102 10°7 102 10-12
105 ke and 1,000 ke....... .. 10¢ 10-8 10t 1014
1,050 ke and 10,000 ke 10s 10* 1.0 1016
105 mcand 100 me. ..o v oo oo, .. | 108 1010 0.1 10-18

Inductive Reactance. To obtain the inductive reactance of an inductance of L henrys
at any frequency:

a. Apply the proper multiplying factor to column 2.

b. Multiply by L, the number of henrys.

Capacitive Reactance. To obtain the capacitive reactance of a condenser of (' uf at any
frequency:

a. Apply the proper multiplying factor to column 3.

b. Divide the result by C, the number of microfarads.

¢. Multiply by 106,
If C is in micromicrofarads instead of microfarads, multiply by 10'* instead of 10¢,
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w = 2xf 1/w = 1/2xf A

Frequency or Xp = wl or Xe = 1/wc Wave length Le
105 65.974 151.57 285.71 229.75
110 69.115 144.79 272.73 209.34
115 72.257 138.49 260.87 191.52
120 75.398 132.63 250.00 175.90
125 78.540 127.33 240.00 162.18
130 81.682 122.43 230.77 149 .88
135 84 823 117.89 222.22 138.99
140 87.965 113.68 214.28 129.23
145 91.1068 109.76 206.90 120.48
150 04 .248 106 .10 200.00 112.58
155 97.389 102.60 193.55 105.44
160 100.53 99.472 187 .50 08.945
165 103.67 96459 181 .82 93.040
170 106 .81 93.624 176 .47 87.646
175 109.96 90.983 171.43 82.708
180 113.10 88.418 166.67 78.179
185 116.24 86.030 162.16 74.011
190 119.38 83.766 157.90 70.167
195 122 .52 81.618 153.85 66.615
200 125.66 79.562 150.00 63.325
205 128.81 77.633 146 .35 60.274
210 131.95 75.785 142 .85 57.637
215 135.09 74.024 139.54 54.796
220 138.23 72.395 136.36 52.335
225 141.37 70.736 133.33 50.035
230 144 .51 69.245 130.43 47 .880
235 147 .65 67.727 127.66 45.866
240 150.80 66.315 125.00 43 .975
245 153.94 64.959 122.45 42.198
250 157.08 63.665 120.00 40.545
255 160.22 62.415 117.65 38.954
260 163 .36 61.215 115.38 37.470
265 166.50 60.060 113.20 36.068
270 169.65 58.995 111.11 34.747
275 172.89 57.841 109.09 33.494
280 175.93 56 .840 107 .14 32.307
285 179.07 55.844 105.26 31.185
290 182.21 54 .880 103 .45 30.120
295 185.35 53.952 101.70 29.107
300 188 .47 53.050 100.00 28.145
305 191 .64 52.181 08.36 27.229
310 194 .78 51.300 96.77 26.360
315 197 .92 50.525 95.238 25.528
320 201.06 49.736 93.700 24 .736
325 204.20 48.977 92.308 23.981
330 207.35 48.229 90.910 23.260
335 210.49 47 . 508 89.559 22.571
340 213.63 46.812 88.245 21.911
345 216.77 46.132 86.956 21.281
350 219.91 45.491 85.715 20.677
355 223.05 44 833 84.390 20.099
360 225.20 44.209 83.335 19.565
365 229 .34 43.602 82.192 19.013
370 232 .48 43.015 81.080 18.503
375 235.62 42440 80.000 18.013
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w = 2xf 1/w = 1/2xf A '
Frequency or Xp = wlL or Xe = 1/we Wave length e
380 238.76 41.883 78.950 17 542
385 241.90 41.339 77.922 17.089
390 245.04 40.809 76.975 16.654
395 248.19 40.293 75.048 16.234
400 251.33 39.781 75.000 15.831
405 254 .47 39.298 74 .073 15.442
410 257 .61 38.816 73.175 15.068
415 260.75 38.355 72.288 14.707
420 263.89 37.892 71.425 14.409
425 267.04 37.448 70.588 14.023
430 270.18 37.012 69.770 13.699
435 273.32 36. 587 68.965 13.386
440 276 .46 36.197 68.180 13.084
445 279.60 35.764 67.416 12.788
450 282.74 35.368 66 .666 12.509
455 285.89 34 980 65.934 12.238
460 288.03 34 622 65.215 11.970
465 292 .17 34.227 64.516 11.715
470 295.31 33.863 63.830 11.466
475 298 .45 33.505 63.161 11.227
480 301.59 33.157 10.994
485 304.74 32.815 10.768
490 307 .88 32.479 10. 549
495 311.02 32.152 10.337
500 314.16 31.832 10.136
505 317.30 31.516 59.408 9.9322
510 320.44 31 207 58.825 9.7380
515 323.59 30 903 58.251 9.5524
520 326.73 30.607 57.690 9.3675
525 329.87 30.317 57.142 9.1898
530 333.01 30.030 56 .600 9.0170
535 336.15 29.748 56.075 8.8408
540 339.29 29 497 55.555 8.6867
545 342.43 29.203 55.045 8.5276
550 345.58 28.920 54 .545 8.3735
555 348.72 28.676 54.054 8.2234
560 350. 86 28.420 53.570 8.0767
565 355.00 28.169 53.007 7.9348
570 358.14 27.922 52.630 7.7962
a75 361.28 27.679 52.174 7.6610
580 364 .43 27 440 51.725 7.5296
585 367.57 27 207 51.280 7.4013
590 370.71 26 976 50.850 7.2767
595 373.85 26.749 50.420 7.1547
600 376.99 26.525 50.000 7.0362
605 380.13 26.308 49 .586 69200
610 383 .28 26.090 49.180 6.8072
615 386 .42 25.878 48 780 6.6968
620 389 .56 25.650 48 385 6.5900
625 392.70 25.468 48. 6.4844
630 395.84 25.262 47 .619 6.3820
635 398.98 25.063 47 .244 6.2819
640 402.12 24 .868 46 .850 6.1840
645 405.27 24 674 46 511 6.0885
650 408 .41 24 488 46 154 5.9952
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T
w = 2nf 1/w = 1/2xf A
Frequency or X = wL or Xe = 1/wc | Wave length Lc

655 411.55 24298 45.801 5.9040
660 413.69 24.114 45.455 5.8150
665 417 .83 23.933 45.113 5.7279
670 420.97 23.754 44.779 5.6425
675 424 12 23.578 44.445 5.5466
680 427 .26 23.4086 44 122 5.4777
685 430.39 23.238 43.796 5.39082
690 433.54 23.066 43,478 5.3202
695 436.68 22 900 43.166 5.2441
700 439.82 22.745 42 857 5.1492
705 442 .97 22,575 42.553 5.0062
710 446 .11 22.416 42.195 5.0247
715 449 .25 22.259 41.957 4.9546
720 452.39 22.104 41.667 4.8012
725 455.53 21.953 41.379 4.8189
730 458.67 21.801 41.096 4.7532
735 461.82 21.655 40.817 4.6887
740 464 .96 21.507 40.540 4.6257
745 468.10 21.363 40.268 4.5636
750 471.24 21.220 40.000 4.5032
755 474 .38 21.080 39.735 4.4436
760 476.52 20.941 39.475 4.3855
765 480.67 20.804 39.215 4.3282
770 483 .81 20.669 38.961 4.2722
775 486.95 20.536 38.710 4.2173
780 490.09 20.404 38.487 4.1835
785 493.23 20.275 38.216 4.1105
790 496 .37 20.146 37.974 4.0585
795 499 .51 20.019 37.735 4.0076
800 502 .66 19.891 37.500 3.9577
805 505.80 19.770 37.267 3.9087
810 508 .94 19.649 37.038 3.8605
815 5H12.08 19.528 36 .810 3.8134
820 515.22 19.408 36.587 3.7670
825 518. 36 19.292 36.364 3.7216
830 521.51 19.177 36 144 3.6767
835 524 .65 19.060 35.927 3.6337
840 527.79 18.946 35.712 3.6022
845 530.93 18.835 35.502 3.5474
850 534.07 18.724 35.204 3.5062
855 537.21 18.614 35.087 3.4657
860 539. 36 18. 506 34 885 3.4242
865 543 .50 18.399 34.682 3.3852
870 546 .64 18.293 34 .487 3.3465
875 549.78 18.189 34.285 3.3082
880 552.92 18.098 34.090 3.2710
885 556 .06 17.988 33.898 3.2341
890 558.92 17.882 33 708 3.1970
895 562.35 17.783 33.520 3.1622
900 565.49 17.689 33.333 3.1272
905 568.63 17.586 33150 3.0926
910 571.77 17.490 32 967 3.0595
915 574 .91 17.378 32.787 3.0254
920 578.05 17.311 32 607 2.9925
925 581.20 17.206 32.432 2.9604
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A w = 2xf 1/w = 1/2xf A

Frequency or X = wlL or Xc = 1/wc Wave length Le
930 584 .34 17.1138 32.258 2.9287
935 587 .48 17.022 32.086 2.8974
940 590 .62 16.931 31.915 2.8665
945 593.76 16.842 31.746 2.8364
950 596 .90 16.752 31.580 2,8067
955 600.05 16.665 31.414 2.7774
960 602.19 16.578 31.250 2.7485
965 606.33 16.492 31.088 2.7200
970 609 .47 16.407 30.928 2.6920
975 612.61 16.324 30.770 2.6646
980 615.75 16.239 30.617 2.6372
985 618 .90 16.158 30.456 2.6108
990 622 .04 16.071 30.302 2.5842
995 625.18 15.995 30.150 2.5586
1000 628 .32 15.918 30.000 2.5330
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6. Dimensions, Weights, and Resistances of Pure, Solid, Bare Copper
Wire.

Copper-wire Tables, Circular 31, Bur. Standards.

]
g o .
© Cross-sectional area N
R at 20°C Carrying Weight
g g (68°F.) capacities
- o
HE — e ~ -
5Y | D) FR==)E
m..; =2 | Circular i ;‘S as z0 ,
“ z p lnTll: (61.2(-)1 Square inchea g E; = 5 E §_ 11‘"1(1)335‘{7.” Pounds per mile
& in. 3 FREE -;- s
o = = [2a°
00001460.0 (211,600.0 10.166,2 225) 270] 325/640.5 3.381.840
000/409.6 [167.800.0 |0.131.8 l 175 ’ H7.9 2.681.712
00'364.8 |133,100.0 (0.104.5 150 2 .8 2,126 784
0,324.9 105,500.0 [0.082,89 125, 150 20()'319.5 1.686.960
1/289.3 83,600.0 |0.065.73 100| 120 .)0‘2.’)3.3 1.337.424
2257.6 66.370.0 |0.052,13 90| 110| 125/200.9 1.060.752
3229 .4 52,640.0 |0.041.34 80 95 .3 841.104
4/204.3 | 41 ,740.0 (0.032.,78 70, 85/ 90/126.4 667.392
5181.9 33,100.0 |(0.026,00 [ 55| 851 80/100.2 529.056
[
6(162.0 26,250.0 (0. 50| 60| 70| 79.46 419.548.8
7|]144.3 20,820.0 |0, 380 L. 54| 63.02 332.745.6
8128.5 16.510.0 |0. 35/ 40| 50| 49.98 263.894 .4
a114 .4 13.090.0 (0. 28 .. 38| 39.63 209.246.1
10,101.9 10,380.0 |0 25, 30| 30| 31.43 165.950.4
11 90.74 | 8,234.0 |(0.006,467 20| | 27| 24.02 131.577,6
12 80.81 | 6,530.0 |0.005.129 20| 25 25| 19.77 104.385.6
13 71.96 5,178.0 |0.004,067 17 ... ... 15.08 82.790.4
14| 64 08 4.107.0 ]0.003,225 15 18| 20| I".43 65.630.4
15 57.07 3,257.0 |0.002.558 A N 9.858 52.050 .24
2.583.0 (0.002,028 6 ... 10| 7.818 41.279.04
2,048.0 |0.001.609 .. o] 6.200 32.736.00
1.624.0 |(0.001.276 3 ... 6 4.917 25.961.76
1,288.0 |0.001.,012 L R 3.890 20.586,72
1,022.0 |0.000.802.3 T'he above 3.092 16.325.70
| values are
21 28.46 810.1 |0.000.636.3 those specified| 2.452 12.946 ., 56
22| 25.35 642.4 (0.000,504.6 in the 1931 1.945 10.269.60
23| 22.57 500.5 |0.000.400,.2 National 1.542 8.141.76
24) 20.10 404.0 (0.000,317.3 Electrical 1.223 6.457 .44
25 17.90 320.4 |0.000.251.7 Code. In 0.969,9 5.121,072
lighting work,
26| 15.94 254.1 10.000.199.6 [no wire smaller| 0.769.2 4.061.376
27 14.20 201.5 10.000.158.3 than No. 14 is 0.610.0 3.220.800
28 12.64 | 159.8 |0.000,125.! usvd except 0 483.7 2.553.936
29| 11.26 126.7 |0.000,099,53 in fixtures 0.383.6 2.025.408
301 10.03 100.5 [0.000.078.94 |......... ... 0.304.2 1.608,176
31 8.928 79.70 |0.000.062.60 e .| 0 241.3 1.274.060
321 7.950 63.20 10.000.049 .64 F 0 191.3 1.010.064
331 7.080 50.13 [0.000,039.37 0 151.7 0.800.976
34 6305 39.75 (0.000,03y,22 . 0 120.3 0.635.184
35 5H.615 31.52 {0.000,024,76 0.095,42 0.513.717.,6
36/ 5000 25.00 |0.000.019.64 0.075.68 0.399,590 4
37| 4.453 19.83 |0.000.015.57 0.060.01 0.316.852,§
38 3.9065 15.72 |0.000.012,35 bo 0.047 .59 0.251.275,2
39 3.531 12.47 ‘0 000,000,793 ... .. ... 0.037.74 0.199.267 .2
40 3.145 0, 888/0.000,007.766, . ...l 0.029.93 0.158.030.4
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Length, 25°C, (77°F.) Resistance at 25°C, (77°F.)

B. &S,

- or
Amer-

ican

Feet per Feet per R ohms per Ohms per Ohms per ire
pound ohm 1,000 ft. mile pound gaes
1.561 (20.010.0 0.049.98 0.2683,894 .4 0 000.078.03l 0000
1.968 15.870.0 0.063.02 0.332,745.6 0.000.124,1 | 000
2.482 12,580.0 0.079.47 0.419,501.6 0.000.197.3 00
3.130( 9,980.0 0.100.2 0.529,056 0.000,313,7 l 0
3.947 | 7,914.0 0.126,4 0.667.392 0.000,498.8 1
4.977| 6,270.0 0.159.3 0.841,104 0.000.793,1 2
6.276 | 4.977.0 0.200.9 1.060,752 0.001.261 3
7.914| 3.,947.0 0.253,3 1.337.424 0.002,005 4
9.980 | 3,130.0 0.319,5 1.686.960 0.003,188 5
12.58 l 2.,482.0 0.402.8 2,126,784 0.005,069 6
15.87 | 1.969.0 0.508.0 2.682,240 0.008,061 7
20.01 1,561.0 0.640.5 3.381,840 0.012.82 8
25.23 | 1.238.0 0.807,7 4.264,656 0.020.38 9
31.82 981.8 1.018 5.375,04 0.032.41 10
40,12 778.7 1.284 6.779,52 0.051,53 11
50.59 617.5 1,619 8.548,32 0.081.93 12
63.80 489 .7 2.042 10.781.76 0.130,3 13
80.44 388 .3 2.575 13.596 .00 0.207.1 14
101.4 308.0 3,247 17.144,18 0.329.4 15
127.9 244 .2 4.094 21.616,32 0. 523.7 16
161.3 193.7 5.163 27.260.64 0.832.8 17
203.4 153.6 6.510 34.372,80 1.324 18
256.5 121.8 8.210 43.348,80 2.105 19
323.4 96.60 10.35 54.648,0 3.348 20
407 .8 76.61 13.05 88.904,0 5.323 21
514.2 60 75 16.46 86.908 .8 8.464 22
648 .4 48 18 20.76 109.612,8 13.46 23
817 .7 38.21 26.17 138.177.,6 21.40 24
1,031.0 30.30 33.00 174.240,0 34 .03 25
1,300.0 24 .03 41.62 219.753.6 54.11 26
1.639.0 19.06 52.48 277.094 .4 86.03 27
2.067.0 15.11 66.17 349.377.6 136.8 28
2,607.0 11.98 83.44 440 .563,2 217.5 29
3,287.0 9.504 105.2 555. 456 345.9 30
4,145.0 7.537 132.7 700.656 549.9 31
5.227.0 5.977 167.3 883.344 874 .4 32
6.591.0 4.740 211.0 1,114.080 1,390.0 33
8,310.0 3.759 266.0 1,494 .480 2.211.0 34
10,480.0 2.981 335.5 1.771.440 3,515.0 35
13,210.0 2.364 423.0 2,233.440 5.590.0 36
16.600.0 1.875 533.4 2,816.352 8.888.0 37
21,010 0 1.487 672.6 3,551.328 14,130.0 38
26.,500.0 1.179 | 848.1 14.477.968 22,470.0 39
33.410.0 0.935 [1,069.0 5.644.32 35.730.0 40
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7. Tensile Strength of Pure Copper Wire in Pounds.
Hard drawn Annealed I . ' Hard drawn Annealed
w
Size, B ]
. &S o & o8 l ) o &
— - o - e - © &
mee | 3 | B5.| 3 (#5058 | % | %8l 3 |§i.
t | 8gE | § |Eep| 8 g | 5Eg| £ |5
= ‘: - g : s @ [ 2 :: b 2 :: e
a tA 2 -
S _— | : —
0000 | 8.260 | 49,700 5,320 | 32,000 7 | 1030.0/ 64,200 556.0 | 34,000
000 6,550 | 49,700 4,220 | 32,000 8 843.0| 65,000 441.0 | 34.000
00 5,440 | 52,000, 3,340 | 32,000 9 678.0 66,000/ 350.0 | 34,000
0 4,530 | 54,600/ 2,650 | 32,000 10 546.0, 67,000 277.0 | 34,000
1 3.680 | 56,000 2,100 | 32,000 12 343.0| 67,000 174.0 | 34,000
2 2,970 | 57,000 1,670 | 32,000/ 14 219.0/ 68,000 110.0 | 34,000
3 2,380 | 57,600 1,323 | 32,000 16 138.0| 68,000 68.9 | 34,000
|
4 1,900 | 58,000( 1,050 | 32,000 18 86.7' 68,000, 43.4 | 34,000
5 1,580 ' 60,800 884 | 34,000 19 68.8‘ 68,000, 34.4 | 34,000
6 1,300 63,000 700 | 34,000 20 54.7I 68,000\ 27.3 | 34,000
8. Insulated Copper Wire.
Enamel wire ‘ Single-silk covered Double-silk covered
Size, | T -
B. & Outside| Turns | Pounds| Outside| Turns | Pounds| Outside| Turns | Pounds
gage diam- per per diam- per per diam- per per
eter, linear | 1,000 eter, | linear | 1,000 eter, | linear | 1,000
mils inch ft. mils inch ft. mils inch ft.
8 130.6 7.7150.86
9 116.5 8.6 | 40.2
10 104.0 9.6 | 31.8
11 92.7 10.8 | 25.3
12 82.8 12.1 | 20.1
13 74.0 13.5 | 15.90
14 66.1 15.1 | 12.60
15 59.1 16.9 | 10.00
16 52.8 18.9 7.930 52.8 18.9 | 7.89 54 . 18.3 | 8.00
17 47.0 21.3 6.275 47.3 21.1 1 6.26 49.1 20.4 | 6.32
18 42.1 23.8 4.980[ 42 .4 23.6 | 4.97 44.1 22.7 | 5.02
19 37.7 26.5 3.955 37.9 26.4 | 3.94 39.7 25.2 | 3.99
20 33.7 29.7 3.135| 34.0 20.4 | 3.13 35.8 28.0 | 3.17
22 26.9 37.2 1.970, 27.3 36.6 | 1.98 291 34.4 | 2.01
24 21.5 | 46.5 1.245| 22.1 45.3 | 1.25 23.9 41.8 | 1.27
26 17.1 58.5 0.785 17.9 55.9 | 0.791 19.7 50.8 | 0.810
28 13.6 73.5 0.494] 14.6 68.5 | 0.498 16.4 61.0 | 0.514
30 10.9 91.7 0.311 12.0 83.3 | 0.316 13.8 72.5 | 0.333
32 8.7 115 0.196 9.9 ( 101 0.210 11.8 84.8 | 0.217
34 6.9 | 145 0.123 8.3 | 121 0.129 10.1 99.0 | 0.141
36 5.5 | 180 | 0.078 7.0 | 143 0.082 8.8 | 114 0.092
38 4.4 | 227 0.049 6.0 | 167 0.053 7.8 | 128 0.062
40 3.5 | 286 | 0.031' 5.1 | 196 0.035 6.9 ' 145 0.043
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9. Insulated Copper Wire,

Size,

B. &S

gage

g88

—OUPN DGR -

—_—

Ohms
1,000

1.070

SANNL ~-O0O ©C00O 00000

f;:er

Double-cotton covered

Outside
diameter,
I mils

Single-cotton covered
Turns per| Pounds | Outside
linear per 1,000 | diameter,
inch ft. mils
0500 467 2.14 | ... l 477
0630 418 239 [ 428
0795 373 2.68 382
100 | 334 3.00 313
126 | 300 3.33 308
159 | 267 3.75 | ... 275
201 | 239 4.18 | .. 248
253 | 214 4.67 222
319 | 192 5.21 | . ..... 200
403 [ 170 | 5.8 | ... 175
508 | 153 l 8.54 | ... .. 160
641 | 136 7.35 | 50. 142
808 | 121 826 | 40. 127
02 108 9.25 | 31. 113
28 ‘ 97 10.3 | 25. 102
62 87 11.5 20. 92
04 78 12.8 16 82
58 | 70 14.3 12. 74
56 17.9 | 8 60
| 45 22.2 5. 49
37 | 27 3. 41
205 33.9 ‘ 2. 33
| 241 41.5 i 28
19.9 50.2 0. 23
16.6 60.2 | 0.: 20
I 14 ‘ 71.4 0.340 18
12 83 4 0.223 16
10.3 97.1 0.148 14
9.0 11 0.099 13
8.0 ‘ 125 0.070 12
| 7.1 141 0.052 11

\
|

cowco Swmw

—

Turns per| Pounds
linear | per 1,000
inch ft.

2.10
2 34
3 62
3700
325
3.64
103
451
5 00
5.62

| 6.25
7.05 | 51.2
7.87 | 40.8
885 | 32.2
9.80 | 25.6
10.9 20.4
12 2 162
13.5 12.9
16.7 8 21
20 4 5 24
24.4 3.37
3070 217
35.6 1.4
11.8 0914
488 0608
55.6 0.400
62.9 0270
70.0 0 193
77.0 0138
833 0.105

| 90.9 0.084

10. Approxxmate Wave Lengths of 4-ft. Coxl Antennae with Various
Values of Condenser Capacity Across the Coil Terminals.

Num-
ber of
turns

Condenser capacity. microfarads

0.00005 ’

0.0001 l 0.0005
|
85 128
155 200
280 500
490 920
880 1.600
1,775 3.150
2,650 4,800
4,500 7.900
9,000 15.650
!

Distribution

S in slots 14
in. apart,
0.001 | 0.002 | 0.003 turns per slot
|
178 250 310 1
400 250 675 1
710 1.000 1.200 ' 1
1.250 1,700 2,050 1
2,100 3.000 3.600 1
4,300 6.000 7,000 2
6,400 8,800 11,000 3
10,000 14,700 17.700 5
20,500 27,200 32,900 | 10
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11. Number of Volts Required to Produce a Spark between Balls in
Air.

Length of spark gap in ’ Diameter of balls, volts

: ] 1cm 2 em 6 cm

Centimeters Inches = 03937 in. | = 0.787 in. = 2.36 in.
]

0 02 | 0.0079 I 1,560 }

0.04 0.0157 2,460

0.06 0.0236 | 3,300

008 0.0315 4,050

0.10 0.0394 4.800 4,500

0.20 0.0787 8,400 7.800

0.30 0.1181 11,400 10.800

0.40 ’ 0.1575 14.400 13.500

0.50 0.1969 17.100 16,500

060 | o236 19, 500 19,500

0.70 0.2756 21,600 22,500

0 80 0.3150 23,400 26,100

0 90 0.3543 24.600 | 29.000

1.00 0.3937 25. 500 32,700
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12. Chart for Converting Loss or Gain into Decibels.

. D.B.
10000 0 t — 00001
1 V4
-— I y 4
NGn D.B)
=10L0g, 7
<20 Log,y /,
2000 o T, 1 rt /
Vi
=20 Logyp 3l
1000 2001
) B S S S 4
| P
200 -
3 %4 .
s \ <
&
o WAS 5
JLLIS i — O -aox‘:.
£ F

1]

1

i I i

4 6 8 0 N 14 16 lso'zo'nu'zeusouu 36 38 40
.B.

10

World Radio Histol
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13. Standard Graphic Symbols Used in Radio Communication.

1. Aerial {(antenna) LP 19. Inductor, iron core

-
- — A

g

&

@

4. Battery (the posi- ;
tive electrode is -{}_ 22, Key

indic?ted by the __|I|'|,_

long line)

23. Lightning arrester
5. Coil antenna

6. Condenser fixed 24. Loud-speaker

25. Microphone (tele-
phone trans-
mitter)

7. Condenser, fixed,
shielded

8. Condenser, vari-

26. Photoelectric cell
able

9. Condenser, vari-
able (with mov-
ing plate indi-
cated

10. Condenser, vari-
able shielded

27. Piezoelectric plate -—I”}‘—
28. Resistor

—W—
29. Resliitor. adjust- %

able

11. Counterpoise >
30. Resistor, variable _/\)/(J‘\'__

12, Crystal detector

31. Spark gap, rotary - ><—

32. Spark gap, plain —'D G-‘
33.Sparkgap, —l”“”“_

quenched

34. Telephone receiver ﬂ

35. Thermoelement

36. Transformer, air
core

13. Frequency meter
{(wave meter)

14. Galvanometer

15. Glow lamp

16. Ground

17. Inductor

é%"“"@é@fg}'%* * Ly g

18. Inductor, adjust-
able
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37.

38.

. Diode (or

Transformer, iron

core

Transformer with
variable  coup-
ling

. Transformer, with

variable  coup-
ling (with mov-
ing coil indicated

. Voltmeter

. Wires, joined

. Wires, crossed, not

joined

half-
wave rectifier)

%®
ey

3
E 4
-
o

44.

46.

47.

48,

49.

50.

MATHEMATICAL AND ELECTRICAL TABLES

Triode (with di-
rectly heated
cathode)

. Triode (with indi-

rectly heated

cathode)

Screen-grid  tube
(with  directly
heated cathode)

Screen-grid  tube
(with indirectly
heated cathode)

Rectifier tube, full
wave (filament-
less)

Rectifier tube, full
wave (with di-
rectly heated
cathode)

Rectifier tube, half
wave (filament-
less)

COYR DOD
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10000

8000
7000
6,000
5000

4,000

I

"/

y

|
!

i

1000

I
I ,ﬂg)\fr

o
<

forvalves greater than }
y given on the chart, alvays

|~ ¢dd twice as many ciphers fo~ |1
|__inductance or capacity numbers|as | |
are dropped from frequency numbers. | .
\— Forvalves less than any given on the 1| |3
— chart,always drop twice as many ciphers - _J«‘ .
\—from inductance or capacity numbers as-

250

200
180
160

{nductance. Microhenries

140

|- are added fo /(‘equency nulmb,er.s |
120 ! -

[IEREN 0 A T

HEII INEEENIEEEEY

Capacity, Micromicrofarads

0 L !
10 121416187 25 30 40 50 €0 708090K0 120 140 160160200 250

16. Width of Authorized Communication Band.
Federal Radio Commission, General Order 119, Sept. 3, 1931.

Frequency range,

o kilocycles

Type of emission

10 to 100
100 to 550
1,500 to 6,000
6,000 to 12,000
12,000 to 28,000

Al: C. W. Morse telegraphy; printer
and slow-speed facsimile

10 to 100
100 to 350
A2: IL.C.W................. 1,500 to 6,000

6.000 to 12,000
| { 12,000 to 28,000
A3: Commercial telephony: |
Single side band
Double side band
A3: Broadeasting:

Doubleside band. ............... 550 to 1,500
Special: ‘
High-speed facsimile; picture trans-

mission; high-quality telephony; | ( 10 to 550

television,ete................. 1 1,500 to 28,000 x

Normal width of eom-
munication band, kilocycles
0.100
0.250
0.500
1.000
2.000
(To be specified in instru
ment of authorization)
1.500
2.000
3.000
4.000

. 000
.000

10. 000

The authorized width of th

communication band fo
special types of transmis
sion shall be specified i1
the instrument of authori
zation

[World Radio Histol
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16. Tolerance Table.

Every station shall be required to maintain frequency within the tolerance as provided
by the following table:

Frequency tolerance, per cent

A
Applicable to stations '
licersed and author-
ized by construction
permits prior to
effective date of this

Frequency range, kilocycles Applicable to all
equipment author-
ized subsequent to

effective date of this

order

order |
|
A. 10 to 550: Plus or minus Plus or minus
a. Pixed stations................... 0.1 0.1
b. Land stations. .. ... ........ . N 0.1 | 0.1
c. Mobile stations except those using
damped waves or simple oscil- |
lator transmitters.............. 0.5 0.5
d. Mobile stations using damped
wave or simple oscillator trans-
mitters................... L 1.0 0.5
B. 550 to 1,500:
a. Broadcasting stations. .. . See General Order 116
. 1,500 to 6,000: l
a. Fixed stations...... 0.05 0.03
b. Land stations. .. 0.05 f 0.04
c. Mobile stations. 0.1 0.1
D. 6,000 to 23,000: |
a. Fixed stations............ .. .. . 0.05 | 0.02
b. Land stations................. .. 0.05 0.04
c. Mobile stations using frequencies
assigned to land stations or those
in bands shared between mobile ‘
and fixed services.............. 0.05 0.04
d. Mobile stations using frequencies
other than those specified under ¢ 0.1 0.1
e. Broadcasting stations............ 0.03 0.01

17. Separation between Assigned Frequencies.

I'requency range, I'requency separation,
kilocycles kilocycles
10 to 15 0.15
15 to 20 0.2
20 to 25 0.25
25 to 30 0.3
30 to 40 0.4
40 to 50 0.5
50 to 60 0.6
60 to 100 0.8
100 to 390 1
390 to 550 2
550 to 1,500 10
1.500 to 3.000 4
3.000 to 6,000 5
6.000 to 11.000 10
11.000 to 16.400 15
16.400 to 21.550 20
21,550 to 28,000 25

Note.  The separation between assignments may be greater than those indicated
where this is required by the type of emission authorized.




SECTION 2
ELECTRIC AND MAGNETIC CIRCUITS

By E. A. UrHLING!
FUNDAMENTALS OF ELECTRIC CIRCUITS

1. Nature of Electric Charge. According to modern views all natura
phenomena may be explained on the basis of fundamental postulates
regarding the nature of electric charge. In the neighborhood of a
electric charge is postulated the existence of an eleetric field to explair
such phenomena as repulsion and attraction. The force which aet:
between electrie charges by virtue of the eleetrie fields surrounding then
is expressed by Coulonib’s law which states that

G2
F="5

The value of the unit charge in the electrostatic system is based on thi
law and is defined, therefore, as that value of eleetrie charge which wher
pl(:;ced at 1 em distance from an equal charge repels it with a foree ot
1 dyne.

2. Electrons and Protons. There are two types of clectrieity: positive
and negative. The electron is representative of the latter and the
proton of the former. All matter is made up simply of electrons anc
protons. Exhaustive experiment has proved that all electrons, nc
matter how derived, are identical in nature. They are casily isolatec
and as a consequence have been thoroughly studied. Among the mos:
important results of this study are the following facts:?

Charge of the electron..................... 4.770 X 10~ e.s.u.
Mass..........ooii ... 9.04 X 10" g
Radius............... ... ... ... .... L 2 X 107!3 ¢m, approx.

The proton has not been so thoroughly studied. It is not so casily
isolated, and the effects of electrie and magnetic fields on its motion are
considerably smaller than similar effects obtained when eleetrons arc
studied. The proton apparently has a mass of about 1,838 times tha
of the eleetron and a considerably smaller radius.

The mass of electrons and protons is purely inertial in character. Ti
other words these fundamental units of eleetric charge consist simply
of pure electricity. For the sake of completeness it should be addec
that this mass is not independent of veloeity and that the values giver
for both the electron and proton assume velocities which are smal
in comparison with that of light.

1 Department of Physics, I‘nivereity of Michigan.
2 MiLLigaN, R. A, " The Electron.”
20
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3. Atomic Structure. The atoms of matter consist of a central
positive nueleus surrounded by such a number of electrons as will
neutralize the nuclear charge, The central positive nucleus eonsists of
both electrons and protons with an excess of the latter. This excess
determines the chemieal characteristies of the atom by determining the
number of cleetrons outside the nucleus, while the total number of pro-
tons determines the atomic weight of the element.  According to one
view the electrons outside the nucleus move in planctary elliptic orbits
about it. The radius of the different orbits varies within a single atom,
and as a consequence the strength of the bond existing between the
nueleus and the different electrons varies.

4. Ionization. The outer electrons are in general loosely bound to
the nucleus and under favorable conditions may he completely disso-
ciated from the remainder of the atom. This process of the removal
of an electron is known as fonization. It is the process by which cleetrons
are removed from a heated filament in a vacuum tube, from an alkali
metal surface in the photoclecetric cell, and from the plate and grid of
vacuum tubes when bombarded by the filament electrons giving rise to
the secondary emission so commonly experienced.

6. The Nature of Current. The modern view of electricity regards a
current as a flow of negative charge in one direetion plus a flow of positive
charge in the opposite direction.  In electrolytic conduction the unit of
negative charge is an atom with one or more additional electrons called a
negative ion, and the unit of positive charge is an atom with one or more
electrons less than its normal number known as the positive ion.

In conduction through gases, as, for example, through the electric
are, the negative ion is usually a single electron, whereas the positive
ion is as before an atom with one or more electrons removed.

In conduction through solids, however, the current is strictly electronie
and is not made up of two parts as in the previous cases. The electrons
:onstituting the current are the outer orbital electrons of the atoms.
Since these electrons are less tightly bound to the atom than the other
slectrons thev are comparatively free and are often spoken of as free
dectrons.  These electrons move through the solid under the influence
f an electrie field eolliding with the atoms as they move and continuously
osing cnergy gained from the field. As a consequence the motion of the
2lectrons in the direction of the field is of a comparatively small velocity?
‘of the order of 1 em per second), whereas the velocity of thermal agita-
sion of the free electrons is high (about 107 em per second).  According
:0 this view of the electric eurrent in solids, conductors and insulators
liffer only in the relative number of free clectrons possessed by the
mbstanee.

Sinee current consists of a motion of electric charges, it may bhe defined
1s a given amount of charge passing a point in a conductor per unit time.
[n the electrostatie svstem the unit of current is defined to be a current
such that an electrostatic unit of eleetricity crosses any selected eross
section of a conductor in unit time. In the practical system the unit of
urrent is the ampere which is approximately equal to 3 X 10? elee-
srostatic units of eurrent and is defined on the basis of material constants
13 that current which will deposit 0.00111800 g of silver from a solution
»f silver nitrate in 1 sec.

' JeaNns, J. H., " Electricity and Magnetism,” p. 306.
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6. The Nature of Potential. An clcetric charge that is resident in
an electrie field experiences a force of repulsion or attraction depending
on the nature of the charge. Its position in the field may be considered
as representing a certain quantity of potential energy which may be
taken as the amount of work which is eapable of being done when the
eleetric charge moves from the point in question to an infinite distance.
If the convention of considering a unit positive charge as the test charge
is adopted, the potential energy at a point may be taken as characteristic
of the field and consequently will be regarded simply as the potential.

In a similar manner the difference of potential of two points may be
deseribed as the amount of work required to move a unit positive test
charge from one point to another. More specifically a differenee of
potential in a conductor may he spoken of as equal to the energy dissi-
pated when an electron moves through the conductor from the point of
low potential to the point of high potential. This energy is dissipated
in the form of heat caused by the bombardment of the molecules of the
conduector by the electrons as they proceed from one point to another.

7. Concept of E.M.F. The idea of potential leads directly to a con-
ception of an clectromotive foree. If a difference of potential between
two points of a conduetor is maintained by some means or other, clectrons
will continue to flow, giving rise to a continuous current. A difference
in potential maintained in this way while the current is flowing is known
as an electromotive force.  Only two important methods of maintaining a
constant. e.m.f. exist: the battery and the generator.  Other methods,
as, for example, the thermocouple, are not primarily intended for the
purpose of maintaining a current.

The unit of e.m.f. in the practical system is the volt. It is defined as
108 e.s.u, of potential or as 1.0000/1.0183 of the voltage generated by a
standard Weston cell.

8. Ohm’s Law and Resistance. The free electrons which contribute
to the electric eurrent have a low drift veloeity in the negative direction
of the field within the conductor. In moving through the metal in a
eommon general direction they enter into frequent eollisions with the
molecules of the metal, and as a conscquence they are continually retarded
in their forward motion and are not able to attain a velocity greater than
a certain terminal veloeity u, which depends on the value of the field
and the nature of the substance. The collisions which tend to reduec
the drift velocity of the electrons aet as a retarding force.  When a
current is flowing, this retarding force must be exactly equal to the
aeeelerating foree of the ficld. The retarding foree is proportional to A,
the number of free eleetrons per unit length of conductor, and to w, their
drift veloeity. It may be designated as ANwu. The aceelerating foree
is proportional to the field E per unit length of conductor, to the number
N of eleetrons per unit length, and to the electronic charge e and may
be represented as NEe. Then NEe = kNu. Since the current ¢ has
been given as

T = Nen
NEe = k2
[
E=-Lri-pi

Ne?
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where
k
R =ge
The statement E = Riis known as Ohm’s law. R is here defined as the
resistance per unit length. The unit of resistance is the ohm. It may be
obtained from Ohm’s law when the e.m.f. is expressed in volts and the
current in amperes.

9. Inductance. Circuits possess inductance by virtue of the electro-
magnetic field which surrounds a conductor carrying a current. The
coefficient of self-inductance is defined as the total number of lines of
force passing through a eircuit and due entirely to one c.g.s. unit of cur-
rent traversing the eireuit. If A is the number of lines of force linked
with any circuit of inductance L and conveying C c.g.s. units of current,

I = LC.

The practical unit of inductance is the henry. Tt is equal to 10° c.g.s.
units of inductance.  H the number of lines of foree .V through a circuit
is changed, an e.m.f. due to this change of flux is induced in the circuit.
This e.m.f. is given by the equation

oo AN _ _jdc
- dt “dt

The inductance of a cireuit is equal to 1 henry if an opposing e.m f.
of 1 volt is set up when the current in the circuit varies at the rate of 1
amp. per second.

10. Mutual Inductance. The coeflicient of mutual inductance is
defined in the same way as that of self-induetance and is given in c.g.s.
units as the total magnetic flux which passes through one circuit when
the other is traversed by one c.g.s. unit of current, or

N = MC
dN dC
—a T "My

The practical unit is the henry as in self-inductance.

11. Energy in Magnetic Field. Knergy isstored in the electromagnetic
field surrounding a ecircuit representing the energy aceumulated during
the time when the free eleetrons were initially set in motion and the cur-
rent established. This energy is given by the equation, W = WLJI?,
where, if L is in henrys and I in amperes, the energy is in joules.

12. Capacitance. The ratio of the quantity of charge on a conductor
to the potential of the conductor represents its capacity. If one con-
ductor 1s at zero potential and another at the potential 1, the capaeity
is given as the ratio of the charge stored to the potential difference of the
conductors

c="Y

V
If Q is in coulombs (the quantity of charge carried by 1 amp. flowing
for 1 see.) and V is in volts, C is known as the farad.
The energy stored in a condenser is given by the equation, W = L4CV?,
where, if V' is in volts and C is in farads, W is in joules.
The foree acting per unit area on the conductors of the condenser
tending to draw them together is
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E? V2
T 8 8rdd
where d is the distance separating the condenser plates, and ¥ is the
potential difference.

Other expressions relating charge or current to eapacity and potential
difference are

.

_ it
V=7
and
dV
1= Cm

13. Units. The practical units that have been described are related
to the electrostatic units as shown by the following table. A third
set of units, known as the electromagnetie, is also related to the prac-
tical units, the ratios of which are given in this table.

- Measure in I Measure in
Quantity N am'et of electromagnetic electrostatic

unt units units
Charge of electricity................. Coulomb 10! 3 X 10°
Potential.............. .. .. .. ....... VoIt 10# Yoo
Capacity............ccoiiiiinann... Farad 10— 9 X 101t
Current. . . .| Ampere 10 ! 3 X 10°
Resistance.. .| Ohm 10° lg X 10—1
Inductance........... .. ............ Henry 100

14. Continuous and Alternating Currents. If the free electrons of a
conductor move with a constant drift velocity under the iinpelling force
of an invariant electric field, the electric eurrent in the conductor is
spoken of as being continuous, or direct. If, however, the impressed
clectrice field is varying in both direetion and magnitude, the drift velocity
of the electrons will vary in both direction and magnitude, since electrons
always flow in a direction opposite to that of the eleetric field. A current
of this kind which varies periodically with the time is known as an
alternating current.

16. Wave Form. The current or the e.mn.f. may be represented
graphically as a function of the time by assigning to successive values
of the latter variable the value of the former. There is an infinite
variety of functional relationships between current and time, but of all
the laws by which these two variables may be eonnceted there is one
that can be differentiated from all others. This law is that of the sine
or cosine function. All other relationships ean be resolved into a linear
combination of funetions of this simple type.

The form of the sine function is shown in Fig. la. It is represented
analytically by the following type of equations

I

1o 8in wt
E, sin w!t

(4

where ¢ and e are the instantancous values of tne current and voltage,
Io and Ej are the maximum values, and w is 2x times the frequency with
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which the current or voltage alternates. The sine wave is the ideal
toward which practical types approach more or less closely. Since it
cannot be resolved into other types, it is the pure wave form.

16. Harmonics. Current and voltage waves, in practice, are not pure
and may thercfore be resolved into a series of sine or cosine functions.
One of the functions into which the original wave is resolved will have a
frequency term equal to that of the original wave. All of the other
funetions will have frequency terms of higher value, which will in general
be designated as harmonics of the lowest or fundamental frequency.
A few types of complex waves which may be resolved into two or more
pure sine waves are shown in Fig. 16 and ¢.  The resolution of a complex
wave into its component parts may be accomplished physically as well
as mathematically. This may be demonstrated by means of high- and
low-pass filters in the output circuit of an ordinary vacuum-tube oscillator.

t=lpsin wt
Wove Form | Resohed iato Three Componerts  Wave Form 2 Resohved intp Three Components
Isinawt Dsn3wt IysnSwt lsnwt  Lsn2wt  [sn3wt
ta) {b) )

F1e. 1.—Sine wave and complex waves.

17. Effective and Average Values. The effective value of an a-c wave
is the value of continuous current which gives the same power dissipation
as the a. ¢. in a resistance. For a sine wave this value of continuous

current is equal to the maximum value divided by 4/2. The average
value of an alternating current is cqual to the integral of the current
over the time for one-half period divided by the eclapsed time. For a
sine wave the average value is equal to the maximum value of the current
divided by =/2. The ratio of the effective value of the current to the
average value is often taken as the form factor of the wave. Thus all
types of waves may be simply characterized by means of this ratio.

Direct-current meters read average values of currents over a complete
period. Such meters therefore read zero in an a-c circuit.  Thermocouple
and hot-wire-type meters read cffective values.  Such meters are there-
fore used for making a-c measurements at radio- as well as at audio-
frequencies.

18. Phase. The current in a circuit may have its maximum and
zero values at the same time as those of the e.m.f. wave, or these values
may oceur earlier or later than those of the latter. These three cases
are illustrated in Fig. 2. When the rorresponding values of the current
and e.m.f. occur at the same time they are said to be in phase. I the
current values oceur hefore the corresponding values of the voltage wave,
the current is said to be in leading phase, and if these values oceur
after the corresponding values of the voltage wave, it is said to be in
lagging phase.

19. Power. The power consumed in a continuous-current circuit is
W = EI = IR, where R is the effertive resistance of the circuit. The
power consumed in an a-e eircuit having negligible inductance and
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capacitance is given by the same equation with the necessary restrictions
on / 8o that it represents the effective value of the current and not the
average value. The power consumed in an inductive or capacitative
eireuit is W = EI cos ¢, where ¢ is the phase angle, that is, the angle
of lag or lead of current. The term “cos ¢’ is commonly referred to as
the power factor of the ecircuit.

Zero Phase Current in 90°Lagging Phase Current in 90 Leading Phase

Fi1a. 2.—Phase in a-c circuits.

DIRECT-CURRENT CIRCUITS

20. Direction of Current Flow. An eleetric current is a flow of electric
eharges. Electrie eharges will move through a medium of finite resist-
ance if a difference of ecleetric potential exists between two points of
that medium. In metallic conductors there is but one type of charge
which is free to move, the negative charge or the free electrons of the
eonductor. The current in a metallic conductor then consists solely
of an electron current. The eonvention arose historically of speaking
of an electric current as flowing from the high potential (positive)
to the low potential (negative) point, while, as a matter of fact, the
electrons of the eonductor actually move in the opposite direetion. It is
necessary to distinguish, therefore, between the direction of current
flow in the historieal sense and the dircction of flow of electrons.

21. Constant Positive Resistance, Negative Resistance, and Infinite
Resistance. In a d-c circuit the relationship between voltage and current
is governed solely by the resistance of the circuit and all equivalent
resistances such as eounter e.m.fs. Some knowledge regarding the nature
of this resistance is nceded. Three cases present themselves. In the
first case are those circuits in which

de
di =

where R is positive and is constant in value over a rather large range.
Conduction in solids and electrolytes is of this type. In the second class
are those circuits in which de/di has a value which is negative and is
usually not constant. Conduction in arcs and glow discharges is gener-
ally of this type. In the third class are those circuits in which

de
di

Conduction in the plate eircuit of a vacuum tube under saturation con-
ditions is of this type.

Circuits of the first class, in which the differential coefficient de/di
has a positive value, may be subdivided into two other classes. If the
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ralue of de/ds is constant over the entire range of voltage and current
rom zero to the maximum value, and if this value is designated by the
juantity R, then Ohm’s law may be used and e = iR. In this case, R
s hoth the d-¢ and a-c resistance. If, however, R is not constant over
his range of values, the value of R given at a particular value of e and
“given by the equation
R - de

di
s only the a-c resistance of the eireuit at the particular value of e and ¢
shosen. The a-e resistanee given by this equation may be quite different
‘rom the d-¢ value as given by the equation

R=°
1

In a vacuum-tube plate cireuit the d- value of the resistance is frequently
about twice as high as the a-¢ value.

Jwlif---- Ze
!
'
¢ ]
T R
iR e iR € ‘¢ i é
!
1
T S v
Jat
Zero Phase Current in Laggqing Phase Current i Leading Phase

Fig. 3.—Veetor representation of a-c circuits.

ALTERNATING-CURRENT CIRCUITS

22. Impedance. The resistance to the flow of an eleetric current
having the value i = /o sin wl depends on the circuit element through
which the eurrent is passing. In a pure resistance the potential fall
would be By = IR sin wf, which is seen to be in phase with the current
passing through it. In an inductance the potential fall would be

di

E, = Im = wlLlg c0s wl = ijIo sin wl = iji

and thercfore leads the current by a phase angle of 90 deg.  In a capaei-
tance the potential fall would be

E; = (—], dt = —U{;, cos wl = ~‘il(3 sin wl
i
w(’
7

jwC
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and is_therefore led by the current by a phase angle of 90 deg. Th
potential fall through all three clements taken together is equal to

. I \.
E = (R + jwl. +anC")Z

The coefficient of ¢ is termed the smpedance of the circuit. It is written
in general, as

. 1 . 1
Z—R+]w14+wa=R+](wL—wC)

where R is the total series resistance of the cireuit, L is the total seric:
induetance, and C is the cffective series capacitance. The term involv
ing j is of special importance, for it is this term which gives to the eurren
its leading or lagging characteristics depending on whether L is smalle
or larger than 1/wC. This quantity is known as the eireuit reactance

(c)
Fia. 4.—Reactance and impedance of parallel circuit.

and is designated by the letter X. The impedance may be written,
therefore,
z=R4+jY
Occeasionally the ahsolute value of the circuit impedance is required.
It is then written in the following form
z = Zcié
where Z = \/R*+ X2

¢ = are tan R
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n this expression Z represents the absolute value of the impedance, z
he complex value, and ¢ the phase angle.

The impedanee of a single circuit will be given to illustrate the method
£ obtaining this quantity for any ecircuit. For a parallel combination
f circuit elements, such as illustrated in Fig. 4a, it would be obtained
s follows:

_ ] _ ijJ
£ [~ 1-wlC

1750C T Fal,

‘his equation shows that when o? = 1/LC the impedance is infinite.
t may be represented graphically as a funetion of w as shown in Fig.
b.  The figure and the equation illustrate the ease of parallel resonance.
‘he case of series resonanee is illustrated in Fig. 4¢, and the equation is

= j(wL — LC)’ which holds for a eircuit having only an inductance L
W

nd capacitance C in series with the c.m.f.  In the series case, the
npedance is zero at resonance; that is, when ? = 1/LC and in the
arallel case the impedance is infinite at resonance.

23. Circuit Parameters. Every clectric circuit, no matter how com-
licated, is made up of a particular combination of inductances, capaci-
inces, and resistances.  These parameters and the manner in which
1ey are combined with one another completely govern the performance
f a eircuit and determine the value of the current at any point of the
reuit at any time for any given value of the impressed e.m.f. or combina-
on of e.m.fs.

Induetanees, capacitances, and resistances may be lumped or distrib-
ted in nature. They are regarded as of the former type if their values
re more or less concentrated at one or a finite number of points in a
rcuit. For example, the inductance of a circuit would be considered
3 limped if a definite number of places in the cireuit is found where
ductance exists, and at all other points a comparative non-existence of
iductance.  On the other hand the inductance of a uniform telephone
ne is considered as distributed since it exists along the entire line and
1y, at no point in the line, he neglected.

24. Circuit Equations. Every circuit may be completely expressed
v a system of simultaneous equations.  Having expressed a particular
reuit in this manner, a solution may be obtained frequently without
ifficulty.  Sinece the equations are of primary importance, methods of
staining themn will be given.

There are two distinet cases.  When a sinusoidal voltage or combina-
on of sinusoidal voltages is impressed on a eirceuit, a.c. flows in every
ranell of the circnit as a consequence of the impressed e.m.f.  This
irrent may he divided into two parts. One part is known as the
ansient current, and the other as the current of the steady state.  The
ansient_current disappears very shortly after the voltage has heen
apressed.  The steady state continues as long as the e.nnf. continues

its initial state of voltage, frequeney, and wave form.  Often only
e steady state is of interest.  Examples of this are to be found in
udies of r-f transformer performance and in studies of eleetrie filters
" the low-pass, high-pass, or hand-pass tvpes and in the studies of the
trious characteristies of different antenna-coupling methods, At other
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times the transient eondition may be of primary interest; as, for examplc
in the study of the fidelity of reproduction with regard to wave form o
an electromagnetie or electrodynamic loud-speaker motor.

If interest eenters only in the steady state the following method i
to be used: Apply Kirchhoff’s second law which states that the sum ¢
all the e.m.fs. around any circuit is zero, writing one equation for eac
braneh of the eircuit, and using as the potential falls the values jwLI fo
each induetance, / /jwL for each capacitance, and IR for each resistancc
If inductances, capacitances, and resistances occur that are commo
to two or more branches, they will be used onee for cach of the commo
branehes paying due regard to the sign of the term.

R,
L
— — AW — v
L | R M R, (& 1, ™ E L"E
~E == ~E L L, ~E Lo
I S L«’i{lcl_.[ '.iucz_ L4 ] & |
Q) (b) «)

Fig. 5.—Circuits illustrating use of Kirchhoff’s laws.

This method may be illustrated by the examples of Fig. 5 and the followin

equations:
For circuit a:
. 1 . 1
E = IR + jwLl +jw—(,' = I[R +J(wL _wC')]
=I(R + jX)
E
I'=% +iX

For circuit b: ;
E = LR 4 jwl.l, +fw_lC1 — jwdI: = L2y — jwMI,

0

IaRe + joLols + 12 — joMIy = Inzs — jwMI,
Jwl2

where z; is the total complex impedance of circuit 1, and z: is the total con
plex impedance of circuit 2.
For circuit c:
E = 11 Rl + ijlll +ijon d jw.”l'_' = ijolg
5z — jwl:(M + Lo}
0 = I:R2 + jwL'2l2 + jwLol: + jwlods — jwMI — jwlol,
= T2y — jwll(.‘l + Lo)

In these equations [ is the maximum value of the sinusoidal current, an
E is the maximum value of the sinusoidal e.m.f. These equations may |}
solved for any of the currents by the method of simultaneous equation

In the transient values of the various currents, Kirchhoff’s second law ma
be used as before, but instead of using the values of potential fall as give
in the preceding equations, use the instantaneous values. The equation fc
circuit a of Vig. 5 is then written

g dy 1{.
e =1R + L(It + ?,fuil
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de ld*i i

dt — Ud? C
here ¢ and ¢ are the ins}anpaneous values of the impressed e.m.f. and cur-
nt respectively. For circuit b,

. di, T f. dis
4 1,1]\’1 + Ll-dT + lehdt -V dl’
. dia 1 . diy
i2R: + l“m +- E‘J“(” -\ 7t
o obtain the transient solution, ¢ and de/dt are replaced by zero and the

juation solved by the methods used for linear, homogeneous equations of
e first degree.

di
+ R(Lt +

0

26. General Characteristics of A-c Circuits. The general equations
plied to a number of the more important radio circuits yield the
llowing results.

Current Flow in an Inductive Circuit:

Rt
E [
y = ° = L
7 R( 1 € )
here E is the constant impressed e.m.f.
Time Constant of an Inductive Circuit: The time required for a eurrent to

e to (1 - % or to about 63 per cent of its final value. This time is equal

L/R.
Current Flow in a Capacitative Circuil:

[3
. E_—4,
i=ge R
1ere E is the constant impressed e.m.f.
Time Constant of a Capacitative Circuit. The time required for the current
fall from its initial value to 1/e or about 0.37 of this value. This time is
ual to RC.
Current Flow in an Inductive-capacitative (‘ircuit:

Rt

- _ Ee57 o py 4L

= wLe 2L gin wt. if R? < c
Rt

. _E ~SL . _ 4L

T = wzé < Lif R = c

1ere w is 2r times the natural frequeney of the circuit which is given by the
uation

1 _[1 Rt
f =2 Nre ~az
Logarithmic Decrement. Ratio of successive maxima of the current in an
cillatory discharge is equal to
RT R
€2L = e2Lf

rere B/2Lf is called the log. dec. of the circuit, T is the natural period, and
he natural frequeney of the circuit.
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Currents in Two Circuits Coupled by a Mutual Fmpedance, M, when
Sinusoidal E.M.F., E, Exists in Circuit 1:

E
h=—on
21 +——
22
I, = JwMIi JoMFE
1T T T Zizz + w22

where z: and z: are the complex impedances of circuits 1 and 2 respective
Efective Reactance of One Circuit Coupled to a Second (‘ircuil:
w2M 2
Z32
where X; and X: are the actual reactances of circuits 1 and 2 respective
and Z. is the absolute value of the complex impedance of cireuit 2.
Efective Resistance of One Circuit Coupled to a Second Circuit:
w22
Z»?
where K1 and K: are the actual resistances of circuits 1 and 2 respective
Efective Total Impedance of One Circuit Coupled to a Second Circuit:

X' =X X2

R =R + R,

. e . w23
=2 +T =R+ X1 + R: + X,
w22 . w22,
= R + VA R2+];X1—'TQ2—A2$

Partial Resonance Relation Obtained When Only the Reactance of Circw
Is Variable:!
w2
Z 52
Partial Resonance Relation Obtained when only the Reactance of Circus
Is Variable:!

X1 = X2

> w’;\l”
X2 = 'Z—lz‘Xl
Total Optimum Resonance Relation when the Reactance of Both Circ
1 and 2 Are Variahle:}
Case I: If w?M? < R\R,
Resonance relation X1 = 0and X2 =0
Case FI: If w2M? > Ri1R:
. R:  wrM? X,
Resonance relation ® 7 T X,
Case H1: If w2M2 = Rilt:
Resonance relation X1 =0, X2 =0

R: _ w22
BT Z2

Total Sccondary Current at Total Optimum Resonance Relation, the E.}
E, Being Impressed in Circuit 1.

Case I: 1f w2M? < RiRR:
_ wME
T RiK: 4+ w22

1 Pience, G. W., Electric Oscillations and Electric Waves, Chap. X1.

I,
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Cases 11 and 111: 1f w2M? > I:iR:
K
I, =

" 2\/RiR:

fr)r[(-,uscs 11 and II1 is seen to be greater than for case I and is independent
wd

MAGNETIC CIRCUITS

26. The Fundamental Quantities of Magnetic Circuits. The first
ndamental quantity is the magnetic flux or induction. The unit of
ix is known as the mazwell and is defined by the statement that from a
\it magnetie pole, 47 maxwells, or lines of foree, radiate.
The sccond fundamental quantity is the reluctance. It is analogous
the resistance of electric circuits, as the flux is analogous to the current.
1e unit of reluctance is the oersted and is defined as the reluctance
fered by 1 em cube of air.
The third fundamental quantity is the magnetomotive force (m.m.f.).
is analogous to the ean.f. of clectrical circuits.  The unit of m.mn.f. is
e gilbert and is defined as the m.m.f. required to foree a flux of 1 maxwell
rough a reluctance of 1 oersted. Thus the fundamental equation in
aich these three quantities are related to one another is:

M = ¢R
Other important quantities of magnetic currents may be defined as
llows: the magnetic field strength is represented by the quantity I and is
al to the number of maxwells per unit of area when the medium
rough which the flux is passing is air.  This unit is known as the gauss
the unit of area is the square centimeter.
In any mediuin other than air the lines of force are known as lines of
duction and the symhol B is used instead of I to represent them. In
r the induction B and the field strength I7 are equal to one another, but
other mediums this is not true.
The permeability p is the ratio between the magnetic induction B and
e field strength 71, In air this ratio is unity. In paramagnretic mate-
1ls the permeability is greater than unity, in ferromagnetic materials
may have a value of several thousand, and in diamagnetic materials it
1s a value of less than unity.
The intensity of magnetization [ is the magnetic moment per unit
slume or the pole strength per unit area. The unit of magnetic pole
rength is a magnetic pole of such a value that when placed 1 em from a
e pole, a foree of repulsion of 1 dyne will exist between them.  The
agnetic pole strength per unit area of any pole is measured in terms of
iis unit.  The magnetic moment of a magnet is the produet of the pole
rength and the distance between the poles.
The susceptibility K of a material is equal to the ratio of the magnetiza-
on I produced in the material to the field strength /I producing it.  All
" these quantities are conneeted by the following equations

B = pll
I = KII
B =4xl 4 1
w=4rK + 1

Magnetization curves are of great importance in the design of magnetic
ruetures and should be immediately available for all materials with
hich one intends to work. These curves may give cither the values of
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B as a funetion of H for the material, or the values of / as a function

IF. A typical B-If curve is shown in Fig. 6. The ratio of the coordinat

of a B-1f curve gives the v

,[3 uc of ufor the material at t

partieular value of 7/ chose

The ratio of the coordinat

in an [-H curve similar

gives the value of the su
ceptibility K.

Magnetic saturation is
phenomenon oceurring .
large values of I/ when tl
induction B incrcases at
much lower rate with i
erease of // than is the ea
for small values of H.

The retentivity of a su
stance is the valucof Bin ti

F16. 6.—Typical B-II curve, material when the field /7

reduced to zero after havir

first been raised to ahove its saturation value. It is given by the point
of the B-II curve of Fig. 6.

The coercivity of a material is the minimum negative value of
required to just reduce the induction to zero after the field strength
has first been raised to a positive value sufficiently large to saturate tl
material, It is given by the point C of the B-II curve of Fig. 6.

27. Magnetic Properties of Iron and Steel.

A - - s Maximum 4xI at
Material Coercivity Retentivity permeability | saturatior
Electrolyticiron............ | 2.83 11,400 1,850 21,620
Annealed................ 0.36 10, 800 , 14,400 | 21,8630
Annealed electrical iron in |
sheets................... l 1.30 9,400 3.270 20,500
Cast steel....... . . 1.51 I 10,600 I 3.550 21,420
Annealed...... . 0.37 11,000 14,800 21,420
Steel hardened. .. .. 52.4 7.500 110 18,000
Castiron......... 11.4 5,100 | 240 16.400
Annealed. . . . 4.6 5,350 600 16,800
Tungsten magnet steel. 64.0 9,600 105 13.600
Chrome magnet steel . . L. 64.0 9,000 ‘ 94 I 12,800
Cobalt steel (15 per cent) .. 192.0 l 8,000

28. Electromagnetic Structures. In this type of structure the ma,
netic material is usually very soft; its coercivity is very low; and as
consequence the m.m.f. must be supplied by a eontinuous electric eurren
The m.m.f., M, due to an cleetric eurrent, is given by the equatic
M = 0.4xNI, where [ is the current in amperes, and N is the number «
turns on the electromagnet.

By our most fundamental relation for magnetie circuits

M o= oR
047Nl = R¢
NI = e

0.47
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The design of a magnetie structure is usually begun by a consideration
the flux requirements in a particular air gap. The size and shape of
e air gap are generally given, and the flux density desired in the air
p is known. From these data one can compute R and ¢. For the
antity ¢, ¢ = B.1, where A is the area of the air gap and B is the flux
nsity desired. This equation assumes no leakage flux, and since this
a condition never realized in practice and from which there may be a
¢ from negligible departure, one must add to the value of ¢ given by
is equation a correction the value of which is dictated by experience.
w the quantity R, R = L/A, where L is the length of the air gap and
is the arca. This equation neglects the reluctance of the magnet
elf and of all other iron parts of the magnetic ecircuit. Sinee all
uctances but that residing in the air gap are very small in eoniparison,
is procedure is usually justified, although there are cases in which
ditional reluctance must be taken into account. In sueh ecases the
uctance of the other parts of the eircuit is computed in the same manner
that of the air gap, cxcept that an estimate of the permeability of
e part in the eireuit in question must he made and its equivalent air-gap
uctance computed by dividing by this permeability.  Finally,

lis equation then eompletely determines the value of the ampere-
tns NI from the original data. This is the important quantity in the
sign of the electromagnet. The separate values of N and 7 are unde-
‘mined by this equation, other considerations such as the nature of
2 eurrent supply, the size of the coil, the heat dissipation that can be
rmitted and the cost being of paramount importance.

29. Permanent-magnet Type of Magnetic Structure.! One begins
3 consideration of this type of structure with the dimensions of the
- gap and the flux density in the air gap as fixed quantities. As a
st choice select the material of the magnet and its desired length and
»ss section.  These choices are based principally on considerations of
st, on the amount of available space, and, to a large extent, on previous
serience. Calculate the quantity tan 8 in the equation

AmLa
11:11Jm

tan 8 =

ere Am and A, arc the cross-sectional areas of the magnct and the air
9, and L and L, the lengths of the magnet and air gap, respectively.
is value of tan 6 defines the quantity 8 shown above and therefore gives
: magnetic flux density B in the magnet. In this way various values
tan 6 and @ should be obtained by selecting various values of A,
1 L. keeping, however, the product A,L, and thus the quantity of
> magnet material constant. A certain value of A, and L, will be
ind to yicld a maximum value of BAn, the total flux delivered by the
gnet. This particular value of A, and L,, gives the most economical
gnet yielding the total flux BA, to the air gap. The flux density
the air gap is then Bd,,/A..

Radio Broadcast, March, 1930, p. 265. ’
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If this flux density is less than desired, a larger magnet or a magnet
different material is required. If it is too large, a smaller magnet m:
be used. Again there is neglected leakage flux, a by no means negligil
quantity. However, these equations constitute only a guide, and
will be necessary to depend upon experience with magnetic cireui
when taking into account factors negleeted in the use of these equatior

RADIATION

30. Nature of Radiation. Electromagnetic energy may arise fro
continuously varying electronic currents in a conduetor, displaceme
currents, or_oscillating dipoles. In order that this energy may
appreciable it is necessary that the system of conductors be of such
form that the electromagnetic field will not be eonfined in any way a
that the frequency of oscillation of the current or charges be high. T
various forms of antennas and the employment of radio frequenci
satisfy these requirements.

The nature of radiation may be understood only after a comple
examination of Maxwell's equations and the various transformatio
of the wave equation. Any attempt to give a simple yet aceurate pictu
of the phenomenon of radiation must be fruitless, though such pietur
may aid in an understanding of the subject. Such deseriptions m:
be found in any text on radio.  An exact analysis of Maxwell’s equatio
shows that whenever an electrie wave ntoves through space an associat
magnetic wave having its vectors at right angles to that of the eleets
wave must accompany it. DBoth veetors, furthermore, are at rig
angles to the direction of propagation. This analysis also shows th
an eleetromagnetie field due to an oscillating dipole or to an oscillati:
current in a conduetor has two components.  One of these varies inverse
as the first power of the distance from the source and is, furthermo
directly proportional to the frequency, and the other varies inverse
as the second power of the distance. The former is known as t
radiation field and the latter as the induction field. Though ind
tinguishable physically, the induction and radiation fields have a separa
mathematical existence accounting completely for the phenomenon
energy radiation. The energy of the induetion field returns to the co
duetor with the completion of each eyele. Its existence is confined,
one might expeet, to the neighborhood of the conductor, whereas t
radiation field may be thought of as a detached field traveling outwa
into space with the velocity of light and varying much more slowly
intensity with distance from the conductor than the other.

31. Vertical Antenna. The most simple form of antenna is the vertic
wire. The electromagnetic radiation field depends on the strength
the current in the wire, and as a consequence its intensity is increas
. if the current throughmlt the vertical wire is uniform. Tt is for ti
reason that a counterpoise is usually attached to the lower end of t
antenna and a horizontal aerial to the upper end. The capacity
the counterpoise and aerial may be made so high that the eurrent throug
out the vertical portion of the wire is practically uniform.

Under these conditions the magnetic field at any distant point is given
the equation

whlo !
H = —10a ©°° w(l - E) gauss
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2nf

frequency of oscillation

maximum value of the current in the antenna

veloeity of light in eentimeters per second in vacuum
distanee from the source in centimeters

height of antenna or length of vertieal wire in centimetoers

300wh 1 i
E = —- l()cll 2 cos w(t — c) volts

hese equations! are derived by considering the antenna as an oscillating
ertzian doublet of separation h. The eflective values of the magnetic and
actric fields are

here w

> S
[ T T T

whl. 2rhie
o= =100 = ~10M
g _B800whl, - 600ThI,
T T 1wd T T 10N

here [, is the effective value of the antenna current, and A is the wave length
the electromagnetic wave.
32. Loop Antenna. The field due to a loop antenna is given by the

|uations
4chls | wn
S T VAR
. 1,200mhi. , =ws
E, = — OV

here s is the distance of separation of the vertical portions of the loop in
ntimeters.

33. Coil Antenna. For a coil of .V turns having negligible capacity
tween turns at the frequency considered so that the current in all turns
substantially the same, the ficld is given by the equations

4rNhl, . ws

H, = ———"sin —

10Al A
1,2002Nh1, sin ™S
ITVAREEGEY
34. The fundamental and harmonic frequencies of oscillation in an
itenna may be caleulated in many ecases. If the inductanee and
pacity of the vertical wire of the antenne are neglected, the low frequeney
pacity and inductance are given by the equations?

E, =

C =1IC;
l
L=:—;L|

here C; and L; are the eapacity and inductance per unit length of eon-
wtor, and ! is the length of conductor. These equations may be
leulated by means of aceurate formulas which are available.?

Then the low-frequency reactance of the antenna is
. wlL; {
Xe="3" —a
! BERG, * Electrical Engineering,” Advanced Course, pp. 278 f.; MorEcrorT, * Princi-
28 of Radio Communication,” p. 706

2 Bur. Standards Cire. 74, pp. 72 f.
3 Bur. Standards ('irc. 74, pp. 237-243.
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The high-frequency reactance of the antenna is given by the equati
Xy = — /]" cot wl\/L.C;
*T 7N VLS
The reactance of the antenna becomes zero when

Wil = ng(n = 1,3,5 « + + )

that is, when
w n

2r ~ 4N/ Cil:

The reactance becomes infinite when

f =

wiv/CLi = m;(m =0,2.4-..)

that is, when
w m

> R TN

If the induetance of the vertical wire is to be considered, or if a series ind!
tance is used with the antenna

X =wl, — VZ" cot wl\/Cil;

where L. is the total inductance of the vertical wire and any eails in ser
with the antenna.

The harmonic frequencies of the antenna at which the reactance is z:
do not differ by multiples of = as before. The natural frequeney of oscil
tion is given, however, quite generally by the equation

wl, — \/l(‘v‘ cot wl\/Cili =0

cot wly/Cils _ L
w/Cil; Li

36. Antenna Resistance. The resistance of an antenna may be divic
into three parts in which the power dissipation is of the following kin

1. Radiation.
2. Joule heat.
3. Dielectric absorption.

The power radiated depends on the form of the antenna. T s prop
tional to the square of the frequeney of oscillation and to the square
the eurrent flowing in the antenna.  Due to the latter consid>ration «
may write P = A2, where A is a constant factor depending on the fo
of the antenna and the frequency. It may be called the radiat
resistance. For a given antenna the radiation resistance varies invers
as the squarc of the wave length. The ohmie resistance to whieh
joule heat is due is approximafcly constant, the skin effect and ot
factors being eomparatively small. The resistance due to dieleer
absorption is directly proportional to the wave length.  When these th
components of resistance are added to obtain the total resistance, «
finds that for every antenna there is a wave length for which the tc
resistance is a minimum.
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36. Energy in the Field. The energy of an clectromagnetic field at
ny point is given by the equation!

U = LB + uhit)
8r
there E is in clectrostatic units instead of volts as in the previous equa-

lons, ¢ is the dielectric constant, and x the permeability of the medium.
n free space

U= L& + 1
8

s

3ut, in general,

H =
m
= S e
U—47rE 47l_II
—Ez—afinfrocs ace
& T & Sl

The enecrgy flux through 1 sq em of surface, perpendicular to the
irection of propagation, is given by the equation

_U_CU_C./: z_cv-z
S =0 = \/;; _T\;;Ee —4 _611'
LfE2= S

4E¢ 41121
=CEF2:_ Sy 2
SE,,. 8”'"5

‘here E. and H, represent effective values, and E,, and H,, the maximum
alues of the electric and magnetic fields respectively. Therefore, for
he effective values of the electric and magnetic ficlds due to a vertical
‘ire antenna,

in free space.

E. = _gl%llt e.s.u.
2rhl,
TTI0M
_ ¢ (2xhI\?®  cmh?l?
T 4r\10N/ T 102
'hen the total radiation from a vertical antenna, assuming that H has
s maximum value in the equatorial plane of the antenna and that its

ariation in a vertical plane at a distance ! from the antenna follows a
ne law, is given by the expression

2y 2
2rl? %’%\i—;z) ergs per second

H, =

60mr2h2] 2
)\2
' Jeans, J. H., *“ Mathematical Theory of Electricity and Magnetism,” p. 518.

watts



SECTION 3

RESISTANCE

By Jesse MArsTEN, B.S.!

1. General Concepts. In any electrical conductor or system in whic
there is a flow of current there is a certain amount of energy continuall
being lost or converted into forms not readily available for use.  As f:
as is known at present this dissipation of energy may take one of tw
forms: there may be an evolution of heat, and there may be radiatic
of energy into space. Such energy dissipation is attributed to a propert
of electric conduetors or systems termed resistance.

When dealing with continuous currents, the resistance of a conduet
or network, R, is adequately defined by Ohm's law,

E = iR ¢

where E is the voltage drop across the conductor or network and ¢
the current through it. This assumes no back e.m.f. due to polarizatic
orother causes.  In this ease the dissipation of energy takes place entire’
in the form of heat generation, and the rate at which electrieal energ
is thus converted into heat is given by Joule's law,

P =R ¢

where P is the power or rate at which electrical energy is being dissipate
in the form of heat, 7 is the continuous current in the circuit, and R ti
resistance of the cireuit.

Ohm'’s law is insufficient to define resistance in a-c circuits. It
found experimentally that the rate at which heat is evolved in a circu
exceeds that which would be necessitated by the resistance of the circu
as determined by Ohm’s law. This is due to the fact that the cleetn
magnetie and electrostatic fields around the eircuit vary with time ar
introduce effects whicli increase the losses in the circuit. An.ong the:
effects may be enumerated the following major ones:

1. Eddy-current losses in conductors and other masses of metals in and ne.
the circuit.

2. Hysteresis losses in magnetic materials.

3. Dielectric losses in the insulating mediums.

4. Absorption of energy by neighhoring conductors or circuits by inductio

5. Radiation of electromagnetic energy into space.

6. Skin Effect. Increase of conductor resistance due to non-unifor
current density.

! Member, Institute of Radio Engineers; associate member, American Institute
Electrical Engineers, chief engineer, International Resistance Company.

40



Sec. 8) RESISTANCE 41

All these effects result in an increase in energy loss in the ecirenit over
and above that given by Ohm’s law. Tt therefore hecomes necessary to
introduce the coneept of a-c resistance or effective resistance, which is
efined by the more general joulean relationship,

P = 2R effective )

vhere P is the power loss in the cireuit due to all eauses and i is the effec-
iive current in the eircuit.  Ohm’s law for eontinuous currents follows
lircetly from this more general definition.

2. Units of Resistance. The practical unit of resistance is the ohm
wnd is defined by Ohm’s law when the voltage and current are unity in
‘he practical svstem. It has, however, been arbitrarily defined as the
esistance at 0°C. of a column of mereury having a uniform cross seetion,
v height of 106.3 em, and weighing 14.4521 g.  Owing to the inereasing
1s¢ of resistors having resistances of the order of millions of ohms, the
negohm unit is employed. The megohm is equal to 106 ohms.

3. Specific Resistance. It is found experimentally that the resistanee
of an electrie eonduetor is directly proportional to its length and inversely
o its cross section: )

R = Pfl )
Che proportionality factor p is called the specific resistance of the con-
luetor and is a function of the material of the conductor.

From this definition of specifie resistance it is apparent that any
wmber of units may be derived for specifie resistance, depending upon
he units chosen for L and 4. The unit generally employed in practieal
ngineering is the ohms per circular mil fool, and is the resistance of a

ft. length of the conductor having a scction of 1 cir. mil (diameter

mil for a circular conductor).

4. Volume Resistivity. If, in the above definition, I and A are both
nity, in the same system of units, then p is the resistance of a unit cube
f the material and may be defined as the volume resistivaty of the material,
t should be noted that volume resistivity is not the resistanee of any
nit. volume of the material but is specifieally the resistance of unit
olume measured aeross faces whose arcas are each unity.

With a knowledge of the dimensions of a conductor and its speeific
ssistance the resistance of the econductor to d.c. may he computed from
. (4). Consistent units must be employed. The resistance thus
omputed will he corrcet at the temperature for which the speeific
ssistanee applies. To obtain the resistance of the conductor at any
ther temperature a correction will have to be applied.

6. Temperature Coefficient. The resistanee of a conduetor is a
metion not only of the material and dimensions of the eonduetor but
Iso of its temperature. Within the temperature limits generally
neountered in praetice the change in resistance due to temperature vari-
tion is directly proportional to the change in temperature:

Rn_, = Rll[] + alts — )] (5)

R,1 and R, are the conductor resistances at temperature ¢ and ¢,
ispectively.
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The proportionality factor « is defined as the temperature coefficient ¢
resistance of the material and is the change in resistance of any materi:
per ohm per degree rise in temperature.

All conduetors do not react alike to changes in temperature. Metals
for example, have a positive temperature coefficient. Some alloy:
such as manganin and constantan, have practically zero temperatur
coefficient and are therefore used primarily for resistanee standards,

A knowledge of the temperature coefficient of conductor material
cnables one at times to make more aceurate determinations of temn
perature change than is possible by thermometer measurements, especiall
In cases where parts to be measured are not readily accessible.  Resist
ance determinations of the conductor are made at both temperaturce
and the temperature change computed from Eq. (5).

6. Properties of Materials as Conductors.

vy Teniperature
. r:spi:ggf- 5 coeflicient per
Material o °C. between 20
at 0°C., ohms to 100°C.. ohm
per cir. mil ft. o rer ‘;‘C(.) d
I |
Silver............ ... ..., R . | 9.75 0.004
Copper.. .. e R 10.55 0.004
Aluminum. ......... . ... . . ... ... 17.3 0.0039
Nickel (pure)...... B o 58.0 0.0041
Iron {(pure)............ ... ........... . 61.1 0.0062
Phosphor bronze... ... . . .. S 70.0 0004
Tead. .o v . 114.7 0.0041
Nickel silver, 18 per cent ((ierman silver)...... .. .. 180 to 190 (}.00027
Manganin {(copper, 82 per cent; manganese, 14 per
cent; nickel, 4 percent).......... ... .. ... 290 0 .00002
Constantan (Advance, Cupron, ldeal, l1a-1a) (copper,
55 per cent; nickel, 45 percent)................. | 294 .00002
Nichrome (nickel, 60 per cent; chromium, 15 per
cent; iron, balanee)........ ... ... ... oL l 650 to 675 |0.0001 to 0.0001
|

7. Resistors in Series and Parallel. Simple and complex networks ¢
resistors may be represented by an equivalent resistor which may b
expressed in terms of the individual resistances making up the network

(5]
AAAMANA,—
R
49 amanann——4
.i-e ey P
ir...’A T..val .J.‘l L 4
T R, R, R;
| S E ~
Fra., 1.—Simple series Fia. 2.——Parallel  c¢ir
cireuit. cuit.

The equivalent resistance of a number of resistors connected in serie
is equal to the sum of the individual resistances.  Referring to Fig. 1:
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= iRoquiv. =1 + €24+ - -+ +ea=Ri+Rii+ - - - + Rai =
i(Ri+ R+ -+ - + Ra)
Roquiv. = (Rl +R2+ o +Rn)

Requiv. = iR
1

The reciprocal of the equivalent resistance of a number of resistors
nnected in parallel is equal to the sum of the reeiprocals of the indi-
dual resistances.  Referring to Fig. 2:

L . E | E L E
1_1,+12+...+1,;_E1+_R2+. _+__'l
i 1 1 1 1
__R_MI__IE.{_.IE_F..._{_R_"

RESISTANCE AS FUNCTION OF FREQUENCY

8. Skin Effect. It may be shown that the resistance of a conductor
a minimum when the current density #s uniformly distributed over the
‘oss section of the conductor. This condition obtains for d.c. The
sistance increases for non-uniform distribution of current density over
1e cross section of the conductor. This latter condition obtains in
nductors earrving a.c.  This is a result of the distribution of magnetic-
ux lines, outside and inside the conductor. If the conductor is assumed
y be made up of a munber of conductirg elements in parallel, then the
iterior elements, being surrounded by more flux lines than the exterior,
ill have greater reactance and, therefore, the current in the interior
ements will be less than that in the exterior clements.  As a result the
wrrent crowds toward the surface of the conductor, giving a non-
niform current density. This imperfect penetration of current in a
mduetor, resulting in an increase in resistance, is termed skin effect.
Skin effect in a conductor is a function of the following factors:

’\/if (6)

here t = thickness of the conductor
f = frequency of current
r = permeability of the conductor
p = specific resistance of the conductor.

It is possible to compute aceurately the h-f resistance of simple round
vlindrical eonductors from involved functions of the ahove factor. To
wilitate these computations tables have been prepared from  which
1¢ ratio of h-f resistance Ry to d-¢ resistance Ro may be quickly deter-
ined.  From this factor and the easily measured d-¢ resistance the h-f
sistance may be computed.
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The table below gives the values of R;/R, for different valbies of t}

r =md \/2“1
P

where d is the diameter of the wire in eentimeters, z may be computed f
any particular case, and Ry may be measured at d.c. or ompute
Knowing z and R, R; may be determined.

factor

9. Ratio of H-f Resistance to the D-c Resistance for Differant Valu«

of x = md\/2uf/p.

z R/ Ro
0 | 1.0000
0.5 1.0003
0.6 1.0007
0.7 1.0012
08 1.0021
0.9 1.0034
1.0 1.005
11 1.008
1.2 1.011
1.3 1.015
1.4 1.020
1.5 1.026
1.6 1.033
1.7 1.042
1.8 1,032
1.9 1.064
2.0 1.078
2.2 1.111
2.4 1,152
2.6 1.201
2.8 1.256
3.0 1.318
3.2 1.385
34 1.456
3.6 1.529
3.8 1.603
4.0 1.678
4.2 1.752
4.4 1.826
4.6 1.809
4.8 1.071
5.0 2.043

x | Ry/Ro ‘,| z Rys/FRo
& 2.114 14.0 5.209
5.4 2.184 14.5 5.386
5.6 2.254 15.0 5.562
5.8 2.324
6.0 2.394 16.0 5.915
6.2 2.463 17.0 6.268
18.0 6.621
6.4 2.533 19.0 6.074
6.6 2.603 20.0 7.328
6.8 2.673
7.0 2.743 .0 7.681
7.2 2813 | 0 8 034
7.4 2.884 .0 8.387
| 0 8. 741
7.6 2.954 5.0 9.094
7.8 3.024 ,
8.0 3.004 | 26.0 9.447
8.2 3.165 | 28.0 10.15
8.4 3.235 30.0 10.86
32.0 11.57
8.6 3.306 I 34.0 12.27
8.8 3.376
9.0 3.446 36.0 12 .98
9.2 3.517 | 38.0 13.69
9.4 3.587 40.0 14.40
42.0 15.10
9.6 3.658 44.0 15.81
9.8 3.728
10.0 | 3.799 46.0 16.52
10.5 3.975 48.0 17 .22
11.0 4.151 50.0 17.93
60.0 21.47
11.5 4.327 70.0 25.00
12.0 | 4.504
12.5 4.680 | 80.0 28.54
13.0 4. 856 90.0 32.07
13.5 | 5H.033 100.0 35.61

It is frequently useful to know the largest diameter of wire of differen
materials which will give a ratio of I,/R, of 1.01 for different frequencies
For a ratio of R;/R¢ equal to 1.001, the diameters given below shoul
be multiplied by 0.55; and for R;/R, equal to 1.1, the diameters should h

multiplied by 1.78,

[World Radio History]
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Fach of these groups may be further classified on the basis of the natur
of the conducting material of the resistor, as:

1. Wire wound.
2. Composition (employing earbon).

13. Fixed Wire-wound Resistors. As commonly employed, thes
are wound on strips of fiber or bakelite, and on ceramic forms. Th
former are used where the power-dissipation requirements are generall;
negligible, for example, as eenter-tapped resistors aeross vacuum-tub
filaments for hum balaneing. Resistors wound on eeramie formns ar
generally used where the power requirements exceed 2 or 3 watts.  Suel
resistors are made with a protective eoat of enamel or cement baked ove
the winding, thus affording a measure of protection against mechaniea
injury and penetration of moisture. The characteristics of the wire
wound resistor are those of the particular wire employed and generall;
show a negligible or slight temperature coefficient and no voltage coeffi
eient, that is, the resistance is independent of the applied voltage.

14. Variable Wire-wound Resistors. These are usually of the con
tinuously variable type, made by winding resistance wire on a fla
strip of fiber, bakelite, or other insulating material. This strip may b
formed into an arc and placed in a protecting container. A metalli
sliding arm is arranged to travel over the winding, thus making contac
with each turn as it is rotated. The choice of wire and size is determines
by the range and space requirements.

In general, wire-wound continuously variable resistors are wound s
that the resistance changes uniformly with the motion of the slidin
contact. For eertain uses, as, for example, antenna-type volume con
trols, it is desirable that the resistance change be non-uniform. I
this case the form on which the wire is wound 1s sometimes tapered s
that the resistance per degree rotation is not constant. Other methods ¢
tapering employed are winding with variable piteh, winding sections ¢
the control with different sizes of wire, and copper plating start an
finish of the winding.

Some of the factors to be considered in design are:

1. Contact between slider and resistor element should be positive.
2. Winding should not become loose on the form.

3. Sliding contact should not wear away resistance wire.

4. Resistance change per turn should be as small as possible.

5. Slider material should be such that it will not oxidize.

16. Composition-type (Radio) Resistors. The term composition-ty;.
resistor is employed to cover that group of resistors in which a conductc
is mixed with binder in definite proportions and suitably treated t
produce a resistor material. This type of resistor has attained a wid
popularity because of the following advantages: (1) Flexibility in range—
it may be made in any value up to several megohms; (2) compaetness—
its physical dimensions are small for any range; they may be made i
sizes down to 3{¢ by 14 in. or smaller.

Numerous types of these resistors have been produced, but they tak
two general forms:

1. Solid-body Resistor. In this type the resistor material is extrudec
pressed or molded into its final physical form, which generally is a solid roc
after which it may be subjected to some form of heat treatment. Th
so-called carbon resistors are examples of this type.
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2. Filament-coated Restistors.
n the surface of a continuous glass filament or other form.
he glass filament this is completely enclosed in an insulating tube.
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In this type a conducting coat is baked

In the case of
The

o-called metallized-filament resistors are examples of this type.

16. Characteristics of Composition-type Resistors.

Composition-

ype (eommercially known as radio) resistors possess propertics differing
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—Load characteristic of 100,000 ohm-1.0 wutt resistors.

he manner in which the resistance varies \vlth volt.u:e (heating effeet due to
>ad not present or corrected for) are shown in Figs. 3a and b.

b. Load Characteristics.

The characteristics shown in Fig. 4 show how the

esistance varies with load, the load being applied for about fifteen minutes
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to permit steady state to be reached. No specific trend is present, soi
types showing a negative change, some a positive one, and others chan
from a negative to a positive coefficient.

c. Humidity Characteristics. The effect of humidity in general is to cat
a rise of resistance. This effect may sometimes be reduced by suital
treatment.

d. Noise. These types of resistors all show, in varying degree, the preser
of microphonic noise. The degree of noise is a function of the load.

17. Variable Carbon-type Resistors. In numecrous radio applicatio
high variable resistors are required, for cexample, for controlling t
sensitivity of a receiver by varying the C-bias on the r-f tubes a varial
resistor up to 50,000 ohms maximum is commonly employed. F
adjusting the audio-signal level in automatie volume-control sets
variable resistor up to 0.5 megohm is not uncommon. From the poi
of view of cost, wire-wound resistors of this order of magnitude a
prohibitive. Furthermore it is desirable to have a non-uniform rate
change of resistance with respect to angular rotation, which is ve
difficult to sceure with wire-wound resistors.  Carbon or graphitic typ
of variable resistors which are capable of heing made to meet the
requirements at reasonable eost are thercfore widely used. S
resistors generally consist of a resistive solution applied to some fl
form, such as paper or ceramie, and baked on. A rotating slider or son
other form of contact travels over this resistive element producing
continuous variation of resistance. Since the resistor is essential
painted on the form, its geometrical form may he varied by desig
Also different coneentrations of the resistor ink or paint may be employ«
at different positions of the resistor element. By the usc of these tw
expedients the resistor may be designed to give any variation of resistan,
desired.

18. Rating Wire-wound Resistors. In view of the low temperatu
coefficient of the resistance wires generally emploved in radio wire-wour
resistors, the resistance change with loads normally encountered is sma
The rating is, therefore, primarily determined by the power the resist
can dissipate contimuously for an unlimited time without excessive ten
perature rise or deterioration of the resistor.  Some manufacturers ra
resistors on the basis of the power that will produce a temperature rise
250°C. in an ambient, temperature of 40°C., when the resistor is mounte
in free air,  Such perfect ventilation conditions are seldom encounteres
As a result, it is generally recommended that such resistors be used ;
one-fourth to one-half the nominal rating, which results in a temperatuw
rise of 100°C. to 150°C. In practice even these temperature rises ma
be excessive owing to such factors as poor ventilation, proximity «
resistors to parts which may not bhe subjeeted to elevated temperature
and Fire Underwriter’s approval. The specific application therefo
limits the practical use of a resistor rather than any nominal rating,.

19. Rating Composition-type Resistors. The rating of compositior
type resistors is & more complicated matter.  The temperature coefficier
of this type of resistor heing larger, it is possible for a resistance change t
become quite appreciable, before a temperature limitation is exeeedee
Furthermore, with the higher ranges, such as 0.25 megohm and over, i
which the power dissipation may be very low, the voltage characteristic
may be a determining factor instead of the load-carrying characteristic
It is therefore customary to rate this type of unit on the basis of the max
mum load it ean earry, or the maximum voltage which can be applied t
it, without exceeding prescribed resistance changes. No definite stanc
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1s have been set as yet, but designs are such that power dissipations of
out 0.5 to 1 watt per square inch of radiating surface are employed.

20. Composition of Resistors. Radio resistors of the earbon and
unent types generally employ a conducting material of high specifie
sistanee mixed with a filler and binder.  The most widely used conduet-
1 material is some form of earbon or graphite. The fillers or hinders
iployed vary with the type of resistor. Examples of these are clay,
bber, and bakelite. The filler and conductor are mixed in various pro-
rtions to obtain resistors with different ranges.  The method of making
» resistor varies also with its type. The solid-body types are generally
her molded or extruded. The filament resistor is made by haking the
sistance material on a glass rod whieh is sealed in a ceramic container.

21. R.M.A. Color Code. The use of resistors has inercased to such an
tent and so many are employed in

-adio sct that it has become desirable 77217778 [ VAT ]
identify cach resistor for range in a 6
ick and simple manner. Such ZEN

mtification simplifies assembly of ¥ 5.—Standard resistor of
ese units in radio sets and helps in R.M.A.

rvicing. A color code has therefore

en adopted by the Radio Manufacturers’ Association as follows:

Ten colors shall be assigned to the figures as shown in the table:

Cable designations indicate the
igure | Color |Color to be equivalent to  €olor shades as shown on tl}e Stan-
dard Color Card of America, 8th

. ed., 1028, issued by the Textile
9 | Black Cable 60113 Color Card Association of the
2 Red Cable 60149 United States.
3 Orange Cable 60041
4 Yellow Cable 60187 The body A of the resistor shall be
8 gl’l":“ g:ll:}: 28}83 colored to represent the first figure of
7 \'iollet Cable 60010 the resistance value. One end B of
8 Gray Cable 60034 the resistor shall be colored to repre-
9 White sent the second figure. A band, or
dot, C, of color, representing the num-

ber of ciphers following the first two
:ures, shall be located within the body color. Two diagrams below illustrate
70 interpretations of this standard, both of which are deemed to be in accord-
wee with the standard.

Examples illustrating the standard are as follows:

Ohms f 4 | B | @
- 10 | I_!rown o Black ] T!la(-k. no ripheré o
200 Rled ‘ Blgck Brown, one cipher

3,000 Or:nge Blg(‘k Red, two ciphers

3,400 ()r;nge l \'eﬁow Red, two ciphers
40,000 Yeiiuw Black QOrange, three ciphers
44,000 \'eﬁow \'eﬁow Orange, three ciphers
43,000 Yeizuw | Orzghge Orange, three ciphers
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22. Test Specifications. Up to the present time there has been
agreement on a standard specification acceptable to all radio mar
facturers. An illustration of specifications sometimes called for is gi
here.

1. Material. The resistance material shall be carbon, graphite, metal,
any other substance which will give resistors which meet the requireme
of the speeifications.

2. Rating Wattage. Unless otherwise specified the ratings of radio re:
tors shall be assumed to carrespond with those in the following table:

T.eads
Over-all . —_ BTN (P P P v
Diameter Length, + %4 in.; diameter, + 0.005 ir
rating watts | (45r<qn), | (Eragin) [ ° " Spacihe, 45 i o
! inches inches Tinned, Copper, l Wire,
inches ' inches inches
0.25 1i{e i3 L, |  0.032 g
0.50 1 1 144 ’ 0.040 11{q
1.00 134 }é 134 0.040 145
2.00 2 74 144 0.040 155

3. Resistance. The resistance of the resistor shall, when measured by
approved method, fall within the limits specified. There shall be no grea
variation than one per cent between the resistance of a resistor obtained
measuring with the current flowing through it in one direction and tl
obtained with the direction of current reversed.

4. Life Test. The permanence of the resistors shall be such that wk
tested as here specified, the permanent change shall not be greater thar
per cent when measured by the bridge method at 77°F. (25°C.). The t
shall consist of intermittent operation at the rated wattage or voltage of 1
resistor, for 1,000 hr., each cycle consisting of a load period of 2 hr. anc
no-load period of 30 min.

5. Humidity, Resistors shall be capable of passing Tests 3 and 4 af
conditioning for 100 hr. in a humidifier operating at 38°C. and a relatj
humidity of 90 per cent. Free moisture shall be removed from the surfs
of the resistor.

6. Finish. The finish shall eonsist of a smooth uniform coating of enar
or lacquer in colors in accordance with the color code specified by the R.M.
standards. The surface shall be reasonably free from stains, blisters, crac
dirt, or other blemishes.

23. Representative Values of Resistors Employed in Radio Se
The range of resistors usually employed in radio sets extends from 1 o}
up to 10 megohms. These resistors are used for various purposes, su
as providing grid bias to radio, audio, and detector tubes; plate couplir
voltage dividers, and filters. Typical values employed for these vario
applications are enumerated below:

1. Detector bias resistors...... ... ... ... .. . 5,000 to 50,000 ohme
2. Power bias resistors....... .. ... .. .. . .. 200 to 3,000 ohms
3. Voltage dividers..... .. ... ... R . 1,000 to 100,000 ohms
4. Plate-coupling resistors................ .. 50,000 to 250,000 ohms
5. Gridleaks............. .. .. ... ... . .. 100,000 to 10 megohms
6. Filter resistors..... ................ ... .. 100 to 100,000 ochms

References
Bur. Standards Circ. 74.
Driver-Harris ComPaNY: Bull. R-28.
Gruey Wire CoMPANY: “‘ Resistance Handbook."
KENNELLY, LAws, and PiErcE: Experimental Research in Skin Effect in Conductc
Trans. AI.E.E., 1915.
MorecrorT: “‘Principles of Radio Communication.”
PenNpER: * Handbook for Electrical Engineers.”



SECTION 4

INDUCTANCE
By Gomer L. Davies, B.S.!

1. Magnetic Flux. The property of eleetrical circuits ealled inductance

:pends upon the magnetic effects associated with a flow of clectrie cur-
mt.  In a magnetic system the magnitude of the force of magnetic
itraction or repulsion is proportional to the product of the strengths
* the poles and inversely proportional to the square of the distance
stween them. A unat magnetic pole is defined as that pole which repels
similar pole at a distance of 1 em with a foree of 1 dyne. The foree
stween two poles acts along the line joining the poles.  Consequently
unit north pole in the vicinity of a magnet is acted upon by two forees:
1e of repulsion, due to the north pole of the magnet; and one of attrac-
on, due to the south pole. The resultant is the total force exerted by
1e magnet upon the unit pole. Thus the magnet is surrounded by a
2ld of force or magnetic field whose direction and magnitude at any point
e defined as the direction and magnitude of the force acting upon a unit
srth pole at that point.

If a unit north pole is allowed to move freely in a magnetic field, it will
wove in the direetion of the ficld at each point and will trace out a path
hich is ealled a line of force.  The total field is considered to be made up
T a large number of sueh lines. In any region of space the total of all
1e lines of force in that region is called the magnetic flux in that region,
1d the number of lines of foree passing through a unit area of a surface
arpendicular to the direction of the field is the flux density and is deter-
ined by the strength of the field.

2. Magnetic Effects of Current-carrying Conductors. Magnetic
fects arc exhibited not only by magnets but also by wires carrying
ectric currents.  The magnetic field near a straight current-carrying
mductor consists of eircular lines of foree surrounding the conductor;
1e flux density at any point outside the wire is proportional to the cur-
mt and inversely proportional to the distance of the point from the
is of the conductor. If the wire carrving the eurrent is wound in one
= more layers on a evlindrical form, the field inside of this coil is parallel
» the axis of the eylinder and is proportional to the product of the eur-
:nt and the number of turns on the coil. This product of eurrent (in
mperes) and number of turns is called the ampere-turns of the coil.  The
ux density along the axis of the coil may be expressed as the product of
1¢c ampere-turns by a constant. If the winding is of infinite length, this
mstant is 4.

1 Junior physicist, Radio Section, Bureau of Standards.
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3. Inductance—Definition and Units.! When the current in a circu
varies Ohm’s law in the form in which it is stated for constant-eurrer
circuits, no longer serves to define the eurrent.

The magnetic ﬂ_ux associated with the eireuit varies with the current a
induces a voltage in the c¢ireuit which is given by the equation

_ _d¢ (
dt

where ¢ is the induced voltage, ¢ the flux. and ¢ the time. As the flux
proportional to the current, it may be written
¢ =L ¢
where L is a constant and 7 the current. Then
d di
= — (L) = —L 8
¢ a0 dt ¢

If the current is inereasing, the indueed c.m.f. opposes the current, an
work must be done to overcome this e.m.f. 1f the work is W,
dwW i
W = = il :
ax - ‘a@ (

W= —f“’/.m - L €
o 2

%0 being the final value of the current, the initial value being taken as zero.

and

The quantity L in these equations is the coefficient of self-induction
self-inductance, or simply inductance of the circuit. It may be defined |
three ways: from Eq. (2), as the flux associaled with the circuit when un
currend is flowing in it from Eq. (3), as the hack eom f. in the circuit cause
by unit rate of change of current; and from Kq. (), as lwice the work dor
in establishing the magnetic flux associated with unil currend in the circun
These three definitions give identical and constant values of L provide
there is no material of variable permeability near the cireuit, and pre
vided the current does not chunge so rapidly that its distribution i
the conductors differs materially from that of a constant current.
these conditions do not hold, L is not constant and the values obtaine
from the three definitions will in general be different.

The units used for induetance must conform to the units used for tt
other quantities used in the defining equations.  The practical unit
the henry, which is the inductance of a circuit when a back e.m.f. of
volt is indueed in the circuit by a current changing at the rate of 1 amj
per seccond.  The relations between units are as follows:

1 henry = 10° c.m.u.
1.1124 X 10712 e.s.u.

The henry is subdivided into two smaller units, the millihenry and tk
microhenry.  The millihenry is one-thousandth of a henry, and tb

microhenry is one-millionth of a henry.  The millihenry and microhenr
are abbreviated mh and gh respeetively.  Thus

1 henry = 1,000 mh = 1,000,000 xh

1 StaruiNg, 8. (i, “Electricity and Magnetism,” Chap. XI, 1926.
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The term “inductance” refers to a property of an eleetrieal circuit or
cee of apparatus but not to any matenal object. A piece of apparatus
sed to introduce inductance into a eircuit is properly ealled an inductor
* coil.

4. Current in Circuits Containing Inductance. If a circuit containing
source of constant e.m.f. and pure resistance only is closed, the current
ses instantly to its full value as determined by Ohm’s law.  If the eireuit
di . .

7 acts during the time
e current is changing, so that, if the e.r1f. of the source is E, the actual

. . . d?
m.f. available to foree ecurrent through the resistance is £ — LFt

ntains inductance, a back em.f. of the value L

The cquation for the current in the circuit is

dy 3
E — L‘;t» = R (6)
di 3 7
La + Ri =E @

The solution of this equation is

_Re
. E| L
i= R(l —€ ) 8)

he time ¢ is reckoned from the instant at which the switeh is closed, and e
the base of natural lognrithmg.
At a time ¢t = L /K after the circuit is closed, the current has a value equal

v Ief 1 — ! , or about 63 per cent of its final value. The quantity L/R
€

called the time constant of the circuit. The time constant, or the time
. . 1. .
xqquired for the current to rise to a value of 1 — = times its final value, does

€
it depend upon the actual values of inductance and resistance but only
won their ratio.

The current in such a ecireuit is shown in Fig. 1 for several values of
/R. Theoretically the current does not reach its maximum value /,

Current,amperes

Time ,thousandths of a second
F1c. 1.—Rise of current in inductive circuit.

teept at an infinite time after the cireuit is closed, but practically the
l.ﬁcrence between the actual current and the value /, becomes negligible
‘ter a relatively short time.
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If, after the steady current I, has been established in the eireuit, th
source of the e.m.f. is short-circuited, the current does not fall to zer
instantly but decreases according to the equation

e
Y
i="e L «
It
This equation is plotted in Fig. 2 for the same values of the eireu;
constants as were used in Fig, 1. In this case the time constant L/,

010 B — r
E=10Vos
0! A— —— R=100 Ohms —+——
§ To=0/0 Ampere |
£006
G.
E,OOML—
5 |2
© =
00— &
| =B
0l -
0 2z 4 6 8 10

L
12

14 16
Time, thousandths of a second

F1a. 2.—Fall of current in inductive circuit.

represents the time required for the current to fall to 1/e or about 37 pc
cent of its initial value,

If, instead of the source of e.m.f. being short-circuited, the cireuit i
opened, the resistance becomes extremely large and the current falls ¢
zero almost instantly.  As a result of this rapid change of current, a larg
e f. is induced in the eireuit, causing a spark or are at the point a
which the circuit is opened.

L
R Impre.ssed' e.m.f
Fia, 3.—Series  eir- Fru. 4.—Phase relations in induc-
cuit containing resist- tive circuit.

ance and inductance.

When the eurrent in an induetive eircuit is changing, a back e.m.
other than that due to resistance aets in the circuit.  This back em.}
is proportional to the current and to the quantity wl, which is calle
the inductive reactance and usually written Xz,  Also, the phase of th
back e.m.f. is 90 deg. behind that of the current. To force a curren
through a pure inductance, therefore, requires an impressed e.m.
180 deg. out of phase with the back e.m.f.; or one leading the curren
by 90 deg. (Fig. 4).
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Now, if a sinusoidal e.m.{. is impressed on a eireuit containing resistance
d inductance in series (Fig. 3), the eurrent in the eireuit will also be
wsoidal, provided the resistance and induetanee are independent of
e current. The portion of the impressed c.n.f. required to foree
rrent through the resistanee will be in phase with the current, while the
rtion required to foree current through the inductance will lead the
rrent by 90 deg.  The resultant phase of the impressed e.m.f. with
speet to the current. will have some value between zero and 90 deg.,
pending upon the values of resistance and induetanee in the eireuit.
To determine mathematically the behavior of the eireuit deseribed
ove, it is necessary to set up and solve the differential equation for
¢ circuit.  This equation will have the same form as Eq. (7) with E
placed by Ey sin wf; that is,

I;”L]; + Ri = Ey sin wt (10)
The solution is
Rt
= _ EBv sin (w! — ¢) +c€ L (1)

VIR 4 w22
wre tan ¢ = L /R, and ¢ is a constant to be determined.  The first
rm is the only one of importanee after the current has been flowing
r a short time. Thus the current has a peak or maximum amplitude
Ey/AVR?* + oL and lags the impressed e.n.f. by the phase angle ¢
10se tangent is wL/R.  The quantity /B2 +w?L2 is ealled the impedance
the cireuit and is denoted by Z.  In terms of the effective values of
rrent and ean.f. I and E, the equation for the current may be written

E E\I
= = = o
1 7 or [,\[ 7 (l_)
In complex notation this form is
. EM sin wt .
SR T el L))
, in terms of the instantaneous e.m.f,,
. 4 e
S R TgelL Tz (14)

The quantity z is called the complex or rector impedance. 1t i a vector
th a magnitude \/Ii’2 + w2L?or Z, and
angle ¢ whose tangent is wl./R, A
etor diagram showing these relations
given in Fig, 5. Thus the relation -
tween current and e f. inan a-¢eir- ||
it containing resistanee and induet- J@lt
ce in scries may be expressed in the
ne form as Ohm’s law for d-¢ cireuits,
wided instantaneous values of current
d voltage and veetor impedance are
xd [Eq. (14)]. A similar relation may
written using cffective values of cur-
it and voltage and the magnitude of
2 veetor impedance.  Both the veetor impedance z and its magnitude Z

I'16. 5.—Vector  relations  of
inductive cireuit.
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are generally referred to simply as impedance, the eontext usually indicat
ing which quantity is meant.

The impedance Z inereases as the frequency is inereased. Cor

sequently, for constant values of E, R, and L, the current [ will decreas

120 T T T |
|

[& - 100 G#md
L =] Henry
. 4

g g
3
T

Impedance , ohms
S

|
0 2 40 60 60 100 120 140 ¢ 180
Frequency,cycles per second

Fi1g. 6.—Impedance of inductive circuit with frequency.

as the frequency inercases.  Figure 6 shows values of Z plotted '1ga1n.
frequency, and Fig. 7 shows how the current in the cireuit of Fig
varies with the frequency of the impressed voltage.

Consider Eq. (11).  Aftertl

0.1 S . m— switeh has been closed for somr

I 21000, time, the values of current an

008 =L ms 4 (i . inite r "
2 —T [ z-  Henry voltdg(i1 bea}x}' a deﬁmt«i relatic
5 | E=10 volts to cach other at each instar
£ 006—— T 1 — during a cycle, and this series
£ relations is repeated durir
£ 004 i every cycle.  The cireuit is no
3 -l said to be in the steady-sta
002 — condition, and the first_term «

\. \‘ﬁ the right-hand side of Eq. (1
O~ a0 e & W 7o @ o completely defines the currer
Frequency,cycles per second in terms of the VOItdg(‘ and in

¥Fi1g. 7.—Current s, frequency ininductive pedance. However, for a sho

interval of time after the switc

cireult.
is closed, the second or transier

term generally has an appreciable value and must be considered. F
comparison with Eq. (9) it is scen that this transient current has tl
form shown in Fig. 2. It is evident that the duration of tl
transient current will depend upon the time constant L/R. The initi
value of the current, which is equal to the constant ¢, must, however, 1
determined. Now the current must be zero at the instant "the switch
closed (since it cannot rise to some finite value instantaneously becau:
of the inductance in the circuit) and, therefore, if ¢ is taken as zero :
the instant of closing the switch, the value of ¢ may be found math
matically to be defined by the equation

E
¢ = - sin

L (L

¢ = Iy sin ¢
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The physieal signifieance of this equation is most readily seen by
erence to Fig. 8.U In a of this figure, the curve e represents the voltage
pressed upon the eireuit and the curve marked ©Steady state current”
licates the value the current would have if the switeh had been elosed
a time much carlier than the time represented in the figure.  Accord-

& Steady-state
,/  Current
/
e
toy —L+ .
7/ ¢!l
7

-Actual Current

7}an5/enf
Current

E.mf

3. 8.—Effeet on transient current of closing cireuit at different times in

the cyele.
gly, at the instant of closing the switeh, the current should have
> value given by the intersection of the steady-state current curve
th the vertical axis in the figure. But the actual current must be
ro at this instant; therefore, the transient current must have the
lue ¢, just neutralizing the fictitious steady-state current. This
insient current then decreases

sording to the ecurve labeled Power #aken
ransient current,” and the actual from Generator
rrent is the sum of the steady-state
rrent and the transient current.  1f
e switch should be closed at an
stant at which the steady-state cur- 7,
1t would be zero, as in Fig. 8h, the
nstant ¢ would be equal to zero and
ere would be no transient term.
msequently the quantity ¢ in Eq. Voo {
5) represents the phase angle of the FPower returned fo Generator
stant of closing the switeh with Fig. 9.—Power in inductive circuit.
‘erence to the nearest time at which
e steady-state current crosses the zero axis in passing from negative to
sitive values.  In Fig. 8¢, the switeh was assumed to be closed shortly
ter the steady-state eurrent passed through sueh a zero value; therefore,
this case, the so-called “phase angle ” isa lag angle, and sin ¢ isnegative,
aking ¢ negative as shown,
b. Power in Inductive Circuit. The instantancous power used in the
‘cuit of Fig. 3 is the product of the instantancous values of current and
dtage. Figure 92 shows this power at times to be negative because
;}\blg‘)inﬂcnm-'r, J. H., *Principles of Radio Communication,” 2d ed., 1927.

ta .
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the current and voltage have opposite signs. Such negative pow:
represents a restoration to the source of some of the energy stored in ti
magnetie field. In a ecireuit containing inductance only, the currer
and voltage are 90 deg. ont of phase and the negative loops of the instar
tancous-power curve are exactly equal to the positive loops, so that tl
average power taken by the inductance is zero,

In general, the instantaneous power is given by!

p = Exsin ot X Iy sin (0 — ¢)
= Euln(sin? ol cos ¢ — sin wt cos wt sin ¢)

1 . .
‘:2 ¥ (cos ¢ — cos 2wt cos ¢ — sin 2w! sin @) (H

The average value of the second and third terms in the last parenthesis
zero, so that the average power taken by the circuit is that expressed by th
first term, or

FEvly

r S

cos ¢ = El cos ¢ (r

where, as before, Ex and Iy are maximum values, and £ and I are effectir
values of the voltage and current. Since

K =17
and
R
co8 ¢ =7
Iid
1’=IZXIX7=12R (L

This last equation is often used to define the effective resistance of an a
circuit.

As a conscquence of Eq. (17), the power in an a-¢ circuit containi
inductance and resistance cannot be determined by measuring the currer
and voltage unless the value of the phase angle ¢ can also be measure
As this is usually ditlicult, the power must generally be measured wit
a wattmeter.

The quantity eos ¢ is called the power factor of the circuit.  In a cireu
containing only resistance, the power factor is unity; in a eircuit co
taining only inductance, the power factor would be zero.  As applied 1
a coil used as an inductor, the power factor at a given frequeney gives th
ratio of the resistanec of the eoil to its impedance and may be usced as
figure of merit for the coil.  As the ideal induetor would have zero pow:
factor, a good eoil should have a very small power factor.

6. Measurements of Inductance at Low Frequencies. The measur
ment of the inductance of air-core eoils at low frequeneies is relativel
simple, as the inductance is sensibly constant with change in frequenc
and eurrent.  [ron-core inductors, for reasons which will be examined i
detail later, do not have a fixed inductance under all conditions, an
measurements on them must be made under conditions which duplicar
as nearly as possible the conditions under whieh the inductor is use

11bid,
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A simple method of approximate measurement uses the eircuit of Fig.
). An a-c voltage of known frequeney is applied at E, and the current
ad voltage read on the meters. The voltmeter reading divided by the
nmeter reading gives the impedanee and, if the resistance is measured
y a d-c-bridge or voltmeter-ammeter method, the inductance may be
leulated from the equation
72 _ 2 72 __ 2
/;—R = ().(]25[—1? (19)

o 7

he method is usable for iron-core coils that carry a.c. only, provided
1e measuring current is adjusted to the value that the coil earries in use.

measurements are made at a number of current values, the eurve of
ductance against current may be plotted. The results obtained by
iis method are generally slightly larger than the true values of indue-
nee beeause the a-¢ resistance, particularly in iron-core coils, is

-cater than the d-¢ resistance.
R, | ’1\%
Lg
| s

2omeley Indicator }
O a8
[ Y

;1;1114 Rx

Ry_R3*Rs R, _Ls
| Ry Ry R Ly ’
L E

L=

Voltmiter

| J

Fra. 10.—Circuit for Fire. 11.—Bridge for com-
measurenient of indue- paring inductances.
tance.

There are several bridge methods for the measurement of inductance
id a-c resistance at low frequencies; they give very aceurate results, but
¢ generally satisfactory only for air-core coils. For the comparison of
ro inductances, or the determination of the value of an unknown indue-
nce in terms of a standard, the circuit shown in Fig. 11 is used. L,
ud R, are the inductance and resistance of the standard and L, and R,
present the unknown coil values. A galvanometer may be used as an
dicator and a hattery conneeted at E; or a telephone reeeiver or vibra-
m galvanometer may be used with an a-¢ souree eonneeted at E. If
e galvanometer and battery are used, the bridge is first balanced for
¢. and then for intermittent current (produced by a switch or com-
utator in the battery eireuit).

For the steady-current balance,

Ri _R. + R

It R, 20

is assumed here that the resistance of the standard is less than that of
e coil to be measured; if the reverse is true, R; must be connected in
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the arm containing the coil being measured. For the intermitten
current balance,
R L,

R~ L. &

R. and L. are determined from these equations. If the telephone ¢
vibration galvanometer and a.c. are used, adjustment of the bridg
for minimum signal in the indicator satisfies Egs. (20) and (21) simu
taneously. The wave form of the voltage impressed upon the bridge
immaterial unless, with a telephone recciver as indieator, the inductanc
being measured is a function of the frequency of the current through i
in such a case, balance for the fundamental would not oceur under tl
same conditions as for the harmonies. The use of the vibration ga
vanometer as indicator removes this limitation, as the response of t}
galvanometer to the harmonies of the impressed voltage is negligible
comparison with the response to the fundamental. ‘Lhe sensitivity «
the vibration galvanometer, however, is inversely proportional to ti
frequency, so that it is useful only at comparatively low frequencic
This method of inductance measurement has one serious disadva
tage: the steady-current and intermittent-current balances are m
independent, so that final balance must be approached by a series
approximations.

A number of bridge methods for comparing an inductance with
capacity have been developed. Several are described in the Section ¢
measurements.

7. Measurement of Inductance of Iron-core Coils. When an iro
core coil must carry relatively large d.c. upon which is superimposed

A C.Source at
measuring frequency

|

c
f.,'—°—l I‘ Thermiont]
I\

Voltmeter|

Direct-Current,
Milharmeter.

D€ Source

F16. 12.—Measurement of iron core carrying a.c. and d.e.

small value of a.c., its inductance is dependent upon the magnitudes
the two currents flowing through it, and the methods already given a
not directly applicable to measurements under such conditions.

The impedance of an iron-core coil carryving d.c. and a.c. may |
measured by the cireuit of Fig. 12. The d.c. through the circuit
adjusted to the value carricd by the coil during operation, and the a
source adjusted to impress a voltage across the coil (measured by t)
thermionic voltmeter) equal to the a-c voltage across it under operati
conditions. The resistance Ry is then varied until the alternating volta,
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ross it is equal to that aeross the coil, as measured by the thermionic
Itmeter. Then the impedanee of the coil at the measuring frequency
cqual to Ro. Readjustments of the impressed direet and alternating
ltages may be necessary as R, is changed. The eondenser ' prevents
¢ direct voltages across the coil and resistor from affeeting the thermi-
ie voltmeter. From the impedance and the resistance of the eoil,
¢ inductance under the eonditions of measurement may be ealeulated
" Eq. (19).

8. Turner Constant-impedance Method.—For measurements involv-
g a.c. only, the constant-impedance nrethod (of Turner!), shown in
g. 13, is used. The method is based upon the
=t that, when 1 — w2LC = 0, the impedance of
e parallel cireuit is equal to C and isindepend-

t of the resistance in the inductive branch.
msequently the line current will have the same %
agnitude with the switch open or closed. To
2asure any value of induetance, then, it is only
eessary to adjust the capacity so that the read- R

z of the ammeter A is the same for both posi-
ns of the switeh, when the induetance may be 13.— Turner
leulated by the equation constant-impedance
1 method of measuring
= 5,10 (22) inductance.
W

When the eoil must earry d.c. as well as a.c., the eireuit of Fig. 14 may

used for the induetanee measurement, Two similar inductors are
ed, the d.c. through them being adjusted to the proper vahie by means
the resistor R, and measured by means of the d-e ammeter 3. The
iteh S’ is then thrown to the right and the resistor R. adjusted to make

Fig. 14.—DMeasuring circuit for coils carrying a.c. and d.c.

> constant-potential difference between the points A and B zero.
ten, with 8" thrown to the left, the induetance measurement may be
rried out in the manner already deseribed.  The result is the inductance
the two coils in parallel, which is one-half the inductance of one coil.
9. Measurements of Inductance at High Frequencies. Very often the
v-frequency inductanee of a eoil, determined by one of the methods
eady given, may also be used as the high-frequency induetanee., In

TurNER, H. M., Constant Impedance Method for Measuring Inductance of Choke
ila, ’roc. I.R.E., 16, 1559, 1928,
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some instances it is desirable to determine the inductance at the operat
frequeney. Bridge methods are not suitable for measurements at h
frequencies. Two other methods are commonly used: comparison
the coil with a standard, and measurement of the capacity required
tune the coil to resonanee with a known frequency, from which -
induetance may be calculated. Both methods give the appan
inductance.

In the comparison method, a standard inductor, having an appan
inductance L, at the measuring frequency, is connected in parallel wit
calibrated variable condenser, coupled to an oscillator and the e
condenser circuit tuned to resonance, the capacity C; of the conden
being noted at the resonance setting. The coil to be measured, wh
inductanece is denoted by L., is then substituted for L,, the eireuit retun
and the condenser capacity €, again obscerved. Since the frequenc)
the same in both cases,

L.C. = L., ¢
If the low-frequency induetance Lo and internal capacity Cyp of
standard coil are known,
L,C; = Lo(C: + Cyv) (¢

In the second method, it is necessary to determine accurately
frequency of the source. The coil to he measured is connected tc
calibrated variable condenser, coupled loosely to the generator ¢
tuned to resonance. If fis the frequency of the source, L: the appar
inductanee of the coil, and C. the condenser capacity at resonar
_ 1 _ 0.02533 (
~39.48/2C. C.
In this equation, L. is expressed in henrys and C: in farads. For
in gh and C. in uuf, the equation becomes
_ 2533 X 1018 (
= s,

If the capacity necessarv to tune the coil to resonance at a number

different frequencies is determined, a graph of the squares of the w:
lengths corresponding to
N—T1—
| r

L.

L.

several measuring freguenc

S5 against the measured values
%9:4 apacity will be a straight 1
=230 whose slope is the pure ind
£s tance and whose intercept w
¥ :E 8 L itermat Copacrty - d0uuf —|  the negative—ca_pacity axis is
== 4 | ] internal capacity of the ¢

O oo w0 @ s o w0 @ Thisis illustrated in Fig. 15.

Tuming Copocity, mezomerofarads 10. Inductance of Iron-c

Flg. 15— Method of determining in- C0ils. Iron-core coils
ductance and distributed capacity of a mainly useful at relatively 1
coil. frequencies, and theiruse is g
crally confined to eircuits ear

ing currents within the a-f range.

The inductance of a cireuit 1s not constant if any material of varia
permeability is within the magnetice field of the eircuit.  Consequent
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hen a coil is wound on an iron core, its inductance is dependent upon
e circumstances under which it is used.  Accordingly, to use iron-core
ils most advantageously, it is necessary to study their eharacteristics
ider varying conditions. Three important cases must be distinguished:
e current through the coil is a.c. of single frequeney; the current consists
a d-c component upon which is superimiposed a bm;,l(-—fr(-qucn(' ; a-c¢
mponent; the current is comprised of two a-c
mponents of different frequencies,
The average inductance of an iron-core coil
rrying a.c. of single frequency is dependent
yon the magnitude of the current.  Also, the
¢ resistance of such a coil is higher than that
an air corc coil with an identical \\in(ling
acrefore all inductanee measurements of iron-
re coils should be made with the measuring
rrent equal to the ceurrent which will flow
rough the coil in operation, or the inductance
ay be measured for a number of different
rrents and a curve of inductance against
-rrent plotted. o . . 16, 16.—Characteristic
In many radio applications a coil carries & of coil carrying large value
latively large d.c. with a small a~¢c component of d.c. and small value of
perimposed,  The inductance of an iron- a.c.
re coil under such conditions is a function of
e magnitudes of the d-¢ and a-c components of the current.  This is
ustrated by Fig. 16. The constant magnetizing force (due to the d.¢.)
ay be such as to cause the core to be magnetized to the point A.  The
alternating component of the mag-

3 T T T netizing force (due to the a.e.) will
| then carry the iron through the small

20 ‘T = i [ hysteresis loop CB whose slope isnot
%0 the same as the slope of the magneti-
|%UC"”"C“””W’:‘;I ) zation curve, The permeability rep-

2001 surmg ercemf =07 | resented by the slope of this small
hysteresis loop is called the incremen-

160 tal permeability. As the constant
| component of the magnetizing foree
1201 or current is inereased, the point A
sol—| moves farther up the magnetization
| curve and the ineremental permea-
40}‘ ! bility decreases, as indicated by the
small loops at D and E.  As satura-

00“ T+ v 8 0 1 W g tion of the core is approached, the

Magnetizing Force -Ampere Turs per Cm (Steady Current) ineremental permeability, and henee

6. 17—Fficet of d.c. on indue- the inductance, becomes very small,

e . As the magmtu(l(- of the a-e com-

ponent is increased, the slope of the

'steresis loop, and accordingly the ineremental perme l|nht\ , inereases,

us increasing the inductance.  Consequently the inductane ‘e of an iron-

re coil under these conditions decreases with inercase of the d-c com-

ment of the current, and increases with inerease of the a-e component,

gure 17 shows the deerease in induetance with increase in constant
agnetizing foree,
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If an air gap is introduced in the magnetic circuit of an iron-core co
the inductance of the coil is generally diminished. If, however, the e
is earrving both d.c. and a.c., the air gap may so deerease the consta
flux that the incremental permeability is actually increased, so that tl
effective inductance for the a-¢ component is inereased. The effecti:
resistance of the induetor is also deereased by the introduction of an a
gap. These effects are illustrated in Fig. 18.1 As a consequence
these characteristies, iron-core inductors that are intended for use
circuits where they must carry d.c. as well as a.c. are usually made wi
an air gap in the magnetic eircuit of the core.

Whentheinduetorearriestwoalterna
[~ Constant Magnetomonve Force | ing currents of different frequencies, t

(ampere-turns per cm ) effeets of the variable permeability of t
Curve A=045 iron are somewhat more complicated a1
” gjfs of relatively less practical importan

. D-90 than in the cases already treated.?

11. Inductors at Radio Frequencie
When inductors are used at radio fi
quencies, many factors affecting the
performance come into prominenc
The h-f resistance of a coil is mu
larger than its d-¢ resistance bhecause
a number of losses which come in
existence with the operation of the ¢
in h-f circuits. The factors causing tl
increase are skin cffect, eddy curren
dielectric losses, and internal capacity

When the wire is wound into a cc
the effect of the magnetic field of t
coil is such as to concentrate t
current on the inner surfaces of t
S 5 - 1 turns. Figure 19 illustrates this effe

ir Gap . . . .

. . 3 the depth of shading indieating the ¢t
Fia. 18'—.11“{{?"“_“.“'{ £ap on rent density. This concentration

ET1l QUEN YOI current causes a further increase in t
effective resistance of the coil, and also causes a deerease in the indt
tance as the frequency increases.  However, the variation of inductar
with frequency is generally small in comparison with the variation caus
by internal eapacity.

Eddy currents in the conductors composing the coil constitute
serious source of loss at frequencies over 3,000
ke. These losses are minimized by the use of
wire as small as possible without unduly in-
creasing the conductor resistance, or by the
use of tubing instead of wire.  Because of these
losses at frequencies higher than 3,000 ke there
is an optimum wire size giving a minimum s, 19— Concentrati
resistance in induectance cotls. of current at surface

Any dielectric in the field of the coil also high frequencies.
introduces losses which become important at

.

Inductance

Resistance and Inductance

Reststance

1 Morgcrort, J. H., * Principles of Radio Communication,” 2d ed., 1927,
2 TurNneEr, H. M., Inductance as Affected by Initial Magnetic State, Air Gap, :
Superposed Currents, ’roc. I.R.E., 17, 1822, 1929.



c, 4] INDUCTANCE 65

ese frequencies, so that the type and amount of dielectric within the field
the coil must be carefully regulated. The diclectrie should be of the
st quality and its volume must be kept at a minimum.  The conductors
the coil should, in general, come in contact with the dicleetrie as little
possible.  Coils are often wound upon skeleton or ribbed winding forms
that cach turn touches the supporting insulating material at only a few
ints and is surrounded for the greater part of its length solely by air.
12. Effect of Coil Capacity. Ivery inductor behaves not as a pure
{uctance and resistance in series but as an induetance and resistance
unted by a small capacity. This behavior is caused by the self- or
ternal capacity of the coil. The resistance and inductance of the
uivalent parallel circuit at any frequeney are called the apparent
sistance and apparent inductance of the coil at that frequency. The
parent resistance is given approximately! by the equation

R

Ra = (1——&:214—00)2 (27)
d the apparent inductance by

La= L (28)

47T = WG

vere I and L are the resistance and inductance the coil would have
the frequency /2« if the internal eapacity Co were absent.  These
uations do not hold for frequencies near the natural frequency of the
il; that is, the frequency for which 1 — w?LCy = 0. Thesc ecquations
e derived on the assumption that the e.m.f. in the circuit is introdueed
some manner other than by induction in the coil itself. If the e.n.f.
induced in the coil, the internal capaeity is merely added to any other
pacity which may be connected in parallel with the coil. Since a
il is practically always used at frequencies for which 1 — 2L, is
sitive, the apparent resistance and inductance of the coil will increase
the frequency increases, the apparent resistance becoming very large
1 — w?L.Cy approaches zero. The percentage change in resistance
r a given change in frequency is about twice as great as the change
inductance. At frequencies for which 1 — w?LCy is negative, the coil
shaves as a capacity rather than an induetance.
It has been found? that the internal capacity of a single-layer coil is
ughly proportional to the radius and practically independent of the
unber of turns and the length. For a closely wound solenoid, the
ternal capacity in wuf is very approximately cqual to six-tenths of
e radius in centimeters.
13. Types of Inductors. A straight wire has a certain amount of
ductance, but to make inductors small enough to be convenient it is
weessary to wind the wire in the form of a coil thus utilizing a great
ngth of wire in a small space and also increasing the interlinkages of
1x and wire.
The simplest inductor consists of a single square turn of wire. The
ductance of this arrangement may be calculated accurately, but it has

I Radio Instruments and Measurements, Bur. Standards ('irc. 74.
2 Howg, G. W. O, Jour. I E.E. (L.ondon), 60, 63, 1922; also MouLLin, E. I3, * Radio
‘equency Measurements,” p. 340, 1931.
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few other advantages. ‘This type is sometimes used as a fundament
standard.

The single-layer solenoid consists of one layer of wire on a cylindrical for:
the turns either adjacent to one another or spaced. Sometimes the coil
made self-supporting by means of a binder, such as collodion, and the fo1
removed after winding.

Multilayer coils must be used when a single-layer coil of the required indt
tance would be inconveniently large. The multilayer coil may take one
three forms: layer wound, bank wound, and honeycomb or duolateral.

The layer-wound coil is uscful only at low frequencies because of its hi
internal capacity caused by the proximity of turns of greatly differing pote

tials. The wire is wound on the coil in laye

00000030 cach layer being completed before another

ooomvévamvéve begun. Irlofn-core collls are usu‘;xlly u;otund in tl

AT AAAACAAL manner. a very large number of turns m
OAOAOAOAQAQAGAQAQA be used, it is better for the whole coil to be ma

L. up of a number of * pies,”” each pic being a she

Fre. 20.—Bank winding. layer-wound coil.  The pies are assembled side

side to form the complete coil. Insulation

greatly facilitated by this type of construction, and the internal capacity
somewhat reduced.

Bank winding is one result of the attempt to devise a multilayer coil wi
relatively low internal eapacity. The turns are wound in the order shos
by the cross-sectional view in Iig. 20.

Honeycomb and duolateral windings are further results of the same effo:
The wire zigzags back and forth from one side of the winding space to t
other, adjacent turns of the same layer being spuaced from each other !
several times the wire diameter. The effect of this type of winding is
eause turns of adjacent layers to cross cach other at an angle and to separa
parallel turns by at least the diameter of the wire. A coil of this type is se
supporting and quite compact.

Basket-weave and spider-web windings were developed also to minimize t
internal capacity. In the basket-weave coil the wire is wound in and out
a number of pegs set in a circle.  Adjacent turns cross at an angle. T
pegs are usually removed after the winding is completed and the coil is se
supporting. This is essentially a single-layer coil. The spider web,
the other hand, is primarily a multilayer coil of one turn per layer. T
wire is wound back and forth between a series of pegs fastened radially
a circular form. This coil may also be self-supporting.

The toroidal coil is wound around a doughnut-shaped form. Its field
almost entirely internal, so that it may be placed close to other coils a:
apparatus.

The flat spiral type of coil is self-explanatory—the wire being — csssmx
wound in the forni of a spiral, each turn having a greater radius
than the preeeding one.

14. Variable Inductors. Any of the previous types of coils

MBS > ) o4
may be tapped and the number of turns in eircuit varied with
a tap switch or clip. This method gives only a step-by-step
variation, and considerable loss may be introdueed by the
unused portions of the coil.

A continuously variable induetor may be made by connect- Tre. 2

ing in series or parallel two eoils having a variable mutual Variah
induetance. The eoils may be single-layer or multilaver
solenoids and their mutual inductance may be varied by chang-
ing the distance between the coils or by rotating one with respect to t
other. The most eommon form of variable induetor, however, is t
arrangement commonly called a rariometer, a cross section of which

inductor
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wn in Fig. 21, The inner coil is rotatable about the axis A, whieh is
‘pendicular to the plane of the figure. The two coils may be conneeted
either series or parallel, thus inercasing the range of the instrument
siderably.  The mutual inductance between the coils may be increased
winding the outer eoil upon the interior of a spherical surface, instead
1sing the eylindrical form shown.
f a slight increase of resistance of a eoil is not objeetionable, and the
ired range of inductance variation is small, a copper disk slightly
aller than the inside of the coil form may be mounted on a shaft
pendicular to the axis of the coil. The induetance of the coil will he
reeiably  deereased when the plane of the disk is perpendieular
the coil axis, the deerease of inductance heecoming less as the disk is
ated away from this position.
5. Design of Inductance Coils. It is desirable that the induetanee
uld be as large as possible, while the resistance is kept at a minimum.
re are some eases in which a relatively high resistance is permissible
ven desirable.  Choke coils for use at high frequencies must have a
h impedanee with a minimum internal capacity.
“o_determine a basis for comparison between coils of different char-
eristics, a factor of merit for an inductor must be defined. Colls
use at frequencies above 300 or 400 ke are usually small in size, so
t volume is relatively unimportant and the desirable characteristics
high induetance (and, therefore, high reactance) and low resistance.
: ratio of inductance (or reactance) to resistance may then be taken
1 factor of merit, the ideal coil having a large ratio. Sometimes the
ser factor of the coil, which is equal to the ratio of resistance to
edance, is taken as a factor of merit, an ideal coil having zero power
or.  The ratio of reactance to resistance (Lw/R) is sometimes called
Q of the coil.  (See Table 1, See. 6.)
. eoil to be used at frequencies below 300 ke is likely to be somewhat,
¢ if wound in a manner that would he entirely appropriate at higher
juencies. Conscquently the factor of merit for coils designed for use
he lower radio frequencies should include the volume of the inductor
may be defined as the inductance-resistance ratio divided by the
ime of the coil.
‘or a given length of wire, maximum inductance is obtained when the
: is wound as compactly as possible; that is, in a bank-wound eoil
1 a winding cross section as nearly square as possible. The bank-
ind type is mentioned because the simple multilayer coil is practically
ess at radio frequeneies beeause of its high internal eapacity. A
ely wound single-laver eoil made up of the same length of wire has a
siderably lower inductanee than the bank-wound coil. However, at
o frequeneies, the resistance of the single-layer coil is so much lower
1 that of the multilaver eoil that the L/R ratio of the former is much
er than that of the latter. In view of its simplicity of construction,
single-layer solenoid wound with solid wire would appear to be the
t desirable coil type at medium and high radio frequencies, even
1gh within certain ranges of frequency some other types have certain
antages. At high frequencies (above 3,000 ke), the single-layer
noid, either elosely wound or spaced, is used almost exclusively.
or a given wire length, this tvpe of coil has a maximum inductance
n the ratio of diameter to length of coil is 2.46, although this value
tadio Instruments and Measurements, Bur. Standards ('irc. 74.
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is not critical. The inductance deereases somewhat rapidly as this ra
becomes mueh smaller than 2.46, while the decrease is only slight f
larger values of the ratio. Since the internal eapacity of the coil
approximately proportional to the diamecter, it is advantageous to 1
a ratio of diameter to length somewhat smaller than 2.46, provid
that the coil is to be used under such conditions that the decrease
internal capacity cffected in this way more than compensates for t
slightly lower inductance-resistance ratio.

A multilayer coil has a maximwun inductanee when the cross secti
of the winding is a square. It has also been shown! that, with a sque
cross section given, the induetanee of this type of coil is maximum wh
the mean diameter is 3.02 times the depth of the winding.

Below 300 ke the volume of the coil must be included in the fac
of merit. In these circumstances, the honeveomb and bank-wound cc
outstrip all others, the honeycomb type being somewhat superior to 1
bank wound. Table I gives the characteristics of honeycomb coils.

TasLE I.—HonEYcoMB-coIL Data

’ Wave lengths with the
Size of Ind Distrib- | Natural following shunt-condense
Turns wire, tnnuc- uted wave capacities, pf
on coil B. & S. amﬁe. capacity, length, |__ o ~
gage nn meters

0.001 ’0.0005]0.0002510.0

| | |

25 24 0.038 26.8 60 372 267 193

35 24 0.076 30.8 91 528 378 277

50 24 0.150 36.4 139 743 534 391

75 24 0.315 28.6 179 1,007 770 560

100 24 0.585 36.1 274 1,470 1,055 771

150 24 1.29 21.3 313 2,160 1,548 1,110

200 \ 25 2.27 18.9 391 2,870 2,050/ 1,470
250 25 4.20 22.9 585 | 3,910/ 2 2,020 1,
300 25 6.60 19.0 669 4,900 3,490, 2,510 1,
400 25 10.5 17.4 806 6,160/ 4,400 3,160 2,
5 25 18.0 17.3 1,052 8,070 5,750/ 4,140 2,
600 28 37.5 19.2 1,600 (11,600 8,300 5,980 3,
750 } 28 49.0 18.3 1,785 (13,300 9,500 6,830, 4,
1,000 28 85.3 16.8 2,260 117,600 12,500 9,000, 5,
1,250 28 112.0 15.5 2,490 |20,100{14,300( 10,250| 8,
1,500 28 161.5 15.8 3,000 24,200 17'20()‘ 12,350 8,

16. Coils for Various Frequency Ranges. A study of the characte
ties of various types of inductors in the frequency range of 300 to 1,50C
has been made by ITund and De Groot.2  Their results show that in t
frequency band the single-layer solenoid and the loosc basket-we:
coils have the highest inductanee-resistance ratios of the coils wot
with solid wire, with the radial basket weave or spider web a close th
Coils wound with 32-38 Litz wire were found to be somewhat better in
respects than solid-wire coils.  Contrary to a somewhat gencrally accep
belief, a few hroken strands in the Litz wire made only a slight differe
in the r-f resistance of a coil.

1 Radio Instruments and Measurements, Bur. Standards Circ. 74.

2 Hynp, Avausr, and H. B. DE Groor, Radio Frequency Resistance and Induct:
of Coile Used in Broadcast Reception, Bur. Standards Tech. Paper 298, Vol. 19, p.
1925.
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[n solid-wire coils, little is gained by using a wire size larger than No.
AAWG, although No. 16 gives a slightly lower resistanee between 300
1 1,200 ke, Spacing the turns does not deerease the resistanee appre-
bly—not, cnough to compensate for the extra length necessary, A
mber of binders were tried on single-laver coils, all of them causing a
rht inerease in the r-f resistance of the coil.  Collodion appeared to
the best of these binders,

At frequencies above 3,000 ke, diclectrie losses, eddy eurrents, and
ernal capacity are important, The first two cause relatively large
reases in the coil resistance.  The third inercases both the resistanee
1 inductance of the coil if the voltage in the circuit is not indueed in
» coil itself. 1f the cireuit e.m.f. is introdueed by induction in the
1, the internal capacity, acting as a parallel eondenser, determines the
hest frequeney to which the coil ean be tuned.  As the upper limit of
rallel tuning capacity is not very large (in order that the L/C ratio
not too small), a large internal capacity seriously restricts the range
ar which the coil may be tuned efliciently, It is for these reasons that
» single-laver solenoid is used almost exelusively at such frequencies.
Diclectrie losses are so important that it is generally essential to use
her a sclf-supported coil or a skeleton or ribbed winding form. It is
‘hly desirable that the wire touch the solid dieleetric in as few points
possible.  The loss in the insulation between turns is readily elimi-
ted by the use of bare wire, the turns being spaeed to prevent short
cuits.,

3pacing of the turns is also efficacious in reducing the internal eapacity.
coil whose turns are spaced by the diameter of the wire has approxi-
tely half the internal eapacity of a elosely wound coil,

17. Calculation of Inductance of Air-core Coils. The inductance of
ny types of air-core coils may be caleculated by means of formulas
rolving the dimensions of the coil and the number of turns.!  Several
mulas from Circular 74 of the Bureau of Standards are given here.
w of the available corrections to induetance formulas are included,
ce they apply only to the caleulation of the I-f inductance.  The h-f
luctance of a coil cannot be caleulated with a high degree of aceuracy
ause of the skin effeet and coil capacity.

{n the following formulas all dimensions are expressed in centimeters and
y induetanee is in microhenrys.

18. Straight Round Wire. If ! is the length of the wire, d is the diameter
the cross section, and u is the permeability of the material of the wire,

Lo = ().002[[102;%11 = j| L ;i] (29)
. 4l m
= 0.002{] 2.303 logio i 1+ 1 (30)
v = 1 (for all materials except iron),
Lo = 0.0021[2.303 logio s - 0.75 ] @1

e return conductor is assumed to be remote. These formulas give the
inductance.

Rosa, E. B, and F. W Grover, Bur. Standards Sci. Paper 169; Grover, F. W,
r. Standards Sci. Papers 320, 1917; 455, 1922; 468, 1923.
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As the frequency inereases, the inductance decreases, its value at infin
frequency being

L, = ().()(l‘..’l[‘.!..'i().'i logio 41[ = l] (&
« .
A general expression for the inductance at any frequeney is
L = ().()02[[2.303 lomc‘g -1+ ;45] (2

The quantity & is obtained from the table below, as a function of t
argument ., where

z = 0.1405d [ @
P

and fis the frequency and p is the volume resistivity of the wire in microtn
centimeters.  For copper at 20°C.,

e = 0.1071d\/f
This quantity & will be used in several of the following formulas witho
further definition.

VALUE or § IN INDUCTANCE FoRMULAS

z ’ & | L3 z l L3 z ’ & z L3 z 13
| |
M T — B . —‘
0 [0.250 25 ’0.228 6.0 | 0.116 12.0 | 0.059| 25.0 |0.028 | 70.0 | 0.¢
0.5 0.250/ 3.0 10211 | 7.0 | 0.100 14.0 | 0.050 30.0 |0.C24_| 80.0 | 0.C
1.0{ 0.249] 3.5 (0.191 | 8.0 | 0.088/ 16.0 | 0.044| 40.0 [0.0175 90.0 | 0'C
1.5 0.247| 4.0 (0.1715}f 9.0 | 0.078| 18.0 | 0.039] 50.0 {0.014 100.0 | 0.(
2.0/ 0.240/ 5.0 (0139 | 10.0 | 0.070| 20.0 | 0.035 60.0 0.012 | = | 0.C
1 |

19. Two Parallel Round Wires—Return Circuit. The current is assum
to flow in opposite directions in two parallel wires of length [ and diameter
the distance between centers of wires being . Then

L= 0.0041[2.303 logio 2? - ’]’ + ;46] @
¢

This neglects the inductance of the wires connecting the two main wir
If these wires are long, their inductance may be calculated by Eq. (33) a:
added to the result from Eq. (35), or the whole system may be treated as
rectangle and the inductance calculated by Eq. (37).

20. Square of Round Wire. The length of one side of the square is denot
by a; other letters have already been defined.

L= ().008(1[2.303 log:o f‘.’.t_z + ~d— — 0.774 + ;45] 3
d 2a

21. Rectangle of Round Wire. The sides of the rectangle are a and
and the diagonal g = +v/a? + a,2. Then

L = 0.()()921[ (a + ai) logio 4(:7' —alogiw (@ + g) — ailogie (a1 + ﬂ)]

+0.()04[p6(a +an + 2(0 + 'if) - 20 + an] 3
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22. Grounded Horizontal Wire., The wire 1s assumed to be parallel to
e earth which acts as the return circuit. In addition to symbols already
jed, A denotes the height of the wire above ground.  Then

h L \NE+
L = 0.004605!| logio + logw }——— —
d U+ /12 4 4k
’ a: {
g p .
+0.002] Vi + 4h2 — \E+ G Fwus -2k 4] (38}
4 2
23. Circular Ring of Circular Section. If ¢ is the mean radius of the ring,
ax57l| sevs 16a a
L = 0.01257a] 2.303 log1o P 2 4 ué (39)
'ovided that d/2a £ 0.2,
£) '0’_' Index Line 4 Lm 78 &
r’s 10005-1-30 e
30 1500-1-30
0 60004-50 5
5 Yy o Sl 0.00002
oo 4000 § g9 Lo
ERP e % bR 3000 o0 o ooooe
3 S ” 2o 2 » B Fo0000s
€ ~ ' B 8.2 3 2 000006
” I ~ 2 H g 0 & <k
B & ~. I S i LS € Eooooos
S ————— -7 =T e = £ &
£} 4 S 3 Sloe T~ o0 {0 T G
FRS e} S wl? sf0 ~g 00 g <
v % ~e . 8| 100 i L ;E 8
N £3 : et Nty S[-o00c?
ot_s w0k ?: 3 'g oo w4 “m\ &
v Sp, 0 3 8 (00003
: 2 . Efmo 300 1030 . oo
000 ~
80 6 200 10 3?332
a0 . L i o L 10 { 2000 o008
i Ke)7< | o e ¢ 00 {3000 0001
P b ) 0
| R E o
I o €0 = 5003 Lo.ooz
~— - AL ~ J
CHART IT CHART 1
Connect three known va yes as per key, and read Conrect two known valves and read third
fourth at po.nt of inferasction atpo nt of infersection
Example-If L =170mh, d =3)and n =196 Exarple If A=550m and C 00005 mfd
then {=3" then L =170 mh
Fig. 22.—Inductance design chart.
24. Single-layer Coil or Solenoid.
0.0395a?n?
= —b~1\ (40)

1ere n is the number of turns, a is the radius of the coil measured from the
is to the center of the wire, b is the length of the coil, and A is a function of
’h, the value of which may be determined by means of the table below.
1e chart given in Fig. 22 may also be used for the calculation of the induc-
nee of a given coil, or for the design of a coil to have a given inductance.
tis figure also includes a chart for the determination of the resonant fre-
lency of any combination of inductance and capacity in the range of the
art,
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VALUE oF K 1N ForymrLa 40
l |
Diam- q Diam- . Diam- .
eter to K ])m,“r' eter to K 1:"2;?: | eter to K I:‘:}:
length enee i Jength length
I ‘ —
]
0.00 | 1.0000 [—0.0209 2.00 | —0.0118  7.00 | 0.2584 |—0.00
.05 -9791 204 2.0 | 112 7.20 | .2537
10 9588 197, 2.20 107 7.40 2391
15 9391 190 2.30 102 7.60 2448
20 9201 185 2.40 97| 7.80 2406
0.25 | 0.9016 |—0.0178 2.50 —0.0093| 8.00 | 0.2366 |—0.0C
130 (8838 173 260 80| 8.50 | 2272
35 8665 167, 2.70 85  9.00 2185
40 .8499 162 2.80 82  9.50 2106
45 8337 156 2.90 78| 10.00 2033
0.50 3.00 ‘0'007511 10.0 | 0.2033 |—0.01
55 310 720 11.0 1903 1
.60 320 70| 12.0 1790
.65 360 330 67| 13.0 1692
.70 31 3.40 64 14.0 1605
0.75 27| 3.50 ~0.0062 15.0 | 0.1527 |~0.00
.80 3 3.60 | 60| 160 L1457
85 3 70 58 170 1394
.90 380 | 56/ 18.0 1336
.95 3.90 54/ 19.0 1284
1.00 | 0.6884 [—0.0107| 4.00 200 | 0.1236 |—0.0C
1.05 6777 104 410 220 115i
1.10 6673 100, 420 24 0 1078
1.15 6573 98] 430 260 1015
1.20 6475 94/ 4.40 28 .0 0959
1.25 | 0.6381 [—0.0091 4.5 30.0 | 0.0910 |—0.01
1.30 -6290 89 460 35.0 L0808
1.35 L6201 86 4.70 400 0728
1.40 6115 84 4.80 45.0 0664
1.45 16031 81, 4.90 50.0 L0611
50 60.0 | 0.0528 |—0.0C
55 70.0 L0467
60 80.0 0419
65 90.0 0381
70 100.0 10350

i
-
<

25. Multilayer Coils: Circular Coils of Rectangular Cross Section. F

long coils of a few layers, the following formula may be used:

0.0126n2ac

L =1L, — T(().(‘)Qli + B,)

(4

where L, is the inductance calculated by Eq. (40), n and b are the same as
Eq. (40), a is the radius of coil measured from axis to center of winding erc
section, ¢ is the radial depth of winding, and B, is the correction given on p. 7

[World Radio History]
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VALUE oF B, 1x FormuLa 43

e| B |o/e| B |b/e| Be |b/c| B |b/c| Be |[b/c| Bs

L |

I
'16 0.3017 | 21 | 0.3116 | 26

0.0000 6 | 0.2446 | 11 | 0.2844 0.3180
0.1202 71 0.2563 | 12 | 0.2888 | 17 | 0.3041 | 22 | 0.3131 | 27 10.3190
0.1753 8 0.2656 | 13 | 0.2927 | 18 | 0.3062 | 23 | 0.3145 | 28 10.3200
0.2076 | 9] 0.2730 | 14 | 0.2961 | 19 | 0.3082 || 24 | 0.3157 | 29 (0.3209
0. 0.2792 | 15 | G.2991 | 20 | 0.3099 | 25 | 0.3169 | 30 (0,3218

2292 “ 10

For short multilayer coils. the dimensions shown in Fig. 23 are used. Two
rmulas are required, one for use when b > ¢, and the other for use when b <
In the first case:

p b? c? be-- =B - e
L = oorzs7an] (1 + P+ 6'(3“2) "
Sa ] — 1c
loge d + l()a $ N
b2 c? )
= 2 2.30: — - &3
0.01-57anz[ ...303(1 + I9al + 96a?
8a b '
logio ) — w1 + fﬁaéy:J 42 4 A
hen b < ¢:
_ g h? c? )
L = 0.01237(171-[ (1 + 32g1 + G6a2 "
8a c? -
loge "y — v + wa’zm] j
b c? )
- or 2 30
0.01-07(1112[ 2.3()3(1 =+ 32a2 + 96t Fre., 23.—Mul-
Sa c? tilayer coil.
logio 7 — w1 + i(iaéya] (43)
2, and y3; may be obtained from the table shown on page 78. These for-

ulas are quite accurate as long as the diagonal of the eross section (d Fig. 23)
w8 not ox(-eed the mean radius. The accuracy decreases considerably as b
«comes large in comparison with a.

For very accurate results. a correction must be added if the insulation of
e wire 0((uples a considerable percentage of the winding space. This
rrection is given by

Al = 0.()1‘)"(1!1[ 2,303 l()glo 1 4+ 0. 105] (44)

here 1 is the distance between the centers of adjacent wires, and d is the
ameter of the bare wire.

26. Multilayer Square Coil. If n is the number of turns and a is the side
the square measured to the center of the rectangular cross section whieh
& length » and depth ¢, then

b
L = 0.008an? [2 303 logio b + —+ 0.2235— + —+ 0.72(5] (45)
the cross section is square (b = ¢), this becomes
b
L = ().()()San?[ 2.303 lomo;—f + ().447a + ().()33] (46)

[World Radio History]
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VALUE oF CONSTANTS IN FORMULAS 42 AND 43

T
b/c or ¢/b ' n ~ c/b ‘ ye | b/c ’ ys
1
| B - 1 R —_‘ .
0 0 0 0.597
0.025 |
0.05 0.05 0.05 0.599
0.10 0.10 | 0.10 0.802
0.15 I 015 | 015 0.608
0.20 { 020 0.20 | 0.815
0.25 0.25 0.25 0.624
0.30 0.30 0.30 0.633
0.35 0.35 0.35 0.643
0. 40 0.40 0.40 0.654
0.45 0.45 i 0.45 0.865
0.50 050 [ 0.50 0.677
0.55 0.55 0.344 0.55 0.690
0.60 0.60 0 384 0.60 0.702
0.65 | 0.65 0.427 0.65 0.715
0.70 | 0.70 0.474 0.7 0.729
|
0.75 | 0.75 0.523 0.75 0.742
0.80 | 0.80 0.576 0.80 0.756
0.85 | 0.85 0 632 0.85 0.771
0.90 | 0.90 0.690 0.90 0.786
|
0.95 | 0.95 0.752 0.95 0.801
1.00 1.00 | 0.816
|

1.00 0.816

Formula (43) may be used to correct for insulation by replacing the fact
0.01257 by 0.008.
I°or a single-layer square coil,

/
L = ().()()xam[ 2.303 l()um: + 0.3231(: + 0.73(;] — 0.008an(A + ) (4

A and B are given below, where d is the diameter of the bare wire and D
the distance between turns, measured to the centers of the wires.

VALUE oF A 1IN IFORMULA 47

d D | A “ /D | 4 db 1
_— — I_ - - . R— S — R —
1.00 0.557 0.40 ‘ 0359 | 0.15 —1.340
0.95 0506 0.38 -0.411 0.14 -1.409
0.90 0 452 0.36 —0.465 0.13 —1.483
0.85 0. 394 0.34 0.522 0.12 —1.563
0.80 0.334 0.32 { -0.583 0.11 1.650
075 0.269 0 30 0.647 0.10 | —1.746
0.7 0.200 0.28 0.716 0.09 —1.851
0.65 0.126 0.26 0.790 0.08 1.969
0. 0.046 0.24 | 0.870 0.07 2.102
0.53 | 0.041 0.22 | 0957 0.06 2.256
0.50 —0. 136 0.20 —1.053 0 05 { 2
0.48 | -0.177 19 1.104 0.04 =8
0.46 0 220 0.18 —1.158 0.03 | 2
0.44 0. 264 0.17 —1.215 0.02 3
0.42 | -0.311 0.16 —1.276 0.01 X 4
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VALUE or B IN Formura 47

Number of Number of
turns, n B turns, » B
I 0.000 40
2 0.114 45
3 0.166 i 50
4 0.197 I 60
5 0.218 I 70
6 0.233 80
7 0.244 90
8 0.25: 100
9 0260 | 150
10 0.266 200
15 0.286 ' 300
20 0.297 400
25 0.304 1 500
30 0.308 1l 700
35 0.312 1,000

27. Inductance Standards. Like all other standards, inductance
andards must be rugged, permanent, and econstant. The simplest
ndamental standard is a single square turn of round wire. The induc-
nee of such a standard can be ealeulated with great aceuraey.
When a standard having a large value of inductance is desired, the
1gle square turn becomes too large for use, and it is necessary to design
me more compaet form. The resistance and internal capacity must,
“kept to a minimuem.  Furthermore the turns must be held rigidly in
ace 80 they eannot change their relative positions.  The dieleetrie
the field of the coil must have a minimum volume and be of such
aterial that the losses in it are as small as possible,
These requirements are best met by a single-layver solenoid with a
aced winding. For a minimum conduetor resistance, the ratio of
ameter to length should be 2.46, but a somewhat smaller value of this
tio is desirable to reduce the internal apacity, this being proportional
the radius.
One excellent form of standard inductor is made by winding silk-
vered Litz wire in slots in the edges of strips of hard rubber, the ends
which are supported by hard-rubber rings.  With this skeleton tvpe
winding form, the cross section of the coil is polygonal rather than
‘cular.  In order that the proper ratios of diamoter to length may be
tintained, the coils must be of large size, their diameters ranging from
to 40 em. for inductanee values that are necessary in the frequency
age from 15 to 1,500 ke, Such a coil must be given relatively eareful
n:dling, however, sinee jolts might eause some of the wires to ehange
eir positions. A more rugged coil consists of bare wire wound upon a
readed eylindrieal form, the turns being cemented in place with a very
tle cement, preferably collodion.  The form should be as thin as is
asistent with adequate strength.  Glass forms may also be used,
hough it is then necessary to cement the turns more thoroughly than
the case of a threaded form.
With recent advanees in the precision of frequency determination and
provement in standard condensers, the temperature coefficient of a
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standard inductance may become an important factor. It is possibl
in this ease, to reduce the temperature eoefficient by a speeial desig
of the winding form.

28. Mutual Inductance. As the changing magnetic field due to
varving current in a cireuit induces an e.m.f. in the eircuit itself, so m:
it induee an e.m.f. in any neighboring cireuit.  The e.m.f. induced in t’
first circuit depends upon the self-induetance of that eireuit, and, in t'
same way, the can.f. induced in the sceond circuit depends up
the mutual inductance between the two circuits.  Mutual induetan
is defined in three ways exactly analogous to the three ways of definh
self-induetance: (1) as the magnetic flux linking the second eireuit whe
unit current flows in the first circuit; (2) as the e.m f. indueed in eirel
2 when the current. in eircuit 1 ehanges at the rate of one unit per secon
(3) as twice the work done in establishing the magnetie flux, linki
circuit 2, associated with unit current in eireuit 1. These three definitio
give constant and equal values for the mutual inductance if there is -
material of variable permeability near the circuits and if the curre
does not vary so rapidly that its distribution in the cross section of t
conductors differs greatly from a uniform one. The change in curre
distribution at high frequencics, however, has a very slight effect upon t
mutual induetance.

The units of mutual inductanee are the same as those of self-induetane
in the practical systemn they are the henry and its subdivisions, the mil
henry (mh) and iicrohenry (uh).

29. Measurement of Mutual Inductance. When two inducto
having a mutual inductance, are connected in series so that their ms
netic fields aid cach other, the total induetance of the eombination is

L =1L+ L+ 2M (4

where L' is the inductance of the combination, L; and L, are the indu
tanees of the coils, and M is their mutual induetanee.  If the connectio
to one of the coils are reversed, the total inductanee beeomes

L’ =Ly 4+ L, — 2M (4

Then, from these two equations,
. L' =L :
i M M= =3

g I These relations furnish a convenient meth
Lz for the measurement of mutual induetance. T
’ inductance of the two coils connected in series
measured by any suitable method, the connectic
- /{2 to one coil reversed, and the inductance ag:
C== measured. Thelarger of thetwo measured valt
T is then denoted by L’ and the smaller by L”, a
{ M is calculated by means of Eq. (50). T
method is applicable at any frequency, provic
I16. 24 —Cireuit for meas- the inductance-measurement method is approg
uring mutual inductance. ate at that frequency. It is not very aceur:
when JMissmall in comparison with the induetar
of the larger of the two coils.

A method applicable for all values of M is illustrated in Iig. 24
represents a voltage-measuring device of high impedance, preferably
thermionic voltmeter. A voltage source of frequency w/2w is connected

1 Mourrin, E. B., “ Radio Frequency Measurements,” p. 383, 1932.
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VALUES OF F ror FormuLa 56
re/r1 F ' Difference |l ro/r1 F I Difference “ ra/n1 F Difference
Il i ]
. T N N N 1
0 i © l |
1.010 [0.05016 | —0.00120 | 0.30 |0.008%44¢ |—0.000341 | 0.80 [0.0007345 (—0.0000604
o | 4897 | 109 31 %503 328 | .81 6741 579
012 | 4787 100 32 8175 314 | .8 6162 555
33 7861 302 | .83 5607 531
).013 | 4687 | —0.00003 34 7559 290 | 84 5076 507
014 | 4594 87 |
015 | 4307 81 | 0.35 |0.007269 [—0.000280 | 0.85 [0.0004569 |—0.0000484
016 | 4426 M8 | .36 6989 270 | .86 4085 460
018 | 4278 132 | .87 6720 260 | .87 3625 437
| | ‘38 6460 219 | g 318 113
).020 [0.04146  [—0.00119 39 | 6211 241 89 2775 389
022 | 4027 109
024 | 3918 100 | 0.40 [0.005970 |—0.000232 | 0.90 |0.0002386 | —0.0000365
026 | 3818 93 41 5738 225 91 2021 341
028 {3725 86 42 5514 217 | .92 1680 316
43 5297 210 | 93 1364 290
).030 | 3639 | —0.00081 44 5087 202 | .04 1074 263
032 | 3538 6
034 | 3482 71| 0.45 |0.004885 |—0.000195 | 0 95 |0 00008107 —0.00002351
036 | 3411 68 46 4690 189 | .9 5756 2046
038 | 3343 64 47 4501 183 | .97 3710 1706
48 4318 178 | 98 2004 1301
).040 [0.03279  |—0.00061 49 4140 171 | .99 703 703
042 [ 3218 58 1.00 0
044 [ 3160 55 | 0.50 [0.003969 |—0.000166
046 | 3105 53 51 3803 160 | 0.950 |0.00008170| —0.00000494
048 | 3052 51 52 3643 156 952 | 7613| 452
53 3487 150 | 954 7131 470
1.050 [0.03001  |[—0.00226 54 3337 M6 | 956 ‘ 6661 458
060 | 2775 i91 058 6202 448
070 | 2584 164 | 0.55 [0.003191 |—0.000141
080 [ 2420 144 | .56 3050 137 | 0.960 [0.00005756| —0.00000436
090 | 2276 128 57 2913 133 | 962 5320 421
| 58 2780 128 | 064 4899 409
1.100 1002148 | —0.00116 59 2652 125 | .966 4490 397
| 2082 104 “ ‘068 4003 383
12 1928 9 | 060 0.002527 |—0.000120
13 1832 8 | .61 | 2407 117 | 0.970 |0.00003710| —0.00000370
14 1743 82 | 62 | 2200 ns | 972 3340 356
| 6 | 2w 109 | 974 2984 341
)15 [0.01661 |—0.00075 | .64 2068 106 | 976 2643 327
.16 1586 7 | 978 2316 312
17 1515 66 | 0.65 0.001962 |—0.000103
18 1419 62 66 1859 99 | 0.980 (0.00002004| —0.00000296
19 1387 59 67 1760 96 | 982 1708 278
68 1664 93 | 984 1430 262
)20 10.01328 | —0.00053 69 1571 90 | 085 1168 242
2 1273 52 -988 926 223
22 1221 50 | 0.70 [0.001481 |—0.000087
23 1171 47 7l 1394 0.990 |0.00000703|—0.00000201
24 1124 5| .7 1310 81 | 992 502 137
73 1208 78 | 994 326| 148
)25 [0.010792 [—o0.000425 | 74 1150 76 | .996 177 115
26 10366 408 998 062 62
27 0.009958 388 | 0.75 (0.0010741 |—0.0000731
8| 9570 371 .76 10010 704 |
9 9199 355 | .17 9306 630
78 3626 653
| 79 7973 628
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the terminals A and B, the current being denoted by 7. When the swite
is eonnected to point 1, the voltage nicasured is

i =
=G (351
With the switch on point 2, the measured voltage
e =wlHi = wM(Ue (32
Then
() 1 B
M= (53
The capacity (" may be replaced by a resistance . Then
2R
W =2 (54
(15

If a variable standard of mutual inductance is available, any other mutus
inductanee whose value falls within the range of the standard may bhe readil:
measured. The primaries are connected in series to a voltage source, th
secondaries in opposition to a telephone receiver or other indicating deviec
and the standard is varied until a null indication is obtained. The unknow
mutual inductance then has the value indicated by the standard.

30. Calculation of Mutual Inductance.! The mutual inductance of tw
parallel coaxial circles may be calculated by the following method: first

calculate - -
(A% D2
o _ (l o A TF (55
T ( (1)'-' e
T+ )+
where a is the radius of the smaller vcirele, A the radius of the larger eirelc
and D) the distance between the planes of the two ecircles.  From the tabl

shown on page 77 the value of F corresponding to the ealeulated value of ra/7
is obtained. Then

M =F/da (56

The units are the same as in the formulas for self-inductance already giver
For two parallel coaxial multilayer evils of square or nearly square cros
section, a good approximation is given by

M o= My (58

where n: and ne are the numbers of turns on the two coils, and M is th
mutual inductance of two eireles located at the centers of the erass section
of the two coils,

The same formula may be used as a rough approximation for the mutus
inductance of two coaxial single-layer solenoids.
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SECTION 5
CAPACITY
By K. L. Hawy,' E.E.

1. Capacity. Capacity is one of the three electrieal quantities present.
all radio circuits. The radio engineer endeavors to coneentrate
pacity in definite well-known forms at definite points in the cireuits,
1t capacity exists between different conductors in the cireuits and
stween the various conductors and the ground. Such eapacities,
sually small, are ordinarily of no importance in the ecase of low or
1(llo-frcq11(-u('v currents but may be of great consequenee in radio-
equency cireuits.
A condenser is an eclectrical deviee in which capacity plavs the main
le. While some induetance and some resistanee may be present, these
1antities are usually of such minor importance that they are negligible.
A condenser has three essential parts, two of which are usually metal
ates separated or insulated by the third part called the dielectric.
The amount of clectricity which the condenser will hold depends on
1e voltage applied to the condenser.  This may bhe (-}\plessml as (Q =
X V. The capactty of the condenser is the ratio of the quantity of
cetricity and the potential difference or voltage, or C = Q/V where
is given in (-()u}omﬁ))s, C in farads, and V7 in volts,  The eapacity of a
mdenser is dependent on the size and spacing of the plates and the
ind of dicleetrie between the plates.
2. Units of Capacity. The unit of eapacity is the farad. A condenser
as a capacity of one farad when one coulomb of cleetricity ean be
1ded to it by an applied voltage of one volt. This unit is too large
r practical use so that a smaller unit, the microfarad, abbreviated
f, or one-millionth of a farad, is used. A condenser ll.l\'lll[., a capacity
“ one microfarad is much larger than is used in radio eircuits.  Con-
ensers for such circuits usually have eapacities between a few thou-
indths and a few millionths of a microfarad.  Another unit, the
dceromierofarad, is often used. 1t is abbreviated wpuf.
Another unit of capacity sometimes used is the centimeter. The eenti-
weter is equal to 1.1124 micromicrofarads.
3. Electrical Energy of Charged Condenser. Work is done in charging
condenser beeause the diclectrie opposes the setting up of the clectrie
train or displacement of the eleetrie field in the dicleetric.  The energy
f the charging souree is stored up as eleetrostatic energy in the dicleetrie.
The work done in placing a charge in the condenser is
1 . 1,,.., Q2
=;2(JXl =2('l2=:‘;—c

! Radio Section, Bureau of Standards.
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where W is expressed in joules
Q is expressed in coulombs
V is expressed in volts.

The work done in charging the condenser is independent of the time taken
charge it.
4. Power Required to Charge Condenser. The average power requir
to charge a condenser is given by the equation
1CVe
P=y3 ¢

where P is expressed in watts

C is expressed in microfarads

V is expressed in volts

t is expressed in seconds.
If the condenser is charged and discharged N times per second the abc
equation becomes

P = 1CViN
If an alternating e.m.f. of frequency f is used in charging the condenser, -
equation may be written
P = CKe
power in watts
capacity in farads

maximum value of voltage
frequency in eyecles per second.

where P
¢

Eo
!

o

5. Dielectric Materials. The dielectric of a condenser is one of -
three essential parts. It may be found in solid, liquid, or gascous fo
or in combinations of these forms in a given condenser.

The simplest form of condenser consists of two electrodes or pla
separated by air.  This represents a condenser having a gaseous diel
trie. If this imaginary condenser has the air between the plates repla
by a non-conducting liquid, such as transformer oil, and if the dista
between the plates is the same as in the first case, it would be fou
that the eapacity was increased several times because the oil has a hig
value of dicleetric constant than air which is usually taken as 1.

If the space between the plates is oceupied by a solid insulator
condenser would resulf, whieh would be practical, as far as the possibi!
of construeting it is concerned. Tt would he found, in this case a
that the eapacity of the condenser was several times larger than wl
air was the diclectric.

The mechanical construetion of cither air or liquid dielectric condens
requires the use of a certain amount of solid dielectric for holding
two sets of plates.

There are a great many dielectrie or insulating materials available
the engineer to choose froni. It often is found that a material whie!
very good from the electrical standpoint is poor mechanically, or
versa.

Air is the only gas generally used as a diclectric. Compressed air
been used in some high-voltage condensers.

Several kinds of oil have heen used in condensers, such as castor
cottonsced oil, and transformer oil. More recently electrolytic ¢
densers have come into use in radio equipment for use as filters and byy
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ndensers where a large capaeity is required and either a direet eurrent
pulsating direct current is applied.

Among the solids used as the eondenser dieleetrie are miea, glass, and
per. Solid insulators used as mechanical supports in condensers
lude quartz, glass, Isolantite, poreelain, Bakelite, mica, amber, hard
bber, Vietron, ete.

6. Dielectric Properties of Insulating Materials. Such propertics
surface and volume resistivity, dicleetrie strength or puncture voltage,
slectric eonstant, and absorption, are often eonsidered in direct-
rrent and commercial-frequeney applications.  Such data are of little
lue if the insulating material is to be used at radio frequencies. For
e latter applieation r-f measurements of various properties of the
wterial are essential. A material which may be a satisfactory insulator
* low frequeneies may be worthless as an insulator at radio frequencies.
One of the most important properties of an insulator for radio fre-
eneies 18 its power loss. This includes several factors which are
ficult to separate, but together indicate its suitability for radio pur-
ses.  The general idea of the imperfection of a condenser is brought
t.in several names such as “ power loss,”” “power factor,” and “ phase
ferenee,” but they are not identieal terms.

Dieleetric constant is another important property of a material which
s a definite bearing upon its use at radio frequencies.

Neither power loss nor dieleetrie eonstant alone ean be used in seleceting
2 best insulator for a partieular applieation at radio frequeneies.  Some
sestigators have published results in which a produet of the power
is and dicleetrie eonstant appears.  This factor has no recognized name
vet but has certain merits in use for indieating more eompletely the
itability of an insulating material for radio uses.

7. Dielectric Constant. The dielectric constant K of an insulating
iterial is the ratio of the eapaeity €, of a condenser using the material
the dieleetrie, to the capacity €, of the eondenser using air as the
dectric, or K = C;/Ca. This property of the material is sometimes
lled inductivity or specific inductive capacily.

The dieleetric eonstant of a material 1s not a constant in the true sense
the word, but varies with the frequeney, moisture content, tempera-
re, voltage applied, and manner of applying it.

8. Values of Dielectric Constant for Electrical Insulating Materials
Radio Frequencies.

Fre-
. quency, | Dielectric |
Material kilo- constants Source
| cycles
lluloid, photographic film......... A 6.7
llulose nitrate, laboratory product. . 4 3.8
ment, de Khotinski, medium hard.............. ... | A 3.9 '
ser, black..... 7.6
5% }0000000 006 ale 000060 0E606000006000aa00000 00000 4 4.8
il impregnated 5.8
BBB . i e etk e e 305.1t07.9e 3
150 6.4 } |
800! 6.2 | g
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I're- s ’
e quency, dieleetrie |
Material o constant, Sour
cycles l
cobalt. .. ... ... )()() 7.3 'I
. § SO0 7.0 2
Nt 1 800/ 70 g
heat resisting. .. ... .. ... . ... ... ... ... ... ... 4 5.7 ) ‘
photographic, with gelatin coating.. ... 4 7.0 l | \
without gelntln conting. . ..., ........... 4 7.0 J
plate, American.... .. ..... A 7.6
plate.............. 500 6.8 2
pyrex............ ..... 30 4.8 3
H00 4.9 2
window. ... L 8.0 1
Hard rubber...... ... ... ... . . ... { 1 ‘“ég :g ; 2
Isolantite....... ... .. ... ... B 6.1 5
| 44 8.4 .
Marble. ... .. ... 111,400 73 2
white. .. .. . . 4 9.3
gray. A 11.6 .
blue. 4 9.4 1
Mica, clear, Indin. ... ... ... . .. oo A 6.4
built-up, shellac binder. .. ... . . ... ... ... ... ... 4 5.6
I'henolic insulation, laminated (Hakelite)...... ... .. A 19054 to 5.8 } 2
1 1.0005.1to 5.6
[ A 30.0 )
Slate, electrical ........ ... ... ... oo oL 44 20.5 } h
2,650 893
Varnish, spar.. ... ... ... . ... ... .. .. .. ... .. A 55
insulating......... ... ... ... ... o oo L 4 4.8
Wax, beeswax........... 4 3.2
ceresin.......... Banoooo A i
paraffin. ........... .. 4 2.6 |
Wood, basswood, quite dr) 2.0 | !
baywood, quite dry. . 2.4
cypress, quite dry . A 2.0
fir, quite dry. ... . 3.1
maple, quite dry. . . 2.6
oak, quitedry... ... ... ... .. .. 3.1
birch............ R 500 B8
maple.......... ... ... 500! 4.4 l
3000 3.2 )
425 3.3
oak ........... . ... d 645 34 ‘
| 1 .()(')0. 3.3

a range of nine samples of various chemical compositions reported.
4 measurements made between 80 and 1,875 ke,
B average of a numlﬁ-r of values between | ke and 3,130 ke.

1 PrREsTON, J. L., an
QST, 9, 26-28, February, 1

1925,

I.. Harr, Radio-frequency Properties of Insulating Materi

2 }IO('n, K. T., Power Losses in Insulating Materials, Bell Systemn Tech. Jour.

November, 1922.

3 DeckER, WiLLtaum C., Power Losses in Commercial Glasses, Elec. World, 89, 601 6

Mar. 19, 1927,

4 Bamrsto, G. E., Conductivity and Dielectric Constant of Dielectrics for 11i,

frequency Osullatluns Proc. Roy. Soc. (London) A, 96, 363-382, January, 1920.

5 Isolantite circ,

World
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9. Power Loss, Phase Difference, and Power Factor. Eleetrical
sulating materials are not perfect in their insulating qualities and there
a certain amount of power absorbed in them when used in an a-¢
reuit. A measurement of the power loss is the best single property
it gives an indication of the suitability of an insulating material for
se in radio circuits.  Power loss can be expressed by a number of quan-
ties, the most commonly used heing resistance, power factor, phase
fierence, and phase angle.

When a.e. flows in a condenser, the voltage aeross
iecondenserlags somewhat lessthan 90 deg. behind
e eurrent as shown by the angle 8 (Fig. 1), ealled
ie_phase angle. The complement ¢ of the phase
igle, is ealled the phase difference.  The cosine of
te phase angle is called the power factor. The
»wer loss in the insulating material is

P = EI cos 0
. I'1;. 1.—Phase in a
P = Elsiny capacitive circuit,

herc E = voltage across the condenser
= current in amperes through the condenser
plus ¢ = 90 deg. as shown in Fig. 1. From the above, sin ¢ = cos 0,
* the sine of the phase difference is equal to the power factor.
When considering a condenser having dieleetrie
c R losses, such as current leakage, brush discharge or
—>-—"—'\/W\/\NV\— corona, dicleetrie absorption or resistance in the
plates, joints, eontacts, leads, ete., it is eustomary
6. 2.—Condenser to think of it as a perfeet condenser € with a
tth dielectrie losses. pesistance R in series as shown in Fig. 2.
The voltage vectors may he shown as in Fig. 3, where the resultant voltage
flowing in the eircuit is obtained by completing the vector diagram. The
mle ¥ is quite small for materials suitable for radio-frequency insulators.
or small angles the angle ¢ = tan ¢, In Fig. 3

RI

P = = - ' )
tan y = Tel = Ra( 2w R0, Ep-RI ,
the resistance, capacity, and frequency can be g
easured, the phase difference can be calculated from K |
~ |
¥ = 2nfRC, 03 Y
a ] ] ¥ |
here ¢ = phase difference in radians "’_ |
[ = frequency in eyeles per second
R = resistance in ohms “E
(' = capacity in farads.

I'té. 3.—Vector rela-
tions in a condenser
with diclectrie losses.

The following equation is sometimes convenient
hen wave length in meters is given

LG RC
¥ = 0.1079 N
here ¢ = phase difference in degrees
R = resistance in ohms
¢ = capacity in micromicrofarads
A = wave length in meters.

or small angles, phase difference in radians is equal to power factor (nearly).
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Power faetor in per cent is 1.745 times phase difference in degrees. Pow
factor in per cent is given by the following equation:

cos @ = 2nfRC X 107

power factor in per cent
fr('qu('n(-y in kiloeyeles
resistance in ohms

capacity in mieromicrofarads.

where cos 0

R
¢

The leakage of clectricity by conduction through the dielectric or along i
surface contributes to the phase difference but is generally negligible at hij
frequencies. A condenser having leakage may be represented by a perfe
condenser with a resistanee in parallel as shown in Fig. 4. The curre

E
IR=E
R
| L_|C |
b B el
Fre. 4. —Equivalent of Fig. 5.—Vectors in eon-
condenser with leakage. denser with leakage.

divides between the capacity and the resistanee, Ix through the resistan
being in phase with the applied voltage ¥, and I¢ through the capacity leadin
E by 90 deg. as shown in Fig. 5. The resultant current I leads £ by (
deg. —¢). where ¢ is the phase difference. In Fig. 5

E/R 1

e = WCE = wRC
or
1
v = wltC

Power factor is a term that involves all the power losses in a condense
If the total power loss in a condenser is " watts, the voltage applied to it
V volts (r-m-s), and the current flowing through it is / amperes (r-m-
the power factor, of the condenseris W/VI. The relation hetween I (ampere
and V" (\'olt.s) for a condenser of capacity € (microfarads) operating at
frequency f is

;2O eCV
I TR T T
The power factor of a condenser in per cent may be written

p = WX 106 W X 100
oS Y = gmcve T TuCre
Referring again to Fig, 2 showing the perfect condenser C and resistanece
replacing the actual condenser, the value of /2 can be calculated from t.
equation W = I2K, The quantity R is known as the equivalent resistance
the condenser at the given frequeney.

The expression W X 106/wC12 for power factor can be changed into t.
expression involving resistance, capacity and w by substituting /212 for
and then substituting wC1 /108 for I, giving power factor equal to RCw
10-¢.
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10. Values of Power Factor for Electrical Insulating Materials at
adio Frequencies.

Fre-
. . quency, Power factor, q .
Material Kiloo per cent Source
cycle
T T |
187.5 0.459
300 0.476
mber. ... . 429 0.478 t
600 0.405 |
1,000 0.513
slluloid, photographic film............. .. 4 4.2
sllulose nitrate, laboratory product. ... ! 4 2.8 l
| A 3.68 5
&l 4.55
A 4.89
A 3.68
30 0.35 to 2, 98¢« aQ
600 0.04 to 0.635" 4
500 0.70 }
500 042 | )
720 0.42 j
890 0.40
heat resisting. . .. .......... ... ............... | A 0.61
photographic, with gelatin coating...... ... .. .. A 1.00 3
without gelatin coating................. A A 0.86
1 14 0.97 1
100 0.77 .
plate. ... ... ... ... ... 500 0.66 j
J 1,000 0.62
500 0.70 2
American plate. ... ... o | 4 0.93 5
14 0.88 1
| 100 0.74 g
500 0.67 j
Pyrex. . ... 750 0.68
§ 0.56
' o |V 0% ¢
500 0.42 2
Window.... ... .. ... A 0.87 s
0.88 l
0.88 )
0.88 ‘
1.05 )
0.62 ]
0.68 § L
0.18 ¢
0.52
4.2 3
1.22
Zea, clear, India. ... ... . g 680 8 8-{7 5,
Built-up, shellac binder.................. I A 1.75 ' 5
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I°re- | ’ . |
- quency, ‘ower factor, .
Muterinl Kilo- 53 GGt | Sour
cycles ' ‘
, . . . o 190
Phenolic insulation, laminated (Bakelite). . ... .. ; 1.000 2
Slate, electrical ... ... | A
Varnish, spar. . ... ... ..o L 4 15 2
msulutlm: ............................... 4 5.25 | g
[
Wax, beeswax.......... . 4 1.63 |
ceresin.............. 4 0.04
f 14 0:042
paraffin....... .. .. Lo 100 0031 2 3
l 500 0.026
Wood, basswood, quitedry........... ... ... . A 1.92 ‘
baywood, quitedry...... .. .. .. ... . ... . 4 2.45
cypress, quite dry. .. 4 2.1 5
fir, quite dry..... 4 3.5
maple, quite dry..... .. ' A 2.45 ‘
oak, quitedry....... . A 2.07
birch. ... ... ... o0 | 500 6 .48
maple. . . 500 333 ?
‘ 300 3.68 2
427 3.50
oak. . . ... ) 1537 385 ‘
| 1.060 4.20

¢ Range of nine samples of various chemical compositions reported.
" Range of 27 samples of various chemical mmposnmns reported.
4 Measurements made between 80 and 1,875

B Between 250 ke and 1,500 ke.

lb(‘lmT’r EricH, " Hochfrequenzverluste von Gliasern und einigen anderen Diele
tricis,” Jahr. Darhtloser Tele. Tele., 18, 82-122, August, 1921,

’Hocu, E. T., Power Losses in 1nsulatmg Materials, Bell System Tech. Jour.
November, 1922,

3 M \cl,EoD, H. J.. Power Losses in Dielectrica, Phys. Rer., 21, 53-73, 1923,

4 DECKER, WiLLIAM C., Power Losses in Commereial (i lasses Elec. World, 89, 601-6C
Mar. 19, 1927,

5 PRE.‘IT()N. J. L., and E. L. HaLy, * Radio-frequeney Properties of Insulating Mat
rials, QS7T, 9, 26-28, February, 1925.

¢ Isolantite circ.
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WER FACTOR OF VARIOUS INsvLATING MATERIALS AT 1,000,000 CycLes
(General Eleetric Company)

Material Power factor Dicleetrie

constant
ir linseed-oil varnish filbm... ... . ... .. ... ... . 0.012 2.2
sk asphaltic varnish film 0.008 2.0
llac ilm................ 0.025 4.1
0.011 3.2
l 0.0008 2.7
[0.0026 to 0.0037 | 3.3to 4.7
0.0097 | 2.5
1().0012t00.0()21 2.5t0 2.6
0.025 2.9
0.018 to 0,029 6.8to 8.0
selain (wet process) 0.006 to 0.008 6.5t0 7.0
eglass. . ... 0.01 8.4
ed quartz 0.0002 4.1
calex......... ..l . 0.002 8.0
drubber................. [0.015 to0.02 3.0to 5.0
nolic resin laminated compound (highest grade,
aperbase)............ e 0.035 5.0
nolic resin laminated compound (highest grade,
othbase)............... ..., 0.045 5.0
nolic resin molded compound (wood-flour filler) .. .| 0.035 5.5
|
nolic resin molded compound (mica filler).. ... .. 0.01 x 6.0
dfiber (dry)....... .. ... ... ... ... | 0.05 b,
a (clear muscovite) ..................... ... 10.0001 to 0.0008| 6.5to 8.0
a(amber). ... |0 0004 to0.071 | 5.4t0 5.8
rished cloth, (yellow) ... .. .. ........ ... 0.03 2.5
dack) ... 0.02 2.0
(Ba800000000000000600000000000000030008000000 0.45 to 0.63 12.4t0 19.0

1. Dielectric Strength. The dielectric strength of an insulating
erial is the minimum value of electric field intensity required to
ture it. Dicleetrie strength is usually expressed in kilovolts per
timeter of diclectrie thickness.  The fall in insulation resistance with
in temperature is a factor of great importance in connection with
breakdown of a dielectric under the applied voltage, Insulating
erials are not strictly homogeneous. The current leak through an
dating material may perhaps be eoncentrated in a few small paths
wugh the material, and the energy loss due to the leakage, while small,
7 be large compared with the area through which it is lowing. The
1s of the current flowing through the dielectric become heated with a
lting lowering of the resistance of the path and an increase in the
'ent leakage. The heating of the dieleetric may lead to rapid deteri-
ton, particularly if moisture is present, and ultimate breakdown.
length of time of the application of the voltage has a definite bearing
n the breakdown voltage. Most dielectries will withstand for =
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very brief period a much higher voltage than they can when the vol
is applied for a longer period.

These effects have dictated two tests for condensers, a high flash-
voltage of very brief duration, and the application of a much lc
voltage for a longer period.

The diclectric strength of a material is usually found to be lowes
r-f voltages than for a-f or d-c voltages. The rupturing voltage at r
frequencies depends on the rapidity with which the voltage is raised
is not nearly so definite a phenomenon as low-frequeney puncture volt
Dicleetric strength of solid insulators is difficult to measure heeause ot
complexity of the experimental effeets. As the r-f currents flow in
material, heating, corona, flash-over, and possible deterioration, bli:
ing, or charring may result with consequent changing of voltage
current as the time of application elapses.

If high r-f voltages are applied to an air condenser, a corona discharge
he set up which appears as a visible glow around high potential metal p
points and sharp edges, and is usually distinctly audible. These co
effects represent a power loss in the condenser. Hence, the construetic
air condensers for high voltages requires the rounding of all edges and co
and the avoiding of sharp points which encourage the formation of co
and flash-over.

12. Dielectric Absorption. When a condenser is connected to a
source of e.m.f. the instantaneous charge is followed by the flowof a s
and steadily decreasing current into the condenser, Theadditionaleh
is absorbed by the diclectric. Similarly, the instantancous disch
of a condenser is followed by a continuously decreasing current.
condenser does not become fully charged immediately, nor does it «
pletely diseharge immediately when its terminals are shorted, but ser
discharges may be secured when the condenser possesses dielectric abs
tion. The maximum charge in a condenser cyclically charged
discharged varies with the frequency of charge.

If a condenser evidencing diclectric absorption is used at radio
queneies, a power loss oecurs which appears as heat in the conde
The existence of power loss indieates a component of e.m.f. in phase
the current as though a resistance were in series with the condens
shown in Fig. 2. The effect of dielectric absorption can be meas
along with other losses in the condenser, although dielectric absory
represents the chief power loss in solid diclectrics.

13. Calculation of Capacity. Formulas are available for us
caleulating the capacity for a large number of geometrical shap
conducting surfaces such as spheres, and cylinders, cither separatc
coneentric, and flat surfaces of various shapes. The usual type of
denser caleulations are concerned with two or more flat conductors.

When two conducting plates are parallel, close together and of large
the capacity of the condenser is given by

C = 0.0885 X _I_(%Q

where C = capacity in micromicrofarads
K = dielectric constant (which is 1 for air)
S = area of one plate in square centimeters
t = distance between plates in centimeters.
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1en more than two plates are used in the condenser, the formula becomes

C = 0.0885 X M

ere N = number of plates

The actual capacity of a parallel plate condenser i