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PREFACE

In p':(:f)aring new material and in revising existing material for the
Third Edition, the same principles were followed as in the First Edition.
An endeavor has been made to prepare a comprehensive working manual
of the radio scienee and to compile in a single book concise information
on each of the branches of radio engineering.  As in earlier editions, there
is in this volume a considerable amount of what may be called funda-
mental background, but the emphasis is on practice rather than on theory.

Each of the sections has been brought up to date. Several have been
completely rewritten, notably those on television, high-frequency tech-
nique, loud-speakers and acoustics, detection and modulation, facsimile,
and aircraft radio. In each of these fields, much progress has been made
since 1935. The authors of the individual sections have the requisite
theoretical background as well as the very necessary practical experience
in the field.

The engineer will find in this book many man-hours of effort compiled
in the form of tables and curves and converted into concise English by
the engineers, physicists, and teachers who have aided the editor in
preparing this new edition.

Kerrn HenNNEY.

NEw York,

April, 1941.
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THE RADIO ENGINEERING
HANDBOOK

SECTION 1

MATHEMATICAL AND ELECTRICAL TABLES
1. Greek Alphabet.

Letters q
Name Cap. | Small Commonly used to designate
a Angles. Coefficients. Area
] Angles. Coefficients
¥ Angles. Specific gravity. Conductivity X
] Decrements. Increments. Variation. Density
€ E.m.f. Base of natural logarithms. Very small
uantity
¢ (Cap.) Impedance. Coordinates
n Hysteresis coefficient. Efficienc,
6,9 | Angular phase displacement. ime constant
[ Current in amperes L
x Dielectric constant. Susceptibility. Visibility
A (Small) Wave length
m Permeability. Amplification factor. Prefix micro-
v Reluctivity
£
o
n T Circumference divided by diameter 3.1416
P » Resistivity
P e, s | (Cap.) Sign of summation
. T T Time constant. Time-phase displacement
T v
Phi.............. ¢ ¢, ¢ | Flux. Angle of lag or lead
Chi.............. X x (Cap.) Reactance
Pai............. v v Angular _velocity in time. Phase difference.
Dielectric lux. Angles
Omega........... Q w Resistance in ohms. Resistance in megohms. 2xF.
Angular velocity

2. Decimal Equivalents of Parts of One Inch.

T2 | 0.0156%5 1 113. | 0.265625 | ®34¢ | U.515625 | 3334 | 0.7656%5
12 | 0.031250 832 | 0.281250 §2 | 0.531250 | 284, | 0.781250
3¢ | 0.046875 | 12§, | 0.296875 | 234, | 0.346875 | 5i4e | 0.796875
15s | 0.062500 5{s | 0.312500 9,6 | 0.562500 | 13{s | 0.812500
56¢ | 0.078125 | 214 | 0.328125 | 2%4¢ | 0.578125 | 535, | 0.828125
852 | 0.093750 | 11g, | 0.343750 | 12y, | 0.503750 | 215, | 0.843750
16¢ | 0.109375 | 23§, | 0.350375 «| 0.809375 | 534; | 0.859375
1g 0.1 3¢ 0.3 55 0.625000 4 0.875000
%, | 0140625 | 23§, | 0.390625 | 415, | 0.640825 | 5144 | 0.890625
8gg | 0.156250 | 13¢; | 0.406250 | 2lg, | 0.836250 | 295, | 0.9082

atge | 0l171875 | 276, | 0.421875 | 435, | 0.671875 | 5% | 0.921875
3{s | 0.187500 7{s | 0437500 | 11{s | 0.687500 | 13{s | 0.937500
136, | 0.203125 | 28§, | 0.403125 | 4354 | 0.703125 | ®lg. | 0.953125
362 | 0.218750 | 1843 | 0.468750 | 23¢, | 0.718750 | 314, | 0.968750
136, | 0.234375 | 33§, | 0.484375 | 43¢5 | 0.734375 | 35, | 0.984375
% 0.2 1 0. 2 0750000 1 1




2 THE RADIO ENGINEERING HANDBOOK [Sec. 1
3. Trigonometric Functions.
° 7] sin tan cot cos | " ° '| sin | tan cot cos
0 0(0.0000[0.0000| infinit. |1.0000] O 90} 8 00.1392(0.1405] 7. 0.9903| 0 82
10]0.0029(0.0029|343.7737]1.0000|50 10|0.1421/0.1435| 6. 0.9899]50
20(0.0058/0.0058|171.8854|1.0000|40 20(0.1449]0.1465| 6. 0.9894]40
30(0.0087/0.0087(114.5887|1.0000|30 30(0.1478(0.1495| 6. 2(0.9890|30
40(0.0116(0.0118] 85.9:398/0.9999|20 40|0.1507]0.1524| 8. 0.9886|20
50/0.0145/0.0145| 68.7501/0.9999|10 50[0.1536(0.1554| 6. 0.9881(10
1 0/0.0175/0.0175| 57.2900(0.9998[ 0 89| 9 0/0.1564|0.1584| 6. 0.9877| 0 81
10(0.0204(0.0204| 49.1039|0.9998|50 10(0.1593[0.1614| 6. 0.9872]50
20(0.0233(0.0233| 42.9641/0.9997(|40 20(0.16822(0.16844| 6. 0.9868(|40
30(0.0262|0.0262| 38.1885(0.9997|30 3010.1650(0.1873| 5. 0.9883(30
40(0.0291(0.0291| 34.3678|0.9996/|20 40(0.1679[0.1703] 5. 0.9858|20
50/0.0320/0.0320( 31.2416(0.9995(10 50[0.1708(0.1733| 5. 0.9853|10
2 0/0.0349/0.0349( 28.6363]|0.9994] O 88 10 0/0.1736/0.1763] 5. 3(0.9848| 0 80
10/0.0378/0.0378] 26.4316(0.9993(50 10/0.1765/0.1793| 5. 0.9843|50
20/0.0407]0.0407] 24.5418/|0.9992|40 20/0.1794]0.1823| 5. 0.9838]40
30/0.0436]0.0437| 22.9038)0.9990/30 30(0.1822(0.18533| 5.¢ 0.9833|30
40(0.0465(0.0466{ 21.4704(0.9989(20 40(0.1851(0.1883| 5.& 0.9827]20
50]0.0494|0.0495] 20.2056|0.9988|10 50|0.1880[0.1914| 5. 0.9822|10
3 0[0.0523(0.0524| 19.0811!0.9986( 0 8711 0/0.1908|0.1944( 5. 0.9818| 0 79
10/0.0552]0.0553| 18.0750|0.9985|50 10(0.1937(0.1974| 5. 0.9811|50
20{0.0581(0.0582( 17.1693(0.9983(40 20(0.1965(0.2004| 4. 0.9805/40
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 40/0.2022]0.20685| 4. 0.9793/|20
50/0.0669]0.0670| 14.9244|0.9978/10 50(0.2051(0.2095! 4. 0.9787|10
4 0]0.0698(0.0699| 14.3007(0.9976( O 86|12 0|0.2079]|0.2126| 4. 0.9781| 0 78
10(0.0727|0.0729) 13.7267|0.9974|50 10(0.2108(0.2156| 4. 0.9775|50
20(0.0756]0.0758] 13.1969]0.9971|40 20(0.2136(0.2186( 4. 0.9769|40
30(0.0785/0.0787| 12.7062|0.9969|30 30(0.2164(0.2217| 4. 0.9763/30
40(0.0814]0.0816( 12.2505/0.9987|20 40|0.2193(0.2247| 4. 0.9757|20
50(0.0843]0.0846] 11.8262]|0.9964|10 50(0.2221(0.2278| 4. 0.9750|10
5 0/0.0872(0.0875| 11.4301(0.9962( 0 85|13 0(0.2250(0.2309| 4. 0.9744| 0 77
10[0.0901(0.0004| 11.0594|0.9959|5 10(0.2278(0.2339( 4. 0.9737|50
20(0.0929|0.0934| 10.7119|0.9957|40 20(0.2306(0.2370 4. 0.9730(40
30/0.0958(0.0963( 10.3854/0.9954|30 30(0.2334(0.2401( 4. 3/0.9724|30
40(0.0987(0.0992| 10.0780/0.9951|20 40]0.2363(0.2432| 4. 0.9717|20
50/0.1016/0.1022( 9.788210.9948/10 50(0.2391(0.2462| 4. 0.9710|10
6 0[0.1045/0.1051] 9.5144|0.9945| O 84114 0(0.2419(0.2493| 4. 0.9703| 0 76
10/0.10740.1080| 9.2553|0.9942|50 10|10.2447|0.2524| 3. 0.9696
20(0.1103|0.1110| 9.0098/0.9939|40 20(0.2478]0.2555| 3. 0.9689|40
30[0.1132(0.1139| 8.7769|0.9936(30 30/0.2504(0.2586| 3. 0.9681130
40[0.1161(0.1189| 8.5555|0.9932|20 40(0.2532(0.2617| 3. 0.9674|20
50(0.1190(0.1198| 8.3450(0.9929110 50/0.2560(0.2648| 3. 0.9687(10
7 0/0.1219/0.1228| 8.1443[0.9925| 0 83|15 0(0.2588(0.2679| 3. 0.9659( 0 75
10]0. 1248(0.1257| 7.9530/|0.9922|50 10|0.2616|0.2711] 3. 0.9652(50
20(0.1276]0.1287( 7.7704(0.9918/40 20|0.2644|0.2742( 3. 0.9644(40
30/0.1305(0.1317| 7.5958/0.9914|30 30/0.2672(0.2773| 3. 0.9636|30
40(0.1334]0.13468| 7.4287(0.9911(20 40(0.2700(0.2805| 3. 0.9628/|20
50/0.1383/0.1376| 7.2687|0.9907(|10 50/0.2728(0.2836| 3. 0.9621|10
8 0/0.1392/0.1405 7.1154(0.9903( 0 82|16 0/0.2756|0.2867| 3. 0.9613| 0 74
cos cot tan sin_ I/ _° cos cot tan sin_ |7 °




Sec. 1) MATHEMATICAL AND ELECTRICAL TABLES 3
° /1 gin I tan I cot cos H" | sin | tan ] cot I cos l
16 00.275610.2867| 3.4874(0.9613| O 74)24 0]0.4067|0.4452 2.2460/0.9135] 0 66
10/0.2784]0.2899| 3.4495(0.9605(50 10[0.4094(0.4487| 2. 2286,0.9124|50
20/0.2812/0.2931| 3.4124(0.9596[40 20/0.4120(0.4522{ 2.21130.9112(40
30/0.2840/0.2962| 3.3759(0.9588(30 30/0.4147(0.4557| 2.1943(0.9100|30
400.2868|0.2994| 3.3402(0.9580/20 40/0.4173|0.4592| 2.1775(0.9088(20
50(0.2896/0.3026( 3.3052/0.9572|10 50/0.4200(0.4628( 2.1609|0.9075(10
17 0]0.2924(0.3057| 3.2709(0.9563! 0 73[25 0/0.4226/|0.4663] 2.1445(0.9063| 0 65
10(0.2952(0.3089] 3.2371]0.9555|50 10/0.4253(0.4699| 2,1283(0.9051|50
20(0.2979(0.3121| 3.2041(0.9546{40 20/0.4279|0.4734| 2.1123(0, 9038|40
30(0.3007/0.3153| 3.1716|0.9537|30 30/0.4305/0.4770| 2.0965(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| 2.0855(0.9001|10
18 0]0.3090(0.3249| 3.0777/0.9511( 0 72[26 0[0.4384(0.4877| 2.0503|0.8988| 0 64
10/0.3118/0.3281| 3.0475(0.9502(50 10/0.4410(0.4913] 2.0353(0.8975/50
20/0.3145/0.3314| 3.0178(0.9492(40 20/0.4436/0.4950] 2.0204{0.8962(40
30/0.3173/0.3346| 2.9887(0.9483(30 30/0.4462(0.4986] 2.0057(0.8949(30
40(0.3201/0.3378| 2.9600(0.9474|20 40(0.4488(0.5022| 1.9912/|0.89:38(20
50/0.3228(0.3411| 2.9319(0.9465(10 50/0.4514(0.5059] 1.9768(0.8923[10
19 0(0.3256(0.3443| 2.9042(0.9455| 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 20(0.4592(0.5169| 1,9347(0. 40
30(0.3338/|0.3541| 2.8239|0.9426|30 30(0.4617(0.5208] 1.9210(0.8870|30
40]0.3365/0.3574| 2.7980(0.9417|20 40(0.4643(0.5243] 1.9074]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 0 70{28 0/0.4695(0.5317| 1.8807|0.8829( 0 62
10/0.3448/0.3673| 2.7228]0.9387)50 10/0.4720(0.5354| 1.8676(0.8816(50
20(0.3475|0.3706| 2.6985/0.9377|40 2010.4746(0. 5392| 1.8546(0.8802(40
30(0.3502/0.3739| 2.6746/0.9367|30 30/0.4772(0.5430| 1.8418(0,8788(30
40]0.3529(0.3772| 2.8511(0,935620 40(0.4797(0.5467 1.8291/|0.8774(20
50(0.3557/0.3805| 2.6279[0.9346(10 50(0,48230.5505] 1.8165(0.8760(10
21 0/0.3584|0.3839| 2.6051/0.9336( 0 69[29 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
30/0.3665/0.3939| 2.5386/0.9304/30 30/0.4924(0.5658] 1.7675/0.8704(30
40(0.3692[0.3973( 2.5172(0.9293(20 40(0.4950(0. 5696{ 1.7556|0. 8689|20
50/0.3719|0.4006| 2.4960)0.9283|10 50(0.4975]0.5735| 1.7437/0.8675(10
22 0[0.3746(0.4040) 2.4751/0.9272| 0 68§30 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| 1.72050.8646(50
2010.3800(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(0.5890| 1.6977(0.8616(30
40/0.3854|0.4176| 2,3945/0.9228(20 4010.5100(0. 5930 1.6864|0.8601/|20
50(0.3881(0.4210| 2.3750/0.9216/10 50/0.5125(0.5969| 1.6753/0.8587(10
23 0{0.3907|0.4245| 2.3559(0.9205| 0 6731 0[0.5150/0.6009| 1.6643/0.8572( 0 59
10/0.3934|0.4279| 2.3369/0.9194(50 10/0.5175(0.6048| 1.653410.8557(50
20{0.3961(0.4314| 2.3183|0.918240 20[0.5200(0.6088; 1.6426|0.8542/40
30|0.3987/|0.4348| 2.2098/0.9171/30 30(0.5225/0.6128] 1.6319|0. 85286 30
40|0.4014|0.4383| 2.2817|0.9159(|20 40|0.5250(0.6168| 1.6212|0.8511/20
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 sshaz 0]0.5299(0.6249] 1.6003/0,8480| 0 58
co8 cot tan sin ! °|| cos cot tan ain !’ ©
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° | sin tan cot sin | tan | cot | cos

32 0/0.5299|0.6249] 1.6003|0. 0.6293]0.8098| 1.2349{0.7771| 0 51
10]0.5324|0.6289| 1.5900/0. 0.6316]/0.8146( 1.2276(0.7753(50
20]0.5348{0.6330[ 1.5798(0. 0.6338(0.8195/ 1.2203(0.7735(40
30(0.5373|0.6371| 1.5897|0. 0.6361/0.8243] 1.2131(0.7716|30
40(0.5398(0.6412] 1.5597|0. 0.6383(0.8292| 1.2059{0.7698/20
50|0.5422]|0.6453| 1.5497|0. 0.6406(0.8342| 1.1988(0.7679/10

33 0]0.5446|0.6494( 1.5399(0. 0.6428|0.8391] 1.1918/0.7660( 0 50
10]0.5471(0.6536| 1.5301|0. 0.6450/0.8441( 1.1847(0.7642(50
20{0.5495(0.6577| 1.5204|0. 0.6472(0.8491| 1.1778/0.7623/40
30{0.5519(0.6619 1.5108/0. 0.6494|0.8541( 1.1708(0.760430
40[0.5544|0.6661| 1.5013|0. 0.6517]|0.8591( 1.1640(0.7585(20
50(0.5568|0.6703| 1.4919/0. 0.6539(0.8642| 1.1571/0.7566/10

34 0]0.5592(0.6745| 1.4826/0.8290( O 56[41 0l0.6561]0.8693] 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| 1.1369(0.7500(40
30(0.5664|0.6873| 1.4550]|0.8241(30 30(0.6626|0.8847| 1.1303(0.7490(30
40/0.5688({0.6916( 1.4460|0.8225|20 40/0.6648(0.8899| 1.1237/|0.7470(20
50(0.5712]0.6959 1.4370|0.8208)10 50{0.6670(0.8952| 1.1171(0.7451{10

35 0]0.5736(0.7002| 1.4281|0.8192] O 55442 0/0.6691(0.9004{ 1.1106|0.7431| 0 48
10|0.5760{0.7046( 1.4193(0.8175|50 10/0.6713|0.9057; 1.1041]|0.7412|50
20/0.5783(0.7089| 1.4106/0.8158(40 20/0.6734(0.9110| 1.0977|0.739240
30/0.5807(0.7133| 1.4019/0.8141(30 30/0.6756(0.9163| 1.0913|0.7373|30
40/0.5831(0.7177| 1.3934/|0.8124/20 40/0.6777(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

36 0/0.5878|0.7265| 1.3764[0.8090( 0 5443 0]/0.6820[0.9325| 1.0724/0.7314( 0 47
10/0.5901(0.7310| 1.3680|0.8073|5 10{0.6841|0.9380| 1.0661{0.7294|50
20(0.5925/0.7355] 1.3597]0.8056(40 20/0.6862|0.9435| 1.0599|0.7274[40
30/0.5948(0.7400| 1.3514(0.8039|30 30/0.6884(0.9490| 1.0538|0.7254(30
40(0.597210.7445| 1.3432]0.8021[20 40(0.6905|0.9545| 1.047710.7234{20
50[0.5995{0.7490| 1.3351/0.8004|10 50/0.6926(0.9601| 1.0416/0.7214(10

37 0/0.6018(0.7536| 1.3270(0.7986| O 53114 0[0.6947[0.9657| 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]0.6065/0.7627{ 1.3111(0.7951[40 20{0.6988(0.9770| 1.0235(0.7153|40
30]0.6088(0.7673| 1.3032(0.7934}30 30]0.7009|0.9827| 1.0176{0.7133130
40(0.6111|0.7720| 1.2954|0.7916/20 40/0.7030[0.9884| 1.0117|0.7112(20
50/0.6134{0.7766( 1.2876!0.7898(10 50|0.7050({0.9942| 1.0058(0.7092|10

38 0[0.6157[0.7813 1.2799|0.7880| 0 52[45 0[0.7071{1.0000| 1.0000(0.7071| O 45
10/0.6180/0.7860] 1.2723(0.7862|50
20]0.620210.7907| 1.2647(0.7844(40
30[0.6225|0.7954| 1.2572|0.7826j30
40(0.6248|0.8002| 1.2497|0.7808/20
50|0.6271/0.8050| 1.2423|0.7790(10

39 0(0.6293|0.8098| 1.2349(0.7771| 0 51

cos cot tan sin 1’ ° cos cot tan sin {’ °
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4. Functions of Angles in Various Quadrants.

Function —x 90° + r | 180° + x| 270° £ x | 360° £ z
— sinr + cos z F sin x — cos ¥ + sinx
+ cos x ¥ sinz — cos r + 8inz + cos z
— tan x F cot x 1+ tanrx F cotx 1+ tanz
— cotx F tan x 1 cot x F tanx 1 cot z
+ sec r F cosec r | — sec z + cosec x | + sec z
— cosec r | + sec x F cosec r | — gec + cosec z

6. Mathematical and Physical Constants.

= 3.14159 logio » = 0.49714

1/x = 0.31830 loge » = 1.14472
x? = 0.86960 logie 2 = 0.30102
Vi = 1.77245 logio ¢ = 0.43420
« = 271828 loge 10 = 2.30258

log, 2 = 0.69314

Velocity of light = 2.99796 X 1010 cmbpcr second
_ §1.5911 X 10729 abs. c.m.u.

Electron charge = 3 4776°%"10-10 abg. e.s.u,

Planck’s constant = h = 6.547 X 10~?7 erg-sec.

6. Table of Circuit Constants. (Pages 6, 7, 8 and 9).

Values of w, 1/w, inductive and capacitive reactance, wave length,
and LC products for frequencies from 10 cycles to 100 Mec for inductance
in henrys and capacity in microfarads.

The following table, in conjunction with the multiplying factors given below, gives
the values of circuit constants, for any frequency between 10 cycles and 100 me:

MuLTIPLYING FACTORS

Mult. »
: Muit. | Mult. | (wave | Mult.
For frequencies between @by |1/w by lele'rh) LC by
y

10.5 cycles and 100 cyeles........................ 1.0 104 108 10
105 cycles and 1,000 cycles. .......... ...... ...} 10.0 10-8 104 10°2
1,050 cycles and 10,000 cycles.. .. ................ 102 16—¢ 100 104
10.5keand 100 ke. ... ..ooovevioi ... 102 1077 | 103 10~
105 keand 1,000 ke....ooovvvenn L, 10¢ 10-8 101 10-s
1,060 ke and 10,000 ke....................... ...| 10® 10 1.0 | 1010
10.5meand 100me................coouuev..... 10¢ 10-10 0.1 10-12

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 C uf at any
frequency: .

a. Apply the proper multiplying factor to column 3,

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

c. Multiply by 10s, .
If C is in micromicrofarads instead of microfarads, multiply by 10:? instead of 109.

Ezample. Thus an inductance of 250 mh at 2,500 cycles has a reactance
of 250 X 10-3 X 157.08 X 102 = 3,940 ohms. A capacity of 250 uuf at
2,500 kc has a reactance of 10~ X 63.665 X 102 + 250 = 254 ohms.
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Frequency w = 2xf 1w = 1/2xf “’ave)iength e
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 24
145 91.106 109.76 206.90 120.48
150 94.248 106.10 200.00 112.58
155 97.389 102.60 193.55 105.44
160 100.53 99.472 187.50 98.945
185 103.67 96. 459 181.82 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 70.187
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. 66.315 125.00 43.975
245 153.94 64.959 122.45 42,198
2. 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. 113.20 36.068
270 169.65 58.995 111.11 34.747
275 172.89 /7.841 109.09 33.494

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

188.47 53.050 100.00 28.145
305 191.64 52.181 98.36 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 42 440 .000 18.013

See multiplying factors on page 5.
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Frequency w = 2xf 1/w = 1/2xf Wave length LC
380 238.76 41, 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 75.948 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
415 280.75 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 89.770 13.699
435 273.32 36.587 68.965 13.386
440 276.46 36.197 688.180 13.084
445 279.60 35.764 87.416 12.788
450 282.74 35.368 66.666 12.509
455 285.89 34.980 65.934 12.238
480 288.03 34.622 85.215 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 83.181 11.227
480 301.59 33.157 82.500 10.994
485 304.74 32.815 81.856 10.768
490 307.88 32.479 81.225 10. 549
495 311.02 32.152 60.604 10.337
500 314.18 31.832 60.000 10.136
505 317.30 31.518 59.408 9.9322
510 320.44 31.207 58.825 9.7380
515 323.59 30.903 58.251 9.5524
520 328.73 30.807 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 8.8498
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 28.876 54.054 8.2234
560 350.86 28.420 53.570 8.0787
585 355.00 28.169 53.007 7.9348
570 358.14 27.922 52.630 7.7962
575 361.28 27.6879. 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
395 373.85 26.749 50.420 7.1547
600 376.99 26.525 50.000 7.0362
6805 380.13 26.308 49586 6.9200
810 383.28 26.090 49.180 6.8072
815 386.42 25.878 48.780 6.6068
620 189. 568 25.850 48.385 8. 5900
625 392.70 25.468 48.000 6.4844
830 395.84 25.262 47.619 6.3820
835 398.98 25.083 47.244 6.2819
6840 402.12 24.868 46.850 6.1840
845 405.27 24.674 46.511 6.0885
850 408 .41 24 488 46.154 5.9952

See multiplying factors on page 5.
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Frequency w = 2xf 1/w = 1/9= Wave);ength LC
655 411.55 24 298 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
875 424.12 23.578 44 . 445 5.5466
680 427.26 23.408 44.122 5.4777
685 430.39 23.238 43.796 5.3982
690 433 .54 23.066 43.478 5.3202
895 436.68 22.900 43.168 5.2441
700 439.82 22,745 42.857 5.1492
705 442 .97 22.575 42.553 5.0962
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 4.8912
725 455.53 21.953 41.379 4.8189
730 458.67 21,801 41.096 4.7532
735 461 .82 21.855 40.817 4.6887
740 464 .96 21 7 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
760 478.52 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 37.036 3.8605
815 512.08 19.528 36.810 3.8134
820 515.22 19.408 36.587 3.76870
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 3.5082
855 537.21 18.614 35.087 3.4857
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 34.0090 3.2710
885 556 .08 17.988 33.898 3.2341
890 558.92 17.882 33.708 3.1970
895 562.35 17.783 33.520 3.1822
900 565.49 17.689 33.333 3.1272
905 568 .63 17.586 33.150 3.0926
910 571.77 17.490 32.967 3.059&
915 574.91 17.378 32.787 3.0254
920 578.05 17.311 32.807 2.9925
925 581.20 17.206 32.432 2.96804

See multiplying factors ou vage 5.
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Frequency w = 2xf 1/w = 1/2xf \\'ave)‘lenuth Lc
930 584 .34 17.113 32.258 2.9287
935 587.48 17.022 32.086 2.8974
0940 590.62 16.931 31.915 2.8665
045 593.76 16.842 31,746 2.8364
950 596.90 16.752 31.580 2.8087
955 600.05 16.6865 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
980 815.75 16.239 30.617 2.8372
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 2.55
1000 628.32 15.916 30.000 2.5330

See multiplying factors on page 5.
7. L, C, A Chart.
10000

T : 100
]

400 |_] .I_l_..__ | | i =150
For valves greater than ! 1 T~7200
an| dq/ven on the chart always !

300 (—add twice as many ciphers o | 300

250 |- 1nductance or capacity numbers|as 1100
are dropped from frequency numbers. | 500

200 |— for values less than any given on the B 600

160 [—from inductance orcapacity number’s
140 |- are aoded fo frequency numbera. |k

\80 |- chart, always drop twice.as many t‘/phea/': | ! : - ; }‘Q 800

3 T 0 i A
100 e SR TR R 9500

0 21416180 2B 30 40 50 60 10809010 120 KO KON 250300 400 S00 600 800 1
Capacity, Micromicrofarads

Inductance, Microhenries
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8 Dimensions, Weights, and Resistances of Pure, Solid, Bare Copper
Wire.
(Copper-wire Tables, Cire. 31, Bur. Standards.)
=
B .
b [&] .
9-3 g Cross—s:r-tmna] area Carrying Weight
2 :\: (68°F.) capacities
<o | ®
g o7
Wb :E;‘ = &=
o ® ==
zr'"= = Circular g« ;:5 g EU
£ s “:"l: (61361 Square inches (s B |TE [ & Plol(x)gganper Pounde per mile
v £ in.” I
£ : Sa|gg |24
d = == : o =4
460.0 [211,600.0 ]0.166.2 225| 270| 325|640.5 3,381.840
400.6 |167.800.0 ]0.131.8 175 210| 275(507.9 2.681.712
364.8 (133,100.0 [0.104.5 150| 180| 225!402.8 2,126.784
324.9 (105,500.0 (0.082,89 125 150/ 200{319.5 1.686.960
1)1289.3 83.690.0 [0.065,73 100| 120| 150(253.3 1,337.424
257.6 66.370.0 [(0.052.13 90| 110| 125|200.9 1,080.752
229 .4 52,640.0 |0.041.34 80| 95| 100|159.3 841.104
204.3 41,740.0 [0.032.78 701 85| 90/126.4 667.392
181.9 33,100.0 [0.026,00 55| 65 80/100.2 529.056
162.0 26,250.0 [(0.020,62 50, 60| 70| 79.46 419.548.8
144.3 20,820.0 |0.018. 38| ...| 54| 63.02 332.745,6
128.5 16,510.0 [0.012,97 35 40 50| 49.98 263.894.4
9114 .4 13,090.0 (0.010.28 28 ...| 38| 39.63 209.246.1
10101.9 10,380.0 [0.008,155 25| 30| 30| 31.43 165.950,4
90.74 8,234.0 (0.006.467 200 ... 27 24.02 131.577.6
80.81 6.530.0 |0.005.129 200 25| 25| 19.77 104.385.6
71.96 5,178.0 |0.004.067 17) ...| ...] 15.08 82.790.4
64.08 4,107.0 |0.003.225 15 18| 20| 12.43 65.630.4
57.07 3,257.0 {0.002,558 ool caa .| 9.85 52.050,24
50.82 2.583.0 (0.002,028 6 10| 7.818 41,279.04
45.26 2.048.0 {0.001.609 .. ... 6.200 32.736,00
40.30 1,624.0 [0.001,276 3 ... 6] 4.917 25.961.78
35.89 1,288.0 |0.001.012 Lo 3.899 20.586.72
31.96 1,022.0 |0.000,802.3 The above 3.092 16.325.70
values are
2]/ 28.46 810.1 [0.000.636.3 those specified| 2.452 12.946.56
22] 25.35 642.4 10.000.504.6 in the 1931 1.945 10.269.60
23 22.57 509.5 10.000.400.2 National 1.542 8.141,78
24 20.10 404.0 |0.000.317.3 Electrical 1.223 6.457.44
25 17.90 320.4 (0.000.251.7 ode. In 0.969.9 5.121,072
lighting work,
15.94 254.1 [(0.000.199.6 [no wire smaller] 0.769.2 4.061.376
14.20 2C1.5 [0.000.158.3 than No. 14is| 0.610.0 3.,220.800
12.64 159.8 (0.000,125,5 used, except 0.483.7 2.553.936
11.26 126.7 10.000,099,53 in fixtures 0.383.6 2.025.408
10.03 100.5 |0.000,078,94 0.304.2 1.608.176
8. 79.70 |0.000.062,60 0.241.3 1.274.060
7.9 63.20 [0.000.049,64 0.191,3 1.010.064
7. 50.13 [0.000,039.37 0.151.7 0.800,976
6. 39.75 (0.000,031,22 0.120,3 0.635.184
5. 31.52 10.000.024.76 0.095.42 0.513.717.6
5. 25.00 |0.000,019.64 0.075.68] 0.399.590.4
4. 19.83 |0.000.015.57 0.060.01 0.316.852.8
3.9 15.72 |0.000.012.35 0.047.59 0.251.275.2
3. 12.47 |10.000.009.793|..............| 0.037.74 0.199.267.2
3. 9.88810.000.007, 766 0.029.93 0 158.030.4
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11

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 it
pound ohm ,000 ft. mile pound GRES
1.561|20.010.0 0.049 .98 0.263,894 .4, 0.000,078.03 0000
1.868)15.870.0 0.063.02 0.332,745.6 0.000,124,1 000
2.482(12.580.0 0.079,47| 0.419.501.8 0.000,197.3 00
3.130| 9,980.0 0.100,2 0.529,056 0.000,313.7 0
3.947 | 7.914.0 0.126.4 0.667,392 0.000,498.8 1
4.9771 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 0.001,281 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 | 2.482.0 0.402,8 2,126,784 0.005.089 [}
15.87 1,969.0 0.508,0 2.682,240 0.008,081 7
20.01 1,561.0 0.640.,5 3.381,840 0.012.82 8
25.23 1.238.0 0.807,7 4.264,658 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
50.59 817.5 1.619 8.548,32 0.081,93 12
63.80 489.7 2.042 10.781.76 0.130.3 13
.44 388.3 2.575 13.598. 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
181.3 193.7 5.183 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 76.81 13.05 68.604,0 5.323 21
514.2 80.75 16.46 86.908,8 8.464 22
648 .4 48.18 20.76 109.812.8 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 4] .62 219.753.6 54.11 26
1,639.0 19.06 52.48 277.094.4 86.03 27
2,087.0 15.11 66.17 349.377.6 136.8 28
,607.0 11.98 83.44 440.563.2 217.5 29
3,287.0 9.504 105.2 555 345.9 30
4,145.0 7.537 132.7 700.856 549.9 31
5,227.0 5.977 187.3 883.344 874.4 32
8.591.0 4.740 211.0 1,114.080 1,390.0 33
8.310.0 3.759 266.0 1,404 480 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 1.487 872.8 3.551.328 14,130.0 38
26, .0 1.179 848.1 4.477.968 22.470.0 39
33.410.0 0.935 [1,089.0 5,644 .32 35.730.0 40
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9. Tensile Strength of Pure Copper Wire in Pounds.

Hard drawn Annealed . Hard drawn Annealed
7}
Sise, <
B.&8| _ | gf of | 28| - | of = | o
gage 4 E E gg,: ':-g E P E X
E $82 | 3 3 4 & i 3 583 E s ge
(el o - 9 [l i
| <8 <& <8 <&
0000 8,260 | 49,700| 5.320 | 32, 7 1050.0| 64.200| 556.0 | 34,000
000 8,550 | 49,700 4,220 | 32, 8 843.0| 65,000| 441.0 | 34,000
00 5,440 | 52,000 3.340 | 32, 9 678.0| 66,000 350.0 | 34,000
1] 4,530 | 54,600( 2,650 | 32, 10 546.0| 67,000| 277.0 | 34,000
1 3,680 | 56,000| 2,100 | 32, 12 343.0| 67.000! 174.0 | 34,000
2 2,870 | 57,000/ 1,670 | 32, 14 219.0| 68,000 110.0 | 34,000
3 2,380 | 57,600 1,323 | 32, 16 138.0| 68,000 68.9 | 34,000
4 1,800 | 58.000| 1,050 | 32, 18 7| 68.000( 43.4 | 34,000
5 1,580 | 60,800 88 4, 19 68.8| 68,000 34.4 | 34,000
[} 1,300 | 63,000 700 4, 20 54.7| 68,000 27.3 | 34,000
10. Insulated Copper Wire.
Enamel wire Single-silk covered Double-silk covered
Size,
. & 8. Outside| Turns | Pounds Outside| Turns | Pounds Outside| Turne | 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 7.7 50.6
9 118.5 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 | 15.80
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 54.6 18.3 | 8.00
17 47.0 21.3 6.275| 47.3 21.1 | 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 28.5 3.955 37.9 26.4 | 3.94 39.7 25.2 | 3.99
20 33.7 29.7 3.135| 34.0 29.4 | 3.13 35.8 28.0 | 3.17
22 26.9 37.2 1.970| 27.3 36.6 | 1.98 29.1 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| 14.8 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 1| 115 0.198 9.9 | 101 0.210 11.8 84.8 1 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 1 114 0.002
38 4.4 | 227 0.049 6.0 | 167 0.053 7.8 | 128 0.082
40 3.5 288 0.031 5.1 | 198 0.035 6.9 | 145 0.043
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Single-cotton covered Double-cotton covered
S5 | o o
aage 1,000 f{t. Outside [Turns per| Pounds | Outside | Turns per| Pounds
diameter,| linear per 1,000 | diameter, linear per 1,000
mils inch ft. mils inch ft.
0000 0.0500( 467 2.14 | ... 477 2.10
000 0.0830| 418 2.39 428 2.34
00 0.0795] 373 2,68 | ...... 382 2.62
0 0.100 334 3.00 | ...... 343 3.00
1 0.126 300 333 | ..., 308 3.25
2 0.159 267 3.75 | ...... 275 3.64
3 0.201 239 4.18 | ...... 248 4.03
4 0.253 214 4.67 | ...... 222 4.51
5 0.319 192 5.21 200 5.00
6 0.403 170 5.8 | ...... 175 5.62
7 0.508 153 6.54 | ...... 160 6.25
8 0.641 136 7.35 50.8 142 7.05 51.2
9 0.808 121 8.26 40.2 127 7.87 40.6
10 1.02 108 9.25 31.9 113 8.85 32.2
11 1.28 97 10.3 25.3 102 9.80 25.6
12 1.62 87 11.5 20.1 92 10.9 20.4
13 2.04 78 12.8 16.0 82 12.2 16.2
14 2.58 70 14.3 12.7 74 13.5 12.9
16 4.1 56 17.9 8.03 60 16.7 8.21
18 6.5 45 22.2 5.08 49 20.4 5.24
20 10.4 37 27 3.22 41 24 .4 3.37
22 16.6 29.5 33.9 2.05 33.3 30.0 2.17
24 26.2 24.1 41.5 1.3 28.1 35.6 1.4
26 41.6 19.9 50.2 0.834 23.9 41.8 0.914
28 66.2 16.6 60.2 0.533 20.6 48.6 0.608
30 105 14 71.4 0.340 18.0 55.6 0.400
32 167 12 83.4 0.223 16.0 62.9 0.270
34 266 10.3 97.1 0.148 14.3 70.0 0.193
36 423 9.0 111 0.099 13.0 77.0 0.136
38 673 8.0 125 0.070 12.0 83.3 0.105
40 1.070 7.1 141 0.052 11.1 90.9 0.084
12. Properties of Commercial Insulating Oils.!
Resistivity at Power Dielectric
oil Dielectric | 500 volts d.c. etor strength,
i vonstant | 100°C., ohm- 100°C 25°C.; 0.1-
cm . in. gap, kv
Mineral oil 2.23 21.0 X 10 0.0004 30 to 40
hale oil. . 3.05 0.032 X 102 0.0015 30 to 40
Linseed oil.................... 3.3 0.61 X 1012 0.0027 30 to 40
Castoroil................... 4.7 0.0686 X 1012 | 0.0070 30 to 40
Cottonseed oil................. 3.2 0.01 X 1012 | 0.0005 30 to 40
China wood oil................ 3.2 0.08 X 10!7| 0.0090 30 to 40

1 CrLark, F. M., Liquids as Insulators, Gen. Elec. Rev., April, 1928,
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13. Wire Table Chart.
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14. Chart for Converting Loss or Gain into Decibels.
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15. Logarithms of Numbers.
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N 0 ‘ 1 ’ 2

10 0043| 0086
11 0414| 0453| 0492
12 0792| 0828| 0864
13 1139| 1173] 1206
14 1461 1492| 1523
15 1761( 1790 1818
16 2041| 2068| 2005
17 2304| 2330| 2335
18 2553 2577 2601
19 2788| 2810 2833
20 3010 3032| 3054
21 3222| 3243| 3203
22 3421 3144| 3164
23 3617, 3636| 3655
21 3802 3820| 3838
25 3979] 3007| 4014
26 4150 4166| 4183
27 4314| 4330 4346
28 4472 4487| 4502
29 4624] 4639] 4651
30 4771| 4786] 4800
31 4914| 4928} 4942
32 5051 5065 5079
33 5185| 5198| 5211
34 5315 5328| 5340
35 5441| 5453| 5465
38 5563| 5575 5587
37 5682| 5694| 5705
38 5708| 5800| 5821
39 5911| 5922| 5933
40 6021| 6031| 6042
41 6128| 6138 6149
12 6232| c243| 6253
43 6335 6345 6335
11 6135 0144 6154
45 6532 6512] 6551
46 6628 6637 (646
47 6721, 6730] 6739
48 6812 6821 6830
149 6902, 6911 6920
50 6990 6098! 7007
51 7076 7084 7003
52 7160, 7168 7177
53 243| 7251| 7250
54 7321| 7332) 7340
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16. Exponential and Hyperbolic Functions.
1 - _
e = 271828; 7 = 0.36787; logio ¢ = 0.43420; xinh £ = e S aih g o 2asds +2‘ :
Natural values Logio
£

es e sinh £ | cosh r | tanh « es sinh £ | cosh z | tanh =
0.00 |, 1.000 (1.0000 [ 0.000( 1.000|0.0000 |0.0000 = |0.0000 ®
0.10 1.1052|0.9048 | 0.100{ 1.005|0.0997 {0.0434 |T1.0007 (0.0022 |2.9986
0.20 1.2214/0.8187 | 0.201| 1.020[0.1974 |0.0869 |1.3039 |0.0086 |1.2953
0.30 1.349910.7408 | 0.304] 1.045[0.2913 |0.1303 |T1.4836 10.0193 |1.4644
0.40 1.4918(0.6703 | 0.411] 1.081[0.3796 |0.1737 |1.6136 |0.0336 |1.5797
0.50 1.6487(0.6065 | 0.521] 1.128)0.4621 [0.2172 |1.7169 |0.0522 |1.6647
0.60 1.8221|0.5488 | 0.637| 1.186|0.5371 |0.2606 |1.8040 (0.0739 [1.7300
0.70 2.0138[0.4966 | 0.758] 1.255/0.6044 |0.3040 (1.8800 (0.0987 |1.7813
0.80 2.2255(0.4493 | 0.888 1.337/0.6640 |0.3474 (1.9485 10.1263 |1.8222
0.90 2.4596(0.4066 | 1.026| 1.433/0.7163 [0.3909 [0.0114 [0.1563 |T1.8551
1.00 2.7183[0.3679 | 1.175 1.543|0.7616 |0.4343 (0.0701 |0.1884 |1.8817
1.10 3.0042(0.3320 | 1.335 1.669/0.8005 |0.4777 (0.1257 (0.2223 |1.0034
1.20 3.3201/0.3012 | 1.508] 1.811|0.8337 [0.5212 [0.1788 (0.2578 [1.9210
1.30 3.6603(0.2725 | 1.698] 1.971/0.8617 |0.5646 |0.2300 [0.2947 (1.9354
1.40 4.0552|0.2466 | 1.904] 2.151/0.8854 |0.6080 |0.2797 (0.3326 (1.9471
1.50 4.4817/c.2231 | 2.129] 2.352/0.9052 |0.6514 [0.3282 (0.3715 |1.9567
1.60 4.9530/0.2019 | 2.376| 2.578|0.9217 |0.6049 |0.3758 [0.4112 |1.9646
1.70 5.4739\0.1827 | 2.646| 2.828|0.9354 |0.7383 |0.4225 (0.4515 [1.9710
1.80 6.0496(0.1653 | 2.942| 3.108/0.9468 [0.7817 [0.4687 [0.4924 |1.9763
1.90 6.6859|0.1496 | 3.268| 3.412(0.9562 [0.8252 |0.5143 |0.5337 |1.9806
2.00 7.389110.1353 | 3.627| 3.762{0.9640 [0.8686 [0.5595 [0.5754 |1.9841
2.10 8.1662/0.1225 | 4.022| 4.144[0.9705 [0.9120 |0.6044 [0.6175 |T1.9870
2.20 0.0250(0.1108 | 4.457| 4.568|0.9757 |0.9554 |0.6491 10.6597 |1.9893
2.30 0.9742{0.1003 | 4.937| 5.037|0.9801 |0.9989 |0.6935 (0.7022 [1.9913
2.40 | 11.023 [0.0007 | 5.466] 5.557|0.9837 |1.0423 |0.7377 |0.7448 |1.9928
2.5 12.182 [0.0821 | 6.030| 6.132/0.9866 |1.0857 |0.7818 (0.7876 |1.9942
2 60 | 13.464 |0.0743 | 6.693] 6.770{0.9800 |1.1292 |0.8257 (0.8305 [1.9952
2.70 | 14.880 [0.0672 | 7.406| 7.473[0.9010 [1.1726 |0.8696 [0.8735 |1.9961
2.80 | 16.445 [0.0608 | 8.192| 8.253/0.9926 |1.2160 |0.9134 |0.9166 |1.9968
2.90 | 18.174 {0.0550 | 9.056| 9.115/0.9940 |1.2595 [0.9571 |0.9507 |1.9074
3.00 | 20.086 [0.0498 | 10.018] 10.068|0.9951 |1.3029 [1.0008 |1.0029 |1.9979
2.10 | 22.198 |0.0451 | 11.077| 11.122[0.9960 [1.3463 [1.0444 |1.0462 |T.9082
3.20 | 24.533 [0.0408 | 12.246| 12.287]0 9967 |1.3807 |1.0880 |1.0894 (1.9986
3.30 | 27.113 |0.0360 | 13.538] 13.575/0.0973 [1.4332 |1.1316 [1.1327 |1.9988
3.40 | 20.064 [0.0334 | 14.965) 14.999/0 9978 [1.4766 |1.1751 [1.1761 |1.9990
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Natural values Logeo
z

er e~ sinh r | cosh r | tanh r er sinh r | cosh r | tanh r

3.50 33.115 |0.0302 | 16.543] 16.573(0.9982 [1.5200 [1.2186 |1.2194 |T.9992
3.60 36.598 [0.0273 | 18.285 18.313[0.9985 [1.5635 |1.2621 |1.2628 |T.9994
3.70 40.447 10.0247 | 20.211| 20.236/0.9988 [1.6069 [1.3056 [1.3061 1.9995
3.80 44.701 [0.0224 | 22.339] 22.362(0.9990 [1.6503 [1.3491 {1.3495 |1.9996
3.90 49.402 (0.0202 | 24.691| 24.711/0.9992 |1.6938 |1.3925 [1.3920 1.99964
4.00 54.598 |0.0183 | 27.290| 27.308(0.9993 [1.7372 [1.4360 [1.4363 |1.99971
4.10 60.340 10.0166 | 30.162( 30.178/0.99945|1.7806 (1.4795 [1.4797 |1.9997¢
4.20 66.686 10.0150 | 33.336 33.351(0.99955/1.8240 |1.5229 |1.5231 |1.99980
4.30 73.700 10.0136 | 36.843| 36.857/0.99963(1.8675 [1.5664 (1.5665 |1.09984
4.40 81.451 [0.0123 | 40.719] 40.732(0.99970/1.9109 (1.6098 |1.6099 |{1.99987
4.50 90.017 [0.0111 | 45.003] 45.014(0.99975(1.9543 [1.6532 |1.6534 |1.99989
4.60 99.484 (0.0101 | 49.737| 49.747(0.99980(1.9976 [1.6967 |1.6968 |1.99991
4.70 [109.95 [0.0091 | 54.969] 54.978/0.99983(2.0412 [1.7401 [1.7402 1.99993
4.80 (121.51 [0.0082 | 60.751| 60.759|0.99986/2.0846 |1.7836 |1.7836 |1.99994
4.90 1134.29 [0.0075 | 67.141| 67.149{0.99989(2.1280 |1.8270 |1.8270 1.99995
5.00 [148.41 (0.0067 | 74.203| 74.210(|0.99991/2.1715 (1.8704 [1.8704 |1.99996
5.10 [164.02 [0.0061 | 82.008| 82.014{0.99993(2.2149 [1.9137 [1.9139 |1.99997
5.20 ]181.27 [0.0055 | 90.633| 00.639(0.99994/2.2583 (1.9573 |1.9573 1.99997
5.30 1200.34 [0.0050 |100.17 {100.17 [0.99995(2.3018 |2.0007 |2.0007 1.99998
5.40 |221.41 |0.0045 [110.70 [110.71 |0.99996/2.3452 (2.0442 [2.0442 1.99998
5.50 :244.69 0.0041 [122.34 [122.35 |0.99997]2.3886 |2.0876 |2.087¢ |1.99990
5.60 [270.43 [0.0037 |135.21 |135.22 (0.99997|2.4321 |2.1310 |2.1310 1.99999
5.70 298.87 0.0034 |149.43 (149.44 [0.99998|2.4755 |2.1744 |2.1744 |T .99999
5.80 330.30 |0.0030 (165.15 [165.15 [0.99998/|2.5189 |2.2179 |2.2179 |1.99999
5.90 365.04 [0.0027 |182.52 (182.52 [0.99998|2.5623 |2.2613 |2.2613 1.99999
6.00 403.43 [0.0025 |201.71 |201.72 (0.99999|2.6058 |2.3047 |2.3047 1.99999

I
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18. Systems of Electrical Units.

MATHEMATICAL AND ELECTRICAL TABLES
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Practical E.m.u. E.s.u. R.f. Af.
Volt(v) ..o 10t v 300 v v v
10a 3.33 X 10~ a ma ma
sec. sec. usec, msec.
cycle cycle Me ke
10-% ohm 0.9 X 10! ohm | k-obm | k-ohm
10* mho 1.11 X 10" mho | m-mho | m-mho
10-* h (em) 09 X 101t h mh h
100 f 1.1 uuf (cm) muf uf
1077 w 1077 w mw mw
107 ) (erg) 10-7j mpu) ]
10 ¢ 3.33 X 1010 ¢ muc e

u=10-¢:m = 10" k = 103; M = 10%; mu = 109,

19, Computin% the Harmonic Content of Any Given Periodic Complex
Wave Form. When an oscillogram (or other graphical representation)
of a periodic complex wave is available, it is possible to compute the
percentage of each harmonic up to and including the sixth, by means of
the following scheme:!

, /N

% 2% Y %5 % 4 b o Y, |
0 Time Axis x

Fia. 1.—Example of complex wave for analysis.

The oscillogram must contain at least one complete period of the wave,
i.e., from any given point on the wave to the corresponding point at the
left or right at which the form of the wave begins to repeat itself. In
Fig. 1 the complete period is given by the distance OX, a distance of
360 electrical degrees. With a compass or dividers, divide this com-
plete period into 12 equal parts, and erect the 12 equally spaced ordinates
Yo Y1, Y . . ., Yu. Each of these vertical lines is drawn from the

1 This method is known as the twelve ordinate scheme, and is a convenient form for
solving the equations of the Fourier analysis. The form given here has been adapted
from ‘‘Graphical and Mechanical Computation,” Part II, Experimental Data, by
Joseph Lipka, published by John Wiley & Sons, Inc., New York, pp. 181-185. See

also Terebesi, ‘Rechenschablonen fiir harmonische Analyse und Synthese,’ Julius
S8pringer, Berlin, 1930.
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horizontal time axis to the curve. With a rufe (preferably one divided
into tenths of inches or a millimeter rule, so that the lengths can be
expressed in decimal form), measure the length of each of these ordi-
nates. It makes no difference whether inches, millimeters, or any other
arbitrary unit is used, so long as all ordinates are measured with the
same unit. Record the length of each ordinate in the spaces given in the
table below:

Ordinate number yo | v | 2 | s | va | s | vs | 7

Ys v Vie m

“Length of ordinate|5. 5/37.0/68.6|76.4(93.2(89.6 66.7!34.3 —8.8/—28.4/—44.1|—15.0

The lengths given are the lengths taken from Fig. 1.

The computation consists in substituting these lengths in the following
schedule of additions, subtractions, and multiplications, and in per-
forming the indicated operations. First set down the valucs of the
ordinates in the following arrangement, adding and subtracting as
indicated:

Yo Y Y2 Ys Y« Ys Ys
Yu Yo Yo Y Y1

Sum: 8 81 82 83 8« 85 8¢
Difference: di dr ds dd ds
Then take the sum terms in the Take the difference terms in this
following arrangement: arrangement:
&% 8 82 8 di dy ds
8 8 84 d_s__da
Sum: So S1 S: S Se Sy Se
l)ifferenco: Dn l)l l): D: Da
Finally:
Se S S¢ Do
S: Si and Se D:
Sum: S; Ss Difference: Ds Ds

We are now in a position to find the coefficients in the equation of the
complex wave. This equation is written:

y=Ao+ Aicoswf + Azc082wl + Ajcos 3wt + A4cos 4ot 4+ Ajcos Swt
+ Ag cos 6wt + By sin ol + Bz sin 2wt + B sin 3wl + By sin 4t
+ By sin Swt
where A and B are the coefficients of the cosine and sine terms, respec-
tively.
The formulas for the A’s and B’s are as follows:

S+ 8, Dy, +0.866D, +0.5D, So +0.58, — 0.58; — S;
do=—qg A= 6 A= 6 -

Dy Se — 0.58, — 0.58; + Ss Dy — 0.866D, + 0.5D,
A; = T A= i ; As = 6

S‘l — So 0.5Sq + 0866S5 + S; 0866(’); + Dq)
A= St B = TS By = T e
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B, = Qf' B, = 0.866(D; — D.); B, = 0.58: — 0.866Ss + S,
6 6 6
There are several checks which may be made on the arithmetic of the
above computations:

Yo A0+A|+Ag-tAa+A4+A5+A8
m —yu = (Bi + B) + V/3(B: + B) + 2B,
For computing the percentage harmonic content of the wave, it is

convenient to express the equation of the wave in somewhat simpler
form, reducing the cosine terms to sine terms in the following manner:

= Ao+ VAT + B\ sin (wt + a1) + VA3? + By? sin (20l + &) +
VA + By sin (3wt + a3) + VAR + B sin (4ot + o) +
VAE + Bt sin (5wl + as) + A6 sin (6wl + ae)

The coefficient of each sine term in the above equation is proportional to
the magnitude of the harmonie, that is, /4,2 + B,? is the amplitude of
the fundamental, 4/A,? + B,? the amplitude of the second harmonic

(double frequenecy), \/A, + By? the amplitude of the third harmonic
(triple frequency), and so on. A, is the d-c component of the wave,
w is equal to 27rf, where f is the fundamental frequency. The angles

ay, as, as, cte., are equal to tan™! %—', tan™! B——’, ete. These angles do not
2

1
enter into the computation, unless the phase displacements between the
various harmonics are desired.
To find the percentages of the various harmonies, m terms of the
magnitude of the fundamental, use the following expressions:
Per eent second harmonie:

* \/Az + B?
Per cent = X 100 per cent
VA:+ By P
For the third harmonie:
A / 2
Per cent = As _*_,E X 100 per cent
VA2 + B?

and so on. For all harmonies up to the sixth taken together, the total
harmonic content expressed as a percentage is:

per cont, = VAT T AT T ASF A T A T B+ B Ba £ B
| VAT + B!

X 100 per cent

It is sometimes useful to compare the r-m-s value of the fundamental
with the d-c component, expressed as a percentage. To obtain this per-
centage from above figures, substitute in the following expression:

D-c component, expressed as a per eent of r-m-s fundamental,

Ao

= 0707~/A.F £ R X 100 per cent
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Example (see Fig. 1 and values in table above):
5.5 37.0 68.6 76.4 93.2 89.6 66.7
—15.0 —44.1 -28.4 -8.8 34.3
Sum: 5.5 22.0 24.5 48.0 84.4 123.9 66.7
80 n 82 L.H 84 85 86
Difference: 52.0 112.7 104.8 102.0 55.3
dy d2 ds ds ds
5.5 22.0 24.5 48.0 52.0 112.7 104.8
66.7 123.9 84.4 55.3 102.0
72.2 145.9 108.9 48.0 Sum 107.3 214.7 104.8 |
So Sy S Sa Sa Ss Ss
-61.2 -—101.9 -—59.9 Difference: —3.3 10.7
Do D D2 Dy ‘
72.2 145.9 107.3 -—61.2
108.9 48.0 104.8 —59.9
Sum: 181.1 193.9 Difference: 2.5 -1.3
Sz Ss Dy Ds
Ao = 181.1 14; 193.9 - +31.3
Ay = —61.2 +0.866(—1(§)1.9) + 0.5(—59.9) - —20.6
. 0.5(145.9) — 0.5(108.9) — 48.0
A,=722+ ( )6 (108.9) = +7.1
Aa —%3 = -02
72.2 — 0.5(145.9) — 0.5(108.9) + 48.0
A= 6 = —1.2
—61.2 — 0. —101.9 0.5( —59.
Ay = 61.2 — 0.866( 6() ) + 0.5( 599)=_0-4
A =§1_11; 193.9 - —1.1
B, = 0.5(107.3) + 0.866(214.7) + 104.8 = +67.3
-3.3 10 7
By = O_Sﬂi(.__s + ) = +1.1
B; = 2—? J +04
Bi = 0.866(— .:.3.63 - 109 -2.0
0.5(107.3) — 0.866(214.7) + 104.8
= 5 = —4.5
Result:
y = 31.3 — 29.6 cos wt + 7.1 cos 2wt — 0.2 cos 3wt
— 1.2 cos 4wt — 0.4 cos 5wt — 1.1 cos Bwié
+ 57.3 sin wt + 1.1 8in 2wt + 0.4 sin 3wt
— 2.0 sin 4wt — 4.5 sin 5wt
Percentage of various harmonics:
Second: Per cent = —% T.* + (L.D)* X 100 per cent = 11.1 per cent

(20,67 F (Br.3)*
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. v z -l 0
Third: Per cent = %(04)’ X 100 per cent = 0.7 per cent

4/ (1.2)2 (2.0)2
Fourth: Per cent = % X 100 per cent = 3.6 per cent

V(0.4)7 + (4.5)2
64.5

Fifth: Per cent X 100 % = 7.0 per cent

1.1
Sixth: Per cent 825 X 100 9, = 1.7 per cent
Total harmonic content:

Per cent =
V(7.1)1+0.2)2+ (1.2 +(0.4)2+ (1.1)2+ (1.1) 7+ (0.4)* + (2.0)? + (4.5)®
64.5

= 13.8 per cent.

Percentage d-c component:

31.3
Per cent = 07707(63.5) = 68.9 per cent

20. Evaluation of Square Root of the Sum of the Squares of Two
Numbers. In the calculation of impedance as the square root of the
sum of the squares of a reactance and a resistance, a useful and convenient
method of solution consists in rewriting the equation as follows.

Var T b = by\/1 +‘bi:

where a is the large number.

The operations can now be carried out fairly simply with the slide rule.
If the right-hand side of this equation be multiplied and divided by a/b
the solution becomnes simply one of multiplying the larger number a by
a factor which is a funetion of the ratio otpa/b.

A table may be worked out for this funetion. W. J. Seeley of Duke
University, Durham, N. C., has copyrighted such a table in which the
factor has been worked out to five decimal places for various values of
a/b from 0.001 to 30. Curves may be drawn from calculations of this
nature which will be useful in graphically determining the value of the
function a/b.

21. Shunt and Multiplier Data for Meters. It is often useful to con-
vert a low-reading current meter to a voltmeter or a current meter of
higher maximum current reading. The following table will cover the
usual situations arising in the average laboratory. The values of shunt
are calculated from the equation for meter shunts,

Rm X Im
I —Im
where Rm = meter resistance in ohms

Pm = full-seale current of meter
I = current desired to be read.



THE RADIO ENGINEERING HANDBOOK

26 |Sec. t
SsauNT AND MULTIPLIER VALUES
27-ohm (0-1) Milliammeter
Resistance in chms of mul-| Multiply old

Scale Use as tiplier or shunt scale by
0-10 Voltmeter 10,000 M 10
0-50 Voltmeter 50,000 M 50
0-100 Voltmeter 100,000 M 100
0-250 Voltmeter 250,000 M 250

-500 Voltmeter 500,000 M 500
0-1000 Voltmeter 1,000,000 M 1000
0-10 Milliammeter 3 | s 10
0-50 Milliammeter 0.551 | 8 50
0-100 Milliammeter 0.272 S 100
0-500 Milliammeter 0.0541 | 8 500

35-ohm (0-1.5) Milliammeter

0-15 Voltmeter 10,000 M 10
0-150 Voltmeter 100,000 M 100
0-750 Voltmeter 500,000 h' g 500
0-15 Milliammeter 3.89 S 10
0-75 Milliammeter 0.714 S 50
0-150 Milliammeter 0.354 S 100
0-750 Milliammeter 0.0701 S 500




SECTION 2
ELECTRIC AND MAGNETIC CIRCUITS

By E. A. UeHLING!
FUNDAMENTALS OF ELECTRIC CIRCUITS

1. Nature of Electric Charge. According to modern vicws all natural
phenomena may be explained on the basis of fundamental postulates
regarding the nature of electric charge. In the neighborhood of an
electric charge is postulated the existence of an electrie field to explain
such phenomena as repulsion and attraction. The force which acts
between electric charges by virtue of the electric fields surrounding them
is expressed by Coulomb’s law which states that

» __ g2
I’ —?

The value of the unit charge in the electrostatie system is based on this

law and is defined, therefore, as that value of electric charge which when

[l)l?iced at 1 cm distance from an equal charge repels it with a foree of
yne.

2. Electrons and Protons. There are two types of electricity: positive
and negative. The electron is representative of the latter and the
proton of the former. All matter 1s made up simply of electrons and
protons. Exhaustive experiment has proved that all electrons, no
matter how derived, are identical in nature. They are easily isolated
and as a consequence have heen thoroughly studied. Among the most
important results of this study are the following facts:?

4.770 X 1079 en.u.
.. .N.04 X 10728g
Radius......... ..., 2 X 107'% cm, approx.

The proton has not heen so thoroughly studied. Tt is not so casily
isolated, and the effects of eleetrie and magnetic fields on its motion are
considerably smaller than similar effects ohtained when electrons are
studied. The proton apparently has a mass of about 1,838 times that,
of the electron and a considerably smaller radius.

The mass of electrons and protons is purely inertial in character. In
other words these fundamental units of electric charge consist simply
of pure electricity. For the sake of eompleteness it should he added
that this mass is not independent of veloeity and that the values given
for hoth the electron and proton assume velocities which are small
in comparison with that of light.

1 Department of Physics, University of Washington.
2 MiLuigaN, R. A,, “The Electron.’
27
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3. Atomic Structure. The atoms of matter consist of a central
positive nucleus surrounded by such a number of electrons as will
neutralize the nuclear charge. The central positive nucleus consists of
bhoth electrons and protons with an excess of the latter. This excess
determines the chemical characteristics of the atom by determining the
number of electrons 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 planetary elliptic orbits
about it. The radius of the different orbits varies within a single atom,
and as a consequence the strength of the hond existing between the
nucleus and the different electrons varies.

4. Tonization. The outer electrons are in general loosely bound to
the nucleus and under favorable conditions may bhe completely disso-
ciated from the remainder of the atom. This process of the removal
of an clectron is known as tonization. It is the process hy which electrons
are removed from a heated filament in a vacuum tube, from an alkali
metal surface in the photoelectric cell, and from the plate and grid of
vacuum tubes when hombarded 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 direction plus a flow of positive
charge in the opposite direction. In eleetrolytic 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 posttive ion.

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

In conduction through solids, however, the current is strictly electronic
and is not made up of two parts as in the previous cases. The electrons
constituting the current are the outer orbital electrons of the atoms.
Since these electrons are less tightly bound to the atom than the other
electrons they are comparatively free and are often spoken of as free
electrons. These electrons move through the solid un(ror the influence
of an eleetrie field colliding with the atoms as they move and continuously
losing energy gained from the field. As a consequence the motion of the
electrons 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-
tion of the free electrons is high (about 107 em per second). Aeeording
to this view of the electric current in solids, conduectors and insulators
differ only in the relative number of free electrons possessed by the
substance.

Since current consists of a motion of eleetric eharges, it may be defined
as a given amount of charge passing a point in a conductor per unit time.
In the electrostatic system the unit of eurrent is defined to he a current
such that an eleetrostatic unit of electricity crosses any selected cross
seetion of a conductor in unit time. In the praetical system the unit of
current is the ampere which is approximately equal to 3 X 10° elec-
trostatic units of current and is defined on the basis of material constants
as that current which will deposit 0.00111800 g of silver from a solution
of silver nitrate in 1 see.

1 JeaNs, J. H,, " Electricity and Magnetism.” p. 308.



Sec. 1] ELECTRIC AND MAGNETIC CIRCUITS 29

6. The Nature of Potential. An electric charge that is resident in
an electric field experiences a force of repulsion or attraction dependin
on the nature of the charge. Its position in the field may be considereg
as representinmg a certain quantity of potential energy which may be
taken as the amount of work which is capable of being done when the
electric 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 an(Fconsequently will be regarded simply as the potential.

In a similar manner the difference of potential of two points may be
described as the amount of work required to move a unit positive test
charge from one point to another. More specifically a difference of
potential in a eonductor may be spoken of as equal to the energy dissi-

ated when an electron moves through the conductor from the point of
ow 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
conductor by the electrons as they proceed from one point to another.

7. Concept of EIM.F. The idea of potential leads directly to a con-
ception of an electromotive force. If a difference of potential between
two points of a conductor is maintained by some means or other, electrons
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
102 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 current have a low drift velocity in the negative direction
of the field within the conductor. In moving through the metal in a
common general direction they enter into frequent collisions with the
molecules of the metal, and as a consequence they are continually retarded
in their forward motion and are not able to attain a velocity greater than
a certain terminal velocity %, which depends on the value of the field
and the nature of the substance. The collisions which tend to reduce
the drift velocity of the electrons act as a retarding force. When a
current is flowing, this retarding force must be exactly equal to the
accelerating force of the field. The retarding force is proportional to N,
* the number of free electrons per unit length of conductor, and to u, their
drift velocity. It may be designated as kNu. The accelerating force
is proportional to the field E per unit length of conductor, to the number
N of electrons per unit length, and to the electronic charge ¢ and may
be represented as NEe. Then NEe = kNu. Since the current i has
been given as

1 = Neu

NEe = k

= ole

.. E=Wi=Rz
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where

*
Ne?

The statement E = Rz is 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
coeflicient of self-inductance is defined as the total number of lines of
force passing through a cirenit and due entirely to one c.g.s. unit of cur-
rent traversing the circuit. If N is the number of lines of force linked
with an(_y circuit of inductance L and conveying C ¢.g.s. units of current,
N =LC.

The practical unit of inductance is the henry. It isequal to 10°c.g.s.
units of inductance. If the number of lines of force N through a cireuit
is changed, an e.m.f. due to this change of flux is induced in the cireuit.
This e.m.f. is given by the equation

dN dC
dt L(_ll

The inductance of a eircuit 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-inductance and is given in c.g.s.
units as the total magnetic flux which passes through one eircuit when
the other is traversed by one c.g.s. unit of eurrent, or

R =

N =MC
dN 1C
=T T —J,’T

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

11. Energy in Magnetic Field. Energy is stored in the eleectromagnetic
field surrounding a circuit representing the energy accumulated during
the time when the free eleetrons were initially set in motion and the eur-
rent established. This energyv is given by the equation, W = LJI?
where, if L is in henrys and I in amperes, the energy is in joules.

12. Capacitance. The ratio of the guantity of charge on a conductor
to the potential of the conductor represents its capacity. If one con-
duetor is at zero potentinl and another at the potential V, the capacity
is given as the ratio of the charge stored to the potential difference of the
eonductors

Q
C = ]—,
If  is in conlomhs (the quantity of charge carried by 1 amp. flowing
for 1 sec.) and V is in volts, C is known as the farad.

The energy stored in a condenser is given by the equation, W = 14C1'2,
where, if Vs in volts and € is in farads, W is in joules.

The foree acting per unit area on the conductors of the eondenser
tending to draw them together is
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E: Vv
8~ &rd?
where d is the distance separating the condenser plates, and V is the
potential difference.
Other expressions relating charge or current to capacity and potential
difference are
g

C
oy

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

F =

V =

and

i Name of Measure in Measure in
Quantity ‘ '"".t electrnnmgnehc electrostatic
G units units

Charge of electricity................. Coulomb 1071 3 X 100
Potential ........................ ... Volt 10" Moo
Capacity.............ocoiiivin. «...| IFarad 10 9 X 101!
Current. . ...| Ampere 101 3 X 100
Resistance. .. .| Ohm 100 ¢ X 10-1
Inductance Henry 100

14. Continuous and Alternating Currents. If the free electrons of
conductor move with a constant drift velocity under the impelling foree
of an invariant electric field, the electric current in the conduetor is
spoken of as being conlmuous, or direct. 1f, however, the impresscd
electric field is varying in hoth direction and magmtude, the drift velocity
of the electrons will vary in both direction and magnitude, since electrons
always flow in a dlre(-tlon opposite to that of the electric field. A current
of this kind which varies periodically with the time is known as an
alternaling current.

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

The form of the sine function is shown in Fig. 1a. It is represented
analytically by the following type of equations

I, sin wt
e = E,sin wt

where 7 and e are the instantancous values of tne current nn(l voltage,
Io and E, ure the maximuin values, and w is 2 titnes the froqllon('\ 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 therefore 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
functions 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. 1> 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.

Wove Form | Resokved into Three Components  Wave Farm 2 Resodved into Ihree Cormponents
Lisnat Iysndut LmSwt  smwt  Lpsn2wt  Lsndwt
(a) tb) ({3}

Fi16. 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. c. 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 equal to the integral of the current
over the time for one-half period divided by the elapsed 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 effective 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 occur earlier or later than those of the latter. These three cases
are illustrated in Fig. 2. When the corresponding values of the current
and e.m.f. occur at the same time they are said to be in phase. If the
current values occur before the corresponding values of the voltage wave,
the current is said to be in leading phase, and if these values occur
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 = I*R, where R is the effective resistance of the circuit. The
power consumed in an a-c¢ circuit having negligible inductance and
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capacitance is given by the same equation with the necessary restrictions
on I so that it represents the effective value of the current and not the
average value. The power consumed in an inductive or capacitative
circuit is W = ET 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 circuit.

M\/R L/\

‘ [ \1’
Zero Phase Current in 90~ Lagging Phase Current 1n 90* Leading Phase
Fi1a. 2.—Phase in a-c circuits.

DIRECT-CURRENT CIRCUITS

20. Direction of Current Flow. An electric current is a flow of electric
charges. Electric charges will move through a medium of finite resist-
ance if a difference of electric 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
conductor. The current in a metallic conductor then consists solely
of an electron current. The convention 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 gzct the
electrons of the conductor actually move in the opposite direction. It is
necessary to distinguish, therefore, between the direction of current
flow in the historical sense and the direction of flow of electrons.

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

de

di
where R is posmve 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 (le/dz 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

i

Conduction in the plate circuit of a vacuum tube under saturation con-

ditions is of this type.
Circuits of the first class, in which the differential coetlicient de/di
has a positive value, may be subdivided into two other classes. If the

=R
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value of de/di is constant over the entire range of voltage and current
from zero to the maximum value, and if this value is designated by the
quantity R, then Ohm’s law may be used and e = ¢R. In this case, R
is both the d-c¢ and a-c resistance. If, however, R is not constant over
this range of values, the value of R given at a particular value of e and
¢ given by the equation
R = de
di

is only the a-c resistance of the circuit at the particular value of e and ¢
chosen. The a-c resistanee given by this equation may he quite different.
from the d-¢ value as given by the equation

R=2%
12

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

Jalik---- Zi
:
i
¢ iR
iR e R e ‘¢ i é
]
:
£V N \Z;
m Ze
Zero Phase Current in Laggqing Phase Current in Leading Phase

F1a. 3.—Vector representation of a-c circuits.

ALTERNATING-CURRENT CIRCUITS

22. Impedance. The resistance to the flow of an electric current
having the value ¢ = /[, sin ! depends on the circuit element through
which the current is passing. In a pure resistance the potential fall
would be E, = /R sin w!, which is seen to be in phase with the current.
passing through it. In an inductance the potential fall would be

E, = L:lT; = wldo cos wl = jwl.lssin ol = joli

and therefore leads the eurrent by a phase angle of 90 deg.  In a capaci-
tance the potential fall would be

Es =El it = —“% cos wl = _Z:_IC“ sin wl!
_ ¥
T T WC
_ 1
= JuC
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and is_therefore led by the current by a phase angle of 90 deg. The
potential fall through all three elements taken together is equal to

E = (R + jol. jﬁ)i

The coetticient of 7 is termed the impedance of the eircuit, It is written,

in gencral, as
. 1 1
= R+jol + 7z _R+J(wl,——(,
where R is the total series resistance of the circuit, L is the total series
inductance, and C is the effective series cupa(‘xtanco The term involv-
ing j is of special importance, for it is this term which gives to the current

its leading or lagging characteristics depending on whether wl. is smaller
or larger than 1/wC. This quantity is known as the circuit reactance

(a)

,
L, ~
@ 1
P '(wL—R)
X| /
7 W
(] P
Vi
e
1
Wo™ /72

F1i. 4.—Reactance and impedance of parallel circuit.
and is designated by the letter X. The impedance may be written,

therefore, R4y
= 7P

Oceasionally the absolute value of the circuit impedance is required.
It is then written in the following form
2z = Ze'd

where Z =+/R*+ X?

rc t {
@ acanR
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In this expression Z represents the absolute value of the impedance, z
the complex value, and ¢ the phase angle.

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

_ i . JwL
| L L T T-eiIc
1/jwC ° jol

This equation shows that when w? = 1/LC the impedance is infinite.
It may be represented graphically as a function of » as shown in Fig.
4b. The figure and the equation illustrate the case of parallel resonance.
The case of series resonance is illustrated in Fig. 4¢, and the equation is

2 =jlwl — ;)%), which holds for a eircuit having only an inductance L

and capacitance C in series with the e.m.f. In the series case, the
impedance is zero at resonance; that is, when w? = 1/LC and in the
parallel case the impedance is infinite at resonance.

23. Circuit Parameters. Every electric circuit, no matter how com-
plicated, is made up of a particular combination of inductances, capaci-
tances, and resistances. These parameters and the manner in which
they are combined with one another completely govern the performance
of a circuit and determine the value of the current at any point of the
circuit at any time for any given value of the impressed e.m.f. or comhina-
tion of ec.m.fs.

Inductances, capacitances, and resistances may be lumped or distrih-
uted in nature. They are regarded as of the former type if their values
are more or less concentrateg at one or a finite number of points in a
circuit. For example, the inductance of a circuit would he considered
as lumped if a definite number of places in the circuit is found where
inductance exists, and at all other points a eomparative non-existence of
inductance. On the other hand the inductance of a uniform telephone
line is considered as distributed since it exists along the entire line and
may, at no point in the line, be neglected.

24. Circuit Equations. Every circuit may be completely expressed
by a system of simultancous equations. Having expressed a particular
circuit in this manner, a solution may he obtained frequently without
difficulty. Since the equations are of primary importance, methods of
obtaining them will be given.

There are two distinet cases. When a sinusoidal voltage or combina-
tion of sinusoidal voltages is impressed on a circuit, a.c. flows in every
branch of the circuit as a consequence of the impressed e.m.f. This
current may be divided into two parts. One part is known as the
transient current, and the other as tﬁe current of the steady state. The
transient current disappears very shortly after the voltage has heen
impressed. The steady state continues as long as the e.m.f. continues
in its initial state of voltage, frequency, and wave form. Often only
the steady state is of interest. Examples of this are to be found in
studies of r-f transformer performance and in studies of electric filters
of the low-pass, high-pass, or band-pass types and in the studies of the
various charaeteristics of different antenna-coupling methods. At other
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times the transient condition may be of primary interest; as, for example,
in the study of the fidelity of reproduction with regard to wave form of
an electromagnetic or electrodynamic loud-speaker motor.

If interest centers only in the steady state the following method is
to be used: Apply Kirchhoff’s second law which states that the sum of
all the e.m.fs. around any circuit is zcro, writing one equation for each
branch of the circuit, and using as the potential falls the values jwLI for
each inductance, [ /jwC for each capacitance, and IR for each resistance.
If inductances, capacitances, and resistances occur that are common
to two or more branches, they will be used once for each of the common
branches paying due regard to the sign of the term.

[ 7 % I [ B TR,
~E ¢ ~E L,g_i;fl.,
2 T lage’ e

-1 (b
Fi16. 5.—Circuits illustrating use of Kirchhoff's laws.

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

equations:
For circuit a: .
E = IR +joLl + 72 = I[R +J'(wL _w—lC)]
= I(R +jX)
I = E
TR +jX

For cireuit b:
E = LR\ + jwl,\In + -l—l —joMI:s = [1z1 — jwMI2
JwC\
0 = IsRs + jolels + 2 — joMI = Inzs — jwMI)
JwlL2
where z) is the total complex impedance of circuit 1, and 2: is the total com-

plex impedance of circuit 2.
For circuit ¢: .

E =1, R +jelih + jwloly — juMI: — jwLol:
= Lz — jwl(M + Lo)
0 = I:R2: + jwL’2l2 + jwLol? + jwlil: — jwMIy — jwLel:

Isz2 — jwli(M + Lo)

In these equations I is the maximum value of the sinusoidal current, and
E is the maximum value of the sinusoidal e.m.f. These equations may be
solved for any of the currents by the method of simultaneous equations.

In the transient values of the various currents, Kirchhoff's second law may
be used as before, but instead of using the values of potential fall as given
iu the preceding equations, use the instantaneous values. The equation for
circuit @ of Fig. 5 is then written

. di 1{.
e = iR +I’3t +afmu
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or .
de _ ,du i
dt — Vdet c
where ¢ and ¢ are the instantancous values of the impressed e.m.f. and cur-
rent respectively. For circuit b,

di
+ RS, +

. di, 1 . dis
nuk + lllW +-C.-lflldl -V a

¢

. diz 1 . diy
0 2R + L’W +Ef”dt - .‘th

To obtain the transient solution, ¢ and de/d? are replaced by zero and the
equation solved by the methods used for linear, homogeneous equations of
the first degree.

26. General Characteristics of A-c Circuits. The gencral equations
applied to a number of the more important radio circuits yield the
following results.

Current Flow in an Inductive Circuit:

where K is the constant impressed e.m.f.
Time Constant of an Inductive Circuit: The time required for a current to

. 1 . e
riseto| 1 — —;) or to about 63 per cent of its final value. This time is equal

to L/R.
Currend Flow in a Capacitive Cireust:

[
E —_——
} = — RC
1 1{6
where E is the constant impressed e.m.f.

Time Constanl of a Capacitive Circuil. The time required for the current
to fall from its initial value to 1/. or about 0.37 of this value. This time is

equal to RC. L
Current Flow in an Inductive-capacilive ('ircuil:
Rt
. E_—57 . . AL
= 2L 2 2
) wl;e sin of, if R? < o
Rt
, E - . 41,
= &5 2 =
i wl,e ViR ¢

o
where w is 2x times the natural frequeney of the cireuit which is given by the
equation
101 R?
/=2 NI 3
Logarithmic Decrement. Ratio of successive maxima of the current in an
oscillatory discharge is equal to
RT R

€2L = e2Lf

where R/2Lf is called the log. dec. of the circuit. T is the natural period, and

f the natural frequency of the circuit.
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Currends in Two Circuits Coupled by a Mutual Impedance, M, when a
Sinusoidal E.M.F., E, Exists in Circuit 1:

E
I = 3
l+wM’
z2
Iy = jwMIli  joME
2T T2 T iz + @t

where z: and z: are the complex impedances of circuits 1 and 2 respectively.
Effective Reactance of One Circuit Coupled to a Second ('ircuit:
wiM?
Zs?
where X; and X: are the actual reactances of circuits 1 and 2 respectively
and Z: is the absolute value of the complex impedance of circuit 2.
Effective Resistance of One Circuit Coupled to a Second Circuit:
wiM?
Z»?
where R, and R: are the actual resistances of circuits 1 and 2 respectively,
Effective Total Impedance of One Circuit Coupled to a Second Cireuit:

, wiM? w2

2 =2z +T =R|+j.\’l+m

X =X - X:

R =R +

R:

wiM? . w2
R: + 7.t R: +];X1 Tz Xzz

Partial Resonance Relation Obtained When Only the Reactance of Circuit 1
Is Variable:' 0
w22

‘\l = Tz’-xz
Partial Resonance Relation Obtained when only the Reaclance of Circuit 2
Is Variable:! .
o w?)f?
.Xz = —ZlT'Xl
Total Optimum Resonance Relation when the Reactance of Both Circuits
1 and 2 Are Variable.}
Ca«lt I:If w2 M? < R|R:
Resonance relation X; = 0 and X: =0
Case I1: If w2M? > RiR:

. R
Resonance relation - = —— = &
1

Casxe I11: 1f w?M?2 = R\R:
Resonance relation X; =0, X2 =0
R: _ w2M?
Rl le
Total Secondary Current at Total Optimum Resonance, R elation, the E.M.F..

* E, Being Impressed in Circuit 1.
Case I: 1t w2 M? < RiR:

_ wWE
T RiR: + w? M

! Piewce, GG. W, ** Electrie Oscillations and Electric Waves,” Chap. XI.

1.
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Cases II and II1: 1f wtM? > R\R,
E
In = g———
2\/R:R;

I;' fo{[cases II and 111 is seen to be greater than for case I and is independent
of wM.

MAGNETIC CIRCUITS

26. The Fundamental Quantities of Magnetic Circuits. The first
fundamental quantity is the magnetic flux or induction. The unit of
flux is known as the mazwell and is defined by the statement that from a
unit magnetic pole, 4r maxwells, or lines of force, radiate.

The second fundamental quantity is the reluctance. It is analogous
to the resistance of electric circuits, as the flux is analogous to the current.
The unit of reluctance is the oersted and is defined as the reluctance
offered by 1 cm cube of air.

The third fundamental quantity is the magnetomotive force (m.m.f.).
It is analogous to the e.m.f. of electrical circuits. The unit of m.m.f. is
the gilbert and is defined as the m.m.f. required to force a flux of 1 maxwell
through a reluctance of 1 oersted. Thus the fundamental equation in
whieh these three quantities are related to one another is:

M = ¢R

Other important quantities of magnetic currents may be defined as
follows: the magnetic field strength is represented by the quantity H and is
equal to the number of maxwells per unit of area when the medium
through which the flux is passing is air. This unit is known as the gauss
if the unit of area is the square centimeter.

In any medium other than air the lines of force are known as lines of
induction and the symbol B is used instead of H to represent them. In
air the induction B and the field strength H are equal to one another, but
in other mediums this is not true.

The permeability u is the ratio between the magnetic induction B and
the field strength H. In air this ratio is unity. In paramagnetic mate-
rials the permeability is greater than unity, in ferromagnetic materials
it may have a value of several thousand, and in diamagnetic materials it
has a value of less than unity.

The intensity of magnetization [ is the magnetic moment per unit
“volume or the pole strength per unit area. The unit of magnetic pole
strength is a magnetic pole of such a value that when placed 1 em from a
like pole, a force of repulsion of 1 dyne will exist between them. The
magnetic pole strength per unit area of any pole is measured in terms of
this unit. The magnetic moment of a magnet is the product of the pole
strength and the distance between the poles.

The susceptibility K of a material is equal to the ratio of the magnetiza-
tion I produced in the material to the field strength H producing it. Al
of these quantities are connected by the following equations

B = uH
I = KH
B =4« + H
u =4xK + 1

Magnetization curves are of great importance in the design of magnetic
structures and should be immediately available for all materials with
which one intends to work. These curves may give either the values of
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B as a function of H for the material, or the values of I as a function of
H. Atypical B-H curve isshown in Fig. 6. The ratio of the coordinates
of a B-H curve gives the val-
ue of u for the material at the 1B
articular value of H chosen.
he ratio of the coordinates
in an“I-H curve similarly A
gives the value of the sus-
ceptibility K.

Magnetic salurafion is a /
rhenomenon occurring at G i
arge values of H when the
induction B increases at a
much lower rate with in-
crease of H than is the case
for small values of H.

The retentivity of a sub-
stance i? thl;a value oé 113 din I}he
material when the fie is : — i L
Rl 0 o (Y LT Fia. 6.—Typical B-H curve.
first been raised to above its saturation value. Tt is given by the point A
- of the B-H curve of Fig. 6.

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

27. Magnetic Properties of Iron and Steel.

. A R Maximum 4x] at
Material Coercivity | Retentivity permesbility | saturation
Electrolyticiron............ 2.83 11,400 1,850 21,620
nnealed................ 0.36 10,800 14,400 21,630
Annealed electrical iron in
sheets................... 1.30 9,400 3.270 20, 500
Cast steel. . 1.51 10,600 3.550 21,420
Annealed 0.37 11,000 14,800 21,420
Steel harden 52.4 7.500 110 8
ast iron 11.4 5,100 240 16,400
Annealed 4.6 5,350 600 16,800
Tungsten magnet steel....... 64.0 N 105 13,600
Chrome magnet steel........ 64.0 9,000 94 12,600
Cobalt ateel (15 per cent)....| 192.0 8,000

28. Electromagnetic Structures. In this type of structure the mag-
netic material is usually very soft; its coercivity is very low; and as a
consequence the m.m.f. must be supplied by a continuous electric current.
The m.m.f., M, due to an electric current, is given by the equation
M = 0.4xNI, where I is the current in amperes, and N is the number of
turns on the electromagnet.

By our most fundamental relation for magnetic circuits

M = ¢R
0.4rNI = R¢
NI = E¢

0.4x
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The design of a magnetic structure is usually begun by a consideration
of the flux requirements in a particular air gap. The size and shape of
the air gap are generally given, and the flux density desired in the air
gap is known. From these data one can compute R and ¢. For the

uantity ¢, ¢ = BA, where A is the area of the air gap and B is the flux
:]ensity desired. This equation assumes no leakage flux, and since this
is a condition never realized in practice and from which there may he a
far from negligible departure, one must add to the value of ¢ given by
this equation a correction the value of which is dictated by experience.
For the quantity R, R = L/A, where L is the length of the air gap and
A is the area. This equation neglects the reluctance of the magnet
itself and of all other iron parts of the magnetic circuit. Since all
reluctances but that residing in the air gap are very small in comparison,
this proeedure is usually justified, although there are cases in which
additional reluctance must be taken into account. In such cases the
reluctance of the other parts of the circuit is computed in the same manner
as that of the air gap, except that an estimate of the permeability of
the part in the eircuit in question must be made and its equivalent air-gap
reluctance computed by dividing by this permeability. Finally,

Ro LBA _ 52
0.4% 0.474 0.47

This equation then completely determines the value of the ampere-
turns N/ from the original data. This is the important quantity in the
design of the clectromagnet. The separate values of N and I are unde-
termined by this equation, other considerations sueh as the nature of
the current supply, the size of the coil, the heat dissipation that can be
permitted and the cost heing of paramount importance.

29. Core Materials for Receiver Construction (The Editor). Since
such materials operate under widely different conditions each material
must be properly selected for its particular task.  IFor example, materials
used in economical audio transformers are too expensive to be used in
power transformers.

Power Transformers. Material for cores of transformers supplying
energy for plate and filament eireuits is selected as for any power trans-
former upon a watt-loss basis. This information is reliably supplied by
manufacturers of such material, and measurements of this factor are not
generally made by the user of the material. Loss tests are made on
complete transformers to determine the suitability of the material under
consideration.

The mechanical properties of the sheets submitted by various sup-
pliers are important. By causing injury to or premature loss of a die,
poor mechanical properties may tie up a production schedule. Wavy
irregular sheets necessitate scrapping wide strips from both sides of each
sheet and introduce an unexpected cost.

Permneability of the core material is of importance where limited space
or weight requirements make necessary the use of flux densities of
14,000 gausses or higher. Here a high permeability is indicated to avoid
high exciting copper losses and poor voltage regulation.

Andio Transformers: Filter Reactors. Here the permeability is of
importance. The factor to be used is the working permeability or apparent
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a-¢ permeability instead of the theorctical value obtained from B-H or
u-B curves. This useful value must be obtained from the working
inductance of some definite design of choke or transformer. Such values
will take care of the fact that in audio transformers and chokes the core
material is polarized by a relatively high unidirectional magnetizing
force (plate current or load current tﬁmugh the filter).

The apparent a-c permeability may be determined from the following
expression taken from the Allegheny Steel Company’s book, ‘‘Magnetic
Core Materials for Radio.”

_ La X1l X108 _ 1 X108 La
Ha = 7956 X AK:N* — 1.256ANt X &,

where La = apparent inductance in henrys
A = cross-sectional area of core in square centimeters
K, = core stacking factor
N = number of turns in the winding
! = length of magnetic path in centimeters.

The quantity (! X 108 = AN?) is a constant determined by the physical
dimensions of the core and the number of turns in the coil. The quantity
(La/K)) indicates the way in which the stacking factor as affected by the
punching characteristics enters into the determination of the permeability.
Material which acts badly mechanically results in burrs in punching and
gives a reduced number of pieces in a given design. This gives lower induc-
tance but does not affect the permeability determination.

The value of the stacking factor for any design is given by dividing the
product of the core volume (cubic centimeters) and the specific gravity
of the core material into the actual measured weight of the core material
in grams. Thus,

_ W
l—‘ry

where W = weight of core in grams; 1" = volume in cubic centimeters; g =
specific gravity of the core material.

K

The value of g may vary as follows:

Silicon steel with silicon content 2 per cent or less........ 7.7
Silicon steel with silicon content more than 2 per cent.... 7.5
Allegheny electric metal . . ............................ 8.3

Manufacturers of transformer iron supply curves from which a designer
may learn the incremental or apparent a-c¢ permeability of the iron he pro-
poses to use. From these curves the inductance of a core winding may be
determined by using the above formula.

To determine the inductance of a winding on a core with an air gap use the
following schedule:

Total m.m.f. = 1.256 X I X N = Hili + Hod2 = Hili + Bol:

where I = current (d-¢)
N = number of turns in the winding
11 and l: = the iron and air paths
H: and H: = magnetic potential gradients along these paths
H: = Boin air
This equation is that of a straight line intersecting the vertical axis of a
B-H curve at a point corresponding to Hy = 0 and Bo = m.m.f./l: and inter-

secting the horizontal axis at a point corresponding to Bs = 0 and
H, = m.m.f./l,., Thus the d-c¢ flux density in the core and the magnetic
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potential gradient in the iron part of the circuit and the a-c permeability
(sa-c = BH) may bedetermined. The a-creluctivity is the reciprocal of the a-c
permeability. The apparent reluctivity is equal (in cases where the air gap is
1 per cent or less of the iron path) to the a-c reluctivity plus the ratio of the
air gap to the length of the mean iron path. The reciprocal of this value of
apparent reluctivity is the apparent permeability which, substituted in the
formula above, determines the inductance.

RADIATION

30. Nature of Radiation. Electromagnetic cnergy may arise from
eontinuously varying electronic currents in a conductor, displacement
eurrents, or oscillating dipoles. In order that this energy may be
appreeiable it is nccessary that the system of conductors be of such a
form that the clectromagnetic field will not be confined in any way and
that the frequency of oscillation of the current or charges be high.  The
various forms of antennas and the employment of radio frequencies
satisfy these requirements.

The nature of radiation may be understood only after a complete
cxamination of Maxwell’s equations and the various transformations
of the wave equation. Any attempt to give a simple yet accurate picture
of the phenomenon of radiation must be fruitless, though such pictures
may aid in an understanding of the subject. Such doseri!)tions may
be found in any text on radio. An cxact analysis of Maxwell’s equations
shows that whenever an electriec wave moves through space an associated
magnetic wave having its vectors at right angles to that of the electric
wave must accompany it. Both vectors, furthermore, are at right
angles to the direction of propagation. This analysis also shows that
an electromagnetie field due to an oscillating dipole or to an oscillating
current in a conductor has two components. One of these varies inversely
as the first power of the distance from the source and is, furthermore,
direetly proportional to the frequency, and the other varies inversely
as the second power of the distance. The former is known as the
radiation field and the latter as the induction field. Though indis-
tinguishable physically, the induction and radiation ficlds have a separate
mathematical existenee accounting completely for the phenomenon of
energy radiation. The energy of the induction field returns to the eon-
ductor with the completion of each eycle. Its existence is confined, as
one might expect, to the neighhorhood of the conductor, whereas the
radiation field may be thought of as a detached field traveling outward
into space with the velocity of light and varying much more slowly in
intensity with distance from the conductor than the other.

31. Vertical Antenna. The most simple form of antenna is the vertical
wire. The electromagnetic radiation field depends on the strength of
the current in the wire, and as a consequence its intensity is increased
if the current throughout the vertical wire is uniform. It is for this
reason that a counterpoise is usually attached to the lower end of the
antenna and a horizontal aerial to the upper end. The capacity of
the counterpoise and aerial may be made so high that the current through-
out the vertical portion of the wire is practically uniform.

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

h
H = _‘:Ocllo cos w(l - Iz) gauss
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where o = 2nxf

frequency of oscillation

maximum value of the current in the antenna

velocity of light in centimeters per second in vacuum
distance from the source in centimeters

height of antenna or length of vertical wire in centimeters

E = —M cos w(t - lz) volts

R ey Y
hunnan

and

10cl

These equations! are derived by considering the antenna as an oscillatin
Hertzian doublet of separation h. The effective values of the magnetic nng
electric fields are

whl, 2xhl,

He=—1oa = —on
£ o _300whl. _ 600whl.
T T 10 T T 10N

where I, is the effective value of the antenna current, and X ia the wave length
of the electromagnetic wave. .
32. Loop Antenna. The field due to a loop antenna is given by the

equations
4chl, | w8
H, = Tong &R
. 1,200xhl. . =s
Be="Ton sinx

where s is the distance of separation of the vertical portions of the loop in
centimeters.

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

4z NhI, . =8

H, = —Tong Sin ~
E = 1,200xNhI. . L
S TPV AR Y

34, The fundamental and harmonic frequencies of oscillation in an
antenna may be calculated in many cases. If the inductance and
capacity of the vertical wire of the antenna are neglected, the low frequency
capacity and inductance arc given by the equations?

C =1C;
l
L—SL.-

where C; and L; are the capacity and inductance per unit length of con-
ductor, and ! is the length of conductor. These equations may bhe
calculated by means of accurate formulas which are available.?

Then the low-frequency reactance of the antenna is
wllLi 1
e NG
! Berg, " Electrical Engineering,"” Advanced Course, pp. 278 ff.; MORECROFT, ** Princi-
ples of Radio Communication,” p. 708.

2 Bur. Standards Circ. 74, pp. 72 ff.
2 Bur. Standards Cire. 74, pp. 237-243. *
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The high-frequency reactance of the antenna is given by the equation
X\ = —\/Ié': cot wlv/LiC¢
The reactance of the antenna becomes zero when

wl\/CiLi = ng(n =1.3,5+:.)

that is. when
w n

T2 T VL

The reactance becomes infinite when

i)

wl+/CiL: =mg(m =0,2,4...)
that is, when
w m

J =5 = avCL

If the inductance of the vertical wire is to be considered, or if a series induc-
tance is used with the antenna

X =wlL: — \ﬁg cot wl\/Cil;

where L. is the total inductance of the vertical wire and any coils in series
with the antenna.

The harmonic frequencies of the antenna at which the reactance is zero
do not differ by multiples of » as hefore. The natural frequency of oscilla-
tion is given, however, quite generally by the equation

wL, — \/Ié__" cot wiv/CiLi = 0

cot wl/CiL; _ Le
wy/CiL; L

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

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

The power radiated depends on the form of the antenna. It 18 propor-
tional to the square of the frequency of oscillation and to the square of
the current flowing in the antenna. Due to the latter consideration once
may write P = AI?, where A is a constant factor depending on the form
of the antenna and the frequeney, It may be called the radiation
resistance. For a given antenna the radiation resistance varies inversely
as the square of the wave length. The ohmic resistance to which the
joule heat is due is approximately constant, the skin effect and other
factors being comparatively small. The resistance due to dielectric
ahsorption is directly proportional to the wave length. When these three
components of resistance are added to obtain the total resistance, one
finds that for every antenna there is a wave length for which the total
resistance isa minimum.
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86. Energy in the Field. The energy of an clectromagnetic field at
any point is given by the equation!

= l 2 2
U= go(¢E* + uH?)
where E is in electrostatic units instead of volts as in the previous equa-

tions, ¢ is the dielectric constant, and u the permeability of the medium.
In free space

U =L@+ 0y
&

H = \/?E
m

But, in general,

T = g = By
U 4WE 4;”
E*  H?,
=5 =3 free space.

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

c

-l = —— =£_\/£z=i By
S =oU \/qu e “E, y H?

€

LEr= Sy
41rE' 4-;r”¢ l
=LfEg1_Cpy-2
SrE"' 87”"' 5
where E, and H, represent effective values, and E,, and H,, the maximum
values of the eleetric and magnetic ficlds respectively. Therefore, for
the effective values of the electric and magnetic fields due to a vertical
wire antenna,

in free space.

e = ——a77 e.s.a.

He = —Tom
_ ¢ (2xhI\? _ cxhi?
~ 47 \'10N] 10092
Then the total radiation from a vertical antenna, assuming that H has
its maximum value in the equatorial plane of the antenna and that its

variation in a vertical plane at a distance ! from the antenna follows a
sine law, is given by the expression
cexh?l 2
2rl’(m) ergs per second
or
60r2ht] 2
X!
tJrans, J. H., * Mathematical Theory of Electricity and Magnetism." p. 518

watts



SECTION 3

RESISTANCE

By Jesse ManrsTEN, B.S.!

1. General Concepts. In any electrical conductor or system in which
there is a flow of current there is a certain amount of energy continually
being lost or converted into forms not readily available for use. As far
as is known at present this dissipation of energy may take one of two
forms: thcre may be an cvolution of heat, and there may be radiation
of encrgy into space. Such energy dissipation is attributed to a property
of electric conductors or systems termed resistance.

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

E =R 1)

where E is the voltage drop across the conductor or network and ¢ is
the current through it. This assumes no back e.n1.f. due to polarization
or other causes. In this case the dissipation of energy takes place entirely
in the form of heat generation, and the rate at which electrical energy
is thus converted into heat is given by Joule's law,

P = *R 2)

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

Ohm's law is insufficicnt to define resistance in a-c¢ circuits. It is
found experimentally that the rate at which heat is evolved in a cireuit,
exceeds that which would be necessitated by the resistance of the circuit
as detcrmined by Ohm's law. This is due to the fact that the electro-
magnetic and electrostatic fields around the circuit vary with time and
introduce effects which increase the losses in the circuit. Among these
effects may be enumerated the following major ones:

1. Eddy-current losses in conductors and other masses of metais in and near
the circuit.

2. Hysteresis losses in magnetic materials.

3. Drelectric losses in the insulating mediums.

4. Absorption of energy by neighboring conductors or circuits by induction. -

5. Radiation of electromagnetic energy into space.

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

! Member, Institute of Radio Engineers; associate member, American Institute of
Electrical Engineers, chief engineer, International Resistance Company.
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All these effects result in an increase in energy loss in the circuit over
and above that given by Ohm’s law. It therefore becomes necessary to
introduce the concept of a-c resistance or eﬁfective resislance, which is
defined by the more general joulean relationship,

P = {?R cffective 3)
where P is the power loss in the circuit due to all eauses and ¢ is the effec-
tive current in the circuit. Ohin’s law for continuous currents follows
directly from this more general definition.

2. Units of Resistance. The practical unit of resistance is the ohm
and is defined by Ohm’s law when the voltage and eurrent are unity in
the practical soyst,em. It has, however, been arbitrarily defined as the
resistance at 0°C. of a column of mercury having a uniform cross section,
a height of 106.3 cm, and weighing 14.4521 g. Owing to the inereasing
usc of resistors having resistanees of the order of millions of ohms, the
megohm unit is also employed. The megohm is equal to 10° ohms.

3. Specific Resistance. It is found experimentally that the resistance
of an electric conductor is directly proportional to its length and inversely
to its cross section: .

R =rg 4)

The proportionality factor p is called the specific resistance of the con-
ductor and is a function of the material of the conductor.

From this definition of specific resistance it is apparent that any
number of units may be derived for specific resistance, depending upon
the units chosen for I and A. The unit generally employed in practical
engineering is the ohms per circular mil foot, and is the resistance of a
1 ft. length of the conductor having a section of 1 eir. mil (diameter
1 mil for a cireular conductor).

4. Volume Resistivity. If, in the above definition, [ and A are hoth
unity, in the same system of units, then p is the resistanee of a unit cube
of the material and may be defined as the volume resistivity of the material.
It should be noted that volume resistivity is not the resistance of any
unit volume of the material but is specifically the resistance of unit
volume measured across faces whose arcas are each unity.

With a knowledge of the dimensions of a conductor and its speeific
resistance the resistance of the conductor to d.e. may be computed from
Eq. (4). Consistent units must be employed. The resistance thus
computed will be correct at the temperature for which the specific
resistance applies. To obtain the resistance of the conductor at any
other temperature a correction will have to be applied.

b. Temperature Coefficient. The resistance of a conduetor is a
funetion not only of the material and dimensions of the conduector but
also of its temperature. Within the temperature limits generally
encountered in practice the change in resistance due to temperature vari-
ation is direetly proportional to the change in temperature:

Ri, = Ryl + alts — 1)) (5)

R:‘ and R., are the conductor resistances at temperature {; and #,
respectively.
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The proportionality factor e is defined as the lemperature coefficient of
resistance of the material and is the change in resistance of any material
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 alloys,
such as manganin and constantan, have practically zero temperature
coefficient and are therefore used primarily for resistance standards.

A knowledge of the temperature coefficient of conductor materials
cnables one at times to make more accurate determinations of tem-
perature change than is possible by thermometer measurements, especially
in cases where parts to he measured are not readily accessible. Resist-
ance determinations of the conductor are made at both temperatures
and the temperature change computed from Eq. (5).

6. Properties of Materials as Conductors.

S Temperature
r;‘i’:&ﬁ‘;e coefficient per
Material o °C. between 20°
at 0°C., ohma to 100°C., ohme
per cir. mil ft. per sC.
[T R 2= I 9.75 0.004
[0S Y o A 10.55 0.004
Aluminum. . ... .o r i 17.3 0.0039
Nickel (Pure)......c.covovniii s 58.0 0.0048
Iron (pure)....... boPDOOOGBE00000000000a00000 61.1 0.0062
Phosphor bronze............... ... iiitann 70.0 0.004
Tlead. ................ o ounn. 5 114.7 0.06041
Nickel silver, 18 per cent ((German Or) . 190 0.00019
Manganin (copper, 82 per cent; manganese, 14 per
cent; nickel, 4 percent)............ ... .. .0 290 0.00002
Constantan (Advance, Cupron, Ideal, Ia-Ia) (copper,
55 per cent; nickel, 45 percent)................. 294 0.00002
Nichrome (nickel, 60 per cent; chromium, 15 per
cent; iron, balance).......... ... .. i 630 to 675 0.00017

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

oo [ —
L AAMAAAAAA
AT
L AAAAAAAAA
D
L AMAAAAAA
e ] i TRy
R R; R
E E
Fi. 1.—Simple series Fic. 2.—Parallel cire
circuit. i

The equivalent resistance of a number of resistors connected in series
is equal to the sum of the individual resistances. Referring to Fig. 1,
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E = {Roquiv. =€, + €3+ - - - +en=Ri+Ri+ -+ + Rui =
i(Rl+Rz+---+R")
= Requiv. = (Ri +Ra+ - - - + R,

.| by

Requiv. = ”ZR
1

The reciprocal of the equivalent resistance of a number of resistors
connected In parallel is equal to the sum of the reciprocals of the indi-
vidual resistances. Referring to Fig. 2:

1—11+1«z+"'+1n=§;+m+"'+3—n
i_ 1 _1 .1 1
E B "ETERT T TE

n
1 1
Rwuiv. - 121_3
RESISTANCE AS FUNCTION OF FREQUENCY

8. Skin Effect. It may be shown that the resistance of a conductor
is 2 minimum when the current density is uniformly distributed over the
cross section of the conductor. This condition obtains for d.c. The
resistance increases for non-uniform distribution of current density over
the cross section of the conductor. This latter condition obtains in
conductors carrying a.c. This is a result of the distribution of magnetic-
flux lines, outside and inside the conductor. If the conductor is assumed
to be made up of a number of conducting elements in parallel, then the
interior elements, being surrounded by more flux lines than the exterior,
will have greater reactance and, therefore, the current in the interior
elements will be less than that in the exterior elements. As a result the
current crowds toward the surface of the conductor, giving a non-
uniform current density. This imperfect penetration of current in a
conductor, resulting in an increase in resistance, is termed skin effect.

Skin effect in a conductor is a function of the following factors:

VY (©)
P
where { = thickness of the conductor
S = frequency of current
u = permeability of the conductor
p = specific resistance of the conductor in microhm-centimeters.

It is possible to compute accurately the h-f resistance of simple round
cylindrical conductors from involved functions of the above factor. To
facilitate these computations tables have heen prepared from which
the ratio of h-f resistance R, to d-c resistance R, may be quickly deter-
mined. From this factor and the easily measured d-¢ resistance the h-f
resistance may be computed.
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The table below gives the values of Rs/R, for different values of the
factor
N AT
& S \/ V1000

where d is _the diameter of the wire in centimeters, p is the volume resis-
tivity in microhm-centimeters (1.724 at 10°C. for copper), z may be com-
puted for any particular case, and Romay be measured at d.c. orcomputed.

9. Ratio of H-f Resistance to the D-c Resistance for Different Values
of z = xd\/2uf/p X +/1/1000.

z Ry/Ro z Rs/Ro z Rys/Ro
[1] 1.0000 5.2 2.114 14.0 5.209
0.5 1.0003 5.4 2,184 14.5 5.388
0.6 1.0007 5.6 2.254 15.0 5,562
0.7 1.0012 5.8 2.324
0.8 1.0021 6.0 2.394 16.0 5.915
0.9 1.0034 6.2 2.463 17.0 6.268

18.0 6.621
1.0 1.005 6.4 2.533 19.0 6.974
1.1 1.008 6.6 2.603 20.0 7.328
1.2 1.011 6.8 2.673
1.3 1.015 7.0 2.743 21.0 *7.681
1.4 1.020 7.2 2.813 22.0 8.034
1.5 1.026 7.4 2,884 23.0 8.387
24.0 8,741
1.6 1.033 7.6 2.954 25.0 9.094
1.7 1.042 “.8 3.024
1.8 1.052 8.0 3.094 26.0 9.447
1.9 1.064 8.2 3.1685 28.0 10.15
2.0 1.078 8.4 3.235 30.0 10.86
| 32.0 - 11.57
2.2 1.111 8.6 3.3 34.0 12.27
2.4 1.152 8.8 3.376
2.6 1.201 9.0 3.446 36.0 12.98
2.8 1.256 9.2 3.517 38.0 13.69
3.0 1.318 9.4 3.587 40.0 14.40
42.0 . 15.10
3.2 1.385 9.6 3.658 44.0 15.81
3.4 1,456 9.8 3.728
3.6 1.529 10.0 3.799 46.0 16.52
3.8 1.603 10.5 3.975 48.0 17.22
4.0 1.678 11.0 4.151 50.0 17.93
60.0 21,47
4.2 1.752 11.5 4.327 70.0 25.00
4.4 1.826 12.0 4,504
4.6 1.899 12.5 4.680 80.0 28.54
4.8 1.971 13.0 4,856 90.0 32.07
5.0 2,043 13.5 5.033 100.0 35.61

It is frequently useful to know the largest diameter of wire of different
materials which will give a ratio of B;/R, of 1.01 for different frequencies,
For a ratio of R;/R, equal to 1.001, the diameters given below should
be multiplied by 0.55; and for R;/Rsequal to 1.1, the diameters should be
multiplied by 1.78.
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11. Reduction of Skin Effect. © BB o 288
In view of the tendency of the =2 §§"8§3§§§$2 52"‘
current to crowd to the surface g o§8888853 858
of the conductor at high fre- b Sooscogeds Ssd
guenci;as, t}}e reénedies which G woae ww E%g

ave been foun ractical in " SoSY¥onnn oW £33
effecting an imprgvement in 3 888%588888 §.8.8‘
the resistance ratio R;/Rohave e
been those in which the con- £ e h e S
ductor has been designed so - | O= 33352 =Ie 288
that it presents a skin to the @ | & 8888555338~ =85
current flow. These are: - 2202099909 222

- 3

1. Use_of Flat Copper Strip. © | So B¥Vamo we 8532
While skin effect is present, for .2 | o 88§5‘85‘5‘883 §§8
the same cross-sectional area a & | — cocococcccs ooo
flat strip gives a lower resistance & ] S W
ratio than do round conductors. ® | ¢ & '-535339838@-: ggg

2. Use of Tubular Conductors. g | -3 g §3o3:’.2§3°°8 § 3
Here the external magnetic field § | © = .°.°.°.°.°3°.°.8.°'. .8.°.
is much greater than the internal @ ] SIOLIOV00S S0
field, and therefore all parts of % ss © VR8I RYN gwg
the conductor are affected alike pf [ 82 £ Sggsgsxnsa 8§§
bﬁr_ thg field, thus reducing the . o E 3552533322 ST
skin effect.

8. Use of Litzendraht. Ac- Bl es = dad-4-3~4-3:ch 238
cording to ji‘)q. (6) the smaller & &= = §§§3%%$2:3‘5 §§§
the diameter of the wire theless | o S2822020n 9sS
the skin effect. Litzendrahtisa 3 LOL0R00000 32:
hraided cable made upof alarge & | 8@ PREReR8 o 28R
number of fine strands of wire. B | © 885883352§ 8§8
When certain precautions are .. = cocoococooos ooo
taken this braid shows a very © va
much lower resistance ratio than % §8 BN I8 e 3R
does a solid copper wire of equal % 250 88888888&‘.% §88
section. These precautions arc: g~ cccocooocoe ooo

a. Each strand must be thor- & 50
oughly insulated from every g8 'ﬁﬁE%Ngggn—' =2z
other strand to avoid contact g 1 So88R833%8 388

. resistance. 3 CooCoCeoss ooo

b. Braiding must be such that g P RN®
each atrand passes from the cen- " g§ BI88.38%3m _ 855
ter to the outside of the conduc- « - SEIC]EReRE 888
tor at regular intervals—a sort 5 b So8ososSS~ S88
of transposition. This ensures B M
that all strands are affected alike S - L
by the magnetic flux. - o2 st

_c. Each strand must be con- 8g
tinuous. Te s
s | @ b oot

12. Types of Resistors. S8 | g 0 5935888:4¢8 S
Resistors generally used in ra- g | & R I Sg
dio and allied applications may re | = Tl igEE §.,,2
be broadly classified as: §;-" g S £58 g.g q o

@ [ e S Haw
1. Fixed resistors. g e§ZsEsg 2 E 88 aan
2. Variable resistors. wE OZVAEE0OTVS
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Each of these groups may be further classified on the basis of the nature
of the conducting material of the resistor, as

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

138. Fixed Wire-wound Resistors. As commonly made, these are
wound on (1) ceramic forms, (2) strips of fiber or baielite, and (3) cores
of textile cord or glass fiber. These windings are then embedded in a
covering or coating for protective purposes. The nature of the covering
depends upon the core and power rating of the resistor. The character-
istics of the wire-wound resistor are those of the particular wire employed
and generally show a negligible or slight temperature coefficient and no
voltage coefficient, i.e., the resistance is independent of the applied
voltage. Wire-wound resistors are used in radios at powers ranging
from less than 14 watt to 200 watts or more. To cover this wide band,
different designs and structures are used, which for convenience may be
classified as low-, medium-, and high-power resistors, which correspond
to the core structures (1), (2), and (3) above.

14. Protective Coatings for Wire-wound Resistors. Coatings on wire
are employed to protect the windings from mechanical injury, to prevent
olectrog'tic effects and consequent corrosion due to penetration of
moisture, and to provide an insulating covering for the winding. Coat-~
ings most widely used in practice are as follows:

A. Vitreous enamel coatings.

B. Cement coatings employing inorganic binders.
C. Cement coatings employing organic binders.
D. Molded bakelite.

Coatings in the first two elassifications A and B, are capable of with-
standing temperatures in excess of 250°C. without deterioration. They
afford a high measure of protection against humidity. Fxception to the
latter statement are coatings employing sodium silicate (water glass)
binders which are highly hygroscopic and, therefore, unsuitable where
resistance to humidity is an important factor.

Coatings in classification are capable of withstanding temper-
atures up to about 175°C., this varying with the nature of the binder.
Resinous binders stand lower temperatures than asphaltic binders.
They are, however, superior to the higher temperature coatings in their
moisture-resistant properties.

Coverings of the last classification, D, are capable of withstanding
temperatures from 100°C. to 160°C., depending upon the nature of the
bakelite used. The ordinary general-purpose molding materials with
wood-flower base are good for the lower temperatures, whereas the
asbestos- or mica-filled bakelite is good for the higher temperatures.

15. Rating Wire-wound Resistors. In view of the low temperature
eoeflicient o? the resistance wires generally employed in radio wire-wound
resistors, the resistance ehange with loads normally encountered is small.
The rating is, therefore, primarily determined by the power the resistor
can dissipate continuously for an unlimited time without excessive tem-
perature rise or deterioration of the resistor. Some manufacturers rate
resistors on the basis of the power that will produce a temperature rise of
300°C. in an ambient temperature of 40°C., when the resistor is mounted
in free air. Such perfeet ventilation conditions are seldom encountered.
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As a result, it is generally recommended that such resistors be used at
one-fourth to one-half the nominal rating, which results in a temperature
rise of 100°C. to 150°C. In practice even these temperature rises may
be excessive owing to such factors as poor ventilation, proximity of
resistors to parts which may not be subjected to elevated temperatures,
and Fire Underwriter’s approval. The specific applieation, therefore,
limits the practical use of a resistor rather than any nominal rating.

16. Factors Influencing Rating of Wire-wound Resistors.

1. Heat-resistant properties of protective coating.

2. Heat-resistant propertics of winding core. (Ceramic cores are most
widely used, which withstand very high temperatures.)

3. Use of intermediate taps. Taps reduce effective winding space, result-
ing in less active cooling surface, reducing the nominal rating. The extent
of reduction depends upon length of the resistor, heing smaller for long units
than for short ones. On short units 2 in. long the rating may be reduced by
as much as 15 to 20 per cent, whereas on long units 6 in. long the reductions
may be 3 to 5 per cent.

17. Types of Resistors. 1. Low-power Resistors. These units dis-
sipate }g to 1 watt per square inch of surface. There are two general
types (a) flexible resistors and (b) bakelite-molded resistors. Both have
either a core of cord or glass fiher. The former has a textile or glass-fiber
covering, the latter is molded in bakelite. The latter are made in
sizes having ratings of 14, 1, and 2 watts, corresponding to dimensions
of the order of 3{ in. diameter by 5% in. long, 14 in. diameter by 111 in.
long, and 21 in. diameter by 134 in. long. They are equipped with wire
leads making them very convenient for so-called point to point wiring
in circuits, eliminating the neeessity for speeial fittings for mounting.
The flexible resistors with glass-fiber cores and coverings are eapable
of much higher ratings. Low-power resistors are used largely as biasing
resistors, isolation resistors, and voltage-dropping resistors.

2. Medium-power Resistors (Flat Wire-wound Type). These units
dissipate between 2 and 4 watts per square inch. They consist of wire
wound on strips of fiber or laminated bakelite to which lug terminals
are attached at appropriate points. The strip is covered with bakelite,
cither by molding or other means.  This assembly is then tightly enclosed
in a sheet-metal punching with mounting holes, or a metal mounting
strip is attached 1n intimate engagement with one side of the resistor,
enagling the other side to be mounted flat against a metal chassis.

This design has many advantages. It is casy to mount. The metal
enclosure, or mounting strip, and the chassis act as heat distributoss,
preventing excessive differences in temperature along the length of the
unit. Use i made of the metal chassis and metal mounting to conduet
heat away from the resistor, which enables higher power ratings for a
given temperature rise.

They are used in the power range from 2 to 20 watts. Lengths vary
from 2 to 6 in.  Widths vary from 14 to 34 in.

3. High-power Resistors. These are wound on cylindrical ceramic
cores and have cement or vitreous enamel coatings. When inorganic
eement or vitreous coatings are used, they are made to handle powers
from 5 to 200 watts, depending upon the size of the unit, at dissipations
of § to 10 watts per square inch of surface.  These ratings are based on
250°C". temperature rise.
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When organic cement coatings are used, they are made to handle
powers from 4 to 80 watts, depending upon the size of the unit, at dissipa-
tions of 2 to 4 watts per square mcﬁ of surface. These ratings are
based on a temperature rise of 125°C. This coating is used primarily
when maximum protection is desired against humidity.

18. Temperature Rise of Wire-wound Resistors. Figure 3 shows the
temperature rise to be expected at various loadings of wire-wound
resistors wound on ceramic forms, with vitreous-enamel and cement
coverings. The 100 per cent rating is based on manufacturers’ rating
of 250°C. rise in open air for class A and B coatings (Art, 14) and 125°C.
rise in open air for class C coating. Temperature is measured at the
eenter of the outer surface of the resistor.
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Fig. 3.—Temperature rise of wire-wound resistors. A, vitreous enamel
or inorganic cement; B, organic cement covering.

19. Variable Wire-wound Resistors. These are usually of the con-
tinuously variable type, made by winding resistance wire on a flat
strip of fiber, bakelite, or other insulating material. This strip may he
formed into an arc and placed in a protecting container. A metallic
sliding arm is arranged to travel over the winding, thus making contact
with each turn as it 1s rotated. The choice of wire and size is determined
by the resistance and space requirements.

In general, wire-wound eontinuously variable resistors are wound so
that the resistance changes uniformly with the motion of the sliding
contact. For certain uses, e.g., antenna-tvpe volume controls, it i3
desirable that the resistance change be non-uniform. In this case the
form on which the wire is wound is sometimes tapered so that the resist-
ance per degree rotation is not constant. Other methods of tapering
emploved are winding with variable pitch, winding sections of the control
with different sizes of wire, and copper plating start and finish of the
winding. Some of the factors to be considered in design are as follows:

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

20. Composition-type (Radio) Resistors. The term composition-type
resistor is (»mgloyed to cover that group of resistors in which a conductor
is mixed with binder in definite proportions and suitably treated to
produce a resistor material. This type of resistor has attained a wide
popularity beeause of the following advantages: (1) Flexibility in range—
1t may be made in any value up to several megohms; (2) compactness—
its physical dimensions are small for any range; they may be made in
sizes as low as 1g in. diameter by 3¢ in. long.

Numerous types of these resistors have heen produced, but they take
two general forms:

1. Solid-hody Resistor, In this type the resistor material is extruded,
pressed, or molded into its final physical form, which generally is a solid rod,
after which it may be subjected to some form of heat treatment, The
so-called carbon resistors are examples of this type.
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Iii. 4,—Voltage characteristic of various resistors. Curves A are metallized-
filament type; others are carbon type.

2. Filament-coated Resistors. In this type a conducting coat or film is
baked on the surface of a continuous glass filament or other form. In the
case of the glass filament this is completely enclosed in an insulating tube.
The so-called metallized-filament resistors are examples of this type.

21. Characteristics of Composition-type Resistors. Composition-type
(commercially known as radio) resistors possess properties differing very
markedly from those of metallic resistors, The most important ones
are as follows and are possessed by all these types in varying degree:

1. Voltage Characteristics. The resistance is not independent of the applied
voltage and generally falls with increasing voltage, Typical curves showing
the manuner in which the resistance varies with voltage (heating effect due to
load not present or corrected for) are shown in Fig. 4.

The percentage change of resistance at a given voltage measurement
referred to its resistance at some low voltage such as 114 volts has arbitrarily
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been called the voltage coefficient. This coefficient increases as the physical
size of the resistor decrcases and increases with the resistance value. It is
also a function of the ingredients or mix employed in the resistor. Figure 5
shows for a given type of carbon resistor the relationship between voltage
coefficient and size and value of the resistor. The test voltage at which each
measurement was made is indicated for each value of resistance.

2. Radio-frequency Characteristics. Unlike wire-wound resistors, com-
position-type resistors decrease in value w th increasing frequency. This
effect is very marked in the high-valued resistors such as 1 megohm but is
absent, or very small, in the low values such as 100,000 ohms and under.
The effect decreases with the diameter of the active resistor elenent. Skin
effect is not the factor which determines this characteristic. Two factors
play a prominent part here as follows: (1) the shunting effect of the indi-
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Fra. 5.—Voltage coefficient of carbon resistors.

vidual capacities between conducting masses in the resistor element tends to
reduce the effective resistance: (2) the dielectric in binder and fillers of these
resistors and their housings introduces losses with increasing frequency which
likewise act to reduce the resistance.

3. Humidily Characteristics. The effect of humidity in general is to cause
a rise of resistance. This effect may sometimes be reduced by suitable
treatment.

Noise. These types of resistors all show, in varying degree, the presence
of microphonic noise.  The degree of noise is a function of the load, size of the
resistor, and the nature of the materials used in the resistor. In general, for a
given set of materials in the resistor, the noise level increases with increasing
resistance and decreasing size of the resistor. Figures 7a and 7b show typical
noise-level curves for two makes of resistors. The change in each curve or
the point of discontinuity shows where a change of mix or materials was
made. The curves also show the increase in noise for a given value as the
resistor size decreases. Noise measurements were made in accordance with
the method described in Art. 25.
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22. Rating Composition-type Resistors. The rating of composition-
type resistors is a more complicated matter. The temperature coefficient
of this type of resistor being larger, it is possible for a resistance change to
become quite appreciable before a temperature limitation is exceeded.
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Fia. 7.—Noise-level curves of typical resistors.

Furthermore, with the higher ranges, such as 0.25 megohm and over, in
which the power dissipation may be very low, the voltage characteristics
may be a determining factor instead of the load-mrrvmg characteristics.
It is therefore customary to rate this type of unit on the basis of the max-
imum load it can earry, or the maximum voltage which can be applied
to it, without exceeding prescribed resistance changes. The prescribed
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changes gencrally accepted are 5 per cent for intermittent rated-load
operation and 10 per cent for 50 per cent overload operation.

As a result of recent developments, notably the development of insu-
lated resistors in which the resistance element is molded in bakelite
and also the development of new mixes, it has been possible to increase
the rating of given sizes of resistors. It has especially been possible to
increase the rating of the smaller sizes of insulated resistors. This was
made possible by the discovery that the temperature rise of the very
short resistors is appreciably lower for a given power dissipation than
would be expected from its reduced cooling surface. The reason for
this is that the metal end terminals, because of shortness of the unit,
cover a substantial portion of the entire resistor and are very close to
the center hot section, and therefore cool the resistor by conducting the
heat away.

The following table gives the most generally adopted standard ratings
and sizes of insulated resistors, as these resistors are definitely replacing
the non-insulated type:

1 |
Rating, | Diameter of QOver-all length
watts | resistor, inches | of resistor, inches

R L 13 3%
13 14 to ¥ 3% to 8¢
1 5 14 to 134

2 5{e 13§

23. Composition of Resistors. Radio resistors of the carbon and
filament types generally employ a conducting material of high speeific
resistance mixe(fwith a filler and binder. The most widely used conduct-
ing material is some form of carbon or graphite. The fillers and binders
employed vary with the type of resistor. Examples of these are clay,
rubber, and bakelite. The filler, binder, and conductor are mixed in
various proportions to obtain resistors having different ranges. The
method of making the resistor varies also with its type. The solid-body
types are generally either molded or extruded. The filament resistor is
made by baking the resistance material on a glass rod which is sealed
in a ceramic or hakelite container.

24. R.M.A. Color Code. The use of resistors has increased to such an
extent and so many are employed in a radio set that it has become desir-
able to identify each resistor for range in a quick and simple manner.
Such identification simplifies assembly of these units in radio sets-and
helps in servicing. A color code has therefore been adopted by the
Radio Manufacturers’ Association.

This color code takes into consideration the fact that composition
resistors are made with leads eoming out at right angles to the axis
of the resistor and also with leads brought out of the ends axially. The
color code also enables the tolerance of the resistor to be identified.
The color code standard follows:

Ten colors shall be assigned to the figures as shown in the table below in
which cable designations indicate the color shades as shown on the Stand-
ard Color Card of America, 8th ed., 1928, issued by the Textile Color Card
Association of the United States.
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Figure | Color |Color to be equivalent to

(1} Black

1 Brown Cable 60113
2 Red Cable 60149
3 Orange Cable 60041
4 Yellow Cable 60187
5 Green Cable 60105
[ Blue Cable 60102
7 Violet Cable 60010
8 Gray Cable 60034
9 White

It shall be standard in fixed-composition resistors with radial leads to
indicate the nominal resistance value of the resistor in accordance with the
fol'll?l:vingo :aiysteAm x}ndhdiagram: o .
= e R e e y of the resistor shall
%Iw§ ABC .éiﬂt\“. colored to represent the first figure of the
resistance value. One end B of the
X resistor shall be colored to represent
Fic. 8.—Standard resistor of the second figure. A band, or dot, C of
R.M.A. color, representing the nuimber of ciphers
following the first two figures, shall be
located within the body color. Two diagrams (Fig. 8) illustrate two interpreta-
tions of this standard, both of which are deemed to be in accordance with the
standard.
Examples illustrating the standard are as follows:

Obms | A | B c
10 Brown Black Black, no ciphers
200 Rled Black Brown, one cipher
3,000 Ornznge Black Red, two ciphers
3,400 Ora:nge Yeﬁow Red, two ciphers
40,000 Yel4low Blgck Orange, three ciphers
44,000 Yel4low Ye}‘low Orange, three ciphers
43,000 Yegow Orasnge Orange, three ciphers

1t shall be standard in making fixed composition resistors with axial leads to
indicate the nominal resistance value of the resistors by bands of color around
the body of the resistor, in accordance with the following system:

Three or more bands of color shall provide indications as follows:

Band A shall indicate the first significant figure
of the resistance of the resistor.

Band B shall indicate the second significant figure.

Band C shall indicate the decimal multiplier. BCD
Band D, if any, shall indicate the tolerance limits Fi6. 8a.—Fixed com-
about the nominal resistance value. position resistor with

It shall be standard to indicate the significant axial leads.
figures of the resistance value, the decimal multi-
plier, and the tolerance with the modifications and extensions of the Standard
R.M.A. Color Code M4-213 as given below:
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Decimal multipliers
Tolerance
Color
Significant | Power of Multiplyi -al e Ger?
figure 10 Multiplying value
Black 0 100 1
Brown..................... 1 10t 10
Red.............. ... 2 10t 100
Orange. ................... 3 103 1,000
Yellow 4 10¢ 10,000
Green..........oovoiiinnnn 5 108 100,000
Blue. [} 10¢ 1,000,
Yiolet..................... 7 107 10,000.
({X700006006000000000000 00 8 10¢ 100, 000, 000
White..................... 9 100 1,000,000, 000
Gold.............ooo . 10-! 0.1 + 5
Silver...................... 10—t 0.01 +10
Noeolor.......ooovvvvvvnnd|  on L vair o +20

26. Test Specifications. Over the last few years, a series of tests have
been developed which are designed to establish the performance merit of
eomposition resistors. While these tests have not been established as
standard, they have gradually been adopted by the leading manufac-
turers as the basis of speeifications for composition resistors. These
tests are as follows: :

Resistance Measurements. Unless otherwise specified it shall be standard
to measure the resistance under the same voltage drop as normally exists
across the resistor in the application for which it is intended.

The readings are to be made as quickly as possible at 20°C., preferably
with a limit-bridge circuit arrangement so that the resistors do not have an
opportunity of undergoing an appreciable temperature rise due to the current
passing through them under the conditions of the test.

Normal-load Life Test. 1t shall be standard to make normal-load life tests
by placing the resistors on load intermittently 125 hr. on and 3 hr. off at an
ambient temperature of 40°C., for 1,000 cycles or 2,000 hr. at the voltage
representing the rating of the resistor as specified by the resistor manu-
facturer. Any readings taken should be made by uniform method at the
end of }4-hr. off period. The results of this test shall be plotted, showing
the per cent permanent change in resistance versus time in hours.

Either direct or alternating voltage may be used in the foregoing tests
depending on how the resistors are intended to be used.

1t shall be standard for the resistor manufacturer to state the rated potential
in direct voltage with a supplementary rating on alternating voltage when
requested. .

Load Characteristics. It shall be standard to plot these characteristics,
showing the per cent change in resistance values versus loads in watts, making
readings at 10 per cent intervals up to 100 per cent overload value or up to
the maximum rated voltage as specified by the resistor manufacturer, con-
ducting the tests at an ambient temnperature of 40°C., and allowing a mini-
mum of 15 min. at constant load immediately preceding each reading, so that
the resistor comes up to equilibrium temperature conditions after each
change in load. The resistors are to be exposed 1 hr. at 40°C., before starting
the test. Each reading is to be made under steady-state hot conditions at the
voltage drop existing for the particular wattage setting.

Voltage Characteristics. It shall be standard to plot voltage-characteristic
curves, making readings with uniform voltage increments up to a maximum
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voltage representing 100 per cent overload in watts on the resistor or up to
the maximum voltage rating of the resistor. The resistors are to be at 40°C,,
for 1 hr. before starting the test, and readings are to be made as quickly as
possible so that the resistors do not have an opportunity to heat under the
conditions of the test. The resistors are to be connected in the circuit only
during a period of time sufficient for making resistance determinations.

Humidity Test. It shall be standard to expose resistors to a relative
humidity of 32 per cent at an ambient temperature of 40°C. for 150 hr., at
which time the resistance value is recorde£ The resistors then are to be
exposed to a relative humidity of 90 per cent for 300 hr. with an ambient
temperature of 40°C., and the final resistance value is to be recorded. Finally,
the resistors are again subjected for 150 hr. to a relative humidity of 32 per
cent at 40°C., and a final reading taken at the end of this period. The
readings are to be made at 20°C. by uniform method not later than 30 min.
and not less than 15 min. after the resistors have becn removed from the
humidity chamber.

It is recommended that the resistors be suspended in an enclosed chamber
over a saturated solution of cupric chloride or sodium tartrate for the 90 per
cent relative humidity condition and over a saturated solution of magnesium
chloride for the 32 per cent relative humidity condition.

On account of the difficulty in obtaining quantitative results on humidity
tests, it is recommended that the various resistors involved should be tested
together at the same time under exactly the same conditions.

Overload Tests. 1t shall be standard to make overload tests with a 50 per
cent overload on the resistors for 100 hr. at an ambient temperature of 40°C.
Resistance measurements are to be made by uniform method before eom-
mencing the overload test but after the resistors have heen at 40°C. for 33 hr.
Resistance measurements are again to be made, under the same conditions, 13
hr. following the completion of the test. The differcnces between the initial
readings and final readings are to be expressed as per cent permanent changes
in resistance.

Aging Tests. It shall be standard to make an aging test wherein the
resistors are kept under standard conditions of 40°C. ambient temperature
and 32 per cent relative humidity for a period of 90 days. Readings are to
be taken at intervals by uniform method so that a curve can be plotted
showing the per cent change in resistance versus time in days.

It is recommended that the standard conditions in the foregoing be attained
by means of an enclosed chamber containing a saturated solution of mag-
nesium chloride, further, that the resistors be suspended over the solution as
speeified under humidity test.

If shelf tests are made, it shall be standard to test all the resistors together
under identical conditions. Results of one test should not be compared with
another unless the time, temperature, and humidity cycles are precisely the
same.

Noise Test. It shall be standard to test resistors for noise, using resistors
having the same value tested under the voltage drop normally existing in the
application for which they are intended. A resistance-type amplifier is to be
used with a resistance input circuit, the entire combination to be as inde-
pendent of frequency as is possible. A visual instrument, such as an r-m-s
vacuum-tube voltmeter, shall be used on the output of the amplifier. An
aural test, using a loud-speaker on the output of the amplifier, should also be
used in conjunction with the foregoing.

A circuit arrangement, such as shown in Fig. 9, shall be used. In this
circuit arrangement E represents an adjustable voltage source of constant
value; C a large by-pass condenser; R represents an adjustable, standard,
quiet resistor, such as a lahoratory decade box; X represents the unknown
under test; R: is a calibrated potentiometer; S is a source of a-c supply
of 1,000 cycles; and V in hoth cases represents an indicating voltmeter. In
(’)g;)eration it shall be standard to first connect the resistor as shown, adjusting

to have approximately the same resistance value as the unknown under
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test. E is then adjusted until the voltage normally existing across the
resistor, in the application for which it is used, is placed across the terminals
of X. This voltage is, of course, one-half that shown on the voltmeter when
R is adjusted to be exactly the same as X. The switch on the output of the
amplifier is placed on the tube voltmeter setting, and the switch on the input
is connected across the unknown resistor. The gain of the amplifier is
adjusted to obtain a definitc deflection on the vacuum-tube voltmeter, after
which it is not changed. The input switch is then thrown to the calibrated
potentiometer setting, and the setting of the potentiometer is adjusted until
the reading of the tube voltmeter on the output of the amplifier is the same
as before. The setting of the calibrated potentiometer, which is calibrated
in microvolts, shows the equivalent r-m-s voltage variation existing across the
particular unknown resistor being tested. It can then be stated that the
noise of the resistor is equivalent to so many microvolts r.m.s. for the particu-
lar voltage drop existing across the same.

s 349 Audlip
3 Amplifier
[ —

Ry =Calibrated Potentiometer

X =Resistor under Test

R = Quiet Resistor (having approximately
same resistance valve as X )

Fia. 9.—Circuit for resistor-noise measurement.

26. Acceptable Performance. On the basis of these specified tests
the following is considered acceptable performance:

1. Life Test............................... 5 per cent change or less
2. 0verload............................... 10 per cent change or less
3. Humidity. .. .................. ... ...... 10 per cent change or less
4. Noise.........o i, 500 uv or less

27. Representative Values of Resistors Employed in Radio Sets.
The range of resistors usually employed in radio sets extends from 1ohm
up to 20 megohms. These resistors are used for various purposes, such
as providing grid bias to radio, audio, and detector tubes; plate coupling;
voltage dividers; and filters. Typical values employed for these various
applications are enumerated below:

1. Detector bias resistors. . ................. 5,000 to 50,000 ochms
2. Power bias resistors...................... 200 to 3,000 ohms
3. Voltage dividers. ... ..................... 1.000 to 100,000 ohms
4. Plate-coupling resistors................... 50.000 to 250,000 ohins
5. Gridleaks............ ... ... .......... 100,000 to 20 megohms
6. Filter resistors. .................... . 100 to 100,000 ohms

28. Variable Carbon-type Resistors. In numerous radio applications
high variable resistors are required, e.g., for controlling the sensitivity
of a receiver by varying the ?) bias on the r-f tubes a variable resistor
up to 50,000 ohms maximum is commonly employed. For adjusting
the audio signal level in automatic volume control sets a variable resistor
up to 2.5 megohm is not uncommon. From the point of view of cost,
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wire-wound resistors of this order of magnitude are prohibitive. Further-
more it is desirable to have a non-uniform rate of change resistance
with respect to angular rotation, which is very difficult to secure with
wire-wound resistors. Carbon or graphitic types of variable resistors
that can be made to meet these requirements at reasonable cost arc
therefore widely used. Such resistors generally consist of a resistive
solution applied to some flat form, such as paper, bakelite, or eeramic,
and baked on. A rotating slider or some other form of contact travels
over this resistive element producing a continuous variation of resist-
ance. Since the resistor is essentially painted on the form, its geometrical
form may be varied by design. Also different concentrations of the

-3

(a) (b)

(c) (d)
Fia. 10.—Typical uses of variable resistors.

resistor ink or paint may be employed at different positions of the resistor
element. By the use of these two expedients the resistor may be designed
to give any variation of resistance desired.

29. Uses for Variable Carbon Resistors. Within their power limi-
tation these resistors may be used wherever a continuously variable
resistor is requircd. They may be used as either potentiometers or
rheostats. They find their widest use as volume controls and tone eon-
trols in radio receivers. Some of their specific uses are here listed, and
the basic circuits illustrating these uses are shown in Fig. 10.

1. Sensitivity control for radio receivers, by varying control-grid or
screen-Krid potentials of r-f tubes (Fig. 10a). .
2. Antenna control for varying r-f input to antenna tube (Fig. 10b).
( 3. Sensitivity and antenna input control, combination of Figs. 10a and 10b
Fig. 10¢).
4. Audio-level control (Fig. 10d). ,
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5. Combination load-resistor and audio-level control in diode rectifier
cireuit.

6. Tapped volume control for acoustic compcnsation at low levels.
Tuned circuits are shunted across one or more taps to produce varying degrees
of a-f compensation at different levels.

7. Gain controls and faders for phonograph and a-f amplifiers.

8. Tone control in a-f ampli- 100
fiers for varying a-f frcquency
characteristics. \\

9. High-frequency variable re- N\
sistor when non-reactive feature is 90 L ineor
essential, as in signal generator . \ Potentiometer -
attenuators. b

10. Television controls, such as \ /
brightness, contrast, focusing, 80 Anfenna C Biors -\ /
30. Tapers. Thecircuit con- 7 i/

siderations involved in these \
applications are discussed else- \ /kme
\ Confrol

=FS

-t
o

where in this handbook, par-
ticularly in the section on
Receiving Systems. However,
cach of these applications calls
for a resistance curve, or taper
as it is termed, which is most
suitable for it. This taper de-
ﬁl?es the law of fesistance
changes versus angular rotation . .
of the variable arm. Some 3755?::@" /
widely used curves are given in /
Fig. 11, 30

A suitable specification defin- )
ing the taper should include: / 1
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1. Curve showing resistance 20 > i
variation against active angular L7 ! /
rotation of the contactor. Where £

a switch is incorporated in the /

variable resistor, the angle taken 10 Y 7

up for operation of the switch is J / Audio
considered inactive. Curve 427\ Control

should indicate whether resist- 0 - | \
ance increases with clockwise or 0 0 40 60 80 100
counterclockwise rotation. Per Cent of Rotation

2. Resistance at extreme coun- o .
terclockwise end between vari- Fia. 11. Tapreersisctl:)l:;'es of variable
able arm and left terminal; this is :
gt}zlnera!ly called left terminal minimum and is specified as ‘‘less than so many
ohms,’

3. Resistance at extreme clockwise end between contactor and right
terminal; this is gencrally called right terminal minimum and is specified as
‘‘less than so many ohms.”

4. When a tap is specified, the angular location and resistance of the
tap should be given. The resistance between the tap terminal and the
variable arm, when located at the tap, is sometimes spccified.

81. Choice of Volume-control-resistance Curve.! In an audio ampli-
fier in which the maximum output is 40 db above the minimum output,
1 By the editor.
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the volume control should be so made that each 14, of the rotation
should correspond to an attenuation of 1 dh. If the volume control has a
total attenuation of 80 db, more than is necessary on this particular
amplifier, each 144 of the rotation will correspond to 2 db attenuation
since only half of the total rotation can be used. In the second case the
control should be more critical than in the first case.

In a radio receiver the design of the volume control differs widely
depending upon whether the receiver has automatic volume control or
not. If not, the entire voltage gain of the receiver must be under con-
trol, perhaps 120 db. The tendency for the volume control to become
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Fic. 12.—Advantage of special taper for volume control.

noisy or to be difficult to adjust without producing violent jumps of
volume change increases with the total gain that must be controlled.

The fact that a-v-c systems cannot deliver a uniform voltage to the
audio detector because of the wide variations of input voltage (ranging
irom a microvolt to several volts) makes necessary a different shape of
attenuation curve than would be used on an audio amplifier used by
itself. A type of curve (Centralab) useful in the a-v-c receiver is
shown. Here, approximately uniform attenuation of 40 db is secured in
80 per cent rotation from the maximum volume. This is the range most
often used. The departure from linearity in the first 15 per cent of
rotation is to keep the resistance gradient within limits representing low
noise.

Between 80 and 100 per cent rotation, the curve changes rapidly to
provide a total attenuation of 80 db. Rapid attenuation in this region
1s accomplished without noise because the resistance change per decibel
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issmall. Such a curve is much more satisfactory than a straight logarith-
mic line (note the 80-db curve). In addition they are simp%er to build.
A tapcred resistance curve such that equal increments in rotation
produce equal increments in attenuation (a straight line when plotted
against the logarithm of the resistance) requires that a change of &0,000
ohms take place in the first 10 per cent, 120,000 ohms in the second 10 per
cent, and so on till the last 10 per cent rotation produces a change of only
7? ohr:l]g. This is true of a 500,000-ohm control with a total attenuation
of 80 db.

32. Wear Characteristics. Variable carbon resistors necessarily have
the same gencral electrical characteristics as fixed carbon resistors. In
addition, owing to the motion of the slider on the resistance element, there
is a certain amount of wear on the resistance element. This produces a
change in resistance value and noise. Factors influencing these changes
are as follows:

1. Hardness of resistance element which determines ahility to withstand
abrasion.

2. Pressure of moving contact on resistance element.

3. Smoothness of moving contact surface.

83. Specifications for Variable Resistors. No standard specifications
have bcen established for variable resistor performance. A typical
specification, however, representative of acceptable performance is here
given.

1. Endurance or Wear. Life test: Units shall not fail before 10,000 com-
plete operations when operated without electrical load. The unit shall be
operated over its full range including operation of switch at a rate of approxi-
mately 1,000 operations per hour. Failure shall be considered as a change in
resistance of greater than 15 per cent of the initial resistance or mechanical
fracture of the switch.

2. Noise. Units shall be of such a nature as to produce no audible sound
in the loud-speaker of the apparatus in which the unit is used.

3. Humiduy. The resistance of units shall not show a temporary change
of more than 25 per cent when conditioned 100 hr. at a temperature of 40°é.
and a relative humidity of 90 per cent. Units shall be conditioned 24 hr. in a
desiccator before placing in the humidity chamber.

4. Resistance Curve. The resistance curve and permissible variations over
the entire resistance range of effective electrical rotation shall be in accordance
with the drawing (as supplied by the purchaser). These curves shall be
within the reguired limits and must conform in general shape to the nominal
curve of the drawing.
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SECTION 4

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

1. Magnetic Flux. The property of electrical circuits called inductance
depends upon the magnetic effects associated with a flow of electric cur-
rent. In a magnetic system the magnitude of the force of magnetic
attraction or repulsion i1s proportional to the product of the strengths
of the poles and inversely proportional to the square of the distance
between them. A unit magnetic pole is defined as that pole which repels
a similar pole at a distance of 1 em with a force of 1 dyne. The foree
hetween two poles acts along the line joining the poles. Consequently
a unit north pole in the vicinity of a magnet is acted upon by two forces:
one of repulsion, due to the north pole of the magnet; and one of attrac-
tion, due to the south pole. The resultant is the total force exerted by
the magnet upon the unit pole. Thus the magnet is surrounded by a
field of force or magnetic field whose direction and magnitude at any point
are defined as the direction and magnitude of the force acting upon a unit
north pole at that point.

If a unit north pole is allowed to move freely in a magnetic field, it will
move in the direction of the field at each point and will trace out a path
which is called a line of force. The total field is considered to be made u
of a large number of such lines. In any region of space the total of a{)
the lines of force in that region is called the magnetic fluz in that region,
and the number of lines of force passing through a unit area of a surface
perpendicular to the direction of the field is the fluz density and is deter-
_ mined by the strength of the field.

2. Magnetic Effects of Current-carrying Conductors. Magnetie
effects are exhibited not only by magnets but also by wires carrying
clectric eurrents. The magnetic ficld near a straight current-carrying
eonductor consists of circular lines of foree surrounding the conductor;
the flux density at any point outside the wire is proportional to the cur-
rent and inversely proportional to the distance of the point from the
axis of the conduetor. If the wire earrving the current is wound in one
or more l.lyeri on a cylindrical form, the ficld inside of this coil is parallel
to the axis of the eylinder and is proportlonnl to the produet of the eur-
rent and the number of turns on the ecoil. This product of current (in
amperes) and number of turns is called the ampere-turns of the coil. The
flux density along the axis of the eoil may be expressed as the product of
the ampere-turns by a constant. If the winding is of infinite length, this
constant is 4.

1 Engineer, Washington Institute of Technology, Washington, D, C.
70
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3. Inductance—Definition and Units.! When the current in a circuit
varies Ohm’s law in the form in which it is stated for constant-current
circuits, no longer serves to define the current.

The magnetic flux associated with the circuit varies with the current and
induces a voltage in the circuit which is given by the equation

6= _L’dg m

where e is the induced voltage, ¢ the flux, and ¢ the time. As the flux is
proportional to the current, it may be written

¢ =Li (2)
where I, is a constant and 7 the current. Then

dpr di
e = —m(Lt) = —L‘»” 3)

If the current is increasing, the induced e.m.f. opposes the current, and
work must be done to overcome this e.m.f. If the work is W',

. di
o == _L1E (4)

and

W= - f o T (®
o 2

10 being the final value of the current, the iniual value being taken as zero.

The quantity L in these equations is the coefficient of self-induction,
self-inductance, or simply inductance of the circuit. It may be defined in
three ways: from Eq. (2), as the flur associated with the circuit when unit
current is flowing in it; from Eq. (3), as the back e.m.f. in the circuit caused
by unil rale of change of current; and from Eq. (5), as twice the work done
in establishing the magnetic flur associated with unit current in the circuil.
These three definitions give identical and constant values of L provided
there is no material of variable permeability near the circuit, and pro-
vided the current does not change so rapidly that its distribution in
the conductors differs materially from that of a constant current. If
these conditions do not hold, L is not constant and the values obtained
from the three definitions will in general be different.

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

1 henry = 10® e.m.u.
= 1.1124 X 10~'? e.s.u.

The henry is subdivided into two smaller units, the millihenry and the
microhenry. The millihenry is one-thousandth of a henry, and the
microhenry is one-millionth of a henry. The millihenry and microhenry
are abbreviated mh and ph respectively. Thus

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

1 STaRLING, 8. G., * Electricity and Magnetism,” Chap. XI, 1926.
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The term “inductance’’ refers to a property of an electrical circuit or
piece of apparatus but not to any material object. A piece of apparatus
used tl,o introduce inductance into a circuit is properly called an inductor
or coil. .

4. Current in Circuits Containing Inductance. If a circuit containing
a source of constant c.m.f. and pure resistance only is closed, the current
rises instantly to its full value as determined by Ohm’slaw. If the circuit

contains inductance, a back e.m.f. of the value L:% acts during the time
’
the current is changing, so that, if the e.m.f. of the source is E, the actual

e.m.f. available to force current through the resistance is E — LZ—:

The equation for the current in the circuit is

di .
E-Lg =Ri (6)
or .
L%+Ri =E )

The solution of this equation is

_kt
i=,%(1—e L) ®

The time ¢ is reckoned from the instant at which the switch is closed, and ¢
is the base of natural logarithms.
At a time ¢ = L/R after the circuit is closed, the current has a value equal

to o[ 1 — L , or about 63 per cent of its final value. The quantity L/R
L3

is called the time constant of the circuit. The time constant, or the time

required for the current to rise to a value of 1 — (l times its final value, does

not depend upon the actual values of inductance and resistance but only
upon their ratio.

The current in such a circuit is shown in Fig. 1 for several values of
L/R. Theoretically the current does not reach its maximum value / 0

Current, amperes

[
Time ,thousandths of a second
F1e. 1.—Rise of current in inductive circuit.

except at an infinite time after the circuit is closed, but practieally the
difference between the actual current and the value /, becomes negligible
after a relatively short time.
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If, after the steady current I, has been established in the circuit, the
source of the e.m.f. is short-circuited, the current does not fall to zero
instantly but decreases according to the equation

E -5
i= g L o)
This equation is plotted in_Fig. 2 for the same values of the circuit
constants as were used in Fig. 1. In this case the time constant L/R

0.0

T ]
E= 10Volfs
o R =100 Ohms
4 10010 Ampere
Lo
&0
!~
T oosje\ XEL
L W < ~3
£ .
20— 3.
220, ~ |
L e €6

6 0 T
Time,thousandths of a second
F1G. 2.—Fall of current in inductive circuit.

represents the time required for the current to fall to 1/¢ or about 37 per
cent of its initial value.

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

Currenr, Back e.mt.
™~ ST
e Ve M
’ ~
\\/ \\‘ /
L /’ N\ //“‘\\
e \
|~ Y~
& Impressed e.m.”.
Fig. 3.—Series cir- Fig. 4.—Phase relationsin induc-
cuit containing resist- tive circuit.

ance and inductance.

When the current in an inductive circuit is changing, a back e.m.f.
other than that due to resistance acts in the circuit. This back e.m.f.
is proportional to the current and to the quantity L, which is called
the tnductive reactance and usually written X.. Also, the phase of the
back e.m.f. is 90 deg. behind that of the current. To force a current
through a pure inductance, therefore, requires an impressed e.m.f.
180 deg. out of phase with the back e.m.f.. or one leading the current
by 90 deg. (Fig. 4).
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Now, if a sinusoidal e.m.{. is impressed on a circuit containing resistance
and in(iuctance in series (Fig. 3), the current in the circuit will also be
sinusoidal, provided the resistance and inductance are independent of
the current. The portion of the impressed ean.f. required to force
current through the resistance will be in phase with the current, while the
portion required to force current through the inductance will lead the
current by 90 deg. The resultant phase of the impressed e.m.f. with
respect to the current will have some value between zero and 90 deg.,
depending upon the values of resistance and inductance in the circuit.

To determine mathematically the behavior of the circuit described
above, it is necessary to set ui) and solve the differential equation for
the circuit. This equation will have the same form as Eq. (7) with E
replaced by Ey sin wf; that is,

LY 4 Ri = Eu sin ot (10)
The solution is
Ey _Ee
= sin (Wl — ¢) +c€ L (11)

VR + oll?
where tan ¢ = wL/R, and c is a constant to be determined. The first
term is the only one of importance after the current has heen flowing
for a short time. Thus the current has a peak or maximum amplitude
of Eu//R? + w2L?* and lags the impressed e.m.f. by the phase angle ¢
whose tangent is wL/R. The quantity \/R?*4w?L? is called the impedance
of the circuit and is denoted by Z. In terms of the effective values of
current and e.m.f. I and E, the equation for the current may be written

_E _Ex
I—ZOFI,\{—'—Z— (]2)
In complex notation this form is
. _ Exsin g
"= R FjeL a3
or, in terms of the instantaneous e.m.f.,
. e e
TR o

The quantity z is called the complez or vector impedance. Tt is a vector
with a magnitude 4/R? + w?L%or Z, and
an angle ¢ whose tangent is wL/R. A
vector diagram showing these relations

"""""" ] is given in Fig. 5. Thus the relation
wli y ] between current and e.m.f. in an a-c cir-
LA 1 ! cuit containing resistance and induct-
I
ol

ance in series may be expressed in the

same form as Ohm’s law for d-c circuits,

provided instantaneous values of current

.and voltage and vector impedance are
used [Eq. (14)]). A similar relation may

be written using effective values of cur-

; rent and voltage and the magnitude of

ihe vector impedance. Both the veetor impedancee 2 and its magnitude Z

Fi1a. 5.—Vector relations of
inductive circuit.
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are generally referred tu simply as impedance, the context usually indicat-
ing which quantity is meant.

The impedance Z increases as the frequency -is increased. Con-
sequently, for constant values of E, R, and L, the current / will decrease

n
b R~ 700 O3
£ L =] Henry
5o -
o /
H 5
3
L e
mel/z"/ ’/
~efX
o [ X
040 60 80 00 R0 w0 ®0 W80

Frequency,cycles per second
Fi1g. 6.—Impedance of inductive circuit with frequency.

as the frequency increases. Figure 6 shows values of Z plotted against
frequency, and Fig. 7 shows how the current in the circuit of Fig. 3
varies with the frequency of the impressed voltage.

Consider Eq. (11). After the

switch has been closed for some 0.10,

time, the values of current and l
voltage bear a definite relation _ 008 R =100 Okms
to each other at each instant b é’,:’”‘””'
during a cycle, and this series of £ 006 DS
relations is repeated during £

every cycle. The circuit is now £ oo 4

said to be in the steady-state 3 \

condition, andethe first term of o P

the right-hand side of Eq. (11) ™
completely defines the current 05— X 60 B0 T T R o

in terms of the voltage and im- Frequency,cycles per second
pedance. However, for a short
interval of time after the switch
is closed, the second or transient
term generally has an appreciable value and must be eonsidered. By
comparison with Eq. (9) it is seen that this transient current has the
form shown in Fig. 2. It is evident that the duration of the
transient eurrent wiﬁ depend upon the time constant L/R. The initial
value of the eurrent, which is equal to the constant c, must, however, be
determined. Now the current must be zero at the instant the switch is
closed (since it cannot rise to some finite value instantaneously beeause
of the induetanee in the cireuit) and, therefore, if ¢ is taken as zero at
the instant of closing the switch, the value of ¢ may be found mathe-
matieally to be defined by the equation

Fra. 7.—Current vs. frequeney ininductive
circuit.

¢ = % sing = Iysin ¢ (15)
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The physical significance of this equation is most readily seen by
reference to Fig. 8.! Ina of this figure, the curve e represents the voltage
impressed upon the circuit and the curve marked * Steady-state current”’

indicates the value the current would have if the switeh had heen closed
at a time much earlier than the time represented in the figure. Accord-

7€

F Steady-state
/ ° Current
/A
(a)
e
H -Actual Current
Transient
Current
-£E.m.F
// :Current
(b) 4

Effect on transient current of closing circuit at different times in
the cycle.

ingly, at the instant of closing the switeh, the current should have
the value given by the interscetion of the steady-state current curve
with the vertical axis in the figure. But the actual current must be
zero at this instant; therefore, the transient current must have the
value ¢, just neutralizing the fictitious stecady-state current. This
transient current then deereases
Power faken according to the curve labeled
from Generator “transient current,” and the actual
’ : current is the sum of the steady-state
current and the trans®nt eurrent.  If
the switch should be closed at an
instant at which the steady-state cur-
rent would be zero, as in Fig. 8, the
constant ¢ would be equal to zero and
there would be no transient term.
A ) i Consequently the quantity ¢ in Eq.
Power returned fo Generator (15) represents the phase angle of the
Fia. 9.—Power in inductive circuit. instant of closing the switch with
reference to the nearest time at which
the steady-state current crosses the zero axis in passing from negative to
positive values. In Fig. 8a, the switch was assumed to be closed shortly
after the steady-state current passed through such a zero value; therefore,
in this case, the so-called “ phase angle’’ isalag angle, and sin ¢ is negative,
making ¢ negative as shown.
6. Power in Inductive Circuit. The instantaneous power used in the
circuit of Fig. 3 is the product of the instantaneous values of current and
voltage. Figure 9% shows this power at times to be negative because

'%&n:cnon. J. H., **Principles of Radio Communication,” 2d ed.. 1927.
t I'bid.

Fia, 8.

“Current
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the current and voltage have opposite signs. Such negative power
represents a restoration to the source of some of the energy stored in the
magnetic field. In a circuit containing inductance only, the current
and voltage arc 90 deg. out of phasc and the negative loops of the instan-
taneous-power curve are exactly equal to the positive loops, so that the
average power taken by the inductance is zero.

In general, the instantaneous power is given by!

Ew sin ot X Iy sin (wt — ¢)
Ey:ulm(z;in2 wl co8 ¢ — s8in w! cos wl sin @)

%ﬂ (co8 ¢ — co8 2wt cos ¢ — sin 2w! 8in @) (16)

P

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

P = 08 ¢ = Kl cos ¢ (17)

Eulw
— — O

2

where, a8 before, Ex and Iy arc maximum values, and E and [ are effective
values of the voltage and current. Since

E =12
and
R
cos ¢ =7
R .
I’=IZXIX—7~=I’R axy

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

As a consequence of Eq. (17), the power in an a-c¢ circuit containing
inductance and resistance cannot be deterinined by measuring the current
and voltage unless the value of the phase angle ¢ can also be measured.
As this is usually diffieult, the power must generally be measured with
a wattmeter.

The quantity cos ¢ is ealled the power factor of the circuit. In a circuit
containing only resistance, the power factor is unity; in a ecircuit con-
taining only inductance, the power factor would be zero. As applied to
a coil used as an inductor, the power factor at a given frequency gives the
ratio of the resistance of the coil to its impedance and may be used as a
figure of merit for she eoil. As the ideal inductor would have zero power
factor, a good coil should have a very small power factor.

6. Measurements of Inductance at Low Frequencies. The measure-
ment of the inductance of air-core coils at low frequencies is relatively
simple, as the inductance is sensihly constant with change in frequency
and current. Iron-core inductors, for reasons which will be examined in
detail later, do not have a fixed inductance under all conditions, and
measurements on them must be made under conditions which duplicate
as nearly as possible the conditions under which the inductor is used.

t Ibid.
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A simple method of approximate measurement uses the circuit of Fig.
10. An a-c voltage of known frequency is applied at E, and the current
and voltage read on the meters. The voltmeter reading divided by the
ammeter reading gives the impedance and, if the resistance is measured
by a d-c-bridge or voltmeter-ammeter method,

22 — R 015942t — R?
L=y R _ 0.159v/2* — R? (19)
4x3f? J
The method is usable for iron-core coils that carry a.c. only, provided
the measuring current is adjusted to the value that the coil carries in use.

AL.Source at
measuring frequency

Ammeter Direct-Curren,
Millameter.

0C Source
Voltmeter

Fig. 10.—Circuit for Fis. 11.—Measurement of iron core coil
measurement of indue-~ carrying a.c. and d.c.
tance.

If measurements are made at a number of current values, the curve of
inductance against current may he plotted. The results obtained by
this method are generally slightly larger than the true values of induc-
tance because the a-c resistance, particularly in iron-core coils, is greater
than the d-c resistance.

7. Measurement of Inductance of Iron-core Coils. When an iron-
core coil must carry relatively large d.c. upon which is superimposed a
small value of a.c., its inductance is dependent upon the magnitudes of
the two currents flowing through it, and other methods must be used.

The impedance of an iron-core coil carrying d.c. and a.c. may be
measured by the circuit of Fig. 11. The d.c. through the circuit is
adjusted to the value carried by the coil during operation, and the a-c
source adjusted to impress a voltage across the coil (measured by the
thermionic voltmeter) equal to the a-c voltage across it under operating
conditions. The resistance R, is then varied until thealternating voltage
across it is equal to that across the coil, as measured by the thermionic
voltmeter. q‘hcn the impedance of the coil at the measuring frequency
is equal to Ro,. Readjustments of the impressed direct and alternating
voltages may be nccessary as Rois changed. The condenser C prevents
the direct voltages across the coil and resistor from affecting the thermi-
onic voltmeter. From the impedance and the resistance of the coil,
the inductance may be calculated by Eq. (19).

In Fig. 12 is a simple method of arriving at the impedance of an iron-
core coil based on the supposition that the inductance is high compared
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to the resistance. The voltage across B and X is measured with a
vacuum-tube voltmeter, for example. Then E,/R =1 and E./I = X
= (E:/E,) X R, whence

X = R/E, (20)

In the general case in which M represents the total losses of the coil,
the power factor of the inductance is cos 6 and

_E:s—E.-E, .
cos 0 = Z12 oo @1)

and the total losses in the core and winding may be thus obtained.

Once the impedance, reactance, and inductance of a coil have been
determined, the permeability and finally the magnetizing force and flux
density of an iron-core coil may bhe obtained. Thus the a-c flux density

3 M

2
F1G. 12.—Circuit for determining inductance of iron-core coil.

_ Eer. X 108
T 344 XJ XN X 4 X K Bausses

B, (21a)

where E., = r.m.s. voltage across the coil
f = frequency in cycles per second
N = number of turns in the winding
A = cross section of the core in square centimeters
K = core-stacking factor (see Sec. 2, Art. 29).
The polarizing m.m.f. resulting from the d.c. in the winding, in gilberts
per centimeter is given by

_ 1.256N1

H, i

(21b)

where N = number of turns in the winding
I = d.c. in amperes
! = length of magnetic circuit in centimeters.
To get m.m.f. in ampere-turns per inch, multiply H, by 2.032.
The following table (Allegheny Steel Company) gives values of B,
and H, found in practice.
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Coil Buax., gausses | /o, gilberts/cm

Detector-stage audio transformer 0.5to 10 0.6to1.2
Second-stage a-f transformer. .. 250 1.5
Push-pull output transformer wi 7.000 0
Polarized output transformer............. .. 4,200 6.7
Heavy-duty filter reactor (80 ma)................ 300 27

8. Turner Constant-impedance Method. FKor measurements involv-
ing a.c. only, the constant-impedanee method (of Turner!), shown in
Fig. 13, is used. The method is based upon the fact that, when
1 — w2LC = 0, the impedance of the parallel eircuit is ecqual to wC and is
independent of the resistanee in the inductive branch. Consequently
the line current will have the same magnitude with the switch open or
closed. To measure any value of inductanee, then, it is only necessary
to adjust the capacity so that the reading of the ammeter A is the same
for both positions of the switch. Then

= 1/(2u2C) (22)

Fig. 13.—~Turner Fis. 14.—Measuring circuit for coils carrying
constant-impedance a.c.and d.e.
method.

When the coil must carry d.e. as well as a.c., the circuit of Fig. 14 may
he used for the inductance measurement. Two similar inductors are
used, the d.c. through them heing adjusted to the proper value by means
of the resistor R\ and measured by means of the d-c ammeter M. The
switeh S’ is then thrown to the right and the resistor R, adjusted to make
the constant-potential difference between the points A and B zero.
Then, with 8’ thrown to the left, the inductance measurement may be
carried out in the manner already deseribed. The result is the inductance
of the two coils in parallel, which is one-half the inductance of one coil.

9. Measurements of Inductance at High Frequencies. Very often the
low-frequency inductance of a coil, determined by one of the methods
already given, may also be used as the high-frequeney inductance. In

t TurNER, H. M., Constant Impedance Method for Measuring Inductance of Choke
Coils, Proc. I.R.E., lG 1559, 1928,
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some instances it is desirable to determine the inductance at the operating
frequency. Bridge methods are not suitable for measurements at high
frequencies. Two other methods are commonly used: comparison of
the coil with a standard, and measurement of the capacity required to
tune the coil to resonance with a known frequency, from which the
inductance may be caleulated. Both methods give the apparent
inductance.

In the comparison method, a standard induetor, having an apparent
inductance L, at the measuring frequency, is connected in parallel with a
calibrated variable condenser, coupled to an oscillator and the coil-
condenser circuit tuned to resonance, the capacity C, of the condenser
being noted at the resonance setting. The coil to he measured, whose
inductance is denoted by L., is then substituted for L., the cireuit retuned,
and the condenser capacity C. again observed. Since the frequency is
the same in both cases,

L.C. = L,C, (23)

If the low-frequency inductance Lo and internal capacity C, of the
standard coil are known,

L:C; = Lo(Cy + C) (24)

In the second method, it is necessary to determine accurately the
frequency of the source. The coil to be measured is connected to a
calibrated variable condenser, coupled loosely to the generator and
tuned to resonance. If fis the frequency of the source, L, the apparent
inductance of the coil, and C. the condenser capacity at resonanee,

1 _ 0.02533
= 39.482C. ~ f°C,

In this equation, L. is expressed in henrys and C; in farads. For L,

in gh and C; in puf, the equation beeomes
25.33 X 1018

L, = —Fc. (26)

If the eapacity necessary to tune the coil to resonance at a number of

different frequencies is determined, a graph of the squares of the wave

lengths corresponding to the

several measuring frequencies

L. (25)

3

against the measured values of B3 e

:apacity will be a straight line &2 =

whose slope is the pure induc- £ 2, e

tance and whose intercept with H = LT Inductance - 500un

the negative-eapacity axisis the ;g X = ] Internal Capacity« &0uuf —

nternal capacity of the coil.
This is illustrated in Flg 15. ‘70 0 20 40 60 80 100 10 W0
10. Inductance of Iron-core Turing Copocity, mcromicrofarads
Joils. Iron-core coils are  Fig. 15.—Method of determining in-
nainly useful at relatively low ductance and distributed capacity of a
‘requencies, and their use is gen- coil.
srally confined to circuits carry-
ng currents within the a-f range. (But see Art. 16.)
The induetance of a eircuit is not constant if any material of variable
sermeability is within the magnetic field of the circuit. Consequently,

R=d
IS
(=7
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when a coil is wound on an iron core, its inductance is dependent upon
the circumstances under which it is used. Accordingly, to use iron-core
coils most advantageously, it is necessary to study their characteristics
under varying conditions. Three important cases must be distinguished:
the current through the coil is a.c. of single frequency; the current consists
of a d-c component upon which is superimposed a single-frequency a-c
component; tﬁg current is comprised of two a-c
components of different frequencies.
The average inductance of an iron-core coil E
carrying a.c. of single frequency is dependent
upon the magnitude of the current. Also, the D
a-c resistance of such a coil is higher than that
of an air core coil with an identical winding.
Therefore all inductance measurements of iron-
core coils should be made with the measuring B
current equal to the current which will flow | ¢4
through the coil in operation, or the inductance
may be measured for a number of different
currents and a curve of inductance against
current plotted. .. . . F16. 16.—Characteristic
In many radio applications a coil carries & of coil carrying large value
relatively large d.c. with a small a-c component of d.c. and small value of
superimposed. The inductance of an iron- a.c.
core coil under such conditions is & function of
the magnitudes of the d-c and a-¢c components of the current. This is
illustrated by Fig. 16. The constant magnetizing force (due to the d.c.)
may be such as to cause the corc to be magnetized to the point A.  The
alternating component of the mag-
3 netizing force (due to the a.c.) will
\ then carry the iron through the small
4 hysteresis loop CB whose slope is not
\ the same as the slope of the magneti-
\ Tndctance at 1000~ zation curve. The permeability rep-
Measuring acclem s 10/ resented by the slope of this small
hysteresis loop is called the incremen-
tal permeability. As the constant
component of the magnetizing force
or current is increased, the point A
NG moves farther up the magnetization
curve and the incremental permea-
B — bility decreases, as indicated by the
small loops at D and E. As satura-
G 7 W E tion of the core is approached, the
[4 . oy
Mognefizing Force -Ampere lurns per Cm (Seady Curreat) incremental permeability, and hence
the inductance, becomes very small.
As the magnitude of the a-¢ com-
ponent is increased, the slope of the
hysteresis loop, and accordingly the incremental permeability, increases,
thus increasing the inductance. Consequently the inductance of an iron-
core coil under these conditions decreases with increase of the d-c com-
nent of the current, and increases with increase of the a-c component.
?‘(i)gum 17 -shows the decrease in inductance with increase in constant
anagnetizing forcc.

g

g
/‘

s

/

Tnductance, microhenries

o &5 &

Fig. 17.—Effect of d.c. on induc-
tance of coil.
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If an air gap is introduced in the magnetic circuit of an iron-core coil,
the inductance of the coil is generally diminished. If, however, the coil
is carrying both d.c. and a.c., the air gap may so decrease the constant
flux that the incremental permeability is actually increased, so that the
effective inductance for the a-c component is increased. The effective
resistance of the inductor is also decreased by the introduction of an air
gap. These effects are illustrated in Fig. 18.1 As a consequence of
these characteristics, iron-core inductors that are intended for use in
circuits where they must carry d.c. as well as a.c. are usually made with
an air gap in the magnetic circuit of the core.

Whentheinductorearriestwoalternat-

Constant Magnetomotve Force ing currents of different frequencies, the
(ompere-turns per cm ) effects of the variable permeability of the
Curve A=045 iron are somewhat more complicated and
» B_'g‘; of relatively less praetical importanee

. g; oo than in the cases already treated.?

11. Inductors at Radio Frequencies.
When inductors are used at radio fre-
quencies, many factors affecting their
performance come: into prominence.
The h-f resistance of a coil is much
larger than its d-c resistanee because of
a number of losses which come into
cxistence with the operation of the coil
in h-f circuits. The factors causing this
increasc are skin effect, eddy currents,
dielectric losses, and internal capacity.

When the wire is wound into a coil,
the effect of the magnetic field of the
coil is such as to concentrate the
current on the inner surfaces of the
o Wilcs turns. Figure 19 illqstrpth this effect,

. R the depth of shading indicating the cur-

Fic. 18-'.‘11’45"0" "f.“‘.r_ £ap on ront density. This concentratior of

coil characteristics. current causes & further increase in the

effective resistance of the coil, and also ecauses a decrease in the maue-

tance as the frequency increases. However, the variation of induetance

with frequency is generally small in comparison with the variation caused
by internal capacity.

Eddy currents in the conductors composing the coil constitute a
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 conduetor resistance, or by the
use of tubing instead of wire. Because of these
losses at frequencies higher than 3,000 ke there Ll
is an optimum wire size giving & minimum ¥, 19— Concentration
resistance in inductance coils. of current at surface at

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

Inductance

Resistance ond Inductance

Resistance

! Morecrorr, J. H,, “ Principles of Radio Communication.” 2d ed., 1927,
2 TurNERr, H. M., Inductance as Affected by Initial Magnetic State, Air Gap, and
Superposed Currents, Proc. [.R.E., 17, 1822, 1929.
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these frequencies, so that the type and amount of dielectric within the field
of the coil must be earefully regulated. The dielectric should be of the
best quality and its volume must be kept at a minimum. The conductors
of the coil should, in general, come in contact with the dieleetric as little
as possible. Coils are often wound upon skeleton or ribbed winding forms
s0 that each turn touches the supporting insulating material at only a few
points and is surrounded for the greater part of its length solely by air.

12. Effect of Coil Capacity. Every inductor behaves not as a pure
inductance and resistance in series but as an inductance and resistance
shunted by a small capacity. This behavior is caused by the self- or
internal capacity of the coil. The resistance and inductance of the
equivalent parallel circuit at any frequency are called the apparent
resistance and apparent inductance of the coil at that frequency. The
apparent resistance is given approximately! by the equation

R
50 = (1 — wtLCy)? 27)
and the apparent inductance by
‘ L
lia = 1T —oi.C. oi.Co (28)

where R and L are the resistance and inductance the coil would have
at the frequency «/2r if the internal capacity Co were ahsent. These
equations do not hold for frequencies near the natural frequency of the
coil; that is, the frequency for which 1 — w?LC, = 0. These equations
are derived on the assumption that the e.m.f. in the eircuit is introduced
in some manner other than by induction in the coil itself. If the e.m.f.
is induced in the coil, the internal capacity is merely added to any other
capaeity which may be cannected 1n parallel with the coil. Sinee a
coil is practically always used at frequencies for which 1 — w?LCo is
positive, the apparent resistance and inductance of the coil will increase
as the frequency increases, the apparent resistance becoming very large
as 1 — w?LC, approaches zero. The percentage change in resistance
for a given change in frequency is about twice as great as the change
in inductance. At frequencies for whieh 1 — w2LC, is negative, the coil
hehaves as a eapaeity rather than an induetance.

It has been found? that the internal capacity of a single-layer coil is
roughly proportional to the radius and practically independent of the
number of turns and the length. For a closely wound solenoid, the
internal capacity in puf is very approximately equal to six-tenths of
the radius in centimeters.

13. Types of Inductors. A straight wire has a certain amount of
inductanee, but to make inductors small enough to be convenient it is
necessary to wind the wire in the form of a eoil thus utilizing a great
length of wire in a small space and also increasing the interlinkages of
flux and wire.

The simplest inductor consists of a single square turn of wire. The
inductance of this arrangement may be calculated accurately, but it has

1 Radio Instruments and Measurements, Bur. Standards Circ. 74. X
s Hows, G. W. O., Jour. I.E.E. (London), 60, 83, 1822; also MovLuix, E. B,, * Radic
Frequency Measurements,” p. 340, 1921.
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few other advantages. This tvpe is sometimes used as a fundamental
standard.

The single-layer solenoid consists of one layer of wire on a cylindrical form,

the turns either adjacent to one another or spaced. Sometimes the coil is
made self-supporting by means of a binder, such as collodion, and the form
removed after winding. .

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

The layer-wound coil is useful only at low frequencies because of its high
internal capacity caused by the proximity of turns of greatly differing poten-

tials. The wire is wound on the coil in layers,

each layer being completed before anotjler is

o ﬂ&.@' begun. IrIofn-core colils are usuxl:)l;y w;ound in thl:

A oLl manner. a very large number of turns mus

QX . TwToiuis) pe used, it is better for the whole coil to be made

- ... up of a number of " pies,” each pie being a short

Fig. 20.—Bank winding. |ayer-wound coil. The pies are assembled side by

side to form the complete coil. Insulation is

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

Bank winding is one result of the attempt to devise a multilayer coil with
relatively low internal capacity. The turns are wound in the order shown
by the cross-sectional view in Fig. 20.

Honeycomb and duolateral windings are further results of the same effort.
The vsire zigzags back and forth from one side of the winding space to the
other, adjacent turns of the same layer heing spaced from each other by
several times the wire diameter. The cffect of this type of winding is to
cause turns of adjacent layers to cross each other at an angle and to separate
parallel turns by at least the diameter of the wire. A coil of this type is self-
supporting and quite compact.

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

The toroidal coil is wound around a doughnut-shaped form. Its field is
almost entirely internal, so that it may be placed close to other coils and
apparatus.
The flat spiral type of coil is self-explanatory—the wire being @
wound in the form of a spiral, each turn having a greater radius %

than the preceding one.

14. Variable Inductors. Any of the previous types of coils
may be tapped and the number of turns in circuit varied with
a tap switch or clip. This method gives only a step-by-step
variation, and considerable loss may be introduced by the
unused portions of the coil.

A continuously variable inductor may be made by connect-

ing in series or parallel two coils having a variable mutual V:rli(]x;t?llé
inductance, The coils may be single-layer or multilayer ndneia

solenoids and their mutual inductance may be varied by chang-
ing the distance between the coils or by rotating one with respect to the
other. The most common form of variable inductor, however, is the
arrangement commonly called a variometer, a cross section of which is
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shown in Fig. 21. The inner coil is rotatable about the axis A, which is
perpendicular to the plane of the figure. The two coils may be connected
in either series or parallel, thus increasing the range of the instrument,
considerably. The mutualinductance hetween the coils may be increased
by winding the outer coil upon the interior of a spherical surface, instead
of using the cylindrieal form shown.

If a slight increase of resistance of a coil is not objectionable, and the
desired range of inductance variation is small, a copper disk slightly
smaller than the inside of the coil form may be mounted on a shaft
perpendicular to the axis of the coil. The inductance of the coil will be
appreciably decreased when the plane of the disk is perpendicular
to the coil axis, the decrease of inductance becoming less as the disk is
rotated away from this position.

16. Design of Inductance Coils. It is desirable that the inductance
should be as large as possible, while the resistance is kept at a minimum.
There are some cases in which a relatively high resistance is permissible
or even desirable. Choke coils for use at high frequencies must have a
high impedance with 2 minimum internal eapacity.

To determine a basis for comparison between coils of different char-
acteristics, a factor of merit for an inductor must be defined. Coils
for use at frequencies above 300 or 400 ke are usually small in size, so
that volume is relatively unimportant and the desirable characteristics
are high inductance (and, therefore, high reactance) and low resistance.
The ratio of inductance (or reactance) to resistanee may then be taken
as a factor of merit, the ideal coil having a large ratio. Sometimes the
power factor of the coil, which is equal to the ratio of resistance to
impedance, is taken as a factor of merit, an ideal coil having zero power
factor. The ratio of reactance to resistance (Lw/R) is sometimes called
the Q of the coil. (See Table I, Sec. 6.)

A coil to be used at frequencies below 300 ke is likely to be somewhat
large if wound in & manner that would be entirely appropriate at higher
frequencies. Consequently the factor of merit for coils designed for use
at the lower radio frequencies should include the volume of the inductor
and may be defined as the inductance-resistance ratio divided by the
volume of the coil.

For a given length of wire, maximum inductance is obtained when the
wire is wound as compactly as possible; that is, in a bank-wound coil
with a winding cross section as nearly square as possible. The bank-
wound type is mentioned because the simple multilayer coil is practically
useless at radio frequencies because of its high internal capaeity. A
closely wound single-layer coil made up of the same length of wire has a
considerably lower inductance than the bank-wound coil. However, at
radio frequencies, the resistance of the single-layer coil is so much lower
than that of the multilayer coil that the L/R ratio of the former is much
larger than that of the latter. In view of its simplicity of construction,
the single-layer solenoid wound with solid wire would appear to be the
most desirable coil type at medium and high radio frequencies, even
though within certain ranges of frequency some other types have certain
advantages. At high frequeneies (above 3,000 kc), the single-layer
solenoid, either closely wound or spaced, is used almost exclusively.

For a given wire length, this tvpe of coil has a maximum inductance
when the ratio of diameter to length of coil is 2.46,! although this value

4 Radio Instruments and Measurements, Bur. Standarda ('irc. 74.
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is not critical. The inductance decrcases somewhat rapidly as this ratio
becomes much smaller than 2.46, while the decrease is only slight for
larger values of the ratio. Since the internal capacity of the coil is
approximately proportional to the diameter, it is advantageous to use
a ratio of diameter to length somecwhat smaller than 2.46, ‘provided
that the coil is to he used under such conditions that the deerease in
internal eapacity effected in this way more than compensates for the
slightly lower inductance-resistance ratio.

A multilayer coil has a maximum inductanee when the cross section
of the winding is a square. It has also been shown! that, with a square
cross section given, the inductance of this type of coil is maximum when
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 factor
of merit. In these circumstances, the honeycomb and bank-wound coils
outstrip all others, the honeycomb type being somewhat superior to the
bank wound. Tahle I gives the characteristics of honeycomb coils.

TapLe L.—HonNEYcoMB-coiL DaTa

| |
Wave lengths with the
Side of | [rdue. | Distrib- | Natural | following shunt-condenser
Turns wire, t:nu: uted wave capacities, uf
on coil B. & 8. mi‘x * capacity, length,
gage | puf meters
| I 0.001 {0.0005{0.00025;0,0001
25 24 0.038 26.8 60 372 267 193] 131
35 24 0.0786 30.8 91 528 378 277 188
50 24 0.150 36.4 139 743 534 391 270
75 24 0.315 28.6 179 1,007 770 560 379
100 24 0.585 36.1 274 1,470 1,055 771 532
150 24 1.29 21.3 313 2,160 1,546] 1,110 746
200 25 2.27 18.9 391 2,870| 2.050| 1,470 980
250 25 4.20 22.9 585 3.910| 2,800| 2,020| 1,355
300 25 6.60 19.0 669 B 3,490, 2,510{ 1,870
400 25 10.5 17 .4 6.160| 4.400| 3,160 2,095
500 25 18.0 17.3 1,062 8,070 5.7 4,140| 2,740
600 28 37.5 19.2 N 11,600| 8,300 5,980| 3,980
750 28 49.0 18.3 1,785 (13,300 9, 6.830| 4,540
1,000 28 85.3 16.8 . 17,600/12,500, 9,000 5,950
1,250 28 112.0 15.5 2,490 (20,100/14,300 10,250 6,780
1,5 28 161.5 15.8 3.000 |24,200(17,200{ 12,350| 8,150

16. Coils for Various Frequency Ranges. A study of the characteris-
ties of various types of inductors in the frequency range of 300 to 1,500 ke
has been made by Hund and De Groot.? heir results show that in this
frequency band the single-layer solenoid and the loose basket-weave
coils have the highest inductance-resistance ratios of the coils wound
with solid wire, with the radial basket weave or spider web a close third.
Coils wound with 32-38 Litz wire were found to be somewhat better in all
respects than solid-wire coils.  Contrary to a somewhat generally accepted
belief, a few broken strands in the Litz wire made only a slight difference
in the r-f resistance of a coil.

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

* Hunp, Aucust, and H. B. DE Groort, Radio Frequency Resistance and Inductance
[1){)2(,:50ﬂ. Used in Broadcast Reception, Bur. Standards Tech. Paper 298, Vol. 19, p. 651,
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In solid-wire coils, little is gained by using a wire size larger than No.
24-AWG, although No. 16 gives a slightly lower resistance hetween 300
and 1,200 ke. Spacing the turns does not decrease the resistance appre-
ciably—not enough to compensate for the extra length necessary. A
number of binders were tried on single-layer coils, all of them causing a
slight increase in the r-f resistance of the coil. Collodion appeared to
be the best of these binders. :

At frequencies above 3,000 ke, dielectric losses, eddy currents, aud
internal capacity are important. The first two cause relatively large
increases in the coil resistance. The third increases both the resistance

200 Curve A-Polyiron Core  Goin 263
| Curve B-Best Commercial A
Arr Core Garn 172
100+ Curve C-Poorest Commercial
I A:rCore Gain 15/ 1
| Type 18 Tube Y, ) -
Ep =250 votts | .
Ee = Jwoits | 8_|
Esg=/100volts |

Voltage Ratio

) = == | = =
Pus 40 30 20 10 10720 30 40 Minus
Kc.Off Resonance
F1G. 22.—Iron-core coil characteristics.

and inductance of the coil if the voltage in the circuit is not induced in
the coil itself. If the circuit e.m.f. is introdueed by induction in the
coil, the internal capacity, acting as a parallel condenser, determines the
highest frequency to which the eoil can be tuned. As the upper limit of
parallel tuning eapacity is not very large (in order that the L/C ratio
be not too small), a large internal capacity seriously restricts the range
over which the coll may be tuned efficiently. It is for these reasons that
the single-layer solenoid is used almost exclusively at such frequencies.

Coils for Short-wave Receivers. A considerable study of coils of
various sizes made from wire of various sizes and for use at frequencies
of the order of 15 Mc was inade by W. S. Barden and David Grimes.!

1 Electronics, June. 1934, p. 174. (This material and that on iron-core inductances are
by ihe Editor.)
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It was determined that maximum value of @ for such coils, of the order
of 1 gh inductance, could be realized when wire diameter and spacing
hetween turns were of the same order of magnitude. Very large wire
(long coils) was not superior to medium-size wire, say No. 20 or No. 22.
Using wire of No. 14 size, 1-in.-diameter coils were superior to l4-in-
diameter coils for any winding length.

It was determined that shielding the coil does not reduce the Qtoa
serious extent, provided proper spacing is ohserved. In reasonable
practice @ need not be decreased by more than 10 per cent or L by more
than 15 per cent. Bakelite winding forms have some effect upon (.
Thus a 1-gh coil of No. 10 wire (0.104 in.) was wound on a 2-in. length of
1.5-in.-diameter bakelite having a 0.125-in. wall. This coil had 0.333-in.
winding pitch. At 15 me, Q = 212.  Upon removing the winding form
it remained self-supporting, and Q increased to 229.

Coils made of No. 14 wire on a l-in.-diameter form with 0.111 in.
between turns (0.88 wh, 534 turns) were found to be good compromise
coils. These would have a Q of 184. Coils made on 0.5-in. forms wound
with small wire, say No. 24, have values of @ in the region from 75 to 100.

Iron-core R-f Inductances, From 1931 to 1935 considerable headway
was made in the use of ferro inductors at broadcast and intermediate
frequencies. The advantages offered by iron coils over air coils are the
small size and high Q. They have been especially useful where it is
necessary to get high gain, or high selectivity, in small space, or with a
minimum number of tuned circuits. Some attempt has heen made to
use coils with variable iron cores so that in tuning a circuit the inductance
would be varied instead of the capacity.

One such material (Polyiron) has an iron content of 95 per cent. The
remainder of the pressed core is bakelite and insulating varnish. Per-
meability measured with toroidal cores is of the order of 12; its specific
gravity is 4.8 against 7.0 for solid iron; its conductivity is 100 mhos per
cubic centimeter against 107 for solid iron. Permeability remains con-
stant from 50 to 2,000,000 cycles. Variation of magnetic force from
0.01 to 10 gauss makes no appreciable change.!

Another iron which has come into use in this country is Ferrocart,
already widely used in Europe. Intermediate-frequency transforniers
for 456, 370, 360 and 175 ke have been designed from Ferrocart and
Polyiron as have transformers coupling an i-f stage to a diode detector.
For automobile and other receivers where high initial gain is required, to
reduce the noise to signal ratio, iron coils seem to offer considerable
advantages.

In a typical recciver of the characteristics given below, the table
shows the advantages to be gained by using iron instead of air-core coils.

This receiver was a six-tube a-c¢ export tube, employving 370-ke i-f
transformers. It used a type 57 first detector, type 27 oscillator, a type
58 i-f amplifier, a tvpe 2A6 diode-triode, a tvpe 2A5 output tube and a
type 80 rcetifier. The high impedance of the plate-cathode circuit of the
first detector is partially responsible for the excellent selectivity of the
receiver. .

I Lancrey, Raven H., Tuning by Permeability Variation, Electronics, July, 1931;
CrossLev, ALFRED, Iron Core Intermediate Frequency Transformers, Electronics,
November, 1933; Povnyvororr, W. J., Further Notes on Iron-core Coils, Electronics

January, 1934; and Ferro-inductors and Permeability Tuning, Proc. I.R.E., May 1933:
FiLw, J. V., Ferrocart and Its Applications, Electronics, November, 1934.
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Care was taken to align the receiver properly at each frequency in
order that each test be made under the best conditions.

WitH AIR-CORE TRANSFORMERS

> sidth Band wi i R
Preauency, | Ppdwidh | Madwidh | Bed wih | gensvity,
kilocycles kilocycles kilocycles kilocycles microvolts
1.400 18 37 62 5
1.000 13 28 46 4
600 13 26 42 5
With IroN-core Uxirs
1,400 7 16 31 5
. 7 15 27 4
600 7 14 26 6

The advantages from the standpoint of gain are as follows.

In a five-tube a-c d-c set of the better type employing 456-ke i-f trans-
formers, the tube complement was as follows: 6C6, 6D6, 75, 43, and
257Z5. The type 6C6 was employved as a composite oseillator-first
detector. In this receiver the two i-f transformers and also the antenna
coupler were replaced with iron-core units, The sensitivity at 1000 ke
increased from 100 to 20 uv.

17. Calculation of Inductance of Air-core Coils. The inductance of
many types of air-core coils may be calculated by means of formulas
involving the dimensions of the coil and the number of turns,! Several
formulas from Circular 74 of the Bureau of Standards are given here.
Few of the available corrections to inductance formulas are included,
since they apply only to the ealculation of the 1-f inductance. The h-f
inductance of a coil cannot be calculated with a high degree of accuracy
hecause of the skin effect and coil capacity.

In the following formulas all dimensions are expressed in centimeters and
the inductance is in microhenrys.

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

5 a _ [ 5
0.00ZI[loged 1 +4] (29)

Lo

41
0.0021[ 2.303logw 5 — 1 + f] (30)
[¢
If u = 1 (for all materials except iron),
Lo = ().()()21[2.303 lOgm;—l = 0.75] 31
The return conductor is assumed to be remote. These formulas give the
low-frequency inductance.
1 Rosa, E. B., and F. W, Grover, Bur. Standards Seci. Paper 169; Grover, F. W,
Bur. Standards Seci. Papers 320, 1917; 455, 1922; 468, 1923. See for coil design and

calculation, especially at low frequencies, MoraaN Brooks and H, M. TurNER, Induc-
tance of Coils, Bull. 53, Univ. 1ll. Eng. Exper. Sta., Jan. 8, 1912.
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As the frequency increases, the inductance decreases, its value at infinite
frequency being

L, = 0.0021[2.303 Iomo% = l] (32)
A general expression for the inductance at any frequency is
L = 0.002![2.303 Ioglos—l -1+ u&] 33)

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

z = 0.1405d L‘;f (34)

and fis the frequency and p is the volume resistivity of the wire in microhm-
centimeters. Kor copper at 20°C.,

ze = 0.1071d"/f
This quantity & will be used in several of the following formulas without
further definition.

VALUE OF & IN INDUCTANCE FORMULAS

7
z ] r 3 z 8 z 8 " z 3 z 3
|

0 0.2 2.5 10.228 8.0]0.118/ 12.0 ( 0.059| 25.0 (0.028 { 70.0 | 0.010
0.5| 0.2 3.0 |0.211 7.0} 0.1 14.0 0.050' 30.0 10.024 || 80.0 [ 0.009
1.0} 0.249)| 3.5 (0.181 80| 0. 16.0 | 0.044| 40.0 |0.0175) 90.0 | 0.008
1.5 0.24 4.0 [0.171 9.0 | 0.078) 18.0 | 0.038 50.0 [0.014 [100.0 | 0.007
2.0| 0.2 5.0 (0.139 (| 10.0 | 0.07 0.03.")| 60.0 {0.012 3 0.000

19. Two Parallel Round Wires—Return Circuit. The current is assumed
to flow in opposite directions in two parallel wires of length ! and diameter d,
the distance between centers of wires being D. en

L = 0.0041[2.303 log1o 2—(? —? + #5] (35)
This neglects the inductance of the wires connecting the two main wires.
If these wires are long, their inductance may be calculated by Eq. (33) and
added to the result from Eq. (35), or the whole aystem may be treated as a
rectangle and the inductance calculated by Eq. (37).

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

L= o.oosa[z.:;os foe f{;‘ + 2% - 0774 + ms] 36)

21. Rectangle of Round Wire. The sides of the rectangle are a and a;
and the diagonal ¢ = v/a* + a;2. Then

4aa
d

L = 0.00921[(41 + a1) logio ! — alogw (a +¢g) — ailogre (@1 + 0)]

+0.004[y6(a +a) + 2(0 + g) - 2( + ax)] 37)
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22. Grounded Horizontal Wire. The wire is assumed to be parallel to
the earth which acts as the return circuit. In addition to symbols already
used, h denotes the height of the wire above ground. Then

dz
L+ \r+5
¥/ ¥k
+0.002[\/12 Fan - \lr + 5+t - 24 +g] (38)

23. Circular Ring of Circular Section. If a is the mean radius of the ring,

L = 0.004605/| logio é: + logie

16a
L= 0.01257(1[2.303 lomoT -2 4 ud (39)
provided that d/2a < 0.2.
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then (=3’ then L =170 mh.
Fic. 23.—Inductance-design chart.
24. Single-layer Coil or Solenoid.
0.0395an?
L=—7"—K (40)

where n is the number of turns, a is the radius of the coil measured from the
axis to the center of the wire, b is the length of the coil, and K is a function of
2a/b. the value of which may bhe determined by means of the table below.
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VALUE oF K IN FormuLa 40

Diam- . Diam- . Diam- R
Differ- Differ- Differ-
eter to K eter to K eter to K
length cnce length cnce length cnee
0.00 2.00 0.5255 —0.0118N 7.00 [ 0.2584 | —0.0047
.05 2.10 5137 112:| 7.20 2537 45
.10 2.20 5025 107  7.40 2491 43
.15 2.30 .4918 102 7.69 2448 42
.20 2.40 .4816 97| 7.80 2406 40
|
0.25 2.50 0.4719 (—0.0093 8.00 | 0.2366 | —0.0004
.30 2.60 .4626 Hu 8.50 L2272
.35 2.70 .4537 85 9.00 2185 79
.40 2.80 .4452 82 9.50 .2108 73
.45 2.90 .4370 78 10.00 | .2033
0.50 3.00 0.4292 —04007.'I 10.0 0.2033 |—-0.0133
'55 310 | L4217 ':3 11.0 | .1903 1
.80 3.20 .4145 T 12.0 1790 98
.85 3.30 4075 Eri 13.0 1692 87
.70 3.40 008 Bli 14.0 1605 78
0.75 3.50 0.3944 [ —0.008+ 15.0 0.1527 |—0.0070
.80 3.60 882 16.0 1457 63
.85 3.70 3822 58 17.0 1394 58
.90 3.80 3764 & 18.0 1336 52
.95 3.90 3708 3 19.0 1284 48
1.00 4.00 0.3654 |—0.0052] 20.0 0.1238 | -—0.0085
1.05 4.10 .3602 a1y 22.0 1151
1.10 4. 3551 40 24.0 1078 63
1.15 4.30 3502 47| 26.0 1015 56
1.20 4.40 3455 46| 28.0 0959 49
1.25 4.50 0.3409 |—0.0045 30.0 0.0910 | —0.0102
1.30 4.60 3364 43 35.0 .0
1.35 4.70 3321 42 40.0 .0728 64
1.40 4.80 3279 41, 45.0 53
1.45 4.90 3238 40 50.0 0811 43
1.50 5.00 0.3198 [—0.0071% 60.0 0.0528 | —0.0081
1.55 5.20 3122 & 700 0467 48
1.60 5.40 3050 B 80.0 0419 38
1.85 5.60 2981 x 90.0 0381 31
1.70 5.80 2916 &X 100.0 0350
1.75 6.00 0.2854 | —0.0084
1.80 6.20 2795 i
1:85 6.40 .2739 .'r-1-|
1.80 6.60 .2685 52
1.95 6.80 2633 44
|

26. Multilayer Coils: Circular Coils of Rectangular Cross Section. For
long coils of a few layers, the following formula may be used:

2,
L=1L,- W(O.GQS + B) (a1)

where L, is the inductance calculated by Eq. (40), n and b are the same a8 in
Eq. (40), a is the radius of coil measured from axis to center of winding cross
section. ¢ is the radial depth of winding, and B, is the correction given on p. 96.
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VaLvuE oF B, ix FormuLa 43

b/e B, b/e B, b/e B, b/e B, b/e B, b/e B,

1 | 0.0000 6| 0.2446 | 11} 0.2844 | 16 | 0.3017 | 21 | 0.3118 | 26 10.3180
2 | 0.1202 7| 0.2563 || 12 ] 0.2888 | 17 | 0.3041 | 22 | 0.3131 || 27 (0.3190
31 0.1753 8] 0.2656 || 13| 0.2927 || 18 | 0.3062 | 23 | 0.3145 | 28 |0.3200
4 | 0.2076 9| 0.2730 | 14 | 0.2961 | 19 | 0.3082 || 24 | 0.3157 § 29 |0.3209
5| 02202 f 10| 0.2792 | 15| 0.2091 §| 20 | 0.3099 || 25 | 0.3169 § 30 [0.3218

For short multilayer coils, the dimensions shown in Fig. 24 are used. Two
formulas are required, one for use when b > ¢, and the other for use when b <
¢. In the first case:

s B e bt ot
- L = 0.01257an (1 + 305 + goms)

e
: f ¢ 1 ) L ]

_ : ORe g — Ui + ggi

; 2 2

& = 0.01257an] 2303(1 + 3055 + gums)

i 8a b
i —— Axis logio—3 —y1 + lTai‘“] (42)

When b < ¢:
2 2
L = oonzs7an (1 + 3% + 5;;,)

8a [
loge 7 —w + '1—67,1/:]

b2 2
= 0.01257an2[ 2.303(1 + 5303 + 5&,)

tilayer coil.

8a 2
logio—3 — w1 + 1—;;,11:] (43)

¥, y2, and y: may be obtained from the table shown below. These for-
mulas are quite accurate us long as the diagonal of the cross section (d Fig. 24)
does not exceed the mean radius. The accuracy decreases considerably us b
becomes large in comparison with a.

For very accurate results, a correction must be added if the insulation of
the wire occupies a considerahle percentage of the winding space. This
correction is given by

AL = 0.0125701;[ 2.303 loglo—I—)d + 0.155] (44)

where D is the distance between the centers of adjacent wires, and d is the
diameter of the bare wire.

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

b+c¢c

a

L = ().OOSan’[ 2.303 logo E—i—c + 0.2235 + 0.726] (45)

If the cross section is square (b = ¢), this becomes

L = 0.008an] 2.303 login & + 0.447% + 0.033 | (46)
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VALUE OF CoNsTANTS IN FORMULAS (42) AND_ (43)

b/c or ¢/b vt c/b v b/c Vs

] 0. V] 0.125 V] 0.597
0.025 0.5253

0.05 0.5490 0.05 0.127 0.05 0.599
0.10 0.5924 0.10 0.132 0.10 0.602
0.15 0.6310 0.15 0.142 0.135 0.608
0.20 0.66852 0.20 0.155 0.20 0.615
0.25 0.6953 0.25 0.171 0.25 0.624
0.30 0.7217 0.30 0.192 0.30 0.833
0.35 0.7447 0.35 0.215 0.35 0.643
0.40 0.7645 0.40 0.242 0.40 0.654
0.45 0.7816 0.45 0.273 0.45 0.685
0.50 0.7960 0.50 0.307 0.50 0.677
0.55 0. 1 0.55 0.344 0.55 0.690
0.60 0.8182 0.60 0.384 0.60 0.702
0.65 0.8285 - 0.85 0.427 0.65 0.715
0.70 0.8331 0.70 0.474 0.70 0.729
0.75 0.8383 0.75 0.523 0.75 0.742
0.80 0.8422 0.80 0.576 0.80 0.756
0.85 0.8451 0.85 0.832 0.85 0.771
0.90 0.8470 0.90 0.690 0.90 0.786
0.95 0.8480 0.95 0.752 0.95 0.801
1.00 0.8483 1.00 0.816 1.00 0.816

Formula (43) may be used to correct for insulation by replacing the factor
0.01257 by 0.008. i
For a smgle-layer square coil,
b
L = 0.008an{ 2.303 logio f + 0.22317 + 0.726 | — 0.008an(4 + B) (4D

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

VALUE oF A IN ForMULA (47)

d/D A d/D A d/D A

1.00 0.557 | 0.40 -0.359 0.15 -1.340
0.95 0. 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 —1.850
0.75 0.269 o -0.647 0.10 —1.746
0.70 0.200 0.28 —0.716 0.09 —1.851
0.685 0.126 |  0.26 —0.790 0.08 —1.969
0. 0.048 | o0.24 —0.870 0.07 -2.102
0.55 —0.041 0.22 ~0.957 0.08 ~2.256
0.50 -0.136 0.20 -1.053 0.05 —2.439
0.48 -0.177 | 0.19 —1.104 0.04 —2.662
0.46 —0.220 0.18 1.158 0.03 —2.950
0.44 ~0.264 0.17 -1.215 0.02 —3.355
0.42 -0.311 h 0.16 ~-1.276 0.01 —4.048
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VaLUE oF B IN FormMuLa (47)

Number of Number of
turna, n B turns, n B
1 0.000 40 0.315
2 0.114 45 0.317
3 0.166 50 0.319
4 0.197 60 0.322
5 0.218 70 0.324
6 0.233 80 0.326
7 0.244 90 0.327
8 0.253 100 0.328
9 0.260 150 0.331
10 0.266 200 0.333
15 0.286 300 0.334
20 0.297 400 0.335
25 0.304 500 0.336
30 0.308 700 0.336
35 0.312 1,000 0.336

27. Inductance Standards. Like all other standards, inductance
standards must be rugged, permanent, and constant. The simplest
fundamental standard is a single square turn of round wire. The induc-
tance of such a standard can ge calculated with great accuracy.

When a standard having a large value of inductance is desired, the
single square turn becomes too large for use, and it is necessary to design
some more compact form. The resistance and internal capacity must
be kept to a minimum. Furthermore the turns must be held rigidly in
place so they cannot change their relative positions. The dielectric
in the field of the coil must have a minimum volume and be of such
material that the losses in it are as small as possible.

These requirements are best met by a single-layer solenoid with a
spaced winding. For a minimum conductor resistance, the ratio of
diameter to length should be 2.46, but a somewhat smaller value of this
ratio is desirable to reduce the internal capacity, this being proportional
to the radius.

One excellent form of standard inductor is made by winding silk-
covered Litz wire in slots in the edges of strips of hard rubber, the ends
of which are supported by hard-rubber rings. With this skeleton type
of winding form, the cross section of the coil is polvgonal rather than
circular. In order that the proper ratios of diameter to length may be
maintained, the coils must be of large size, their diameters ranging from
10 to 40 cm. for inductance values that are necessary in the grequency
range from 15 to 1,500 ke. Such a coil must be given relatively careful
handling, however, since jolts might cause some of the wires to change
their positions. A more rugged coil consists of bare wire wound upon a
threaded cylindrical form, tﬁe turns being cemented in place with a very
little cement, preferably collodion. The form should be as thin as is
consistent with adequate strength. Glass forms may also be used,
although it is then necessary to cement the turns more thoroughly than
in the case of a threaded form.

With recent advances in the precision of frequency determination and
improvement in standard condensers, the temperature coefficient of a
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standard inductance may become an important factor. It is possible,
in this case, to reduce the temperature coefficient by a special design
of the winding form.

28. Mutual Inductance. As the changing magnetic field due to a
varying current in a circuit induces an e.m.f. in the circuit itself, so may
it induce an e.m f. in any neighboring circuit. The e.m.f. induced in the
first circuit depends upon the self-inductance of that circuit, and, in the
same way, the e.m.f. induced in the second. circuit depends upon
the mutual inductance between the two circuits. Mutual inductance
18 defined in three ways exactly analogous to the three ways of defining
self-inductance: (1) as the magnetic flux linking the second circuit when
unit current flows in the first circuit; (2) as the c.m.f. induced in circuit
2 when the current in circuit 1 changes at the rate of one unit per second;
(3) as twice the work done in establishing the magnetic flux, linking
circuit 2, associated with unit current in circuit 1. These three definitions
give constant and equal values for the mutual inductance if there is no
material of variable permeability near the circuits and if the current
does not vary so rapidly that its distribution in the cross section of the
conductors differs greatly from a uniform one. The change in current
distribution at high frequencies, however, has a very slight effect upon the
mutual inductance.

The units of mutual inductance are the same as those of self-inductance:
in the practical system they are the henry and its subdivisions, the milli-
henry (mh) and microhenry (uh).

29. Measurement of Mutual Inductance. When two inductors,
having a mutual inductance, are connected in series so that their mag-
netic fields aid each other, the total inductance of the combination is

L =1L+ L, +2M (48)

where L' is the.inductancq of the combination, L, and L, are the indue-
tances of the cox!s, and M is their mutual inductance. If the connections
to one of the coils are reversed, the total inductance becomes

L" = Ll + Lz - 2M (49)
Then, from these two equations,
M= L - L" (50)

4

measured by any suitable method, the connections

to one coil reversed. and the inductance again ar;

measured. Thelarger of thetwo measured values

is then denoted by L' and the smaller by L", and

M is calculated by means of Eq. (50). This

method is applicable at any freqtlller(licy. provided

the inductance-measurement method is appropri- _ — _ .

ate at that frequency. It is not very accurate Fia. 25.—Clircuit for meas-

when Mis small in comparison with the inductance uring mutual inductance.

of the larger of the two coils. — .
A method applicable for all values of M is illustrated in Fig. 25! 1

represents a voltage-measuring device of high impedance, preferably a

thermionic voltmeter. A voltage source of frequency w/27 is connected to
' Mouruin, E. B, “ Radio Frequency Measurements.” p. 383, 1932.

i M
These relations furnish a convenient method
for the measurement of mutual inductance. The L L,
inductance of the two coils connected in series is
CT
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VALUEs oF F ror ForMULA 56

rafr1 F ‘ Difference " ra/n ‘ F Difference H ra/n F Difference
(1] o
0.010 (0.05016 —0.00120 0.30 [0.008844 {—0.000341 0.80 |0.0007345 [—0
011 4897 109 .31 8503 328 .81 6741 579
012 4787 100 .32 8175 314 .82 6162 555
.33 7861 302 8 5607 531
0.013 4687 —0.00093 .34 7559 290 .84 5076 507
.014 4594 87
015 4507 81 0.35 |0.007260 |—0.000280 || 0.85 [0.0004569 |—0.0000434
.016 4426 148 .36 6989 270 .86 4085 460
.018 4278 132 37 6720 260 .87 3625 437
.38 6460 249 .58 3188 413
0.020 (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 57 225 91 2021 1
.028 3725 86 42 5514 217 .92 1680 316
.43 5297 210 .93 1364 290
0.030 36839 —0.00081 44 5087 202 .94 1074 263
.032 3558 76
.034 3482 71 0.45 [0.004885 [—0.000195 || 0.95 |0.00008107|—0.00002351
.036 3411 68 .46 4690 189 .96 5756, 2046
.038 3343 64 47 4501 183 .97 3710 1706
.48 4318 178 .98 2004, 1301
0.040 (0.03279 —0.00061 49 4140 171 9 703 703
042 3218 58 1.00 (1]
044 3160 55 0.50 [0.003069 |(—0.000166
046 3105 53 .51 3803 160 || 0.950 [0.00008170|—0.00000494
(048 3052 51 .52 3643 156 952 7613 482
.53 3487 150 954 7131 470
0.050 1 -0.00226 .54 3337 146 .956 6661 458
060 2775 191 .958 6202 446
070 2584 164 0.55 10.003191 [-—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 128 964 4899/ 409
0.100 [0.02148 —0.00116 .59 2652 125 .966 4490 397
1 2032 104 .968 4093 383
2 1928 96 0.60 [0.002527 |—0.000120
13 1832 89 .61 2407 117 [ 0.970 |0.00003710| —0.00000370
.14 1743 82 .62 2290 13 972 3340 - 356
.63 2177 109 974 2084 341
0.15 [0.01661 —0.00075 .64 2068 106 976 2643 327
.16 1586 e 978 2316 312
A7 1515 66 0.65 [0.001962 |—0.000103
.18 1449 62 .66 1859 9 0.980 (0.00002004| —0.00000296
.19 1387 59 .67 1760 96 082 1708 278
.68 1664 93 .984 1430] 262
0.20 [0.01328 —0.00055 .69 1571 90 986 1168 242
21 1273 52 988 926 223
.22 1221 50 0.70 [0.001481 }—0.000087
.23 1171 47 .7 1394 84 [i 0.990 {0.00000703|—0.00000201
.24 1124 45 .72 1310 81 .992 502 177
.73 1228 78 994 326 148
0.25 [0.010792 [—0.000425 .74 1150 76 996 177 115
.26 10366 408 998 062 62
.27 |0.009958 388 || 0.75 (0.0010741 |—0.0000731
.28 9570 3N .76 10010 704
.29 9199 355 a7 9306 680
.78 8626 653
.79 7973 628
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the terminals A4 and B, the current being denoted by 5. When the switch
i8 connected to point 1, the voltage measured is

"= (51)
With the switch on point 2, the measured voltage
c2 = wli = w2MCe, (52)
Then
C2 1
M = Ty (63)
The capacity ' may be replaced by a resistance K. Then
M =2B 54)
ew

If a variable standard of mutual inductance is available, any other mutual
inductance whose value falls within the range of the standard may be readily
measured. The primaries are connected in series to a voltage source, the
secondaries in opposition to a telephone receiver or other indicating device,
and the standard is varied until a null indication is obtained. The unknown
mutual inductance then has the value indicated by the standard.

30. Calculation of Mutual Inductance.! The mutual inductance of two
palral}el coaxial circles may be calculated by the following method: first,
calculate

YR
(+'+%
where a is the radius of the smaller circle, A the radius of the larger cirele.
and D the distance between the planes of the two circles. From the table

shown on page 100 the value of F corresponding to the calculated value of ra/ry
is obtained. Then

M = F\/4a (56)

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

M = ninsM, (57)

where n1 and n: are the numbers of turns on the two coils, and Mo is the
mutual inductance of two circles located at the centers of the cross scctions
of the two coils.

The same formula may be used as a rough approximation for the mutual
induetance of two coaxial single-layer solenoids.
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SECTION 5

CAPACITANCE
By E. L. Haun,! EE.

1. Capacitance. Capacitance is one of the three electrical quantities
present 1n all radio circuits. The radio engineer endeavors to concentrate
capacitance in definite well-known forms at definite points in the circuits,
but capacitance exists between different conductors in the circuits and
between the various conductors and the ground. Such capacitances,
usually small, are ordinarily of no importance in the case of 1-f or a-f
currents but may be of great consequence in r-f circuits.

A condenser is an electrical device in which capacitances play the main
role. While some inductance and some resistance are present, these
quantities are usually of such minor importance that they are not
considered.

A condenser has three essential parts, two of which are usually metal
plates separated or insulated by the third part called the dielectric.

The amount of electricity which the condenser will hold depends on
the voltage applied to the condenser. This may be expressed as
Q = C X V. The capacitance of the condenser is the ratio of the quantity
of electricity and the potential difference or voltage, or C = Q/V where
.Q is given in coulombs, C in farads, and V in volts. The ¢apacitance of a
condenser is dependent on the size and spacing of the plates and the
kind of dielectric between the plates.

2. Units of Capacitance. The unit of capacitance is the farad. A
condenser has a capacitance of one farad when one coulomb of electricity
can be added to it by an applied voltage of one volt. This unit is too
large for practical use so that a smaller unit, the microfarad, abbreviated
uf, or one-millionth of a farad, isused. A condenser having a capacitance
of one microfarad is much larger than is used in radio circuits. Con-
densers for such circuits usually have capacitances between a few thou-
sandths and a few millionths of a microfarad. Another unit, the micro-
microfarad, is often used. It is abbreviated upf.

Another unit of capacitanee sometimes used is the centimeter. The
centimeter is equal to 1.1124 micromicrofarads.

3. Electrical Energy of Charged Condenser. Work is done in charging
a condenser because the dielectric opposes the setting up of the electric
strain or displacement of the clectric field in the dielectric. The e-ergy
of the eharging source is stored up as clectrostatic energy in the dielectric.

The work done in placing a charge in the condenser is

Q!
2C
t Radio Engineer, Radio Section, National Bureau of Standards.
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W=§QXV=§CV’=
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where W is expressed in joules
Q is expressed in coulombs
V is expressed in volts.
'Iilhe work done in charging the condenser is independent of the time taken to
charge it.
4. Power Required to Charge Condenser. The average power required to
charge a condenser is given by the equation

where P is expressed in watts v

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 above
equation becomes

P = VN

If an alternating e.m.f. of frequency f is used in charging the condenser, the
equation may be written

P = CEvf
where P = power in watts
C = capacitance in farads
Eo = maximuin value of voltage
f = frequency in- cycles per second.

6. Dielectric Materials. The dielectric of a condenser is one of the
three essential parts. It may be found in solid, liquid, or gaseous form
or in combinations of these forms in a given condenser.

The simplest form of condenser consists of two electrodes or plates
separated by air. This represents a condenser having a gaseous dielec-
tric. If this imaginary condenser has the air between the plates replaced
by a non-conducting liquid, such as transformer oil, and if the distance
between the plates 1s the same as in the first case, it would be found
that the capacitance was increased several times because the oil has a
higher value of dielectric constant than air which is usually taken as 1.

If the space between the plates is occupied by a sohd insulator, a
condenser would result, which would be practical, as far as the possibility
of constructing it is concerned. It would be found, in this case also,
that the capacitance of the condenser was several times larger than when
air was the dielectric.

The mechanical construction of either air or liquid dielectric condensers
requires the use of a certain amount of solid gielectric for holding the
two sets of plates.

There are a great many diclectric or insulating materials available from
which the engineer may choose. It often is found that a material which is
very good from the electrical standpoint is J)oor mechanically, or vice
versa. Air is the gas generally used as a dielectric. Compressed air
has been used in some high-voltage condensers, and compressed nitrogen
and carbon dioxide are also in use.

Several kinds of oil have been used in condensers, such as castor oil,
cottonseed oil, and transformer oil. More recently electrolytic con-
densers have come into use in radio equipment for use as filters and
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by-pass condensers where a large capacitance is required and either a d.c.
or pulsating d.c. is applied.

Xmong the solids used as the condenser dielectric are mica, ceramic
materials, and paper. Solid insulators used as mechanical supports in
condensers include quartz, glass, Isolantite, porcelain, hakelite, mica,
amber, hard rubber, Victron, Mycalex, ete.

6. Dielectric Properties of Insulating Materials. Such propertics
as surface and volume resistivity, dielectric strength or {)uncture voltage,
dielectric constant, and absorption, are often considered in d-e and
commercial-frequency applications. Such data are of little value if the
insulating material is to be used at radio frequencies. For the latter
application r-f measurements of various properties of the material are
essential. A material which may be a satisfactory insulator for low
frequencies may be worthless as an insulator at radio frequencies.

One of the most important properties of an insulator for radio fre-
quencies is its power loss. This includes several factors whieh are diffi-
cult to separate but together indicate its suitability for radio urposes.
The general idea of the imperfection of a condenser is brought out in
several names such as “power loss,” “power factor,” and “phase differ-
ence,” but they are not 1dentical terms.

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

Neither power loss nor dieleetric constant alone ean be used in selecting
the best insulator for a particular application at radio frequencies. Some
investigators have published rosults in which a product of the power
loss and dielectric constant appears. This factor has no recognized name
as vet but has certain merits for indicating more completely the suita-
bility of an insulating material for radio uses.

7. Dielectric Constant. The dielectric constant K of an insulating
material is the ratio of the capacitance C; of a condenser using the mate-
rial as the diclectric, to the capacitance . of the condenser using air as the
dielectric, or K = C./C,. This property of the material is sometimes
called inductivity or specific inductive capacity.

The dielectrie constant of a material 18 not a constant in the true sense
of the word, but varies with the frequency, moisture content, tempera-
ture, voltage applied, and manner of applying it.

A table giving the dielectrie constants of a large number of electrical
insulating materials will be found in Art. 9.

8. Power Loss, Phase Difference, and Power
7 Factor. Electrical insulating materials are not per-
feet in their insulating qualities, and there is a cer-
tain amount of power absorbed in them when used
in an a-c circuit. A measurement of the power
loss is the best single property that gives an indica-
tion of the suitability of an mmsulating material for
use in radio circuits. Power loss can be expressed
Fic. 1.—Phase in a PY¥ & number of quantities, the most commonly
capacitive circuit.  used being resistance, power factor, phase differenee,
and phase angle,

When a.c. flows in a condenser, the voltage across the condenser lags
somewhat less than 90 deg. behind the current as shown by the angle ¢
(Fig. 1), called the phase angle, The complement ¢ of the phase angle,
is called the phase difference. The cosine of the phase angle is called the
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power factor. The power loss in the insulating material is

P =Elcos o
or
P =Elsiny
where E = voltage across the condenser
I = current in amperes through the condenser
6 plus ¢ = 90 deg. as shown in Fig. 1.

From the above, sin y = cos 6, or the sine of 7 c R
the phase difference is equal to the power factor. —*—"—‘WWVW‘—
When considering a condenser having dielectric . .
] Fis. 2.—Condenser
osses, such as current leakage, brush discharge or  ith dielectric losses.
corona, dielectric absorption or resistance in the
plates, joints, contacts, leads, etc., it is customary to think of it as a
perfect condenser C with a resistance I in series as shown in Fig. 2.

The voltage vectors may be shown as in Fig. 3, where the resultant voltage
E flowing in the circuit is obtained by completing the vector diagram. The
angle ¥ 18 quite small for materials suitable for r-f insulators. For small

angles the angle ¢ = tany. In Fig. 3

EgRI .
i T tan ¢ = mé = RwC = 2xfRC
]

"l‘s’ = If the resistance, capacitance, and frequency can
"o ¥, H be measured, the phase difference can be calculated
"3. | from

=2
-3 ¥ wfRC

phase difference in radians
frequency in cycles per second
resistance in ohms
(' = capacitance in farads.
The following equation is sometimes convenient when wave length in
meters i8 given

Fia. 3.—Vector rela- Where ¢
tions in a condenser
with dielectric losses.

RC
¥y = 0.1079—)\'
whereﬁ = phase difference in degrees
= resistance in ohms
C = capacitance in micromicrofarads

A = wave length in meters.

For small angles, phase difference in radians is egual to power factor (nearly).
Power factor in per cent is 1.745 times phase difference in degrees. Power

factor in per cent is given by the following equation:

cos § = 2xfRC X 107

where cos 8 power factor in per cent
frequency in kilocycles
R = resistance in ohms
C = capacitance in micromicrofarads.

The leakage of electricity by conduction through the dielectric or along its
surface contrihutes to the phase difference but is generally negligible at high
frequencies. A condenser having leakage may be represented by a perfect
condenser with a resistance in parallel as shown in Fig. 4. The current
divides between the capacitance and the resistance, I'x through the resistance
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being in phase with the applied voltage E, and Ic¢ through the capacitance
leading E by 90 deg. as shown in Fig. 5. The resultant current [ teads £ by
(90 deg. —y), where ¢ is the phase difference. In Fig. 5

or

Power factor is a term that involves all the power losses in a condenser.
f the total power loss in a condenser is W watts, the voltage applied to it is
V" volts (r.mn.s), and the current flowing through it is 7 amperes (r.m.s.): the

lc=wcﬂ

kB —eenl
Fi16. 4.—Equivalent of Fig. 5.—Vectors in con-
condenser with leakage. denser with leakage.

power factor of the condenser is W /1 J. The relation between [ (amperes)
and V (volts) for a condenscr of capacitance C (microfarads) operating at a
frequency f is

_2fCV _ wCV
105 ~ T10°

The power factor of a condenser in per cent may be written

W X 106 W X 108
08 0 = SEVE = “aCvE

Referring again to Fig. 2 showing the perfect condenser C and resistance 2
replacing the actual condenser, the value of R can be calculated from the
equation W = I*R. The quantity R is known as the equivalent resistance of
the condenser at the given frequency.

The expression I X 108/wCV? for power factor can he changed into the
expression involving resistance, capacitance, and w by substituting /2R for W
and then substituting wCV /108 for I, giving power factor equal to

RCw X 10-¢

9. The following table gives dielectric constant and power factor at
certain frequencies of a large number of eleetrical insulating materials, as
obtained from the sources given at the end of the table. While in some
cases data from different sources do not agree, differences in composition,
method of making measurements, and condition of samples may account
for such disagreements.

10. Dielectric Strength. The dielectric strength of an insulating
material is the minimum value of electric field intensity required tc
rupture it. Dielectric strength is usually expressed in kilovolts per
centimeter of dielectric thickness. The fall in insulation resistance with
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VALUES OoF DIELECTRIC CONSTANT AND POWER FacTOR FOR ELECTRICAL
INSULATING MATERIALS AT RAD10 FREQUENCIES

. Frequency, Dielectric | Power fac- |
Material locycles constant | tor, per cent Source
. 60,000
Alsimag No. 211................. 133000 1
: . 000
Alsimag No. 196................. 120000 1
187.5
300
Amber............. D0ODDDDODBOOD 429 2
600
1,000
300
1,000
Calan...............oevrennnn. 3,000 3
10,000
50,000
300
1,000
Calit........................... 3,000 3
10,000
. 50,000
Celluloid..................... ... 1,000 4
hotographic film
Cellulose  nitrate, laboratory
product A 5
Cement, de Khotinski, medium
hard
Portland...................... 1.000 ]
300
1,000
Condensa....................... 3.000 3
10,000
50,000
300
1,000
Condensa C..................... 3.000 3
10,000
. 50,000
Fiber, black
red . F.o..l.... A
oil impregnated
hard, dry..................... 1,000
300
. : 1,000
Frequenta....................... 3,000 3
10,000
50,000
1,000
Frequenta D.................... 10,000 3
Glass..............ooiiiii 600 2
borosilicate No. 707............ 133'% 1
borosilicate. ................... 18,000 8
cobalt....... 500 9
electrical...................... 100 10
heat resisting
photographie, with gelatin coat- A 5
ing "
without gelatin coating
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VaLUEs OF DiELECTRIC CONSTANT AND POWER FACTOR FOR ELECTRICAL
INSULATING MATERIALS AT Rap10 FREQUENCIES.—(Continued)

q Frequency,
Material kilocycles
Nonex No. 772...euveruenrnnn. {190:000
14
100
X% 0000000000000000600004 00 1%
500
1,000
American plate................ A .
1
100
Pyrex..cvoeenniiineinniias 500
750
500
Pyrex No. 774..c..c0ovinn.. .. 120:%
soda lime No. 008.............. 120:%
WIndOW. couveivennrnaaeneane A
210
440
710
1,126
600
1,000
1.000
Hard rubber..................... 18.000
300
1.000
3.000
10.000
50.000
60,000
120.000
low-1088. .0 oueeeneinnnneenanns { 1‘2‘3%
Isolantite............ooouuin.n, 250-1. 500
Ttalian lavite.................... { lggf%
T8 - TP 1.000
Marble, ‘white
%7  |foooccnnoooonnnooaaa A
lue
7. SN 300-50.000
clear, Smuscovnt 1.
muscovite
ol m“acome} ............ 100-1.000
India ....................... b
........................ 1.000
b\ult-up, shellac binder......... A
100
Mycalex......oooueninanii.n. T
1,
Mineraloil........coovviviiaie, 1,000

Dielectric

Power fac-

constant | tor, per cent| Source
4.2 0.28 1
4.2 0.25
........... gg;
........... 0.66 Bl
........... 0.62
6.8 0.70 ]
8.4 1.0 6
7.6 0.93 3
........... g?g
e 0.67 Bl
000Q0E00a 0 0.68
4.9 0.42 9
4.1 0.54
4.2 0.51 1
6.1 1.06
6.2 1.03
8.0 0.87 3
3.0 0.88
........... 0.88 0
........... 0.88
3.0 (1)85
........... .62
........... o.es} 2
3.0-5.0 0.015-0.02 [}
2.9 0.76 8
........... 0.65
Doooooo 0.64
........... 0.61 3
........... 0.57
........... 0.53
3.1 0.83
3.1 0.84 1
2.9 0.57
3.0 0.50
6.1 0.18 12
4.7 0.15 1
4.8 0.17
2.5-3.0 13
9.3 0.52
11.8 4.2 B
9.4 1.22
. 3
6. 6
{3 i 14
7 90-7 .07(0.02-0.01
........... 0.017 2
6.4 |........... 5
5.4-5.8 0.04-7.1 6
5.6 1.75 5
8.0 0.2 10
000000 0.19 3
0000Q0000 0.18
8.0 0.2 P
2.7 0.08
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VALUEs OF DiELECTRIC CONSTANT AND POWER FACTOR FOR ELECTRICAL
INSULATING MATERIALs AT Rabpio FrREQUENCIES.—(Continued)

: Frequency, Dielectric | Power fac- .
Material kilocycles constant | tor, per cent Soures
Phenolic _insulation, laminated 190 5.4-5.8 (3.85-7.35 9
. (bl:kelite) ................... 1,100 5.1-5.6 |4. 2066 .65
ac 4.7 6.
natural brown 18,000 4.4 5.6 8
Phenolic resin, laminated com-
pound, highest grade, paper base. 1,000 5.0 3.5
cloth base 5.0 4.5
molded compound, wood-flour 6
(135000000000000000000000 5.5 3.5
mica filler. .. 6.0 1.0
Polyindene...................... 3.0 0.04 4
Polystyrene..................... g g 8 8? 1
Styron.......coiiiiiiiiie 2.64 0.01
2.6 08§
0.
Trolitul 0.058 d
0.125
0.07
0.7 10
0.70
Porcelain....................... g Zg 3
;8
wet process 0.6-0.8 ]
" 0.010 3
Quarts...........ooviiiiinn 000 0.011
fused.............. ... .. ... 6(1)'% 4 g 80.2{ 6
0 3. . 0¢
clear....................... 120,000 38 0.05 .
ilk 60, 3.5 0.03
it $/oe00or0oeanaaaaanooaacs 120,000 3.5 0.05
Rosin.......................o00. l.% 3.34.7 072((;';0.37 G
Shellac..................00on.t. 1, 6.0 . 4
Shellac ilm. .. ... ... .. ...... 1.000 4.1 2.5 6
Slate....... ... 1,000 2. 0 % G
electrienl...................... 30.0 5
[ SO0 15
‘ 45.000
00
Steatite......covvviiiiiaiinin. 'l;.% 4
11&):000 '
50,000
*commercial "’ o { 1E000
eial”. ... LTl 10000 -
" 1,000 ’
“lowloss™. ... ........... ..., { 10,000
Ultra-Calan..................... { 1"’{?3.‘(}&000 : 3
Ultra-Steatite. . ................. { 56% 15
1.000
Urea resin, wood-flour filler........ 10,000 4
35,000
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VaLugs oF DIELECTRIC CONSTANT AND POWER FACTOR FOR ELECTRICAL
5 g
INSULATING MATERIALS AT Rapio FREQUENCIES.—(Continued)

. Frequency, Dielectric | Power fac-~
Material kilocycles constant | tor, per cent Source
Varnish film, clear, linseed-oil 2.2 1.2
clear gum 1,000 3.2 1.1 6
black asphaltic 2.0 0.8
spar } A 5.5 3.15 5
insulating § - 4.8 5.25
Varnished cloth, yellow 1.000 2.5 3. 6
black ~  frrrrreres : 2.0 28
Victron resin, clear 446-877 2.9 0.03 15
Vitrolex............. 1.100 6.4 0.3-0.4
Vulcanized rubber................ 18.000 3.9 2.9 8
Wax, beeswax.......... ... ... .. { l‘.4000 g; ;23 5
Ceresin.......o...o.iiiaeni.. 1,000 2.5-2.6 (0.12-0.21 [
paraffin............. ... ... 1,000 2.5 0.97
Wood, basswood, dry 2.0 1.92
bayw(md('i dry 2.4 3.45
cypress, dry 2.0 2.1 o
fr, dry. et A 31 35 5
maple, dry 2.6 2.45
oak, dry 3.1 2.97
[5G 06c000000000000000a00000 500 5.2 6.48
maple.. ... ... o iiiiiiiia 500 4.4 3.33
j 300 |.......... 3.68 9
ok 425 3.3 3.50
.......................... 635 385
1,060 4.20
whitewood, dry................ 18,000 2.3 8

s Range of nine samples of various chemical compositions reported.

b Range of 27 samples of various chemical compositions reported.

4 Measurenients made between 80 and 1,875 ke.

1 MILLER, J. M., and B. SaLzrERG, Measurements of Admittances at Ultra-high Fre-
quencies, RCA Rev., 8, 480-504, April, 1939.

.2 ScrHorr, EricH, Hochfrequenzverluste von Glidsern und einigen anderen Dielek-

trics, Jahrd. drahtiosen Tele. Tele., 18, 82-122, August, 1921.

s Hanpreg, H., Keramische Spezialmassen, Archiv. fir tech. Messen, 44, 28, 29,
February, 1935.

¢ BLoomriELD, G. F., Insulating Materials for the Higher Frequencies. T & R Bull.,
14, 635-639, May, 1939; Radio Tech. Dn'peat. No. 13, 23-32, September-October, 1939.

s PreEsTON, J. L. and E. L. HaLw, Radio-frequency Properties of Insulating Materials,
QST, 9, 26-28, February, 1925.

¢ General Electric Company.

7 DECKER, WILLIAM C., Power Losses in Comnmercial Glasses, Elec. World, 89, 601-603,
Mar. 19, 1927. )

8 CrAFFEE, J. G., The Determination of Dielectric Properties at Very High Fre-
quencies, Proc. I.R.E., 23, 1020, August, 1934.

s Hoca, E. T., Power Losses in Insulating Materials, Bell System Tech. Jour., 1,
November, 1922,

1 BrowN, W. W, Properties and Applications of Mycalex to Radio Apparatus, Proc.
I.R.E., 18, 1307-1315, August, 1930.

1 MacLeop, H. J.. Power Losses in Dielectrics, Phys. Rev., 21, 53-73, 1923.

12 [golantite circular.

i3 The Neoprene Notebook, No. 23, 95, January-February, 1940.

uLgwis, A. B, E. L. HaLr, and F. R. CaLbweLL, Some Electrical Properties of
Foreign and Domestic Micas and the Effect of Elevated Temperatures on Micas, Bur.
Standards Jour. Research, T, 409, August, 1931.

1 Dielectric Producta Corp. circular.

18 THURNAUER, H., Notes on Steatite-type High-frequency Insulation, QST, 21,
33, November, 1937.
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rise in temperature is a factor of great importance in conneetion with
the breakdown of a dielectric under the applied voltage. Insulating
materials are not strictly homogeneous. The current leak through an
insulating material may perhaps be concentrated in a few small paths
through the material, and the energy loss due to the leakage, while small,
may be large compared with the area through which it is flowing. The
paths of the current flowing through the dielectric become heated with a
resulting lowering of the resistance of the path and an increase ip the
current leakage. The heating of the dielectric may lead to rapid deteri-
oration, particularly if moisture is present, and ultimate breakdown.
The length of time of the application of the voltage has a definite beariag
upon the breakdown voltage. Most dielectrics will withstand for a
very brief period a much higher voltage than they can when the voltage
is applied for a longer period.

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

The diclectric strength of a material is usually found to be lower for
r-f voltages than for a-f or d-c voltages. The rupturing voltage at radio
frequencies depends on the rapidity with which the voltage is raised and
is not nearly so definite a phenomenon as I-f puncture voltage.  Dielectrie
strength of solid insulators is difficult to measure heeause of the com-
plexity of the experimental effeccts. As the r-f currents flow in the
material, heating, corona, flashover, and possible deterioration, blistering,
or charring may result with consequent changing of voltage and current
as the time of application clapses,

If high r-f voltages are applied to an air condenser, a corona discharge may
be set up which appears as a visible glow around high-potential metal parts,
points, and sharp edges and is usually distinetly audible. These corona
effects represent a power loss in the condenser. Henee the construetion of
air condensers for high voltages requires the rounding of all edges and corners
and the avoiding of sharp points which encourage the formation of corona
and flashover.

11. Dielectric Absorption. When a condenser is connected to a d-e
souree of e.m.f,, the instantanecous charge is followed by the flow of a small
and steadily decreasing current into the condenser. The additional
charge is absorbed by the dielectric. Similarly the instantaneous dis-
charge of a condenser is followed by a continuously decreasing current.
The condenser does not become fully charged immediately, nor does it
completely discharge immediately when its terminals are shorted, but
several discharges may be secured when the condenser possesses dielectric
absorption. The maximum charge in a condenser evelically charged and
discharged varies with the frequency of charge.

If a condenser evidencing dielectric absorption is used at radio fre-
quencies, a power loss occurs which appears as heat in the condenser.
The existence of power loss indicates a component of e.m.f. in phase with
the current as though a resistance were in series with the condenser as
shown in Fig. 2. The effect of diclectric absorption ean be measured
along with other losses in the condenser, although diclectric ahsorption
represents the chief power loss in solid dielectries.

12. Calculation of Capacitance. Formulas are available for use in
calculating the capacitance for a large number of geometrical shapes of
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conducting surfaces such as spheres and cylinders, either separated or
concentric, and flat surfaces of various shapes. The usual type of con-
denser calculations are concerned with two or more flat conductors.

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

¢ = nomss x K
where (' = capacitance in micromicrofarads
K = dielectric constant (which is 1 for air)
S = area of one plate in square centimeters

t = distance between plates in centimeters.
When more than two plates are used in the condenser, the formula becomes

¢ - oosss x KSW =1
where N = number of plates.

The actual capacitance of a parallel plate condenser is slightly larger than
the value as calculated from the above formula, because of the fringing of the
electric lines of force beyond the space between the plates. A correction!
can be made for this fringing by slightly increasing the dimensions of the
plates. A narrow strip of width w can be added to the actual plate dimen-
sions. In the case of circular plates w = 0.4413¢, and for plates with straight
edges w = 0.110¢, where { is the distance between the plates in centimeters.

13. Combinations of Condensers. Combinations of two or more
condensers in a eircuit are often arranged in either series or parallel.
Condensers connected in parallel give a total capacitance equal to the sum
of the capacitances of the individual condensers. Condensers connected
in series give a resulting capacitance which may be calculated from the
following:

1
1 1 1

atotat

This formula gives the following expression in the case of two eondensers
in series

C =

- Cl X Cg
(‘l + Cz

The various elements such as tubes, sockets, mountings, wiring, ctc.,
in radio apparatus contain many small capacitances by virtue of the dif-
ference of potential existing between the numerous conductors insulated
from one another. These small capacitances are known as siray capaci-
tances. While they are unimportant in some kinds of work, in other
types of work, such as in amplifier design, they must be taken into
account. In the case of resistance-coupled amplifiers, for example, these
capacitances reduce the amplification at the higher audio frequencies and
make a flat-characteristic with high over-all gain iinpossible.

The effect of stray capacitances is eliminated in the ease of condensers
used as capacitance standards by shiclding the insulated plates and

C

o ‘gounsny, Puiuip R, “Electrical Condensers,” Sir Isaac Pitman & Sons, Ltd.,
ondon,
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grounding the shield. In this manner a definite capacitance is always
assured for a given scale setting.

14. Effect of Frequency on Condenser Capacitance. One of the most
important considerations is the effect of frequency upon the capacitance
value of a condenser. In the best condensers this effect is nil.  In fact
one of the criterions of a suitable condenser for a capacitance standard is
that its capacitanee shall be the same for two different sets of charging and
discharging conditions. A variable air condenser, such as the Bureau
of Standards type described on page 120 of the Bureau’s Circ. 74, gives
the same capacitance at 100 and at 1,000 charges and discharges per
second. A condenser having considerable solid dielectric in its make-up
will show a difference in capacitance with frequency. The quantity of
electricity which flows into a condenser during a finite charging period is
%reater than would flow in during an infinitely short charging period.

onsequently the measured or apparent capacitance with a.c. of any
finite frequency is greater than the capacitance on infinite frequency, the
latter being called the geometric capacitance. The capacitance of a
condenser decreases as the frequency mereases. :

The length of the internal leads of a condenser should be kept as short
and direct as possible to minimize the inductance of the leads which
acts to give an apparent change of capacitance with frequency. The
amount of this change ean be ealeulated from €, = C(1 4+ w?2CL X 10712),
where C; is the apparent or measured capacitance, C is in uf, and L in gh.

16. Types of Condensers. There are many ways in which condensers
might be classified, by their construction, size, voltage rating, use,
dielectrie, or fixed or variable capacitance. The condensers used in
various radio applications are found in innumerable sizes, shapes, and
uses. The two simplest divisions into which condensers may be classified
have to do with their capacitance, i.e., whether it is fixed or variable.

16. Types of Fixed Condensers. Fixed condensers are available in all
capacitance ranges from a few micromicrofarads to several microfarads,
for any voltage rating up to 45,000 volts or higher, and in innumerable
shapes and dimensions, all depending upon the use for which the con-
denser is intended.

Paper formerly was used as the dielectric for condensers for use on
lower voltages, while mica was used in condensers for higher voltages.
More recently as the art of condenser manufacture has progressed, an
oil-impregnated paper dielectric is used in condensers for the higher
voltages, the whole condenser being mounted within an oil-filled
container.

For paper dielectric 100 per cent pure linen paper is used, which must
nmeet severe requirements as to thickness, porosity, uniformity, width,
freedom from conducting particles, alkalinity, and acidity. Two or
more layers of paper are used hetween the metal foil plates, depending
upon the voltage for which the condenser is designed.  Paper condensers
are available in hermetically sealed plug-in types to fit standard octal-
type radio-tube sockets, both in wax-impregnated and oil-impregnated
types for d-c¢ working voltages up to 600.

Paper condensers are formed by winding two metal foil electrodes or
ribbons in conjunection with the paper ribbons. There are two types of
winding, tnductive and non-inductive. The latter type is recommended for
r-f zind for the higher a-f work. The inductive type is satisfactory for I-f
work.
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In winding the inductive type of condenser, the foil used is narrower than
the paper, and the contact is made with the foils by tinned copper strips
ingserted in the winding. The non-inductive type of winding is mnade with
the foils about the same width as the paper. The foil is staggered so that the
condenser plates project over the ends of the paper. The terminals are
soldered to the extending foil at the opposite ends and thus make contact
with every turn of the foil. The latter type of construction makes for mini-
mum plate resistance and minimum power loss.

Mica has been used very extensively for condensers for use at radio fre-
guencies. India mica has been used almost exclusively as it has been gener-
ally considered as of superior quality for radio use.

Selected mica is split into sheets of definite thickness, gaged, and tested
for punctures or other defects. A condenser is built up of alternating mica
and metal foil sheets, the sets of plates of opposite polarity being brought
out at opposite ends where they are soldered together, forming the two
terminals. The whole stack of plates is rigidly clamped together in such a
way as to firmly grip the plates in the center and expel all dielectric other than
mica. The condenser may be mounted in a suitable container.

During the last few years attention has been given by the manu-
facturers to the development of small condensers of great stabhility, or
whose capacitance changes with temperature are a definite amount, posi-
tive or negative, as desired. The advent of push-button tuned receiving
sets has required the use of small condensers whieh would maintain their
capacitance as the receiver warmed up or would change their capacitance
50 as to eompensate for changes in the coils. A type of condenser now
available with positive, zero, or negative temperature coefficient employs
a small ceramic tube as the dielectrie, with silver plating inside and out
followed by copper plating and solder forming the two electrodes, to
which wire leads are soldered. Wax impregnation and moistureproof
lacquer complete the condenser, which is said to be uneffected by changes
in temperature and humidity. Condensers of this type have a d-¢
working voltage of 500 and ean be obtained in sizes from 5 to 1000 uuf.

Another tvpe of low-temperature coeflicient condenser uses silver
plating on mica and is mounted either in a ceramic or low-loss hakelite
case. These condensers are wax-impregnated and sealed. They have
small positive temperature coefficients.

If a condenser is to be used with higher voltages, the practice is to construct
the condenser with two or more condenser sections in series, rather than to
increase the thickness of the mica. The former method is more flexible than
}ll'whlntter, permitting the construction of condensers for 45,000 volts or

igher.

It is customary to mount the large high-voltage condensers in steel
tanks which are filled with a high flash-point insulating oil which se