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Foreword

The tremendous research, and development effort that went into the

development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for

possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this

basic material may be of great value to science and engineering, it seemed

most important to publish it as soon as security permitted*

The Radiation Laboratory of MIT, which operated under the super-

vision of the National Defense Research Committee, undertook the great

task of preparing these volumes. The work described herein, however, is

the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,

and other Dominions.

The Radiation Laboratory, once its proposals were approved and

finances provided by the Office of Scientific Research and Development,

chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire

project. An editorial staff was then selected of those best qualified for

this type of task. Tinally the authors for the various volumes or chapters

or sections were chosen from among those experts who were intimately

familiar with the various fields, and who were able and willing to write

the summaries of them. This entire staff agreed to remain at work at

MIT for six months or more after the work of the Radiation Laboratory

was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and

thousands of other scientists, engineers, and others who actually carried

on the research, development, and engineering work the results of which

are herein described. There were so many involved in this work and they

worked so closely together even though often in widely separated labora-

tories that it is impossible to name or even to know those who contributed

to a particular idea or development. Only certain ones who wrote reports

or articles have even been mentioned. But to all those who contributed

in any way to this great cooperative development enterprise, both in this

country and in England, these volumes are dedicated.

L. A. DitBriooe.



Preface

This volume is intended primarily as a companion and reference

work for Yols. 18 througli 23 of the Radiation Laboratory Serms. It

contains data on a number of classes of electrical and electronic com-

ponents which are of principal interest to the designer of receiving and

test equipment. In so far as possible it emphasizes the conaponents

which were developed by or under the sponsorship of the Radiation Lab-

oratory, or were of primary importance in its work. In order to avoid

a one-sided presentation, however, this material has been supplernented

with other data so that in most cases an individual chapter approximates

a survey of current practice in its particular field.

The title “Components Handbook” is undoubtedly too inclusive for

the volume as published, since the circumstances under which it was

written have unfortunately prevented the inclusion of chapters on

several important classes of components and have also had some effect

on the contents of those that were included. The most serious omission

is probably that of fixed condensers. Chapters were also projected on

air-core inductors, on mechanical components, and on several other sub-

jects. Credit is due the authors who contributed to these chapters; the

omission of their work was due neither to any faults of the work itself

nor to a lack of interest in the subject matter, but solely to the fact that

the termination of the Office of Publications caused these chapters to be

left out. Their omission is a serious if unavoidable defect.

The completeness of coverage of a particular field depends in large

measure upon the amount of time which the individual author was able

to devote to it. The necessity for the immediate acceptance of postwar

jobs, usually far from Cambridge, made it impossible for most of the

authors to check their work in final manuscript form. In such cases the

editor hopes that the collation and condensation of the original drafts

have not resulted in serious errors of fact or in undue distortion of the

presentation.

In order to make the volume useful both to the academic research

worker and to the engineer in the industrial laboratory the editor has

tried in most cases to combine the generalized “ survey-of-a-field ” form

ix



X PREFACE

with a reasonable amount of specific data, largely in tabular form. For

discussions of the accuracy and balance of several of the chapters indebt-

edness is expressed to their authors or to others equally familiar with the

subjects. These discussions have considerably improved the book.

It is a pleasant task to record appreciation of the help of the many
people, both in the Office of Publications of the Radiation Laboratory and

outside, who have had a hand in the preparation of this volume. The
lack of space prevents the listing of names, but this omission has been

rectified as far as possible by the inclusion of credit lines to sources out-

side the Laboratory and by the following list of sources of the individual

sections.

In a book such as this one it is difficult to apportion credit fairly

because many of the chapters are the result of a process of synthesis and
rearrangement that left little of the original reactants. The names listed

at the heads of the chapters are those of authors who are responsible for

major portions of those chapters; a somewhat more detailed list of credits

follows: 0. Abbiati, Secs. 12-9 through 12T1; F. N. Barry, Chap. 14;

P. F. Brown, Secs. 5T and 5*2; F. E. Dole, Chap. 8; G. Ehrenfried, Chap.

2 and Secs. 3T4, 3T5 and parts of Secs. 3-9 and 3T0; M. D. Fagen, Secs.

IT through ITl, 3T through 3-8, and part of Sec. 3T1; S. Frankel,

Secs. 5*3 through 5-5; S. N. Golembe, parts of all sections of Chap. 4;

W. F. Goodell, Jr., Secs. lOT through 10T6; E. A. Holmes, III, Chap. 9;

M. M. Hubbard, Secs. 12*5, 12*6, 12-8, and 12T2; M. M. Hubbard and
P. C. Jacobs, Jr., Secs. 12-3, 12-4, and 12*7; H. B. Huntington, Chap. 7;

H. E. Kallman, Sec. 1*12 and Chap. 6; T. B. Morse, Chap. 11.

The volume editor is responsible for the remainder of the book and
for numerous interpolations in the texts of some of the authors above.

For advice and for miscellaneous data in connection with these interpola-

tions, credit is due to a number of members of the Radiation Ijaboratory,

including the following: H. F. Brockschmidt and D. N. Summerfield, for

data on engine-driven generator sets in Secs. 12*3, 12*4, and 12*5; C. E.

Foster, for reviewing Chaps. 10 and 13 and for additional data for thesis

chapters; C. E. Foster and E. R. Perkins, for original rough draft of

Chap. 10; M. M. Flubbard, for reviewing Chaps. 4, 11, and 12; J: TM.

McBean, for data on the electronic line-voltage stabilizer of Sec. 12- 13;

R. J. Sullivan, for reviewing Chap. 8,. and for additional data; C. A.

Washburn, for data on high-voltage power-supply transformers of

Sec. 4-3, and for data on M-1060 regulator tube in Sec. 14*2..
'

It may seem' invidious to single out an individual for credit when so

many have helped, but the editor cannot refrain from expressing .grati-

tude to Mr. F. N .' Barry, ' who ‘performed the 'laborious task of compiling

the tables of receiving tubes and who wrote the accompanying text for

Chap. 14. Most of this work was done after his termination from the



PREFACE XI

Laboratory and Ms acceptance of another job, and at considerable per-

sonal sacrifice.

The editor is also deeply indebted to Mrs. Barbara D. Cot6 for her

faithful and efficient services as editorial and production assistant, and to

his wife, Harriet, for aid in typing and proofreading.

The publishers have agreed that ten years after the date on which
each volume in this series is issued, the copyright thereon shall be relin-

quished, and the work shall become part of the public domain.

John F. Bla.ckbton.
Cambridge, Mass.,

Octoher, 1947.
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CHAPTER 1

WIRES AND CABLES

By M. D. Fagen A3SfD H. E. Kallmann

This chapter will be concerned only with two main classes of conductors for wbich

joint Army-Navy (JAN) Specifications have been issued. These include the types of

insulated wire ordinarily used in internal chassis wiring and in interconnections

between chassis where the frequency, voltage, and power levels peiuiiit, hereafter

referred to as wires, and the recently developed low-loss flexible coaxial cables gener-

ally used for the transmission of triggers, gates, j-f and video signals, and high-voltage

modulator pulses. Data on magnet wire will be found in Chap. 4 and on resistance

wire in Chap. 8 of this volume.

HOOK-UP WIRE

The class of wires used for hook-up and cabling ptirposes normally

consivsts of a solid or stranded tinned copper conductor, in sizes AWG
No. 24 to AWG No. 6, covered by a primary insulation of a natural

rubber (iornpound, a synthetic rubber like Butyl or Buna S, or one of

the plastic elastomers like Vinylite or Polyethylene. Over this insulator

is an outer covering of a textile braid made of cotton, fiber glass, nylon,

or rayon. The primary insulation may be applied by extrusion, by

dipping or spraying, or in the form of several layers of tape, subsequently

amalgamated or cured to form a continuous tul)e adhering to the con-

ductor. The outer covering is a closely woven braid, colored and often

c;arrying a (contrasting tracer for identification, and treated with multiple

coatings of transparent flexible lacquer to impart a smooth finish. Each

of the many possible combinations of primary insulations and* outer

coverings has characteristics and properties that suit it particularly for

some special conditions of operation but there is no single type that

meets cwcry rexiuirenient. The properties of the various insulations

ccHnmonly used and of the finished wires commercially obtainable will

be discussed drawing freely from the limited amount of published infor-

mation available,^ arxd from pertinent joint Army-Navy Specificationa'^

and Comporieiits riists.*"*

^ J. M. Caller, ^T'haracteriaticsof Radio Wire and Cable,’’ Radio, 28, No. 5, 25-28,

58 (May 1944), and No. 6, 28-31, 64, 66 (June 1944); E. D. Youmans, Hastie Insula-

t-ioii for ( bnductora,’' Klcc. World, CXX, 457-459 (August 1943) and 812-81 5 (Beptom-

her h)43); Tabkfiof Dirkcfric Materials,! md II, Laboratory for Insulation liosoarcJi,

Ma,ssaehusd.ts Institute of Te<5hnology.

2 Joint Army-Navy Specification JAN-0-76, Cable (Hook-up Wire), Electric,

Insulaltd, Radio and Instrument, Aug. 19 1045.

Standard Coniponents List, Number 5. Available froiri Army-Navy Electronics

Standards Ageiuy, Red Bank, N. J.

1



2 WIRES AND CABLES [Sec. M

A list of hook-up wires may be found in the Army-Navy Electronics

Standards Agency Standard Components List as issued May 5, 1945 and

July 20, 1945. These have been approved either by the Signal Corps

under Specification 71-4943 or by the Army-Navy Electronics Standards

Agency under Joint Specification JAN-C-76, wire type WL (general pur-

pose applications, thermoplastic insulation for use at 600 volts rms or

less.)

For convenience of reference, the JAN type designation is built up

as follows:

1. letters representing the type of wire, as WL;
2. numbers giving the approximate cross section of the conductor in

thousands of circular mils, as WL-ll- for 1500 circular mils;

3. a number in parentheses designating the minimum number of

strands, as WL-1-^ (1) for solid wire, or WL-1^ (7) for stranded

wire made up of 7 strands;

4. numbers representing the ‘AWG wire size, as WTL-1^ (7) 18 for

No. 18 stranded wire;

5. numbers representing the color code, as WIj- 1|- (7) 18-96 for

white wire with a blue tracer.

14. The Conductor.—The conductor used in hook-up wire is soft

annealed round copper, stranded or solid, and almost always tinned.

The reasons for the choice of copper are well recognized: low cost, good

conductivity, low temperature coefficient, high ductility, and good resist-

ance to corrosion and fatigue. Stranded wire is almost invariably used

for hook-up and interconnection purposes because of its greater flexibility

under the shock and vibration conditions present in mobile installations

of electronic equipment. There is a strong feeling, based on some evi-

dence, that solid conductors used for hook-up purposes in sizes smaller

than AWG No. 22 may ^^crystallize” under sustained vibration such as

is encountered, for example, in aircraft service. Eecommendations for

such applications are that stranded wire be used wherever practicable,

and solid wire be limited to jumper connections or to r-f circuits where

the conductor may be rigidly held in place to limit its motion. Other

reasons for the choice of stranded wire are the following:

1. A slight nick on the surface of a solid conductor, such as might

occur during the removal of insulation, can easily become a point

at which, upon subsequent flexing of the wire, breakage will

occur,

2. Stranded wire can easily be bent and forrhed into a neat wiring

harness for chassis assembly,

3. Unsoldering and resoldering of a stranded-wire connection are less



Sec, 1*1] THE CONDUCTOR Z

likely to cause breakage of the wire due to the beudiug aud twist-

ing usually imposed in. the operation.

Mechanical and Electrical Properties ,—^After it has been drawn,

annealed, and tin coated, the copper wire should have tensile strength

and elongation limits as given in Table 1*1.

Table l-l.—

T

ensile Strength and Elongation Limits of Tinned Copper Wire

Diameter, Tensile strength (maximum), Elongation, 10-in. test piece

in. lb per in. ^ (minimum), %

0.003 to 0.011 40,000 10

0.012 to 0.020 39,000 15

0.021 to 0.102 38,500 20

Splices are permitted in the individual strands of a stranded con-

ductor if they are of the butt-type, brazed with a silver-alloy solder.

For wires in sizes No. 28 AWG and smaller, the splice may be twisted.

Table 1*2.

—

Stranded Hook-up Wire Data

AWG
size

Standard copper strand sizes
*Weight

per ft of

length, lb

Maximum
resistance

per 1000 ft

at 25°C, ohms
Nominal

diameter, in.

Calculated

diameter, in.

Area,

Cir. mils

40 0.0031 0.003145 10 0.0000299 1,240

39 * 0.0035 0.003531 13 0.0000377 985

38 0.0040 0.003965 16 0.0000476 780

37 0.0045 0.004453 20 0.0000600 620

36 0.0050 0.005000 25 0.0000757 490

34 0.0063 0.006305 40
'

0.000120 304

33 0.0071 * 0.00708 50 0.000152 239

32 0.0080 0.007950 63 0.0002413 188

31 0.0089 0.008928 80 0.0001913 149

30 0.0100 0.01003 101 0.000304 116

29 0.0113 0.01126 127 0.000382 92

28 0.0126 0.01264 160 0.000484 72

27 0.0142 0.01420 202 0.000610 57.5

26 0.0159 0.01594 254 0.000769 45.2

25 0.0179 0.01790 320 0.000969 35.8

24 0.0201 0.02010 404 0.00122 28.4

22 0.0254 0.02535 642 0.00194 17.7

20 0.0320 0.03196 1022 0.00309 11.1

19 0.0359 0.03589 1290 0.00390 8.78

18 0.0403 0.04030 1620 0.00492 6.94

17 0,0453 0.04526 2050 0.00620 5.49

16 0.0508 0.05082 2580 0.00782 4.34

15 0.0571 0.05707 3260 0.00986 3.44

14 0.0641 0.06408 4110 0.0124 2.73



4 WIRES AND CABLES [Sec. 1-1

I3a,ta on tiniiGd copper wire as used in the manufacture of stranded

hook-up wire are given in Table 1*2.

A stranded conductor is formed by twisting individual wires in one of

tlie three following patterns.

1. Concentric stranding; one wire forms the central core and is sur-

rounded by one or more layers of helically laid wires. The pitch

of the outer layer of conductors is referred to as the lay of the

stranding.

2. Bunch stranding; the required number of individual conductors are

simply twisted together without regard to geometrical arrangement.

3. Rope stranding; groups of concentric stranded or bunched con-

ductors are assembled in the same fashion as the individual con-

ductors described under (1) above.

The concentric pattern is preferable because it yields a conductor

essentially circular in cross section so that uniform wall thickness is

obtained with extruded types of insulation. In addition, the individual

wires do not separate when the insulation is stripped for soldering.

Some physical characteristics for tinned copper conductors as used in

the manufacture of AN specification hook-up wire, solid and stranded,

are given in Table T3.

Table 1-3.—Physical Chakacteristics op Tinned Copper Conductors

Army-
N'avy size

designa-
tion.

AWG
size

Minimum
number
strands

Maximum
lay, .

in.

Nominal
strand

diameter

(minimum
strand-

ing), in.

Diameter

over con-

ductor,

in.

Nominal

area,

cir mils

Maximum
resistance

per 1000 ft

at 25°C,

ohms

1(1) 24 solid 0.0201 0.020 404 28.4

1(7) 24 7 0.50 0.0080 0.025 442 28.4

KD 22 solid 0.0254 0.025 642 18.01

IC7) 22 7 0.75 0.0100 0.031 642 19.0

1(1) 20 solid 0.0320 0.032 1 ,022 11.33

1(7) 20 7 0.875 0.0126 0.039 1,020 11.93

lid) 18 solid 0.0403 0.040 1 ,624 7.16

Xi(7) 18 7 0.875 0.0159 0.049 1,624 7.52

2i(l) 16 solid 0.0508 0.051 2,583 4.48

2i(19) 16 19 1.00 0.0113 0.060 2,407 ' 4.73

4(1) 14 solid 0.0641 0.064 4,107 2.82

4(19) 14 19 1.50 0.0142 0,072 3,828 3.13

«(19) 12 19 2.00 0.0179 0.090 6,088 1.92

9(37) 10 37 2.00 0.0159 0.109 9,402 1.27

17(133) 8 133 2.25 0.0113 0.169 16,824 0.732

27(133) 6 133 2.50 0.0142 0.213 26,800 0.454



Sec. 1«2] TEE PRIMARY INSULATION 5

1-2. The Primary lasulation.—There is a wide variety of insulating

materials that may be used for coating solid and stranded tinned copper
wire. The suitability of any particular type must be determined by
careful examination of the electrical conditions of operation and the
physical environment in which each operation is to take place. The
electrical properties of the insulation will establish the dielectric strength,

insulation resistance, loss factor, and dielectric constant. The physical

properties will determine the upper and lower limits of operating tem-
perature; resistance to moisture, flame, sunlight, oils, acids, alkalies,

fungus, oxidation; effects of aging, abrasion, vibration, shock; flexibility,

toughness, and mechanical strength. To some extent, these qualities

will be controlled by the nature of the outer covering used over the

primary insulation, a discussion of which will be given in Sec. 1*3.

The primary insulations most generally used are:

1. Thermoplastic Polymers.

A, Vinyl Resins.

a. Plasticized copolymers of vinyl chloride and vinyl acetate

(Vinylite, Geon).

b. Plasticized vinyl chloride polymers (Koroseal).

jB. Cellulose Derivatives.

a. Cellulose acetate-butyrate compound, used in the form of

tape applied over the conductor (Tenite II).

b. Ethyl cellulose.

<7. Polyethylene (Polythene).

D. Polyisobiitylene (Polybutene, Vistanex).

2. Synthetic Rubbers.

A. Butyl rubber, a copolymer of isobutylene and a small amount
of butadiene or isoprene.

B. Buna S, sometimes referred to as GR-S, a copolymer of buta-

diene and styrene.

3. Natural Rubber Compounds.

A general qualitative summary of some of the characteristics of these

materials is given in Table T4. More detailed quantitative information

on the electrical characteristics of the types of dielectrics commonly used

may be obtained from the Tables of Dielectric Materials” of the

Laboratory for Insulation Research of M.I.T.^

An examination of these data indicates that the vinyl resins and
cellulose derivatives have great utility for general-purpose hook-up wire.

They have good dielectric strength and excellent moisture resistance,

stability, and aging characteristics. They are noninflammable and

^ Tables of Dielectric Materials, I and 11. Laboratory for Insulation Eeseareh,

M.LT.
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resistant to oils and most acids and alkalies. A limiting factor in their

use is that like many other thermoplastics they soften at high tempera-

tures and stiffen at very low temperatures, although the low limit has

been extended to "--50°C by recent improvements. Their relatively high

dielectric constant and power factor make them undesirable for use at

radio frequencies, where polyethylene is almost exclusively employed.

The synthetic rubbers, Butyl and Buna S, have dielectric properties

somewhat better than the vinyl and cellulose materials but their resist-

ance to solvents, particularly oils, is not as good. The natural-rubber

compounds are little used at present for wire insulation. Technical

developments during the years 1938 to 1945, intensified by war shortages

of natural rubber, have resulted in large quantity production of thermo-

plastic polymers which are greatly superior to the rubber compounds
which previously were standard, particularly with respect to the effects

of heat, sunlight, weather, and oils.

1-3. The Outer Covering.—An outer covering is applied to act as a

support for the primary insulation. It permits higher temperature of

operation than would otherwise be possible, and also improves the

abrasion resistance of the wire. The covering is one of two types: a

closely woven braid of cotton, Piberglas, nylon, or rayon; or an extruded

jacket of nylon. The braid is colored for identification and coding,

frequently carrying a tracer of contrasting color. If Fiberglas is used,

a colored textile tracer provides the marking. The braid is treated with

multiple coatings of transparent, flexible lacquer to make a smooth

finish. It is necessary that the braid thus treated be noncorrosive,

nontoxic, flexible, and resistant to moisture, flame, and fungus.

Lacquered cotton braid is superior to glass with respect to abrasion

resistance, ease of color coding, and corona properties. Glass braid has

the advantages of being inherently noninflammable and resistant to

fungus, but some difficulty has been experienced with its tendency to

fray at the point where insulation is stripped from the wire. This fray-

ing, in addition to affecting the appearance of the wire, tends to transmit

moisture by wicking action. For some purposes, it is of interest to

examine the effect of the various coverings on the over-all diameter of

the wire. Table 1-5 is a comparison of glass and cotton braid over

acetate-butyrate tape and vinylite for stranded No. 22 and No. 14 wire.

More complete data is given in Fig. IT. It is seen from Table 1-5 and
Fig. IT that cotton braid adds to the over-all diameter by an amount
that might be significant in a wiring harness of 10 or 12 wires which is

to be used in a crowded chassis.

Nylon and rayon are other possible choices for outer coverings.

Nylon is applied in the form of an extruded coating approximately

0.005 in. in thickness. It has excellent abrasion resistance and wires
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have been made with it which pass all the JAN specifications for flame

and solvent resistance, cold bend, and insulation resistance. Rayon
braids, in general, do not have abrasion resistance equal to cotton or

nylon and are less widely used.

Conductor area in thousands of circular mils

Fig. 1‘1.—Outside diameters of radio hook-up wire: (a) bare stranded conductor;
(6) butyrate-tape insulated, glass braided; (c) vinylite insulated; (d) vinylite insulated,
glass braided; (e) vinylite insulated, cotton braided. (No. 30 AWG stranding of all wires
for 750 volts continuous service.)

Table 1*5.—Glass and Cotton Beaid vs. Acetate-butyeate Tape and Vinylite

Insulation

Over-all diameter, in.

No. 22 wire No. 14 wire

Bare stranded conductor 0.03 0.075
Wire plus butyrate tape plus glass braid 0.068 O.llQ
Wire plus vinylite 0.071 0.119
Wire plus vinylite plus glass braid 0.079 0.128
Wire plus vinylite plus cotton braid 0.090 0.141

The maximum over-all diameter permitted for solid and stranded

braid-CQvered or jacketed wires classified as type WL (general purpose

applications, thermoplastic insulation, 600 volts rms or less) is given in

Table 1-6.
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Table 1*6.—Maximuk Ovee-all Diametee Permitted foe Type WL Wire

Type (JAN-a76)
Diameter over

outer covering, in.
Type (JAN-C-76)

Diameter over

outer covering, in.

WL-i(l)-24 0.080 WL-2-Hl)-10 0.130

WL-|(7)~24 0.080 WL-2ia9)-16 0.130

WL-i(l)-22 0.090 WL-4(1H4 0.150

WL-|(7)-22 0.090 WL-.4(19)-.14 0.150

WL-l(l)-20 0.100 WL-6(19)-12 0.170

WL-l(7)-20 0.100 WL-9(37)-10 0.200

WL-U(1)-18 0.115 WL-17(133)-8 0.255

WL-l|(r)-18 0.115 WL-27(133)-6 0.310

Colors available for hook-up wire covering are limited to the following:

0 Black 5 Green

1 Brown 6 Blue

2 Bed 7 Violet (purple)

3 Orange 8 Gray (slate)

4 Yellow 9 White

Two colors may be used: the first as the base color, the second as a

contrasting tracer. The digit accompanying the color is used as part of

the wire specification. For example, a white wire with a blue tracer has

the number 96 as the final two numbers of its type designation.

1*4- Physical Properties of the Finished Wire. High Temperature ,

—

To a large extent, the thermal properties of the finished wire determine

its usefulness. At high temperatures, some insulations deteriorate

rapidly, others soften and deform. At very low temperatures, they

become brittle and may easily be damaged by flexing or vibration- The
principles of maximum temperature rating for insulations are well formu-

lated in one of the AIEE Standards.^ They are briefly given here.

1. Insulation does not fail by immediate breakdown at a critical

temperature, but by gradual mechanical deterioi*ation with time.

The question of what maximum temperature is safe can be

answered only on the basis of how long the insulation is expected

to last.

2. liow long an insulation will last electrically depends not only on

the class of insulation but also on the effectiveness of the physical

support for the insulation,

3. Insulation life is dependent to a considerable extent on the access

of oxygen, moisture, dirt, or chemicals.

^ AIEE Standards No. 1. “ General Principles ifpoix Which Temperature Limits

.

are Based in The Bating of Electrical Machinery and Apparatus.'’
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4* Physical deterioration of insulation, under the influence of time

and temperature, increases rapidly with temperature.

Maximum temperature limits have been assigned in accordance with

the above principles. For the types of insulation used in most hook-up

wires, this is the Class A hottest-spot^' maximum of 105°C. Class A
insulation consists of

1. Cotton, silk, paper, and similar organic materials when either

impregnated or immersed in a liquid dielectric.

2. Molded or laminated materials with cellulose filler, phenolic resins,

and other resins of similar properties.

3. Films and sheets of cellulose acetate and other cellulose derivatives

of similar properties.

4. Varnishes (enamel) as applied to conductors.

In electronic apparatus, the limiting temperature may be reached

not by temperature rise in the wire due to its own PR loss but solely

by increase in temperature of the chassis interior due to vacuum-tube

and resistor dissipation. It is not at all unusual to find a temperature

rise of 40°C over ambient in a compact piece of equipment designed for

airborne use. If the ambient temperature is 55°C, as is generally estab-

lished in Army-Navy service specifications, a temperature of 95°C is

attained apart from any rise contributed by the wire itself. If, in

addition to this, filament or power conductors are considered it is evident

that some thought must be given to the current-carrying capacity of

insulated wires.

The AN high-temperature test calls for 24 hr of heating to 120°C,

cooling to room temperature, tightly coiling the wire for five turns around

a mandrel three times the outer diameter of the wire, immersing the coil

in water for 1 hr, and finally applying a 60 cps test voltage. The general

purpose wire (WL) must withstand 2000 volts rms for 1 min. High-

voltage wire (SRHV) must withstand 6000 volts rms.

Low Temperature .—At very low temperatures the brittleness of the

wire may impose serious limitations on its use, particularly in inter-

connecting cables where some flexing may be required or where vibration

conditions are to be met. Present-day thermoplastic polymers as com-

pounded for wire insulation should pass the following cold-bend test.

The wire is cooled to “-40°C, then tightly wrapped around a 1-in.

mandrel (for wire sizes No. 24 to No. 16) for at least five turns, irnwrapped

and rewrapped in the opposite direction, immersed in tap water at room
temperature and given a 60 cps voltage test as in the preceding paragraph.

Abrasion .—The abrasion resistance of insulated wire is important in

determining how well it will stand up when used with other wires in
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bound wiring harnesses or in flexible conduit to form interconnecting

cables. The AN test describes a machine for stroking the wire with

No. 3/0 120 sandpaper under specified conditions of length of travel,

tautness of wire, rate, etc. General-purpose hook-up wire type WL must
withstand a minimum of 200 strokes without exposing the conductor.

Solvents ,—In mobile and industrial applications of electronic equip-

ment there is always the possibility of contact with water, gasoline,

motor oil, antifreeze solutions, alcohol, and in the case of marine equip-

ment, salt water. Tests are prescribed for solvent resistance specifying

immersion for 24 hr at room temperature, one sample in each of the

liquids mentioned. At the end of this time the wire is wiped clean,

immersed in water for 1 hr, and given the dielectric test described in .the

preceding paragraphs.

Flammability ,—It is to be expected that at some time during the life

of equipment, there will be failure of vacuum tubes or other components

which may result in excessive current in some of the equipment wiring

or in the components that may be close to a wiring harness. Inflammable

insulation or protective lacquer may then become a dangerous fire hazard.

The AN test specifies that the rate of burning be not more than 1 in./min
after a Bunsen burner flame is applied for 30 sec to one end of a horizontal

length of wire in a draft-free chamber and that burning particles shall

not fall from the wire.

Fungus ,—Under tropical conditions of high temperature and high

humidity there is likely to be extensive failure of insulations because of

moisture and fungus growth. The Signal Corps Ground Signal Agency
has been energetically pursuing a program to improve the performance

and reliability of equipment intended for tropical service by investiga-

tions of inherently resistant materials, and of fungicides suitable for

surface treatment of components for incorporation into lacquer and

varnishes. With regard to radio hook-up wires, three types of fungicide

have been found suitable for incorporation into the saturants and lacquers

used to impregnate the woven outer covering. These are 15 per cent

salicylanilide,^ 10 per cent pentachlorophenol,^ and 1 per cent phenyl

mercuric salicylate.

The AN specification requires a test in which the wire is exposed to a

composite of four types of fungus organisms in a spore suspension for

ten days at 95 per cent relative humidity and room temperature. At
the end of this time there is to be no fungus growth on the wire covering.

Moisture.-r--Th.Q effect of sustained high moisture content in the

atmosphere is particularly insidious in electronic equipment where,

fundamentally, input impedances are high and electrical leakage must

^ Du Pont Company “Shirlan Extra.”
2 Dow Chemical Co. “Dow No. 7”; Monsanto Chemical Co. “Santophen No. 20.”
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be kept to a minimum. This is particularly true when equipment is

nonoperative for part of the time and where day-night air temperature

cycles may result in condensation of vapor on the insulation. Hook-up

wire should withstand 95 per cent relative humidity at 65°C for ten

days, with temperature cycling to room temperature
; 95 per cent relative

humidity and — 10°C for several hours of each 24-hr period. More
complete information on a recommended humidity-temperature cycle

for moisture resistance tests is contained in specification JAN-C-76.

Tor general-purpose hook-up wire it is required that after exposure to

the moisture test the insulation resistance between adjacent cabled wires

should be at least 100 megohms, the dielectric strength should be at least

4000 volts rms (60 cps) and that between wrapped electrodes 1 in. apart on

the surface of the wire, 2500 volts rms can be applied without flashover.

1-6. Electrical Properties of the Finished Wire.—The electrical

properties of wire cannot be completely separated from its physical

properties since, as can be seen from

the preceding sections, electiical

tests must be applied to determine

the effects of temperature, humidity,

and solvents. Moreover, an elec-

trical property like current-carrying

capacity is almost entirely deter-

mined by the temperature limita-

tions of the insulation.

Current-carrying Capacity and

Voltage Drop.—^There is little infor-

mation available on the current-

carrying capacity of the wire sizes

generally used for radio hook-up

applications, sizes AWG No, 14 to

AWG No. 24. A considerable

amount of standardization has been

done by the AIEE on wire sizesused

for commercial and house wiring, but the available tables are not carried

to sizes smaller than AWG No. 14. This data is of some use, however,

for calculations of conductors for filament or primary power if large

numbers of tubes are utilized. Table 1*7 gives safe currenj-carrying

capacities based on 30*^0 ambient temperature for wires insulated with

polyvinyl chloride (National Electrical Code type SN, or JAN types WL,
SRIR, SRHV). Some information has been obtained on smaller-size

wires, ^ but only for a single conductor under conditions of semirestricted

^ J. M. Caller, ^‘Characteristics of Radio Wire and Cable, Radio, 28, No. 5, pp. .

25-28, p. 58; Radio, 28, No. 6, pp. 28-31, p^ 64, p. 66.

Current In amperes

Fig. 1*2.—Temperature rise vs. current.
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ventilation. The data is shown in Table 1-8 and applies to wire in-

sulated with 0.025-in. wall extruded polyvinyl chloride. The data does
not cover other insulating materiajs and liberal safety factors should be

applied where conditions of reduced heat radiation are to be met, as in

cabling, or due to enclosure in conduits. These factors can be estimated
from Table 1*7.

Table 1*7.

—

Current-caeryxng Capacity of Radio Hook-up Wire
Insulation, Polyvinyl Chloride; Ambient Temperature, 30°C

Size,

AWG
Dielectric

thickness, in.
Free air

Current-carrying capacity, amp

Three conductors

in cable

Eight conductors

in cable

14 0.031 24 18 13

12 0.031 31 23 16

10 0.031 42 31 22

8 0.047 58 41 29

6 0.063 78 54 38

Table 1'8.—Current-carrying Capacity op Smaller-size Wire*

Current, Amp

Tempera-
ture rise, °G

AWG
No. 14

AWG
No. 16

AWG
No. 18

AWG
No. 20

AWG
No. 22

AWG
No. 24

AWG-
No. 26

AWG
No. 28

10 15 11 8 6 4.5 3.3 2.5 1.8

20 21.5 15.5 11.5 8.5 6.5 4.8 3.5 2.6

30 27.5 20 15 11 8.5 6.3
i

4.5 3.4

*S©e Pig. 1*2.

Voltage-drop calculations may he necessary for filament and primary
power conductors. The values in Table 1-3 are maximum resistances

per 1000 ft for solid and stranded wires up to size iLWG No. 14 and for

stranded wires from No. 14 to No. 6. It is to be noted that these values

hold at 25°C and that for temperatures differing from this value over
the range normally encountered a correction factor [1 + a{t — 25®)] must
be applied. For soft annealed copper of ,98 per cent conductivity, a at

25®C is 0.00378. Some uncertainties arise in determining the value of t

for an insulated conductor since the thermal characteristics of the insu-

lation affect the temperature of the wire itself- The refinement of such
calculations fortunately is not often required.

Voltage Rating ,—Three classifications of general-purpose hook-up
wire based on maximum rms operating voltage are given in the JAN-C-76
specification:
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Type Volts rms

WL or less

SRIR 1000 or less

SRHV 2500 or less

In Table 1*9 comparative diameters, dielectric-strength test voltages and

spark test voltages are given for the standard range of wire sizes.

Table 1-9.

—

Comfabative Diameters, Spark- and Diblectric-stren<3th Test

Voltages

Wire

size

Diameter* OD, in. Spark testf 60 cps rms, v
Dielectric strength, v,t

60 cps rms

AWG WL SRIR SRHV WL SRIR SRHV WL SRIR SRHV

24 0.080 0.055 0.065 5000 5000 7,500 2000 3000 6000

22 0.090 0.066 0.076 5000 5000 7,500 2000 3000 6000

20 0.100 0.074 0.084 5000 5000 7,500 2000 3000 6000

18 0.115 0.089 0.099 5000 5000 10,000 2000 3000 6000

16 0.130 0.101 0.111 5000 5000 10,000 2000 3000 6000

14 0.150 0.127 0.137 5000 7500 15,000 2000 3000 6000

12 0.170 0.157 0.167 5000 7500 15,000 2000 3000 6000

10 0.200 0.190 0.200 5000 7500 15,000 2000 3000 6000

8 0.255 0.239 0.249 5000 7500 15,000 2000 3000 6000

6 0.310 0.283 0.293 5000 7500 15,000 2000 3000 6000

* For type WL, the OD is measured over the braided or extruded outer covering. The other types

have only primary insulation.

t The spark test is run in a chain-electrode device that subjects the insulation to itupulaea of not less

than. 0.2 sec duration.

t The dielectric-strength test is run with 60 cps sine-wave voltage brought up to full test vahie in

less than 1 min and maintained for 1 min.

Insulation Resistance .—Insulation resistance of hook-up wire is an

important factor since in some cases it may be the limiting factor in

high-impedance input circuits or it may give rise to leakage currents

between circuits that are intended to be isolated. This is particularly

true at the high temperatures, often more than 70°C, which electronic

equipment frequently reaches. Minimum insulation resistance values

at 15.5°C for the three types of wire described in the previous paragraph

are:

Minimum
resistance value,

Type rnegohms/lOOO ft

WL 10

SRIR 100

SRHV 750

Measurements are made with a megohm bridge, or with a galva-

nometer and a d-c source of between 200 and 500 volts. The wire is
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immersed in water and the conductor made negative with respect to

‘the grounded container.

Some idea of the magnitude of the temperature effect on insulation

resistance is given by the correction factors of Table ITO, which are

specified to normalize the measurements to 15.5°C.

Table 1 - 10 .—Tempekature Correction Factors
Coefficient of

Temperature, °C

0

10

20

30

35

insulation resistance

0.032

0.29

2.5

17 5

48.0

Dielectric Constant and Power Factor .—For general-purpose hook-up

wire, no power-factor or dielectric-constant measurements are specified.

There is one type of wire classified in JAN-C-76 as SRRF for which

these characteristics are given. It is intended for radio-frequency appli-

cations at 1000 volts rms or less. The dielectric constant measured at

1 Mc/sec and over a temperature range of 20° to 60°C is limited to a

maximum of 3.5. The power factor under the same conditions is limited

to a maximum of 0.05. These values are easily met by the use of poly-

ethylene insulation.

CABLES

The following sections will deal with the flexible coaxial transmission

lines used for carrying video and i-f signals, CRT sweep currents and

voltages, triggers, range marks, blanking pulses, and other signals that

are associated with receiver and indicator circuits. The frequencies

normally considered do not exceed 100 Mc/sec, and the voltages rarely

exceed 1000 volts, peak. Although the frequencies are considerably

lower than those required for r-f transmission and the voltages much
less than used in modulator pulse cables, special considerations of

impedance, capacitance, and shielding have led to the development of

cables that form a group apart from either of these types. For example,

present practice in r-f applications is limited to cables of 50 to 55 ohms
impedance. For i-f and video transmission it is highly desirable for

reasons of gain and bandwidth to use cables of at least 70 ohms imped-

ance, and preferably higher, and with capacitances lower than that

obtained in the 50-ohm lines. Cable capacitance is also important for

sweep currents and voltages, triggers, and other signals, and special

types of cable have been developed with capacitances of 10 to 14 /x/xf/ft.

The problem of shielding between a mixer and i-f amplifier becomes
important because of the very high gain in both the i-f and video ampli-
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fiers and the consequent danger of pickup. Special cables with two

woven metal braids are often required.

Under the wartime guidance of the Army-Navy R.F. Cable Coordi-

nating Committee, development and standardization of cable types has

(a) (h) (c) id) (e) if) ig)

Fig. cable: (a) RG-58/IT; (6) RG-59/TJ; (c) RG-5/U; id) RG-6/U; (e) EG-13/XT;

if) EG-12/TJ; ig) RG-9/U.

attained an excellence and simplicity to be found in few, if any, other

radio components. Much of the data in this section has been obtained

from publications credited to that group, directly or indirectly.^

The cables to be discussed consist of

1. A group of cables having characteristic impedance of 70 to 80

ohms, ranging in size from 0.242 to 0.475 in. over-all diameter,

with single and double shielding braids.

2. A group of low-capacitance cables, capacitance 10 to 13.5 jitjuf/ft,

impedance from 90 to 125 ohms, varying in size from 0.242 to

0.405 in., with single and double shielding braids.

3. A high-impedance cable having a characteristic impedance of

950 ohms, intended for video applications.

These cables are listed and their characteristics summarized in Table
1*11. A number of standard cables are illustrated in Fig. 1*3.

1-6. The Conductor. Stranded Copper—Simnded tinned copper

wire is used for cable types RG-ll/U and its modifications, RG-12/U
and RG-IS/U. Seven strands of No. 26 AWG with a nominal strand

^ Joint Army-Navy Specification JAN-C-17A, July 25, 1946, Cables, Coaxial and
Twin-Conductor, for Radio Frequency. (Arnay No. 71-4920A; Navy No. IGCSc.)

See also the Standard Components List of the Army-Navy Electronics Standards

Agency, Eed Bank, N. J.
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diameter of 0.0159 in. make up a No. 18 AWG conductor, further details

of which are given in Table Til.

Copperweld .—In order to obtaiti cables of smaller size but with the

same or higher impedance than the above, the size of the center con-

ductor must be reduced in accordance with the following expressions for

impedance and capacitance per unit length of a coaxial line:

^ 138 . a ,

Zo = -7= log 10 -r ohms,
V € ^

and

^ 24 X 10“^'€
, ^

(j = larads per meter,

log
10 I

where e = dielectric constant of insulation,

a = diameter of outer conductor,

b = diameter of inner conductor.

This reduction is accomplished by* the use of a center conductor that is a

copper-covered steel wire fabricated by a process that welds the copj^er

continuously to the steel core. This results in a composite conductor

having the high tensile strength of the steel core and the good con-

ductivity of its copper sheath. Data for 30 per cent conductivity grade

solid copperweld wire of the sizes used in cable designs are given in

Table T12. These data apply to the grade specified in JAN-C-17 which
has the following characteristics:

Grade high strength, 30 per cent conductivity.

Tensile strength not less than 127,000 Ib/in^.

Elongation not less than 1 per cent in 10 in.

Maximum resistivity. . 39.18 ohms per circular mil-ft (20°C).

Diameter tolerance. ... ±0.5 mils for diameters from 0.020 to 0.035 in.

±1.0 mil for diameters from 0.035 to 0.060 in.

Table T12.—Solid Copperweld Wire (30 Per Cent Conductivity) Data

Size,

AWG
Diameter,

in.
Cir mils Area, in.^

Weight,

lb/1000 ft

Resistance,

ohms/1000ft
Tensile

strength, lb

. 16 0.0508 2583 0.002028 7.167 13.65 270
17 0.0453 2048 0.001609 5.684 17.22 205
18 0.0403 1624 0.001276 4.507 21.71 170

19 0.0359 1288 0.001012 3.575 27,37 135
20 0.0320 1022 0.0008023 2.835 34.52 110
21 0.0285 810,1 0.0006363 2.248 43.52 81.1
22 0.0253 642.5 0.0005046 1.783 54.88 64.3
23 0.0226 509.5 0.0004001 1.414 69.21 51.0
24 0.0201 404.0 0.0003173 1.121 87.27 40.4
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The small-size 75-ohm cables, RG-59/U and RG-6/U, have a center

conductor of No. 22 AWG and No. 21 AWG, respectively. The low-

capacitance cables, RG-63/U, RG-62/U, and RG-71/U have a center

conductor of No. 22 AWG.
Wound-center Conductor ,—In order to match the load impedance of

video amplifiers, a special high-impedance cable has been designed with

a characteristic 2'o of 950 ohms. Such a cable offers considerable advan-

tage where the length of run is not so great that the attenuation, which

(«) {h) (c)

Fig. l-4.“"-L()w-(uipacitanco (a) RG-62/tr; (6) RG-71/U; (c) RG-63/XJ.

is considerably higher than for conventional cables, does not cancel the

gains to be derived from matching to high load resistance. The RG*-65/U

cable is further described in Sec. 1-12.

Resistance Wire ,—A few types of cables have been designed to have

high losses, for use as attenuating or terminating devices. These losses

may be introduced by using a high-resistance metal for the center con-

ductor, as in RG-21/U cable, which has a center conductor of No. 16AWG
Nichrome or similar alloy. Three types of high-attenuation cable are

shown in Fig. 1*7. (The higli losses of the RG-38/U are due to the use of

a lossy rubber dielectric, not to a high-resistance center conductor.)

1*7. The Primary Insulation. Solid Dielectric ,—The dielectric for

all the cables treated in Secs. 1*6 through Ml is polyethylene, charac-

teristics for which are given in Sec. 1*2. Polyethylene is, to date, by

far the best available material from the standpoint of high-frequency
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losses, flexibility, and temperature stability. In cable construction, it is

extruded around the center conductor and is substantially free from
voids or other imperfections. In general, it is required that the center

conductor, after the extrusion process, should not be off center by more
than 10 per cent of the core radius and that the diameter of the dielectric

should not vary from a stated nominal value by more than ±3.5 per

cent or ±0.015 in., whichever is smaller.

Air-spaced Dielectric .—For the low-capacitance

cables IIG-63/U, RG-62/U, and RG-71/U (see Fig.

1-4) the core is constructed by wrapping the con-

ductor with a polyethylene thread widely spaced

between turns and covering this with an extruded

tube of solid polyethylene as shown in Fig. 1-5.

The effect of this wrap is to include a substantial

amount of air in the space close to the conductor,

thus lowering the effective capacitance of the cable.

The reduction in capacitance can be seen by com-

paring two cables having identical physical dimen-

sions; the solid dielectric RG-69/U and the semisolid

air-spaced dielectric RG-62/U. The figures are 21 .0

pjA/ii and 13.5 juyuf/ft, respectively.

1‘8. The Metal Braid. Single Braid .—The
outer conductor is a woven metal braid, usually of plain or tinned No.

33 or 34 AWG copper wire. The mechanical requirements are that it

ride tightly, evenly, and smoothly without piling on the surface of the

dielectric material and without imbedding itself within the dielectric.

Types RG-ll/U, RG-12/U, RG-59/U, RG-63/U, RG-62/IJ, and RG-
65/11 are single-braid cables.

Double Braid .—For i-f applications, a single braid is insufficient to

prevent pickup at the frequencies and signal levels usually used. For
such use, double-shielded cables (such as RG-13/U, RG-G/U, and
RG-71/XJ,) are required. The braid may be a double copper braid

(RG-13/U), a silver-coated copper inner braid under a plain copper

outer braid (RG-6/U) or double tinned copper braid (RG-71/U). There
is some preference for a tinned-copper outer braid rather than a plain

copper outer braid because it is less subject to corrosion and less difficult

to handle in soldering. The argument for silver-coated inner braid is

that it seems to have greater stability for high-frequency use. The data

on braids and shielding is not yet complete enough for the formulation

of conclusive recommendations.

1-9. The Outer Covering.—For mechanical protection and sealing

against the entrance of moisture, the outer braid is covered with a tough,

flexible jacket of polyvinyl chloride or polyethylene. For particularly

Fig. 1-5.—Section of

RG-62/U cable.
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severe usage, the jacket may then be covered with a metal armor, a.s in

the RG--12/U cable.

The Jacket .—Plasticized polyvinyl chloride or plasticized *v^irLyl

chloride-vinyl acetate copolymers have excellent characteristics for

jacketing purposes. Their resistance to abrasion, flexibility at low 'tem-

perature, resistance to ozone, sunlight, and oil and other chemicals are

all sufficiently good to make such materials the most satisfactory a"vail-

able at present. It has been found, however, that a special plasticisser

must be used to prevent contamination of the polyethylene dielectric

with aging and use, particularly at elevated temperatures. This con-
tamination or poisoning results in increased cable losses which may
seriously affect the performance of the over-all system at microwave
frequencies if long cables are part of the interconnections. The JAN
specifications call for such a noncontaminating jacket on types RG--6/TJ
and RG-12/XJ. It is interesting to note that the contamination test

consists of heating the cable for seven days at 98° C, after which the

attenuation at 3000 Mc/sec is to be not greater than 2 db/100 ft more
than the initial value. The standard vinyl jacket is referred to in this

specification as Type I, the noncontaminating type as Type II.

Where minimum size is a consideration, it is sometimes desirable to

use a thin extruded sheath of polyethylene as a protective jacket. Poly-
ethylene has physical properties as good or better than the vinyl polymers
but it is not as good with respect to flammability or oil resistance. For
internal wiring or interconnections between chassis in a protected ecquip-

ment, polyethylene jackets may be the material of best choice. Such a

jacket is used in RG-71/U.
Metal Arfiior .—A metal armor may be used over the plastic jacket

where particularly severe military conditions are to be met. The Mavy
specifies such armor for many of its shipboard equipment installations,

calling for a braided metal armor of galvanized steel wire, painted with
aluminum paint.

140. Physical Properties of the Finished Cable. High Temgpera-

tnre .-—Polyethylene and vinyl polymers have definite limitations at high
temperatures, particularly if at the same time there is heavy mechaiaical

loading due to flexing or to the weight of long lengths of cable. Dis-

placement of the center conductor may take place under such conditions

if the conductor temperature is much above 85°C, the normal safe maxi-
mum operating temperature for a conductor in a polyethylene dielectric.

The flow characteristic is specified for vaiious cables by giving the
value of a weight to be hung at the ends of the ceiater conductor of a

cable suspended over a mandrel 10 times the cable diameter. After

7i hr at 98°C it is required that the center conductor shall not be dis-

placed by more than 15 per cent of the diameter of the dielectric.
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If elevated temperatures are sustained, heat-aging changes may take

place in both the dielectric and the jacket, rendering the plastics brittle

and subject to cracking when flexed. A heat-aging test is specified

which calls for subjecting the cable to seven days operation at 98°C
after which the cable is wound and unwound ten times over a mandrel
ten times the cable diameter. After such a test the dielectric material

and the outer protective covering are expected to be free from signs of

cracking or loss of pliability.

Low Temperature ,—At very low temperatures the materials in the

dielectric and covering may become brittle and subject to cracking when
flexed. There has been considerable progress in improving the low-

temperature pliability of these materials and, at present, they can be
used at — 40°C with no special precautions. A cold bending test is

specified which calls for cooling to •~40°C and immediately bending the
cable 180° around a mandrel of a diameter ten times the cable diameter.

After this test, the dielectric and outer covering are expected to show
no signs of cracks or fractures.

Moisture and Solvents ,—Polyethylene and vinyl compounds are
practically immune to moisture if suitable plasticizers are used in their

formulation. The vinyl jacket has excellent chemical resistance to

gasoline or oil; the resistance of the polyethylene is only fair. A test is

specified which calls for immersion of the cable, except for the exposed
ends, in 100-octane aviation-type gasoline for 4 hr at room temperature.
At the end of this time, it is expected that there will be no evidence of

liquid penetration through the jacket.

ITl, Electrical Properties of the Finished Cable. Impedance and
Capacitance .—The properties of particular interest in the choice and use
of cables for video and i-f applications are impedance, capacitance, and
attenuation. For example, in 30-Mc/sec i-f links between the crystal

mixer and the i-f amplifier, low capacitance and high impedance are
desirable even though the line may be only 6 to 12 in. long. Ideally,
the impedance should approach 300 ohms, the order of magnitude of the
mixer output impedance, but because no such cables are at present
available it is customary to use 73-ohm or 93-ohm types. Capacitance
of i-f cable is a major problem in broadband i-f circuits where the input
circuit must have a bandwidth of 12 to 15 Mc/sec if the over-all band-
width is to be 6 to 8 Mc/sec. It has been found that even very short
lengths of i-f cable present complications in these circuits because they
cannot be treated as lumped constants. Trial-and-error adjustments of
the input circuit are required for optimum performance.

The length of the cable was not critical for the older type of i-f cir-

cuit, in which the mixer was followed by a preamplifier and the i-f

amplifi.er was almost always at some considerable distance from the pre-
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amplifier, because an untuned input circuit was used. It was customary

simply to use a 73-ohm input terminating resistor. For this type of

installation, lines of higher impedance which were not then available

would have resulted in better over-all gain and bandwidth by permitting

a larger shunt resistor at the input circuit, thus increasing the available

voltage. RG-71/U cable with an impedance of 93 ohms and a capaci-

tance of 13.5 wf/ft, double shielded, is one of the two cables particularly

applicable to i-f uses. The other is RG-6/XJ with an impedance of 76

ohms and a capacitance of 20 /xM’/ft, also double shielded.

In the transmission of video signals, cathode-ray-tube sweep currents

and voltages, triggers, blanking pulses, and other signals associated with

receiver and indication circuits, cable capacitance is advantageously kept

to a minimum since lengths of cable up to several hundred feet are fre-

quently required. Air-spaced dielectric cables such as RG-63/U and

RG-62/U are most often used. The first has a capacitance of 10 fiyd

per foot, and an impedance of 125 ohms; the second, a capacitance of

13.5 ixid per foot, and an impedance of 93 ohms. A special type of

high-impedance cable for video use utilizes a wound center conductor, as

has been mentioned in Sec. 1*6. Complete information on this cable,

type RG-65/U, is given in Sec. 1T2.

Attenuation .—The attenuation of polyethylene cables at video and i-f

frequencies is fairly low. None of the cables discussed here, with the

exception of RG-65/XJ, has an attenuation greater than 2 to 4 db/100 ft

Table 1*13.

—

Attenuation and Voltaob Characteristics of R-f Cabliqs

Cable type

Attenuation,

db/100 ft
Rids voltages, kv

At 10 Me/sec At 100 Me /see Operating, max Test

RG-ll/U
RG-12/U
RG-13/U

0.5* 2.1 4.0 10

RG^50/U 1.0 3.8 2.3 7

RG-6/IJ 0.7* 2.8 2.7 7

RG-62/U
RG-71/U 1.0 3.1 0.75 3

EG-63/U 0.6 2.0 1.0 3

RG-65/U 21.5 1.0 3

* Estimated.
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at 100 Mc/sec. Comparative figures are given in Table 1T3 for attenua-

tion in db per 100 ft at 10 and 100 Mc/sec. More extensive data for all

the standard r-f cables are given in Fig. 1*6. Figure 1-7 is a photograph

of three high-attenuation r-f cables.

Dielectric Strength .—The voltage ratings of the cables discussed pre-

viously are well above the maximum values generally required. CRT
deflection voltages are perhaps the only case where the dielectric is

subjected to an. appreciable fraction of its rated voltage. The medium
size 75-ohm cables are rated at 4000 volts, rms; the small size RG-59/U
and RG-6/U at 2300 and 2700 volts, rms; the semisolid low-capacitance

cables at 750 or 1000 volts, rms. A dielectric strength test is specified

in which an a-c voltage (sine form, 15 to 65 cps) is applied to the cable for

60 sec.

142. High-impedance Cable. ^—High-impedance cables may be used

for the transmission of video signals over distances of approximately 1

to 100 ft.

Present-type video amplifiers are built with load impedances of about

1000 ohms. Ordinary coaxial cables have impedances of 50 to 100 ohms
and capacitances of 10 to 30 Atjuf/ft. They may be matched to cor-

respondingly low load resistances, or they may be treated as lumped load

capacitances. In either case the cable load lowers the peak voltage

output and gain available from a given tube.

To avoid these losses cables with much higher surge impedance have

been developed. Their design is derived from that used for delay lines

of the distributed-parameter type, but their dimensions are chosen so as

to yield a high impedance with the least possible signal delay and attenua-

tion per unit length. The less the signal delay in the cable, the more
accurate will be the isochronisra of the separate units and the less will

be the spacing of spurious echoes from improper terminations.

Electrical Characteristics .—In any line the surge impedance Z is

and

T
2 = i

(2)

wliere

L is the indxictance per unit length,

C is the capacitance per unit length,

T is the delay per unit length.

* The material given in this section has been published by the author; H. .Kall-

mann, 'Trligh-Impedance Cable,” Proc. IRE, 34, 348-351 (iime 1946).
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In order to make the impedance Z high and the delay T low, the induc-

tance L should be made large and the capacitance C kept small. In

high-impedance cable, inductance is increased by replacing the straight

inner conductor of the ordinary

«
1

TTl

L

1

coaxial cable by a close-wound con-

tinuous coil of insulated wire, and

capacitance is kept low by using

wide spacing between the inner

and outer conductor and by using

a low-dielectric constant material

as spacer.

The approximate computation of the inductance, capacitance, imped-

ance, and delay of a high-impedance cable may be carried out as follows.

Referring to Fig. 1*8, the inductance L of a continuously wound single-

layer coil will be

Fig. 1*8,—Essential dimensions of Mgh-
impedance cable.

Jj = henries per meter. (3 )

The capacitance C of a concentric cable will be

24 XC =
log 1*0

farads per meter. (4)

From Eqs. (1), (3) and (4) Eq. (6) for the impedance Z follows:

Z =
1 10-^^TVd‘ logioW md

24 X

From Eqs. (2), (3), and (4), Eq. (6) for the time delay T follows:

IWyTWVnWk lO-s irdn
T = 10'

logi ^Jlos^o
(f)

jusec.

(5)

(6)

With negligible error, the surface of the coiled inner conductor is assumed

to be a cylinder of diameter b. Then

b = d + w
and the core diameter is

c = d — w.

(7 )

(8)

The design of a cable starts with the choice of the largest practicable

outer diameter, for it follows from Eqs. (5) and (6) that the impedance

Z rises and the delay T decreases as the outer diameter a is increased.

The cable may have an outer diameter as large as 0.405 in. and still fit a
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f-in. connector. Allowing for a protecting jacket and the thickness of

the outer conductor, the following example is computed for a diameter

a = 0.78 cm (0.308 in.) and for a solid dielectric spacer of polyethylene

with dielectric constant k — 2.25. Both the impedance and the delay

could be improved by 1/y/k if the effective dielectric constant were

reduced, for example by insertion of a helical spacer.

The impedance and the delay, as computed from Eqs. (5) and (6)

for a = 0.78 cm (0.308 in.) and fc = 2.25, are plotted in Fig. T9 and

Fig. ITO as functions of the core diameter c. Three curves are presented

Core diameter in cm

Fig. 1 *9.—Cable iinpodanco vs. core diameter.

2
\/2Ak ^ Vc + 2w/

in each case. They are computed for coiled inaer conductors close-wound

with three different wire gauges.

L Formex copper wire AWG No. 30F, with w ~ 0.0108 in.

2. Formex copper wire AWG No, 31F, with w = 0.0099 in.

3. Formex copper wire AWG No. 32F, with w = 0.0089 in.

Figure 1-9 shows that in all cases the impedance Z goes through a

maximum, rising at first linearly with d = c + 2w in-jtlxe^ numerator of

Eq. (5), and then eventually falling with Vlogio [a/(c + 2'K;j]. As can

be seen the maximum is reached in each case at approximately the same

value of the core diameter c. If the thickness of the wire w is negligible

in comparison with the coil diameter d, so that d « 6, then it can be

shown that the maximum impedance is always reached for
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I
= \/e « 1.65;

thus for a = 0.78 cm the highest impedance is obtained with

d = 0.475 cm and c = 0.45 cm.

Judging from Fig. 1*9 a value of c at or near 0.45 cm would be the

preferred choice for this yields maximum impedance and in addition

maintains the impedance unchanged with large variations of the core

diameter. The following factors, however, are opposed to this choice.

Core diameter in cm

Fig. —Delay vs. core diameter.

m _ 10'"‘’7rnrf •\/2Ak
j- ll Bcc/motor ~

p rrrr--— *

1. As shown in Fig. 1*10 the delay per unit length of cable rises

rapidly with the diameter of the core due both to the increased

coil diameter (increased inductance) and to the closer spacing of

the conductors (increased capacitance). Furthermore, the larger

the delay, the larger will be the spacing of echoes due to improper

terminations.

2. The transmission loss A due to the ohmic resistance R in the coil

is given by

A = 4.352?

Z
’ (9)

and A rises with the length of the wire which is proportional to

the core diameter.
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3. Parts of the magnetic field around the coiled inner conductor will

cause eddy current losses in the closed turn of the outer conductor

unless the outer conductor is either far enough away or braided of

separately insulated wires.

A suitable compromise value for the core diameter is c = 0.28 cm
(0.110 in.), (indicated in Figs. 1-9 and 1-10). This choice of c yields an

impedance that is only 89 per cent of the maximum value, but it reduces

the corresponding delay to 49 per cent of the value that is obtained for

c = 0.45 cm and it reduces the coil resistance to 65 per cent. The outer

conductor has a diameter 2.8 times that of the coil which is sufficiently

large so that eddy current losses are small.

It may be noted that the core diameter c so determined depends only

on the outer diameter a and its choice is not affected, for example, if

another impedance is specified. Figure 1*9 shows that in such cases

choice of a different wire gauge, wound on the same core diameter is the

only change required. The impedance Z rises by over 10 per cent each

time the wire gauge is made one AWG number finer; the delay rises in the

same proportion but the transmission loss A rises by about 20 per cent.

A cable based on this design is manufactured^ as the type RG-65/U,

(see Fig. 1*11). Its specifications are:

Core; polyeth^dene 0.110 ± 0.010 in. in diameter.

Inner conductor; close-wound helix of AWG No. 32 copper wire.

Spacer; solid polyethylene extruded to 0.285 ± 0.010 in. in diameter.

r
'

Fig. I'll.—RG-C)5/XJ high-impedance cable.

Outer conductor; single-braid, plain copper wire No. 33 AWG, max,

diameter 0.340 in.

Jacket; polyvinyl to overall diameter 0.405 ± 0.010 in.

Surge impedance; Z = 950 ± 50 ohms.

D-c resistance; 7.0 ohms/ft.

Capacitance; 42 ixfxf/it.

Delay; 0.042 ^usec/ft at 5 Mc/sec.

Maximum operating voltage; 3000 volts rms.

Attenuation; 5.5 db/100 ft at 1 Mc/sec.

10.2 db/100 ft at 3 Mc/sec.

14 db/100 ft at 5 Mc/sec.

21.5 db/100 ft at 10 Mc/sec.

40 db/100 ft at 30 Mc/sec.

1 By the Federal Telegraph and Radio Corp., in Newark, N. J.
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The decrease in time delay with increasing frequency is small. The

delay measured on a preproduction sample of about 1200 ohms impedance

was found to drop steadily about 0.032 per cent per Mc/sec so that at

20 Mc/sec it had fallen to 99.35 per cent of that for the lowest frequencies.

Through choice of a/b < \/e> "tbe cable RG-65/U is deliberately

designed for low signal delay per unit length. It is not meant to be used

as a delay line. However, cables of similar construction but with

a/b > Ve have been designed for use as delay lines in special applications

(Chap. 6^
Terminating the Inner Conductor .—In order to attach connectors

reliably to the inner conductor of high-impedance cables, the following

procedure is suggested:

1. Cut back the jacket and push back braid, then remove dielectric

spacer to clear | in. of the coiled inner conductor.

2. Unwind ^ of ooil, cut free wire down to 1 in., remove For-

mex insulation with emery cloth, and tin wire.

3. With a pair of pliers squeeze the exposed stub of the polyethylene

core to about one-half of its original thickness.

4. Punch a hole at least in. wide with a needle (scriber) through

the middle of the flattened portion.

5. Bend one end of 2-in. tinned copper wire (No. 20 to No. 22 AWG)
to U shape around in. diameter and hook through the hole.

6. Wrap the tinned end of inner conductor two or three times around

the short end of the hook, and solder.

7. With the heat of soldering the flattened end of the polyethylene

core will melt and form a drop around the U-shaped wire hook.

Hold the latter in place until the drop has hardened.

This procedure has proved both simple and reliable. The free end of

the wire hook can be inserted into any of the usual connectors and

soldered to them. The tensile strength of the hook-and-polyethylene

weld is considerable and strain on the coiled conductor is taken up by a

harmless elongation of the helix. The method is illustrated in Fig. 142.

Fig. 142.—Method of terminating inner conductor.



CHAPTER 2

FIXED COMPOSITION RESISTORS

By G. Eheenfried

The various types of fixed resistors form the subject matter of the

next two chapters. Chapter 2 is devoted entirely to general-purpose

fixed composition resistors "which conform or nearly conform to the specifi-

cations of JAN-R-11. Chapter 3 discusses various types of standard or

near-standard fixed wire-wound resistors and also a number of special

types of resistors, both wire-wound and otherwise. As in most of the

chapters of this volume, special emphasis is given to types conforming

to ANESA specifications because of the concern of the Radiation Labora-

tory with military equipment.

2‘1. The Choice of a Resistor.—Resistors are among the components
most widely used in electronic circuits and may be classified into two
main categories: composition resistors and wire-wound resistors. If the

requirements are not such as to demand one or the other type, composi-

tion resistors are usually employed because of their cheapness and com-
pactness. For more stringent requirements the choice is usually based

upon one or more of the following factors.

Size .—^A composition resistor for a certain job is often much smaller

than a wire-wound resistor for the same job. This difference is most
marked in high resistance values and in low dissipation ratings because

the thinnest wire that can be used to make a reasonably rugged wire-

wound resistor still has such low resistance per foot that a large amount
of it must be used.

High-frequency Properties .—Composition resistors of low wattage
ratings and medium resistance values can be considered as having

practically pure resistances well up into the megacycle region. At high

frequencies a small wire-wound resistor has a reactance that is of the

same order of magnitude as the resistance itself.

Stability .—The chief disadvantage of composition resistors is their

tendency to change in resistance when subjected to changing conditions.

They do not, in general, return to their initial values after cycles of

change. This lack of stability is a fatal disadvantage in many applica-

tions in which resistors are used in accurate measuring circuits.

Noise.—

k

composition resistor generates a considerable noise when a

current flows through it; a wire-wound resistor, however, does not. This
33
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difference makes inadvisable the use of composition resistors in low-level

circuit applications.

Power-dissipating Ability ,—Composition resistors are seldom used

for dissipations of more than 2 watts, and are practically never used for

dissipations of over 5 watts. Wire-wound resistors are available with

dissipation ratings up to 200 watts per unit. Wire-wound resistors are

usually capable of operating at higher temperatures than composition

resistors—^up to several hundred degrees centigrade in many cases.

Accuracy .—Because of their instability few composition resistors are

furnished in tolerances closer than 5 per cent. Wire-wound resistors are

regularly stocked in tolerances down to i per cent, and may be obtained

down to 0.05 per cent on special order. Wire-wound resistors, unlike

composition resistors, may also be obtained in constructions that have

little change of resistance with changing temperature or other conditions.

To sum up, wire-wound resistors are usually demanded by applica-

tions with rigid stability or accuracy requirements, or if powers of over

a few watts must be dissipated. Composition resistors are usually used

for less' critical applications; if high frequencies, high resistance values,

or a crowded chassis are involved, their advantages are marked.
2-2. Standards and Specifications; Coding and Labeling.—Until

recently, the choice of resistors for specific applications was made difficult

by differences between the ways in which manufacturers described their

products and differences between the types of tests they used on them.

The problem is considerably simplified now by the existence of standards

that have been agreed upon by representatives of most resistor manu-
facturers and many users.

Two closely related sets of standards on fixed composition resistors

have been in recent use by the electronic industry. The first is American
War Standard C75.7-1943, approved Oct. 8, 1943, and issued by the

American Standards Association, 70 E. 45th Street, New York City.

Copies can be obtained from this organization for 60 cents apiece. The
other is specification JAN-R-11, issued on May 31, 1944, by the Army-
Navy Electronics Standards Agency, 12 Broad Street, Red Bank, N. J.

This specification was issued mainly for use by those who make equip-

ment for the armed services. It is derived from the American War
Standard and is similar to it in most respects.

The differences between JAN-R-11 and AWS C75.7-1943 will be

noted in appropriate places in this chapter. Attention should be called

to two other documents connected with these standards. American War
Standard C75. 17-1944 entitled “Method of Noise-Testing Fixed Com-
position Resistors is a description of the method of carrying out one of

the tests prescribed in the AWS C75.7-1943 standard. This description

was separated from the general resistor standard because it is fairly long
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and is of interest mainly to those who make the test and not to those

who use the resistors. Another document of interest is the proposed
Amendment No. 1 to JAN-R-11. This amendment, if approved, will

make two major changes in the specification and a number of minor
changes.^ The major changes are: addition of a ne'w-style insulated

resistor, RC-42, a two-watt style much smaller than those previously

listed; and addition of a new characteristic symbol, G, covering insulated

resistors that can be used at higher ambient temperatures than those of

characteristics A, B, C, and D. Details on these changes will be given

in appropriate places.

The AWB and JAN standards described here are not intended to

cover all varieties of fixed composition resistors. Many special-purpose

resistors are not included in their scope—for example, high-resistance

power resistors consisting of a spiral band of carbon composition deposited

on the outside of a ceramic tube. Even in cases like this where dimen-
sions and structure depart from those of the standards, it is the custom
to use the test procedures given in the standards wherever applicable as

criteria by which to judge the quality of a resistor.

For further details the reader is referred to JAN-R-11 and to the

other standards and specifications cited above. It should be noted that

these works do not specify the high-frequency properties of resistors.

Standards Descriptive Code,—B.y specifying resistors according to the

descriptive code included in the JAN standards a user can obtain from
different maiiufacturers resistors that are for most purpose interchange-

able witli each other. This code consists of symbols using five letters

and five numbers, which completely identify a resistor as to the following

properties: dimensions, wattage rating at room temperature, presence or

absemai of insulating case, humidity and salt-water resistance, variation

of rcvsistaJice with temperature, resistancjc value, resistance tolerance.

The type designation of a particular resistor breaks down as follows:

no 10 AE 153 M

Component Style Characteristic Value Tolerance

Component: Fixed composition resistors are identified by the symbol

Style: The first two numbers identify the power rating, shape, and
size as given in Table 2T and Fig. 2T.

Characteristic: The next two letters identify the resistor as to its

insulation, as to its resistance to humidity and salt-water-immersion

1 At the time of writiiog it seems likely that this amendment will be changed some-
what before it is approved and issued.
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Table 2*1.—JAN Composition-resistok Dimensions
Except as noted, all types have 1 J ± § in. leads and are made in resistance values from

10 ohms to 20 megohms

Type Watts
Fig-

2-1,

sketch

Maximum
over-all

length, in.

A

Maximum
over-all

diameter,

in.

B

Minimum
lead

spacing,

in.

C

Minimum
lead

diameter, in.

RC-10 i a 0.406 0.170 0.028 (#21 AWG)
RC-15’' 1 h 0.350 0.120 0.016 (#26)

RC-16 1 h 0.655 0.248 0.376 0.028 (#21)

RC-20 i a 0.468 0.249 0.028

RC-21 i a 0.655 0.249 0.028

RC-25 b 0.780 0.280 0.407 0.032 (#20)

RC-30 1 a 0.750 0.280 0.032

RC-31 1 a 1.28 0.310 0.032
RC-35 1 h 1.16 0.280 0.814 0.036 (#19)

RC-38t 1 h 1.84 0.436 1.45 0.036
RC-40 2 a 1.41 0.405 0.036
RC-41 2 a 1.78 0.405 0.036
RC-45 2 h 2.12 0.592 1.45 0.036
RC-65 4 h 2.66 0.730 2.06 0.040 (#18)

RC-75 5 h 3.16 0.780 2.47 0.040

RC-76t 5 c 3.16 0.780

* Resistance range 150 ohms to 4.7 megohms, lead length l| in. ± J in.

t Special uninsulated high-voltage type, resistance range 0.27 to 20 megohms.
t Radial-lug type.

(6) (c)

Fig. 2*1.

—

JAN composition-resistor styles.
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cycling, and as to its change of resistance value with temperature,

according to Table 2*2.

Table 2-2.—JAN Composition-resistor Characteristics
First Letter of Characteristic

Letter Insulated Resistant to

A Insulated Humidity
B Insulated Humidity and immersion

C Uninsulated Humidity
D Uninsulated Humidity and immersion

Second Letter of Characteristic

Maximum allowable per cent change in resistance from 25°C value;

Nominal

resistance
at ”-SS-C at lOB’C

E F E F

10-1000 ohms 13 6.5 ±10 ± 5

llOO-lOk 20 10 • ±12 ± 6

llk-lOOk 25 13 ±15 ± 7.5
llOk-lM 40 20 ±20 ±10
I.IM-IOM 52 26 ±36 ±18
IIM-IOOM 70 35 ±44 ±22

Resistance Value: The next three numbers identify the nominal
resistance value. The first two digits are the first two figures of

the resistance value in ohms and the third specifies the number of

zeros that follow the first two figures.

Resistance Tolerance: The last letter of the symbol designates the

symmetrical resistance tolerance; signifies a tolerance of plus

or minus 5 per cent maximum; “K,” 10 per cent; and 20
per cent.

Color Code .—Since it is hardly practical to put much information on
a resistor, and since the component and style are self-evident upon
inspection, the resistance value and tolerance are designated by a color

code. This code employs bands or dots of color as shown in Fig. 2*2.

The use of colored bands around the resistor is general for the insulated

types, and the ^'body, end, and dot'^ system is usual on the radial-lead

uninsulated types. Many charts and other devices are available to help

the occasional user to interpret the code, so an explanation is not neces-

sary here. It must be noted, however, that the chart of Fig. 2*2 is

incomplete because resistance values lower than 10 ohms are not included
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in JAN-R-ll. A gold stripe in the third position means that the value

given by the first two stripes must be divided by 10; a silver stripe means
that the Value must be divided by 100. This means that there is a choice

of two codes possible for certain values; for instance, a 3-ohm resistor

can be coded either orange-black-gold or black-orange-black. From the

user’s point of view it is decidedly preferable that all resistors between 1

and 10 ohms should use gold in the third position and that all between
0.1 and 1 ohm should use silver, so that the decade into Avhich a resistor

value fits can be quickly identified.

Fig. 2 '2.—Standard color code for fixed composition resistor's.

It should be noted that in spite of what has been said above about
the difficulty of printing numbers on small resistors. International
Resistance Company, IRC, uses both the colored stripes and a written
identification on many of its units. This is particularly helpful to color-
blind individuals, and also in cases where dirt or overheating have made
the colors of the bands hard to identify.

2-3. Standard Resistance Values.—Specification JAN-R-11 gives 10
ohms to 20 megohms as the standard range of values of most types of

composition resistors. Resistance values outside this range are rarely
employed in electronic equipment for use in the field because below 10
ohms wire-wound resistors are usually preferable and because above 20
megohms operation is unreliable due to changes caused by moisture.
Some manufacturers make resistors outside their normal ranges on special
order.

Preferred-number System.—To limit the production of resistors to a
set of standard values that would be adequate for all normal purposes,
in 1936 the Radio Manufacturers’ Association adopted a preferred-
number system for the resistance values of composition resistors. This
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system is based upon a logarithmic series, the ratio between each value

and the next being approximately the 24th root of 10 (about 1.10). No
matter what value is needed at a certain point in a circuit, a standard

resistance value can practically always be found within 5 per cent of it.

The complete series of standard resistance values from 10 to 100 is as

follows:

10

11

15 22 33 47 68 lOO'

12 18 27 39 56 82

13 16 20 24 30 36 43 51 62 75 91

Repeat in

next decade.

In other decades the same system is used, the number being multiplied

or divided by some power of 10. For instance, 3.6 ohms, 56,000 ohms,
and 2.7 megohms are all standard Radio Manufacturer's Association

values. According to this system, only in ± 5 per cent tolerance are all

values to be made; in ± 10 per cent tolerance only the values in the first

two lines are to be made, and in ± 20 per cent only those in the first line.

Some manufacturers, however, supply 10 and 20 per cent resistors in all

the values in the series.

Distribution of Resistance Values within Tolerance Limits,—Many
workers, especially scientists, assume that if they buy a considerable

number of resistors rated as, for instance, 100 ohms ± 10 per cent, the

distribution of actual measured values will form a normal distribution

curve centered on 100 ohms and with the ± 10 per cent points low on the

skirts of the curve. This is very far from the truth. The technical dif-

ficulties of making resistors to close tolerances and the nature of the

sorting processes used by the manufacturers may result in odd-shaped
distributions that vary greatly from time to time. For instance, if a
large order is filled for resistors of 110 ohms ± 5 per cent and another

for 100 ohms ± 5 per cent, a purchaser buying 100 ohms ± 20 per cent

shortly afterwards will probably find most of his resistors down around
85 to 95 ohms. It is fairly common to find that a lot of ± 10 per cent

resistors has a hole in the center of its distribution curve, units within

5 per cent of the center value being absent or scarce. Since the manu-
facturers measure every resistor individually, resistance values outside

the tolerance limits are not often found.

2-4. Construction of Composition Resistors. Physical Types—
General-purpose composition resistors are made in four physical types:

1. Insulated axial-lead resistors. This type of resistor has had by
far the most use in equipment in which the Radiation Laboratory
has been interested. The resistor element is enclosed in a cylin-

drical case of insulating material. The leads come out at the

centers of the cylinder ends. In this class JAN-R-11 lists seven
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styles of resistors, namely RC-10, RC~20, RC-21, RC-30, RC-31,

RC-40, and RC-41j and also the new RC-42 style described in the

proposed amendment.

2. Uninsulated axial-lead resistors. These resistors are of limited

usefulness and are therefore practically obsolete. They have no

advantages over insulated styles since they are not made any

smaller than insulated resistors of the same wattage rating.

3. Radial-lead resistors. This type has been widely used in the past,

but is decreasing in popularity in favor of the insulated axial-lead

type. The radial-lead resistor consists of a carbon composition

rod with leads attached by winding one around each end of the rod

and bringing** them out at a right angle to the rod and parallel to

each other. They are fastened in place by a process similar to

soldering, and then the whole unit, except the ends of the leads, is

covered with a protective paint. These resistors are essentially

uninsulated. In this class are eight styles of resistors as given in

JAN-R-11.

4. Eadial-lug resistors. This type is represented by one JAN style

(RC-76) and differs from the radial-lead type only in having solder-

ing lugs instead of wire leads. It is seldom used.

Dimensions,—^Figure 2T shows the dimensions of the various standard

styles of resistors. It will be noted that in case of the insulated styles

these dimensions are mostly maximum dimensions, and not dimensions

that have to be met within certain tolerances. The result is that each

style includes resistors of a considerable variety of sizes, ranging from
the allowed maximum to about a fourth of the allowed maximum volume.

In particular, the half-watt size has been so reduced that the most com-
mon size of half-watt resistors is now about by f in., which is even
smaller than the quarter-watt size given in JAN'-R-ll.

The standard lead length for all resistors is 1| in., except for the

smallest uninsulated size RC-15, which has leads 1| in. long. Photo-
graphs of some representative types of insulated resistors are shown in

Figs, 2*3 to 2*5.

Construction .—The construction of uninsulated resistors is compara-
tively simple and is practically the same for all companies. It was
described in an earlier paragraph of this section. The construction of

insulated resistors represents a much more advanced stage of the art, and
the problems involved have been met in different -ways by the various

manufacturers. Two firms, Continental Carbon Company and Ohio

Carbon Company, first make up the resistor units in complete form with

leads attached, insert them in ceramic tubes, and fill up the ends of the

tubes with cement so that the leads project through the cement plugs.



Fk). 2-3.—Typical lialf-watt insulated resistors: (a) yVllon-Bradloy EB; {b) Continental
C-l; (c) Continental C-^a; (cl) Erie 524; (e) IRC BTR; (/) IRC BTS; ({/) IRC BT-h
(h) Ohio P; (^) Speer SI-R (i) Speer SCI-I; (k) Sbaekpole CM-J.

Fio. 2-4.—Typical one-watt insulated resistors: (a) Allen-Bradley GB; (?>) Continental
0-1 ; (c) Eric 518 B ;

(d) Erie 525 ;
(c) I RC BTA; (/) IRC BT-1 ; Qj) Ohio PB

;
(/i) Speer SI-1

;

O Stackpole CM-1.

Typical two-watt insulated resistors: (a) Allen-Bradley HB; (b) OMoPFA:
ic) Erie 526;*(d) IRC BT-2; (e) Spoer 81-2.

Sec. 2-4] C0N8TRUCTI0W OF COMFOJSITION RESIjSTORS
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The leads on the Continental resistors are attached to the carbon resist-

ance element by forming a small flat spiral on the end of the lead wire.

The spiral is cemented to the end of the resistance element with a con-

ducting cement. In the Ohio resistors the ends of the carbon element

are first coated with a conducting layer; then copper caps, which hold the

leads, are forced on. The external appearance of these two makes of

resistors is rather similar. In the Ohio resistors the cement in the ends

is white; in the Continental resistors it is light brown, the same color

as the surface of the ceramic tube itself.

Several manufacturers use thermosetting plastics such as phenol-

formaldehyde (Bakelite) as the insulating shell on their carbon resistors.

This material has proved to be excellent for this application, giving a

high degree of protection against moisture penetration. Allen-Bradley,

Erie, Speer, and Stackpole form the resistance element, encase it in

phenolic plastic, and imbed the leads, all in one molding operation. The

whole resistor becomes one hard solid piece, with no air space between the

resistance element and the shell. If it is broken, the break goes smoothly

through the black center and the brown casing as if it were all one mate-

rial. Allen-Bradley, Erie, and Stackpole swage an enlargement on the

end of the lead wire. This is inserted into the end of the carbon resistance

element, so that after the curing operation the enlarged end of the lead

is contained in the interior of the carbon element and cannot be pulled out

without breaking the resistor apart. Instead of swaging an enlargement

on the end, Speer bends the end back on itself for a short distance and

inserts the doubled end in a similar fashion. If the end of a Speer

resistor is examined, a small copper-colored spot can usually be seen close

to where the lead goes into the resistor. The spot is the end of the

doubled-back lead, and its presence is a good way to identify a Speer

resistor. One class of Erie resistors is made with brass end caps on the

resistance element. This type is molded in Bakelite after the resistance

unit is completed.

The International Resistance Company uses a different type of con-

struction from that of other manufacturers, resulting in what is usually

called a filament-type resistor. The resistance element consists of a

glass tube with carbon composition coated in a thin layer on its outside

surface. Each lead has an enlargement shaped something like the hilt

of a fencing sword formed on it a little way from the inner end. The
leads are pushed into the two ends of the glass tube up. to the hilt, so

that the ends of the two leads almost meet in the center of the tube.

The carbon composition is then coated onto the outside of the tube, the

coating covering the two hilts which come up against the tube ends.

Finally the unit is molded into a piece of phenolic plastic. The con-

struction helps the heat generated in the resistor to be efficiently removed
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by means of the leads, but since the ends of the two leads are fairly close

together these resistors may not stand excessive voltages as well as some of

the others. The high-frequency performance of this type of resistor is

somewhat different from that of the pellet types.

Some of the constructional differences between the various types of

insulated resistors can be seen in Fig. 2-6, which shows cross sections

and unassembled portions of various resistors.

Fig. 2*6.—Internal construction of typical insulated resistors, (a) Allen-Bradley
(longitudinal section); (5) Continental C-1 (longitudinal section); (c) Continental C-1
(inside parts); (d) Erie 51SB (longitudinal section); (c) Erie 526 (longitudinal section); (/)
IRC BT-2 (longitudinal section); (17) IRC BT (interior without carbon coating); {h) Ohio
P (broken open)

; {%) Ohio PB (interior)
; {j) Speer SI-1 (longitudinal section)

;
(/c) Stackpole

CM-1 (longitudinal section).

Body Color .—^According to JAN-R-ll the color of an insulated

composition resistor can be anything but black, with tan preferred.

Uninsulated coaxial-lead resistors are black, the natural color of the

carbon resistance unit. Uninsulated radial-lead resistors can be any of

many colors, depending on the color-coding system used. The tan color

of bakelite-molded insulated resistors is the natural color of the plastic

case. Ceramic-insulated resistors are colored tan artifically. Speer
resistors differ from most insulated types in being dark brown in color.

IRC uses color to distinguish their composition resistors from wire-wound
bakelite-molded resistors. The composition resistors -(BT) are light-tan

in color, and the wire-wound resistors (BW) are dark chocolate brown in

color.

2*6. Ratings: Power Rating .—The power rating of a resistor is the

amount of power it can dissipate for long periods of time without changing
seriously in resistance value. Since most composition resistors contain

organic binder materials that are unstable when very hot, resistor life

depends on temperature of operation. Since temperature of operation

depends on the ambient temperature and on the operating temperature
rise in the resistor itself, a resistor used in a hot chassis or in a hot climate
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must be run at much less than its full rated wattage. Figure 2-7 is a

chart from specification JAN-R-11 with Proposed Amendment 1, showing

the derating curves of composition

resistors. These curves show what
per cent of rated wattage can be

dissipated in a resistor in open air at

any given temperature without

serious decrease of resistor life.

For instance, if it is expected that

the inside of a certain chassis may
sometimes reach a temperature of

70°C, a resistor of characteristic BF
should be derated to 50 per cent of

full power. Thus for an applica-

tion in which the product of cur-

rent and voltage is 1.0 watt, a 2-

watt resistor would be required.

According to JAN-R-11 with Proposed Amendment 1, the method of

finding whether a resistor meets the wattage rating given by its manu-
facturer consists of two tests, approximately as follows:

1. Load-life. A group of similar resistors is used for the test. They
are connected to terminals and kept in an air chamber at 40°C
throughout the test. First the resistance values are measured.

Then the direct voltage that should result in dissipation of the

rated wattage is applied intermittently, hr on and hr off, for

500 hr. Four times (at the end of certain off-periods) the resist-

ance values are again measured. The samples are considered to

have passed this test if none of the resistors show a change in read-

ing at any time of more than 10 per cent of the initial reading, and if

the average maximum change shown by the resistors is not over 6

per cent.

2. High-temperature load-life. The above test is repeated on a fresh

group of resistors at an air temperature of 85°C, with lower voltage

applied, so that the wattage is derated according to the left-hand

derating curve of Fig. 2-7, which is 25 per cent of full wattage at

this temperature. The passing requirements are the same as in

the load-life test.

In the proposed amendment to JAN-E-11 a new characteristic,

was added to the ^^A, B, C, list. A characteristic-G resistor is like a
B resistor except that it can be operated at higher temperatures without

decrease in life. As shown in Fig. 2-7 a G resistor can dissipate full

rated power up to 70*^0, at which temperature the others are down to

0 20 40 60 80 100 120 140

Ambient temperature in degrees

centigrade

Fig. 2-7.—High-temperature power-
derating curves as given in JAN-R-1 1 with
proposed Amendment 1.
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50 per cent of full rating. This type is useful in equipment that operates

in compact hot chassis, especially in the tropics. The tests to see whether
a resistor falls in this category are as follows: Load-life under full load at

70^C and high-temperature load-life at 50 per cent of rated wattage at

100°C. So far as is known, Allen-Bradley is the only manufacturer which
states that its resistors will fall in this category.

Voltage Eating .—The rated continuous working voltage of a resistor of

low or medium resistance is the voltage which makes it dissipate the

rated power. It is determined by the formula

E =

where P is the power rating in watts, after correction for any derating

that may be necessary; R is the resistance value in ohms; E is the maxi-
mum continuous voltage in volts. If sine-wave alternating current is

being applied, E is the rms value.

Fig. 2*8.—Ilatod continuoxis working-voltago limits of various tyi>OfS of resistors.

In resistors of high resistance little power is dissipated, even with high
voltages across the resistor. The upper limit of voltage is set not by
the power rating, but by the voltage gradient and the dielectric strength
of the materials in the resistor. Figure 2-8 shows the maximum con-
tinuous working-voltage ratings of the various types of resistors. The
most important maximum ratings are 360 volts for |-watt resistors and
500 volts for 1- and 2-watt resistors.

When resistors are used under low-duty-cycle pulse conditions, the
maximum permissible operating voltage is limited by breakdown rather
than by heating. In such applications the peak value of the pulse should
not ordinarily exceed 1.4 times the maximum continuous working-voltage
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rating for the type used, e.g., 500 volts for an RC-30. Some mamuf
turers give peak voltage ratings higher than this rule allows, and there
limits as to how far it can be applied. If the pulses are of sufficient dxxTBr-

tion to raise the resistor temperature excessively, for example, the resistor
must be derated even though the interval between pulses may be long
enough to make the average heating small. In general the rule mus'fc

used with caution if it permits the peak power to be more than abont
thirty to forty times the normal power rating.

The insulation of an insulated composition resistor is supposed to l>e

good for twice the maximum continuous working-voltage rating for tliat
type of resistor. A resistor is tested by connecting the leads together^
laying the unit in a metal V-block about -

3^ in. shorter than the resistor
body, and applying alternating voltage of the appropriate rms va.lii©
from the leads to the Y-block. Certain makes of bakelite-molclo?d
resistors, because of thin smears of conducting material on their eiiL<iB,

would sometimes fail in this test if the V-block were longer than
resistor unit. This fact emphasizes the need for the precaution tliat
resistors operating at potentials different from ground should be mounted
so that their bodies do not touch grounded metal parts, even though tine
resistors are called insulated. Sparking around the end of a

resistor may occur at less than 300 volts if it is mounted in contact with
a chassis or bracket.

2-6. Resistance-temperature Characteristics.—The temperature eo-
efficient of resistivity of pure carbon is about —0.04 per cent/°C, and is
fairly constant from room temperature to above 100°C. A few types of
special-purpose resistors are made of nearly pure carbon and behi^v^e
about in this way. Tor general-purpose resistors, however, the w^onclB
“temperature coefficient" have little useful meaning since plots of
resistance against temperature are usually strongly curved. Below room
temperature nearly all resistors rise in resistance as temperature is
decreased, but above room temperature the resistance may chang;c in
either direction, depending on the type and value of the unit. If resi st-
ance is plotted against temperature, the curve usually looks liko
parabola with its vertex down. The minimum may be anywhere above
15°C and may be at such a high temperature that it does not show B.t
all on a plot covering the resistor"s working-temperature range.

The AWS and JAW specifications set limits on the temperatures
characteristics of resistors in this way: 25°C is considered the reference
temperature, and all changes in resistance are computed relative to blics
value at this temperature. A value for the maximum change in resist-
ance at — 55 C is specified, and at intermediate temperatures proportion
changes are permitted. The limit is specified in the direction of increasoci
resistance only, because no ordinary composition resistors decrease by



Sec. 2*6] RESISTANCE-TEMPERATVRB CHARACTERISTICS 47

more than a feAv tenths of a per cent below room temperature. A value

for the maximum change at H-105®C is specified, with the same propor-

tionality provision, but this time it limits both the increase and decrease

of resistance. The limits specified vary with the resistance of the unit,

and these limits are given in Pig. 2*9 for both the E-characteristic which

has wide limits on temperature changes, and the P-characteristic which

permits only half as much change. Figure 2*9 shows the limit lines on

a plot of resistance vs. temperature.

-60 -40 -20 0 20 40 60 80 100 120 -60 -40 -20 0 20 40 60 80 lOO 120

Degrees centigrade Degrees centigrade

(a) Above 10 megohms (6) Below lOOO ohms

Fig-. 2-9.—Maximum resistance change at various temperatures permitted by the standards
for highest and lowest ranges of resistor values.

When the effects of temperature on resistance are measured, serioihs

errors can he introduced by humidity variations. In this connection

attention should be called to paragraph P-3c in the American War
Standard, which says that before this test (and. also several others) are

carried out, resistors should be ‘'conditioned^^ by heating at 50*^0 for

96 hr in a dry oven. Without

this conditioning procedure the

room-temperature resistance value

is so different after the test that

the temperature curves are usually

distorted and unreliable. Figure

2- 10 sho ws what happened in one

>such test on a 51 ,()0()-ohin resistor.

The best conditioning procedure

for most accurate testing varies

with the make of resistor, and the

procedure given in the standard is a compromise.

Figure 2'11, parts <x, 6, c, and shows temperature curves made in

the Radiation Laboratory on resistors of several makes. These curves

are not reliable data by which to judge the relative quality of dilferent

makes of resistors since each curve is based on only five resistors, and it
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was found that differences between individual resistors of the same make
were often as great as those between the different makes. What the

curves do show is that great differences are found between different
values of the same type and between different wattage types of the same
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value. Figure 2*12 shows similar information on more values, based on

manufacturers’ tests for two types of half-watt resistors. This figure

shows that it is extremely unlikely that any single curve can express

even roughly the temperature characteristics of a whole line of resistors

of the same type.

Degrees centigrade Degrees centigrade

ia) Allen-Bradley, EB (6) IRC, BTS

Fig. 2-12.—ReBistance-temperature charactcji-istics (2).

Certain materials have very high thermal coefficients of resistance and

are useful for various special applications. They are briefly discussed in

Sec. 3-12 of the next chapter.

2*7. Noise.—^^Composition resistors generate noise of two types. The
first is the thermal-agitation noise which all resistive impedances generate,

ordinarily called “Johnson noise.” The voltage generated by a resistor

into an open circuit is given by

= 5.50 X A/.

E = rms noise voltage.

T = temperature of resistor in degrees absolute.

R = resistance in ohms.

Af = bandwidth of noise-measuring instrument in cycles per second.

For instance, a 100,0()()-ohm resistor at 25°C, (298°K) generates

2.68 ixr of noise over a bandwidth of 5 kc/sec. This type of noise is of

great interest in connection with radar-receiver design, and is covered in

detail in Vol. 18 of the Radiation Laboratory Series.

The second type of noise is peculiar to composition resistors and

appears when direct current flows through them. The noise voltage is a

result of random changes in J2?-drop caused by random changes in the
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resistance of the unit. The noisiness of a resistor can be expressed in

two ways: rms microvolts per volt across the resistor, and relative

resistance change in rms parts per million. These two expressions mean

the same thing. The noisiness depends, like Johnson noise, on the width

of the frequency band passed by the measuring instrument, but in a

different manner.

is proportional to log —•

h
E = rms noise voltage.

/2 and /i are upper and lower frequency limits of the noise-measuring

instrument.

This is the same as saying that for a constant bandwidth—for example,

1 cps—the square of the noise voltage is inversely proportional to the

frequency. The original workers in this field ^ determined this law to be

true up to 10 kc/sec and work done in the Hadiation Laboratory has

indicated that it is probably still roughly true in the megacycle region.

The noise voltage is nearly, but not exactly, proportional to the direct

voltage across the resistor, and for resistors of the same inherent noisiness

it is independent of the resistance value. The longer a resistor is, the

less noisy it is, if all other factors are equal.

The composition-resistor specifications give as the upper limit of

permissible resistor noisiness 3 \iY per volt for resistors of -I watt or less,

and 1.2 /iv per volt for resistors of more than l-watt rating. The condi-

tions under which the measurement is to be made are described in Ameri-

can War Standard C76. 17-1944 entitled ^‘Method of Noise-Testing Fixed

Composition Resistors.’^ These conditions are summarized as follows:

The direct voltage applied is the rated continuous-working voltage of the

resistor, but never more than 300 volts. The noise-measuring instrument

gives maximum response from 400 to 1000 cps, and is 3 db down at about

70 and 5000 cps. The measurement is made by a substitution procedure,

by seeing how much 1000-cps signal from a standard signal generator is

required to make the noise meter read the same as it did with the resistor

connected. Noise measurements are not required on resistors below

lOOO ohms.

It is of interest to compare the amounts of the two kinds of noise

generated by a resistor under various conditions. Figure 2T3 shows

noise, in rms microvolts per kilocycle per second, as a function of fre-

quency, for two values of resistance, without and with direct voltage

applied. The horizontal lines show that Johnson noise is independent of

frequency. The sloping lines are noise-voltage estimates for resistors

^ C. J. Christensen and G. L. Pearson, “Spontaneous Fluctuations in Carbon

Microphones and Other Granular Resistances,’' Bell Sys. Tech. J., 16, 197, (April

1936).
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that just meet the |-watt specification (3 fxv per volt) when measured

with a noise meter of frequency limits from 70 to 5000 cps. It will be

seen that at 1000 cps the carbon-noise voltage of a lOOjOOO-ohm resistor

with 100 volts across it is about 100 times as great as the Johnson-noise

voltage and completely covers it. At frequencies higher than about 10

Mc/sec, however, the Johnson noise becomes the more important of the

two. The same situation exists in a 1000-ohm resistor with 10 volts

across it. For this and other reasons carbon noise is of little interest in

10 ^ 10 ^ 10 ^ 10^ 10 ^ 10 ®

Frequency, cps

Fig. 2*13.—Resistor noise.

radar equipment where high-gain amplifiers generally work well above
10 Mc/sec.

2-8. High-frequency Properties. Theory .—In order to use composi-

tion resistors properly at high frequencies it is necessary to know how
their properties differ in this region from their direct-current properties.

The frequency range of chief interest here is from 1 to approximately 100

Mc/sec, where radar intermediate-frequency amplifiers operate. The
characteristics which must be considered are:

1. Direct end-to-end capacitance.

2. Total capacitance.

3. Change in resistance with frequency.

4. Inductance.

Direct end-to-end capacitance is of interest where a high-frequency

signal is being fed through a resistor to a point not grounded for signal

frequency, as in an attenuator or a feedback amplifier. Total capacitance

is of interest where one end is grounded for signal frequency, and current

through the resistor causes a signal voltage to appear at the other end,

as in the plate-load resistor of an amplifier. Change of resistance with

frequency is of interest in some amplifiers and in certain measuring
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methods. The inductance of composition resistors does not often cause

trouble below 100 Mc/sec except where very low values of resistance are

used, as in the shunt resistors of attenuators.

There is no simple equivalent circuit with constant lumped param-

eters that will duplicate the changes of impedance with frequency of a

composition resistor. For many purposes the circuit of Fig. 2T4 is

suficient, where Rp (the ^‘parallel resistance”) is the reciprocal of the

conductance, and Ct is the total capacitance. In radar-receiver design

work this circuit is generally used and it is assumed that Rp is equal to

the d-c resistance. At higher resistances and higher frequencies the

values of Rp and Ct both decrease markedly as compared with their low-

frequency values. It has been thought that this effect' is caused by the

granularity of the material used in the carbon-pellet-type resistors—that

the individual conducting grains have capacitance to each other which at

high frequencies shunts out some of the resistance, as shown in Fig. 2T5.

Rp

<^t

Fig, 2‘14.—Simple equivalent circuit

of a resistor.

—vw—

<

—1(—

-Hf-
—VW—

4

—If— 4VW—

'

Fig. 2*15.—Equivalent circuit of a granular
resistor.

G. W, 0. Howe’- has shown, however, that it is unnecessary to assume

granularity to account for this effect; that because of its distributed

capacitance, even a completely homogeneous resistor should decrease in

parallel resistance and in capacitance as the frequency increases. He
defines distributed capacitance as the effective capacitance (that is, the

charge divided by the potential difference) of a given small part of the

length of a resistor to the corresponding part in the other half of the resis-

tor. He then shows that without serious error the distributed capac-

itance can be assumed equal along the length of the resistor, and

calculates its value per centimeter for several ratios of length to diameter

of a simple unenclosed resistance pellet. This can be considered to be a

short-circuited transmission line half as long as the resistor, (see Fig.

2- 166) and its sending-end impedance may be calculated as a function of

its length, I (cm)
;
its distributed capacitance, C (ju/xf per cm)

;
the total

d-c resistance R of the resistor; and the frequency / (cps). The result is

a pair of curves (Fig. 2T7) showing how the resistance and capacitance

decrease as the product flCR increases. The fact that the d-c resistance

and the frequency appear in the horizontal coordinate of this curve

suggests that the product of these two quantities may be a good horizontal

^ G. W. 0. Howe, Wireless Engineer, 12, 291 (1935); 12, 413 (1935); 17, 471 (1940).
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scale to use when plotting measured values of high-frequency resistance

or capacitance of a resistor. It has been found that with carbon-pellet

resistors this works so well that a single curve shows the ratio of r-f to d-c

resistance for most values of resistance and frequency being considered,

0.01 0.02 0.5 0.1 0.2 0.5 1.0 2 5 10 20 50 100

flCR

Pig. 2-17.—G. W. 0. Howe's theoretical resistance and capacitance curve.

and this curve looks a good deal like Howe^s curve. For compactness
we shall call this condition the resistance-frequency product'^ law.

For filament-type resistors such as the IRC BT styles, this theory

does not tell the whole story. In these resistors the leads project inside

the tube on which the composition is coated, and their ends are fairly

close together. This has two effects: it increases somewhat the capac-
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itance between the leads, and it gives considerable capacitance between

a lead and the portion of the resistor which is separated from it by only a

thin layer of glass. This has the effect that at low frequencies the total

capacitance of the unit is increased, and at high frequencies all except

the central part of the resistor is partly short-circuited by its capacitance

to the leads. The ratio of length to diameter of these resistors is greater

than that of the carbon-pellet types, a property which, according to

Howe^s theory, is supposed to move the relative-resistance curve to

higher frequency values. In these resistors, therefore, most of the resist-

ance change with frequency is caused by the lead arrangement. This

is confirmed by the fact that IRC Type-F and Type-MPM resistors

(which are much like the BT styles in construction of the resistance unit

but which do not have leads projecting into their interior) show much
smaller resistance changes at high frequencies than the BT styles. In

these types, in fact, there is evidence to indicate that as frequency

increases, resistance increases a few per cent above the d-c value at first,

then falls below the d-c value, and finally rises above it once more.

Methods of Measurement ,—Four general types of methods have been

used for measuring high-frequency properties of resistors. In the low-

resistance ranges, below 1000 ohms, methods that give the resistance and

reactance in terms of an equivalent series circuit are generally used.

Above 1000 ohms or so, parallel methods are more satisfactory. In any

case, it is usual to express the impedance in parallel-circuit form except

for resistors below about 50 ohms, where inductance begins to become
appreciable.

The first method is the use of a radio-frequency bridge. The General

Radio 821-A Twin-T Impedance-measuring Circuit is suitable in the fre-

quency range from 1 to 30 Mc/sec for resistors over 1000 ohms. It reads

directly in conductance and parallel capacitance. The second method is

the use of a Q-meter or similar circuit, with either a series connection for

low resistances or a parallel connection for high resistances. In the par-

allel connection, the capacitance can be read directly and the resistance

is calculated by a formula given in the meter instruction book. Resist-

ance readings are not precise because small differences between large

meter readings are often involved, but capacitance readings are satis-

factory. The third method is the use of a voltage-divider circuit similar

to that of Fig. 2T8. In this nciethod the resonant circuit is tuned so

that output is minimum, the unknown resistor is attached, the resonant

circuit is retuned, and the output is read again. Direct end-to-end

capacitance is given by the change in the condenser setting. Resistance

is calculated from the measured input and output voltages with and
without the resistor, and the known resistance in the lower half of the

divider. This resistor is chosen low enough to permit the assumption
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that its r-f resistance is equal to its d-c value, TMs method has been
successfully used at 60 Mc/sec,

The fourth method uses what might be called a ^'multiplied-sub-

stitution’^ principle. A circuit is

set up containing a meter, and
having at least two places where

resistors can be inserted, such

that a known low resistor in one

position loads the circuit and

decreases the meter reading just

as much as a resistor that is

higher by a known factor in the other position. One such circuit is

that of Boellad shown in Fig. 2-19.

In the circuit of Fig. 2T9 if

then

R, ^Ri(i+

The variable capacitor is tuned for a maximum reading for each adjust-

ment of the switches. Another such arrangement, used by Miller and

Vacuum-

Fig. 2-18.—Voltage-divider circuit.

Fig. 2- 19.—Boolla’s capacitance-divider circuit.

Sakberg, uses a transmission line that is much shorter than a quarter

wavelength, short-circuited at one end and tuned with a variable capaci-

tor at the other end.*'^ The method makes use of the fact that the voltage

varies nearly linearly along the line so that a low resistor across the line

near the short-circuited end will load the line as much as a higher resistor

farther from the short-circuited end. This method was used up to

250 Mo/sec.

When capacitance measurements are made, the method of mounting
the resistor on the measuring instrument has such a great effect on the

result that reported values of capacitance are almost meaningless unless

the method of mounting is described. A resistor under test can be con-

^M. Boella, Alta Frequema, Z, No. 2 (April 1934).

O. S. Puclde, WE, 12, 303 (1935).

^ J. II. Miller and B. Salzberg, ECA Review, 3
, 486 (Ticissiied as RCA Pvhlieation

st-ns).
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sidered a network of capacitances, where Cd is the direct end-to-end

capacitance and C® and Ch are the capacitances to ground of the two leads.

The total capacitance is Ca + Ca, for when this value is measured one end

is grounded. The value of is

affected mainly by the nearness of the

resistor to the chassis since grounded

conductors near the side of the resistor

will distort its field. The distance

from resistor to chassis should be at

least as great as the minimum dis-

tance between the leads or end caps

of the resistor unit. Total capaci-

tance is greatly affected by lead length

on the ungrounded side of the resis-

tor. Whenever total capacitance is

being measured for a given circuit

application, the resistor must be mounted as nearly as possible as it is to

be mounted in use. If total capacitance is being measured for research

or comparison, the leads should preferably be straight and the exposed

lead lengths should be stated. It is possible to mount some resistors

in such a way that Ca practically disappears and the total capacitance

becomes about the same as the end-to-end capacitance Cd-

High-frequency Properties of Certain Resistors.—The results of some
measurements of the high-frequency properties of resistors are given here

in tables and curves. This information is incomplete since much of the

original work was done before some of the present types of resistors

appeared on the market, and often measurements were made only on

types that happened to he easy to obtain. For uniformity the results

are given as the ratio of r-f parallel resistance to d-c resistance plotted

against the resistance-frequency product, even though the product law is

not followed in all cases.

Figure 2*21 shows some curves received from a source outside the

Radiation Laboratory. Measurements were made mainly by the bridge

method below 30 Mc/sec. The number of samples tested and the scatter

of the measured points are not known. Figure 2*22 from data by Drake^
shows the resistance-frequency characteristics of two 1-watt resistor

types. Each curve is based on 14 samples, three to five twin-T bridge

measurements being made on each, in the range from 1 to 30 Mc/sec.
The resistance values are from 4000 ohms to 5 megohms. The rms
deviations of the points from the curves are 3.5 per cent of the d-c

resistance for the International Eesistance Company curve, and 2.5 per

^ D. T. Drake, ^^High-frequency Characteristics of Resistors,” RL Report No.
520, March 1944.

k AAA. ,

’ V V V k

Fig. 2-20.—Eqxiivalent circuit including
ground capacitances.
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cent for the Allen-Bradley curve. The original data showed the curves

of the individual resistors following closely the form of the average curve,

indicating that the product law was valid for these resistors and fre-

quencies. Figure 2*23 shows curves of 50,0()0-ohm resistors of several

types and wattages, based on bridge measurements made in the Radiation
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Laboratory at 3, 10, and 30 Mc/sec.

Fig. 2-23.—Resistaace-frequency cliaracteris-

istics (3).

used for each resistance value. The
^ J. H. Miller and B. Sahberg, ibid.

Three samples were measured to

obtain each point.

Table 2-3, from measurements
by H. Beveridge at the Naval Re-

search Laboratory, shows the di-

rect end-to-end capacitance, the

total capacitance, and the decrease

in resistance from d-c to r-f for

18 composition-resistor types.
All measurements were made at

60 Mc/sec on resistors of 2000-

ohm and 10,00Q-ohm resistance.

Each figure given is based on three

samples. Measurements of end-

to-end capacitance and of parallel

resistance were made by the volt-

age-divider method. The instru-

ments were calibrated by assum-
ing that the IRC Type-MPM
resistors had the same resistance

at 60 Mc/sec as at d-c. There
is some evidence that the 10,000-

ohm MPM units may be a few per

cent higher at this frequency than
at d-c. This would affect the

resistance-decrease figures given

for the other resistors of this value.

During the total-capacitance

measurements the units were
parallel to ground and \ in. to |
in. above it, depending on size.

The exposed lead length, on the

ungrounded end, was in each case

about half the length of the resis-

tor body.

Figure 2-24 shows some results

of measurements by Miller and
Salzberg on IRC Type-F 1-watt

resistors.^ As the figure shows,

these units do not follow the pro-

duct law, so a separate curve is

measurements were made at fre-
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0.1 0.2 0.5 1 2 5 10 20 50 100

IVIc/sec X d-c megohms

Fig. 2-24.—Resistance-frequency characteristics (4).

Ta-ble 2*3.—Resistor Characteristics at 60 Me /sec

Maker Type Watts

2000 ohms 10,000 ohms

Bt C% A* Bt Ct

IRC MPM i
d 0.01 0.25 0.02 0.25

Glohnr 997-A i 5.3 0.25 0.37 27.0 0.27 0.38

IRC BTR § 3.1 0.28 0.42 18.8 0.20 0.40

IRC BTS 2.5 0.24 0.40 18.5 0.20 0.35

Erie 524 h 0.33 0.11 0.35 12.4 0.14 0.30

Alleii-Bradley EB \ • 4.7 0.30 0.50 27.0 0.26 0.45

Stackpole CM-i i 0.30 0.16 0.35 9.6 0.14 0.30

Speer SI-1 1 4.8 0.25 0.45 29.3 0.29 0.45

Stackpole GM-I J 0.85 0.12 0.45 9.3 0.09 0.30
Erie . . 504B i 6.2 0.40 0.75 25.2 0.23 0.60
jijrie 525 1 22.4 0.33 0.65

Alleii-Bradley GB 1 8.1 0.38 0.75 33.4 0.34 0.73
rT^.n BT-i 1 3.5 0.23 0 . 55 17.3 0.19 0.50

Speer SCI-i

*1

X
a 2.7 0.21 0.58 10.8 0.10 0.50

Stackpole CM-1 1 0.90 0.10 0.55 8.8 0.08 0.52

IRC BTA 1 7.4 0.42 0.85 27.0 0.26 0.68

Erie 518B 1 4.2 0.34 0.90 16.4 0.21 0.90

IRC BT-1 1 19.8 0.7+ 1.40 58.3 0.46 1.10

* A Porcentago decreaHO in resistance at 60 Me/sec.

t B End-to-end capacitance in inicroniicrofarads.

t 0 Total oapacitaiico in. microinicrofarads.
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quencies from 30 to 260 Mc/sec by the transmission4iae method pre-

viously mentioned. Some Q-meter measurements, done mostly at IRC,

and a few at Radiation Laboratory, indicate that IRC Types-F and

-MPM resistors apparently have higher resistance in the neighborhood

of 10 Mc/sec than at d~c.^ The increase found was about 5 to 10 per

cent. The lower resistance values measured (around 10,000 ohms) stayed

above their d«c resistance up to 30 Mc/sec or higher, depending on watt-

age and type.

Figure 2‘24 also shows the results of measurements made with a high-

frequency Q-meter on resistors of 100,000 to 300,000 ohms at frequencies

from 30 to 120 Mc/sec. In this frequency range the resistance-frequency

product law begins to fail, and the failure is relatively worse for resistors

whose values are fairly close to their d-c values (i.e., those with curves in

the upper part of the figure). The curves of this figure should therefore

be considered as very rough, and the information should not be used at

other frequencies.

Figure 2*25 shows Drake’s total-capacitance measurements for the

resistors of Fig. 2*22. Points are given instead of smoothed curves in

order to -show the great variability of capacitance between resistors. The
decrease in capacitance with increasing frequency can be accounted for by
Howe’s theory.

In certain high-frequency circuits the use of coils wound on resistors

and connected across them is common practice. If such a coil must
have a uniform or high inductance value or a high Q, a resistor with metal

end caps should not be used. Since large currents are induced in the

end caps, they decrease the inductance of the coil and increase its losses.

2*9. Stability.—In some measuring applications where great accuracy

is not needed, composition resistors are used as parts of high-resistance

voltage dividers, etc. For such applications it is of interest to know
what changes in value may take place in a resistor that is kept indoors

and used only occasionally, and then at only a small fraction of its rated

wattage in a cool instrument.

Little investigation has been carried out on this subject. Available

data indicate that what changes take place are mainly caused by humidity
variations. Moisture can diffuse in and out of even the most completely

protected general-purpose resistors, but it may take weeks for it to do so.

In general, a resistor in equilibrium with a moderately humid atmosphere
is likely to have a higher resistance value than the same unit in equi-

librium with a dry atmosphere. The amount of change varies with the

make and value of the unit, hut its maximum change for the makes on
which information is available is in the neighborhood of 3 per cent for

conditions ordinarily found in laboratories in the northern United States.

^ E. E. Johnson, “F-Type Resistors/’ IRC Report 237, July 1945.
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Fig. 2-26.—Total capacitance-frequency characteristics.
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A resistor that is used under load or in a hot chassis generally dries

out fairly soon, and if it is used very often stays fairly dry. In such

cases changes in resistance are caused by high temperature rather than

by humidity.

The humidity test given in the AWS and JAN specifications is 260 hr

at 95 per cent relative humidity at a temperature of 40°C. Before this

test is run, resistors should have been conditioned as for a temperature

test. The permissible resistance change is 10 per cent. The change that

takes place in this test is generally an increase in resistance. As was
mentioned before, resistors in molded-bakelite cases ordinarily endure

humidity tests better than those with ceramic cases.

The changes that take place when a resistor is operated for a long time

at or near rated load can often be attributed to the decomposition, under

the influence of high temperatures, of the organic binder mixed with th6

carbon. Since this results in the formation of carbon, a decrease in

resistance would be expected. In the carbon-pellet resistor types

decreases in resistance value are usually found, but in the filament types

the change is more likely to be an increase.

The standard load-life tests have already been described in Sec. 2*6.

The fact that these tests cover a fairly short time, (three weeks according

to JAN-R-11 with proposed amendment 1, and six weeks according to

AVS C75.7-1943) and the fact that the permissible changes are fairly

large show that this test is not particularly severe. The wattage ratings

determined by these tests are not conservative and consequently tempera-

ture deratings should be carefully observed wherever long-period reli-

ability is important.

The standard overload test is the application of 2-| times the rated

continuous-working voltage for a period of 5 sec up to certain limits. To
pass this test, resistors must remain within 5 per cent of their orginal

values.

Most composition resistors change somewhat in value when they are

soldered to connecting terminals. Joint Army-Navy Specification R-11
specifies that this change must be less than 3 per cent under a certain

soldering test.

The mechanical strength of a composition resistor is adequate for

nearly all applications. A 5-hr vibration test is specified, which resistors

must withstand without showing mechanical damage or changing in

value more than 1 per cent. For all types except the small uninsulated

RC~15 the leads must be able to withstand a pull of 5 lb and a twisting

test.

Two types of cyclic temperature tests are specified. The first involves

five cycles in air, starting at room temperature and alternating between
— 55° and +-85°C. This cyclic treatment shall not cause a resistance
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change of more than 5 per cent for any one resistor, and 90 per cent of a

sample group shall have changed less than 2 per cent.

The second cyclic test is the salt-water immersion test, which deter-

mines the first of the two characteristic^^ letters in a resistor^s code

designation. Each cycle lasts 3 hr: 1 hr in saturated salt water at 100°C,

1 hr in salt water at O^C, and 1 hr of operation at maximum rated voltage

in air at 40°C. After nine such cycles, a resistor must have changed not

more than 10 per cent to qualify for Characteristic B or D, This is a

very severe test, and for most purposes resistors that will not pass it

(Characteristics A or C) are perfectly satisfactory. Most bakelite-

insulated resistors will pass the test; most ceramic-cased resistors will not

pass; and very few uninsulated resistors of any type will pass.
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CHAPTER 3

FIXED WIRE-WOUND AND MISCELLANEOUS RESISTORS

By M. D. Fagen and G. Ehrenfried

This chapter consists of three main divisions, the first being devoted
to standard wire-wound resistors capable of dissipating appreciable
amounts of power, the second to low-power wire-wound resistors of
relatively high accuracy and stability, and the third to a number of
miscellaneous types of resistors that are of interest for various special
applications.

POWER-TYPE WIRE-WOUND RESISTORS

34. Standard Types.—The units to be discussed in Secs. 3-1 through
3-5 are those covered by the joint Army-Navy specifications JAN-R-26,
“Resistors, Fixed Wire-wound, Power Type” and JAN-R-184, “Resis-
tors, Fixed, Wire-wound (Low Power).” The latter are similar to the
molded axial-lead insulated composition resistors previously discussed.
They are made in I-, 1-, and 2-watt ratings, in both 5 and 10 per cent
tolerances. Their dimensions and resistance ranges are given in Table
3-1 and Fig. 3-1.

Fig. 3*1.—^Low-i)owor wire-wound resistor dimensions.

Table 3*1. ^TjOw-powee Fixed Wire-wound Resistors*

Type Watts

Dimensions Resistance, ohms

Aj max.,

in.

B, max.,

in.

1

C, mill., in. min. max.

RU-3 1 u 0.032 (No. 20 A.W.G.) 0.24 470
RU-4 1 h\ 3% 0.036 (No. 19 A.W.G.) 0.51 2200
RU-6 2 ifi n 0.036 (No. 19 A.W.G.) 1.0 3300

* These resistors arc apcciaod by JAN-R-184. They are identical in appearance with insulated
composition resistors except that the first band of the color code is twice normal width to identify the
units as wire-wound.

65
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The JAN-standard power-type resistors are made in 35 styles, and

may be classified into six groups: ferrule-, stack-mounting-, tab-, screw-,

axial-tab", and axial-wire-lead-terminal resistors. Their dimensions and

resistance ranges are given in Table 3-2 and Fig. 3*2, Figure 3-3 shows

a group of typical power-type resistors.

The type designations used for power-type resistors are similar to

those for composition resistors, consisting of three letters and five num-
bers as follows:

RW 10 F 100

Component Style Characteristic Resistance

Component: RW identifies the unit as a power-type wire-wound
resistor.

Style : The first two figures identify the size and shape of the unit as

explained in Table 3*2.

Characteristic : The third letter identifies the class and grade of the

unit according to Table 3*3.

Resistance: The next two numbers give the first two significant

figures, and the last number gives the number of zero following these

figures, the combination expressing the resistance in ohms. For



Sec. 3-1] STANDARD TYPES 67

JAN

Dissipation rating,

watts

type
Class

I

Class

III

Class

II

Ferrule ter- EW-IO 140 80 40
m i n a 1 s EW-11 120 67 37
Fig. Z'2a IiW-12 90 50 25

RW-13 50 27 15
EW-14 40 22 12
RW-15 20 11 6
IlW-16 15 8 4

Stack- IlW-20 22 13 6
mounting liW-21 31 17 8
terminals RW-22 48 29 14
Fig. 3-26 RW-23 60 34 17

RW-24 70 35 19

Tab termi- RW-30 7 3 2
nals Fig. RW-31 8 4 3
3-2c RW-32 16 8 5

RW-33 24 12 8
RW-34 30 15 9
RW-35 38 20 12
RW-36 60 33 18
RW-37 78 45 22
RW-38 100 57 30
RW-39 155 86 43

Screw termi- RW-40 30 15 9
nals Fig. RW-41 38 20 12
3-2rf RW-42 60 33 18

RW-43 78 45 22
RW-44 100 57 30
RW-45 155 86 43

Axial -tab RW-50 5 5 2
terminals RW-51 10 9 4
Fig. 3-26' RW-52 25 19 9

RW-53 50 25 18

RW-54 120 60 42

Axial wire RW-55 5 5 2
leads Fig.

3*2/

RW-56 10 9 4

mum ^
Dimensions, in.

ance

kilohmg B C D

63 Itol^^ n lA
63 8| 1 to n lA
50 Sfe 1 to 1,5- H 1

A

25 i¥ to 1 U 1

16 to 1

A

kT 1

6.3 ifi iVto f
0
rff

1
4

4 If A~ to 1 A i

2 2 2| li
5 2i 3i 2

10 4i 45 34
16 54 6 4|
20 65 n 6

1 1
I- 0.140 max.

2 H 1 0.140 il max.
4 2 y.

8 0.140 ii max.
16 3 X

8 0.140 ii max.
16 3 ;t!5.

JO 0.470 II max.
20 4 15

.16 0.470 If max.
40 4 lA- 0.090 1 A max.
50 6

1

A

0.690 1 A max.
80 8 1* 0.690 1 A max.
100 12 1A 0.690 1 A max.

16 3 .31
32 0.470 II max.

16 4 .31
3 2' 0.470 II max.

25 4 lA 0.690 lA max.
50 6 lA 0.690 1 A max.
80 8 lA 0.690 1 A niax.
100 12 l-A '0.690 lA niax.

4 * 1| A Ato f
6.3 A 2 A A to f

10 '« 2J A 3 2 I'O
a

2'

25
H 4 ,3

16
1 :t, 4 , 1 5,
1 6 to

X 6

50 5
H' 8if .3

16" 1 6 wO 1
"J (i*

4 l|

6.3 2

With 2. 5- mil wire.
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low resistances the letter R may be used for the decimal point;

thus 2R5 would mean 2.5 ohms, and R25 would mean 0.25 ohms.

The useful life of wire-wound resistors depends upon the maximum
short-time and the average continuous operating temperatures, the pres-

ence of moisture or other agents that promote corrosion, and mechanical

conditions such as shock and vibration. It is evident from the table

above that the Grade 1, Class I resistor, Characteristic F, will withstand

Pig. 3*3.—Typical power-type resistors, (a) IlW-39; (6) ItW-37; (c) RW-35; (d)

RW-33; (e) EW- 32; (/) EW-31; (g) EW-53; (h) EW-51; (i) RW-16; U) RW-15; (k)

RW-14; (1) RW-13; (m) RW-12; (n) RW-56; (o) RW-55.

the most severe service usage without sacrificing wattage rating for a

given physical size. A resistor of this type can be made, at present,

only by hermetically sealing the resistor element into a rugged Pyrex tube.

Such a unit will withstand nine salt-water immersion cycles. Certain

organic coatings applied to conventional open-type resistors will also meet
the Grade 1 test but these invariably require derating to limit the

maximum temperature to about 150°C, thus fitting them into Class III.

Further information on derating factors is given in Sec. 3-4. Resistors

of characteristics E, F, and H will withstand at least nine salt-water

immersion cycles, at the end of which they are not expected to have



Sec. 3-1] STANDARD TYPES 69

changed by more than 10 per cent from their initial value. Character-

istic D resistors are expected to withstand two test cycles. The grade 3

resistors, Characteristics C, G, and J, are required to withstand a 500-hr

cyclic temperature test at high humidity. At the end of the tests the

resistance is not to have changed by more than 5 per cent. Resistors of

all classes and grades are expected to withstand continuous vibration for

a period of 5 hr, cycling through a frequency range of 10 to 55 cps with a

half-amplitude of 0.03 in. A mechanical-strength test is specified calling

for a transverse load of 50 lb (25 lb for stack-mounting) applied at the

Table 3-3.—Power-type Wire-wound Resistor Characteristics

Letter Class Grade

C II 3

D I 2

E II 1

F I 1

G I 3

H III 1

J III 3

Table 3-3a

Maximum continuous

Class operating temperature, ®C
I 275

11 125

III 200

Table 3*36

Grade Resistance following thermal shock

1 Most resistant to salt-water immersion

2 Less resistant to salt-water immersion

3 Resistant to humidity exposure

center of the resistor through a fulcrum having a radius of 0.25 in. or less.

For this test the resistor is supported 0.125 in. from either end. A
thermal shock test is required as a check on the coating material and on
the quality of the joint between the end of the resistance wire and the

terminal. This shock test consists of applying rated power to the resistor

for a time long enough to allow it to reach thermal stability, then plunging

it into water at 0°C (for Characteristic D, E, F, and H resistors) or

immediately subjecting it to an air temperature of — 55°C (for Character-

istic C, G, and J resistors). After the thermal shock test, the resistor is

not to have changed by more than 2 per cent, and the coating and
terminals should show no observable mechanical damage. In the actual
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testing procedure the thermal shock test precedes the salt-water-immer-

sion or the moisture-resistance test, whichever applies.

3*2. Construction.—Standard power-type wire-wound resistors are

wound of alloy resistance wire on ceramic forms, usually porcelain’ tubes,

and the wound units are coated with a vitreous enamel or an organic

cement. The resistance materials used are almost always either nickel-

chromium or copper-nickel alloys. Some of the characteristics of the

most-used alloys are given in Table 3-4. A collection of data on resist-

ance wires will be found in Table 8T of Chapter 8.

The alloys used for wire-wound resistors may be divided into two

groups: the nickel-chromium alloys, of which the Nichromes are typical,

and the copper-nickel alloys of the Advance type. There are other

resistance alloys that do not belong to either of these groups, but they

are not commonly used for fixed resistors of the types under discussion.

In general the nickel-chromium alloys have a high resistivity (about 600

ohms per circular mil ft) and a high temperature coefficient (about

150 X 10~V°C) which is substantially constant up to about 400°C. The

copper-nickel alloys, particularly those with nickel contents of 40 per

cent or more, have lower resistivities (300 ohms per circular mil foot or

less) and much lower temperature coefficients which may be either

positive or negative and which vary considerably over the temperature

range 0° to 400°C.

The resistivities and especially the temperature coefficients of resis-

tivity of all types of resistance alloy are greatly affected by slight

variations in alloy composition and by variations in the metallurgical

treatment following the last annealing operation. Wire that is cooled

slowly has a higher resistivity and a lower temperature coefficient than

the same wire that is quenched from the last anneal. The problem of

metallurgical stabilization is important if the temperature coefficient of

resistivity is to be held within close limits. For example, special process-

ing is necessary to hold Nichrome V wire to a maximum of 100 X
and a minimum of 65 X c>ver the range 20° to 100°C. Uniform

resistors can be made only if the wire is uniform_as to metallurgical

treatment, cross-sectional area, and circularity, and is free from scales,

pits, slivers, seams, die marks, and corrosion.

Figure 3-4 shows the variation of resistance with temperature for

five of the more common resistance alloys. In Fig. 3 -da the ‘‘ mini-

mum curve is for wire that has been slowly cooled from 1()()0°C; the

‘^maximum^^ curve is for wire that has been quenched; and the aver-

age is for the bright-annealed wire that* is usually used for resistors.

The most widely used alloys for power-type resistors are those of the

Nichrome V group. In order to obtain the highest possible degree of

long-time resistance stability and uniformity of temperature coefficient
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the wire must conform to a rigid set of specifications, such as the Bell Tele-

phone Laboratories Specification KS-9140. This specification requires

Temperature in degrees C Temperature in degrees C

Fig. 3-4.—Variations of resistance with temperature.

the following electrical and mechanical characteristics:

1. The temperature coefficient of resistivity between 20® and 100®

C

is to be between 100 X 10~® maximum and 65 X lO"”*^ minimum
per degree centigrade.

2. The resistance tolerance is to be ±6 per cent for wire sizes AWG
30 to 36, ± 8 per cent for sizes 37 to 44, and + 10 per cent for

size 45. (See Table 8T, Chap. 8 for nominal values.)

3. The minimum tensile strength is to be 100,000 Ib/in.^

4. The elongation in an 8-in. test piece is to be 20 per cent, minimum,
for wire 0.010- to 0.040-in. diameter; 10 per cent for wire 0.0035-

to 0.00175-in. diameter.

Windings .—Most power-type resistors are wound with bare wire on
cylindrical porcelain forms with the turns widely spaced to reduce the

probability of short circuits. JAN-E,-26 specifies a maximum pitch of
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not over 2.25 tiiBes the wire diameter for wires up to 10-mil (0.0100 in.)

diameter and not over 2.75 times the diameter for larger wires. The
minimum wire diameter according to the same specification is 2.5 mil

nominal (2.4 mil absolute minimum), but commercial resistors are wound
of wire down to 1.5 mil and are satisfactory for most purposes. The
use of ceramic insulation on the wire permits several other types of

winding. One is analogous to the coiled coir^ used in incandescent

lamp filaments; the insulated wire is formed into a close-wound helix of

a diameter of several times that of the wire, and this helix is then close-

wound on the resistor form. Another type is the progressive universal

winding, which is also used on some low-frequency r-f coils and is there

called '^bank winding.’^ In this winding the wire is fed through a guide

that oscillates parallel to the axis of the resistor form with an amplitude

of perhaps xV ’the form rotates and with a period of somewhat more

or less than the rotational period of the form. The guide advances

along the form a fraction of a wire diameter per turn. The result of

this rather complicated motion is that the wire builds up to a thickness

of perhaps 12 layers, the turns crossing and recrossing each other as in

a regular universal winding. The winding is somewhat open and has

a low distributed capacitance and a fairly low voltage between adjacent

turns. It permits resistances of up to 2^ times the maximum obtain-

able with a single-layer winding of the same wire on the same form, with

only a negligible increase in over-all diameter.

All these windings possess residual inductance and capacitance which

seriously affect their alternating-current properties at high frequencies

(as will be discussed in Sec. 3-5), and many constructions have been

devised to reduce these quantities. By using a winding in which the

adjacent turns carry cuiTent in opposite directions, the inductance is

minimized; by spacing the turns as far apart as possible and keeping

the potential difference between turns to the lowest possible value, the

capacitive effects are reduced. Resistors made with such special patterns

are termed ^^noninductive,^' but this term is only relative since the time

constant at 10 Mc/sec for a high-grade 1000-ohm resistor will be about

0.1 Aisec.

The type of noninductive winding most commonly used is the Ayrton-

Perry, which is made by winding a spaced helix between the terminals,

after which a second helix is wound in the opposite direction between the

turns of the first. The two windings are connected in parallel so that

the resultant magnetic field is small and the capacitive effects are at a

minimum because of the low voltage between adjacent turns. Such a

construction, because of the parallel connection, reduces the resistance

that can be obtained in any given physical size by a factor of at least 2

for single-layer windings and by a much larger factor for multilayer pro-
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gressive windings. Some comparative figures for the maximum resist-

ance values obtainable with standard and Ayrton-Perry windings are

given in Table 3*5. The type of resistor to which the table refers is an

Table 3-5.

—

Maximum; Resistance of Ferrule-terminal Resistors

Resistor

style

Rating

at 20°C, w Type of winding

Maximum resistance, ohms

1.5-mil wire 2.5-mil wire

RW-16 15 Standard Single-layer 12,700 3150
Progressive 30,000
Ayrton-Perry 6000 1500

RW-15 20 Standard 17,500 4000
Progressive 50,000
Ayrton-Perry 8000 2000

RW-14 40 Standard 53,000 12,500
Progressive 75,000
Ayrton-Perry 25,000 6000

RW-13 50 Standard 63,000 16,000
Progressive 100,000
Ayrton-Perry 30,000 8000

RW-12 90 Standard 140,000 31,500
Progressive 200,000
Ayrton-Perry 70,000 15,000

insulated-wire glass-enclosed ferrule-terminal sealed unit used widely
where severe humidity and atmospheric conditions are to be met. The
90-, 40-, and 15-watt resistors are shown in Fig. 3*5.

Coatings.—Power-type wire-wound resistors must be protected after
winding either by insertion in a glass or porcelain outer shell or by a
suitable ceramic or organic-cement coating. The glass-shell construc-
tion is exemplified by the JAN styles RW-10 through IlW-16; these
units employ the solder-seal technique to attach the ferrule terminals
to the shell and to obtain complete hermetic sealing of the winding
against the entry of moisture or other corrosive agents. Most Sprague
^'Koolohm^^ resistors employ a somewhat simpler construction in which
the ceramic-insulated wire resistor with terminals attached is slipped
into a porcelain shell and sealed in place with a ceramic cement. The
great majority of power resistors, however, are wound with bare wire
and therefore demand some sort of coating or impregnation, both for
protection of the wire against moisture and for holding the turns in
place on the winding form.

These 'Coatings may be either inorganic or organic. 'The inorganic
coatings are vitreous or semivitreous enamels similar to those used on
enameled kitchenware and bathroom fixtures, but with special character-
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istics required by the resistors. A good resistor coating should have

approximately the same coefficient of thermal expansion as the resistance

alloy (this also applies to the porcelain winding form)
;
it should be reason-

ably resistant to mechanical abuse; it should withstand severe thermal

shocks without chipping or crazing; it should be impervious to moisture;

and it should be easily applied and cured at a temperature low enough to

prevent damage to the resistor. No coating has been developed that is

Fig. 3*5.—Ferrule-terminal resistors, l^rom top down, respective! HW-12; RW-M;
RW-16.

completely satisfactory in all these respects and is at the same time able

to withstand continuous operation at high temperatures. Glassy

inorganic enamels are satisfactory in many respects but are somewhat
pervious to moisture and are often subject to damage by thermal shock.

Other inorganic enamels have been developed which are highly resistant

to thermal shock but which are somewhat porous (and offer insufficient

moisture protection to fine-wire windings used in coiTOsive environments.

Inorganic enamels, however, permit continuous operation at hot-spot

temperatures as high as 275°C.

Organic coatings have been developed that are satisfactory in all of

the above respects except that they limit the maximum operating

temperature to their curing temperature, which is ordinarily from 130^

to 160°C. These coatings usually employ a phenolic-resin varnish with

a comparatively large proportion of inorganic filler, such as silica flour,

mica flour, or iron oxide. They are highly resistant to moisture and to

thermal shock, and can be made to pass the salt-water-immersion test

specified in JAN-R-26. The problem of lack of resistance to high

temperatures may be solved in the near future by the use of the heat-

resistant silicone varnishes, some of which are good up to 500°C. At
present, however, the only resistors to receive *a Class F rating (see Sec.

3T) are those sealed in glass tubes.
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Too much emphasis should not be put on operation at extreme temper-

atures. It would be possible to build a rugged resistor for continuous

operation at 1000°C, but it would hardly be practical to use it at that

temperature in the average chassis. Resistor operating-temperature

limits are probably set more often by the neighboring components in the

chassis than by the resistor itself.

Leads and Mountings .—Connection between the ends of the wind-

ing and the terminals is made by soldering or welding the wire to ter-

minal bands or lugs or by embedding them in alloy castings encircling

Fig. 3-6.—Resistor terminal constructions. The upper unit is an unfinished wii'e-

wound resistor with die-cast terminals. The winding had been removed before the photo-

graph was taken, leaving a short end of wire visible only in the original print. The conical

gates would be clipped off in production, leaving only the radial wire leads protruding

through the insulating coating of the finished resistor. The lower unit is an EW-12 minus
its protecting glass sleeve.

the ceramic winding form. Both methods are illustrated in Fig. 3-6.

Besides the JAN-standardized terminals of Fig. 3*2 many other types are

available on commercial resistors, either standard or on special order.

These include stranded wire leads, either bare or insulated with beads or

sleeving; Edison medium screw bases to permit the use of the resistor in

a standard electric light socket; single-hole mountings with mounting

nut similar to that often used with filter condensers, the winding being

terminated on soldering lugs at the threaded end of the unit; ferrules of

various sizes and shapes, including conical ferrules to permit mounting in
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grid-leak clips; live brackets, with the winding terminated on the mount-

ing brackets; and various others. The mounting devices are even more

varied than the terminals. In some cases, as with the live-bracket and

ferrule-terminal types, the units are mounted by the terminals. In

others, such as the stack-mounting resistors, the mounting is mechani-

cally integral with the unit, but separate insulated terminals are provided.

In still others, means for separate mounting are required, and the manu-

facturers offer a wide choice of mounting hardware.

The JAN specifications require that terminals pass certain mechanical

tests which are fairly severe in cases where the units are supposed to be

mounted by their terminals. . In general, mounting by the terminals is

forbidden except for the smallest sizes of resistor. All wire-wound

resistors, except the tiny RU styles and the types with integral mounting

means, should always be mounted by suitable brackets, clips, or through-

bolts. Where bare porcelain cores are exposed they should never be

screwed or clamped to metal panels or brackets without a cushioning

washer of asbestos, mica, or fiber. Because of their fragile flanges this

precaution is particularly important for bobbin-wound precision resistors.

3-3. Resistance Values; Tolerances and Variations.—The maximum

resistance obtainable in a given physical resistor size depends upon the

TniniTnum permissible wire size, the form of winding (single-layer, multi-

layer, or noninductive), and the maximum permissible operating tem-

perature of the completed resistor. The JAN values for maximum
resistance given in Table 3-2 are based on the use of single-layer windings

of 2.5-mil wire. Not all applications require that the wire be so large or

that the winding be restricted to a single layer. For ordinary industrial

or laboratory uses where corrosive conditions are much less severe than

in military applications 1.4- or 1.5-mil wire can be specified with reason-

able assurance of long resistor life. If the hermetically sealed glass-en-

closed form of resistor is used, the greater protection so afforded permits

the use of the smaller wire even under unfavorable environmental

conditions. Table 3-5 presented a comparison of maximum resistance

values obtainable in such a resistor for 2.5-mil and 1.5-mil wire, single-

layer, multilayer, and noninductively wound. It is seen that in going

from 2.5 to 1.5 mil, single layer, the maximum obtainable resistance is

increased by a factor of approximately 4, and in going from a single-layer

1.5-mil wire to a progressive vdnding of the same size wire, the factor is

1-J to 3. It must be pointed out, however, that the use of progressive

or multilayer windings will reduce the wattage rating for a given physical

resistor size and full information on the reduction factor should be

obtained from the manufacturer. Despite this reduction, such windings

afford considerable economy in space., particularly in applications where

the actual dissipation is small compared to the dissipation capability
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that is inkerent ia the resistor because of the physical size required for

the necessary resistance.

Further information on the maximum obtainable resistances for three

other types of resistor is given in Table 3’6. Part a of Table 3*6 refers

to the commonly used cylindrical resistor with radial soldering lugs,

Part h to axial-lug ceramic-sheathed resistors with a coiled-coil winding

of ceramic-insulated wire (Sprague ^^Koolohm” construction), and

Part c to flat stack-mounting or ribbon^’ resistors.

Table 3-6.—Maximum Resistance vs. Wiee Size and Type of Winding

JAN Type Wattage

Resistance, ohms

2.5-inLil wire 1.5-mil wire Noninductive

a. Radial-hig type resistors

RW-30 7 1,000 2,500 3,000

RW-32 16 4,000 16,000 3,000

RW-33 24 16,000 37,500 3,000

RW-34 30 16,000 50,000 3,000

RW-35 38 20,000 72,500 5,000

RW-36 60 40,000 120,000 5,000

RW-37 78 50,000 180,000 5,000

RW-38 lOO 80,000 340,000 5,000

h. Axial-lug type resistors

RW-50 5 4,000 40,000 5,000

RW-51 10 6,300 70,000 10,000

RW-52 25 10,000 100,000 25,000

RW-53 50 25,000 100,000 50,000

RW-54 120 50,000 250,000 100,000

c. Stack-mounting resistors

RW-20 22 2,000 6,300

RW-21 31 5,000 15,800

RW-22 48 10,000 35,000

RW-23 60 16,000 50,000

RW-24 70 20,000 66,000

Standard Residence Values .—The actual resistance values specified as

standard by JAN-R-26 follow a preferred number system rather like

that used for composition resistors, but with fewer values per decade.

The succession of values runs 10-12-16-20-25~31-40“50-63~80~ and

repeats in succeeding decades. Since the standard tolerance is tS per

cent for most values, it is obvious that there are numerous resistance

ranges that cannot be covered wdth standard resistors, but for any appli-



Sec. 3-3] RESISTANCE VALUES AND TOLERANCES 79

cation in which, power-type resistors would be likely to be used the resist-

ance tolerance should be large enough to render this objection immaterial.

The standard minimum resistance is 0.10 ohms for all JAN types except

RW-10, for which it is 2.0 ohms. The standard tolerance for RW types

is ±5 per cent except for values less than 1.0 ohnci, when it is ±10 per

cent. Tor tapped resistors which are standard in performance and in

construction except for the taps the tolerance is ±10 per cent for the

individual sections and ± 5 per cent for the over-all resistance. The low-

power RU resistors are made in two series, with ± 5 and ± 10 per cent

tolerances.

A perusal of the catalogues of a number of resistor manufacturers

indicates that few if any of them adhere to the conventions of the previous

paragraph for either stock resistance values or standard tolerances. A
typical list shows very few stock sizes per decade in either very high or

very low values, whereas in the commonly used ranges there may be 15

or more stock sizes per decade. This condition is due to two facts.

First, a manufacturer will naturally list only those sizes for which he has

found there is an appreciable demand. If, for example, there are two

popular audio-output tubes that require 10-watt cathode resistors and

the tube handbooks give 550 ohms as the correct value for one and 600

ohms for the other, the manufacturer will probably list both of these

values, even though neither is standard and though either of the standard

values of 500 and 630 ohms would probably be just as suitable in the

average receiver. On the other hand, since an order for 0,63-ohm resis-

tors of a particular type would probably be received only once in many
months the manufacturer would probably prefer to consider this a special

value, to be made up when the order is received. Second, although the

susceptibility of the exposed wes of adjustable resistors to mechanical

damage and corrosion has led to their being banned by the Armed
Services for use in combat equipment, they are quite satisfactory for

many commercial applications and offer a solution to the problem of

obtaining intermediate resistance values that is itself a sufficient excuse for

eliminating rarely wanted items from a stock list.

Somewhat more uniformity is found among the manufacturers in the

matter of standard tolerances. Most of them specify ±5 per cent as

standard, increasing this to ±10 per cent below 50 ohms. Others list

only ± 10 per cent wire-wound resistors, and many manufacturers list

other tolerances as obtainable on special order at an increased price.

Temperature Coefficient .—Practically the only variable that has an

appreciable effect in changing the resistance of a wire-wound resistor is

temperature, and the temperature coefficient of the resistor is approx-

imately that of the resistance wire itself. Considerable latitude is given

in the JAN-R-26 specification which permits a coefficient, referred to
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of 400 X 10“V°C for resistors up to 50 ohms and 260 X 10""V°^^

for resistors over 50 ohms. For the usual accuracy requirements of

power-type resistors the change of resistance with temperature can be

estimated satisfactorily from the curves of Fig. 3*4. A measurement of

the rise of resistance at a single elevated temperature will usually show

whether the wire used is of the high- or the low-temperature-coefficient

type, if this information is not otheiwise available. To determine the

actual variation of resistance in service, however, it is necessary to take

into account the fact that the average temperature of the winding will

normally be less than the maximum hot-spot temperature and will depend

markedly on the cooling conditions. Ordinarily the percentage of rise

in resistance is about two-thirds of that given by the product of hot-spot

rise and temperature coefficient.

34. Ratings.—The dissipation ratings of power-type resistors are

based on the maximum permissible temperature rise when operating in

still air and suspended in free space with an ambient ternperature of

25°C. Still air is defined as air with no circulation other than that created

by the heat of the resistor in operation. Free space is defined as that in

which no object is closer than 12 in. to the insistor coating e.xcept the

mounting clip, which must be at least 2 in. below the unit. The resistor

is to be mounted horizontally. The temperature is measured at the

hottest spot on the surface, using a thermocouple hung over the resistor

with its leads weighted by a load of 2 oz to provide for pressure of the

thermocouple junction against the uppermost portion of the resistor

surface. The couple is made of No. 30 AWG wire or smaller, lap-welded.

Resistors are classified on the basis

of wattage dissipation under the

conditions described above for

which the maximum hot-spot tem-

perature will not exceed a spec-

ified value. This value depends

on the type of construction and

the material used for protective

coating. High-temperature re-

fractory coatings allow amaximum
hot spot of 275°C; moisture-resist-

ant organic cements are generally

limited to a maximum hot spot

of about 160°C wuth a consequent reduction in i^ating to about 40

per cent of the first type. Figure 3*7 shows the temperature rise of a

Class I resistor of the radial-lug type, plotted against per cent of rated

dissipation. It is evident from such a curve that the useful practical

wattage rating of a resistor must be something less than the free-air

Per cent of rated watts

Fig 3*7.—Temperature rise vs. dissipa-

tion for Class I resistop at 25°C ambient
temperature.
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rating since the latter condition is never achieved in actual use. Some of

the necessary considerations are summarized in the '^Use Notes which

are a part of specification JAN-R-26.

30 40 50 60 70 80 90 100

Ambient temperature in degrees centigrade

Fig. 3-8.—Derating curves for high ambient temperatures. Class I: 275°C maximum hot

spot. Class II: 125°C maximum hot spot. Class III: 200°C maximum hot spot.

1. For ambient temperatures higher than 25°C, a derating factor

should be used to normalize to the value for which the resistor is

rated at 25^C (see Fig. 3-8).

2. When resistors are mounted in enclosures that limit ventilation,

the wattage dissipation of any resistor should be reduced so that

the maximum hot-spot temperature permissible for the resistor is

never exceeded under the most severe combination of temperature

conditions.

3. When resistors are mounted in rows or banks they should be so

spaced that, taking into consideration the restricted ventilation

and heat dissipation by the near-by resistors, none of the resistors

in the bank or row exceeds its maximum permissible hot-spot

temperature. It is difficult to give a definite factor but reduction

in ratings of 50 per cent may frequently be necessary.

4. The styles of resistors should be so chosen that, as mounted in

equipment, they will at no time operate at temperatures in excess

of their rating. More specifically, this applies to equipment

operating as follows:

a. In the maximum specified ambient temperature.

h. Under conditions producing maximum temperature rise in each

resistor.

c. For a sufficient length of time to produce maximum temperature

rise.

d. With all enclosures in place.

e. With any special conditions imposed which are possible during

the life of the equipment, as at high altitude for airborne

apparatus.
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Voltage Rating .—Because of the comparatively large physical size of

wire-wound resistors and the fact that inherently the voltage gradient

can be uniformly distributed, the limiting operating voltage is established

in most cases by the wattage rating and resistance value of the unit.

One important exception is the limitation introduced by some types of

coating when operated at the high temperatures corresponding to full

wattage ratings, since these coatings under such conditions are poor

insulators. In general it is necessary to limit the voltage, across the

terminals of a vitreous-enamel-coated resistor operating at its maximum
temperature, to about 500 volts. This limitation may be introduced in

other types of resistor for the largest units; for example, a 250,000-ohm,

150-watt resistor. If the coating of such a resistor is not considei'ed, the

power rating would permit 6100 volts but because of the coating the

actual rating of the manufacturer might be 5000 volts.

Another element to he examined is the voltage limitation of the

resistor insulation between terminals and mounting hardware. The JAN
specification requires that all resistors, except the ferrule-terminal types,

withstand 1000 volts rms at 60 cps between the resistor terminals con-

nected together and the mounting hardware or metal plates in contact

with the ends or surface of the resistor. The insulation resistance

between terminals and mounting hardware after this test is required to

be not less than 50 megohms. If there is to be a high potential between

the resistor and a grounded surface on which it is to be mounted, it will

be necessary to provide additional insulation in the form of ceramic

bushings or other heat-resisting insulators.

3*5. Alternating-current Characteristics.—The behavior of wire-

wound resistors at high frequencies is affected to a considerable extent

by the inductance and capacitance that are inherent in their construction

(see Sec. 3-2). Skin effect is not particularly troublesome because of the

small-size wire generally used. Some indication of the magnitude of skin

effect is given in Table 3*7, which shows the largest permissible wire size

for a skin-effect ratio of 1.01, calculated for a cylindrical straight wire

remote from other conductors.

Table 3*7.

—

Skin Effect in Resistance Wiees

Trequency,

kc/sec

Wire size, mils

Niclironie Manganin Constantan Advaiice Copper

lOO 104.5 70.2 74.5 71.6 14.0

1,000 33.0 22.2 23.5 22.4 4.4

3,000 19.2 12.8 13.6 11.8 2.6

10,000 10.4 7.0 7.5 7.2 1.4
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ladiictiye and capacitive effects are not so easily disposed of. Because

of the difficulty of separating these parameters and in determining react-

ances of high-resistance components, little useful information is available

either in the form of an applicable lumped-constant analysis or in that of

actual experimental data. The common procedure used by resistor

manufacturers to find the inductance of a wire-wound resistor is either to

calculate it from standard inductance formulas or to make up a similar

unit with, copper wire and to measure its inductance. More recently, this

practice is being replaced by measurements made on actual resistors and

suitable techniques are being applied

so that some information can be

obtained for resistors of moderate

value.

The most practical circuit repre-
' seating a wire-wound resistor at high

frequencies is shown in Fig. 3*9.

Definite values can he assigned to the components of this circuit at

any one frequency, and these, with certain limitations, will be reasonably

valid over a wide range of frequencies. The errors in such a circuit, if

R is taken as the d-c resistance, are due to the following factors:

1. The capacitance and inductance are distributed, not lumped.

2. There are dielectric losses present in the insulation and coating.

3. There may be a skin effect with large wire and at very high fre-

quencies.

R
-AAAr-

L
-yJiSlSLr

Fig. 3-9.- “Equivaleiit circuit of a wire-
wound resistor.

There is therefore a limiting frequency at which the simple circuit no
longer is applicable, depending on the type of resistor and the permissible

error in calculations.

For measurements of conductance and effective parallel capaci-

tance of typical wire-wound resistors at frequencies between 1 and 35

Me/sec, a twin-T impedance measuring circuit has been used.^ This

method of measurement is more suitable in the megacycle range of

frequencies where the usual series method giving effective values of

series resistance and reactance affords no simple or direct capacitance

measurement.

The parallel method applied to the equivalent circuit gives the

admittance.

r. = R
-b (coL)^

L

Since the inductance and capacitance are already fairly well separated,

^ D- T. Drake, “High Freqiieacy Characteristics of Besistors,'' RL Ileport No.

520, Mar. 9, 1944.
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no difficulty is involved in their calculation when the conductance and

susceptance are known. If the resistance is assumed equal to the d-c

value the inductance can be determined directly in terms of the parallel

conductance and d-c resistance from the equation

L ==
Vfi/y --

0}

Fia. 3-10.—High-frequeacy characteristics of IR,C type AB resistor.

An accurate determination of the capacitance is more of a problem

because of the difficulty in obtaining accurate measurements of values

which are generally 1 /x/tf or less. One can ordinarily be satisfied with an

approximate solution, however, because the inherent capacitance of a

resistor is usually small in comparison to circuit-wiring and vacuum-tube

capacitances.
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Figure 3*10 shows the experimental and the calculated values of

capacitance and conductance for a typical 10-watt lQ,000"olim IRC
type AB cylindrical single-layer power-type resistor. It is seen that the

equivalent circuit in. which L = 115 {ih and C = 0.64 is valid up to

about 17 Mc/sec.

Frequency in Mc/sec

Fig. 3-11.—High-freqLuency characteristics of wire-wound roBistors.

Figure 3-11 is a set of curves ’Showing the high-frequenciy character-

istics of cylindrical single-layer power-type resistors ranging in value

from 500 to 50,000 ohms over the frequency range from 0 to 36 Mc/sec.

It is evident that the reactance may be either inductive or capacitive,
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d6p6ii(iiiig on th-G froc^iiency, 8/nd. th.G nctua/l impcciiinco may
from the d-c resistance by a factor of 10 or more. No general riilos of

variation can be given because the performance of a paitiouLu lebisboi

will depend on the number of turns, spacing, and physical dimensions aoci

these, in turn, on the wire size, wattage rating, and resistance valuer-

Table 2-11 gives values of inductance for a range of resistance values of

10-watt single-layer resistors. These are intended to give order* of

magnitude only, since the method by which they were measured has nob
yet been thoroughly examined and confirmed as completely reliable.

Table 3*8.—Inductance of 10-watt Single-layek IIesistors

(Length = If in.; Diameter = in.)

Resistance,

ohms
Inductance, jjh

Resistance,

ohms
Indmdancie,

1000 56 6,000 201

1250
!

47.5 7,000 186

1500 73 7,500 205

2250 72 10,000 U5
2500 88 12,000 282

3000 84 12,500 75

3500 118 15,000 315

4000 176 50,000 735

4500 114

Special windings are obtainable in power-type resistors to reduce tlic?

inductance to much lower values than are obtained wdth simple solenoiclal

or progressive windings. The Ayrton-Perry winding is geruirally used
for the so-called noninductive resistors. Table 3-9 gives comparative
inductance values for standard and noninductive windings on cylindidcurl

coated power-type resistors.

Table 3-9.

—

Inductances of Standard and Ayrton-Perry Windings
(Data from IRC Catalog 38)

IRC Wattage Resistance, Physical size,

Induci}in(‘.c, ij.li

type rating ohms length and diameter, in.
Stajidard Ayrton-Perry

AB 10 1000 li X A 66 0.6
DG 20 100 2 X A 14 0.25
EP 50 80

i ^ X i 76 1 0.3
HA 100 4000 •

6i X IJ 3360
! 0.3

As has been pointed out, the inductance of a resistor cannot, in itself,

establish its high-frequency properties. Capacitive effects becomes
increasingly important with increasing frequency. For example, at 3
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Mc/sec the reactance of a 15-watt RW16F resistor becomes capacitive

for a value of 300 ohms. For a 120-watt resistor of the same type, all

values over 250 ohms are capacitive. It is evident that there is not much
to be gained by insisting on noninductive windings for resistance values

above a few hundred ohms, at this frequency. This point is demon-

strated in Table 3T0, which gives the phase angles for three types of

winding of ferrule-mounting resistors, style RW16F and RWllF with

15- and 120-watt ratings, at a frequency of 3 Mc/sec.

Table 3-10.

—

Reactance of Sprague Wire-wound Resistors at 3 Mc/sec

Phase angle

Style of winding RW16F RWllF
15 watts 120 watts

lOO ohms (lag) 1000 ohms (lead)

Standard (type F) » 60°57' 57°20'

Noninductive (type NIF) 6°22' 22°

‘‘Super” noninductive (special winding) 2T5' 14°20'

ACCURATE WIRE-WOUND RESISTORS

3-6. Standard Types.—There are many applications in electronic

circuits where accuracy and stability requirements are greater than can

be met with power-type resistors but where the power dissipation is so

low that surface hot-spot temperatures can be kept to a maximum of

105®C. For such applications a number of types of resistor have been

developed that may be called ^^accurate wire-wound resistors.’’ The
term precision resistors” is also commonly used. These units are small

in size, wound of fine insulated resistance wire, usually in deep narrow

slots in ceramic or plastic bobbins, and are widely used in d-c amplifiers,

computing networks, linear sweep generators, multivibrators, and similar

applications where resistance tolerances of ±1 per cent or better are

required.

Much of the material on power-type resistors in Secs. 3T through 3*5

is also applicable to the accurate resistors. This section and the two
following will present additional information specifically relevant to the

accurate types.

Two Joint Army-Navy Specifications cover accurate wire-wound
resistors: JAN-R-93, Resistors, Accurate, Fixed, Wire-Wound,” and
JAN-R-29, ^^Resistors, External Meter (High Voltage, Ferrule Terminal

Type).” Outline drawings of the five classes of resistor of JAN-R-93
and the one of JAN-R-29 are given in Fig. 3T2; the dimensions and
characteristics of the various styles are given in Tables 3T1 and 312.
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Table 3-11.

—

Acctjkate Wibe-wound Resistors

ISTominal

power

rating,

watts

Dimensions, in.

JAN-R-93
style

4

B
max.min.,

ohms
max.,

megohms
min. max.

C

Radial-lug RB-10 1
A 0.1 0.185 .3

terminals RB-11 1
If 0.1 0.300 .Ul

(Fig.3-12a) RB-12 h 0.1 0.300 7
IS 1

2 7
'O'

RB-13 0.1 0.750 lA
16 lA aj.

RB-U 1 0.1 4.0 2-A 2 -A
1 .,3..

Screw ter- RB-20 3
4 1.0 0.450 3 r>

1(1
1 ,.,1 , fK

miaals RB-21 1 1.0 0.800 13.

16 1

5
1.

j (j ¥ 2J +
(Fig .3-126) RB-22 1.5 0.1 1.250 lii HI 7

8 ± its

Sealed-in- RB-30 1 1.0 0.300 n 2i 4"

glass type

(Mg. 312c)

RB-32 1 300,001 0.800 n 2 2* i

Single-ended RB-40 0.4 0.1 0.150 M ]
. . .T ,

bobbin RB-41 0.5 0.1 0.300 1 A- 1 IV

Mtype (Fig.

312d)
RB-42 0.6 0.1 0.450 1-1

Small axial-

lead type

(Fig.312e)

RB-51 1
4 0.1 0.100

Little need be said here concerning the meter resistors; their specifica-
tions are almost identical with those of JAN-R-26 for fernde-tcrmihal
power resistors, except that no wattage rating is given for the meter resis-
tors since they are intended for operation at a uniform current of 1 ma
for all types, and their resistance tolerance is +0.5 per cent. The
specifications of JAN-E-93 are roughly similar to those of JAN-I(-26
but are somewhat less rigorous mechanically and more rigorous electri-
cally. They will be discussed in more detail in Secs. 3-7 and 3-8.

Most of the accurate resistors made by the various manufacturers
are similar to the JAN types, but there are a few other types of interest.
Several manufacturers offer bobbin-wound resistors with one or more
intermediate taps. Several also make accurate resistors with higher
power ratings, both in the form of bobbin-wound units designed and
treated for operation at higher temperatures than the usual 105°C and
in the form of small power-type resistors with close tolerances on resist-
ance and temperature coefficient. Such resistors are available in ratings
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Clearance for *6 screw

0.032" dia (>*‘20 A.W.G.) min

Fig. 3*12.—Dimansiona of accurate wire-wound reBiatorB.

Table 3-12.—Exteknai. Meter Resistoi^s

(High-voltage, ferrule-terminal type, per JAN-li-29)

Type MFA MFB MFC

Resistance, megohms
Dimensions, in.

3.5, 4.0, 5.0, 6.0

A, max. 81i
B, Off ± -is

c, 1 A' ±
D, IM ± *
K, l| to 1*

1.0, 1.5, 2.0, 2.5, 3.0, 3.5

5*
lA
Ui ± A

to 1

A

0.5, 0.8, 1.0

Ifl

2f|

n
1 ± A
tt to lA

Note : No power dissipation ratings specified. All units operate at 1-ina maximum

current. Resistance tolerance ±0.5 per cent. See Fig. 3-12/ for outline drawing.
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up to 10 watts. Resistor units and resistive networks may also be

obtained in various enclosures including plug-in types.

The numerous forms of precision resistor that have been developed

by the manufacturers of measuring and test equipment will not be

discussed here.

3-7. Construction.—Accurate wire-wound resistors are wound on

small bobbins of molded plastic or ceramic material. Except in the

smallest sizes the windings are distributed among several slots, and

usually the direction of winding is reversed in each successive slot in an

effort to reduce the inductance of the unit. Such a practice is effective

only at comparatively low frequencies because of the leakage flux between

slots and the high distributed capacitance in the random-wound sections.

Because of the low operating temperatures, insulated wire is always

used for the windings of accurate resistors. Enamel, Formex, and

Formvar insulations are the most common, but textile wrappings such

as silk, Fiberglas, and resin-impregnated Fiberglas are also used. The
resistance alloys are the same as those used for power-type resistors,

except that Manganin is also used for the lower resistance ranges.

Manganin has a restricted operating temperature range (+ 10 to +40°C)
and is somewhat more difficult to handle than some of the other alloys;

its principal advantage is its low thermal electromotive force against

copper. Nichrome V is most commonly used for resistance values above

100,000 ohms and also for lower values when a very low temperature

coejSicient is not required. When the coefficient must be low, Advance
or Manganin are usually chosen. A new alloy (Evanohm, produced by
the Wilbur B. Driver Co.) has recently appeared which combines the

high resistivity of Nichrome V (675 ohm per circular mil foot) with the

low temperature coefficient of 25 X 10~V°C. It is a nickel-chromium

alloy with a special metallurgical treatment and will soon be in general use.

JAN-R-93 specifies the minimum permissible wire diameter as 1.5

mils for the copper-nickel and nickel-chromium alloys, and 2.0 mils for

all others. ^'All others in this case is intended to mean Manganin,

which is brittle and comparatively weak. Commercial resistors may be

obtained with wire as small as 0.8 mil.

After winding, resistors are impregnated with various materials to

exclude moisture and to protect the windings mechanically. Before the

war, impregnation with any of the usual electrical varnishes was con-

sidered suiSicient, and some manufacturers used only a wax dip. With
the imposition of military requirements for operation at high humidity

and over a wide temperature range the prewar treatments were found to

offer wholly inadequate protection in most cases, and a number of new
impregnants and processes were developed. These processes are now
used on practically all units, and afford complete protection against all



Sec. 3-8] ELECTRICAL CHARACTERISTICS 91

but the most severe conditions. For the maximum protection, units are

hermetically sealed in glass or ceramic tubes, as in JAN types RB-30

and RB-32 and the meter resistors, or in metal containers with soldered

glass bushings. JAN-R-93 establishes two types of protection: Charac-

teristic A resistant to 6 cycles of the salt-water-immersion test (between
0^^ and 85°C)

,
and Characteristic B to 10 cycles of the humidity test.

Kui. 3-13.—Typical accurate wire-wound resistors.

Accurate resistors may be furnished with any of a number of terminal

types: screw or binding-post terminals, ferrules, soldering lugs, mounting

ears, or solid or stranded wire leads. They are usually mounted either by

a screw through an axial hole or in fuse or grid-leak clips. Screw-

mounting resistors should never be mounted in direct contact with a

metal bracket or mounting plate; a bakelite or fiber cushioning washer

should always be used between the bobbin and the mounting plate to

prevent cracking of the brittle ceramic form. Figure 3T3 shows a group

of typical accurate wire-wound resistors.

One type of resistor that has been developed too recently to find its

way into the JAN specifications but that meets all the JAN tests and has

Navy approval is the Daven Seald-ohm, shown in Fig. 3T4. Up to four

resistor units, either bobbin- or card-type, are enclosed in a small drawn-

metal case furnished with glass-insulated solder-seal bushings, the case

is then filled with a high-melting-point wax, and the bottom is soldered on.

3-8. Electrical Characteristics. Resistance FaZuea.—JAN-R-93 lists

only maximum and minimum values for the resistances of the various
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styles of accurate wire-wound resistor, and all but a very few of the

manufacturers do the same for their commercial units. The reason for

this is that it would be impracticable, because of the narrow tolerances

permitted with this type of resistor, to stock resistors of enough different

resistance values to cover the whole range. Consequently these units

must be made up and sold on a special-order basis. Some manufacturers

do list standard values, the values themselves and the number of nominal

values per decade being approximately the same as those listed for the

more popular styles of power Avire-wound resistors. The JAN resistance

I’anges are given in Table 3T1. Commercial resistors can be obtained

in resistances up to several times the JAN maxima, when smaller wire

than the JAN 1.5-mil minimum is used.

Fig. 3*14.—Daven . Seald-ohm resistor unit and bracket. (The soldering lugs on the
front terminals were removed by the retoucher; the tips of the rear lugs can be seen above
the case.)

The meter resistors of JAN-R-29 are made in eleven standard values

corresponding to the ranges of JAN-standard 1-ma voltmeters; some
manufacturers also furnish higher and lower values in the same
construction.

Resistance Tolerance .—The standard resistance tolerances of JAN-
R-93 are ±0.25 per cent (Tolerance C), ±0.5 per cent (Tolerance D),

and ±1.0 per cent (Tolerance F). The meter resistors are made to a

standard tolerance of ±0.5 per cent. Commercial resistors are usually

made to one or another of the above three tolerances, although several

styles are made with a tolerance of ± 2 per cent and special-order resis-

tors can be obtained with tolerances of ±0.1 per cent, and even as low

as ± 0.02 per cent in certain values and constructions. Such extremely

close tolerances are justified only in special cases; even with the lowest

temperature coefficients available, the resistors and their associated

equipment should be temperature-controlled, and great precautions

should be taken to avoid extraneous effects such as thermal electromotive

forces. In specifying close tolerances for low-value resistors it should also

be borne in mind that unless special precautions are taken the resistance

of the leads and wiring to the resistor may easily be as much as several
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per cent of the resistance of the resistor, thus rendering useless the close

tolerance of the resistor itself.

Dissipation Rating .—The power ratings given in Table 3T2 are based

upon a maximum hot-spot temperature of 105°C and specified from an

ambient temperature of 85°C. Most of the data published by manu-

facturers gives wattage ratings based on a 30° to 40°C rise over ambient,

so that correspondence of ratings is not obtained in many cases. It is

necessary to reduce the rated dissipation for resistors supplied in toler-

ances of better than 1 per cent. The permissible rating for a ±0.5 per

cent resistor is 75 per cent of the rating of a ± 1 per cent resistor; for a

± 0.25 per cent resistor, it is 50 per cent.

Voltage Rating and Insulation .—Because of the high resistance v.alues

possible in the precision-type resistors it is obvious that a voltage limita-

tion may be reached before the wattage dissipation .
limit is exceeded.

Particularly with wire sizes smaller than 1.5 mils care must be taken to

check the manufacturer’s voltage rating in the higher values. In

JAN-R-93, a short-time overload test is specified in which a d-c voltage

calculated for twice the rated Avattage (not to exceed twice the rated

maximum voltage) is applied for 10 min. The allowable change in

resistance after the test is not to be greater than 0.5 per cent; if the

resistor tolerance is less than 0.5 per cent) the change should be no greater

than the tolerance. FolloAving this, a 1-sec flash test is given in which

the applied voltage is calculated for three times the wattage, except that

it is not to exceed tAvice the rated maximum voltage. This test must

not cause arcing, burning, or charring of the insulation. The insulation

resistance and breakdoAvn tests on precision resistors are made in a

manner similar to that for the poAver-type resistors. A test potential of

500 volts rms is applied for 1 min between the resistor terminals con-

nected together and the mounting hardAvare on a V-block. The resistor

must Avithstand this voltage without evidence of insulation breakdown,

flashover, or change in resistance. The insulation resistance is measured

with a d-c voltage of 100 volts applied as described for the breakdown

test. The specification requires that the insulation resistance be not

less than 100 times the nominal resistance value in megohms divided by

the resistance tolerance in per cent, and in no case less than 50 megohms.

In using precision resistors it is necessary to recognize that they are

not able to Avithstand high voltage with respect to grounded surfaces on

which they may be mounted. It is recommended that supplementary

insulation be provided if the potential at one of the terminals is more than

250 volts different from ground.

Temperature Coefficient and Stability .—Although the wire alloys used

for resistors may be reasonably uniform in temperature coefficient, the

temperature coefficient of the finished resistors will vary from unit to
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unit because of variations in the winding tension and the resultant irregu-

larity of strains in the metal. Coatings applied to the surface of finished

resistors constrict some wire turns more than others and allow irregular

physical expansion, which also affects the temperature coefficient. The
net temperature coefficient and resistance stability are also dependent to

a considerable extent on the physical properties of the bobbins or forms

on which the wire is wound.* Thermal expansion of the form produces

very high pressures in a constrained winding which will upset careful

original annealing of the wire.

The effects of strains introduced during the winding process can be

almost completely overcome by thermal and current aging of the wind-

ings. This is most effectively done by actually passing current through

the wire at an ambient temperature of about 1()0°C. The current used

is about twice the normal maximum current for the particular resistance

value. This technique removes the strains put in by the Avinding process

and results in a high degree of stability in a very small fraction of the

time required by thermal aging alone. After such treatment, one can

expect a precision resistor of careful manufacture to retrace to 10 to 50

parts per million over repeated temperature cycles between 0® and 80°C.

Over a long period of time a properly aged precision resistor will be stable

to ±0.1 per cent.

Actual measurements on four 1-megohm 1 per cent precision resistors

from four manufacturers showed retrace characteristics on cycling

between —20° and +70°C of about 280 parts per million. The tempera-

ture coefficients varied somewhat among the four resistors but this varia-

tion was considerably less than that of the resistance values themselves.

Alternating-current Characteristics ,—Much of the information in Sec.

3*5 on the a-c characteristics of power-type resistors is also applicable

to the bobbin-wound types. In general, the reversal of windings in

alternate slots of the grooved form is not as effective in reducing the

inductance as is the use of an Ayrton-Perry winding. Furthermore^

the depth of winding in the slots and the relatively large number of turns

results in higher distributed capacitances than are found in the single-

layer power-type resistors. Above about 50 kc/sec, the capacitive effect

is pronounced and, in fact, leads to the conclusion that- reversal of the

windings in alternate slots has little effect on the over-all pcrfonnance of

the resistor at the higher frequencies. For frequencies up to several

megacycles per second, the spool type of winding is replacied by Ayrton-

Perry windings on mica cards. Obviously, the maximum value of

resistance obtainable with this form is considerably less than for the

spool type of the same physical size.

Table 3T3 gives the results of some measurements of the high-

frequency properties of 1000- and 100,000-ohm bobbin-type resistors
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from five different manufacturers. It can be seen that such resistors are

unsatisfactory at frequencies of 1 Mc/sec and higher.

Table 3*13.—High-frequen-cy Characteristics of Bobbin-type Resistors’^

Mamifactiirer
Freq.,

Mc/sec

1000-ohm resistors lOO,000-ohm resistors

ReiU

ohinsf
Xeff, olimSjt R, ohms

Shunt capaei-

aiice,

A 1 4,700 -278 85,000 14

A 10 93 -390 5,000 12

B 1 914 -f-2550 132,000 3

B‘ 10 161,000 res.t at 6.5 Mc/sec 14,200 2.8

C 1 990 -44 73,000 2

C 10 830 -341.5 25,500 1.4

;d 1 1,090 -1-2960 14,800 2

B 10 92,000 re.s.j: at 4 Mc/sec 24,000 2.3

E 1 1,120 fKlOO 97,000 3.2

E 10 44,000 res.t at 6 Mc/sec 14,200 3.2

^ Data from Mr.Loon PodoInky, R-CHcarch Engineer, Sprague Elecrbrio Ca., North Adains, Mass.

t and Veff. are tho effective seriew resistances and reactances at the frequency of measureinent.

;}: Res. = Resonates.

SPECIAL-PURPOSE AND MISCELLANEOUS RESISTORS

A general-purpose^^ resistor, as the term is used in this chapter, is a

resistor closely resembling a standard” resistor, which conforms to one

or another of the JAN specifications. Such general-purpose resistors

differ from standard resistors only in minor respects,, such as inability to

withstand the salt-water-immersion or other tests, or in having noastand^

ard resistance values, temperature coefficients, or dimensions. General-

purpose or standard resistors will be found suitable for at least 99 per

cent of all applications in electronic equipment, but for the special

applications a number of special resistors have been developed. The fob

lowing sections will briefly describe some of these special-purpose resistors.

3-9. High-voltage Resistors.—A number of types of resistor have

been developed for use as bleeders, voltmeter multipliers, and surge

resistors in high-voltage circuits such as X-ray power supplies. For some

purposes these resistors need not be particularly stable or constant in

resistance value, but for voltage or other measurements the requirements

are more stringent.

The greatest stability is obtained by the use of wire-wound resistors,

and several manufacturers list wire-wound high-resistance units for high-
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voltage uses. Sprague, for example, lists the 150-watt type 150F, which

is a glass-enclosed ferrule-terminal unit 11| in. long, rated up to 10 kv
between terminals. The standard tolerance is 5 per cent; the resistance

may be as high as 100,000 ohms for the nonindiictive (A.yrt()n-Perry)

type 150 NIF, or 300,000 ohms for the 150F with a progressive winding.

Shallcross also lists a 150-watt unit, type 290, which is a 20|-in. single-

layer resistor with 1 per cent tolerance, available in resistances up to 3
megohms. It has a heat-resistant lacquer finish and is rated for opera-

tion at temperatures up to 175°C; the glass-enclosed Sprague resistors

can be used up to 250°C. For lower currents at high voltages Shallcross

offers a somewhat less rugged type, consisting of a number of bobbin-

type resistors mounted within a spun aluminum corona shield 10 in. in

diameter. The shield prevents the formation of corona, with its deteri-

orating effect on the resistors and the errors .caused by the flow of corona

current through the resistors, and greatly reduces the electrostatic

precipitation of dirt and the resulting leakage. A number of these units

can be stacked and connected in series for the measurement of high

voltages. Resistances are either 5 megohms ±0.1 per cent or 10 meg-
ohms ±0.1 per cent; operating voltages are 5 or 10 kv per unit.

For applications in which the resistance required is higher than is

practicable to obtain with wire-wound units, composition resistors must
be used, and there are several such on the market. The IRC MV and
MP series are typical; they consist of ceramic tubes 3 to ISi* in. long,

fitted with lug, ferrule, or other terminals and coated with a thin film

of resistance material, with a heavy protective varnish coat over all.

The MP units have a continuous coating and therefore are good up to

high frequencies; the MV units are similar except that the.y have a small

inductance because the resistance material is applied in the form of a
spiral band. Standard tolerances are ±15 per cent; resistances range

up to 6 megohms for type MPR and to 20,000 megohms for type MVR.
Operating voltages may be as high as 50 kv per unit for the 35-watt

10|-in. type MVO; dissipation ratings run from 4 to 100 watts for the

five sizes.

A carbon resistor of construction radically different from that of other

types is the Sprague Meg-O-Max unit. This is a large higli-voltage

power resistor, sealed in glass with metal ferrule ends in the same manner
as the Grade 1, Class I wire-wound resistors. Figure 3*15 shows the

outside appearance and internal construction of this type. It is made of

a number of C-shaped carbon-composition pieces strung on a ceramic
tube and connected in series. Except at the point of connection each
piece is separated from the next by a mica ring. Three sizes are made,
with over-all lengths of about 2ff, 5t and 9f in., and a diameter of about

li^ in. The resistance ranges available run from a few thousand ohms
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to a few hundred megohms, depending on length. The wattage ratings

are from 5 to 22 watts, depending on length and resistance value. Maxi-

mum rms voltage ratings are in the neighborhood of 5, 10, and 17 kv,

respectively, for the three sizes, depending on resistance value. Under

low-dllty-cycle pulse conditions, peak voltages up to about three

times the rms ratings are permissible. The Sprague Meg-O-Max resistor

is not made to be a precision type, and a unit may change in resistance

up to about 2 per cent in normal operation. In the Radiation Laboratory

this type has been used mainly in two applications: as a high-voltage

bleeder in cathode-ray-tube power supplies, and in high-voltage regula-

fcu,:: : ..

-
'

'

^
'

^

'

Fig. 3*15.—Spragues Meg-O-Max re.siHtor. (The lower unit was broken in rernoving the

protecting sleeve, and several of the C-shaped resistor elements are inisBing.)

tors using shunt regulator tubes. In the latter case the voltage divider

that feeds the regulator tube grid uses a Meg-O-Max resistor as its upper

section and a Western Ejlectric glass-sealed resistor as its lower section.

Since the temperature coefficients of these two types are approximately

equal, changes of voltage caused by change of divider ratio with tempera-

ture are minimized.

340. High-stability Composition Resistors.—For many applications,

as in electrometer-tube circuits, resistors are required which need not

dissipate appreciable amounts of power, but which must have resistance

values higher than can be obtained in a reasonable volume with wire-

wound types. For most such uses the stability of the resistance is also

important. For these applications several types of unit are available.

One is the glass-sealed precision resistor of the Western Electric Company,

shown in Fig. 3*16. This unit has been used by the Radiation Laboratory

in critical parts of range-measuring circuits, chiefly in values between

0.1 and 5 megohms. Its temperature coefficient is nearly constant at

different temperatures, with a value between —0.032 and —0.038 per
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cent per degree centigrade. For precision voltage-divider purposes
these resistors can be obtained in pairs with matched temperat-ixrc
coefficients, so that the ratio between the values of the two units will
change less than ten parts per million per degree centigrade. Thits tWl
is made by depositing resistance material on the outside of a ceramics t/iil )c^

or rod and cutting a spiral groove through the coating so that the ciiri'OT 1

must flow through a long high-resistance path. Glass-sealed resista/ii-<^*«-

units are also made by the Victoreen Instrument Company in values 'ti P
to 10 ^^ ohms, for use in electrometer circuits. The Victoreen units
about -

3^ in. in diameter and 1|- in. long exclusive of the leads.

S. S. White and International Resistance Corporation also make voi“>'
high resistance units in several different forms. The S. S, White
65X 1-watt units are molded in bakelite with axial wire leads and may
obtained in resistance values up to 10® megohms. The IRC t.ypes FIT- l ,

MG-3, MG-6
,
and MG-12 are similar in construction to the type F liigli-"

JFig. 3-16.—Western Electric glass-sealed precision resistor.

frequency units described below and consist of glass rods c^oated witli
resistance material and enclosed in ceramic tubes, with tlie ends seitleci
by alloy castings which serve as terminals. All are 32 in. in diameter,
with lengths from Ixf- to 12 in. and dissipation ratings from 1 to 8 watts.
Maximum voltages are from 500 to 4000 volts, maximum resistances from
10 '“ to 10“ ohms, and temperature coefficients from — 0.01 to — ().()(> j>t-r
cent/degree centigrade, with the higher values applying to the liijglK-r
resistances. Standard tolerance is + 10 per cent.

Two types of resistor of better than ordinary stability are made Isy tlr«^
Continental Carbon Company. The type X precision r(isi.st.or is mthiU'
in -y-, 1-, 2-, and 5-watt sizes. The range oi available rc'sistaucc va,lxi<‘s<
runs from between 1 and 5 ohms to between 1 and 15 megohms, (lc^p<>n( lii igi;

on wattage. These units are shown in Fig. 3-17. In many rcispcH-; t s
Continental Carbon Company precision resistors resemble wirc^-woiii u 1

resistors rather than carbon resistors, except that high resistamu-ts
be obtained with small size. The temperature coeffhaent viirics from
about H-O.Ol per cent per degree centigrade in low values to —0.05 pc‘r
cent in high values. Resistors of this type are often u.scd in volfcapjti
dividers for vacuum-tube voltmeters.

The Continental type A is called a “semiprecision” rc^sistor. Tlic^
resistor unit is cemented into a glass tube by filling the <ui<Is of ihc
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with a hard high-melting-point wax. The stability of this unit is not so

good as that of type X. Samples measured at Radiation Laboratory

had temperature coefficients vaiying with resistance value from —0.02

to —0.04 per cent per degree centigrade. These resistors are made in

I- and 1-w^att styles.

Fig. 3*17.—Continental Carbon Co. precision resistors.

341, Metal-film Resistors.-—.In an effort to produce resistors whose

stability would be higher than that of a composition- or carbon-film

resistor, several manufacturers have tried sputtered or evaporated-metal

films, and two of them have placed such units on the market. One of

these is the P. J. Nilsen Company of Oak Park, 111., whose resistors

employ a sputtered film of platinum-iridium or silver-palladium alloy as

a resistive element. The film is deposited on a threaded cylindrical

porcelain form which is then ground to remove

the conducting film from the top of the threads,

leaving a continuous metallic spiral. The

resistor is thus similar to the Western Electric

Company precision unit described above.

The ends of the cylinder which serve as ter-

minals, are plated with silver for about -g- in.

;

a porcelain outer shell with similarly plated

ends is slipped over the grooved form; and N'iisen sputtered

the whole unit is sealed by dipping the plated

ends in solder. Figure 348 shows the unit without its protecting shell,

and also a complete resistor. The resistance of the unit can be estab-

lished to an accuracy of ±0-1 per cent by controlled or hand-finishing

of the grinding process. By proper selection of the sputtering alloy

and control of the film thickness the temperature coefficient can be
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varied and controlled when accurate matching is required. Pairs of

resistors have been made which match to better than 50 X 10~V°C.
The absolute temperature coefficient depends somewhat on the resistance

value and the physical size, varying from about 150 X 10“V°C to

slightly negative values. This negative value with a positive-coefficient

material has been explained as due to contact-potential effects present

in thin films. The voltage coefficient for a 1-megohm resistor is about

2 X 10“® per volt between 2 and 200 volts. The resistance range in the

•1“ by 2-in. size of Fig. 3*20 is from 5000 ohms to about 3 megohms. It is

possible to obtain values as low as 500 ohms by using an ungrooved cylin-

der, which also gives a practically noninductive resistor. This size is

conservatively rated at 1 watt and may be operated at temperatures from
— 40"^ to +85°C without derating.

Another type of metallic-film resistor has recently (January 1946)

been placed on the market by the Corning Glass Works, the product of

Fig. 3*19.—Pyrex resistors.

joint research by the Corning Glass Works and the Polytechnic Institute

of Brooklyn. According to the manufacturer these Pyrex resistors are

very stable in spite of the fact that the film thickness is only about 10“*^

cm. It is thin enough to pass an appreciable fraction of the visible light

incident on it; two such resistors showed transmissions of 13 and 50 per

cent, including the absorption of the glass and the protecting silicone

varnish film. After 1000 hr at maximum power the change in resistance

is less than 0.5 per cent. The films themselves are surprisingly resistant

to abrasion, and are protected by the silicone coating. Standard toler-

ances are ± 10 per cent and closer tolerances are available on special

order; resistance ranges and other characteristics are given in Table 3T4,
and a photograph of three typical units is shown in Fig. 3*19.

3.12. Varistors and Thermistors.—In most applications it is desirable

that the resistance of a resistor remain constant under changing condi-

tions, but there are many cases where a resistor could be used whose
resistance is a function of some condition such as temperature or applied

voltage. Following Western Electric practice, such variable resistors
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will be termed varistors. Three principal classes may be distinguished:

thermistors, which obey Ohm’s law but with a large variation of resistance

with temperature; symmetrical varistors in which the current-voltage

characteristic is nonlinear but is symmetrical about the origin; and unsym-

metrical varistors such as the various types of dry-disk and point-contact

rectifiers.

Table 3-14.—Properties of Pyrex EesistorsJ

Form

Property Flat strip ^ in. X f in. Tube f in.

CD, 1| in.

long5 in. long

1

If in. long

1

Resistance range, ohms 200 to 4000 4000 to 50 to 1000
1

1000 to 1 to 500

Temperature coefficient * +0 . 02 to

100,000

+0 . 02 to 4*0.02 to

25,000

+0.02 to 0.08

Maximum input, watts

-0.02
12

-0.08

8

-0.02
3

-0.08
2 4

Watts input for rise of,t

40 2 2 1 4 i

80 4 4 1 1 1

130 8 8 2 2 2

170 12 3

230 4

* Temperature coefficients in per cent per degree centigrade. They are less than 0.02 per cent for

resistances up to 5000 ohms in the If-in. strip sizes and less than 0.02 per cent for resistances up to

20,000 ohms in the 5-in. strip sizes.

t Rise above ambient of 25®C.

Voltage coefficients for resistances above 1000 ohms are less than -1-0.02 per cent volt for the 5-iu.

and less than 4-0.06 for the If-in. strips; they are not defined for the tubular resistors.

t Data from Corning Bulletin EI-P-lO, Jan. 18, 1946.

Thermistors .—Devices in which the variation of resistance with tem-

perature is utilized fall into two classes: those in which the resistor element

is metallic and those in which it is a semiconductor. The thermal coeffi-

cients of most of the pure metals are positive and lie between -|-0.3 and

+0.6 per cent/degree centigrade and are too small to be of much interest

except for such specialized applications as resistance thermometry. Iron

is a partial exception, since its resistivity changes rapidly over a small

range of temperatures near red heat. This has led to its use in the iron-

wire-in-hydrogen ballast lamp, which when connected in series with a

constant load will keep the current nearly constant over a range of input

voltages as great as 3 to 1.

Certain of the semiconductors have coefficients negative in sign and

much greater in magnitude than those of the metals. The coefficients of
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uranium oxide (UsOg), nickel-manganese oxide (NiO H- Mn203)j iind
silver sulfide (Ag2S), for example, are respectively —3.0, —4.2, and 4 .0

per cent/degree centigrade. Such large coefficients result in a doul>linif!;

of resistance for a temperature drop of as little as 20‘’C. The law relttt.ii^K

resistance and temperature is approximately of the form

R = R^e^nm-n/T„)\^

where R„ is the resistance at the reference temperature T„ and T is
actual (absolute) temperature. The “constant” (3 is strictly a const iiiit

for Ag2S up to 179°C, where a phase change occurs. For tlni otdit'r
materials (3 varies somewhat with temperature, resulting in slightly cu r *tl

plots of log R against 1/T.

Resistors with these characteristics are manufactured by tlie Keyst-one
Carbon Company and the Speer Carbon Company (NTC r(\sistors;)

,
l>y

the Globar Division of the Carborundum Company ((Jlobar type II

and typeD resistors), and by the Western Electric Company (f lu'rinist oi'H).
Those of the first three companies are similar in appearance and <a)nst.rti<*“

tion to ordinary uninsulated composition resistors. W('st('rn Electric
thermistors are rods, beads, or plates of sintered oxides or sulfidc's. Con-
nection is usually made to the beads by embeddtjd plaiinum wirt^a
and to the other forms by sprayed metallic coatings. RikI and disk
thermistors may be used unmounted; beads are usually mounted in
evacuated or gas-filled glass bulbs; and devices are also availal>Ie in
which one or more thermistors and other associated equiiunent are
mounted in unit assemblies, usually in metal cans.

Thermistor applications may be divided into three main classes. In
the first class the current through the thermistor (denu'ut, is (oo small f

cause appreciable heating, and the change of temperatun' is due- to wholly
external causes. This class includes the use of Ihermisf.ors in resist sin <*•'

thermometry, in the bolometiic measurement oi ratliant. (unu'gv-, aii<l in
the measurement of microwave power. This last aioplicat ion was of g;r<*.Ht
importance in the work of the Radiation baboratory, and <wa.uipi<-s>

given in other volumes of this series, particularly in Vol. 11.

As resistance thermometers, thermistors have at least, ttui linu's t h«*
sensitivity to temperature changes shown by platinum therinom<'f.<‘i-ts.
Their absolute accuracy is not so high, at least in the pr(>S(ui1 stat(> of t h#'
art, but is said to be much greater than that of thermocoui)les. d’h<‘rnr-
istors can easily be made to have much greater resistances than oithor of
these devices, which is advantageous in cases where it is de.si ns 1 t o coo p! «

*

into vacuum-tube amplifiers. Thermistors can also lx- iuad(‘ (o ha,vo
much smaller thermal capacities and shorter time constants than con-
ventional resistance thermometers, though they do not as yet approa<-h
radiation thermocouples or bolometers in these respects.
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Another obvious and useful application in this class is the use of a

thermistor to compensate for the positive temperature coefficient of a coil

or other device. A thermistor of suitable characteristics may be closely

connected thermally with the coil and electrically connected in series

with it. As the temperature rises, the coil resistance will increase and

that of the thermistor will decrease correspondingly. If compensation

over a wide temperature range is desired, it is usually necessary to shunt

the thermistor with a Nichrome resistor in order to straighten out its

characteristic. This type of temperature compensation has been very

useful, for example, in airborne instruments.

In the second class of thermistor applications, the measuring current

is again too small to cause appreciable heating, but the change of tempera-

ture is caused by heat, generated in a resistance heater associated with the

thermistor element. Such a heater-type thermistor may have the heater

physically separate from the thermistor element or it may consist of a

glass-covered thermistor bead with the heater imbedded in the glass.

One obvious application of such a separately heated thermistor is as a

remotely controlled circuit element. For example, the thermistor ele-

ment could be used as the shunt element of an attenuator, and the heater

fed with a-c or d-c power from a remote point; the greater the heater

current the lower the shunt resistance and the greater the attenuation.

A variant of this scheme is a volume compressor or expander in which

the output furnishes the heater current and the thermistor is an element of

an attenuator in the input circuit. This is a special case of a feedback

amplifier in which the feedback is thermal rather than electrical. The

time constant of the thermistor can be made sufficiently short to permit

following the syllabic variation of speech. Another use for the heater is to

furnish ambient temperature compensation for the thermistor element;

the heater current is controlled by a disk-type thermistor mounted in the

same enclosure. Resistance control with a separate heater may be accom-

plished with fairly small heater powers; one type of thermistor with a

100-ohm heater had a cold resistance of 1 megohm, which decreased to

8 ohms for a heater input of 20 mw.

In the third class of thermistor applications, the heating is primarily

due to the thermistor current itself. This current may be held constant,

and the change in resistance with changing exteimal conditions used to

measure such quantities as gas flow, thermal conductivity, pressure, or

even position. In this last application two thermistor beads in the same

gas-filled bulb are connected in adjacent arms of a bridge. If the bridge

is balanced when the two beads are in the same horizontal line, a tilt of the

bulb will cause an unbalance of the bridge because the upward-moving

convective gas streams in the bulb will cause the higher of the two

thermistors to reach a higher temperature.
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Another group of applications of the third class depends upon the fact

that if the power input is changed, the thermistor will come to equilib-

rium at a new temperature and therefore at a different value of resistance.

This property is used, for example, in protective devices for switchboard

lamps, etc. If a self-heated thermistor of appreciable thermal inertia is

connected in series with a lamp, a momentary surge—even of considerable

magnitude—will not heat the cold thermistor enough to drop its resistance

to the point where the lamp will burn out while a much lower voltage of

long duration will heat the thermistor and permit the lamp to light.

The same scheme is used to prevent false operation of relays. It may
also be used to secure time delays in the operation of relays or other

devices. With proper design of both the thermistor and the relay,

delays can be secured from a few milliseconds to many minutes. In

order to secure reasonable constancy of delay, however, it is necessary

to compensate for ambient temperature variations, to assure constancy of

the applied voltage, and to use a relay with a very constant operate cur-

rent (see Chap. 13).

If the current through a self-heated thermistor is gradually increased,

time being allowed for the attainment of thermal equilibrium after each

change in current, it will be found that the voltage drop across the unit will

reach a maximum and will thereafter decrease with increasing current, so

that the voltage-current curve has a negative slope. Still further increase

in current will cause the curve to pass through a minimum and the slope

to become positive again. The result is very similar to the dynatron

characteristic of a tetrode with a secondary-electron-emitting screen

grid, and like it the thermistor can be used as an oscillator. The fre-

quency range possible is limited by the finite thermal capacity of even the

smallest thermistor bead, but frequencies throughout most of the audio

range can be reached. There would appear to be no theoretical lower-

frequency limit.

The negative resistance characteristic permits use of a thermistor as an

amplifier or as a switching device, and the fairly sharp kinks in the char-

acteristic suggest its use as a modulator or demodulator. These possi-

bilities have been comparatively little explored, but the device does make
a useful volume limiter and a very good output stabilizer for oscillators.

When combined with constant series and/or shunt resistors, it also serves

as a voltage regulator. Thermistors are still relatively new, and their

uses will undoubtedly multiply greatly in the future.

Symmetrical Varistors .—Symmetrical varistors are resistors whose
resistance is independent of the direction of the applied voltage but

depends upon its magnitude. They are manufactured by the Globar

Division of the Carborundum Company
,

(Globar Type BNR voltage-

sensitive resistors). Metropolitan Vickers, Ltd. (Metrosil resistors),
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Western Electric Company (silicon carbide varistors), and General

Electric Company (Thyrite resistors). For convenience they will be

referred to by the General Electric trade name.

Thyrite resistors are made by pressing specially treated silicon carbide

with a ceramic binder into shapes and firing at about 1200°C. Their

properties are very sensitive to variations in the process of manufacture,

so that the finished resistors are somewhat variable in character-

istics. (Two pairs of supposedly identical but not especially selected

units showed characteristics that were the same within 5 per cent in

voltage.) After firing and attaching terminals, the rather porous units

are impregnated to prevent water absorption.

The conductivity of a mass of Thyrite is uniform in all directions but

rises very rapidly with applied voltage. The material may be thought of

as an aggregate of resistive granules separated by minute gaps insulated

by films of silicon dioxide. The higher the potential gradient the larger

the number of these gaps that break down and conduct. The insulation

reforms immediately after the discharge ceases. The current is thus

independent of the polarity and frequency of the applied voltage and

depends only upon its instantaneous magnitude.

To the first approximation, the current i through a Thyrite unit can

be expressed as a function of the applied voltage E by the equation

i = criE^ (amperes, volts), (1)

where o-i is the conductivity of the unit in amperes at 1 volt applied and n

is a constant depending upon the composition of the resistor material.

The value of n usually exceeds 3.5 and may be as high as 7 ;
its average

value is about 4. Its magnitude is only approximately independent of

the applied voltage, so that the current-voltage curves plotted on a log-log

scale droop for voltage gradients below approximately 100 volts per inch.

With this limitation, however, Eq. (1) holds true over ranges of at least

200 db. Where heat dissipation is a factor, however, the usable range

may be reduced to 100 db.
* The conductivity of commercial Thyrite, measured as current for

constant applied voltage, rises about 0.4 per cent/degree centigrade rise

in temperature. This temperature sensitivity is probably accidental

rather than an inherent characteristic of the material. Its value varies

widely between samples; in a batch tested between —36° and +97°C.,

the temperature coefficient varied between 0.12 and 1.2 per cent/degree

centigrade. Even two strips fashioned from adjacent portions of the same
disk differed substantially in their temperature coefficients.

Since it has been fired at a high temperature in the process of manu-
facture, Thyrite itself is not harmed by reasonable overloads, but its

wax impregnation will suffer, and so may the electrodes, which are usually
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sprayed-on metal deposits. A dissipation of 0.25 watts per square inch of

surface is therefore given as the highest rating.

Thyrite units are made in the form of rods i in. in diameter and from

1-| to 2j in, long and as circular disks from ^ to 6 in. in diameter and from

0.03 to several inches thick. The rods and the smallest disks have pigtail

leads; the larger units are intended to be mounted between clamps, either

singly or in stacks.

By choosing the appropriate shape and composition, Thyrite units

can be adapted to voltages from 0.1 to 10,000 volts and to currents from
10““’^ or less to hundreds of amperes. They are suitable for applications

where moderate nonlinearity is required over wide voltage ranges.

Thyrite has been comparatively little used except for surge and light-

ning protection, for which it is almost ideally adapted. It offers interest-

ing possibilities as a nonlinear element for multipliers, special waveform

generators, etc., and will undoubtedly find many more uses in the future.

Unsymmetrical Varistors .—Unsymmetrical varistors are resistors

whose resistance is a function both of the magnitude and of the direction

of the applied voltage. Because the resistance is different for different

polarities, they can be used as rectifiers. The two most important

classes are the point-contact crystal rectifiers, to which. Vol. 15 of the

Radiation Laboratory Series is devoted, and the dry-disk rectifiers com-

monly used for battery charging and similar purposes. Crystal rectifiers

depend for their action upon the rectifying properties of a fine metallic

point, usually of tungsten, in contact with either silicon or germanium.

Dry-disk rectifiers depend upon the unilateral conductivity of the inter-

faces between copper sulfide and magnesium, copper and cuprous oxide,

or selenium and iron or aluminum.

As power rectifiers the copper sulfide, copper oxide, and selenium

units have comparable properties, but their individual differences

are great enough to make one preferable to another in many applications.

The copper sulfide rectifier is the oldest and probably the least popular

and is made by comparatively few manufacturers. One of its desirable

properties is its ability to withstand high temperatures and high momen-
tary overloads. It is also the cheapest of the three types.

Copper oxide rectifiers are desirable as meter rectifiers because their

rectification efficiency remains high at low voltages. They withstand

overloads better than selenium but cannot be operated at as high ambient

temperatures as copper sulfide. The modern copper oxide rectifier is an

economical, dependable, and relatively trouble-free unit and is used in

large numbers to furnish direct current for battery charging, electro-

plating, magnet and relay operation, etc., as well as for low-curi'ent

applications.

Selenium power rectifiers are neAver than either of the other types and
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seem to be displacing them for many purposes. They are characterized

by high efficiency, good voltage regulation, small change in properties

with temperature (except that they cannot be used at as high tempera-

tures), and low weight and compactness in the higher voltage ratings

and especially by the high permissible back voltage per plate. This last

property is of especial interest in the use of selenium rectifiers in plate

supplies. Special high-voltage selenium rectifiers are available with

ratings up to 4 kv at 5 ma. Four such units were used in the plate

supply illustrated in Fig. 4T9. Larger high-voltage stacks are used in the

plate supplies of several radio transmitters now on the market.

TJnsymmetrical varistors are useful for a wide variety of applications.

Crystal rectifiers are commonly used as mixers, detectors, d-c restorers,

etc.; many examples of these uses will be found in the other volumes of

this series. Crystals such as the 1N34 can be substituted for thermionic

diodes in perhaps 90 per cent of these applications, often with an improve-

ment in performance. The principal weakness of the crystal diode is its

finite back resistance, though this may be of the order of some megohms.

Crystals and small copper oxide and selenium meter rectifiers are also

useful as low-power modulators and demodulators, and matched pairs or

sets of crystals are now obtainable for these purposes. Larger rectifier

stacks are also useful at higher power levels. The frequencies at which

disk-type rectifiers can be used are normally limited to the audio and

carrier ranges by their comparatively large interelectrode capacitance.

Beside their uses as rectifiers, both crystals and disk rectifiers are

useful as symmetrical nonlinear circuit elements. The required sym-

metry is easily obtained by paralleling two identical units with their

polarities opposed. When so connected, a pair of copper oxide units will

have characteristics such that the current increases exponentially with the

applied voltage. The lower limit of this exponential characteristic lies at

about +70 mv, at a current density of about 50 jtta/cm^. The upper

limit depends upon the application, but a range of 50 to 1 can be obtained

if the linear component of the rectifier resistance is canceled out by the use

of a bridge circuit.

Certain germanium microwave mixer crystals show this characteristic

to an even greater extent, since their forward resistances are very low.

Their forward characteristic rises strictly exponentially from the lowest

observed point of 1 jxb, at +160 mv to 10 ma at +500 mv. If the bridge

circuit is used, this exponential range can be extended to as much as

300 ma per contact.

Selenium rectifiers have a characteristic consisting of two approxi-

mately linear portions connected by a sharp bend. They thus have a

highly nonlinear characteristic but only over a narrow voltage range.

Such a characteristic is useful in a limiter; for example, a pair of



108 FIXED WIRE-WOUND AND MISCELLANEOUS RESISTORS [Sec, 3-12

selenium elements connected back to back makes an excellent limiter

for shunting a pair of headphones used with an a-f bridge.

When used in the back-to-back connection, the various rectifiers form a

useful complement to Thyrite, having their field of application at voltages

below about 1 volt where Thyrite begins to fail.

A short bibliography on varistors and thermistors follows:
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85-88 (November 1940).
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Grisdale, R. 0., “Silicon Carbide Varistors,”R7T Record, 19, 46-51 (October 1940).

Copper Oxide Rectifiers
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1941).

Caruthers, R. S., “Copper Oxide Modulators in Carrier Telephone Systems,” Trans.

AIEE, 68, 253 (June 1939).

General Electric Co. Bull. GEA-4244A, pp. 82-85 and 89. (This is an abridgement
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Sahagen, J.-, “The Use of Copper-oxide Eectifiers for Instrument Purposes,” Proc.
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Selenium Rectifiers
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“Selenium Rectifiers for Closely Regulated Voltages,” ibid., 20, 124 (1941).
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Yarmack, J. E., “Selenium Rectifiers and Their Design,” Trans. AIEE, 61, 488

(July 1942).

3*13. Wire-wound E.-f Resistors.—Although most wire-wound resis-

tors have residual inductances and capacitances too large to permit their

use as accurate circuit elements at radio frequencies, there are certain

forms that can be used up to fairly high frequencies. The a-c properties

of Ayrton-Perry windings have been discussed in Secs. 3-5 and 3*8; other

windings such as the Figure 8 and even more complicated configurations

have been devised which give even better characteristics, but most of

them are too difficult to construct to be practical in any application except

special measuring and test equipment.^

There are certain commercially available resistors which have fairly

good high-frequency properties. Two such types are the Ohmite Models

D-lOO and D-250, which have noninductive^ space-wound wire resistance

elements, supported on skeleton mica forms in sealed gas-filled bulbs with

connections brought out to four-prong vacuum-tube bases. The D-lOO

is available in 13 resistance values from 13 to 600 ohms with 100-watt

dissipation ratings. Distributed capacitances are approximately 5 yixi

for all values; residual inductances range from 0.19 to 1.0 iih. The fre-

quencies at which the impedance increases 10 per cent vary from about

5 Mc/sec for the 13-ohm unit to about 40 Mc/sec for 600 ohms. The

larger Model D-260 has similar characteristics except for its dissipation

rating of 250 watts. Resistance tolerance is ± 5 per cent for both models.

Another high-frequency power resistor is the Ward Leonard placque

unit. This is a flat vitreous enameled unit, ^ in. thick, with a zigzag

winding covering a I'ectangular area in a depression in the form. Three

sizes are available, with ratings of 20, 40, and 125 watts and resistances

^ B. Hague, “A-c Bridge Methods,” Pitman, London, 1943, pp. 86-127.
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from 0.64 to 25,000 ohms. The maker states that they show no standing

waves below 60 Mc/sec, that inductive effects are negligible up to 1 and

capacitive to 5 Mc/sec; changes in effective resistance are negligible to

7, 3, and 0.2 Mc/sec for the small, medium, and large sizes, respectively.

A type of winding that is often used for heaters but which is nonre-

active enough for use up to several megacycles per second is resistance

cloth. It consists of a textile warp, of cotton or other organic fiber in

low-power types and of asbestos or Fiberglas cord in the higher powers,

into which is woven a weft of resistance wire or ribbon. Such a winding

has very low inductance and capacitance and has been much used in the

construction of dummy loads for broadcast and other radio transmitters.

Because the whole area of the resistance wire is exposed to the air the

dissipation of heat is excellent and if the material is oil-immersed or

cooled by an air blast high powers can be dissipated. Under the name
of Ohm-Spun the material is sold for applications such as oven heaters;

a lower-temperature type in the form of a 1-in. continuous tape is used

for a-c resistance standards of values higher than can conveniently be

obtained in Ayrton-Perry cards. A coil of such material with a resistance

of about 25,000 ohms is only about an inch in diameter and has negligible

inductance up to the carrier-frequency range; distributed capacitance can

be minimized by interwinding the tape with a corrugated insulating

spacer.

Another material of similar properties is resistance cord, which may
be any of various types of continuous core over which is wound a con-

tinuous coil of resistance wire. Such resistance cord is used in making
electric heating pads, soil-heating -cable, etc. For these uses it usually

takes the form of bare Nichrome space-wound on a heavy soft asbestos

cord. Wound on enameled magnet wire with a heavy asbestos wrapping
and the whole wound on a threaded ceramic form, it was used in the old

Electrad resistors; these units were greatly inferior to present-day power
resistors in some respects, but had the advantage of being easy to tap

accurately, so that accurate resistance values could be made up by the

user. One form of Electrad resistance cord, which was wound in a silk

core about jV in* in diameter, had a resistance of as much as 15,000 ohms
per ft. Small lengths of resistance cord enclosed in insulating braid

sleeving and terminated by tinned wire leads are often used for cathode

resistors for small tubes; one of their advantages is that they can easily

be coiled or bent to fit almost any space. Resistance cord has very low
inductance because of the small area of the core; the capacitance depends
upon the configuration into which it is bent or coiled.

344:. High-frequency Resistors.—^Resistors intended for use at high

frequencies are usually designed to have one or more of the following

properties:
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1. Low direct end-to-end capacitance.

2. Low total capacitance.

3. Small change of resistance with frequency.

4. Low inductance.

In the frequency range up to 100 Mc/sec the first three properties

are of interest in resistance values above about 500 ohms and the fourth

in values below about 50 ohms. In the intermediate resistance range

some suitable type of general-purpose resistor can usually be found.

The IRC filament-type resistors without the leads projecting inside

the unit have good high-frequency qualities in the high-resistance

category. Type F shows much less resistance change at high frequency

Fig. 3*20.—High-frequency resistors: (a) IRC type F; (5) IRC type F (longitudinal

section); (c and d) two types of IRC disk resistors ; (o) small Globar unit; (/) MPM resistor;

{g) dummy-crystal unit; (h) metal parts for dummy-crystal unit.

than ordinary resistors, and the new type MPM has unusually low direct

end-to-end capacitance. Its resistance is said to change even less than

that of type F. Resistors of type F, because of their bulky end caps, are

not suitable where low total capacitance is desired (see Sec. 2*8). Both

types are shown in Fig. 3*20a, b, and/. Somewhat more specific informa-

tion on their high-frequency properties is given in Sec. 2*8.

An example of a particular high-frequency resistor is also shown in

Fig. 3*20^ and h. When radar receivers are being developed and tested,

the intermediate-frequency test signal must be introduced through a

dummy mixer to make the i-f input circuit act as it would if a real

mixer were feeding it. The dummy mixer often is made by modifying

a real mixer, by substituting a resistor in the place of the rectifying

crystal. The dummy crystaF^ resistor is made to have the same
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mechanical dimensions as a regular silicon rectifier unit by fitting suitable

end caps onto it and soldering them to the leads, which are threaded

through holes and cut off short. General-purpose RC-20 resistors of

about 300 ohms are used in making up these dummy crystals. More
information on the use of these units is given in Vols. 18 and 23 of the

Radiation Laboratory Series.

Some types of resistor are especially useful in high-frequency wide-

band equipment because their small size allows them to fit into the

compact miniature type of layout which is often required in such equip-

ment. The Globar 997-A is an example of a type used in such cases

where insulated resistors were not required. Another very small Globar

type, used in some experimental microwave devices, is shown in Fig. 3 *206.

346. Ultrahigh-frequency Resistors.—Resistors of very low reactance

find application particularly in the microwave region. An interesting

example of microwave resistors is the resistor disk, two samples of which

are shown in Fig. Z-20c and d. These are made by IRC from their

resistor sheet material, which is itself of interest. Resistor sheet material

consists of a sheet of low-loss phenolic plastic coated with a layer of

resistive material. A square of this material will have the same resistance

from the whole length of one edge to the whole length of the opposite

edge no matter what its size, so the specific resistance of this type of

material is figured in terms of ohms per square. It is available in strips

up to 3 in. wide and in specific resistance values of 100, 200, 300, 400, 500,

and 600 ohms per square. Reliable contact can be made to it only by
painting part of its surface with a metallic coating, but in some microwave
applications pieces of resistor-sheet material are simply placed in an

electromagnetic field, outside connections being unnecessary. The
resistor disks of Fig. 3*20c and d are used as low-inductance shunt resis-

tors in coaxial lines carrying microwave energy. For instance, disks

having a resistance equal numerically to the characteristic impedance of

the line are often built into devices which are connected to such a line.

These disks form part of arrangements which terminate the line and thus

minimize reflections. They are painted with an outer and an inner

metal ring to make connection with the two conductors of the cable, and
have a hole punched in the center. Contacts are made by prc^ssun^ on

the metal-painted surfaces, using mechanical parts that screw togx'iher

squeezing the disk between them. If the inner diameter of the outeT-

metallic ring is r 2 ,
the outer diameter of the inner metallic ring, ri, and

the specific resistance S, then the resistance from center to rim of the

disk is given by

R = 0.367S logio -
Ti
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It is easy to show that if the resistance of a coaxial disk is to match
the impedance of a certain air-dielectric transmission line, and if ri and r2

of the disk are to be the same as the corresponding radii of the coaxial

line itself, then the specific resistance of the sheet material must be 376.6

ohms per square, a value numerically equal to the impedance of free

space. Eesistance sheet material is used in many ways in microwave

equipment using waveguides as well as coaxial lines. Some of its applica-

tions are described in Vols. 11 and 16.

Another special low-inductance resistor, used at video frequencies, is

the coaxial pulse-current viewing resistor. When the sh^ipe of a large

current pulse, such as the current in a transmitting magnetron, is to be

observed, it is necessary to convert it into a voltage pulse for presentation

on the cathode-ray tube of an oscilloscope or synchroscope. This is done

by putting a low-value resistor in series with the circuit at its grounded

end, and observing the voltage pulse built up by the current through the

resistor. The value of the resistor is low enough to be negligible com-

pared to the rest of the virtual resistance of the circuit, and acts somewhat
like an ammeter shunt. An ordinary resistor has sufficient inductance

so that when the current pulse starts the series resistor has momentarily

a much higher impedance than normally, and a high spike appears at the

front edge of the picture of the pulse. Two means’ are used for reducing

the spike in this special resistor:

1. Lead inductance effect is minimized by making the resistor a three-

terminal device. The ungrounded lead runs through the center

of the resistor, and the voltage pulse is picked off at the opposite

end from the one at which the current pulse enters.

2. Inductance of the resistor itself is minimized by arranging the
current paths so that the magnetic fields almost completely cancel

out. The whole unit is built in cylindrical form, and its resistive

portion consists of a pair of tubular ceramic resistors furnished by
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Bell Telephone Laboratories, (BTL ES-720916 and ES-720917).

The current paths in this device are shown in Fig. 3-21. Resistance

values ordinarily used in this resistor range from 1 to 10 ohms.
The inductance is low enough so that a reasonably accurate

picture is presented of a pulse of many amperes which rises in

about 0.01 jusec. More detailed information on the use of these

devices is given in Appendix A of Vol. 5 (Pulse Generators).

Constructions similar to that used in the pulse-viewing resistor have
also been used in other resistive devices for use at ultrahigh-frequency.

Cylindrical film-type resistors have been employed in a number of ter-

minating impedances for both coaxial lines and waveguides; the dissipa-

tion ratings have ranged from a watt or so in low-level test equipment
up to several kilowatts in a water-cooled 10-cm termination for If-in.

cokxial lines which has recently been developed by the International

Resistance Corporation.



CHAPTER 4

IRON-CORE INDUCTORS

By J. F. Blackburn and S. N. Golemcbe

From the standpoint of the circuit designer, transformers and other

iron-core inductors occupy a place somewhat apart from such components

as fixed resistors or capacitors. Units of the latter types are available

in an almost embarrassing profusion, and about all that a circuit or

apparatus man needs to know about them is their electrical and mechani-

cal characteristics and their construction. In the case of transformers,

however, although there are on the market many stock sizes and types

that will satisfy most ordinary requirements, it is frequently necessary

to order special units. In order to do so intelligently, and particularly

in order to know whether it is practicable to attain the desired perform-

ance, it is important for the circuit designer to have at least a bowing

acquaintance with the methods of transformer design and with its

possibilities and difficulties.

It would be impossible within the limits of a single chapter to cover

the field of transformer design, even in an attenuated form, but in the

following section there will be presented a group of useful design formulas,

followed by three sections briefly outlining the design procedures for the

more important classes of iron-core inductors. Following this design

portion of the chapter there are five sections on construction and assembly

techniques, with special emphasis on those employed by the transformer

shop of the Radiation Laboratory, and descriptions of several units that

were designed and built there.

DESIGN OF IRON-CORE INDUCTORS

44. Design. Formulas.—^The design of iron-core inductors, like all

types of design, is a process of continual balancing and compromise, and
it is rendered more troublesome than many fields of design by a very

Babel of conflicting systems of units. In the United States, at least,

it is the universal custom to use the English system of linear measure-

ments for wire, insulating materials, and most other components entering

into the construction of a transformer except the core. The manu-
facturers of magnetic materials, however, use both English and metric

units, presenting some data in one system and other data in the other.

For this reason the formulas that follow will be given in two forms, one
115
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using the practical metric units and the other, a mixed system of units

based on the inch.

The formulas in this section are not grouped in a particular logical

order since each designer has his own preferred sequence of operations in

designing an inductor. The formulas are not to be considered as highly

accurate because many of them are empirical approximations and

because almost all of them are subject to errors due to the inherent

inaccuracies in some of the quantities involved. This does not imply

that the design of apparatus involving magnetic circuits is necessarily

an inaccurate procedure, but rather that the formulas given here are

first approximations that can be considerably refined by suitable correc-

tions. As they stand they are sufficiently accurate for most ordinary

purposes.

Voltage .—The basic formula relating the voltage across a coil to the

flux density in its core is

E ^ 4.x (1)

E = voltage across coil, volts,

/ = frequency, cps,

N = number of turns in coil,

Ff = form factor of voltage wave == 1.11 for sine wave,

Ac = over-all cross-sectional area of core = b X s, in.^, (see Fig. 4*1)

ka = stacking factor for core laminations (see Sec. 4-6),

= maximum flux density in core, lines/in.^.

In this formula the units of linear measure are unimportant so long as

the same unit is chosen for Ac and 5max; for example, the core area could

be given in cm^ and the maximum flux density in gauss (lines/cm‘^).

If the voltage and flux are sinusoidal so that Ff = 1.11 and if Acfc/is

replaced by its equivalent A{, the actual cross-sectional area of magnetic
material in the core, Eq. (1) becomes

E = 4.44 X lO-WAiBm... (la)
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Coil Dimensions .—In the calculation of inductance, mutual iiKluc.-”

tance, and interwinding capacitance certain dimensions are involved

which are shown in Fig. 4*1 and in the several parts of Fig. 4*2 and

tabulated below.

(a) (6) (c) id)

Fig. 4-2.—Coil dimensions.

Symbol Fig. Remarks
^ 4*1 Stack height depends not only on the number and of

laminations in the core, but also on tightness of clamping, etc.

(See Sec. 4*6.)

h 4*1 Core width

/3i, etc. 4*1, 4*2 Over-all axial length of winding(s) from outside of one end turn

to outside of other end turn. This quantity may not the

same for other windings on the same core.

Tm 4*1 Radius of mean turn, measured from corner of stack. l'h|uals

mean of radii of inner and outer layers.

Qt, ai, etc. 4*1, 4*2 Radial thickness (es) of winding(s), rncasurcid from outsi^le of

copper of outer layer to inside of copper of inner lay<u% for c^iudi

winding.

huj etc. 4*2 Total thickness of insulation between windings. Mtaisure<l froin

surface of copper, not from surface of wire insulation. Axial
measurements, as in Figs. 4*25 and 4 '2d are usually of poor
accuracy because of difficulty of positioning coil laytu* eiidH.

A number of equations might be given to defitu'. tlu^ r(dationslup.s

between these and other dimensions for particular (uis(^s, but. since (1 h\v

are all obvious upon inspection of a sketch of the particnilar (uh\ layout
in question they will be omitted.

Leakage Inductance .—For the coil constructions skcd.c.luul in I'tgs. l*2a

through 4'2d the leakage inductances (referred to the prinuiry
) two givtm

by the formulas

Li^ = 1.14 X 10-« (h^. + for Fig. 4-2n, (‘ia)

Li^ = 1.26 X 10-8 for Fig. 4-26, (26)

Li^ = 0.283 X 10-^ 1“-^ -f
‘ -± fA

, (2c)
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for Fig. 4* 2c, and

Lip = 0.315 X 10-s (hi2 + hM + (^2d)

for Fig. 4-2<i.

In these four formulas

Lip - primary leakage inductance, henry,

Im == length of mean turn, cm,

Np = number of turns in primary.

If the coils are not all of the same length, I should be taken as the mean
of the several lengths. The /i^s, oi^s, and have been defined above.

If all linear dimensions are given in inches, the same four formulas

apply providing the multiplying factors are all increased by the factor

2.54, giving 2.9, 3.2, 0.72, and 0.8 in Eqs. (2a), (2o), (2c), and (2d),

respectively.

Self-inductance .—The calculation of the self-inductance of an iron-

core inductor is a laborious procedure because of the nonlinear relation-

ship between the magnetomotive force and the resulting flux and because

of the almost invariable presence of an air gap in the core. The calcula-

tion of a magnetic circuit of varying cross section and irregular shape is

too complicated and too rarely required in the design of transformers to

warrant discussion in this chapter. Fortunately for the designer of

transformers and reactors, it is usually justifiable to make the following

assumptions:

1. The magnetic circuit is of uniform material throughout except for

the air gap and is of constant cross-sectional area.

2. The effects of leakage are negligible in that the total flux through
all cross sections of the core is the same, and the bypassing of part

of the core by the leakage flux can be corrected for by a change

in the air-gap effective length.

3. The effect of fringing at the edges of the air gap can be taken into

account by a change in the air-gap length.

4. The flux density is constant at all points in the core.

The actual calculation of inductance depends upon the definition of

that quantity, which in turn depends upon the particular application of

the inductor. For the most purposes the inductance may be assumed
to be given by the formula

L, = 1.256 X (3)

if the linear dimensions are given in centimeters, or
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Ls = 3.19 X (3a)

if they are in inches. In these formulas,

Ls — self-inductance, henrys,

N = number of turns in coil,

Ai = effective cross-sectional area of core = b s ks^ where b and s are

the core width and stack height respectively and ks is the

stacking factor of the core,

k = effective length of the magnetic path in the core,

jUe = effective permeability.

All of the above quantities are definite and easily determinable

except for the last two. The actual length of the magnetic path is

somewhat ambiguous because of the unknown behavior of the flux at

the corners, but is usually assumed to be the center-line length of the

core as shown in Fig. 4*1. The value of Hc is not so easily determined,

however.

The permeability of a magnetic circuit is a quantity that is analogous

to the electrical conductivity used to calculate the resistance of a piece

of wire of known length and cross section. As used here, however, the

appropriate value depends upon the properties of the core material, the

ratio ki of the effective air-gap length 4 to the iron-path length k, and

the conditions of operation. In the case of a power-supply filter choke

the value of inductance, which is of interest in predicting the performance

of the filter, is what might be miscalled the ^^d-c'^ inductance. This

inductance is a measure of the energy per cycle that the choke can store

up in its magnetic field and depends upon the average value of the coil

current. In the case of an interstage transformer, however, this quantity

is of little interest, and what is needed is the incremental inductance,

which is a measure of the reactance of the transformer primary to the a-c

component of the plate current. The case of a line-filter inductor

working at very low power levels is different again; here the important

quantity is the initial inductance, which determines the reactance of the

inductor to small values of alternating current when the core has no

initial magnetization. All of these values of inductance will be given by

Eq. (3) by choosing the proper value for

The effective permeability may be calculated in a number of steps as

follows:

1. The effective air-gap length la and the length ratio fcz == la/k are

computed.

2. If there is a d-c component present in the coil current and the

incremental inductance is required, the operating point on the

B-H curve must be determined.
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3. The appropriate value of the permeability of core material for the

given operating conditions must be determined from the curves

for the material.

4. The value of the effective permeability of the whole magnetic cir-

cuit must be obtained either graphically or by computation from

the permeability found in Step 3.

5. Using the value of the effective permeability from Step 4 and the

known dimensions of the core and coil, the inductance may be

calculated from Eq. (3).

The calculation of the effective air-gap dimensions is a matter of

some difficulty because they depend upon a number of poorly known
factors. For long air gaps it is sufficiently accurate to assume that the

effective dimensions are the same as the actual dimensions, subject to the

corrections discussed below. For lap joints and for close butt joints,

however, the effective length is greater than the actual length. A
good 100 per cent lap joint will have an effective length of not less than

0.5 mil, and a very good butt joint will have an effective length of at

least 3 mils, even if the butting surfaces are ground. It is usually

preferable in the case of short gaps to use the length factor discussed

below:

Compensation can be made for the effect of fringing in gap lengths

less than i of either 6 or a (whichever is the smaller) by assuming that

the effective air-gap area

Aa = (s + la){b + Za).

Leakage effects can be taken into account by using 2la instead of la in

both factors of this product. Within the limitation mentioned this

formula will give results accurate to within a few per cent.^

In the interest of simplifying the inductance formula it is useful to

calculate a fictitious air-gap length—the length of a gap of area equal to

Ai which would have the same reluctance as the actual air gap—and
then to calculate the length ratio ki of iron path to effective air path.

This effective gap length will then be

1 Excellent discussions of the calculation of fringing and leakage fluxes are to be
found in the following: H. C. Roters, Electromagnetic Devices^ Wiley, New York, 1941,

Chap. V and in MIT Electrical Engineering Staff, Magnetic Circuits and Transformers,
Wiley, New York, 1943, pp. 68-93.

A discussion of the design of iron-core inductors for optimum Q will be found in

four articles from the Gen. Radio Experimenter: L. B. Arguimbau, '‘Losses in Audio-
frequency Coils, ’’ November, 1936; P. K. McElroy and R. F. Field, '‘How Good is

an Iron-cored Coil?’' March 1942. P. K. McElroy, "Those Iron-cored Coils Again,”
December 1946 and January 1947. These four articles are available in reprint form
from the General Radio Co., 275 Massachusetts Ave., Cambridge 39, Mass.
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*“ - rt+^)(:+2i.) »»
and the length ratio ki = lae/h

Since h is unknown or inaccurately known except for long gaps it is

better for lap-joint and close-butt-joint cores to assume a value for ki

according to the following rules.

The factor hi - 0 only for continuous ring cores, which are seldom of

interest for transformers or reactors. For lap joints a value of 5 X 10“®

can be attained with great difficulty in the largest core designs; in small

cores 10~* can be attained with great difficulty, with 2 X 10“* within the

best practical range, and 3 X 10~* well within ordinary practice. For
close butt joints a reasonable assumption would be 2 to 10 mils for the

effective length; if accurate inductance values are necessary the inductors

nnust be adjusted by shimming the air gap.

If b is the width of the core laminations and s is the over-all height

of the lamination stack, the effective core area Ai = Ish. The stacking

factor ft, depends on the thickness of the laminations and of the oxide or

, other nonmagnetic coating upon the lamination surfaces, on the tightness

of clamping of the stack, on the choice of a hutt or a lap joint, and on
various mechanical factors such as lamination flatness, freedom from
burrs, etc. The stacking factor varies from about 0.95 for medium-
gauge laminations in a butt-jointed core to as low as 0.4 for very thin

laminations such as are sometimes used for r-f transformers. For 29-

gauge (0.014-in.) laminations the Allegheny-Ludlum Steel Company
uses a factor of 0.94 for butt-jointed and 0.88 for lOO per cent interleaved

stacks. The stacking factor may be determined for a particular stack

by weighing and dividing the apparent density of the stack by the

density of the material. For the purposes of the Epstein Test it is

standard practice to assume a density of 7.7 g/cm® (0.278 Ib/in.®) for

silicon steel of a silicon content of less than 2 per cent and 7.5 g/cm®

(0.271 Ib/in.®) for higher silicon contents. The actual density, however,

varies with both composition and metallurgical treatment, and for

accurate calculations the correct value should be obtained from the

manufacturer.

Having established the “effective” dimensions of the magnetic cir-

cuit the coordinates of the operating point on the B-E curve must be
determined. This determination may be omitted if there is no cl-c com-

ponent in the coil current, but unfortunately this is seldom the case for

any inductor for which the self-inductance is of importance. The values

of the flux density JS, and the magnetizing field strength Ho at the

operating point are most easily
,

determined by a graphical method
illustrated in Fig. 4-3. Two quantities, Bi and Ei, are calculated from

the equations
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NIa
Hi = 1.256 oersteds,

li
’

and

Bi = Hi
ki’

gauss,

(3c)

(3d)

where

iV = number of turns in coil,

/d-o = d-c component of coil current in amperes,

li = length of iron path in cm,

ki = air-gap length factor = lae/U-

(If inch dimensions are used the constant becomes 3.19 instead of 1.256

and Hi will be in gilberts per inch and Bi in maxwells per square inch.)

On a plot of the B-H curve for the material (the

plot must be made with linear scales for both B and

H) a straight line is drawn connecting the points (0,

Bi) on the jB-axis and Ci7i,0) on the H-Sbxis. The
intersection of this line with the B-H curve of the core

material is the operating point, and the coordinates B^

and Ho of this point are the values used in determining

the effective permeability.

If the initial inductance or the d-c inductance are

the desired quantities the previous step may be

omitted and the permeability of the core will be /ii,

the initial permeability, or jjlo = BolHoj the ‘^d-c’^ permeability. If the

incremental inductance is desired the incremental permeability /x^-o

must be obtained from curves furnished by the core-material manu-
facturer, such as those of Fig. 4*4. The value of Ho is obtained graphi-

cally as just described; that of Bn^ax is calculated from Eq. (1). The
latter value need not be computed with great accuracy since /Xa-o changes

slowly with .changes in B„ia*.

The effective permeability fXe of the magnetic circuit as a whole is

obtained from the appropriate value of core-material permeability and
the curves of Fig. 4*5; or it may be computed from the formula

Fig. 4*3. —
Graphical deter-

mination of operat-

ing point.

Me = M

1 + fiki
(3e)

where He is the quantity required for the calculation of inductance from
Eq. (3), ki is the air-gap length ratio, and m is the appropriate core-

material permeability. The computation of U from Eq. (3) completes
the inductance calculation.

In actual practice inductance calculations are not as involved as

might be inferred from the description just given. The lamination
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catalogues usually give data for each stock lamination which greatly

facilitate the calculations, especially for cores with no air gap. If there

is no d-c component in the coil current, Step 2 above may be omitted,

since in this case Ho = 0. The calculations of effective air-gap dimen-

sions need not be made with great accuracy in most cases since the

actual dimensions are not accurately known; for lap joints it is usually

10 40 100 400 1000 4000 10,000

•^max

Fig. 4-4.—Incremental permeability cxirves for Allegheny Audio Transformer “A” sheet
steel.

Incremental permeability Ma-c

Fig. 4*5.—Effective permeability of core with air gap.

safe to assume a value for ki from the rules given above. Finally it

should be remarked that an attempt to calculate the inductance of an

iron-core coil with high accuracy is futile because the inductance itself is

affected by so many variable factors. The same remark applies to

almost all other coil calculations. All of the above equations assume
the use of the centimeter as the unit of length; if the inch is used instead
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the same equations apply if the factor 1.256 is replaced by 3.19 in Eqs.

(3), (36), and (3c).

Winding Capacitance .—Calculations of the interwinding and dis-

tributed capacitances of layer-wound coils are inherently of low accuracy

because of inaccurate knowledge both of the dimensions involved and of

the effective dielectric constant of the heterogeneous mixture of insulating

materials used in the construction of the coil. They are principally of

use in making rough estimates of the performance of transformers at

high frequencies and in determining the effects of proposed modifications

in the construction of a particular coil.

The distributed capacitance of a multilayer coil is given approximately

by the expression

Ca =
~

(4a)

where

Cd = distributed capacitance of coil, M^f,

Im = length of mean turn of winding, cm,

= axial length of winding, cm,

e = effective dielectric constant of insulation,

ni = number of layers of wire,

d = distance between copper of one layer and copper of next

layer, cm.

This formula neglects the effect of fringing at the ends of the layers and
the capacitance between turns in each layer, but both of these effects

are small in most windings and the formula is too inaccurate in practice

to make it worth while to include corrections. The interlayer distance

d depends both on the actual thicknesses of the wire insulation and
interlayer paper and upon the adjustment of the winding machine; if the

wire is springy or if it has a rough surface, as is the case with fibrous

insulations, and if it is not wound with sufficient tension, there will be
some springing apart of the layers, and a resultant decrease in capaci-

tance. The average dielectric constant varies in practice from about 2
for unimpregnated coils to about 3 for the conventional paper-insulated

and wax-impregnated coils.

The capacitance between two adjacent windings of a coil is given by
the expression.

Ci = 0.12e^ (46)

where

Ci = interwinding capacitance, piii,

di = copper-to-copper distance between windings, cm.

Am = mean area of adjacent surfaces of windings, cm^.

If the linear dimensions used in the above equations are given in
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inches instead of centimeters the constants should be increased from 0.12

to 0.30.1

Resistance .—The d-c resistance of a coil is given with fair accuracy

by the expression

R = Kl^Np, (5)

where

R = resistance, ohms,

Im = length of mean turn, cm,

p = resistivity of wire, ohms per unit length,

N = total number of turns in coil,

and the constant K depends upon the units used. In the United States

it is customary to give p in ohms per thousand feet; if Im is given in

inches, K becomes 1/12,000. This formula is theoretically accurate; in

practice the accuracy is limited by variability of the wire (which is

seldom more than a few per cent) and inaccuracy in the calculation of

which is given by

Im = 2s + 2b + 2Trrmj (5a)

where is the radius from the corner of the core to the mean turn.

This radius is greater than the sum of all the layers of wire and insulation

thicknesses involved by an amount that depends upon the so-called

build factor” h. This factor is analogous to the stacking factor of the

core, and depends upon the springing of the wire in winding. It varies

from about 0.75 for a coil with many layers of very light or very heavy

wire, or with numerous secondaries, to about 0.95 for a compact single

winding of medium-gauge wire. It also depends upon the type of wind-

ing machine used, and ability of the machine operator, and the general

shop practice of the winding department. A build factor of 0.85 is

safe for design purposes except in extreme cases. The value of Vm may
be taken as the sum of the thicknesses of all the layers of wire and insula-

tion between the mean turn and the core, divided by the build factor.

An alternative method of calculating Im is to assume that h == 1 and to

use the factor 3.22 instead of t in Eq. (5a). This amounts to assuming

that h = 0.977, but it has worked well in practice for one manufacturer.

Temperature Because of the inherent complexity of the

phenomena involved, thermal calculations for transformers are cap-

^ If Eqs. (4a) and (46) are derived from standard capacitance formulas sucsli as

Eqs. (122) and (122a) in Terman’s Radio Engineers’ Handhookj p. 112, the constants

come out 0.2244 and 0.08842 for the inch and centimeter cases. It is not obvious why
they should be different for coil capacitance, though it may be due to false assumptions

as to coil dielectric constant, but capacitances given by Eq. (4a) or (45) can be used

in practice to calculate resonant frequencies within a few per cent of measured values

in most cases. Neither these formulas nor Terman’s Eq. (114) {ibid., p. 101) are

accurate for windings with a very small number of layers.
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able of giving only order-of-magnitude estimates of temperature rise.

The two following equations are usually employed in the design of

small transformers.

The temperature rise of the core is given by the expression

M-
ATi = (6a)

A. id

where

ATi = rise in temperature of the core, °C,

Wi = core loss, watt/lb,

Mi = weight of core, lb,

Aid = exposed area of core available for dissipation, in.^

The temperature rise of the coil is given by the formula

W
ATc = 160 (66)

where

ATc = rise in temperature of the .coil, °C,

Wc = total copper loss, watt,

Acd = exposed area of coil available for dissipation, in.®

These formulas are based on several doubtful assumptions: that there is

no heat flow between coil and core; that the dissipation factors of the

two are 0.00863 watts/in® per °C for iron and 0.00625 watts/in® per °C
for the coil surface; and that the unit is uncased and all heat is removed
by forced-air circulation or by conduction from the exposed surfaces.

The formulas are useful principally as a check to ensure against unrea-

sonably great temperature rises, and as aids in making the initial choice

of core.

4*2. Reactors.—Compared with other types of iron-core inductors

the design of a reactor is usually fairly simple, and several short-cut

methods are available. The simplest case is that of a reactor with no
direct current in the windings, for which Ho = 0 and the laborious

graphical computation of the effective value of can be avoided. If

in addition the air gap is of negligible length, /x,, = /x,^o, and another step

is saved in the inductance calculation as outlined in Sec. 4T, but this is

seldom the case. For most magnetic core materials the permeability
is high enough so that even the smallest attainable air gap appreciably
increases the reluctance of the core, and in most cases the nonlinearity

of the core material introduces objectionable distortion in the current or

voltage wave.
^
This distortion can be greatly reduced by providing a

series air gap, in the same way that a high-resistance multiplier makes
the scale of a rectifier-type voltmeter accurately linear. For a particular

core and coil a curve of inductance vs. air-gap length can easily be
plotted for a given impressed voltage by using the curves of Fig. 4-5.
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This curve will be approximately correct for other values of voltage since

except near saturation /Xa-c changes slowly with iS^ax and the air gap helps

to decrease the effect of such changes as do occur.

The calculation of d-c reactor inductance is more laborious since a

different value of Hq must be determined for each new value of h or Ja-c.

There is a short-cut method that is useful if a number of reactors are to

be designed using the same core material. This method^ involves the

preparation of a master curve of Lll^/Vi, vs. Nld-o/k- The master curve

is the envelope of a family of individual curves each of which applies to

a particular value of air-gap length.

These individual curves may be pre-

pared by the method of Fig. 4-3,

but a much less laborious method

involves the preparation of a set of

sheared curves^ of flux vs. mag-

netomotive force, as shown in Fig.

4*6. From each of these sheared

curves a secondary curve is prepared

using the identity

iJio iV/d-c
(7)

drop in air gap. Vi = magnetic potential

drop in iron.

Fig. 4*6.—Sheared-curve construc-

anH nlnttino* flirflinst NT, /h The ^ magnetizing force. 0ana piorang against imi d-o/k- me. ^ v* * magnetic potential

envelope of the secondary curves

thus obtained is the desired master

curve. Such a master curve is shown in Fig. 4*7.

The design of a reactor by the use of this master curve then becomes

a fairly simple matter; a core is chosen and a coil that will fit in the window
is designed using the sizse of wire required for the rated value of Jd-o-

This design fixes the value of N; Nldrc/k is computed and the value of

LltJVi is determined from the curve. The value of L is known and

thus the stack height needed to give the required core volume may be

computed. If this stack height is reasonable the design is complete.

The value of the air gap may be obtained from a curve similar to that

of Fig. 4*8, which may be prepared from data obtained in the calculations

that were used in preparing the previous curve. The curve of Fig. 4-8

was actually obtained by measurements of the optimum gap length vs.

magnetizing force on about one hundred chokes, and is accurate within

^ C. R. Hanna, Design of Reactors and Transformers Which Carry Direct

Current/’ Tram. A.LE.E., 46, 155 (1927). Outlined in F. E. Terman, ‘‘Radio

Engineers’ Handbook/’ pp. 103-4.

2 M.I.T. Electrical Engineering Staff, “Magnetic Circuits and Transformers,

Wiley, New York, 1943, p. 73.
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a few per cent. A final check on the design may be secured from the

curves of Fig. 4*9, which gives curves of filter-choke inductance vs.

weight for various d-c current ratings.

0 0.001 0.002 0.003 0.004 0.005

Air-gap ratio ^/i

Fig. 4-8.—Pilter-clioke optimum air-gap ratio for Audio Transformer “A” sheet steel.
(Air-gap ratio o/l is the same as ki in the text.)

The short-cut method just outlined gives results that are fairly

accurate only for small values of a~c voltage across the coil, therefore it

can be used only for such applications as second or third chokes in
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choke-input filters, etc. In power-supply filters the actual value of

inductance used makes little difference in performance in most cases, so

long as the inductance is above a certain minimum. For this reason

chokes designed by the short-cut method may usually be used without

regard to the a-c voltage, especially since the value of Ata-c increases with

increasing until saturation is approached. Even operation beyond

the knee of the saturation curve has its merits; the decrease of inductance

with current peaks gives better voltage regulation to the power supply.

A more accurate but more laborious method must be used for the

design of reactors such as modulation chokes and plate-circuit audio

Weight in pounds

Fig. 4-9.—Filter-clioke inductance as a func-

tion of weight.

(6} Current

Fig. 4-10.—Voltage and current wave-
forms in resonant-cliarging choke.

reactors, for which the a-c component of coil current cannot be neglected

with regard to the d-c component. For such reactors the complete

inductance calculation outlined in Sec. 4-1 must be used; a core, coil,

and air gap are chosen on the basis of previous experience and the induc-

tance is calculated for the given operating conditions. The design is

modified by successive approximations until the calculated inductance

is within the specified range. No general method of procedure can be

given since the requirements vary too widely in various cases.

This general method is used in the design of the resonant-charging

chokes used in line-type radar modulators, but with a variation devel-

oped at the Radiation Laboratory. The voltage and current curves in

such chokes are far from sinusoidal; typical waveforms are shown in

Fig. 4T0. The values of the peak and the average currents are known
from circuit considerations; jBn,ax is obtained from the B-TI curve and

the value of the peak current and is used for the value of Bi in drawing

the reversed air-gap line of Fig. 4*3; Hi is calculated from the average
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value of the current. From this point on the design method is the

same as outlined in Sec. 4-1.

4‘3. -Power Transformers.—The exact sequence of operations in the

design of a power transformer depends both upon the purpose of the

transformer and upon the habits of the individual designer. The fol-

lowing data are ordinarily furnished:

Supply voltage,

Supply frequency,

Number of outputs required,

Voltage of each output,

Current of each output.

In addition any or all of the following may be specified:

Waveform of supply voltage (if not approximately sinusoidal),

Power factor of load(s).

Presence of direct current in any of the windings, and its value,

Permissible temperature rise,

Permissible voltage regulation.

Size and weight limitations.

Other special requirements.

From the given data certain quantities may be calculated at once. The
output voltage and current for each winding are multiplied to give

the output volt-amperes for each, and unless one or more of the loads is

specified to have a power factor different from unity the sum of the

output volt-amperes is assumed to be the total power output. Because
the ordinary small power transformer has a full-load efficiency of about

90 per cent the sum of the output volt-amperes is multiplied by 1.1

(usually) and the product taken as the input power. This figure is

again multiplied by 1.1 since the input power factor is also about 90 per

cent in most cases, and the resulting inpujb volt-amperes are divided by
the supply voltage to obtain the input current.

After the currents for all the windings are obtained, the wire sizes for

each can be chosen to give appropriate current densities. Table 4*4 of

Sec. 4-6 gives values of circular mils per ampere that will result in approxi-

mately a 40°C temperature rise in transformers of the ordinary con-

struction when operated at 60 and at 400 cps. If some other temperature

rise is desired the current density may be changed accordingly, since the

rise will be approximately proportional to current density, or inversely

proportional to the number of circular mils per ampere.

After the wire sizes for each winding are obtained the interwinding

and interlayer insulations can be chosen, but the coil layout cannot be

completed until the actual number of turns in each coil and the core
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window size are known. There are many different ways of choosing a

core for a trial design; one designer may work to a standard flux density,

another to a particular figure of core loss, another to a given value of

watts output per pound of core, etc., but all such rules lead to about

the same place in the end. Since temperature rise was the chief limita-

tion for most of the transformers designed at the Radiation Laboratory,

Eq. (6a) was usually taken as the starting point. A core was chosen

whose weight and exposed area were such as to give the permissible

temperature rise with a reasonable value of core loss, and this value was

used to obtain the working value of Rmax from the core-loss curves for

the core material used.

After obtaining the value for the number of turns on the primary

can be computed from Eq. (1), using the input voltage for E, and from

the number of primary turns the numbers of turns for each of the other

windings can be calculated by the use of the appropriate voltage ratios.

Choosing the core also establishes the window size, and a preliminary

coil layout is made The winding tables used at the Radiation Labora-

tory are reproduced in Sec. 4*6, and contain sufficient information for

the design of any ordinary coil up to a capacity of 1 kw or more.

The preliminary coil layout can be checked against the window size.

If it will not go into the space a larger core must be chosen; if it does not

nearly fill the window a smaller one should be used, and in either case

the calculations must be repeated starting with the new value of Rmax-

Some labor may be saved if the coil is not too far from the correct size

by using the same lamination size and changing the stack height. In

commerical transformer design the stack height is usually changed in

steps to correspond with the sizes of stock core tubes. If the tentative

design is not far from the desired goal the resulting stack height will

have a reasonable value and the design will be complete; if the necessary

stack height is unreasonably large or small a new lamination size must
be chosen and the calculations repeated.

Weight vs. Temperature Rise .—In most design, especially for airborne

equipment, the designer is always under pressure to decrease the size and
weight of his components to a minimum. The most important obstacle

to the attainment of this goal is the rise in temperature of the unit, and
this is especially true of power transformers. It might appear that an
increase of the efficiency of a transformer from say 90 to 95 per cent

would be of little benefit, but such an increase would decrease the losses

by one half and would therefore decrease the temperature rise in the

same ratio (assuming conductive or still-air cooling). A decrease in the

temperature rise would permit the over-all size to be decreased if the same
ambient and maximum temperature limits held.

The relationships between power output, weight, and temperature
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rise are shown for certain typical small power transformers by the curves

of Figs. 4*11 and 4-12. It can be seen that much weight can be saved by

allowing a greater temperature rise. Since the ambient temperature is

usually fixed by conditions beyond the control of the transformer designer

the only way in which a greater temperature rise can be obtained is to

raise the operating temperature limit. There are several ways of doing

this; the losses may be decreased

design, insulating materials may be

Weight in pounds

Fig. 4*1 1.—Power output vs. weight.

by better materials and improved

used which have satisfactory life at

0 10 20 30 40 50 60
Teiuperature rise in degrees centigrade

Fig. 4-12.—Weight vs. temperature rise for

100-watt 60-ei)s transformer.

a higher operating temperature, or conventional transformers may be
operated at excessive temperatures with resulting decreased life. A
typical curve of life vs. operating temperature is shown in Fig. 4*13.

Tests on one group of transformers showed that an average life of 200

to 300 hr could be consistently obtained at operating temperatures of

150° to 160°C.

A second method of raising the permissible operating temperature
involves the use of the new high-temperature insulations such as Formvar
and Fiberglas wire insulations, silicone-varnished Fiberglas cloth inter-

layer insulation and wrappers, and silicone impregnants. Tests indicated

that transformers using these materials would have satisfactory operating

lives at temperatures of 190° to 200°C, but not enough work was done
at the Laboratory to establish accurate life curves. These temperatures,

incidentally, are far above the rated maximum for Formvar.
High-frequency Operation—Another effective method of reducing the

size and weight of a transformer is to operate at a higher frequency. At
60 cps with conventional shell-type cores it is not usually possible to
work the core to its full rating since the excitation limit will be passed
before the maximum permissible core loss is reached. In other words, if

a core loss of 4 watts/lb were permitted by the allowable core temperature
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rise, it would probably be found that the excitation current would become

as large as the load current at flux densities corresponding to a core loss

of 2 watts/lb or less. At 60 cps, therefore, the flux density is limited

primarily by the copper losses; at 400 cps the limit is usually the iron

losses.

For a given transformer the maximum output power is determined by
the maximum allowable primary voltage and current. The voltage is

ultimately a function of the flux density in the core and the current a

function of the current density in the winding. If a given coil is assumed

and its size and current density held constant then for constant power

Degrees centigrade

Fia. 4*13.—Transformer life vs. operating temperature.

output the input voltage must be held constant. Under such conditions

the formula iS = AAANfBA X 10~® reduces to A = J?/(/i3,) whereA isthe

cross-sectional area of the core, / is the frequency, and B is the flux

density. Since the core weight is directly proportional to A it follows

that it is inversely proportional to the product of / and B. The weight

saving on going from 60 to 400 cps is about 3.5 to 1 for the core, but since

little weight can be saved on the coil and housing the actual saving for

the complete transformer is only about 2.5 to 1. For core materials of

ordinary quality the additional saving on going from 400 to 800 cps is

about 20 per cent for the core or 10 per cent for the complete unit. With
high-quality materials it would be possible to save 25 per cent by the use

of 800 cps. Above 800 cps the weight remains fairly constant, and above
2400 cps it increases slightly.
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Fig. 4-14.—Three-phase transformer in ease.

An idea of the weight savings permitted by 3-phase operation can !)e

obtained from Table 4-1, which gives the weights of single-phase and
3-phase power supplies for three typical cases. It is not ordinarily

advisable to use 3-pha^e power below about 750 watts, and even up to
1200 watts single-phase is usually preferable.

Table 4*1.—Weights of Single- and 3-phase Powee Bufpmes

D-c output
Weight, lb

single-phase

Weight, lb

S-phase

1.25 amp at 400 v, 0.5% ripple 27 21.5

0.2 amp at 8000 v, 0.015% ripple 149 ‘ 46.6

0.21 amp at 400 v, 0.02% ripple, 0.5 amp
at 850 V, 0.02% ripple, and 1.2 amp at

1600 V, 0.04% ripple; 168.5 77.5

Three-phase Operation ,—For high-power applications it is preferable

to use 3-phase rather than single-phase supply. The difference in weight

between a single-phase and a 3-phase transformer is small, but the over-

all weight of a d-c power supply is much less when operated with a

3-phase transformer because a much lighter filter can be used. An
appreciable weight saving can also be made for the case and potting

compound of a 3-phase transformer. Figure 4T4 shows such a unit with

the cover of the case removed, and demonstrates the efficient utilization

of the space within the case by the 3-phase transformer.
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Weight Reduction by Improved Design ,—Almost all small power trans-

formers used in electronic equipment adhere to a single conventional

type of construction using shell-type cores, usually made up of E-I

laminations stacked either 1 by 1 or in groups of 5 to 10, and with all

windings in a single coil structure. Although such transformers are

satisfactory for most purposes and are comparatively inexpensive to

manufacture, they can be considerably improved by careful design.

One example of such an improvement was given by Harrison.^ He used

a core-type construction with two symmetrical coil assemblies as shown

Fig. 4-X5.™Coro~type transformer with balanced coils.

in Fig. 4*15, and designed his transformer according to the following

rules that lead to the maximum efficiency

:

1. The total core loss should equal the total copper loss at full load.

2. The mean length of the magnetic circuit should equal the mean
length of the copper circuit.

3. The over-all cross-sectional area of the core should equal the area

of the core window.

These rules are based on certain assumptions as to stacking and space

factors, etc., which are fairly well justified in practice. The coils result-

ing from the use of such a core as that shown in Fig. 4T5 are long sole-

noids with their magnetic axes closely spaced, giving an almost perfect

astatic construction if the several windings are split with half of each

^ E. B. Harrison, ^Hligh-Quality Communication and Power Transformers,

Jour, Soc. Motion Picture Engrs.j 43 No. 3 pp. 155-167 (Sept. 1944),
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winding placed on each core leg. This astatic or ^^humbucking’^ con-

struction results in a great reduction of the stray field of the transformer,

which is important when it is to be placed near other transformers

operated in low-level circuits. The small radial thickness of the coils

permits heat developed in the winding to flow out to the surface of the

coil though the minimum thickness of low-heat-conductivity material,

and the large exposed surface of the coils aid in securing efficient cooling,

whereas the shape of the whole assembly affords maximum utilization of

the space within a rectangular can. The proximity of the large end

surfaces of the core to the walls of the case also aids in efficient cooling.

Several somewhat unusual precautions were taken in the assembly of

these units, and resulted in improved performance and reduced losses.

The interleaved cores of the power transformers did not require core

bolts, but in the case of filter

reactors of the same construction,

which had air gaps to prevent d-c

saturation, the cores Avere clamped

together by means of flanged clips

over the core ends and held to-

gether by long bolts outside the

core and coil structure. The re-

moval of high-loss steel clamping

devices from the field of tlie unit

resulted in a considerable increase

in the Q of the reactor: audio reac-

tors of this construction have
shown a Q of 70 at 1000 cps. In interleaving the laminations of the

transformer cores it was found that as much as a 50 per cent increase in

incremental permeability could be secured at high flux densities by
stacking the laminations two by two instead of one by one. These two
constructions are shown in Fig. 4T6, which indicates schematically the

flux paths in the two cases. The two by two stacking results in a some-
what longer effective air gap, but the increase in air-gap reluctance is

more than compensated for by the reduction of high-flux-density areas

and a consequent increase in the permeability of the total core structure.

Table 4-2 gives data showing the improvement in characteristics

which is obtained in going from a high-quality power transformer of the

conventional type to one of the new construction. Both transformers

used the same materials and techniques, and the improvement shown is

due entirely to the improved design. The cases were of the same height,

so that the volumes of the units were also in the ratio of 47 to 23, or

nearly 2 to 1. These transformers were designed for use in high-quality

audio equipment, and no particular effort was made to reduce the weight.

Fig. 4-16.—Flux paths at lamination lap

joints.
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In view of the small losses it is probable that they could be considerably

reduced in size without exceeding a safe operating temperature.

Table 4*2.

—

Comparison of Shell- and Core-type Transb^ormers

Conventional

shell-type

Improved
core-type

Rating, va 360 350

Efficiency, % 92.7 96

T'otal losses, watts 27.7 15

Weight, lb 29i
47

17-1

23Chassis space required, in^

Another example of weight and size reduction by judicious redesign

and the use of new materials and techniques is afforded by a series of CRT
high-voltage power supplies designed and built at the Radiation Labora-

ViG. 4*17.—High-voltage transformers.

tory. These units, which were intended for airborne operation at 400 to

800 cps, used high-voltage selenium-rectifier stacks in a full-wave voltage-

doubler circuit, thereby eliminating the filament-power requirements of

tube rectifiers, halving the voltage needed from the high-voltage trans-

former, and minimizing the required filter-condenser capacitance. Three

of the high-voltage transformers, designed for d-c output voltages from

4 to 10 kv, are shown in Fig. 4*17. Although the rms secondary current

was only 6 ma, the use of No. 40 wire for mechanical reasons provided a

copper area of over 1600 circular mils per ampere, or about twice the

minimum usually specified. The kraft paper interlayer insulation was
worked at a voltage gradient of not over 100 volts per mil. Single or

double RL No. 11 or 12 Hypersil cores were used at maximum flux

densities of from 64 to 77 kilolines/in. which gave core losses of from

4 to 6 watts/lb.
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The transformers were housed in hermetically sealed steel cases

fitted with solder-seal glass or porcelain bushings and filled with sand
and oil. No expansion bellows were used, but the flat sides of the cases

were sufficiently flexible so that no leakage or expansion troubles were
observed up to temperatures of 105°C. The transformers shown in Fig.

4T7 have outside case dimensions of 2 to Slg- in. and weigh about 1 lb; a
typical 4-kv transformer of conventional design measures about 3 by 4
by 5 in. and weighs 4^ lb. These transformers and power supplies were
satisfactory in service and had few failures.

Still another example of weight-saving in transformer design is

afforded by a unit which was designed for CRT high-voltage supply and

+300 reg.

operated at a frequency of about 3000 cps. The primary of the trans-
former served as the tank coil of a 6V6 Hartley oscillator, the complete
circuit being given in Fig. 4-18; the construction of the unit is shown by
Fig. 4T9. Since it was intended for airborne operation it was essential

to enclose as much of the high-voltage portion of the circuit as possible
in a hermetically sealed container, and therefore the transformer, the
four selenium-rectifier units, and the two output condensers were placed
in a single oil-filled can. Only four bushings were required, three low-
voltage ones for the input connections and a high-voltage one for the d-c
output. A metal bellows on the outside of the can took care of the expan-
sion of the rather large volume of oil.

The operating frequency of such a unit is not critical, the upper
limit being fixed at approximately 10 kc/sec by the increase of core loss
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at high frequencies and by the effects of distributed capacitance. The
lower limit is fixed by the increasing size and weight of the unit necessary
for low-irequency operation.

^

Fia. 4-i9.—Transformer-rectifier unit; (1) expansion bellows; (2) mounting studs; (3)
high-voltage d-c output bushing; (4) input bushings; (5) mica condensers; (6) high-voltage
selenium rectifier stacks; (7) rectifier disks; (8) exposed end of primary coil form; (9)
grooved secondary coil form; (10) internal bakelite can insulation.

The design of the transformer starts with a choice of the operating

frequency and the full-load Q of the oscillator plate-tank circuit. A
compromise between efficiency and regulation must be made in choosing
the value of Q; the optimum value depends upon the driver tube, but for
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a given tube an increase in Q improves the regulation but decreases the

efficiency. Values from 3 to 10 are satisfactory for a 6V6 driver operated

at a plate voltage of 300. The primary inductance necessary is given by

L = R/2TrfQ, where R is the equivalent total parallel tank-circuit resist-

ance. A second compromise is necessary between allowable trans-

(a)

former losses and size, since total losses decrease with an increase in size.

Because efficiency and small size were both of importance in tliis applica-

tion it was necessary to use low-loss core materials. Idie core finally

chosen was a -|-in. stack of 83 6-mil RL No. 50-EE laminations of ‘^Car-

penter 49’^ nickel-iron alloy, weighing 0.333 lb. The primary winding

was 600 turns of No. 35 wire tapped for the plate supply at 100 turns from

the grid end. It was wound on a form of linen-base bakelite tubing

shown in Fig. 4-20a.

There are two possible modes of oscillation in a circuit such as that

of Fig. 4T8, the second one involving a tank circuit consisting of the
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primary leakage inductance in parallel with a series combination of the

tank condenser and the secondary distributed capacitance as seen by
the primary. This second mode of oscillation leads to unstable operation

at high loads unless the leakage inductance and the secondary distributed

capacitance are minimized. With the construction necessary to provide

adequate insulation and low interwinding capacitance it was difEcult to

reduce the leakage inductance, but the secondary capacitance was con-

dderably reduced by winding the secondary in five
.
sections. Each

section consisted of 920 turns of No. 40 wire random-wound in a groove

of the bakelite coil form shown in Fig. 4-206. With the voltage-doubling

rectifier circuit used, the d-c output voltage of the unit was 4800 volts at

a current of 500 jua.

44. Broadband Transformers.—The term ‘^broadband transformers ”

was chosen as a designation for the subject of this section rather than the

term “audio transformers’^ since the latter seemed unnecessarily restrict-

ive. The essential characteristic of a broadband transformer is that it

will give approximately the same performance over a comparatively

broad band of frequencies, usually several decades. The design methods
are essentially the same whether the unit is for a seismograph recording

amplifier working from fractional cycles per second to several hundred

cycles per second or for a carrier telephone circuit using a band from
1 to 100 kc/sec.

Basically the design methods for broadband transformers are the

same as those for power transformers, but for any but the most uncritical

applications the analysis of characteristcs must be done in more detail

and attention must be paid to the problems of minimizing distributed

and interwinding capacitances, leakage reactances, etc., and to maintain-

ing accurate coil balance when push-pull windings are used. Another
problem that is encountered with broadband transformers is that they

must usually operate over a wide range of input signals without excessive

nonlinear distortion, even though the windings may be carrying d-c

currents several orders of magnitude larger than the desired signal.

The requirements for a broadband transformer are more difficult to

satisfy than those for a power transformer principally because the breadth

of the frequency band over which it must operate brings into direct

conflict two opposing factors. At the low-frequency end of the pass band
the output voltage is limited by the finite primary inductance of the

transformer, and this limitation is much more serious than with the

usual power transformer because of the nature of the source of power
which feeds the primary. A power transformer operates from a source

that may ordinarily be considered to have zero impedance, and therefore

if the primary inductance is too low the only effect is an increase in the

exciting current. This increase is of no moment as long as the heating



142 IRON-CORE INDUCTORS [Sec. 4-4

effects do not become too great. A broadband transformer, on the other

hand, operates from a source of relatively high output impedance, so

that any drop in the primary impedance reduces the primary voltage

drop and therefore the output voltage. Transformers that work into the

grid of a tube, therefore, have a response curve which falls at the rate

of 6 db per octave below the cutoff frequency.

If the primary inductance is doubled by increasing the number of

turns, for example, the low-frequency response curve will be shifted lower

by a factor of 2 in frequency. In order to maintain the same output

voltage, however, the secondary turns must be increased in the same

ratio as the primary thereby doubling the secondary inductance and the

leakage inductances (and perhaps seriously increasing the distributed

capacitance of the secondary). As a result, the high-frequency response

suffers. The net result of the change will ordinarily be a* shifting of the

whole frequency response curve (on a logarithmic scale) one octave to

the left, without affecting its shape.

The high-frequency response of a transformer begins to fall off at a

frequency at which the effects of leakage inductance and shunt capaci-

tance become appreciable. The actual value of this frequency depends

both upon the magnitudes of these quantities and upon the circuit in

which the transformer is being used, but the upper cutoff for a transformer

that works into a high impedance is determined principally by the proper-

ties of the transformer itself. The shape of the upper cutoff differs from

that of the lower because of resonance between the effective output series

inductance (which is roughly the secondary leakage inductance) and the

secondary distributed capacitance. This resonance effect changes the

output curve from a gradual droop such as is found at the low end, into

a hump whose height depends upon the effective Q of the resonant

circuit, followed by a very rapid fall, the net effect being essentially that

of a low-pass filter. As with all networks where attenuation changes

rapidly with frequency, the phase-shift of the transformer also changes

rapidly in this region, and trouble with oscillation often results if the

transformer is used in a feedback amplifier or servo loop. The resonant

hump can be suppressed by various methods, such as heavy loading or

winding the secondary with resistance wire, but usually at the expense

of a decrease in output voltage.

The two requirements for extended low- and high-frequency response

are mutually incompatible, but only to a limited extent. The low-fre-

quency response is determined largely by the size and quality of the core

and the number of primary turns. Core design is also greatly affected

by the frequent necessity of permitting direct current of a magnitude
several times greater than that of the signal to flow through the winding,

but this can often be taken care of by a careful choice of air-gap length
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and location. The high-frequency response, however, can be greatly

changed by changes in the coil layout without affecting the primary
inductance. Extending the bandwidth of a broadband transformer then
becomes largely a matter of setting the low-frequency end by a choice of

primary inductance and stretching the high-frequency end by juggling

the coil layout in such a way as to decrease the capacitances and leakage

inductances. A great increase in bandwidth can be obtained, but
always at the expense of increasing complication of the coil with resulting

increase in cost, and sometimes at a sacrifice of voltage stepup ratio.

The designer of broadband transformers seldom needs to worry about
some of the factors that are of importance in power transformers. Trans-
former losses and heating are seldom significant except for large output
transformers. Weight and size limitations are always important, but
since most broadband transformers are operated at low power levels and
are small enough so that the case and potting compound may weigh more
than the transformer, the designer is relatively free to change core sizes,

etc,, without affecting the net weight appreciably. The transformer

weight is determined primarily by the power level and the low-frequency

cutoff, and little can be done about it. Low operating temperatures and
(usually) low voltages render the problems of insulation somewhat easier

than with power transformers, but impregnation of broadband trans-

formers must be particularly thorough since the use of very fine wire, the

presence of d-c voltages, and the lack of the ability of the power trans-

former to bake itself out invite trouble from electrolysis.

Every transformer designer has his own ^H^ag of tricks, depending

largely upon his past experience. Some of the tricks that have been
found useful in broadband transformer design are given in the following

paragraphs.

One factor that reduces the effective primary inductance and increases

the effective series resistance as the operating fi’equency is increased is the

occurrence of eddy currents in the core laminations and in the conductors

themselves. This effect is not usually serious with usual lamination and
wire thicknesses at frequencies below about 10 kc/sec, but becomes large

in the carrier-frequency range. Eddy-current losses in the core may be
reduced at the expense of a reduction in the stacking factor by using

very thin laminations. Losses in the windings are normally of less

importance, but may be reduced if necessary by the use of very fine wire,

wound with two or more strands in parallel in the same winding or in

separate windings connected in parallel. Litz wire may be used in the

highest frequency range.

The subdivision of windings is frequently employed for several

purposes, one common purpose being to reduce the leakage inductance

between two windings, as shown in Fig. 4*2. If the two sections of the
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split coil are connected in parallel it is essential that they should have

exactly the same number of turns, and this must be impressed upon the

coil winder. In commercial coil manufacture it is customary to assume

that a variation of a few turns in a winding of thousands of turns is of

no importance; this assumption is true in most cases, but decidedly not

true in all. If the parallel halves of a winding do have the same number

of turns the effect of the circulating current that flows between them will

be to buck out the leakage flux and in effect to force more of the total

flux to flow through the core; if the numbers of turns are not equal the

opposite effect will occur. This is particularly true if the two sections of

the winding are widely separated, either in the same coil or on opposite

core legs. The effect is analogous to the third-harmonic cancellation

produced by the circulating current in a delta-connected 3-phase trans-

former bank.

Another beneficial effect of subdividing windings is that a reduction of

distributed capacitance may be obtained with a resulting displacement of

the secondary resonant peak. Certain carrier transformers depend upon

this method to hold up the response out to several hundred kilocycles

per second. In effect the subdivision of the secondary subdivides the

resonant peak, and by a suitable choice of the resonant frequencies of

the individual portions of the winding the individual resonant peaks of

the sections are spaced over the frequency range. The amplitude of the

alternating peaks and valleys may be reduced by proper secondary load-

ing and by the use of high-resistance secondary windings. The resultant

copper losses are usually unimportant except for high-level output

transformers.

Interwinding capacitances can be effectively eliminated by the inter-

position of a copper-foil shield, connected either to ground or to some
other appropriate point in the circuit. Such shields, however, increase

the capacitance of the windings to ground. Another type of shield that

is sometimes useful is an eddy-current shield of heavy copper sheet

placed directly over the core tube. If a fairly wide insulated lap joint

is used this shield will not affect the main flux that passes through the

core but any radial component of the flux will induce opposing eddy

currents in the shield, which will effectively force all the flux to pass

through the core. This type of shield is particularly useful on long thin

cores and on such units as that- shown in Fig. 4*15. Its effectiveness

decreases rapidly at low frequencies.

If the best possible performance is desired from transformers having

balanced inputs and outputs some care must be given to maintaining

accurate resistance and capacitance balance between the halves of the

windings. The easiest and most effective way of doing this is to maintain

geometrical symmetry between the halves, so that they are physically
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identical, but if this cannot be done, as when one half of a push-pull

secondary is wound on top of the other half, it may be necessary to wind

the inner portion with smaller wire to maintain the resistance balance,

and to juggle the numbers of layers and the turns per layer to keep the

distributed capacitance the same for the two halves.

Both distributed and interwinding capacitances can be somewhat

reduced by the use of insulating materials and impregnants of low

dielectric constants. Certain waxes are available which have constants

appreciably lower than the usual varnishes, and styrene-base impregnants

have still lower constants. It is to be hoped that further progress in

the development of insulating materials will result in further reductions.

The maintenance of sufficiently high inductance as the over-all size

of the unit is reduced depends upon the use of materials of very high

permeability and of core constructions with very-low-reluctance joints.

The method of stacking described in connection with Fig. 4T16 is often

helpfulln this connection. In addition, if the inductance is to be main-

tained at very low power levels it is essential that the core material have

high initial permeability; this requirement rules out the use of some

silicon steels and demands such materials as 78 Permalloy.

CONSTRUCTION OF IRON-CORE INDUCTORS

4-5, Cores.—The great improvement that has taken place in the last

thirty years or so in the characteristics of transformers and similar

devices has been due in large part to the development of better magnetic

core materials, and this development has been particularly rapid during

the last decade. Many materials, moreover, that were developed prior

to that period, have only recently become generally available, so that

today there is a much wider

choice of improved magnetic
alloys, both hard and soft, than

were on the market even in the

1930’s.

The core materials that were

most extensively used for trans-

formers and chokes by the standard

Radiation Laboratory were West-

inghouse '^HipersiV^ Allegheny ^'4760,'^ and Magnetic Metals Company
Carpenter 49” alloy. Hipersil is a grain-oriented silicon steel which

is furnished in the form of complete core assemblies, each core consisting of

two C-shaped halves. A series of 20 such Hipersil cores was standardized

by the Laboratory for its own use and all of its designs for such a form of

core were based on one or another of these sizes. The standard Hipersil

cores are shown in Fig. 4-21 and their dimensions are given in Table 4*3.
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The Allegheny ^^4750” and the “Carpenter 49’^ are nickel-iron alloys,

and were employed for the most part in the form of E-I laminations

stamped from 6-mil sheet. The E-I stampings used in most commercial

transformers are of the so-called “scrapless” type, which is designed

for the minimum loss of material in stamping rather than for magnetic

efficiency. J. P. Woods^ has shown that the most efficient lamination

shape at any frequency at which the iron can be worked at its maximum

Table 4*3.

—

Hipersil Core Dimensions

Core No.

Dimensions of finished core, in.

Lamination

thickness, in.D E F ! G

1 f i lA 0.013

2 1 A 1 1 0.013

3 u •1
5
S' HI 0.013

4 n i f lif 0.013

5 u f if 2i 0.013

6 li i if 2i 0.013

7 n i 1 3 0.013

8 2 i 1 3 0.013

9 2 a 1 3 0.013

10 2 li 3 0.013

11 '

i A i li 0.007

12 i A i li 0.007

13 1 i i li 0.007

14 1 A i 1

A

0.007

15 n A 1 lif 0.007

16 li 1 I Iff 0.007

17 li A i 2A 0.007

18 , li f i 2A 0.007

19 li f if 2i 0.007

20 li i if 2i 0.007

permissible loss value is that shown in Fig. 4-22. A series of laminations

similar to this but with a slight compromise toward lessened scrap loss,

was developed by the Radiation Laboratory. The dimensions of these

laminations are shown in Fig. 4*23. Both the laminations and the Hip-

ersil cores were very useful and allowed efficient designs to be worked
out. The use of these improved materials and designs permitted a reduc-

tion in transformer weight of approximately 50 per cent, although the

^ J. P. Woods, Principles of the Design of Small Power Transformers,'' RRL
Report No. 411-78, Jan. 25, 1944.
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better core materials cost from five to ten times as much per pound as

the older silicon steels in scrapless lamination form.

Some idea of the way in which these improved magnetic materials

compare with older steels can be obtained from the characteristic curves

Ktg. 4 -22 .—Most efficient lamination shape.

Fig. 4*23.~ Iladiation Laboratory standard nickel-iron laminations.

given in the next three figures. Fig. 4*24 shows the magnetization curves

for two thicknesses of Hipersil (labeled 13HIP and SHIP, the figures

referring to the thickness in mils), a nickel-iron alloy such as Allegheny
^^4750^’ (labeled Ni-Fe), and two of the older silicon steels, a low-loss

type. A, and a high-loss type, SD. It can be seen that the nickel-iron

alloy saturates much more sharply and at a much lower magnetizing
force than do the other alloys, but that its saturation flux density is

about the same as that of all the others except the 13HIP, The 5HIP
is much like the A and SD, although its permeability is slightly higher.
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but the 13HIP curve is still rising rapidly at an H-value of 18 ampere-
turns per inch, at which it has reached a flux density about 50 per cent
higher than the saturation value for the other materials. The difference
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rigs 4*25 and 4-26 show core-loss curves at 60 and at 400 cps for three

materials in each case. At 60 cps and the standard Epstein Test density

of 10,000 gauss (64.5 kilolines/inJ), for example, the total core loss for

13HIP is only 0.35 watts/lb, compared to about 0.65 for A and 0.90 for

the high-loss SD. The same type of improvement is shown at 400 cps

Core loss in watts per pound

Pig. 4*25.—Core loss at 60 cps. (Flux density is in kilolines/in. 2)

Core loss in watts per pound

Fio. 4-26.—Coro loss at 400 cps. (Mux density is in kilolines/in. 2)

by the new materials; at 10,000 gauss the losses for A and for SHIP are

about 8.5 and 4 watt respectively, whereas for Ni-Pe they are only about
2.6. Since the most efficient transformer is one whose copper losses

equal its iron losses, so that decreased iron losses in a sense force a reduc-

tion in copper losses, it can be seen that improved core materials permit

a transformer to run much cooler; or conversely, they permit a mtich

smaller transformer to be built for the same temperature rise. The
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steady improvement of magnetic materials has by no means stopped, and
still further improvements may confidently be expected.^

4 *6 . Coils. Magnet Wire .—Although the advances in core-material

manufacture have somewhat overshadowed those in other fields of the

transformer art, they are by no means the only improvements that have
been made recently. One of the outstanding developments that has

taken place in the last few years has been the introduction of a number
of new insulating materials, and of these one of the most important is

polyvinyl acetal wire insulation, usually called Formvar, or its GE
trade name, Formex.

Before the introduction of Formvar, the manufacturer of electrical

windings had two principal types of wire insulation to choose from,

fibrous wrappings of various types, or oil-base enamels. The fibrous

insulations suffer from a number of disadvantages, the chief of which is

the poor space factor of fibrous-insulated wire especially in the smaller

sizes. In addition this type of wire is more expensive, both on a per

pound and a per foot basis, it is stiffer and harder to wind because it

springs back during the winding process and produces an open coil with
a poor build factor, and fibrous insulations (except Fiberglas) are much
more hygroscopic than other types. Oil-base-enamel wire insulation is

greatly superior to fibrous insulation in these respects, but there are

many applications for which it is not suited because of its relative

sensitivity to abrasion or its poor resistance to the attack of certain

chemicals.

The introduction of Formvar has furnished the coil manufacturer
with a wire insulation that is similar to enamel in its electrical properties

but is greatly superior mechanically and chemically, is more uniform, and
stands high temperatures much better. Its chief advantage is its

abrasion resistance,, which is from three to twenty times that of enamel,
depending upon the method of measurement* The abrasion resistance

and other properties of Formvar are much less affected by high tempera-
tures than are those of enamel. Another important property is its

resistance to attack by chemicals, particularly some of the common
solvents used in impregnating varnishes. The use of oil-type-enamel
wire insulation in a coil severely limits the choice of the varnish, and this

limitation often results in the use of fibrous-insulated wire in spite of its

disadvantages. Formvar, however, is attacked only by phenols and
cresols and by certain mixed solvents containing both alcohol and aro-
matic hydrocarbons, so that almost any impregnant may be used with it.

The coating is applied to enameled wire by passing the wire through

This prediction, written early in 1946, has already come true. See 0. L. Boothby
and R. M. Bozorth, ‘‘New Magnetic Material of High Permeability,” Jour. Applied
Phys., 18, 173-176 (February 1947), for a brief discussion of the new alloy Supermalloy.
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a bath of the enamel dissolved in a solvent, thence upward out of the

liquid through a die which in effect draws the liquid film down to the

correct thickness,
^
and up through a high vertical oven in which the sol-

vent is evaporated and the enamel hardens. Since the evaporation of

the solvent and the initial hardening of the enamel require time and
since the wire cannot be allowed to touch anything until the coat has

hardened suflBciently, the linear speed of the wire through the coating

machine is severely restricted. This restriction considerably increases

the cost of production, and if the speed is injudiciously increased the

coating is scarred by contact with pulleys or guides before it has hardened

sufficiently. Other variables, such as change of viscosity or composition

of the bath, affect the thickness and regularity of the coating. One not

uncommon fault of enamel coatings is the beaded wire illustrated in

Chap. 8, Fig. 8*3. In applications such as the precision potentiometers of

that chapter, in which uniformity of wire dinaensions is essential, such

defects may be serious.

Formvar may be applied by a similar process, but since it is thermo-

plastic it may also be extruded on to the wire in the same way that larger

wire and cable is jacketed. As a matter of fact, ^^vinyF^ cable jackets

and insulations for various types of wires are made of essentially the

same material as Formvar, and have the same desirable properties. (See

Chap. 1 for more data on the material.) The extrusion process results

in a wire with a uniform, tough, highly adherent coating. This type of

insulation is coming more and more into use as its merits become known.

It is displacing fibrous insulations, in the smaller sizes at least, for all

applications except those involving the most severe abrasion, and it is

replacing enamel where its better mechanical and chemical properties

are of importance. It will never wholly replace either, but it does

greatly assist the coil manufacturer to turn out a better product.

Interlayer Insulation ,—Relatively less improvement has taken place

in the field of interlayer and miscellaneous insulations, but here also

there are a number of new and improved materials. Most transformer

coils still rely largely upon various forms of paper for interlayer and

interwinding insulation, core tubes, and wrappers, and this situation is

unlikely to change materially in the near future. There has been

improvement in the properties of electrical papers, chiefly in the direction

of greater purity and uniformity and the use of better impregnants, and

some new materials have appeared. Probably the most important class

of new material is the Fiberglas products, such as cloth, string, tape, and

sleeving. Fiberglas textiles are very strong and chemically inert,

and are immune to any rise of temperature likely to occur in an electrical

winding, but are harder to handle and are not as resistant to flexing and

abrasion as organic textiles. They may be impregnated with the same
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varnishes as are used on organic textiles, or silicone varnishes may be
used to permit operation at high temperatures. Fiberglas textiles are

often used unimpregnated if sea;ling or the prevention of fraying are noh

necessary. Silk has almost vanished from the electrical field because of

wartime scarcity and the inroads of Formvar on the fine-wire field, but
synthetics such as rayon have replaced it. In particular an acetatG—

rayon tape introduced in 1944 proved to be greatly superior to varnished

cambric for the work of the Radiation Laboratory. It is more flexible,

lies in place better, especially on an uneven surface, and has about 30
per cent higher breakdown strength for the same thickness. Braided

sleeving is still largely used for the insulation of coil leads, but in some
cases extruded tubing (usually of the ubiquitous vinyl plastics) may be
preferable. Synthetic sheets of various materials may be useful, but stj>

far either inferior electrical properties or low softening temperatures

have prevented extensive application in the transformer field. This is

particularly true of cellophane, which is poor electrically, and nylon,

which does not stand high temperatures. With the present intense

activity in the field of synthetic plastics, however, this situation may
change.

The Winding Process .—The construction of the conventional papei*-

layer-insulated coil starts with the core tube. This is a rectangular tube
of spirally wound layers of paper or other suitable material, whose inside

dimensions correspond to the core width and thickness. Core tubes may
be bought from dealers in electrical or paper specialties, or they may be
made by the user by winding ordinary gummed kraft paper tape, such,

as is used for sealing cartons, around a suitable rectangular mandrel of
metal or hard wood. The mandrel must be smooth and free from nicks
and ridges or it will be impossible to remove the finished tube. A layer
of tape is first applied in a helix with the gummed side out and the edges
just butting, with no appreciable gaps or overlaps. Additional layers
are then added in the same fashion, the gummed side being inwards aritl

being moistened before winding, and the center of each layer coming;
directly above the joint of the previous layer. For most w'ork the tube
can be used as wound; if additional insulation is required it may be added
when the core tube is being wound or before winding the coil. T'hc
thickness of the wall depends upon the size of the coil; for small radio
transformers it should be from five to seven layers of 7-mil kraft.

The mention of gummed kraft paper brings up one precaution tha-t
applies not only to it but to everything that goes into the makeup of a
coil. If materials are bought from a reputable electrical dealer it may bn
safely assumed that they are suitable for electrical uses. This is not the;
case with apparently similar materials bought elsewhere; they may bo
perfectly suitable for their intended purpose but still capable of causing
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serious trouble in a coil. Some gum compositions and some papers for
example, contain constituents that may cause serious trouble from cor
rosion of fine-wire windings. This is particularly true of scotch tape"
electrical scotch tape is perfectly satisfactory for anchoring coil ends if
used.in moderation, and if not used in oil-immersed coils, but some grades
of cheap masking tape of identical appearance are highly corrosive to
fine wire.^ It is poor economy to use substitute materials of unknown
characteristics either in laboratory models or in production.

The actual technique of winding a coil depends largely upon the type
of winding machine used. It is possible to wind coils in a lathe and
thousands are so wound in the absence of a regular winding machine
but the patience of Job is required for the task if the coil includes high-
voltage windings of fine wire. It will be assumed accordingly that a
simple winding machine is to be used, which has accurate adjustments
for winding pitch, adequate wire-tension controls on the feed spools and
at least a rudimentary paper feed and cutoff knife. Such a machine
should be part of the equipment of any shop or laboratory that must
wind more than a very few transformers; quantity manufacturers use
considerably more elaborate machines with multiple paper feeds, instant-
change preset winding pitch control, and other desirable— and expen-
sive-features for speeding up production.

The first operation in winding a coil is to fasten the inside end. The
amateur coil winder will probably start by making and taping a soldered
joint between a stranded hookup wire lead and the enameled wire of

which the coil is to be wound. This method is satisfactory—except for

two things. If this joint, or even the inner end of the hookup wire
insulation, comes inside the coil structure it will make a bump that will

render it difficult to do a smooth winding job, and the same tbioo; applies

to all successive coil ends. Furthermore, unless the coils are being
wound one at a time, which is seldom the case in commercial work, there

is no place to put the wire lead while the coil is being wound.
The professional winder starts by w'inding a half-dozen turns in the

coil margin and then moves in to the actual start of the coil. He lays

a bit of tape, adhesive or otherwise, under the start of the first turn,

sets his turn counter to zero, and winds one turn. Just before completing

the turn he folds the outer end of the bit of tape over the starting end

of the wire and catches it under the end of the first turn. He then starts

his drive motor and proceeds to wind the coil. “Finish” ends are

similarly secured except that since the anchor tape cannot be held

down by the next-to-last and preceding turns it must be fastened by an

adhesive. Some winders use heavy shellac and cover the anchor tape

and the whole side of the coil with a strip of kraft paper shellacked in

place. A professional, moreover, will not bring out the coil leads on a
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side of the coil which is to be covered by a leg of the core; apparentl}^

every amateur has to try this at least once, preferably on a coil of man^'-

thousands of turns. After anchoring the finish turn the winder will add

a few turns in the margin before cutting the wire and starting the next

coil. If the required number of turns in a winding is not such as to give

an integral number of layers (which is invariably the case in practice)

there are three possibilities. The number of turns per layer may be

somewhat reduced to give an integral number of layers, and the winding

pitch increased to maintain the correct margins; this is the professional

solution, and the professional coil designer will include the number of

turns per layer in his winding specifications. The winding pitch may be

suflS-ciently increased to stretch the last layer over the allotted space;

this can only be done if the deficiency in the last layer is not too great,

and requires an extra time-consuming pitch adjustment. A filler can be

used; this is sometimes done on filament windings that only occupy one-

or two-and-a-fraction layers and which are usually wound one at a time.

Often in the last case a better solution is to use a different wire size in

order to fill the space, if this can be done.

In winding the coil the professional winder using a nonautomatic

machine will keep track of the number of turns he has wound and will

slow down smoothly near the end of each layer, stopping just as the limit

switches reverse the feed clutches. He will feed paper from the roll out

to the coil mandrel, catch it under the wire as it feeds on to the coil,

turn the mandrel a fraction of a turn by hand to anchor the paper, and

then operate the paper cutoff knife and continue with the next layer.

The skilled winder will do this without actually stopping the machine,

particularly if he is on piece work. The paper should be so caught and

cut off that the lap comes outside the core window, and the lap should

preferably be alternated from one side of the coil to the other. If this

is not done with fair consistency the excessive number of laps will cause

the window side of the coil to build out too fast and the coil will come
out too large to go in the window.

Succeeding windings are put on the coil in the same way as the first

winding, the winding pitch adjustment, and if necessary the paper roll,

being changed between windings. In production of small transformers

as many coils are wound at a time as will go on a stick, whose length

is determined by the width of the paper roll used. Since adjustments

and machine changes are time-consuming a winder will ordinarily wind
all of the inner coils for a job with a single setup a stick at a time, then

reset the pitch adjustment and wind all of the second windings, etc.

Heavy-wire windings, such as filament and low-impedance loud-speaker

windings, are usually put on the outside of the fine-wire windings and

are wound by hand, one at a time. JHeavy-wire leads are usually con-



Sec. 4-6] COILS 155

tinuations of the winding itself, additional insulation being furnished by-

sleeving if necessary.

After completing the windings the stick of coils is cut apart. This

process may be done on the winding machine by means of safety-razor

blades held in a frame that can be swung down so as to bring the blades

in contact with the slowly rotating stick, in which case the mandrel must
be grooved to permit the blades to cut clear through the coils and into

the core space, or the stick may be cut apart after removal from the-

mandrel. Circular saws may be used for this purpose, in which case

they should be in the form of knives with scalloped edges, or straight-

edged band knives may be used. The most effective device is a bandsaw
fitted with a sliding V-block to hold the stick and using a wavy-edged

knife made by the saw manufacturers for bread-slicing machines. This

form of cutter gives a clean cut with much less tearing and friction than

the circular knife, and cuts much truer than a straight-edge band.

Finishing .—After the coils are wound they must be finished; leads

must be brought out and anchored, wrappers or lug strips applied, and

all other operations prior to the core assembly completed. As has been

stated, the leads of heavy-wire windings are usually continuations of the

windings themselves, with insulating sleeving if necessary. The single-

winder adds a few turns in the coil margins to form the leads, just as the

machine-winder does, but the ends of heavy-wire leads are easy to find

and to bring out for termination. Frequently the single-winder will also

add the insulating sleeving. The coil finisher, who must also be furnished

with the coil specification sheet, digs out the coil ends of the fine-wife

windings from between the paper layers, using a pointed or slightly

hooked tool for the purpose (a nutpick is a favored implement) and makes
sure that all of the extra turns are pulled out clear down to the end-turn

anchorage. These wire ends are then led radially outward along the end

of the coil, cut off to the proper length, bared, tinned, and soldered to

the flexible leads or to the solder lugs of the lug strip if one is used.

The coil leads must be securely anchored, the method of anchoring

depending somewhat on circumstances. Usually the leads are carried

across the face of the coil, a turn or two of strong tape is wound over them,

the leads are brought back over the tape, and another turn or two is

added. The exposed radial portions of the coil ends are insulated by
strips of paper, or for the higher voltages by varnished silk or cambric

held in place by a suitable adhesive. The final operations are the addi-

tion of the outer heavy coil wrapper and the marking of an identification

number on the wrapper. The coil is now complete except for impregna-

tion, which may be done either before or after inserting the core. Impreg-

nation will be discussed in Sec. 4*7.

Probably the best way to become acquainted with the techniques of
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coil winding and finishing is to visit a transformer plant; if this is imprac-

tical a great deal may be learned by the careful dissection of a few dis-

carded transformers, preferably those of a maker with high quality

standards.

Other Types of Windings .—Next to paper-insulated layer windings

the most-used type is the so-called ^b*andom'^ winding, in which the wire

is simply wound back and forth in the groove of a coil form until the

required number of turns has been wound. In commercial practice the

term ^'random is somewhat inappropriate, since the wire is put on in a

regular pattern that somewhat resembles that of a universal winding,

although the winding is not an open one. The wire is wound as in a layer

winding but with a winding pitch several times the wire diameter, so that

the turns of one pass fall at nearly the same average radius as those of

the previous pass and not into definite layers. No insulation is used

within the coil except that of the wire itself. Random windings are

difficult to make on any except a round core, and are chiefly used for

loud-speaker field coils, relay coils, etc. For such purposes they are very

satisfactory, and they are cheap to make. Random-wound coils differ

from most others in not being self-supporting, so that some sort of bobbin

or form is required. This form may be molded from a suitable plastic,

and such molded bobbins are often used on very small coils for which

layer insulation is impractical. Bobbins may also be fabricated from

laminated plastic tubing with laminated sheet plastic ends. The
principal difficulty with this form of construction is preventing the ends

from coming off, especially if the coil is wound by hand and therefore is

truly random. Commercial random-wound coils are often wound on

flimsy bobbins made of heavy gummed kraft paper, the bobbin being

supported during the winding process by a suitable form that can be taken

apart later. If the wound coils are not roughly handled the paper bobbin

will support them long enough to permit the coil finisher to anchor the

flanges in place with an outer wrapper of light gummed paper that is

later reinforced by heavier end pieces and a final heavy wrapper. If the

coil is too large or of too fine wire to permit the use of the paper bobbin

alone it may be held together by strips of tape inserted in a U-shape

before the winding is started and having the ends fastened before remov-

ing the supporting outer form. In either case the coil will be rugged

enough after impregnation to withstand considerable mechanical abuse.

One type of winding beloved of the amateur coil winder but rarely

used in production because of its high cost is the uninsulated layer wind-

ing. It may be wound on an ordinary lathe, and may or may not use a

bobbin. If it does not it is somewhat easier to wind but wastes some
space at the ends. It may be wound by feeding the wire into pla.ce by
hand, but the process is slow and some kind of glove or other protection
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for the hand, although awkward, is absolutely necessary. Such windings
may be made of enamel- or Formvar-coated wire, but fibrous-insulated
wire is preferable because it is less slippery and stays in place better.
It is also far more abrasiYe.

In making an uninsulated layer winding on a lathe it is best to mount
a guide pulley on an arm in tlie tool post, taking care not to have it too
close to the surface of the coil, and to set the feed to approximately the
winding pitch required, or preferably slightly less. An adequate adjust-
able smoothly operating brake on the wire spool, controlled by the wire
tension, is almost a necessity, as is a smooth control of the spindle torque.
This may he obtained from a series motor and foot rheostat, or foot switch
and Variac, or by a foot-controlled tight-and-loose pulley arrangement
with the belt slack enough to permit some slipping.

The compound rest is set to move the guide pulley parallel to the ways
of the lathe and is used to correct for the inequality between the winding
pitch and the feed. The guide pulley should be allowed to lag slightly

behind so as to ensure that the wire will be truly close-wound without
any spaces, especially on the first layer. If a bobbin is used the layers

should be wound full, but it is inadvisable to try to force an extra turn
into place at the end of a layer because this will cause an excessive pressure

on the bobbin flanges and is also likely to result in an irregularity that
will propagate itself to all succeeding layers. If no bobbin is used the

ends of each layer may be held in place with bits of tape as described

previously, about four pieces being used per layer end. The tapes should

be staggered and the thinnest possible material used to prevent building

out the coil ends.

The uninsulated layer winding has an excellent space factor if properly

made, hut is maddeningly slow to wind and is impractical for fine wire.

It should he used only when a better method is not available.

Another type of coil which is intermediate in character between a

random and a regular layer winding is the so-called '^string-wound^’ coil.

It has been used principally for the coils of power contactors, although

the old Giblin-Remler honeycomb coils and some Western Electric

transformers were also string-wound. The winding consists of uniform

close-wound layers of wire, as in a paper-insulated winding, but instead of

the paper a very open universal winding of small yarn or string is used.

The turns of yarn cross the wire turns at a large angle and the yarn guide

pauses for an instant at each end of its stroke to allow the yarn to build

up a protective margin. The resulting coil is dense and solid, even before

impregnation, and has a good space factor. With the newer materials

such as Fiherglas yarn, Formvar wire insulation, and silicone varnish

impregnation string winding should be an excellent method of coil

construction.
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Another type of winding which has found its principal application in

transformers for high voltage or high powers, is the pie winding. This

may take either of two forms. In one, the conductor is usually a thin

wide rectangular strip that is wound into flat spiral pies one turn thick in

the axial direction. The pies are stacked on the cgre and connected in

series. One disadvantage, of this construction is the large number of

series connections that must be made. Allis-Chalmers uses an ingenious

method of construction in which pairs of pies are wound from a single

length of conductor, thus eliminating the inner connections. The other

type of pie winding consists of thin random-wound pies of fine wire,

either wound in deeply grooved bobbins or individually taped, and again

connected in series. The voltage per pie is limited to that which the wire

insulation will stand, times the average number of layers per pie. This

construction has been used chiefly for the high-voltage windings of X-ray

transformers.

A rare construction that can occasionally be used for high-current

chokes and the like employs a spiral winding of copper foil or sheet, of a

Table 44.—Coppee Allowance for Small Transformers

Rating, va
Copper allowance,

circular mils/ampere
60 cps 400 cps

0- 10 0- 25 400
10-^ 50 25- 100 800

50- 150 100- 300 1000

150- 500
1

300- 750 1200

500-1500
1

750-1500 1500

width equal to the axial length of the coil less the necessary margins,

insulated with paper or other suitable material, the wliole coil being

similar in construction to a wound foil-and-paper condenser. This con-

struction has the advantage of a good space factor and excellent heat

conductivity, especially in the axial direction, but is difficult to wind and
to impregnate. It might be useful for low-voltage windings.

There are many other possible types of windings, but they are too

rare to be worth describing in detail. For small inductors such as those

with which this chapter is concerned, constructions other than the paper-

layer-insulated and the random-wound types seldom need be considered.

Coil Design Data .—The data to be given here apply primarily to the

paper-insulated layer winding because it is by far the most important

type of transformer winding. Additional data may be obtained from
the manufacturers of wire, winding machines, coils, and -equipment in

which coils are used.
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The first operation in designing a coil is to select the wire size for each
winding on the basis of the operating current for that winding. Table
4*4 gives suitable values for the copper allowance for the windings of

small transformers of usual construction and mounting practice. The
tabulated values of circular mils per ampere will result in approximately
a 40°C rise in temperature under ordinary conditions; if a difierent rise

is desired the area should be changed accordingly.
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Fig. 4*27.—Dimensions of layer-wound coil. r«i =— =s

2 kh

I’m « 2(6 +5 4" Trfm) = length of mean turn; / == build of winding; n = number of layers;
<iw = OD of wire; U — thickness of interlayer insulation (this must be multiplied by a con-
stant to allow for lapping: for J turn lapping the constant is about f); kb = build factor
= 0.85 for average construction (see te^ct).

It will often be found that the wire size required for heavy-current or

low-impedance windings is too stiff to wind easily on small coils. In such
cases stranded wire may sometimes be used at the expense of a serious

reduction in space factor, but a better expedient is to make the winding
of two wires of half the area, wound. side by side and connected in parallel

the ends. Even more than two strands may be used in special cases,

£ilthough it is difficult to control more than two at a time if the wire is

fed by hand.

A typical layer-insulated coil is shown schematically in cross section

•in Fig. 4-27, and certain quantities that are useful in designing a coil are

listed below the figure. A winding table, modified from the one used at
“the Radiation Laboratory, is given as Table 4-5. This table includes data
on single-coated and heavy-coated wire only, since other forms of insula-

tion are less important for small transformers. The data apply to both
enamel and Formvar coatings since they are made to almost identical

dimensions. The hare-wire dimensions given apply to wire of the nominal
diameter; the standard diameter tolerance is ± 1 per cent of the diameter.

Similar data on wire with other insulations may be found in the catalogues

of the wire manufacturers and in engineering handbooks. The values
of turns per inch are obtained by multiplying the theoretical number of
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Table 4-5.—Win'bino Table for Papee-insttlated Laybe Windings

AWG
size

number

Bare wire
Single-coated wire

(E or F)

Nominal

diameter,

mils

Area,

circular

mils

Besistivity

at 20°C,

ohms/ 1000
ft

Lb/1000 ft,

nominal

Maximum
diameter,

mils

Turns/in.

10 101.9 10,384 0.999 31.4 105.4 9

11 90.7 8226 1.261 24.9 94.1 10

12 80.8 6529 1.588 19.8 84.0 11

13 72.0 5184 2.001 15.7 75.0 12

14 64.1 4109 2.524 12.4 62.0 14

15 57.1 3260 3.181 9.87 59.8 15

16 50.8 2580 4.020 7.81 53.4 17

17 45.3 2052 5.054 6.21 47.7 19

18 40.3 1624 6.386 4.92 42.6 22

19 35.9 1289 8.046 3.90 38.1 24

20 32.0 1024 10.13 3.10 34.1 27

21 28.5 812.3 12.77 2.46 30.5 30

22 25.3 640.1 16.20 1.94 27.3 34

23 22.6 510.8 20.30 1.55 24.4 38

24 20.1 404.0 25.67 1.22 21.8 42

25 17.9 320.4 32.37 0.970 19.6 47

26 15.9 252.8 41.02 0.765 17.4 52

27 14.2 201.6 51.44
:

0.610 15.6 69

28 12.6 158.8 65.31 0.481 14.0 66

29 11.3 127.7 81.21 0.387 12.6 73

30 10.0 100.0 103.7 0.303 11.2 82

31 8.9 79.21 130.9 0.240 10.0 91

32 8.0 64.00 162.0 0.194 9.1 101

33 7.1 50.41 205.7 0.153 8.1 114

34 6.3 39.69 261.3 0.120 7.2 128

35 5.6 31.36 330.7 0.0949 6.4 142

36 5.0 25.00 414.8 0.0757 5.8 158

37 4.5 20.25 512.1 0.0613 5.2 174

38 4.0
.

16.00 648.2 0.0484 4.7 198

39 3.5 12.25 846.6 0.0371 4.1 220

40 3.1 9.61 1079 0.0291 3.7 246
41 2.8 7.84 1323 0.0237 3.3 274

. 42 2.5 6.25 1659 0.0189 3.0 304
43 2.2 4.84 2143 0.0147 2.7 340
44 2.0 4.00 2593 0.0121 2.4 369
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Table 4-5.—Winding Table poe Papbe-instjlated Later Windings.—(Conimued)

AWG
size

number

(HE or HF)

Layer
space factor,

per cent

Minimum
interlayer

insolation

thickness,

mils

Minimum
margin,

inches

Maximum
diameter

mils

Turns /in.

10 107.1 9

11 95.7 10

12 85.5 11 0.010
13 76.5 12

14 68.4 14 i
4

15 61.2 15

16 54.8 17

17 49.1 18 0.007
18 44.0 21 90

19 39.4 23

20 35.3 26

21 31.6 29

22 28.4 33 0.005
23 25.5 .36

24 22.9 40

25 20.6 44

26 18.5 49

27 16.5 56 0.003
28 14.9 62 89

29 13.4 69

30 12.0 77

31 10.8 84

32 9.8 94 88 0.002
33 8.8 105

34 7.8 115

35 7.0 130

36 6.3 146

37 5.7 159 87 0.001

38 5.1 182
i

39 4.5 200

86

40 4.0 227

41 3.6 251 0.0007
42 3.2 285 85

43 2.9 317

44 2.7 328
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turns per inch (i.e. the reciprocal of the nominal outer diameter of the
wire in inches) by the appropriate layer space factor. This factor is
intended to take care of normal variations in wire diameter and of kink-
ing and springing of the wire during the winding process. The values
given for the factor are conservative; if necessary a few per cent more
turns can usually be crowded into a given space than the figures of the
table would indicate, but it is not always safe to depend upon doing so.

For large transformers and for windings carrying heavy currents it is
sometimes desirable to use square or rectangular wire in order to improve
the space factor of the coil. Such wire is available in a large number of
sizes and with various insulations, of which double cotton and heavy
Formvar are standard. Square wire may be obtained from 64-mil
diameter upwards and rectangular wire from 100 mils wide and .1 2 mils
thick. Such wires are seldom needed for small coils but for large units
and especially for pie-wound coils they are much easier to handle than
round wire.

Wires smaller than No. 40 are usually avoided wherever possible
because of the difficulty of handling the very small sizes on tlie usual
types of winding machines. They are rarely specified by AWG size, the
diameter in mils being preferred. The usual sizes are;

2.8 mils (No. 41)

2.5 (No. 42)

2.2 (No. 43)

2.0 (No. 44)

1.75-

1.25

1.00

An idea of the fragUity of the ultrafine sizes may be obtained from the
fact that the insulation thickness of 1-mil wire is 0.1 to 0.2 mils, its break-
ing strength is 14 grams, and it runs 51 miles to the pound.

Besides the wire dimensions. Table 4-5 includes data on the thic.knoss
of mterlayer insulation and on coil margins. These data are basi'd on
the mechanical requirements of a rugged coil; both margin width and
insulation thickness must be sufficiently great to withstand tin; otierafing:
voltage ^adients; therefore the values given in the table may have to lie
increased for electrical reasons. A safe value for the maximum per-
missible voltage gradient along the surface of dry or varnish-impregnated
paper is 10 volts per mil, which may be increased to 30 volts per mil for
od-immersed coils^ These gradients refer to the test voltage, which may

arious y specified. One typical specification^ requires a test voltage

tors
JAN-T-27, ''Transformers and Induc-

ing. 1^1945
“ Communication Equipment,”
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of 700 volts (peak) for all wiadiiigs with, (peak) working voltages up to

175 volts, four times the working voltage for windings up to 500 volts,

and twice the working voltage plus 1000 volts for higher-voltage windings.

The thickness of interlayer and other sheet insulation necessary for

electrical reasons may be calculated from the data in Table 4'6. The
values given in the table are safe working-voltage gradients in volts per

mil
;
they may usually be tested at twice the tabulated values and will

break down at four or five times the tabulated values.

Table 4*6.

—

Workung-voltage Geadients of Insulating Materials

Material
Untreated,

volts/mil

Varnished,

volts/mil

In oil,

volts/mil

Kraft papor 40 60 100

Vnlr*:fi,Tii fiber . 40 60 100

Varnished canihric 100 100 100

Glassiiie .
60 75 100

Formvar 100 100 100

Fnamel 20 20 20

Sente’ll 40 40 20

Fnrf^ nil 125

4-7. Coil Processing.—After a coil is wound and finished it is necessary

to treat it in order to drive out whatever moisture it contains and to seal

it against the entrance of moisture. A number of processes and materials,

which vary considerably in their effectiveness, have been developed for

this purpose.

The simplest, cheapest, and least effective of these processes, which is

in common use for poor-quality competitive radio transformers, is the

wax: dip. The coils, with or without the cores in place, are dipped in a

container of molten wax and allowed to remain there until all bubbling

has ceased, indicating that at least the major portion of the moisture has

been driven out, and are then removed and allowed to drain. The process

is comparatively ineffective if the temperature of the molten wax is

allowed to fall below about IIQ^C during the early part of the immersion,

since the pressure of the steam within the coils will be insufficient to

force the moisture out against the hydrostatic head of the molten wax;

and the impregnation will be much more thorough if the bath is allowed

to cool well below lOO^C before removing the coils, since the decreased

vapor pressure will allow the wax to be forced into the voids in. the coils.

A much more effective method of impregnation is the vacuum process.

In this process the coils are placed in an evacuated container, heated to

drive out the moisture, and then an impregnating medium, of wax,

varnish., or some other material, is admitted to the vacuum chamber and

the vacuum released. The atmospheric pressure forces the impregnant
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into the voids in the coils; impregnation is usually made more thorough

by the use of air pressure after admission of the impregnant. This is a
far better process than the simple wax dip, but its effectiveness depends
greatly upon the processing schedule. It takes a surprising amount of

time to drive out all of the water in a coil, and any impregnation is of

little use that leaves more than the slightest trace of moisture. Probably
the best cheek on the drying process is the rate of evolution of moisture,

which is most easily determined by the degree of vacuum for a given
pumping speed. Near the end of the process, when moisture is coming
off more slowly, the rate can be checked by closing the vacuum line and
observing the rate of rise of pressure’ in the chamber. Actual value.s

depend upon the particular installation and to some extent on tlui cihar-

acter of the charge in the chamber. The manufacturers of processing

equipment will furnish schedules of processing, and information (iun also

be secured from the makers of impregnating material.

A number of materials can be used for processing. Cheap trans-
formers often depend upon beeswax, usually mixed with paraffin or rosin.

Special “amorphous” waxes of high melting point are consideral)ly better,

but the impregnating varnishes especially developed for the purpose are
better than any wax, especially for high-temperature operation. Impreg-
nating varnishes vary considerably in their properties, and the recom-
mendations of the manufacturers should be followed with rcgiird to the
type used and the processing schedule. Two varnishes, Irvington 100-
clear and Harvel 612C, were used by the Radiation Lalniratory, and
proved excellent for most purposes, the Harvel being somewlmt hardc'r
and more brittle. A properly impregnated coil should l)e so solid that
it can be cut in half with a band saw and show no voids or air spaccB.

Varnish impregnation is satisfactory for units operating tip t o about
10 kv, but for higher voltages it is preferable to operat.e ( he tinits immer-
sed in oil. All moisture should be driven out under vacuum, but if l.he
011 is clean it is not necessary to use a vacuum better than 21) in. of
mercury. One precaution necessary in winding coils inteiuh'd for oil
immersion is to avoid the use of components containing rulilx'r, such as
rubber-based adhesive tapes or rubber-insulated coil k'ads. d’he oil
softens and dissolves the rubber, causing the coil to loosi'u up and som<'-
times causing breakdown, and the dissolved rubber contaminates the oil.

High-voltage units can be built for operation w^ithout oil imiiu^rsitju
by suitable insulation of the high-voltage winding. This is ordinarily-
done by radially taping or “half-lapping” the coil. Half-lapping <(onsist .s

of taping the coil in a direction perpendicular to the wiTidings, threading
ea,ch turn through the coil and overlapping the preceding t urn b.y half it.H

width. One half-lap of 5-mil varnished cambric or rayon is good for
about 2 kv. The coil should be varnished before half-lapping and after
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each, two layers. Varnished cambric was originally used by the Labora-

tory for this purpose, but the more absorbent and flexible acetate-rayon

tape referred to above proved so much better that it entirely displaced

the cambric.

Transformers intended for operation in air at voltages above 35 kv
should depend upon increased spacing for insulation. The high-voltage

winding should be supported by suitable insulators at a distance of from

2 to 5 in. from the nearest grounded object such as core or primary This

construction also serves to reduce the capacitance of the high-voltage

winding to ground, but the inherently high leakage reactance results

in poor voltage regulation. Complete oil immersion, with or with-

out increased spacing, is preferable to dry operation of high-voltage

transformers.

As a means- of eliminating the increased weight of hermetic sealing,

especially on airborne equipment, several improved materials for impreg-

nating and coating, which are supposed to be highly resistant to moisture

penetration, have been developed. Chief among these are Westinghouse

“Fosterite,” GE “Permafil,” BTL “Flexseal,” and Utah Radio Products

“Styraseal.” These processes all use a thin fluid as an impregnant and

the same or a similar fluid loaded with an inert filler as a coating material.

The fluids are presumably monomeric plastics, such as meta-styrene,

which polymerize to hard tough solids during the curing process. The

chief disadvantages of Fosterite, Styraseal, and Permafil is that they

severely restrict the choice of materials that may be used in the con-

struction of the transformer.

Although it is possible to build excellent transformers imder this

restricting condition, it does slow up the manufacturing process and

increase the expense. Styraseal may be used as a coating over ordinary

varnish-impregnated coils, in which case the restrictions do not apply.

Flexseal does not have the material limitations of the others but it is

not as tough and it requires that the coil be half-lapped to present a

smooth surface on the ends. In order to determine the relative effective-

ness of impregnating and sealing materials a test program was inaugurated

in July 1945 under the supervision of the Laboratory for Insulation

Research of the Massachusetts Institute of Technology. It was found

within a few weeks after the program had started that none of the com-

mercial varnishes or other impregnants was good enough to meet Service

specifications, and the program was expanded to develop a new irnpreg-

nant that would be acceptable to the Services. At the termination of

operation of the Radiation Laboratory the testing and development

programs were still under way, and were not far enough advanced to

permit the publication of definite conclusions. It is expected that the

work will be continued under Service auspices.



166 IRON-CORE INDUCTORS [Sec. 4*8

4*8. Shielding.—Transformers and other coils must often be shielded,

and this shielding may be either of two types, electrostatic or electro-

magnetic.

The simpler of the two is electrostatic shielding, which is used to pre-

vent capacitive coupling between two windings of a coil, or between a

winding and an external field. Electrostatic shields ordinarily consist of

sheets of copper foil or some similar conducting material which are

inserted between the two windings to be shielded from each other. It

is easy to secure 100 per cent effective electrostatic shielding between two

windings by making the foil long enough to permit a lap joint at the.

ends, the only precaution necessary being to insulate the joint so as to

prevent the formation of a short-circuited turn. The shield is usually

connected to ground, but sometimes may be connected to other suitable

points in the circuit. If a grounded winding is located between the two

windings which are to be shielded from each other the shield is not

usually necessary. A common example of such an electrostatic shield is

the shield that is used between the primary and the high-voltage second-

ary of most power transformers, which serves as a fairly effective means
of preventing any r-f noise that may be present on the supply line from

reaching the output via the capacitance between primary and secondary.

On units intended for operation at 60 cps it is usually sufficient to ground

the shield to the core at one point; for operation at 400 cps it may be

necessary to ground the shield at each end of the coil.

Electrostatic shielding against external fields is rarely necessary and

is easily accomplished by the use of almost any sort of conducting end

bell or can, but electromagnetic shielding is a much more difficult problem.

It is usually required to reduce the pickup of hum in the windings from

an external magnetic field, but may sometimes be used to reduce the

leakage field of a power transformer or choke.

The most effective method of electromagnetic shielding is to com-
pletely enclose the transformer in a can of high-permeability alloy such

as Mumetal. A single Mumetal can of 10-mil thickness will ordinarily

give only about 10 db reduction in pickup, but if several concentric cans

are used, alternating between Mumetal and copper, with the copper cans

either seamless or well soldered except for the lids, shielding of about 30

db per pair of cans may be attained. It is necessary to provide the can

lids with lips so that the joint at the top will be lapped and not a straight

crack; fields will sneak in through a crack to a most surprising extent.

The Mumetal cans must be annealed in hydrogen after all forming opera-

tions are completed, since the high permeability of the material is greatly

reduced by coldworking. If the astatic or ^ffiumbucking'' construction

shown in Fig. 4T5 is used in conjunction with threefold composite



Sec. 4-9] MOUNTINGS, ENCLOSURES, AND TERMINALS 167

Mumetal and copper shields the resulting pickup will be negligible for

almost any purpose.

There is a common belief that the use of a heavy cast-iron case will

afford a useful degree of shielding for a transformer. This is definitely

untrue; measurements on a number of commercial transformers in cast-

iron cases showed less than 6 db of shielding^ and if the top of the case

was left open the reduction was as little as 2 db. Drawn steel cases are

slightly better if completely closed except for small holes for the leads,

but again the shielding is not enough to be of much use. Hum pickup

may sometimes be reduced by careful reorientation of transformers on a

chassis, but this expedient is a makeshift at best. The only real remedies

are astatic coil construction and the use of adequate high-permeability

plus eddy-current shields.

4-9. Mountings, Enclosures, and Terminals.—A great variety of

mountings and enclosures has been used for transformers, depending upon

the requirements of the individual case. Most of these are intended

for chassis mounting, usually flush with the surface by means of flanges,

studs, or screws, but there are a number of types, such as the familiar

half-shell mounting, which require that a hole be cut in the chassis so

that the unit may project through it. Such a mounting may permit a

reduction of oyer-all cabinet volume in some cases, and has the definite

advantage that the mounting plane is close to the center of gravity of

the unit, but the additional labor involved in cutting out the large hole

in the chassis is a serious disadvantage in laboratory construction. Some

commercial units are adapted for mounting in any of several positions,

which otfers a certain amount of freedom in chassis layout. •

Enclosures are also of many types, the completely open types in

which the coil and part of the core are exposed, the semienclosed forms

using end bells, the semisealed potted types, and the truly hermetically

sealed units, either potted in compound or oil-immersed. In general the

degree of protection of the windings increases with the total weight,

although it is by no means true that a heavy transformer is necessarily

adequately protected. The principal advantage of the semienclosed unit

is the mechanical protection afforded to the windings, usually at the*

cost of a minor increase in weight, although improved appearance is by

no means a disadvantage. Total enclosure in a can filled with potting

compound but not hermetically sealed does delay the absorption of

moisture by the windings, and affords adequate protection for most

ordinary climates. If the potting compound is exposed to air, however,

complete protection cannot be guaranteed since all such materials are

pervious to some extent, and oxidation, cracking at low temperatures, or

flow when hot may expose the windings. The only method of ensuring
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complete immunity to unfavorable climatic conditions is true hermetic

sealing by solder or some other means that will not deteriorate with age.

Cans .—Transformer cans are usually made from light-gauge sheet

steel, although aluminum or some other nonmagnetic material may be

used in certain cases where the location of a steel of poor magnetic quality

close to the air gap of the core would affect the characteristics of the unit.

In many cases the can is made of fairly heavy material so that it can

transmit acceleration forces from the core clamps to the external support-

ing brackets. This is poor practice, especially for oil-filled units, since

the concentration of stress at the points of attachment between brackets

and can is sufficiently high to produce distortion and eventual failure

unless the can is made extremely heavy. Weight will be saved and a

stronger unit produced if a light-gauge can is used and an adequate

supporting structure provided which is mechanically independent of the

can. This is the only satisfactory method of producing a unit to pass

the Service shock and vibration tests.

Quantity-production cans may be deep-drawn from seamless sheet.

This procedure makes an excellent can that will conform fairly closely to

the shape of the core and coil assembly, but it is only practical in cases

where the expense of drawing dies is justified. Most small-lot cans are

rectangular to permit fabrication in an ordinary sheet-metal shop.

Joints may be soft-soldered, brazed, or resistance-welded. Soft soldering

gives an oil-tight joint if done with reasonable care, but the solder is

inherently weak and subject to failure under vibrational stress; it should
never be used as a mechanical connection but only as a sealing medium.
If vibrational or shock stresses are negligible, however, a good lapped and
soft-soldered joint is satisfactory. Torch brazing or welding gives a
strong tight joint but is difficult to accomplish in light-gauge material

without excessive warping, and the subsequent cleaning of the joint is a
nuisance. Resistance welding gives excellent joints and is cheap, but
usually cannot be depended upon for oil-tightness unless the joints are

filled with soft solder after spotwelding. The use of tin- or lead-coated

steel greatly facilitates making good soft-soldered joints but may cause
difficulty in spotwelding.

Potting.—For most low-voltage units the use of potting compound is

preferable to the complications of oil filling. There are many such com-
pounds on the market, of varying quality, and the catalogues of the
manufacturers should be consulted for details. One compound that was
much used by the Radiation Laboratory is Mitchell-Rand 868-EX, which
is effective and easy to handle in production. Potting is essentially a
‘"messy” process, however, and if more than a very few transformers are
to be potted it will pay to use a regular compound-melting unit with
temperature regulation and bottom-pouring spouts. The transformer
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assemblies should be preheated to a temperature above the melting point

of the compound, if possible, to prevent the formation of a “cold-shut”

between the compound and the transformer, which would act as a channel

for the admission of moisture. Since the melted compound is extremely

viscous a distance of in. should be left on all sides between the assembly

and the can, although in. will suffice if necessary. Cooling should not

be too rapid since the compound shrinks considerably and its heat con-

ductivity is poor, so that premature solidification of the outside portion

may result in the formation of voids next to the coil.

Oil Filling .—The two principal problems entailed by the use of oil

filling are the prevention of leaks and the provision for expansion of the

oil. Leak prevention is largely a matter of workmanship, although the

design of the can should be such as to prevent the transmission of appreci-

able stresses across soldered joints and to facilitate the flow of solder into

the lapped joints. The high thermal expansion coefficient of transformer

oil presents a considerable problem with units that must be exposed to a

wide range of temperatures. In some cases, such as the small high-

voltage units of Fig. 4-17, the flat sides of the can may be allowed to

spring sufficiently to take care of the change in volume, but in many cases

some special expansion device must be used. This usually takes the

form of a metal bellows or “Sylphon,” many forms and sizes of which are

on the market. Rubber bags have also been tried
;
such experiments have

been conducted at the Radiation Laboratory and by the British at Tele-

communications Research Establishment.

The total change in volume of the oil can be reduced by the use of

sand ’or small glass beads to make up part of the volume. This method is

satisfactory electrically but the maximum theoretical displacement for

spherical particles is only 66.7 per cent and in practice it runs closer to

45 or 50 per cent. The use of sand necessitates a guard to keep it out of

the convolutions of the bellows, the additional parts usually take up as

much space as was originally saved, and the sand adds a great deal of

weight, so that in the long run it is usually better to use plain oil.

Bushings .—One of the principal problems in the development of

acceptable hermetically sealed units has been the provision of satisfactory

bushings. The first to be used by the Radiation Laboratory were the

rubber-sealed types shown in Fig. 4-28. These were satisfactory both

mechanically and electrically when first installed but the progressive

deterioration of the rubber with age effectively destroyed the sealing after

a year or two. Another objection to these bushings was the large number

of parts, which increased both cost and assembly time.

A program begun with the T. C. Wheaton Company eventually led

to the production of the Wheaton T-1300 line of solder-seal bushings

shown in Fig. 4-29. These bushings have a metallic glaze fired directly
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onto the glass so that they can be soldered to the can. The T-1302,

T-1304, and T-1305 have been used extensively. The T-1301 has been

less satisfactory because the hollow rivet holding its lug goes through to

the bottom of the glass, giving a very short creepage path inside the can.

Fig. 4-28.—Eubber-sealed bushings.

Fig, 4-29.

—

T. C. Wheaton Co. bushings. {Left to right: 1306; 1305; 1304; 1302; 1301.)

Instead of the T-1301 the GE C-12428-A has been much used. This is

also a solder-seal bushing, but instead of soldering directly to the glass a
metal rim is molded to the bushing and the can is soldered to the rim.
Although this bushing also has a stud going clear through, its construction
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Fig. 4-30.-™-Metal-to-ghiss bushings. {Left to right: W-103; W-101 ; C-12428-A; C-13298-iSL.>

Fig. 4'3L~IIigli-7<)Uage Imshings. {Left to right: C-12290-A; C-129(K]-A; C-1S330-A..)
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is such as to provide a satisfactory internal creepage path. Several

other types of small glass bushings which have also been used to some
extent are shown in Fig. 4*30.

Table 4-7.—Bushing Opekating Voltages

Bushing type

Large H V
Small H V
Medium extended

Medium
Small

Little

Midget

1306

1305

1304

1302

1301

C-12428-A

W-103
C-12290-A

C-12966-A

C-13330-A
* With oil inside can.

t With oil or potting compound inside can.

Operating voltage

at sea level-dry

... 25,000*

. . . 15,000*

... 10,000t

... 6,000

... 3,000

... 1,750

750

. . . 20,000

... 14,000

... 10,000

... 5,000

... 2,000t

... 3,000

... 6,000

. . . 12,500

. . . 10,000

... 30,000

For high-voltage uses porcelain has been used in preference to glass

because of its greater mechanical strength. Three high-voltage porcelain

bushings developed by Westinghouse are shown in Fig. 4*3 1 . A summary

0 10 20 30 40 50 60

Altitude in thousands of feet

Fig. 4-32.—Derating cui-ve for high-altitiide operation.

of the recommended operating voltages for a number of types of bushings

is given in Table 4*7, and Fig. 4*32 gives a derating curve for high-

altitude operation.

A number of other types of bushings have recently been placed on the

market. Besides a wide variety of solder-seal bushings of both glass and
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porcelain, several manufacturers are producing bushings in which a central

lead or leads are imbedded in a glass bead or slug which is fused into a

flanged rim. The metal parts are made of Kovar or Fernico, which has

the same expansion coefiicient as the special glass over a wide range of

temperature. Care should be used if such bushings must withstand

extremely low temperatures, however, since some of these special alloys

have a low-temperature phase transformation that results in a consider-

able change in volume with resulting cracking of the glass. Where low

temperatures are involved the bushing manufacturer should be notified

of the required minimum and a stabilized metal should be used. These

bushings are available in a number of forms, including multiple-lead

varieties in which a number of leads, each with its own glass bead, are

Fig. 4-33.—Multiplo-lead bushings. {Leftto right: T. C. Wheaton; Westinghouso; Sylvania.)

sealed into a multiple-hole header. Three types of multiple bushing are

shown in Fig. 4-33.

Another recent bushing construction involves the use of injection-

molded lead borate-mica glass (Mycalex, Mykroy, etc.) as the insulating

material. It is stronger than either glass or porcelain and has excellent

electrical characteristics, but at the present time the price of such bushings

is very high. If their excellent qualities lead to sufficient use to bring

the price down they should become very popular. Similar bushings have

been produced using plastics as the insulating material, but they have not

been particularly successful. The molding process is inherently inexpen-

sive and flexible and permits the use of a wide variety of inserts and flanges.

Assembly ,
—“Several methods of soldering bushings to covers were used

at the Radiation Laboratory, including soldering iron, torch, induction

heating, and infrared heating. The first two tend to concentrate too

much heat in one place, stripping the glaze from glass bushings and doing

an uneven job. They are useful, however, on the large metal-flanged

bushings. Induction heating heats only the metal parts of a bushing

directly, tending to expand the flange away from the glass, and also to

buckle covers that have a large number of holes. By far the most success-

ful method is infrared heating, which heats all parts evenly and quickly

and is uniform and easy to control. An infrared oven built by the

Ijaboratory is shown in Fig. 4*34. It uses a total of twenty-four 350-

watt ruby infrared lamps, arranged in six rows of four. A cover with its
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bushings in place, each furnished with a small preformed solder ring, is

placed on the track and pushed slowly through the oven. A cover 6 in.

square with 15 to 30 bushings can be completed in 40 to 50 sec.

Fig. 4-34.—Infrared soldering oven.



CHAPTER 5

PIEZOELECTRIC DEVICES^

By P. F. Brown and S. Franked

QUARTZ-CRYSTAL FREQUENCY STANDARDS

In the field of radar, quartz crystals are used as frequency standards
because of their stability and high Q. They are frequently '^used not in

1 Much information, on the physics of crystals and upon the manufacturing proc-
esses used in. preparing crystal slabs is contained in the following articles by Bell
System authors

:

E. J, Armstrong, “X-ray Studies of Surface Layers of Crystals,’' Bell System Tech
Jour., 26, 136-155 (January 1946).

W. L. Bond, “The Mathematics of the Physical Properties of Crystals,” 22 1-72
(January 1943).

^ ’

, “A Mineral Survey for Pieiio-electric Materials,” ibid., 22, 145-152 (Julv

1943)

.

, “Methods for Specifying Quartz Crystal Orientation and Their Determina-
tion by Optical Means,” ibid., 22, 224-262 (July 1943).

and E. J. Armstrong, “ Use of X-rays for Determining the Orientation of Quartz
Crystals,” ibid., 22, 293-337 (October 1943).

A, R. D’heedine, “Effects of Manufacturing Deviations on Crystal Units for Filters ”

ibid., 23, 260-281 (July 1944).

1. E. Fair, “Piezoelectric Crystals in Oscillator Circuits,” ibid., 24, 161-216 (April
1945).

R. M. C. Greenidge, “The Mx.)unting and Fabrication of Plated Quartz Crystal Units,”
ibid., 23, 234-259 (July 1944).

C. W. Harrison, “The Measurement of the Performance Index of Quartz Plates,” ibid.,

24, 217-252 (April 1945).

F. R. Ijack, G. W. Willard, and I. E. Fair, “Some Improvements in Quartz Crystal

Circuit Elements,” ibid., 13, 453-463 (July 1934).

W. P. Mason, “Quartz Crystal Applications,” ibid., 22, 178-223 (July 1943).

and II. A. Sykes, “Low Frequency Quartz-crystal Cuts Having Low Tempera-
ture Coefficients,” Proc. IRE, 32, 208-215 (April 1944).

IL J. McSkirain, “Theoretical Analyses of Modes of Vibration for Isotropic Rectangu-
lar Plates Having All Surfaces .Free,” Bell System Tech. Jour., 23, 151—177 (April

1944)

.

R. A. Sykes, “ Modes of Motion in Quartz Crystals, the Effects of Coupling and Meth-
ods of Design,” ibid., 23, 52-96 (January 1944).

,
“ Principles of Mounting Quartz Plates,” ibid., 23, 178-189 (April 1944).

G. W. Willard, “Raw Quartz, Its Imperfections and Inspection (Chap. IV),” ibid., 22,

338-361 (October 1943).
“— “Use of the Etch Technique for Determining Orientation and Twinning in

Quartz Crystals,” %buL, 23, 11-51 (January 1944).

Most of the information in these articles and much besides is to be found in

R. A, Heising, Quartz Crystals for Electric Circuits,, Van Nostrand, New York, 1946.
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the CRT display equipment itself but in associated driver units, calibra-

tors, or test equipment.

Since the crystals used in radar equipment need not satisfy as rigid

Q and stability requirements and since they are required in quantities

small compared to those used in communication equipment, the procure-

ment problem has not been serious for radar-equipment manufacturers.

Moreover, because of the lower Q required and because they were usually

used in the frequency range of 50 to 200 kc/sec (20- to 5-/xsec markers),

manufacturing facilities and techniques were already available (as was

not the case in the vhf communication field).

The frequency stability necessary is derived from the over-all reqiiire-

ments of the more precise CRT displays and special test equipment.

Precise CRT displays do not usually require better than ± 0.05 per cent

stability and crystals in special test equipment may vary by as much as

±0.025 per cent. Thus a 100-kc/sec calibrator with a variation of

±0.05 per cent would furnish lO-jusec markers on a time base with an

accuracy of ±0.005 jusec. In a radar set the 0.05 per cent specification

implies a range accuracy of 2.0 yd at 4000 yd or of 15 yd, at 30,000

yd, if there are no other errors in the system.

64. Use of Quartz Crystals in Radar.—The principal factors to be

considered when using a crystal for radar purposes are temperature

coefficient; initial accuracy; susceptibility to damage by shock, vibration,

and humidity; and the electrical circuits.

Temperature Coefficient .—This is the most important of these factors.

For equipment used by the Armed Forces the required ambient tempera-

ture range is —40° to +80°C. In laboratory test equipment the tem-

perature range is more likely to be + 15° to +70°C. The crystals usually

used are of the bar type, which have a frequency-temperature curve flat

near 25°C and falling off for extreme negative or positive temperatureB,

thus making the coefficient positive at lower temperatures and negative

at higher temperatures. One such type (Valpey RL) has a coefficient of

-±2.0 and —3.0 X 10”“®/°C for temperatures above and below the normal.

Another type (Bliley FM-6) has coefiicients of ±1.6 and —1.4 X lO^V*^^'

from ±20°C to —40° and ±60°C respectively. In the extreme case of a

lOO-kc/sec crystal with a coefficient of 5.0 X 10"V°C! and zero error at

25°C, the shift to ±70°C would give a frequency shift of 22.5 cps or of

0.022 per cent. Since the more recent crystals have a coefficient of about
1 X 10~"®/°C, this factor is not critical for radar applications.

Initial Accuracy ,—Initial accuracy is easily obtained. For example,

the final calibration of a production run of 82-kc/sec crystals will show
that they are all within 25 cps and that 80 per cent will be within 15 cps.

The equivalent accuracies are 0.03 and 0.018 per cent respectively.
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Shockj Vibration, and Humidity .—The susceptibility of the crystal to

damage by shock, vibration, and humidity has forced a new method of

packaging. The crystal types used for the comparatively low frequencies

mentioned above are the bar, which vibrates lengthwise, and the wafer,

which vibrates in shear. Since there is a node in the center in each case,

the crystal elements may be tightly clamped at the center. For one type

(Valpey RL), which is a bar 33 mm long, the clamp may be placed at

least ±2 mm from the lengthwise center and adjusted to any degree of

tightness. Shock and vibration tests have shown that the center-clamp-

ing method is satisfactory. In fact, with shocks of 110 g the pins in the

socket break before the quartz bar gives way. A few broken crystals

were obtained and examination proved that the bar is more likely to break

in half at the clamping point than to slip out of the holder.

Humidity conditions may be severe for military equipment but present

no serious problem for the crystals of the types described, since they have

always been tightly packaged to keep out dirt and to prevent atmospheric

corrosion of the silver plating. The package is usually metal, such as a

metal tube shell, the only problem being to seal the insulated output

leads tightly. Manufacturers still have two problems, adequate tropical-

ization and the selection of an insulating material that retains its low

dielectric loss after use and exposure.

Electrical Circuits .—The effect of the electrical circuit on the crystal

is usually small. Tests in which a triode oscillator and a crystal holder

with two pins were used showed that reversing the holder in its socket

changed the frequency of an 82-kc/sec crystal by 2 to 7 cps. This shift

may be eliminated by grounding the metal case. Moving the 2-in. grid

lead in the same oscillator caused a frequency shift of 6 cps. In another

instance, where a triode oscillator had a pulse transformer in its cathode

circuit, the frequency could be pulled by the feedback of signals through

the transformer, but putting the transformer in the plate circuit corrected

this trouble. In those instruments in which the power output of the

oscillator is varied by changing the tuning of an r-f transformer in the

plate circuit, it was found advisable to use a pentode as the oscillator tube.

Changing the self-bias on the Radiation Laboratory type triode oscillator

will change the frequency 2 to 3 cps. Changing the tuning of a pentode

oscillator with the tank circuit in the cathode may change the frequency

by as much as 25 cps. Crystal-oscillator circuits in general are discussed

in Vol. 19, Sec. 8*5.

6*2. Special Quartz Cuts.—For some applications special quartz cuts

have been selected or developed.

Pulsed crystal oscillators are used when it is necessary to keep the

oscillations always in phase with random triggers or pulses. This is done
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by shock-exciting the crystal, letting it run for the required number of
cycles, and then completely stopping it until the next shock excitation.

The standard Radiation Laboratory 82-kc/sec crystal (18° X-cut and
length-to-width ratio of 0.35) vibrates in two modes and when shock-
excited has an amplitude modulation caused by beats between the 82-
and 95.6-kc/sec modes. As a result of this, Valpey’s Type RL was
developed to operate in a single mode. It is a 0° X-cut with a length-to-
width ratio of 0.147. This ratio was selected in order to make the fre-
quency of the coupled-flexure mode well removed from 82 kc/sec.

5-1.-A collection of crystal types showing the quarts bars and typo of .uountirxK
Manufacturer and Type Frequency,

kc/s0C
(a) Bliley, Type FM6 81.95
(5) Valpey, Type XL 49.16
(c) Valpey, Type XL and XLS 81.94
(d) Valpey, Type RL 81.94
(e) Valpey, Type XLS 40.93

Manufacturer and Typo

(/) Valpey, Typo XLST
(g) BTL D 171 117
(h) GE Type 32C401
(i) Valpey, Type XLR

Frequency,
kc/sec
80.86

. Dunng 1943 to 1944 the shortage of quartz caused a redesign of the
^w-frequency cuts to save quartz. For example, Valpey modified theii
Type XLS into the Type XLST, and the latter into Type XLR, as it^own by Fig. 5-1 (c, /, and f). A similar modification is also sliown by
Fig. 5-1 (6 and e). In addition to saving quartz, the new cuts proved tci
be more active.

The very-low-frequency range for a quartz crystal (i.e., 2 to 4 kc/sec)
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Table 5-1.—Quaetz-ckystal Frequency Standards Used by the Radiation*

Laboratory

Mfg. Type
Shown in

Cut
Freq.,

Temp.
coeff.

Temp. Mount-
Fig. no. kc/sec

per 1°C
range, °C ing

Valpey XL and 5-16, c, e; 18° X-cut 40.43 -2 to -5 — 20 to -|”80 On nodal

XLS 5-2 hj c 80.86 X 10-« line by
81.94 2-point

93.11

164.0

clamp

Valyey XLST 5-1/ 18° X~cut 80.86 -2 to -3 Same as

thickness

reduced
and new
length-to-

width ra-

tio

81.94

I

XL

Valpey XLV CT 163.93 <1 In center

1 by 3

points

Valpey CBC AT 819.4 1 Air gap

Valpey XLR 5-2c 5° X-cut 80.86 1 to 2 Leads sol-

81.94 dered to

93.11 crystal

faces

Valpey XLT 5-2« 5° X-cut 80.86 1 to 2 Soldered

1 e a d 8 y

mounted
in V' X
H" cy-

linder

Bliley FM6 5-la, 5-2a I)T 70 to 110 2 -40 to +60 In center

by 3

points

GE 32C401 5-1/t, 5-2f/ Twisted 81.96 3 Soldered

G43 X-cut leads, in

metal
tube
housing

WE 1)1711,17 5-1,7, 5-2/ 2.000 Soldered

leads, in

scale d

g 1 a H 8

tube

'* Froquoncy will rcnuiin within ±0.04 per cent of 2000 cps for all tcimperafcurcB between —40® and

+ 7{)®C.
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is covered by a development of the Bell Telephone Laboratories and the

Western Electric Company. Figure 5T {g) shows a 2-kc/sec crystal of

this type. It is a duplex unit with two electrodes on one side and a com-

mon one on the other. This split electrode is necessary to get the proper

mode of vibration.

Ii'iG. 5*2.—A collection of crystal types showing external appearances.

Manufacturer and Type Frequency,
kcfsec

() Bliley, Type FM6 70 to 200
() Valpey, Type XL and XLS 40 to m
(c) Valpey, Type XLS and

XLR 80 to 200

Manufacturer and Type

(d) GE, Type 32C
(e) Valpey, Type XLT

(miniature)

(/) BTL, Type D171117

Frequency,
kc/sec

80 to 165

80 to 200
2

SUPERSONIC CRYSTAL TRANSDUCERS

The transducer described in this section was developed for underwater

use in a supersonic system designed to simulate radar echoes. In this

system a piezoelectric crystal, submerged in a tank of water, is excited

with a high-power (approximately 1 kw) pulse of 15~Mc/sec energy.

The compressional waves produced in the liquid are shaped by suitable

reflectors and spread out over the surface of a reflecting map located at

the bottom of the tank. Waves reflected from the map impinge on the

quartz crystal and the voltage produced by the piezoelectric action is

amplified, detected, and displayed on the usual radar indicator.

The requirements for this transducer were

1. That it should not introduce appreciable power losses other than

those representing power radiating out into the water.

2. That there must be no spurious reflections within the crystal

cartridge (mount).
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S. Tlrnt the crystal should be easily replaceable and easily assembled
into its cartridge.

4. That the cartridge must not leak during long periods of inctmersion

in water.

5. That the transducer must be designed to withstand the application

of powers of 3 watts (average) at approximately 2000 volts.

6. That the electrical characteristics of the mounted crystal must be

such that electrical circuits of maximum power efSciency* can be

designed.

The operating frequency of a supersonic echo-simulating system is

determined by the range requirements. The absorption in water of

supersonic energy in the 10- to 30-M c/sec band has been shown, experi-

mentally to increase as the square of the frequency (at 15 Mc/sec at 20°

C

the absorption is 67 db/m). Thus in a supersonic system the range is
,

determined largely by the logarithmic absorption, although the usual

l/r‘^ attenuation is still present.

'^rhc crystal cartridge to be described has been used with 10-, 15-, 25-,

and 30-Mc/sec quartz crystals, but there is no reason to believe that this

range could not be extended to 40 or 50 Mc/sec.

The cr^^stal cartridge was designed in an attempt to obtain maximum

efficitmcy and therefore the crystal was backed with air rather than with

solids or liquids as the latter have an acoustic impedance of approximately

thaij of (juartzi. The fact that the crystal is backed with air is advantage

ous m only a small amount of energy is radiated into the air to become

available for undesired multiple reflections within the cartridge. In

addition tlie high absorption of 15-Mc/sec supersonic energy in air mili-

tates against the possibility of appreciable fractions of this power return-

ing to r(^(^xcite the crystal.

crystal cartridge was developed for a crash program and by no

means represents the ultimate in design.
^ ^ ^

6-3 The Piezoelectric Crystal.—The specifications for the standard

1 5-Mc/seo ciTstals require that the plated hut unmounted crystal reson-

t,, « of IS-OO ± 0.16 Mc/se», The resonant f'sitiencj rs

ddUu'iuiuod in manufacture by measuring tbe freaueney of an oscillator

t,hnt, ernployH the crystal as the frequency-determimng element The

grid curmnt of the oscillator is- used as an indication of

( h-ystals that do not meet the standard oscillator-crystal gnd-current

however, rrro aooeptablo in sap^onic

1 ,0 orvsli.1 Is heavily damped. The leson^t trequeiroj ri a®

...omlvd ia the cartridge and damped by the S
t o 1 4 T*) 4- 0 15 Mc/sec. The resonant frequency of the mounted c^^stal

immm-sod’in a liquid is defined as the frequency at which the conductance
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of the crystal is a maximum. The conductance may be readily meas-

ured with the General Radio 821-A Twin-T Impedance-measuring

Circuit.

The circular crystal is cut from quartz so that the crystallographic

rr-axis is perpendicular to the faces of the crystal to within 1° as deter-

mined by X-ray measurement. No tests have been performed to deter-

mine how great an angle may be tolerated. After the two plane surfaces

of the crystal are ground to approximate thickness they are etched for

at least 100 kc/sec to the desired thickness. A gold plating is sputtered

on and is baked for at least one hour at 500°C. Gold is used rather

than a less noble metal in order to minimize the possibility of corro-

sion of the plating by protracted immersion in the water of the echo

tank.

5*4:. The Crystal Cartridge. Mechanical Characteristics .—A drawing

of the type 7B crystal cartridge is given in Fig. 5-3. The body of the

cartridge is made of brass. Brass has been chosen because it is easily

machined, and can stand the deleterious effects of continued underwater
use. Stainless steel, aluminum, and plastic bodies have been used, but
show no advantages over brass. The crystal is kept in place with a
large threaded insulating bead that screws down into the cartridge body
and forces the crystal against the ledge of the front face of the body. A
thin rubber gasket is placed between the crystal and the ledge so that the

pressure of the large insulating bead will provide a watertight seal.
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Leakage of water through the crystal-ledge interface to the back of the
crystal has three harmful effects:

1- The small spacing between the crystal plating and the cartridge
body and the conductivity of tap water combine to provide a low-
resistance shunt across the crystal.

2. Water in place of air behind the crystal results in an increase in
crystal resistance R^,

3. Half the power delivered to the crystal will be dissipated in the
water behind the crystal.

These factors not only add lossy elements to the crystal but also
change its impedance and hence detune the matching networks that
deliver power to it.

One end of a fine silver contact spring touches lightly on the gold
plating of the crystal. The other end is soft-soldered to the connector
plug that leads the 15-Mc/sec voltage to the crystal. Another small
insulating bead holds the connector plug in place. Holes are provided
in botli beads to allow insertion of a tool to facilitate assembly. To make
the crystal cartridge watertight at the connector-plug end, melted
paraffin is usually poured through these holes into the space between the
beads. To further reduce the possibility of leakage to the upper bead, a
rubber gasket may be employed which fits over the connector plug. The
space between the large insulating bead and the crystal is normally
filled with air but may be filled with suitable liquids for the purpose of

acoustically damping the crystal.

Certain problems in transducer design have arisen that are not met
by the transducer described. When high intermediate-frequency volt-

ages are applied to the crystal, the contact between the spring and gold

plating often open-circuits. This is due to a ''burning'^ of the gold

plating at the point of contact. The cause of this burnout has not been

determined but it may be due to arcing between the spring and plating

when the crystal contracts. The frequency of burnouts has been greatly

reduced by shaping the front end of the spring as shown in Fig. 15-3 to

obtain the maximum area of contact between spring and plating. The

original type of spring made contact at only one point.

The use of the thin rubber gasket to render the crystal-ledge interface

watertight requires careful assembly and, in general, this scheme has not

been wholly satisfactory.

One of the most serious drawbacks of the transducer is the presence

of the phenomenon of ^^ringing.'^ When excited by a high-powered

pulse, the crystal appears to vibrate after the pulse for a period some-

times as great as 150 ^sec. This ringing is not directly observable on a
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synchroscope, but if

Fig. 5-4.—Equiva-
lent circuit of piezo-

electric quartz crystal,

Cp == capacitance be-

tween botb. faces of

crystal; Cs = equiva-

lent electrical capaci-

tance; Ls = equivalent

electrical inductance;

Rs =“ radiation resist-

ance ” of crystal.

a Mgh-gain amplifier is connected across the crystal

(as must be done in a supersonic echo-simulating

system) it appears as a block of saturated signals.

The ringing time increases as the power to the

crystal is increased. These spurious signals are

objectionable for they mask return signals at short

ranges. No adequate solution to this problem has

been found. It is believed that the ringing can-

not be accounted for by the natural decrement of

the crystal.

Electrical Characteristics .—The elecd-rical charac-

teristics of the crystal were obtained for the crystal

mounted in the cartridge of Fig. 5*3. In genieral

the Q of a crystal in air is high. However, the Q
of a crystal is appreciably lower wlien one face of

the crystal radiates directly into a liquid medium
such as water, whose acoustic impedance is of the

order of magnitude of that of the crystal.

An equivalent electrical circuit

of the crystal in the cartridge of

Fig. 5-3 is given in Fig. 5*4. Here

Cp is the capacitance between the

plated areas of the crystal plus the

capacitance between the ^^high^'

side of the crystal (plating, con-

tact spring, and connector plug)

and the cartridge itself
;
Ls and Cg

are respectively the equivalent

inductance and equivalent capaci-

tance of the crystal and are related

to its resonant frequency, wo, by

the relation co§L«Cs = 1 - For piezo-

electric crystals the ratio of the

capacitance between the plates of

the crystal to the equivalent

capacitance, Cs, is constant. This

ratio, represented by the constant

a, is approximately 140 for quartz.

The ^'radiation resistance^' of the

crystal Bs is a function of the sur-

rounding medium. For the crys-

tal in the mount of Fig. 5*3,

radiating into water, Rs == 4700

Area A In square inches

Fig. 5-5.—Conductance of (luartz cryBtal
vs. back-plating area. All front platings
^-in. diameter. All back platings circular
except as indicated.

ohms, Cp = 20 and C, = 0.14
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For these values it is apparent that the Q of the crystal,

defined as l/oi^CsRs, is approximately equal to 16 . The ‘^front^’ face

of the crystal (the face radiating out into the water) is fully plated and

therefore grounds to the ledge of the cartridge. The “back’’ plating

must be of smaller diameter so that it is sufficiently removed from the

Bide of the cartridge body to prevent arc-over.
this

of the crystal is essentially a function of the smallest
J

case the back plating. Figure 5-5 shows the

ductancc and back-plating area for 10- and 15- ^®/®®®
J

cartridge of Fig. 5-3. These curves do not cross the but ^h^

finite conductance when extrapolated to zero backplate area.

I R, and C, are functions of the back-plating area;

15-Mc/sec crystal with a f-in. circular back plating.

the quoted values are for a
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believed to be due to the edge effect resulting from the use of a large

constant-diameter front plate. As would be expected this effect is

smaller for the thinner 15-Mc/sec crystal than for the 10-Mc/sec crystal.

The effective parallel resistance of the equivalent circuit of Fig. 5-4

can be shown to be given by

R' = R.(l + QM, (1)

Thus the validity of this equivalent circuit may be determined by plotting

the experimentally determined values of R' against A representative

plot is given in Fig. 5*6. If the equivalent circuit is valid, the slope of

this curve should be constant and equal to It appears that the

value Qs = 16 is constant in a 2.5-Mc/sec band about the center fre-

quency of 14.75 Mc/sec. At frequencies remote from the center fre-

quency the effective Qs increases and the equivalent circuit becomes

Fio. 5*7.—Equivalent circuit of crystal and
tuning network.

invalid.

In applications in which the

bandwidth of the crystal and

associated networks is of impor-

tance, as it is in a supersonic echo-

simulating system, the cryKstal

capacitance Cp is usually tuned

to resonance at the crystal

frequency. The parallel-tuned

circuit that results from this pro-

cedure is usually damped with a
resistor. Figure 5-7 shows the equivalent circuit of crystal and tuning
network for a received signal, the resistor being represented by Rp,

If Eo represents a small voltage induced in the crystal by an incident
supersonic wave, the bandwidth of the system is given by a plot of Eq.
(3) as a function of y.

A. plot of this expression for a — 140 for various values of Qp is given in
Fig. 5*8.

It can be shown that the bandwidth of this system may be increased
by reducing the Q of the crystal. This may be done by substituting
various liquids for air in the space behind the crystal in the cartridge.
For example the Q drops to 6.9 with castor-oil or mineral-oil backing and
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to 4.2 with, methylene iodide backing. Although acoustically damping

the crystal in this manner does produce systems of wider bandwidth, it

results in a sacrifice of some of the power that would normally radiate

into the water. It is possible, however, to increase the bandwidth with-

out loss of power by interposing between the crystal and the medium a

quarter-wavelength layer of material of acoustic impedance, PxCx, such

that

= P.C, = \/(^)a (pC)„ (4)

0 0,5 1.0 1.5 2.0 2.5 3.0 3.5

l'’io. 5-8.—Frequency response of crystal in. circuit of Fig. 6-7, wFere = 15 and a = 140.

Successful work along these lines has been carried out at the Telecom-

munications Research Establishment in Great Britain.

It is also possible that the bandwidth of the crystal might be increased

by proper design of the crystal itself. The properties of wedge-shaped

crystals have not been investigated.

Compensating circuits for the crystal may be designed in an effort to

increase the bandwidth but these usually result in a serious decrease of

gain. One type of compensating circuit is shown in Fig. 5*9.

When the crystal is employed with an intermediate-frequency

amplifier it is possible to compensate for the narrow band of the crystal

by proper design of the amplifier pass band. This method is somewhat

similar to the method of Fig. 5*9 except that the final series-tuned circuit

is placed after one or more stages of amplification. In this way the

compensation is carried out well above noise level and no serious decrease
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of gain need be tolerated. Figure 5-10 shows the pass band of such an

amplifier operating at 10 Mc/sec, The frequency response of an assumed

crystal and input circuit having a Q of 11.3 was approximated in design

Frequency in Mc/sec

Fig. 5-10.—Bandpass curve.s of compensating amplifier. Curve a, pass band of simu-
lated crystal and tuning network. Curve 6, pass band of uncompensaiod amplifier.

Curve c, pass band of compensated amplifier. Curve d, pass band of over-all system,

by a simple series-resonant circuit. The pass band of this circuit is

given in Curve a. Curve b shows the pass band of the uncompensated
amplifier alone; Curve c, that of the compensated amplifier; and Curve d,
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the over-all pass band of the system. Comparison of Curves d and a
indicates an. improvement in 3-db bandwidth from 1.3 to 2.1 Mc/sec and
there is no reason to believe that compensation
greater than this cannot be achieved.

6-5. The E.eflector.—Experiments indicate
that the ditfraction of sound waves emanating
from the crystal cartridge follow the theoretical

predictions for diffraction by a circular aper-
ture.

A reflector designed to produce constant

illumination along a line parallel to the face

of the crystal can be calculated. If it is

assumed that the diffraction of a |—in. aperture (approximately 65 wave-
at 10 Mc/sec) is negligible, that the waves from the crystal are

essentially plane, and that the aperture of the crystal is small compared

12

11

10
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8
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5

4

3

2

1

0

Fig. d-1 2.—Curves providing constant illumination. Curve a, trial-and-error curve.

Curve b, theoretical curve ueglocting absorption in medium. Curve c, theoretical curve
including absorption in water at 10 Mc/sec.

with the strip to be illuminated, then the required distribution for con-

stant illumination [P(0) = constant] is given by

P{e) = esc^

Position of

crystal and reflector

Strip of constant illumination

Fig. 5-11.—Geometry of re-
flector derivation-

(5)
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The quantities involved in this equation are indicated in Fig. 5T1.

This formula is based on 1/r^ attenuation and on the logarithmic absorp-

tion of the supersonic waves given by

P - Poe-^-% (6)

where a is the absorption coefficient.

From the conservation of energy, the following equation is obtained:

P(x) dx = P{e) dd. (7)

The energy incident on the reflector is constant if the radiations from the

crystal are plane waves.

If there is no absorption (a =0), Eq. (7) may be integrated and

yields as the required surface

„ . In
1 + yjT? - VTT^ (8)

If however a 9^ 0, Eq. (7) must be graphically integrated for any one

value of ah. Both types of calculated curves are plotted in Fig. 5*12.

They are identical within the precision of the plot for those sections of the

reflector that throw energy out to large ranges. Both curves are calcu-

lated for a 60-cm coverage when h = 3.5 cm. Curve h is the theoretical

curve in which absorption is neglected. Curve c is calculated including

the absorption at 10 Mc/sec in water, for which a = 3.45. Curve a is

that of a hand-tooled reflector that was made by trial-and-error methods

and was not entirely satisfactory.



CHAPTER 6

ELECTROMAGNETIC DELAY LINES

By H. E. Kallmann

Siace pulsed radar is based upon measurement of time intervals/

one of its most frequently recurring problems is that of delaying pulses or

blocks of signals for accurately known times. Basically there are at

least two solutions to this problem: one involves recording a signal in

some kind of storage device and reproducing it at a known time later;

the other involves feeding the signal into one end of a ^Tong’^ transmission

line and taking it out at the other end after an interval equal to the time

of transmission along the line. The storage technique^ which involves

the use of image-storing tubes whose operation is similar to that of the

iconoscope of RCA, is outside the field of this volume but is discussed in

VoL 19, Chap. 21. The transmission-line technique led to the develop-

ment of the two classes of devices which form the subjects of this chapter

and Chap. 7. The choice of the method to be used in a particular case

depends principally upon the magnitude of the delay required: the

electromagnetic delay lines are most useful for delays up to a few micro-

seconds, the acoustic delay lines up to milliseconds, and the storage-tube

techniques up to seconds. The applications of the delay lines and the

details of their associated equipment and circuits will be found in VoL
19, and Vol. 20, Chap. 13; this chapter and Chap. 7 describe a number
of delay lines of both types and give a full discussion of methods of

design.

Steep-fronted signals are attenuated and distorted in delay lines, as

in any other network, because of transmission losses and phase distortion

in the lines and mismatch at their ends. The degree of fidelity required

differs widely for different applications.

The main design parameters of an electromagnetic delay line are its

impedance

Z = ohms, henrys, farads, ( 1 )

and its time delay

^ “Thou knowst we work by wit, and not by witchcraft: and wit depends on
dilatory time.” Othello II, 3.
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T = y/TC seconds, henrys, farads. (2)

For a given impedance and time delay the inductance is (hhcimiucd by

L = TZ, (3)

and the capacitance by

C = (•{)

Delay lines are designed to provide the re(|uircd iii(liictu-iu‘c and caiiacd"

tance in a small space without undue signal distortion.

The most conservative delay line is a length I of coaxial caJ>le. Its

delay, regardless of its impedance, is

r = i * 10“^® • I Vk seconds, c^entiuKders, (5)

where k is the dielectric constant of the space IxvtwcHni tlic (‘ondtrdors.

Thus a polyethylene cable with k equal to 2.25 delays signals by 1

per 200-m length.

Electromagnetic delay lines may be grouped into two (daHHC^s: The

distributed-parameter type, formerly called ^^condens(‘d and the

lumped-parameter type, derived from low-pass filter ncd works.

6-1. Distributed-parameter Delay Lines. ChamHrristici^. Delay

lines of the distributed-parameter type are practical>lc for t lu^ inipcdaui^e

range from 200 to over 3000 ohms. In their simplest form \hvy are

derived from a coaxial cable or a parallel line by changing one (‘ondncior

into a long thin coil; because of the resulting increase in iiidmdain’e both

the delay and the impedance increase. Close spacing of ihv. t wo vomlnv-

tors increases the capacitance; this also increases the delay l^ut- n*du<’c*H

the impedance.

The inductance of a long cylindrical coil is

= henrys per (centimeter, (Cl)

w

where w is the pitch and d the average diameter, Ixcth nn^asnnMi in

meters. The inductance so computed applies cxa(‘tly ni low fre(|ucncips

only. At higher frequencies, currents in different turns along a d<day limx

although still magnetically linked, are less and less in phase witli vnvh

other and add less and less to each other's magnetic fudd. Tht^ separation

of two turns having a given phase difference (lecr(‘as(^s In propurticm to

the frequency; their mutual inductance thus drops and hit(‘r re^'ersc^s,

This effect manifests itself as a steady drop in the cffecvtivcc L

^H. E. Kallmann, “Transversal Filter,’^ Proc. 28, No. 7, 302 310, (Julv

1940).
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of the wiading, as is shown in Kg. 6-1. ^ The ordinate is L/io, that is,

the effective inductance L compared with the low-frequency inductance
Lo- The abscissa is proportional to frequency. The drop in effective

inductance L at a given frequency / will increase as the phase dif-

ference between any two points increases—that is in proportion to the

delay T per unit length of line; and the drop will also increase as the

coupling between two given turns becomes stronger, that is, proportion-

ally to the diameter d of the turn and inversely proportionally to the

separation 1. Thus the generalized frequency scale of Fig. 6T is presented

Td
in units of

-j j-

Because the distributed capacitance C of a delay line varies widely

with the geometry of the design and the dielectric properties of the spacer,

it is not easily computed. The capacitance between conductors does not

vary significantly with frequency.

Because inductance decreases as frequency increases the delay T of a

simple delay line is a function of frequency, decreasing steadily as plotted

in Fig. 6T. This decrease in time delay manifests itself as phase distor-

1 j! P. Blowett, R. V. Langmuir, R. B. Nelson, J. H. Rufiel, “Delay Lines,

(iK Report, May 31, 1943; also J. P. Blewett and J. H, Rubel, Video Delay Lines,

Proc.. I.ltE., 36, 1580-1584 (December 1947.)
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tion, the phases of the high-frequency components in a signal being

advanced relative to the phase of the low-frequency components. Phase

distortion severely affects the shape of pulses, but it can be held within

acceptable limits either by conservative design, choice of a low coefficient

Td/lj or by the equalizing means^ discussed in Sec. 6-2.

Signals are also distorted by the attenuation in the line. Equal

at/tenuation of all signal frequencies is not considered distortion; it is

hieLrmful only in applications such as pulse-forming circuits wdiere the

absolute rather than the relative steepness of the echo front is important.

Because of increased attenuation of the higher-frequency components,

pxxlses that were originally square are rounded as they are in a system

with too narrow a pass band.

Attenuation in delay lines is due to resistance of the conductor and
to dielectric losses between conductors. The attenuation Ar due to the

resistance R of the conductor is

Ajt = 4.36 1 db, (7)

where R is the total series resistance of the line in ohms. The resistance

R rises with frequency because of skin effect; this rise starts, for example,

rxear 2 Mc/sec in a coil of AWG No. 40 copper wire and soon reaches a
slope of E « \/f. However, the amplitude distortion due to skin effect

plays only a minor role in delay lines used at present. With the materials

rxow available for wire insulation, dielectric losses are more important
l>3r far.

The dielectric losses arise: (1) in the space between the two conduc-
tors; (2) between turns of a coiled conductor. The loss between the
conductors can be held down somewhat by insertion of low-loss dielectrics

as spacers between conductors; the losses between the turns of a coiled

conductor can be reduced by spacing the turns, with a corresponding
increase in line length, or by reducing the wire thickness. Formex
insulation (a polyvinyl plastic now widely used), although better than
otliers, is still unsatisfactory for frequencies above 2 Mc/sec. The
relative contributions of skin effect and dielectric loss in AWG No. 40Formex HF wire (0.0031-in. copper, OD 0.0036 in.) may be gauged from
Fig- 6*2. The broken line shows the attenuation obtained with a 0.003-
in. wire crudely hand-coated with a low-loss plastic.

Attenuation of high-frequency components is also caused by mismatch
Hid} the ends of a terminated line. The impedance of a line does not stay
cixactly constant over its whole useful frequency range, but because

^ H. E. Kallmann, ‘‘Equalized Delay Lines,” Proc. 34, No 9 64(1-657
(September 1946).

‘ '
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of the drop in. effective inductance and the unavoidable load capacitance it

usually changes slightly at the higher frequencies. -A-t lower frequencies,
for which the delay line is accurately matched, all power is delivered to
the load. At the higher frequencies, at which the line is mismatched, a

6-2. K,olativo contributions of skin effect and dielectrio loss to attenuation.

1

fraction of the power is I’cflected at the termination, partly reflected
again at the input terminal, and then appears at tlie output terminal as
a short pip after each transition, delayed by twice -tlie delay time of the
line. (See Fig. 6-3.)

Another appreciable mismatch occurs

within the line just before the end. In this

region, the inductance per unit length of the

line <;hanges becsause each turn is coupled to

f(;w(‘r and fewer other turns. Flaring of the

tiiuls or the insertion of conical pieces of iron-

dust core may be used as a mean of compensation for manufactured lines.
Another means of compensation is the simple expedient of cutting the
line into small pieces. Thus the line may be wound in many ocpiai sec-
tions, each of which produces an end echo; the sections, hf)wev(ir are so
sliort that the echoes form a ripple of invisibly higli frequency. If, for
example, each section has a delay of 0.025 /isec, the echo ripple would

Time—

—

Fio. 6 -3 . I'ilTocti of niiHinatoh at
TxiK)> frocnu'ix'ioa.
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I

correspond to an oscillation of 20 Mc/sec and its harmonics. None of

these frecallencies would pass through a line with a cutoff of, for example,

16-Mc/sec. Such lines are used in oscilloscopes for signal delay at high

impedance levels.

Faults such as short circuits or uneven distribution of capacitance in a

delay line may show up as anomalous humps in the time-delay character-

istic. They are certain to show conspicuously in the transient response

as echoes from the defective place.
' Touching a point of the coiled

conductor will also give an echo pip because of the locally increased

ground capacitance; and by moving one’s finger along the coil, this pip

can be made to move along the transient response and to ride on the

fault echo when the faulty place is touched.

Fig. 6*4.

—

Uniform delay line, General Electric. (Company

Delay lines, wound either continuously or in sections, can be made
with much higher impedance than can be properly miitched. Satis-

factory models were made with impedances as high as 4000 ohms.
A lower limit to the impedance attainable is set by the operating

voltage, the dielectric constant of the insulator, and the spac^e available

since it is necessary to attach more and more distributed ground capaci-

tance to less and less inductance. Unless special dielectrics, multiple
wires, or tape are used, the lowest practicable impedance is approximately
200 ohms.

Typical Belay Lines with Distributed Parameters ,—A delay line manu-
factured by the General Electric Company is widely used. Its inner
conductor is a long thin coil, its outer one a metal braid surrounding the
inner one so closely that it must be braided from insulated wires to avoid
excessive eddy-current losses. The manufacturing specification of an
early modeP is:

/ J. H. Hubei, H. E. Stevens, R. 1. Troell, ^‘Design of Delay Lines, GE Report,
Oct. 25, 1943; see also references cited on d. 193.
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Core: 3^-in.-diameter tubing of Saran, a moderately flexible plastic

Winding: AWG No. 40 Copper (O.OOSl-in. diameter) Formex HF
insulation (OD 0.0036 in.) close-wound, 109 turns per centimeter;

inductance 20 jub/cm

Insulator: by 0.0015-in. cellulose aceto-

butyrate tape, single wrap, 50 per cent

overlap

Outer conductor: braid of 24 by 8 strands

AWG No. 36 (0.005 in.) Formex-insulated

copper wire; pitch, 1.9 in; capacitance,

16.5 /x/xf/cm

Jacket: double cotton wrap (special lines

Ha.ve polyvinyl jacket).

Its electrical characteristics are : impedance

53", 1100 ohms; delay To, 1 jusec in 55 cm; vol-

ta,g;e rating, 5000 volts d-c. The temperature

coefficient of the delay in such lines is +0.12

per cent per degree between —60° and

-+“100°C. The construction of this line is

aliown in Fig. 6*4. The line is so flexible that

it. can be bent around a 6-in. diameter. All

strands of the braid are grounded at one end.

'^Fhe time-delay characteristic of such lines cor-

resj>onds closely to the computed curve of Fig.

• 1, dropping 5 per cent in the range from 0 to

to M c/sec. The attenuation per microsecond

was found to rise from 1.5 to 2 db at very low

frequencies to 2 to 3 db at 2 Mc/sec and to 4

to 6 db at 4 Mc/sec. The distortion of a

1 -/.tsec pulse is illustrated in Fig. 6*5, where the

nliape of the pulse at the input terminal and

ter 1-, 3-, and S-jusec delays is shown.

A somewhat similar simple line was manufactured by the Federal

telephone and Radio Corporation for a special application which required

trliat ().25-/xsec pulses of 25 kv be delayed with less distortion than could

I >e noticed on the best available oscilloscopes. These requirements were

met by a line with conservative parameters designed to the following

Bpecifications:

Core
:
polyethylene 0.380 in. in diameter

Winding: AWG No. 23 copper (0.0226 in.) Formex-insulated, close-

wound to 15 turns per centimeter

Dielectric: solid polyethylene (k = 2.25) extruded to 0.680-in.

diameter

(a) Input 1 m sec pulse

(b) Delay l/xsec

(c) Delay 3m sec

{d) Delay 5m sec

Fig. 6-5.—Distortion of

l-juaec pulse by line of Fig.

64.
.
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Outer conductor: single-braid plain AWG No. 35 copper wire

Jacket; polyvinyl to 0.875-in. over-all diameter.

This line, shown in Fig. 6-6, closely resembles the RG-65/U high-

impedance cable (Sec. 1T2) but has a relatively much larger coil diameter

(a/d < \^e) which serves to increase the delay.

The delay line of Fig. 6-6 has

an impedance of 830 ±10 ohms
and a delay of 1 /xsec in 500 cm.

When a 0.5 Msec pulse whose front

rises from 0.1 to 0.9 of its total

rise in less than 0.03 mscc is trans-

mitted through a length of this

wire line which gives a delay of 0. 5 Msec,
Fig. 6-6.—Uniform delay line, Federal Tele- output pulse is attenuated 0.6

phone and Kadio Corporation.
i i i. i i.

db and shows a slight rounding

of its corners, but it still rises from 0.1 to 0.9 in less than 0.03 Msec.

Another line that avoids distortion by a conservative choice of

parameters is an experimental variable delay line, of which one conductor

is again a long thin coil, and the other a grounded strip of metal foil

placed between the winding and its core. Its design specification is as

follows:

Core: 0.30-in.-diameter tubing of Saran

Grounded conductor: soft copper foil 0.090 in. by 0.001 in.

Insulator: one layer of kraft paper 0,001 in. boiled in ceresin wax
Coil: AWG No. 30 copper Formex-insulated, close-wound with 36

turns per centimeter.

The line, which is 25 in. long, is bent into a circle of 9 in. diameter and
furnished with a contact arm, similar to that of a wire-wound potentio-

meter. The line impedance is 1,000 ohms. Its total delay is 0.44 Msec,

calibrated in equal steps of 0,01 gsec and reliable at all points to 0.002

Msec for frequencies up to at least 20 Mc/sec. For use as a variable delay

line its far end is terminated in the characteristic impedance and the

signal taken off by a contact sliding on a bared path on the coil. The
load at this point should be of high impedance, but the calibration is

remarkably insensitive to a load at the contact even if it is comparable
to the line impedance.

The impedance of delayTines is increased if both conductors are sole-

noidal in form. Such lines consist of two windings on a slim insulating

core, continuously wound on top of each other with opposite winding
sense. Such lines are called ^'balanced delay lines; ’’ however, the signal
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traveling along them does not remain balanced with respect to ground
because the diameters of the two windings, and therefore their inductances
per unit length, are not exactly equal. This imperfect balance does not
matter in such applications as pulse-forming circuits where the far end
of the line is either short-circuited or open.

Balanced lines, close-wound in two layers of AWG No. 37 Formex
wire on ^^in.-diameter core, were used experimentally in pulse-forming
and pulse-coincidence circuits; their impedance was 620 ohms.

Simple delay lines are adequate for the formation and delay of trigger
pulses and, with moderate fidelity, for signal delay. Unless obscured by

very bad attenuation, asymmetric distortion of pulses, as shown in Fig.

6-5d, will be noticeable. For more stringent requirements, such as signal

delay in oscilloscopes, equalization of the phase distortion is necessary.

This equalization has been achieved by the addition of phase-equalizing

networks, 1 but, even for modest improvements, the size and the com-
plexity of the networks may exceed that of the delay line itself.

6-2. Equalizing the Time-delay Characteristic. Methods .—A simple

means of equalizing the time-delay characteristic is the addition of a

1 X). p Weokes, “A Video Delay Line,” EL Eeport No. 61-20, Apr. 26, 1943.
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bridge capacitance that effectively increases with higher frequencies.

This method of equalization may be understood from the observations

plotted in Fig. 6*7. A continuous coil of AWG. No. 28 enameled

wire was close-wound on an insulator of i-in. diameter and 16-in.

length over a paper-insulated strip of copper foil 0.001 by 0.160 by lo in.

Its time delay, plotted as A = 0 (Fig. 6*7), dropped steadily from ().78

Msec at low frequencies to 0.616 /^sec at 16 Mc/sec. Ihis late is

somewhat less rapid than that calculated from Fig. 6-1. Anothei stiip

of copper foil w'^as then mounted along the outside of the coil and held in

place with tape. Connecting it to the inner copper strip and to ground

just doubled the ground capacitance; the initial time delay wnas thus in-

creased by \/2 to 1.1 Atsec, and the time delay dropped steadily to (3.764

Msec at 16 Mc/sec. When one of the two strips was disconnected from

ground, but left in place, a different type of curve was observed. The

new curve started at To = 0.78 /xsec. This effect was expected since at

very low frequencies there is no phase difference between any two turns

of a low-loss line, and therefore no alternating current flows by way of

the floating strip from any turn to another turn in any bridge circuit

formed by the capacitances. However, at very high frequencies, when

/» 1/r, the time-delay response will be the same as if the floating strip

were grounded because at those frequencies, the equal couplings to turns

at all phases cancel each other in their effect upon the potential of the

strip. Similar cancellations also take place at certain lower frequencies,

whenever / = 1/T, 2/T, etc. These may be observed near/ = 0.9 Mc/sec

and / = 1.8 Mc/sec in the curve for A = 1.

From the curve for A = 2 in Fig. 6*7, it is seen that the delay at very

low and very high frequencies is unaffected if the floating copper stiip is

cut into two equal pieces, each extending over one half of the line. The

curve for A = 2 resembles the curve for A = 1 except that the peaks at

lower frequencies occur at twice the former frequency, when/ = 2/l\ 4/T

etc. If the floating copper strip is divided into three or four ecpial

lengths, the peaks occur at proportionally higher frequencies. Continued

subdivision of the floating copper strip, however, leads to a different

type of curve. The delay at very low frequencies is still that of tlie

unpatched line; it rises steadily with increasing frequency to a peak

just below the frequency

= (8)

where T is the total delay at that frequency and A the number of equal

floating patches along the line. The delay drops sharply at /p, then

recovers to follow the curve of a line with all patches grounded. This

type of response is observed on the model with 8 and with 16 equal floating

.
patches. The delay response for these higher numbers of patches has
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its peak at a frequency for which each patch extends over about one-half

wavelength on the line. The phenomenon is different from that observed

at N — A, when the patches were one whole wavelength at the first peak.

The change-over is rather sudden, as plotted in Fig. 6*8.

Number of patchesN
I'lo. 6-8.—Wavelength per patch at peak.

The smooth rise to the peak of the time-delay characteristic is utilized

for the eciiialization of delay lines. The desired isochronism—or some

other desired time-delay characteristic—^is adjusted by the choice of two

param(d.ers, the length and width of each patch; periodical change of the

size of the patches may offer a third means of adjustment. The number

of patclies is always so large that Eq. (8) applies. The characteristic is

then generally smooth over a frequency range to at least O.8/3,. Thus

the lowest number of patches required for the equalization up to 0.8/p is

N = 2T/p. (8tt)

There is no harm in choosing a larger number of patches, provided that

they can be made proportionally wider. The width of the patches and

the thickness and dielectric constant of the insulation between them and

the coiled e.oiuhuitor serve to control the ainount of bridge capa(!ii:anc(’i.

At higher freiiuencies the delay is increased in proportion to these cmpaci-

tauM's, and isoidironism may therefore be adjusted by the width or thick-

lu^ss of insulation of the patches, as illustrated in Fig. 6-9 for a with

7',, (vpial to 0.90 gsec. The response of this line before eeiualization

<ln)pp(^d sU^adily to 0.82 /itseo at 16 Mc/sec. An application of 24 patche-s,

ea(;h 0.10 in. wide and 1 in. long, resulted in overcompensation of tlu^ droj),

but over too narrow a frequency range, the frequency of the jxiak, /,„

Ixnng 10.8 Mc/sec. Another curve shows the result after each pat(“.h was

cut in two, resulting in 48 patches, 0.10 in. by 0.50 in. The peak moved

ouf sidci the observed range, presumably to 25 Mc/sec, and the etiualiza.-

t.iou was nearly correct, rising to 0.93 gsec at 16 Mc/sec. A slight re,duo

iiou of patch width then adjusted the delay characteristic to just-eciual

tlelays of 0.90 /usew, at zero and at 16 Mc/sec, with a drop of less than 1 per

(lent in bctwaien. If necessary, this curvature can be further equalized by
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adding another row of about 14 slim patches which contribute a slight

lift with a peak frequency near 8 Mc/sec.

In these models the delay characteristics, even before patching, did
not drop as much as was calculated. This fact can be attributed to the
natural coil capacitance Cl, which may be found from the inductance of

the coil and from the frequency at which it resonates without external
capacitance. It is best estimated from the following relation:

Cl » d, micromicrofarads, inches. (9)

Accordingly, the effects of natural bridge capacitance in a delay line are
fotmd to increase with the diameter of the line. Most of the bridge
capacitance is on the outside of the long slim coils. If, therefore, a
substantial part of the surface of the coil is covered by grounded con-
ductors, such as the metal braid used on the GE lines, all but neighboring
turns are effectively screened from each other and equalization due to
natural coil capacitance is suppressed (see Fig. 6-10).

For a given coil diameter, the less ground capacitance per turn is

required, the higher the desired impedance of the line. The natural coil
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capacitance, however, is not reduced. Thus, with increasing line

impedance, narrower and, finally, no equalizing patches are required.

Another means of influencing the delay characteristic of a line is to

divide its winding into sections. This method results in loss of indue-

Fia. (MO. -BfTect of natural coil capacitance and of subdividing (ioil.

tance \viii(;h clauses less delay per length, and consequently less drop in

the delay charac^teristic. It also results in a conspicuous cutoff frecpiency

at which the delay rises to a peak as shown by the lower curve in Fig.

6- 10, representing a coil wound in spaced sections with ixatural coil

capacitance suppressed by a cover of braid. Delay lincKS wound in

sections and with floating patches have certain special merits and several

examples will be discussed.

Typical Equalized Delay Lines.—hx the following examples the delay

equalization is driven well beyond the beginning of excessive attenuation.

These (hhsigns should be justified as soon as low-loss insulated wires

become c.ommendally available.

The (‘-oiist.ructi()n of a continuously wound delay line designed for a

moderate frequency range is shown in Fig. 6T1. The delay is 1 yme
for about 10 in.; the impedance, 400 ohms. An insulating core of i-in.
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diameter is covered with a conducting layer, by copper plating or by

cementing on (with self-curing rubber) thin soft copper foil, which is cut

into four full-length strips separated by gaps about wide. Three

of these strips are grounded and the fourth is divided into a row ol float-

ing patches, each |-| in. long, spaced in. apart. ^ Ihe complete coie

1.05

«/)

*D

8 1.00
0)w
0
u
1
•“ 0.95

.2

&

0.90

Frequency in Mc/sec

ib)

Fig. 6*11 (a and b).—Continuously wound delay line with floating i)at(^lies and gi'ouiided

strips.

is given a thin coating of low-loss dielectric and then wonnd with No. 36
Formex HF wire. The resulting time-delay characteristic is thus
equalized to better than one per cent at frequencies up to fp

= 4.5 Mc/sec
(Fig. 6*116). The transient response is symmetrical, its shape being due
entirely to attenuation. Losses rise to 10 db/Msec before any pliase dis-

tortion sets in (Fig. 6*116). The upturn of the delay characteristic at
the lowest frequencies, if genuine, is harmless, corresponding to a phase
shift well below one degree. Delay lines of this construction are manu-
factured by the Raytheon Manufacturing Company as type M-10178;
•they have an impedance of 390 ohms and a delay of 8 /isec, and are
fabricated in 14 pieces -sealed in a metal case of approximately 5 by 5
by 10 in.

Another design of a continuously wound line, shown in Fig. 6*12, is a

^ Such cores, made of Pyrex glass rod with grounded and floating strips of burnt-on
silver, are commercially available from Corning Glass Works.
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modification of the Formex-braid-covered lines manufactured by the

General Electric Company. The introduction of patches permits making
the line thicker, and thus shorter and with somewhat less attenuation

for a given delay. This line is wound on a tube of insulating material

Formex HF

Frequency in Me /sec

ic\

Fig. 6-12 (a, h, and c).- ContinuouHly wound delay lino with floating patches and Formex
braid.
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having an outside diameter of i in. The patches on the core are eacli

0.001 in. thick and 0.345 in. wide, and they are spaced rV center

to center, with about 0.02-in. gap between them; they are covered with
one layer of 0.001-in. ceresin-wax-impregnated condenser paper. Tlie

line is closely wound with AWG No. 40 Formex HF and covered with a

tight-fitting braid of 195 strands of 0.005-in. Formex-insulated copper
wire. The delay for a 10-in. length is 1 )usec with an impedance of about
1150 ohms. The delay characteristic of several models lO/a long is

plotted in Fig. 6*12fc. Since finished braid was drawn e ver the windings
of these models and tightened by hand, ground capacitance, dehiy, iiiul

impedance varied slightly, which will explain the unevenness of tuirvtj

No. 3 of Fig. 6*126. The transmission loss and impedance eharaoter-

istics of such a line are plotted in Fig. 6*12c.

1.00
y»
•O

I 0.98
<U

I
0.96

t 0.94

“ 0.92
^

Frequency in Me /sec

Fig. 6*13.—Effect of metal-paste dielectric.

The original design of the GE delay line shown in Fig. G-4 has been
improved^ by the introduction of distributed bridge capacitance. The
coiled conductor is coated after winding with a paste of fiiu; aluiuiiuxm
powder in polystyrene coil dope. It is then covered with plast i(^ t,ap<5

and Formex wire braid as before. The metal powder paste is a subst aiie-o
of very high dielectric constant. Inserting it between tlx; coiled and
the braided conductor will thus change the capacitance b(d.\v(‘(>n lliem
only sUghtly, and this change is easily compensated by a slight adjust-
ment in the dimensions of the dielectric tape. However, tlu^ c.apaeit.ivc
coupling between distant turns, which before had been BU])pr('ss(xl bv t.lKi
close-fitting metal braid, is now very much increased and the ixwultinK
benefits to the phase response are analogous to those derived from floating
patches. Fig. 6-13 shows the delay response of the improved GE line,
compared with that of an old line. The attenuation of the line is not
perceptibly affected by this modification.

ensure signal delay without spurious echo pips, lines of the dis-
tabuted-parameter type may be modified by winding them in sections,
ti^re 6-14 shows a signal delay line, wound in sections with l/d equal to
1.6. Each section yields a delay of about 0.038 /isec, at an impedance of

^ See Blewett and Hubei paper cited on p. 193 .
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3 wires ^36 Formex HF
rolled flat to 0.003''

Frequency in Mc/sec

lo. 6.16 (a. 6, and c).-Line with seotionalized winding and throe grou.ul atrpB,
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loop ohms. The line is wound with AWG 34 Formex HF wire on t>a-kelite

tubing of -|-in. OD with -^-in. wall; each section of 85 turns is closely
wound; sections are spaced 1 in. center to center. The capacitance to

ground of 39 mmI pcr section is provided in this model by four strips of

AWG No. 20 Formex PIF wire rolled to O.OlO-in. thickness and. placed
between core and coil. Three strips of AWG No. 34 Formex HF wire
rolled to 0.0025 in. are also inserted; after winding, the latter stidps are

cut between each two coils to form the floating bridge capacitances- It

is both reasonable and convenient to ma.kft the number of equalizing
patches equal to that of the sections. The width and exact locabion of

the cut between coils is immaterial. The delay response of 10 sections
is plotted in Fig. 6T46 with that of an unpatched line for comparison
(Curves I and II). The transmission loss of such lines is also plobbed in

Fig. 6T45 Curves III and IV, the latter computed from skin effect- The
input impedan.ce and the characteristic impedance of a very similar line

of 0.35-^isec delay is plotted in Fig. 6T4c.

Another model of a signal delay line wound in sections is illiistrated

in Fig. 6T5. This line is designed for a delay of about 0.05 jx&gc per

section at an impedance of 3000 ohms. It was woimd on bakelite tubing
of f-in. OD and ^-in. wall thickness, with 164 close-wound turns of No.
40 Formex HF per section, 10 sections spaced 1 in. center-to-center.

The groimd capacitance of 14-5 nnf per section was provided by irxserting

three grounded strips under the winding, each a No. 36 Formex HF wire

r(jlled flat to 0.003 in. Since winding of fine wire by hand doesnot make
for closely predictable ground capacitance, those of different models
varied, resulting in impedances from 2600 to 3100 ohms, and delays from

0.43 to 0.51 pisec (Fig. 6T56). Capacitances may also be uneven, within

a line as is shown in Curve No. 5, and cause a hump in the delay character-
istic. There is no visible equalizing capacitance provided with these

lines since the distributed coil capacitances are of just the right value

for the 3000-ohm model. The delay of Curve No. 9 drops since the

greater delay time of 0.051 psec per section needs more equalization;

similar models for higher impedances already have too much natvaral coil

capacitance, i-esulting in steadily rising delay characteristics. The trans-

mission-loss characteristic of the line for 3000 ohms is plotted in Fig.

CT5c; the input impedance resembles that of Fig. 6T4c.

Models of delay lines with iron-dust cores have been made hut are

still in an experimental stage.

6-3. Lumped-parameter Delay Lines. Characteristics.—Fov very low

impedances or for very high voltages, it is more convenient to lump the

ground capacitances than to distribute them along the winding. Also,
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where suitable condensers are cho^pn +v»a j.* i

fn 1 • .

^<^SGn, tne attenuation, due lar^elv

rp 2

m = 1.27.

equation,

T = 2m
[1 - (ii)

with that at r.™S S„ ft
“'’“7"*; o<!“‘“S tl** delay at . - 0

0 , ut it can also be seen from Pig. 6*16 that this
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choice offers the flattest possible delay characteristic up to about 0.55cuo.

As shown in Fig. 6*16, each m-derived filter section is built with one

inductance Li on each side of the condenser Ci, and the pair of inductances

is coupled with a mutual inductance M i, whereby

and

Cl = 2mC — 2.54C,

Li = = 1.03L,
2m

Ml _ — I

Ti
~ = 0.237. (12)

Delay equalization depends critically on the coupling between the two
coils I; 1 . Apparently the most convenient way to control the equalization

is to wind both coils as a continuous close-wound or pitch-wound single

coil with a tap at the center, and to choose the core diameter, wire gauge,

and thickness of insulation so that the coupling between the two halves is

correct. It can be shown that this method requires only that the ratio

of the length to the diameter of the whole coil equal 1.55. In a proper

coil the total inductance is

2.54L = 2Li + 2Mi = U = 2.46Li.+ 1

The total inductance is thus 1.23 times larger than the sum of the halves

I/i. This ratio depends only on the values of coefficients k which can be

found from a plot of Nagaoka's constant k for the inductance of a solenoid

by searching for a pair of values ki and k^ such that ^2 = 1.23 ki when
k/d = 2li/d, Such a pair occurs only once, for ki = 0.62 and /c 2 = 0.77

with h/d = 1.55.

The design then requires the choice of an average coil diameter and

pitch such that the desired total inductance 2.4.6L is obtained with a coil

1,55 times longer than its average diameter d, to be found by satisfying

both Eqs. (13) and (14).

2.4()Li = —
— I”

——- = 5 X 10 H^d, henry, cm, (13)

and

I = nw, (14)

Satisfactory coils for delay networks wound according to the specifications

of Eqs. (13) and (14) are illustrated in Fig. 6T7. These coils were wound
on cores yV t<> 1 hn in diameter, for impedances from 70 ohms to over

1000 ohms and for voltages up to 25,000 volts. Capacitances were not

only selected to tolerances of ± 1 per cent, but also were placed in the order
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Low-pass filter, m=1.27

[Sec. 6*3

4 6 8 10 12 14
Frequency in Mc/sec

ib)

Input impedance
of 8 sections, terminated

I
at far end-L

Attenuation

2 4 6 8 10 12

Frequency in Mc/sec

ic)

Fig. 6'17 (a, 5, and c).—Lumped-parameter delay line.
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of their value so as to minimize impedance changes between adjacent

sections. Results measured on a typical network of 24 sections with

m = 1.27 are plotted (Fig. 6*176); the impedance is 1000 ohms; the

nominal cutoff frequency, 16 Mc/sec; the delay per section, 0.025 /xsec.

In this as in all similar cases, the

delay characteristic stays flat over a

somewhat larger frequency range than

that computed from Eq. 11 (see Fig.

6*176). The attenuation (Fig. 6*17c)

in such a filter with mica or ceramic

condensers is much lower than in delay

lines of the distributed parameter type

because of the much lower dielectric

losses. The input impedance, shown for a line without input termination

in Fig. 6* 17c, is very flat, rising slowly after 0.5<joo. Conventional methods

of termination can be used for further improvements. The most satis-

factory results were obtained with an m-derived half section, as shown in

Fig. 6*18.

6-19.—Characteristic's of 8 sections of Eaythoon delay line type CRP 14 ABD.

A delay network of this type suitable for long delay of trigger pulses

is manufactured by the Raytheon Manufacturing Company as type

CRP 14 ABD. The line has an impedance of 75 ohms. Each section

of the line is connected to the next by a spade lug and terminal screw,

and therefore any desired delay up to 2.4 Msec can be set in steps of 0.06

Msec. Six blocks of eight sections with m = 1.27 are housed in a common
metal case about 15 by 3 by 8 in. Each center-tapped coil of 47 turns is

wound to 3.46 fxh on a threaded ceramic core of 0.375-in. ± 0.002-in.

diameter. The capacitors are silver-mica condensers of 750 mm/ ± 2 per

Fig. 648.—Termination of lumped-
parameter line.

Attenuation

In

db
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cent. The nominal cutoff frequency is 8 Mc/sec. The delay and

attenuation observed on a block of eight sections are plotted in Fig.

6-19 (the attenuation includes a loss of 3 db due to the measuring setup).

Design of this type of delay networks is based on the assumption that

there is no appreciable coupling between sections. In practice, this

M

Fig. 6-20.—Mutual inductance between sections of lumped line.

(a>

Fig. 6-21 (a and 6).—BTL type D-168435 delay line.

(Noth: “attenuation” in Figs. 6-21 and 6-22 should read “insertion loss.”)

condition, is fairly well satisfied if there is a clear space equal to the coil

diameter between each two sections. This requirement may be objec-

tionable if only very little space is available. A number of delay net-

Attenuation

in

db
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Works that require very little space have been developed in the Bell
relephone Laboratories.

These networks consist only of series coils and shunt condensers such
would correspond to an ordinary low-pass filter with m == 1. But the

I elatively short coils of each section are wound with rather close spacing
on a common core and the coupling to the adjacent section Mi and even

the next one, M2 ,
becomes significant as shown in Fig. 6-20. In these

Frequency in Mc/sec

ib)

Fig. 0-22 (a and 6).*“BTIj type D-172597 delay line.

lines the relative amounts of inductance L and mutual inductances Mi
ihiid M 2 are controlled by choice of three parameters:

1. the ratio of length to diameter of each coil,

2. the spacing between sections, and

3- in some models, the closeness of the short-circuited turn provided

by a rather narrow metal case.
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When properly proportioned, such lines have time-delay responses that
oscillate only slightly around the desired value up to 55 per cent of the
nominal cutoff frequency. One or two phase-correcting T-sections may
be added to the whole delay hne for further delay equalization.

Typical Lum-ped-parameter Delay Lines—The specifications of two
typical lines are as follows:

1. BTL type D-168435. (This line is used in portable oscilloscopes.
In Fig. 6-21a it is sketched lifted out of and on top of its case.)
. Case : Gi in. by 1 in. by -g- in.

. Impedance: Z = 550 ohms
c. Delay: T = 0.5 jusec

d. Nominal cutoff frequency: 9.5 Mc/sec
e. Phase: equalized within ±3° up to 4 Mc/sec
/. Attenuation: 1/4 db at low frequencies rising to Pdb at 4

Mc/sec (see Fig. 6*216)

Coil: 12 sections wound to 5 per cent tolerance
h. Capacitors: button-type silver-mica condensers ±5 per cent

—
» V

(a) 1m sec test pulse

(6) iMsec test pulse through delay line of Fig 6-21

(c) iMsec test pulse through delay line of Fig 6*22
Fig. 6-23.—Waveforms of BTL delay networks. Hise time is 0.2 ixsec for (5) and 0.1 /xsec

for (c).

2. BTL type D-172597. (This line is characterized by long delay
with very little distortion. It has negligible crosstalk.)

. Case: 9 by 3f by 2f in. with individual screen cans for each
length of line controlling mutual inductances (and helping
prevent crosstalk between them)

. Impedance: 430 ohms
c. Delay: 4.6 fxsec in 144 sections and 2 equalizing T-sections
d. Nominal cutoff frequency: 12.5 Mc/sec
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e. Phase: equalized to 7 Mc/sec to within ±4P, (In Fig. 6*226,

the broken line applies to the line before 2 T-sections were

added.)

/. Attenuation: raised to 7 db at low and medium frequencies,

then rising slowly beyond 4 Mc/sec, as in Fig. 6-226

g. Coils: Dimensions of the windings and case are shown in

Fig. 6 •22a

h. Capacitors: silver-mica button condensers ±5 per cent.

The distortion of 1-jusec pulses transmitted through these last two

lines is shown in Fig. 6*23.



CHAPTER 7

SUPERSONIC DELAY LINES

By H. B. Huntington

The supersonic delay of electrical signals is accomplished by changing

electrical impulses into sonic impulses through some appropriate trans-

tlixcer and, at the end of a fixed path in a transmitting medium, converting

the sonic impulses back into electrical signals by a second transducer.

For frequencies in the megacycle range, which has been used for the

most part in this work, quartz crystals are the most satisfactory trans-

ducers. Liquids, such as water and mercury, have been used as trans-

mitting media, but transmission through solid material will probably be

developed in the future.

These delay devices may be divided into two general categories

according to purpose: those that delay a video signal such as a trigger

or range marker, which then reappears in differentiated form, and those

that faithfully delay a pulsed carrier. For faithful delay a certain band-

width is needed and the design requirements for this category are there-

fore somewhat more complex than for the other type.

A discussion of experimental devices is not included in this chapter.

Attention should, however, be directed to one particularly promising

possibility now under development—namely, delay in fused quartz

blocks, which is discussed in some detail in Vol. 20, Sec. 13a*7, Radiation

Ijaboratory Series.

7-1. Summary of Supersonic Delay-line Formulas. Velocity of Prop-

agation .—The derivation of supersonic delay-line formulas has been

treated in more detail elsewhere.^ In mercury the delay time^ is 17.52

/xsee/in, at 20'^C. The temperature variation in this neighborhood is

4-0.0052 jasec/in. per °C.

D - [17.52 + 0.0052(T ~ 20°C)]Z, (1)

where JD is the delay in microseconds and I the length of line in inches.

1 A forthcoming article by the author (to be published in Jour. Franklin Inst

under the title Ultrasonic Delay Lines,’’ I and II) provides a systematic develop-

ment and a more complete discussion of these relations. The reader is referred to

this article for the theory in its most general form.

2 R. Jacobson, “A Measurement of Supersonic Velocity in Mercury at 15 Mega-

cycles per Second as a Function of Temperature,” EL Eeport No. 745, Sept. 20, 1945.

218
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The velocity of propagation in water has a temperature coefficient of

the opposite sign from that of mercury (and of most other fluids investi-

gated) in the region of room temperature. The curves for the two veloc-

ities as a function of temperature actually cross at 12|°C. See Fig. 7T.

The temperature coefficient of velocity in water, however, vanishes at

72^°C, where the velocity is maximum. By mixing water with other

fluids in proper proportions, the temperature of the velocity maximum
can be lowered in a predictable manner.^ G. W. Willard of the Bell

-5 0 +5 +10 +15 +20 +25 +30
Temperature in

Fig. 7-1.—Sonic- velocity as a function of temperature.

Telephone Laboratories at Murray Hill has investigated supersonic

velocity in several such mixtures, particularly water solutions of ethanol;

of methanol, and of ethylene glycol.^

Resonant Frequency .—The resonant frequency of an X-cut quartos

crystal is given by

/ (in Mc/sec) = (2)

where d is the tlxickness of the quartz plate in millimeters.

1 Willard, "Compounding Liquids to Give Zero Temperature Coefficient of

Ultrasonic Velocity, '' BTL Report 593, Sept. 9, 1941.

^ G. W. Willard, " Ultrasonic Absorption and Velocity Measurements in Numerous
Liquids,” Jour. Acoustical Soc. Am., 12 , 438 (January 1941). See also A. Giacornini,

Pontif. Acad. Sci. Acta, 6, 87 (1941); T, Derenzini and A. Glmonilni, Ricerca Set., 13,

27, 242 (1942); G. W. Willard, Jour. Acoustical Soc. Am., 19, 235 (January 1947); and
A. Giacornini, ibid., 19, 701 (July 1947).
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Electrostatic Capaatonce—The electrostatic capacitance of a 10-

Mc/sec X-cut quartz crystal (if edge effects are neglected) is given by

the formula

C - 91.5 X S (3)

where S is the excited area of the crystal measured in square inches.

This quantity is inversely proportional to crystal thickness or directly

proportional to its resonant frequency.

Bandwidth of a Piezoelectric Crystal—The acoustic impedance of a

material is the product of its density p times its velocity v for the prop-

agation of the mode under consideration. Generally speaking, the fre-

quency response becomes broader as the acoustic impedances oi tlie

media with which it is in contact are increased.^ As an illustrati\'e

example consider the case where the crystal is in contact with the same

medium on both sides. The Q of the crystal alone (exclusive of any

shunt circuit which tunes out the electrostatic capacitance) is given by

rnr pV
(4)

where p V refers to the piezoelectric crystal, pi7i to the adjoining media,

and n is the order of the harmonic at which the crystal is being driven."

Beam-spread Formula .—To estimate the order of magnitude for beam-

spreading and also to establish mechanical tolerances for proper align-

ment, it is useful to remember the formula for the half-angle 6 of the

cone subtended by the first minimum in the free-space diffraction pattern

at large distances.

sin 5 = 1.22^, (5)

where d is the diameter of the transmitting crystal and X is the wave-

length in the transmitting medium. Nearly all the emitted energy falls

inside this cone.

Insertion Loss .—There are two contributions to the insertion loss.

1. Voltage loss through impedance mismatch. For a line using a

perfectly reflecting crystal (air-backed) the ratio of output volt age

Vo to input voltage Ft is given by

Vo 8jKr

Vi
^

kpiVi
if kpiVi» Rrj (fi)

1 Huntington, op. cit, Part 1, Sec. B.
2 In the journal article by Huntington, op. cit, the quantity Q is defined in a

particular way. It is the Q of the simple series-resonant circuit whose amplitude
response exhibits the same curvature in the region of resonance as does the amplitude
response of the transducer element.
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where Rr is the value of the receiver input. For an X-cut, 10-

Mc/sec quartz crystal in contact with mercury,

kpiVi =
84,000

8
ohms, (7)

where S is again the excited area measured in square inches. The

quantity /c is primarily a function of the crystal and varies inversely

as the square of its resonant frequency.

If the same medium is on both sides of the crystals, there is a

resulting loss of 12 db, 6 db for each crystal.

2. Attenuation. (Empirical relations.) Free-space attenuation in

mercury is given by

loss in db = (0.012 ± 0M2)PI, (8)

where / is the frequency in Mc/sec and I is the length in feet.

Tube attenuation is given by

loss in db =
0 .054: pH

, (9)

where d is the inner diameter of the tube in inches. This value for

tube attenuation applies only to smooth internal surfaces such as

glass tubing. For rougher surfaces the attenuation is larger and

increases more rapidly than l/d with decreasing bore.

7-2. Crystal Design Problems. Crystal Thickness .—Equation (2)

gave the relation between resonant frequency and thickness of crystal

plate in the direction of the electric axis. When transmission of video

signals is involved, one customarily uses crystals whose fundamental

resonance is in the region of 1 to 10 Mc/sec, depending somewhat on the

width of video pass band and the rise time desired. Wlien a modulated

carrier is used, one employs crystals whose resonant frequency lies near

the frequency of propagation. Considerable latitude is possible, how-

ever, in the choice of crystal thickness, particularly if mercury is employed

for the transmitting medium. The large acoustic impedance of mercury

will lower the Q of the crystal circuit according to Eq. (4).

Rather thick crystals may be used for these frequencies (5 to 30

Mc/sec) if the crystals are driven at their odd harmonic frequencies.

This involves, however, a loss in voltage by the same factor as the number

of the harmonic—that is, 1/nth the effective voltage at the crystal

driven at the nth harmonic. However, for those delay lines where the

bandwidth must be maintained constant, there is a compensating effect.

The live capacitance of the thicker crystal driven at the nth harmonic
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will be smaller by a factor of 1/n. If there were only the live capacitance,

then the loading resistor which insures the proper bandwidth for the

shunt resonant circuit could be increased by a factor, n. In turn the

applied or received voltage would be effectively increased by a factor n
since the generator and the line act as high-impedance sources. Under
such circumstances there would be no disadvantage involved in using

harmonic operation. Actually, since the existence of additional stray

capacitance at the driving and receiving crystals prevents complete

compensation, harmonic generation is not generally preferred at those

frequencies for which crystals operating on the fundamental can be

conveniently handled.

Active Area ,—In determining crystal size the method of mounting and
the size of the inner diameter of the tube are important factors. In

general one plans to make the active crystal area equal to the inner cross

section of the tube. Under these conditions a crystal perpendicular to the

tube axis will propagate a nearly plane wave down the tube. Although

such a plane wave is an oversimplification, experience has shown that

satisfactory reproduction of pulse shape is generally achieved. One
generally chooses the size of the active area of the crystal so that the

live capacitance will be comparable with the stray capacitance when the

latter has been reduced to a minimum. It can be shown that the match-
ing of live to stray capacitance gives a maximum ratio of output voltage

to input current for a delay line which is passing a fixed bandwidth and
feeding into a low-impedance load. For best signal-to-noise ratio, the

optimum value of the live capacitance is somewhat greater than the stray

capacitance, depending on the characteristics of the first stage of the

amplifier at the receiver crystal.

Technique of Crystal Mounting .—^A satisfactory crystal mounting must
fulfill the following fundamental requirements. The crystal must be
adequately supported and protected so that it will not bend or break.

It must be aligned with the tube axis to an accuracy of about 0.2 6 where
e corresponds with the angle of beam spread introduced in Eq. (5).

Finally provision must be made for attaching electrodes to the crystal

surfaces in such a way as not to interfere with its sonic operation. This

requirement necessitates plating at least one face for transmission with

nonconducting liquids. The usual procedure is to let the plated surface

make contact against a retaining ring in the end assembly and so act as

the grounded side of the crystal.

In the crystal mounting for Line A^ of Fig. 7-2, the crystal is backed
by mercury, which obviates the necessity for any plating on that side.

The large acoustic impedance of the mercury also loads the crystal and

^ Table 7-1 gives the important characteristics of eight delay lines, including those

referred to in the text by capital letters.
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widens its pass band, thereby assuring rapid rise of the trigger with aminimum of “ringing.”

In the so-called “Shockley line,” used for trigger delay in range units
the crystal is again loaded by being soldered to a brass backing.

’

^§Textolite Brass

Fig. 7'2,—Crystal assembly for Line A. (1) A 10-Mc/sec crystal, plated on the front
sido, is lacquered to Toxtolite piece. (2) This space holds the backing mercury. The
main part of tlie assembly slides inside a tube containing the water. (3) This screw ele-
vates tlio piece into which it is threaded and so holds the assembly fixed in the tube. Wire
leads connect the uhf fitting to the mercury well and to the (grounded) clamp ring* (4).

Fio. 7*3.—Liquid delay lino for oxpoi-imontal system.

For those lines that were built to give faithful reproduction of pulse

shape after delays of approximately 500 /xsec, an additional require-

ment is the elimination of unwanted multiple echoes. This can be done
by absorbing nearly all the energy incident on the crystal in the medium
on the other side. Since the crystal at resonance acts as a half-wave
section, it is necessary only to match acoustic impedances on both sides

of the crystal. For the mercury lines this matching was first done by
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putting mercury also in back of the crystal. Figure 7-3 shows how this

was done for one of the early lines used for an experimental system-. The
beam that was transmitted into the backing mercury cell was broken up

dissipated by the glass plate set at an angle to the direction of the
beam.

When the crystal mounting with absorbing backing was taken over
into actual system use, some provision had to be made to prevent pressure

transients caused by shock from break-

ing the crystal. If the fluid on both
sides of the crystal completely filled its

container, leaving no air space into

which it could be driven by sudden
shock, equality of pressure would be
maintained under mechanical test but
not under thermal variation. In the
case of Line B the problem was solved

to a large extent by inserting a coiled

steel capillary which acted as a con-
necting link between the completely
filled chamber in the line and a partially

filled chamber in the loading plug. The
short-time transients were damped by
the viscous forces in the capillary walls,

but slow thermal variations altered the
mercury level in the cap chamber and
produced no net pressure change (see
Fig. 7-4). The particular procedure for

:pig. 7*4.—Mercury inlet with capil- crystal mounting in this case is shown
lary loading. . w ^ , ,m rig. 7-5. As is indicated by the

captions, the crystal was lacquered into a carefully machined recess in
“the bakelite end block. This was in turn lacquered to the end of the delay
line and bolted in place. The oblique surface marked “deflecting plug’^
serves to break up the absorbed beam in the same way as “was done in
fche experimental line, Fig. 7-3.

Later some modifications in absorbing backings for crystals were
introduced in a delay line for which a steel backing piece was iteed with a
deeply cut sawtooth surface (see Fig. 7-6). The tops of the teeth
supported the crystal's back surface, and the space between the teeth
-was fflled with mercury. The supporting steel area should be too small
fco give appreciable reflection but should still support the crystal ade-
cquately under variation of static pressure as well as under sudden shock.
It was found that this requirement was necessary in airborne operation.

There is another promising possibility for an absorbing backing that
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rr(}. 7-5.-"- As!scmt)lies for supporting crystals in Lino B.
block, contiiiiiing cavity ai for rectangular trigger crystal,
in the trigger slicx'k well. This is filled
capillary blcoder plug and connector cap.
b\ for round receiver crys
eurfaeo In of the sliock well
whicli A and B are bolted.

trigger crystal mounting
which, is backed by mercury
duct 02, which is closed by a

crystal mounting block, with cavity
g duct ^2 similar to a2. The rear

is inclined to the axis of the beam (see text). C, end fitting, to
The pinion shaft protrudes through the fitting ci, providing

adjustniont of trigger reflector position, lulling ducts C2 give access to front faces of
crystaiH, pennitting cleaning while the line is loaded. (Courtesy of Raytheon Manufacturing
Company,) ^

Linen-base
textolite

Stainless steel Neoprene

Polystyrene

Shrink fit

• Mercury in

these spaces
Force fit

10-Mc/sec crystal

Fio. 7*6.—"End assembly with sawtooth backing.
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has not yet been incorporated into any system application—namely the

use of a solid backing that is a good match for the transmitting medium.
For mercury a good match can be secured with the crystal soldered to

hard lead (6 per cent Sb). Preliminary measurements have shown that

under these conditions the reflected amplitude is about 18 db less than in

the case when the crystal is supported by a dry electrode. The hard lead

has two advantages: it is machinable, and it readily attenuates the

absorbed signals. For effective soldering, the crystals must first receive

a composite evaporated film of chromium and silver according to the

Fig. 7-8.—End assemblies for Line D.

process developed by Professor John Strong of California Institute of

Technology. Rose’s metal is suggested as a suitable solder to be used

with a flux made of water, glycerine, and tartaric acid. Once the crystal

has been soldered onto the lead electrode the latter can be cemented into

a dielectric and incorporated into the end assembly. Precaution should

be taken to prevent the mercury from getting in contact with the solder

or the lead. The final step is to machine the aligning surfaces so that

the crystal will be perpendicular to the tube axis.

With the work on longer lines it became less necessary to use absorbing

backings.^ It became practical to use dry steel electrodes, which reflect

nearly all of the incident energy, and to take advantage of the resulting

increased transmission of longer lines (see discussion of insertion loss,

Sec. 7T). The problem of maintaining the crystal aligned, fiat, and

uniformly supported, was simply solved in many cases by employing a

clamp with gaskets to hold the crystal in place on the electrode. The end

assembly used in Line I) is a good example of this construction (
Figs. 7*7

and 7-8). There the 10-Mc/sec crystals were set in recesses in the mount-

ing and held in place with ring clamps. Polyethylene washers under the

clamps made mercury-tight seals to prevent short-circuiting.

1 For quantitative discussion, see Vol. 20, Sec. 13a.2, Radiation Laboratory Series.



228 SUPERSONIC DELAY LINES [Sec. 7-2

Reflecting crystal mountings were also used in Line C because,

although the delay was short, the carrier frequency was high enough

(30 Mc/sec) to attenuate completely all reflected signals. Because of

the extreme thinness of the quartz crystals required for fundamental

Formica 'dielectric
Electrode

/surface

30 Mc/sec
crystalClamping ring

Neoprene Polyethylene

I
washer

Bleeder
screw

Bleeder hole

Fig. 7*9.—End assembly for Line C.

operation at this frequency, it was extremely difficult to mount them so
that they would not bend and deform the beams. Here again the crystals

were supported .by ring clamps, as shown in Figs. 7*9 and 7*10. No recess

was used but the crystal covered the electrode exactly. The electrode

was ground flat to 0.0001 in.,

otherwise the superimposed crystal

would show very evident distor-

tion in optical reflections from its

surface. Often the electrode sur-

face would be flat enougli to permit
one to observe Newton^s rings be-
tween its surface and the bottom
surface of the crystal. A ring of
thin polyethylene outside the crys-

tal had its top surface flush with
the upper crystal surface. On top
of both surfaces and sealing to
both was placed a ring of neoprene
held downby the ring clamp. The
bleeder screw shown in Fig. 7*9

serves as a device for eliminating air
bubbles on the surface of the crystals. With the line in a horizontal
position the screw is loosened until a fine jet of mercury passes the
threads. All bubbles also escape simultaneously. The screw is then
tightened and usually lacquered to make a tight seal.

A similar construction was also employed in the crystal mountings for
Line E, A type-N fitting. Fig. 7*11, was added at the back and the

Surface for supporting crystal,

Fig. 7*10.—End assembly for mounting
30~Mc/sec crystals, Line C.
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thickness of the dielectric (formica) around the electrode was increased

to reduce the stray capacitance. Since this line operated at a lower

frequency (15 Mc/sec), it was more important to keep the stray capaci-

tance at a minimum. (At lower frequency the line capacitance is reduced
and it becomes more difficult to match it to the stray capacitance.)

Fig. 7*11.—End assembly, Line E.

7-3. Line-design Problems. Electrical and Mechanical Stability ,

—

Where great stability of delay is required, it is often advisable to maintain

the delay device at a constant temperature at which the thermal coeffi-

cient of velocity is zero. This has been done successfully in the Shockley

delay tank for trigger delay with a mixture of water and ethylene glycol

at 55°C, and in the water delay line built by H. Grayson in England for

MTI purposes, held at 72^°C. It is also possible to vary the line length

to compensate for this effect as has been done with Line (7.

Thermal variations introduce a problem in the expansion of the trans-

mitting fluid. The solution to this problem for Line B was described in

Sec. 7-2. Reference to the end assembly (Fig. 7-8) for Line D shows an
air space provided in back of the crystal mounting. Line C was provided

with a reservoir cup (Fig. 7-12) partly filled with mercury. In Line E
the reservoir was a pressure bellows completely filled with mercury
(Fig. 7-13).

In any system that contains an air chamber there is always a pos-

sibility that air may become trapped against the surface of the crystal

and thus change its live capacitance and the sonic transmission into the
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medium. This effect is particularly serious with mercury since it does

not wet the quartz and bubbles have a tendency to cling. With Lines

C and E, bleeder holes were employed to allow bubbles trapped against

the quartz to escape. It is necessary to
^
^ bleed both end assemblies

Sliding plunger

^

piece

Cover for end
assembly

Reservoir cup cover

Shield for end

assembly Knob for

length

adjustment
Extension

mechanism

Beilov'.'i

Outer steel housing
hrace$

Fig. 7‘12.—^Line C disassembled.

after each filling of the line. With Line Bj slanting holes were provided

(Fig. 7-5) at the surface of each crystal. Their purpose is to allow

cleaning of the crystal surfaces without disassembling the line, but they

also serve to eliminate any chance for air pockets.

Fig. 7-13.—Pressui*e bellows for Line E.

With liquid lines the need for securing tight seals is obvious but may
still cause difficulties. Long mercury lines when put on end will exert

internal pressures of several atmospheres. It requires good engineering

and careful workmanship to make them leakproof.

Folded Lines .—For longer delays it is often inconvenient to use a

straight line for the complete length. The usual procedure is to employ
two or more lengths of pipe interconnected by corner reflectors. A
corner reflector consists generally of two reflections through 90"^. Two
separate examples suflice to show the type of construction involved. In

Line D two pipes are press-fitted into holes bored into the reflector block

as shown in Fig. 7-7c. Two stainless-steel plates, ground flat to 0.0001
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in., are attached to the block, at 45° to the beam, and serve as the corner

reflector. For Line E (Fig. 7*14) the parallel pipes are welded into flat

end plates. The corner reflector (Fig. 7T5) is made of a single piece of

End assemblies for trigger lines

End assemblies
B' forslgnattine

Shims

Reflector

cover

Pressure

bellows

Vertical tubes

contain
mercury

Criss-crossed

tubes are

for support i

Reflector
covers

Bleeder screw

for reflector

Fig. 7-14.—^Line E,

stainless steel. The reflecting surfaces are plated with 0.015-in. chro-

mium and ground flat. This piece is bolted to the end plate and is

contained in a cover piece which is sealed to the end plate with a neoprene

washer.

Since 45° is outside the critical

angle for any transmission of en-

ergy from mercury into steel one

would expect very little loss on

reflection at this angle. Actually,

however, considerable attenuation

may be present. H. J. McSkimin
of the Bell TelephoneLaboratories

at Murray Hill has investigated

this effect systematically and

found practically no loss for very smooth steel or polished glass reflectors.

He also found negligible losses (less than 0. 1 db per reflection) for rough

surfaces such as are obtained by lapping a steel surface with 160-mesh

Fia. 7-15.—Cyornor reflector for Line E.

(1) Clearance holes for bolts which hold
reflector to end plate. (2) Chromium-plated
reflector surfaces, flat to 0.0001 in. (3)

Aligning surface. Plane 2 must be accu-

rately at 45° with plane 3.
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Carborundum. For surfaces of intermediate texture, however, a large

loss of perhaps several decibels usually occurred. The general explan-

ation of this phenomenon, as propounded by McSkimin, is that

since the mercury does not wet any surface with which it does not

amalgamate small depressions in the reflecting surface give rise to air

bubbles. If part of the beam is reflected from the steel and part from the

air bubbles, there will be a phase difterence between the two parts and

destructive interference will occur. The phase of the beam reflected from

the steel for a 45*^ reflector differs by nearly ? radians from the phase of

the incident beam.^ The phase of the displacement associated with the

part of the beam undergoing reflection from the air—that is, low imped-

ance—is reversed. From this it follows that the destructive interference

could have a maximum effect of nearly 3 db per reflection.

Mechanical Tolerances .—As a general rule, such tolerances are required

that the maximum total deviation from parallelism of the crystal sur-

faces will be about 0.26 where 6 is the angle of beam spread. One must of

course take the same care with the aligning of reflectors as with crystal

mountings. An accurately made corner reflector—that is, 90*^—need be

aligned only in the angle perpendicular to the plane of the corner. In a

water delay line this was accomplished by a manual adjustment. For

Line E close tolerances were demanded for the 90® angle between

the reflecting surfaces and also for the 90° angle between the plane of the

reflection and the aligning surfaces which rest on the face plates. The
face plates were, in addition, machined to be flat and parallel. The use

of the three corner reflectors in the signal line has one interesting con-

sequence, that the parallelism requirement for the face plates was unnec-

essary as far as performance of the signal channel was concerned.

In any mechanically variable line machining tolerances must be care-

fully specified to insure that the moving part is subject only to translation,

because any slight rotation will affect the alignment correspondingly.

Variable Lines .—Variable trigger delay lines have been used with

water or water solutions. In the Shockley line the transmitting crystal

could be translated by a carefully threaded screw. From the rotation of

this screw, radar range could be read. The transmitting fluid was
completely enclosed in the delay tank.

The movable feature for Line A was a much cruder affair. The
long copper tube was open down the top in a wide slit and one crystal

assembly could be slid up and down the tube by hand. A setscrew

was provided to maintain an adjustment.

In the water delay line of Fig. 7T6 a variable feature has been

introduced by a ^Hrombone^^ construction which can be adjusted from

1 H. B. Huntington, op. dt.





Rotate to adjust

yline length

Packing nut

Type ti

connector

Recess for crystal

Fig. 7*17.—Variable end cell for Line D.

©
Fig. 7-18.—Drive for extending bellows in Line C. A drive shaft (1) with geared-down

ratio 36: 1 causes collar (2) to rotate without translation. This action causes a translation
of a second collar (3) at the rate of in. per revolution. The rotation of collar (3) is

prevented by a key (4) bolted to the main tube and sliding in keyway (5). The plunger
piece (5) moves with collar (3), thereby extending or contracting the bellows (6) to which
it is bolted. Very precise machining of surfaces (7) is required to maintain alignment
during translation.

For mercury an effective packing gland is made of cord dipped in ceresine
wax and tightly compressed around the shaft. Such a procedure was
used in Line B to vary the position of a 45® reflector and in Line D to

SUPERSONIC DELAY LINES [Sec. 7-3

outside the tank. Since the pipes themselves are surrounded by water
there is no sealing problem involved.

At present there are two techniques for making variable mercury

delay lines for field use. In one the position of a crystal or reflector is

controlled by a mechanical drive. Part of the coupling shaft is actually
immersed in the liquid and a packing cell prevents leakage of the fluid.
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move a crystal mounting parallel to itself. The design used in the

latter case is depicted in Figs. 7-7, 7*8, and 7T7. The second technique

involves a bellows construction which allows the driving mechanism to

be completely outside the space occupied by the mercury. Stainless-steel

bellows are used with Line C (Figs. 7-12 and 7-18).

Third Crystal .—In Line a third crystal inserted in the side of the

line just in front of the receiver crystal (Fig. 7*5) is used to pick up the

8-Mc/sec components of a strong video pulse sent down the line. This

signal is then amplified and used as a trigger for repetition-rate control.

A variable 45° reflector in the line serves to pick off a fraction of the

incident intensity and deflect it to the third crystal. A similar con-

struction was used in another delay line but was later discarded. The
action of that variable reflector is illustrated in Fig. 7-19.

Neoprene Mercury in these spaces

74. Calculation of Insertion Loss.—In this section Eqs. (6) to (9)

are applied to calculate the insertion loss to be expected for a particular

example; Line E. The following specifications are pertinent:

1. 17'|"-Mc/sec crystals used with 15-Mc/sec carrier.

2. Tubing of f-in. ID.

3. 6 reflectionSj 3 corner reflectors.

4. Rr = 500 ohms.

6. Length of total mercury path, 4 ft, 9 in., or lOOO Msec.

It follows then that

, 28,000 ohms ocn aaa \
hpivi = '— = 250,000 ohms (6a)

since >8 = 0.111 in.
^
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Zf = Ml = 4; or 36.0 db voltage loss. (7a)
kpivi 63

For free-space attenuation 0.012 X (15)^ X 4-| = 12.8 db. (8a)

For tubular attenuation Vl^ X 4f = 2.7 db. (9a)
¥

This gives for the insertion voltage loss 52 db exclusive of loss at th©

reflecting surfaces, which might amount to 5 to 10 db.

If one wishes to find the insertion loss in available .power—that is,

the ratio of available power at the delay-line output terminal to tli©

available power at the output of the driving circuit one must replace

Eq. (6) by

^ ^ 64E.2e,

Fi {kpiviy .

where Rt is the impedance of the driving circuit.

7*6. Assembly and Maintenance. Cleaning .—All metallic parts of a

mercury line that come in contact with the liquid must be carefully

cleaned before assembly by immersion in some grease solvent such as

xylene, toluene, or carbon tetrachloride. Any residual oil or grease will

cause the formation of a scum on the surface of the mercury that will

affect transmission adversely, particularly if it comes in contact with the

surfaces of the crystals. Polyethylene and neoprene gaskets should be
cleaned in alcohol since they would be damaged by the toluene, etc. Care
should be exercised to handle cleaned parts as little as possible on assem-
bly. Crystals in this frequency range are usually supplied waxed to
glass plates. They can be slid off after gentle heating and should be
carefully cleaned to remove all wax. One recommended te(dini(iiie for

this cleaning is to put the crystal on a flat surface, such as plate glass,

and. scrub with surgical gauze dipped in xylene. Mercury that coni-ains

only mechanical impurities can be cleaned satisfactorily l)y passing it

through a small hole in the apex of a cone of filter paper. If the mercury
is contaminated by metallic impurities, the filtering will not removes tin’:

amalgams. Generally a short time later more of the amalgam will

become oxidized and scum will re-form on the surface of the mercury.
Filling .—Filling procedures differ according to line constructiojn*

When a long tube is filled from one end opposite a crystal mounting, it

is advisable not to pour the mercury vertically before the surface of tlic^

crystal has been covered, because crystals have been cracked by freely

falling mercury.

Folded lines usually require a rather prolonged ritual of shaking,
tilting, and filling piecemeal to eliminate unwanted air bubbles. End
assemblies equipped with ''bleeder'' holes usually require "bleeding”
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after every refilling and possibly even after being transported from one
place to another.

Transportation of mercury delay lines raises a problem because of

risk of leakage or crystal breakage. In some instances it has been the

procedure to ship delay lines empty and to fill in the field. Steel bottles

are recommended for the transport of the mercury used in filling.

If the mercury used in filling has just been filtered, or violently shaken,

or subjected to mechanical shock, or poured into the line in a thin stream,

the supersonic transmission appears to suffer anomalous attenuation. If

left alone, the excess attenuation decreases, rapidly at first hut more
slowly later, with, the result that it may take several hours or even a
day or so to reach its normal value. The effect is believed to be caused

by small air bubbles in suspension in the mercury. In this connection

it should be remarked that a sharp blow on a delaydine tube containing

iriercury will produce a similar increase in the attenuation. Experiments
by H. J. McSkimin of Bell Telephone Laboratories show that air bubbles

are the cause of this effect. Because the mercury does not wet the wall

surface, a considerable quantity of air is occluded between the mercury
and the steel. Vibrations of the wall after being struck drive the air out

into the mercury in the form of small bubbles.

Measurement .—Measurement o f

the capacitance at the end assembly

is a very useful procedure in trouble-

shooting because it shows up air

]>iibbles, crystal fracture, or other

causes of instability in the crystal

mounting. The measurement is easily

done at low frequency on a Q meter.

The insertion voltage loss of a

delay line is a quantity that can be

measured directly and gives impor-

tant design information. It consists

in determining the ratio of input volt-

age to output voltage (into a specific

impedance level) of the delay line. One procedure is given in the block

diagram of Fig. 7*20.

The measurement consists in matching the delayed signal through the

delay line with an undelayed pulse through the attenuator and recording

the attenuator reading. The following points in the procedure should

be noted:

1. The outputs of delay line and attenuator are in general not in

parallel but a switch is provided so that the amplifier input can be

Fia. 7-20.—Block diagram for voltage-
loss meaBiii'emeiit.
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f shifted from one to the other. This arrangement simplifies the

shielding problem, since pickup across the delay line does not affect

the delayed signals and the switch prevents it from reaching the

attenuated pulse. The attenuator itself should be well shielded

and whatever pickup there is across the switch should be small.

If the size of this pickup voltage can be measured, one can deduce

that the limits of accuracy of measurements, at a power level

20-db higher, are ± 1 db.

2. For reproducible measurements the frequency of the oscillator

should be checked. This is particularly important for lines having

considerable free-space attenuation because this quantity varies

as the square of the frequency.

3. If a synchroscope or A-R scope is employed, the measuring equip-

ment should be adjusted so that delayed and undelayed pulses can
be thrown on the same area of the scope alternately. Accurate
matching is then possible and the inspector can compai'e tlie two
pulses as to general character, shape, time of rise, etc. lie should
also look for extra (unwanted) signals at high gain.

4. The electrical inputs of the delay line and attenuator should be in
parallel so that the input voltage will be the same across both-

5. From the form of Eq. (6) it is apparent that a value for the insertion

loss in voltage has meaning only when the impedance of th(^ nn^nver
is specified. If this impedance is about a few hundixul ohms or
greater, it will be necessary to tune out fairly accurately (presum-
ably with tunable coils) the capacitance at the receiving crystal.

However, if the specified impedance is in the neighborhood of 70
ohms, a single fixed-tuned coil in the right range will sufii(‘e for all

lines of the same design. A measurement made at one inipodance
level in this range can be transformed to another imptnljimH^ level
by considering the crystal output as a high-impedance source.

Transmission loss is affected by temperature mainly in the attenuation
terms. As might be expected from the temperature coeflicuent of tlie
viscosity, the free-space attenuation of water decreases markedly as the
temperature is raised. This effect has not been carefully measured for
mercury.

The signals in mercury lines are not so sensitive to changes in thermal
environment as those in water lines. Thermal gradients in mercury that
arise from changes in thermal environment will cause changes in signal
intensity. For unfolded lines that are not completely ligid the signal
can be restored by bending the line down in the middle. Such deforma-
tion increases the relative path length for that part of the supei'sonic
beam in the lower portion of the tube where the mercury is cooler and
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the velocity is faster. The* bending in this manner tends to counteract

the refraction. (It may be noted in passing that such bending of lines

in every direction and at thermal equilibrium is a very simple test of

mechanical misalignment.)

There is some indication that changes in pressure affect transmission

loss, possibly by compressing air bubbles in the mercury or in contact

with the crystal. The effect has been observed with Line E on the bench
and in the air. A similar effect was also reported for Line G when it

was subjected to a roll of about 15° on shipboard. It is possible that such

pressure effects present a fundamental limitation of liquid delay lines for

MTI purposes in shipborne and airborne applications.

Maintenance .—Maintenance routine, like filling procedure, differs

from line to line. Instances of crystal fracture are rare, and, generally

speaking, the main problem of delay-line maintenance appears to be in

keeping the mercury clean.

With Line B, slanting holes in the tube top give direct access to the

crystal surfaces so that they can be cleaned directly even while in contact

with the mercury. Line C can be readily disassembled and the mercury

cleaned by filtering. This is fortunate since mercury contamination

proved to be a serious problem in some of the delay lines that were

sent out into the field. An attempt has been made to locate the origin

of this difficulty and some contamination has definitely been traced to

the stainless-steel bellows.^ A thin coat of lacquer on the inside of the

bellows appears to be a simple and effective preventive.

7-6. Compilation of Delay-line Specifications.—Table 7T of Delay-

line Information includes most of the readily available information on

seven delay lines as engineered for actual use, two for trigger delay and

five for the faithful delay of pulses. Photographs of the completely

assembled delay lines are included in this section. In general the

specific entries in the table have already been treated in detail, thus no

additional discussion is needed here.

Experimental delay lines and lines built for experimental systems have

been omitted. Short fixed lines of about 5- to lO-Msec delay, although

not of sufficient complexity to warrant inclusion in the table, were widely

employed in system application and should be mentioned.

A drawing of a 6-/isec glass delay line is shown in Fig. 7*24. It was

used to give a series of pulses appearing at odd multiples of the funda-

mental delay, 6 /xsec. The crystals were fastened to the glass block by

a thin layer of paraffin. This layer served to maintain acoustic contact

between the quartz and glass. A brass electrode was pressed against

the back of each crystal by a phosphor-bronze spring.

1 H. B. Huntington, Notes on Contamination of Mercury by Staihless Steel/’

RL Report No. 935, March 1, 1946.
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CHAPTER 8

POTENTIOMETERS^

By F. E. Dole

A potentiometer, as the term is used in this chapter, is an electro-

mechanical device containing a resistance element that is contacted by a

movable slider. Such units may conveniently be divided into three

classes. Laboratoiy precision potentiometers are large enclosed units

which are chiefly used for low-voltage highly accurate d-c potential

measurements in low-impedance circuits. Radio potentiometers (usually

called ^'pots'O are small inexpensive units of comparatively poor accuracy

which are commonly used for volume control and similar purposes in

radio sets and other electronic equipment. The third and more recently

developed class, which may be called '^commercial precision potentio-

meters, is intermediate in character between the first two classes, and

will form the subject matter of this chapter.

Commercial precision potentiometers were orginally developed as

components of bridges and other test equipment that required variable

resistors of good stability and of accuracies of the order of one part in

several hundred. The war-born demand for large quantities of electronic

measuring equipment—not only for test equipment, but for accurate

measurements in radar and sonar—^fathered a demand for great numbers

of such potentiometers, and the Radiation Laboratory began a develop-

ment and small-scale manufacturing program that continued until the

end of the laboratory’s activities. This chapter will be concerned

principally with the units developed by the Laboratory or under its

sponsorship. Such units were used extensively for data transmission,

for electromechanical computing elements, and for medium-precision

voltage measurements in radar and other electronic devices.

84. The Resistance Element—The heart of a potentiometer is its

resistance element, which is always wire-wound in potentiometers of the

precision type. The element consists of resistance wire wound on a

form or mandrel whose nature depends upon the design of the particular

unit. The mandrel is usually a card or strip of sheet insulating material,

or a round rod of insulating material or of Formvar-insulated copper wire.

The accuracy of the potentiometer depends directly upon the accuracy

^ An abridgment of this chapter has been published : L. A. Nettleton and F. E
Dole, "Potentiometers/’ Rev. Sci. Instruments, 17, 356-363 (October 1946).
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244 POTENTIOMETERS [Sec. 8-1

of the mandrel, which must be made to accurate dimensions and accu-

rately wound. Figure 8*1 shows a number of resistance elements of

several forms. Figure 8*lu shows a toroidal mandrel; this type is more

difficult to wind than the other types, but has the advantage that when
it is once properly wound it need not be bent or otherwise distorted in

order to mount it in a potentiometer. It is also the only type that is

practical when a useful angle of 360° is required. The long narrow

card of Fig. 8*16 is used in most linear potentiometers and the square

card of Fig. 8*lc is used in most sine-cosine units. The violin string’^

winding of Fig. 8-ld! is used in linear potentiometers, both in the single-

turn type such as the.RL-270 series and in the multiturn units such as

the Beckman Helipot and the Gibbs Micropot. Nonlinear potentio-

meters, except sine-cosine units, are usually based upon a tapered form
of the card of Fig. 8*16; an example is the logarithmic 433AC potentio-

meter used in the General Radio 650A bridge.

Violin-string or Kohlrausch windings are usually wound on a core of

Formvar-insulated copper wire. Such a mandrel has the advantage that
it is uniform in dimensions, smooth and free from surface defects, easily

formed into the shape required for mounting in the potentiometer, and
of excellent heat conductivity so that the winding can dissipate more
power than with most other constructions. Its principal disadvantage is

the excessive capacitance between the turns of the winding and the
copper core, which limits the frequency range at which such an element
can be used. Extruded rods of a suitable plastic may be used instead of
the copper core, but it is difficult to obtain rods of sufficient dimensional
stability and uniformity.

Laminated sheet phenolic plastics have been used almost universally
for card-type mandrels. They have been satisfactory in most cases, and
much of the trouble that has occurred has proved to be due to improper
design or fabrication of the mandrel rather than to the material itself.

The susceptibility of sheet phenolics to water absorption has not been a
serious defect since the impedance level at which a wire-wound poten-
tiometer is operated is seldom excessively high, and since the whole
element must be properly varnished after winding in order to keep the
turns m place while buffing the contact area and during operation. If
operation in tropical climates is to be expected a suitable fungicide
should be mixed with the varnish.

Fiberglas cloth laminated with nonwater-absorbent resins is superior
to phenolics from the standpoint of stability of dimensions, water absorp-
tion, and resistance to fungus attack, but has not been much used for
mandrels because it is difficult to machine. The abrasive character of
the glass particles necessitates the use of Carboloy tools for all cutting
operations and even then tool life is poor. Glass-cloth laminates are
good for insulating and protecting sheets.
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(c)

Fig. 8*1.—Potentiometer resistance elements, (a) Toroidal element; (6) rectangular
card; (c) square card; (<i) “violin string,” Kohlrausch, or circular mandrel. The small
circles are microphotographs of portions of the windings.
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It is essential that the surface of the mandrel be free from nicks,

dents, and abrasions, especially beneath the path of the contact. Wire

mandrels may be drawn through a diamond die after coating; this

straightens, sizes, and smooths the mandrel in a single operation. Card-

type mandrels should have the edges rounded to a semicircular shape by

means of a special milling cutter. This cutter must be kept very sharp

and the cards should be inspected after the milling operation to make
sure that the milled surface is smooth and free from waves or tool marks.

It is usually desirable to buff the milled surface, using a soft or medium
felt buff with aluminum oxide or Tripoli 2D as an abrasive. Mandrel

dimensions should be held to well within the required tolerance, especially

(d) (6) (jO

Fig. 8*2.—Mandrel and winding defects: (a) Card-type mandrel properly milled;

Qji) rough, mandrel; (c) and (d) irregular windings due to rough mandrels; (e) widely spaced
winding; (/) good winding on properly treated mandrel.

if the total resistance tolerance is small. A rough surface on the mandrel

will cause displacement of the wire during the winding process. Such a

displacement will result in low and high wires or nonuniform spacing and

will seriously affect accuracy. Figure 8*2 shows microphotographs of

satisfactory and unsatisfactory mandrels and windings.

The Resistance Wire .—The resistance wires used for potentiometers

are usually drawn from alloys of the '^Nichrome^^ family or from copper-

nickel alloys similar to Midohm or Lohm. A discussion of the properties

of such alloys has been given in Chap. 3 of this volume; Table 8*1 gives

the resistance in ohms per foot of a number of the more common resistance

alloys, in sizes from No. 10 AWG to 0,60 mil in diameter.

The accuracy and uniformity requirements for resistance wire that is

to be used in potentiometer elements are much more stringent than those
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Table 8 - 1 .—Commercial Resistance Wire Chakactebistics

'I'rade names

Nominal composition, per
cent

Ohms/circular mil foot

Temp. coeifiLcient/®C

Gtirorael C
Nichronie

Tophet C
Alloy C
60 Ni
16 Cr
24 Fe
675

0 . 00022

Chromel A
Nichrome V
Tophet A
Alloy A
80 Ni
20 Cr

650
0.00014

Copel
Advance
Cupron
Alloy 45

45 Ni
55 Cu

294
0.00002

Midohm.
180 Alloy

22 Ni
78 Cu

180

0.00016

90 Alloy

12 ISTi

8S Cu

90
0 . 00038

Commercial
copper wire

99.9 Cu

10.5
0 . 00400

AWG
No.

Diam.,
mils

Circular

mils
Ohms per fo ot at 20°C

10 102 10,400 0.0649 0.0625 0.0283 0.0173 O . 0087 0.00100

11 91 8230 0.0815 0.0785 0.0355 0.0217 0 .0109 0.00120

12 81 6530 0.103 0.0991 0.0448 0 . 0274 0 .0137 0 . 00159

13 72 5180 0.130 0. 126 0.0567 0.0347 0.0173 0.00200

14 64 4110 0.165 0. 159 0.0718 0.0439 0.0219 0.00252

16 57 3260 0.208 0 . 200 0.0905 0.0554 0 . 0277 0.00318

16 51 2580 0.260 0.250 0.113 0.0692 0 . 0346 0.00402

17 45 2050 0.333 0.321 0.145 0.0888 0 . 0444 0.00500

18 40 1620 0.422 0.406 0.184 0.112 0 . 0562 0.00038

19 36 1290 0.521 0.502 0.227 0.139 0 . 0694 0. 00805

20 32 1020 0.659 0.635 0.287 0.176 0 . 0879 0.0102

21 28.5 810 0.831 0.800 0.362 0.222 0. Ill 0.0128
22 25.3 642 1.06 1.02 0.456 0.281 0.141 0.0161

23 22.6 509 1.32 1.27 0.576 0,352 0.176 0 . 0204

24 20.1 404 1,67 1.61 0.728 0.446 0 .223 0 . 0257

25 17.9 320 2.11 2.03 0.918 0.562 0.281 0.0324

26 15.9 254 2.67 2.57 1.16 0.712 0 . 356 0 , 0408

27 14.2 202 3.35 3.23 1.46 0.893 0.446 0.0515
28 12.6 160 4.25 4.09 1.85 1.13 0 . 567 0 . 0649

29 11.3 127 5.29 5.09 2.30 1.41 0 . 705 0.081B
30 10.0 101 6.75 0.50 2.94 1.80 0 . 900 0. 103

31 8.9 79.7 8.52 8.21 3.72 2.27 1 . 14 0 . 130

32 8,0 63.2 10.6 10.2 4.59 2.81 1.41 0. 164

33 7.1 60. 1 13.4. 12.9 5.83 3.57 1.78 0.207
34 6,3 39.8 17 .

0

10.4 7.41 4.54 2.27 0.201

36 5,6 31,5 21,5 20.7 9.38 5.74 2.87 0.329

36 5,0 25.0 27.0 20.0 11.8 7.20 3 . 60 0.415
37 4.5 19.8 33.3 32.1 14.5 8.89 4.44 0.523
38 4.0 15.7 42.2 40.0 18.4 11.2 5 . 62 0.000
39 3.5 12.5 55.1 53.1 24.0 14.7 7.41 0.832
40 3.1 9.9 70.2 67.6 30.6 18.7 9.36 1 . Of)

2.75 7.6 88.7 85.5 38.7 23.8 11 .9 1 . 39

2.50 6.2 108 104 46.7 28.8 14.4 1.08
2.25 5. 1 133 128 57.6 35.5 17.8 2.07
2.00 4.0 169 162 73.5 45.0 22 .

5

2 . 02
1.75 3, 1 221 212 95.0 58.7 29.4 3.43

1.50 2.2 300 289 131 80.0 40.0 4 . 66
1.40 2.0 344 331 150 91.8 46.9 5.35
1.30 1.7 399 385 174 106 52.2 6.2i
1.20 1.4 469 461 204 125 ‘62

.

5

7.29
1.10 1.2 558 537 243 149 74.3 8.68

1,00 1.0 675 650 294 180 90.0 10.5
0.90 0.81 833 802 363 222 111 13.0
0,80 0.64 1064 1016 459 281 141 16.4
0.70 0.49 1378 1327 600 367 184 21.4
0.60 0.36 1874 1806 817 500 250 29 .

2
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together to prevent twisting of the card, and the tailstock was spring-

loaded to ensure a constant tension on the card. Special jaws for each

size of card were provided for the chucks, and a smooth and accurate

speed control was incorporated in the drive. Cards up to 7-| by 20 in.

could be handled.

With the development of the RL270 series of potentiometers, which

use a round mandrel of heavy Formvar wire, a new winding machine was
built by modifying an inexpensive screw-cutting lathe. This machine is

shown in Figs. 8*7 and 8*8. The modifications included the substitution

of precision cut gears for the original die-cast change gears, a simple wire-

tensioning and feed device on the carriage, and a ball-bearing tailstock

Fig, 8*5.—Flat-card winding macMne.

chuck. Round mandrels can be wound at a much higher winding speed

than is possible with flat cards since the wire velocity is uniform. This

machine proved very satisfactory in winding resistance elements with

linearities of ±0.03 per cent in the 100,000-ohm value to ±0.15 per cent

in the 200-ohm value.

A machine for winding toroidal elements such as that shown in Fig.

8Ta was designed, but construction had not yet started at the time the

activities of the Laboratory were terminated. The design incorporated a

number of novel features, including a preset turn counter and a precision

speed control which would greatly facilitate the production of windings

of identical characteristics.

Varnuhing^ Curing, and Buffing ,—After winding, the resistance ele-

ment must be coated with a suitable varnish in order to hold the wires

in place and to protect them against moisture and mechanical abuse.

One difficulty that arises with most electrical impregnating varnishes is

a creeping or displacement of the wires during the curing process. After

a number of trials a satisfactory process was evolved. A single coat of
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for magnet wire, for instance. For reproducibility and accuracy not only

must the composition and heat treatment of the wire be accurately

controlled, but the wire diameter and the thickness of the insulation

must be held within close limits. Wire that has been coated with Form-

var or Formex by the extrusion process has been found to be greatly

superior to ordinary enameled wire, not only because of its more uniform

over-all diameter but also because it is free from “beady” spots and

similar defects. Figures 8-3 and 8-4 show microphotographs of defective

wire and of windings made from it.

Fig. 8*3.—Defective wire.

Fig, 8*4.—Defective windings due to bad wire.

The Winding Process .—Windings of suflS.cient accuracy for use in

precision potentiometers can only be made on properly designed winding

machines, and several such machines were designed and built at the

Radiation Laboratory. Figure 8-5 is a photograph of a machine that

proved very satisfactory for winding flat card-type resistance elements,

and Fig. 8*6 is a close-up of the carriage showing thQ wire-straightening

pulleys and the dust brushes. The machine was designed to minimize

backlash and periodic errors due to the feed gearing, to ensure smooth

and uniform motion of the carriage, and to furnish accurate control of

the wire tension. The headstock and tailstock chucks were driven
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TTJF-ON No. 74-r or No. 76-F varnish (made by the Brooklyn Varnish

Company) diluted with about 40 per cent of the appropriate solvent was

applied by spraying, brushing, or dipping. Both varnishes are of the

phenolic resin type, both contain
48 hr. Drying may be speeded up
a convection oven. If the specific

a fungicide, and will air-dry within
by heating to approximately 50°C in
gravity of the varnish is maintained
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at the proper value the coating will be ready for buffing after 24 hr in

the oven.

Two methods of buffing were standardized at the Radiation Labora-

tory. For both, wheels of white ‘^Extra-Spanish” felt in the medium or

¥ig. S-7.—Round-mandrel winding lathe, front view.

IfiG. 8-8.—Round-mandrel winding lathe, side view.

soft grades were used. For buffing mandrels and for windings of con-

ventional enameled wire the wheels were run at about 2500 ft/min and
aluminum oxide or “Tripoli 2D” were used as abrasives. For buffing

windings of Formex-insulated wire and for all “violin string” windings
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the wheels were rua at 1500 ft/min and were used without abrasive.

Buffing of windings must be done with great care in order not to remove

metal from the wire or to heat the winding excessively. This is particu-

larly important with round mandrels.

To sum up, the production of resistance elements of high accuracy

and stability demands attention to the following points:

1. Proper preparation of the mandrel.

2. The use of wire of the highest quality.

3. Winding on a properly designed and accurate winding machine,

. run by a careful and competent operator.

4. Care in removing the winding from the machine, and in handling

through all stages of production.

5. Impregnation with a suitable varnish, maintained at the correct

specific gravity.

6. Adequate curing at the correct temperature.

7. Careful buffing, using the correct technique.

8. Proper assembly technique.

9. Adequate inspection.

10.

Cleanliness throughout the entire operation.

Resistance elements manufactured with these precautions will remain

stable and accurate throughout the life of the potentiometer.

8*2. Mountings and Enclosures.—The mountings and enclosures of

potentiometers may take various forms; the illustrations of this chapter

show a number of typical examples. Most commercial precision poten-

tiometers are cylindrical in shape, ranging in axial length from f to 3 in.

and in diameter from 1^ to 5 in. Enclosed types are usually provided

with a locating boss or ring and with a mounting flange with slots for

phasing.

The design of the body of the potentiometer depends upon the way
in which the resistance element is to be mounted, and there is a choice of

three methods for accomplishing this. In one, the element, which has

been wound while it is straight, is wrapped around a cylindrical form
that is provided with an axial shaft. The form may be stationaiy and
provided with a mounting surface, and with central bearings for the shaft,

or it may be fastened to, and rotate with, the shaft. The resistance

element may be drawn around the form by ap. assembly jig or fixture, or

it may be held in place by a permanent protective strap. In either case

it is fastened by screws or rivets through the wall of the form.

A second method employs a toroidal form such as that of Fig. 8Ta,

which is pressed onto a central cylindrical body similar to that used in

the previous method. An enclosure usually surrounds the element and
central body in this type of construction.
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In the third method the resistance element is mounted on the inside

of a hollow cylindrical form. In units having a violin-string winding,

such as the RL-270 series, the element may be held in grooves in two

insulating pieces that expose a portion of the inner surface of the winding.

In card-type units the card may be bent around a tempoi*ary arbor,

pressed into the cylindrical body, and the ends fastened with rivets,

screws, or pins. The element may also be held in a temporary fixture

while the body is molded around it; this type of construction is often

used in multiturn units such as the Micropot.

The potentiometer body itself may be made either of metal or of

insulating material. If made of the latter it may be molded and used as

it comes from the mold, or it may be finish-machined after molding.

With most plastics finish-machining removes the comparatively imper-

vious skin of the molding and may increase any tendency to water

absorption. This can be counteracted to some extent by suitable sealing

treatments, but it is preferable to disturb the surface as little as possible.

If finish-machining is not to be used it is necessary to choose a plastic

with the greatest possible dimensional stability and to take great care

both with the mold design and with the curing process to maintain

sufiiciently accurate dimensions in the molded piece.

For units of high precision, metal is much superior to plastics from

the standpoint of dimensional stability. Aluminum alloys are fre-

quently used; one casting alloy that has good stability is Alcoa 395 with

a T-6 heat treatment. The principal disadvantage of using metal is the

necessity of providing additional insulation for the winding. Bodies may
also be machined from rod or plate stock, either of metal or of insulating

material. For th(\ RL-270 series the bodies were machined from a giass-

mat-filied plastic known as Formica MF-66. This material proved to be

very stable dimensionally and to be unaffected by tropical climates.

Certain molded plastics with mineral fillers were also satisfactory.

In the cheapest types of commercial precision potentiometers the

shaft rotates in a cored or reamed hole in the molded body. This is

satisfactory for a low-precision unit that is to be adjusted manually,

but the variation in hole diameter and position renders the method

unsuitable for high precision or for gear-driven units. Brass, bronze, or

Oilite inserts may be molded into the body, and will improve the centering

of the shaft and decrease the bearing friction. Where highest precision

and minimum friction are required it is necessary to use ball bearings.

Shafts may be of either metal or plastic material. The latter is often

used in the cheaper potentiometers, but is unsatisfactory in many
applications because of its tendency to warp and its great flexibility

compared to metals. If an insulating shaft is required one useful

expedient is to press a thin-walled plastic tube over a steel shaft, the
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latter being knurled if necessary to prevent slipping. It is preferable,

however, to put the insulation in the hub of the contact arm where it

belongs and to use a grounded metal shaft. Metal shafts are usually of

steel; drill rod is convenient but stainless steel is to be preferred if there

is any possibility of corrosion in service. Hubs, collars, etc., may be

secured to the shaft by setscrews, preferably in pairs at 90°, but pinning

or clamping is better. Split hubs with clamp screws are particularly

handy from the standpoint of ease of adjustment.

Potentiometers intended for laboratory use or for mounting within

adequately sealed cabinets are not usually enclosed. Units intended for

operation in exposed positions or in the tropics must be provided with

adequate enclosures. These units cannot be hermetically sealed without

using an expensive and clumsy hermetic shaft seal, but the use of water-

proof AN connectors for the terminals, suitable gasketing, and a com-
pression shaft seal such as a Garlock Klozure will afford adequate

protection for all but the most extreme conditions. Under most condi-

tions ordinary dusttight construction will suflSce. Typical potentiometer

enclosures are shown in the potentiometer drawings of this chapter.

8-3. Leads and Attachments.—One rather troublesome problem in

the construction of a potentiometer is the provision of sturdy and per-

manent attachments to the resistance winding. The use of very small

wire sizes and of nickel-chromium alloy wire that cannot be satisfactorily

soft-soldered makes such connections difficult.

Connections to the resistance element may depend upon mechanical

pressure alone, or they may be soldered. Pressure connections may be
made in several ways. A screw or a stud may be used to draw a piece

of metal tightly against a cleaned portion of the winding, or the wire

may be pressed between two pieces of metal. The screw may then be
used as a binding post. A rivet may be used instead, of the screw; a

soldering lug may also be used under the head of the rivet. A rod tipped

with a soft noble metal such as gold may be pressed against a bared
spot on the winding, as in the IlL-270 series units. A connection may be
made to Nichrome wire by placing the cleaned wire across a strip of

copper foil and persuading molten solder on the copper strip to cover

the wire as well. Although this is not a true soldered joint the con-

traction of the solder on cooling helps to lock the wire tightly in place.

The finished joint should be inspected carefully and tested for electrical

continuity. This method is sometimes usefulformakingtapsonflatcards.

Successful soft-soldered joints may be made to nearly all resistance

alloys except those of the Nichrome family. Rosin or rosin in alcohol is

the only permissible flux, in spite of advertising claims to the contrary.

The flux should be used sparingly to avoid later trouble with excessive

residue, and the joint should be cleaned with alcohol if possible.
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Breakage of the smaller wires during the soldering process can often

be avoided by the use of a small strip of copper or brass foil as an inter-

mediate connection. The foil and the wire are tinned and soldered

together and the other end of the foil is then soldered to the terminal.

Alternatively, a pressure connection can be made from the foil to the

terminal. The end of the foil may be captured beneath a washer held

by the terminal stud or rivet, or may be inserted into the end of a metal

tube or hollow rivet moulded into the frame, and the end of the tube

crushed onto the foil.

One method that is occasionally used involves baring and tinning a

spot on the winding, opposite and close to a rivet or insert in the housing.

A drop of solder on the tip of the rivet will form a conducting bridge

when the latter is heated. Since the lug for the connection to the

external lead is usually located at the outer end of the rivet there is

always the possibility that the heat of soldering the external lead may
destroy the solder bridge.

Nickel-chromium alloys cannot be successfully soft-soldered but must

be hard-soldered or welded. No successful welding techniques were

tried at the Radiation Laboratory, but one convenient method of hard-

soldering fine wires was developed. A loop of bare No. 12 or No. 14

copper wire 5 or 6 in. long was looped between the terminals of a 50-amp

1.25-volt transformer connected to a 5-amp Variac and a foot switch.

Copper is the only material suitable for the loop since with materials of

lower conductivity the drop of solder will freeze as soon as it bridges an

appreciable length of the loop. The center of the loop was painted with

borax flux and sufficient current was passed tlirough it to melt hard

solder. It is easy to pass the joint that is to be soldered through the

drop of molten solder in the loop. The solder rapidly dissolves the

copper wire and both loop and solder drop must be replaced after a

short time. The fine wires should be passed through the drop rapidly

and at right angles to the direction of the current flow in order to mini-

mize the chances of dissolving or burning them out.

84. Contacts.—The accuracy and life of a potentiometer depend

primarily upon the design and material of the movable contact. Much
.of the work of the potentiometer group at the Radiation Laboratory was

devoted to the investigation of this problem and a very extensive series

of life tests was carried out.^ These tests showed that for windings of

nickel-chromium-alloy wire there is one outstanding alloy, Paliney No. 7,

made by the J. M. Ney Company of Hartford, Conn. It is a palladium-

silver alloy with additions of platinum, gold, copper, and zinc. Tests on

1 F. E. Dole and R. J. Sullivan, ^Tife Tesst of Contact Material on Standard Linear

Wire-wound Potentiometers,’^ RL Report No. 617, Mar. 12, 1946; R. J. Sullivan, '‘The

RL270 Series of Precision Potentiometers,'’ EL Report No. 864, Mar. 25, 1946,
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windings of copper-nickel alloys were not completed but indicated that

for these materials the best contact material was No. 19 Alloy, an alloy

of platinum and silver made by the H. A. Wilson Company of Newark,

N. J. Stellite and various grades of carbon were also used in some of the

earlier potentiometers designed by the Laboratory, but were definitely

inferior to the Paliney and No. 19 Alloy. Over thirty alloys were tested

altogether, and the spring-temper phosphor bronze commonly used for

potentiometer contact arms was found to be one of the poorest for the

purpose. Typical linearity test oscillograms and microphotographs of

contacts and windings after the tests are shown in Figs. 8-9 through 8*14.

(c) ' (d)

Fig. 8‘9.—Effect of contact shape on linearity, (a) Type B 50,000-ohm potentiometer
with standard blade contact, linearity 0.18 per cent; (6) same potentiometer after modifying
with 0.020-in. rod contact, linearity 0.05 per cent; (c) type D 50,000-ohm potentionxeter

with finger-type arm, linearity 0.32 per cent; (d) same potentiometer after modifying with

rod contact soldered to fingers and cut between each pair of fingers, linearity 0.12 per cent.

A number of different shapes and sizes of contacts may be used on

standard wire-wound mandrels where the surface of the wire will not be

smoothed down to a flat surface. A cylindrical rod with its axis parallel

to that of the wire has proven very satisfactory, one reason being that

with such a shape no more than two wires can be contacted at the same
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time so that no more than one turn can be short-circuited by the contact.

The superiority of such a contact design is shown by Fig- 8-9. In this

figure a and h are linearity oscillograms of a 3-in. potentiometer similar

to the General Radio Company Type 314, with the standard phosphoi*-

bronze contact arm as furnished by the manufacturer, and with an arm

with a cylindrical Paliney No. 7 contact. Figures 8-9c and d are a

similar pair applying to a 5-in. RL-255. In each case the improvement

due to the better contact is evident.

(d) (e) C/)
_

H-10. IjiiU'Hi-it.y teat of .3-in. 50,000-ohm potentiometer, (a) Aa delivered; brush

prosHUi’c aiipr<ixiimUel.v 70 g; linoarity 0.17 per cent; (6) taken at 10,000 eyclea; hix'iint.v

0 2'Z per cent; (r) taken at 66,000 cycles; linearity 0.22 per cent; (d) taken at 20.m,U()0 c.vcIom;

linearity 0.62 per cent; (e) taken at 600,000 cycles; linearity 0..36 per cent; (/) taken at

1,062,S(MI c.\'c1cm; linearity 0.28 per cent plus noise; brush pressure, 66 g, contact worn

O.OO.S.5 in. deep, area jh by in.

This giiiu in linearity was found in every case in which a small cylin-

(Iriciil (lontiict was substituted for a larger one of flat or indeterminate

shit pc. For one sample group of twenty 3-in. units, for* example, the

iiuproveinent in linearity was about 0.03 per cent, or about one tliird of

the mean devialioii from linearity of the unmodified units.

'1’Ih' improvement in initial linearity is entirely due to the improved

contaid. siiape and size, but the use of a contact of small radius invidycs

liigh unit, pn'ssuros at the point of contact, and wear becomes prohibitive

unles,s (.lie right contact material is used for the particular resistane.e

alloy, h'or potentiometers whose windings have been buffed only

enough to mmove the varnish and wire enamel, leaving the wires round,

a cylindrical contact with a diameter of 0.020 to 0.040 in. is a suitable

size for most, windings. For small closely spaced wires a smaller radius

might Ix' l)('t.t.er; for large wire and wide spacings a larger radius would
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(a)

.V:

ib) (fi)

\

Iwiy^ HI 1

yk 1

(A) («)

Fig. 8-11.—Linearity test of 3-in. 50,000-ohm potentiometer with Paliney No. 7 con-
tact. (a) As received from manufacturer; brush pressure 110 g, no end play; linearity
0.18 per cent; (5) potentiometer using Paliney No. 7 contact, 0.040 in. in diameter on
regular arm; brush pressure 50 to 65 g; linearity 0.08 per cent; (c) taken at 10,000 cycles;
linearity 0.10 per cent; {d) taken at 66,000 cycles; linearity 0.12 per cent; (c) taken at
202,000 cycles; linearity 0.12 per cent; (/) taken at 500,000 cycles; linearity 0.13 per cent;
(^7) taken at 1,002,800 cycles; linearity 0,10 per cent; brush pressure 45 g; contact wear
0,0015 in.
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be required. One possibility of decreasing wear on the winding would be
to use a rolling rather than a sliding contact, but one such unit that was
tested proved unsuccessful. Its contact was in the form of a blunt

double cone that wedged between the edge of the winding and a central

contact disk. The initial linearity of 0.24 per cent increased to 0.36 per

cent and very bad noise developed after only 6125 cycles. This per-

formance may be compared with that of a standard 3-in. potentiometer,

which is shown in Fig. 8T0, and that of a similar unit modified by the

substitution of a Paliney contact, shown in Fig. 8*11. It can be seen

from these pictures that the deterioration in performance is much more
sevei^e with the phosphor-bronze arm. This is presumably due to the

fact that the phosphor bronze is worn away much more rapidly than
the Paliney, and this fact was demonstrated by other tests in which the

(a) (b) {c)

Fio. 8*12.—Wear of .Paliney No. 7 eontaet and Nichronio wire, (a) Contact surface
after lO** cycles; (6) contact profile, worn 0.0015 in. deep; (c) winding, very little wear;
piece of material in lower center is not a broken wire but a piece of lint. Contact material
excellent for Nichrome wire.

replacement of a worn Paliney contact by a new one after 1,000,000

cycles restored the linearity of the potentiometer to its initial value.

In the tests just described the deterioration of the performance was
due primarily to wear of the moving contact. If a harder material such

as Stellite is used, however, the deterioration is even more rapid because

of wear of the wires. It is certainly preferable to have the wear take

place on the moving contact because it can be much more easily replaced

than the winding. Although several other materials proved fairly

satisfactory the performance of Paliney No. 7 was outstanding on wind-

ings of nickel-chromium wire. With the softer cupro-nickel alloys,

Paliney seems to be too hard and softer contact alloys such as Wilson

No. 19 Alloy give longer winding life. The tests on the cupro-nickels

were not so complete as those on Nichrome, but it appears that the

life of the softer alloy windings should not be greatly inferior if the

proper contact material is used. Three sets of microphotographs show-
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ing windings and contacts after wear tests, are shown in Figs. 8-12

through 8*14. The advantages of naatching the contact material to the

wire alloy are obvious.

(a) Q>) (c)

Fig. 8-13.—Wear of No. 19 Alloy contact and Lohm wire, (a) Contact surface after

875,000 cycles; (6) contact profile worn 0.006 in. deep; (c) winding, very little wear. Con-
tact material excellent for Lohm wire. *

The contact paths of certain potentiometers such as the RL-B,

RL-225, and RL-200B are honed down so that the contact surfaces are

fiat rather than convex. Special forms of contacts have been used in

(a) Q>) (c)

Fig. 8’14.—Wear of Paliney M contact and Lohm wire, (a) Contact surface after

11,850 cycles; (6) contact profile, worn less than 0.001 in. deep; (c) winding, wires very
badly scored and peened, resulting in drop to less than one-third of original resistance.

such cases; some of these special contacts are shown in the drawings of

the potentiometers.

It is important to maintain the correct contact pressure throughout

the life of the unit, and the contact arm must be designed to accomplish

this. Excessive pressure causes unnecessary wear and shortens the life

of the unit; insufficient pressure results in noisy operation, particularly

under bad vibration conditions or with rapid motion of the contact arm.



Sec. 8-6] NONLINEAR POTENTIOMETERS 261

For contacts of the types described above the optimum pressure is 40 to

50 g; a potentiometer with this pressure and a properly shaped Paliney

contact on Nichromd wire should have a useful life of at least 1,000,000

cycles. Much greater life can be obtained in some cases; one RL-255
unit lasted over 12,000,000 cycles without excessive deterioration. The
results of a large number of life tests are given in Radiation Laboratory

Reports No. 617 and No. 864.

8*6. Nonlinear Potentiometers.—So far, nothing has been said

explicitly concerning the relationship between the shaft angle and the

variation of resistance between the contact point and the end of the

winding. For many purposes it is desired that this relation be linear,

but for certain applications, especially in electromechanical computers

and similar devices, it is necessary that some nonlinear function be gen-

erated, often to a high degree of accuracy. There are a number of

methods of generating such nonlinear functions by means of potentiom-

eters, and this section will list them briefly without attempting to go

into great detail.

The choice of a method depends upon two factors; the form of the

desired function and the accuracy with which it must be approximated.

Strictly speaking, the only type of potentiometer which generates a

continuous function is one in which the contact moves along the whole

length of the wire. In the usual case, in which the contact touches the

bared portion of one turn after another on a wound mandrel, it generates

a curve consisting of a series of small steps, the size of the steps depending

upon the number of turns in the winding and the applied voltage. For

most purposes, however, the steps are small enough and numerous

enough s5 that the resulting curve can be considered smooth. There are

many applications in which a small number of steps—say 30 to 100—are

sufficient, and in such cases a step potentiometer can be used. This is

simply a multipoint switch with resistors connected between each suc-

cessive pair of points. A familiar example of such a step potentiometer

is the volume control commonly employed in broadcast stations. This

type of potentiometer is the most flexible in conforming to an arbitrary

function, but if the conformation must be close—that is, if high resolving

power is required—a prohibitively large number of points and resistors

must be used.

A set of straight-line segments is a considerably better approximation

to a smooth curve than a set of steps, and there are several potentiom-

eter constructions that result in such a function. One such is the use

of a stepped mandrel; since the slope of the curve is proportional to the

width of the mandrel a series of steps on the mandrel will result in a

curve consisting of a series of linear segments of different slopes. Alter-

natively, the wire size can be varied; the greater the resistance per turn
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the steeper the slope of the corresponding segment of the curve. Similar

results may be obtained by tapping the winding at appropriate points

and connecting resistors either to ground or in shunt across portions of

the winding. Another method involves the use of different spacings for

different sections of the winding. Most of these methods are somewhat

troublesome in production, but stepped cards have been used in certain

cases, such as the RL-B potentiometer, and the tapped winding with

shunts is a useful laboratory technique for modifying an existing linear

potentiometer to approximate an arbitrary function.

If the approximation to the given function must be so good as to

require an unreasonably large number of straight-line segments, some

other method must be used. The most direct method is to use a card

of continuously variable width, which is in effect an electrical cam. This

method has been used successfully in many cases, its principal disadvan-

tages being that it requires the accurate machining of an irregularly

shaped edge on the card, and that it places certain limitations on the

ratio of maximum to minimum slope and on the maximum rate of curva-

ture of the function. A high ratio of slopes implies a high ratio of

maximiun to minimum width of the card, and if this ratio exceeds 5 to 1

or perhaps 10 to 1 the card becomes rather fragile at the small end and
is difficult to mount. A high rate of curvature of the function implies a

rapid change of width of the card, and it is impossible to make the wire

stay in place on a rapidly tapering card. A successful example of a

shaped-card potentiometer is the RL-256 two-cycle logarithmic unit

made by the General Radio Company. The RL-281, made by the Radia-

tion Laboratory, was less successful because of a total angle of 34°, a

winding angle of 10° on the contact edge and up to 24° on the curved

edge. The maximum safe angle is about 10° to 15°.

The equivalent of a shaped mandrel is a mandrel of constant width
with continuously varying wire spacing. This method is not often used

since it requires a special cam for the winding-machine feed and since

the maximum permissible variation in slope is even less than in the case

of the shaped mandrel. Variation of spacing is principally useful as a
method of correcting a winding during manufacture. The winding can
be continuously compared with a master potentiometer and the error in

resistance can be used to control a servomechanism that corrects the

feed mechanism through a differential gear. This method is easily

applicable to round mandrels wound with bare wire. It is somewhat
more difficult with card mandrels and is really complicated with insulated

wire; the wire must be bared at the correct point on each turn and the
resistance measured as the bared spot is fed onto the mandrel. Such
winding machines have been successfully built, however.

Another possibility is to use a tapered wire, which might be obtained
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by controlled chemical or electrolytic etching. A variant of this method
might be useful in some cases; the winding, which must be made of bare
wire, could be partially immersed in a plating solution and varying
fractions of each turn could be plated with copper or silver. Such a
method was actually used some years ago to produce nonlinear volume-
control potentiometers. The plating of high-conductivity material
effectively short-circuited a varying length of each turn and had the
same effect as the use of a tapered mandrel.

A nonlinear function can be generated by the expedient of slipping

wedges or shims between the card and the circular form around which it

is stretched. This in effect expands or shrinks certain portions of the
card and amounts to the same thing as varying the spacing. This

Fig. 8-15.—General Radio Company type 433-AC potentiometer.

method is chiefly useful for adding small corrections. It was used by
the Bell Telephone Laboratories in some of the large precision potentiom-

eters for the M-9 and similar computers. In these potentiometers

several concentric cards were mounted on the same unit and therefore

a correcting cam acting on the contact arm could not be used. The
piincipal difficulty with this method is that of ensuring that the contact

is of sufficient length and has uniform pressure at all radii.

The mechanical equivalent of this method is the use of a correcting

cam to advance or retard the contact arm with respect to the shaft.

This method is also chiefly useful for corrections, and has been very

successful in various models of the General Radio Type 433AC potentiom-

eter. This unit is shown in Fig. 8T5. The arm is held to the shaft by
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two set screws and rotates with it. The contact spring and its hub can
rotate with respect to the shaft, and the spring is pulled toward the

observer (in the view shown) by a small helical spring. Its position with,

respect to the arm is determined by the position of a small bent lever,

one end of which bears on a sheet-metal plate. This plate can be warped
to form a face cam, whose shape is determined by eight screws. The
characteristic can be set exactly to the specified curve at eight points,

and the correction varies smoothly and more or less linearly between
these points.

One method of generating arbitrary functions begs the question

entirely as far as the potentiometer is concerned and places the respon-
sibility on its mechanical drive. Linear potentiometers, in which the
contact either rotates on a shaft or slides along a track, can be driven by
a cam or linkage mechanism which generates the correct function. This
is a common expedient in computers and is particularly well adapted
to the linkage mechanisms described in Vol. 27 of this series.

A simple electrical method of generating certain types of curves con-
sists of loading the potentiometer by means of a resistor. Since tire

output impedance of the potentiometer is a function of the position of the
arm (being highest at the position at which the resistance around the cir-

cuit to ground is equal in each direction from the contact), the effect of
a loading resistor connected to ground will be to “drag down ” the output
voltage and to give a positive curvature to a previously linear character-
istic. If the resistor is connected to the upper end of the potentiometer
the curvature will be negative. The method is limited in its application
but its simplicity recommends it when it can be used.^

One other method of generating certain functions is of great impor-
tance. It consists of causing the contact to move in an arbitrary fashion
over the surface of a uniformly wound resistance card. This method is
most useful for the generation of sine and cosine functions, for which the
necessary motion is circular. In some forms of such units the card is
stationary and the brush or set of brushes rotates; in others the card is
mounted on the shaft and rotates against a stationaiy set of brushes.
One typical example of the rotating-card type is the RL-11 shown in
Fig. 8-16. • Sine-cosine potentiometers have many uses and have been
produced in a number of forms, several of which are shown in the illus-
trations of this chapter. Other trigonometric functions may be generated
by the same method, an example being a tangent function that was
used in the gun-order converter of a Navy computer that was designed
at the Radiation Laboratory. An arm with a long radial contact moved

„
^ “Simple Potentiometer Circuit for Production of the Tangent

Function, Rev. Sn. Instruments, 17, 298-300 (August 1946) ;
L. A. Nettleton and F. E.

JJoie, Reducing Potentiometer Loading Errors,” ibid., 18, 332-341 (May 1947).
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DETAIL OF BRUSH AND BRUSH-ARM
WHICH CONTACTS THE CARD

Copper eyelet soldered Carbon fc

to brush-arm—- soldered

Two layers of phosphor-bronze
spring temper, soldered to-vl.

\ gether to form “rigid"

brush-arm

^Carbon brush

soldered into

copper mounting
eyelet

Slip-ring (a second slip-ring
on the right is not seen in

this drawing)

Bakellte rotor, fastened
to shaft of potentiometer,

carrying the wire-wound
resistance card

_ Single layer of

phosphor-bronze,

\ spring temper,

^ yT serves as a “hinge"

W so that almost all

“Y
the flexing of the

/ brush-arm takes
place at this "hinge"

Holes for fastening brush-
arm to bakelite housing

Resistance wire, wound
linearly on bowed bakelite

card

' Cable connector

Slip-ring brushes
and brush-arms

"Brush circle" I. E. path

traversed on the wire-wound
card by its four contact

brushes

Four brushes (and brush-arms)

which contact the wire-wound
resistance card. See detail above

Fk). 8-1 G.—Construction of potentiometer, type RL-11.
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through an angle equal to the computed lead angle and made contonet

with the edge of a flat card. The resulting electrical output was pro-
portional to the tangent of the lead angle. The method is limited to
angles whose tangents are not too large, since there are practical limits
to the length of the radial contact, but in this particular case the maxi-
mum lead angle was less than 30° and the required length of contacti

was not excessive.

The methods outlined above are the principal ones that have been
used to make nonlinear potentiometers. Others are imdoubtedl^^""

possible, and a particular potentiometer may use several of the methods
in conjunction.

POTENTIOMETER CHARACTERISTICS

8-6. Linearity and Noise.—Probably the most important character-
istic of a commercial precision potentiometer is its linearity. This term
might be extended to include not only the straightness of the resistance-
vs.-shaft-angle curve of a linear potentiometer, but the accuracy of
following the prescribed curve for a nonlinear unit. In the discussion
which follows, a linear potentiometer will be assumed, but the statements
made can be applied to the nonlinear case with obvious modifications.
A discussion of test methods will be found in Sec. 8*8.

A discussion of linearity should start out with certain definitions:

1. Linearity is the deviation of the curve of the resistance of a
potentiometer vs. the shaft angle from a straight line.

2. Independent linearity is the deviation when the slope and position
of the straight line may be chosen to make the deviation a mini-
mum.

3. Terminal linearity is the deviation when the position and slope of
the line are defined by the ''terminals’^ of the potentiometer.

4. Terminals are the points of 0 and 100 per cent resistance. They
may not be accessible to the moving contact.

5. Total resistance is the resistance measured between terminals .

6. Total dectrical angle is the total shaft angle between terminals,
assuming that the terminals are accessible to the moving contact.

7. Brush angle is the angle between the terminal and the moving
contact measured in a clockwise direction as. viewed from the
shaft end of the unit.

8. Slope is the change of resistance caused by movement of the
contact through unit angle.

9. A straight-line resistance Junction is any function that satisfies the
equation R = kd, where R is the resistance between the terminal
and the contact at a brush angle of 6, and the slope k is a constant.
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10. Deviation is the plus or minus difference between the actual

resistance and the straight-line resistance function at any point,

expressed in per cent of the total resistance.

11. A ngular resolution is the minimum change in brush angle which
is necessary to produce a change in resistance. It is a measure
of the width of the steps of the fine structure of the resistance

curve.

12. Voltage resolution is the change in voltage from one step to the

next for unit voltage applied between terminals. An equivalent

quantity is resistance resolution^ which is the minimum change in

resistance per step as a fraction of the total resistance.

One school of thought has maintained that a mandrel with, say, 1000

turns of wire is capable of giving a resolution of much better than one

part in 1000. This idea is based on a theory of “partial contact^' which

assumes that the contact resistance between the moving contact and the

wire varies smoothly and continuously with contact pressure. As the

contact starts to leave one wire and climb up one side of the next, the resis-

tance is supposed to increase slowly between the first wire and the contact

and to decrease between the second wire and the contact, so that the

process of transferring from one wire to the next takes place as though

the gap between the wires were bridged by a continuous smooth resistive

film. Tests on an oscilloscope linearity tester have refuted this theory,

at least as to clean windings and contacts. With metallic surfaces the

circuit is either closed or open and no evidence has been found that

partial contact can occur. When the contact makes connection simul-

taneously with two wires it does short-circuit one turn and assumes a

potential intermediate between those of the two wires when the short

circuit is removed. This in effect doubles the number of steps and

increases the resolution of the winding, but it is not what is meant by

“partial contact.^' The effect of short-circuited turns is easily calcul-

able from circuit considerations.

The theory of partial contact may have some validity in the presence

of carbon or other materials which do change in resistance with varying

pressure. Tests on nonmetallic materials at the Radiation Laboratory

were confined to various grades of carbon and graphite brushes, and some

evidence for partial contact was found. The contact resistance was so

erratic, however, and varied so much with current and with speed of

brush movement that the results were not conclusive. Carbon brushes

are noisy and should only be used when extremely long life is required

and noise can be filtered. Commutation effects dependent upon such an

erratic phenomenon would be just as erratic and unpredictable, and the

effect must be considered unreliable as a means of increasing the resolution
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of a potentiometer for low-current conditions. In cases where the current

density at the contact surface is very high, however, this conclusion

may not hold.

Noise .—The noise generated by a wire-wound potentiometer is of

two types, vibrational noise and noise due to imperfect contact. Vib-

rational noise is due to the jumping of the contact away from the winding,

thereby opening the contact circuit. If reasonable care is taken in design-

ing the contact arm, this type of noise should never be produced by

external vibration, but in rotating the contact arm, the contact and its

supporting spring must constantly climb out of the notch between one

pair of wires and slide down into the next. If the arm is rotated too

rapidly the contact does not have time to follow the downward slopes

and contact is momentarily broken at each wire. The resulting noise

appears as “grass” on the oscilloscope linearity tester, and the individual

open circuits are often of such short duration that the time constant of

the deflection plate and a ^-megohm resistor is too long to permit the

spot to reach the edge of the pattern. When the brush speed is suffi-

ciently reduced this type of noise vanishes. The short lightweight con-

tact arm of the RL-270 series potentiometers has never given this sort of

trouble at reasonable speeds because of its short vibrational period.

Noise due to imperfect electrical contact is caused by some insulating

substance getting between the contact and the surface of the winding.

This material may be produced by the wear of the potentiometer itself

or it may be a foreign substance. Foreign matter is best excluded by

providing a dust-tight enclosure for the potentiometer. The exclusion of

dust and the protection of the winding from mechanical damage have

resulted in a decided preference for the totally enclosed type of potentiom-

eter. The accumulation on the contact path of products of wear is

minimized by the proper choice of contact form, pressure, and material,

by proper slip-ring and brush design, by the use of proper bearings, and

especially by avoiding the use of lubricant on the windings. No matter

what lubricant is chosen, its principal effect is to act as an adhesive that

retains noise-producing dirt particles on the contact path instead of per-

mitting them to fall to some portion of the potentiometer where they

will do no harm. The use of lubricant may decrease the wear of wind-

ings if inferior contacts are used, but the life becomes limited by the

development of excessive noise.

8*7. Other Characteristics.—Besides the linearity and noisiness of a

potentiometer certain other mechanical and electrical characteristics are

of importance. The conditions necessary for the production of a stable

and accurate winding were enumerated in Sec. 8T. Careful assembly and

extreme cleanliness were mentioned there but should be emphasized

again. Figure 8*17 shows linearity oscillograms of a unit in which various



Sec. 8-r] OTHER CHARACTERISTICS 269

errors of technique were intentionally made. Figure 8* 17a shows the

oscillogram of the unit as received; the linearity was ±0.10 per cent.

One of the card clamping screws was loosened, permitting the card to

slip slightly on the form, and the screw was retightened. As shown by
Fig. 8*176 the form of the deviation curve was changed, although the

Fig. 8*17.—Effects of incorrect assembly techniques.

over-all linearity remained the same. The card was then loosened and

displaced radially by l^he 80 per cent point. This simulated

the effect of a nonconcentric form, and resulted in an error of ±0.42

per cent, as in Fig. 8* 17c. Finally the card was removed and replaced,

the technician taking care to have his hands smeared with grease, dirt,

and brass filings, as would be the case in the average machine shop or

laboratory where no care is taken as to cleanliness. Brass filings were

visible on the surface of the winding before reassembly. After reassem-

bly, as shown by Fig. 8T7d, the deviation was ±0.19 per cent and seven

or eight short circuits were evident on the oscillogram.

Total Resistance—Th& total resistance of a potentiometer winding

depends upon the surface area of the winding form, the winding pitch,

and the resistivity of the wire. If small-diameter wire is used care must

be taken to maintain uniform tension on the wire throughout the winding

process. In the case of units intended for military use the minimum wire



270 POTENTIOMETERS [Sbc. 8-7

size is often limited by Service specifications. High-resistance alloys

other than those of the Nichrome family usually have comparatively poor

wear resistance and short life when used in potentiometers, although it

is possible that other suitable materials will become available in the

future. At the present time resistances up to 0.5 megohm can be

obtained in the large 5-in. potentiometers such as the RL-255 and General

Radio 433 types. The maximum resistance values for various types are

given in the tables at the end of this chapter.

Minimum total resistance is limited primarily by the requirements of

resolving power, which depends upon the winding pitch. Obtaining a

low resistance is seldom a serious problem since the potentiometer can

always be shunted with a fixed resistor unless it is necessary to work

into a low impedance, and in such cases it is often possible to redesign

the circuit to permit using a higher value of resistance.

Dissipation Rating .—The maximum
power dissipation of a potentiometer winding

is usually limited by the maximum permis-

sible operating temperature, which is 105°C

for most materials used in potentiometer

construction. Power ratings are given for

most of the units listed in the tables below.

A curve of permissible power input vs.

ambient temperature is given for the RL-270

potentiometer in Fig. 8*18. Temperatures

were obtained from a thermocouple in a hole

drilled in one end of the -copper-wire man-
drel. The determination of the hot-spot

temperature of windings on nonmetallic mandrels is a matter of consider-

able difficulty, although the average temperature may be determined

from resistance measurements if the wire has a sufficiently large tempera-

ture coefficient of resistance. Such a determination would ordinarily

entail very precise resistance measurements.

The power-handling ability of a potentiometer may also be limited

by the permissible change in resistance if the circuit conditions call for

an accurate value of total resistance and if the temperature coefficient of

the winding is high.

The power-dissipation rating of a potentiometer is not usually a

serious limitation to its use. Excessive ambient temperatures may force

the unit to be derated, and ambient temperatures over 100°C would be

impractical for units of ordinary construction. At the other end of the

scale, low temperatures may cause trouble either through excessive

change of total resistance or through increased torque requirements due
to congealed bearing lubricant.

Ambient temperature in

degrees centigrade

Fi<j. 8*18.—Power dissipation of

type EL-270 potentiometer.
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Torque Requirements ,—The torque requirements of commercial

potentiometers vary over a considerable range but are of the order of a

few inch-ounces for most units. Torques of a few thousandths in.-oz,

will operate the tiny units produced by the G. M. Giannini Company
and listed in the tables; large units with long contact arms, heavy con-

tact pressures, and poor bearings will require more torque than the

average. It may he stated that the torque requirements of the average

inexpensive wire-wound potentiometer are excessive, due principally to

poor bearings and poorly designed contacts and contact arms. The use

of either ball or powdered-metal antifriction bearings and the substitution

of better contacts will greatly decrease the torque and improve the

characteristics of the average potentiometer.

8*8. Test Methods and Equipment.—The potentiometer develop-

ment work of the Eadiation Laboratory involved such a volume of time-

consuming measurements and tests that it was necessary to construct a

number of automatic and semiautomatic testing devices. The more

important test techniques and pieces of test equipment will be briefly

described in this section.

Linearity Tests .—All methods of testing linearity are based eventually

on a series of point measurements. These point measurements may be

made either as resistance measurements or as volt-

age-ratio measurements. The latter are preferable

since they eliminate the effects of thermal changes

in resistance and of contact potentials, and involve

less calculation than the resistance-measurement

method. Voltage-ratio measurements were made
by a null method shown schematically in Fig. 8T9.

The standard used was a potential divider of the

Kelvin-Varley slide type, with three decades of

eleven resistors each and a slidewire. The null

indicator was a vacuum-tube voltmeter of special

design, based on a circuit by Roberts,^ An accu-

rate protractor coupled to the shaft of the unit

under test is used for angular measurements. A
push-button decade attenuator was used for con-

venience in approaching the null point. A sufficient

d-c voltage was applied to the circuit to give an

easily detectable voltage for the smallest per cent error to be measured.

A photograph of the whole assembly is shown in Fig. 8*20.

Voltage-ratio measurements of low-resistance units were made at 60

cps, using an oscilloscope as a null indicator. The use of low frequency

SShepard Roberts, “k Feedback Micro-niicroammeter/^ R(w. Set. Instruments,

10, 181-183, June 1939.

Potentiometer
under test

Fig. 8-19.—Bawic
cii'cuit for ratio rneas-

uromerits.
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minimized errors due to stray capacitance and permitted measurements

of almost four-place accuracy. It had the disadvantage that the null

was somewhat obscured by the slight residual phase shift. A low-resist-

ance voltage divider would probably result in considerable improvement.

The linearity figure derived from point measurements is a compromise
between independent and terminal linearity. The straight-line function

from which the deviations are determined is based upon two measured
points near the ends of the winding. The actual end points are avoided

because the contact may have touched the riser, or the contact arm may
have been sprung slightly upon touching the stop. The sum of the

Fig. 8-20.—Point-measurement linearity tost aHHeml>ly.

maximum plus and the maximum ‘minus deviations divided by two
gives the linearity figure for the potentiometer. The acceptance of the
two measured points near the ends of the winding as defining the straight-
line function avoids the more complicated calculations necessary to
convert the figures to a true independent linearity calculation in which
the maximum plus and maximum minus deviations are equal in magni-
tude and there are at least two separated points at which the deviation
is either the maximum plus or the maximum minus.

Continuous-comparison Linearity Measurements,— The time-consum-
ing nature of point measurements and the fact that they yield no informa-
tion as to deviations between the measured points made necessary the
development of a continuous-comparison method. In its earliest form
this method employed a master potentiometer of the continuously wound
mandrel type coupled directly to the unit under test. A known voltage
was applied to the unit under test and to the portion of the master
potentiometer that was used. The two potentiometers were rotated
together and the vacuum-tube-voltmeter needle was observed to deter-
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mine the errors. The time constant of the meter was too great to permit

a good picture of the nature of the error curve. This method was quicker

than the point method, however, and did give a continuous and more or

less repeatable check. A redesign of the method employing a new and

much more accurate master potentiometer and cathode-ray-tube pre-

sentation of the error signal resulted in a practically perfect method for

the purpose. The error-voltage vs. brush-angle trace presented on the

long-persistance P7 screen of the oscilloscope makes accurate readings of

the linearity easy. The entire picture of the behavior of the potentiom-

eter is presented to the operator, and nothing is left to chance or memory.

The CRT picture also gives much information about the potentiometer

beside its linearity. A permanent record may be made by photographing

the CRT trace with a standard 35-mm oscilloscope camera. A photo-

graph of the entire assembly of equipment for continuous linearity testing

is shown in Fig. 8*21.

Fig. 8*21.- Continuous Unoarity testing assembly.

A comparison of the results obtained by the point method and the

continuous-comparison method is of interest. Table 8-2 gives the results

of measurements on a particular potentiometer and the computed

“terminal” linearity, independent linearity, and compromise linearity.

Figure 8-22 shows the curve obtained on the same unit with the compari-

son linearity tester.

The figures for terminal linearity in Table 8-2 illustrate the difficulty

of determining the position of the “real” terminal.- The same decade

ratio was obtained for all brush angles between 239°9' and 238°45'.

This was the lowest ratio obtainable but was not zero because of the
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Table 8-2.—Typical Point-measurement Linearity Test

Laboratory

data

“Terminal”
linearity

Independent

linearity

Compromise
linearity

Protrac- Decade Calcii- Per cent Calcu- Per cent Calcu- Per cent

tor angle ratio ]Lated ratio deviation ]Lated ratio deviation ]Lated ratio deviation

239"9'

238°45'

238°57'

0.0010

0.0010

0.0010 0.0010 0,0024 0.14
230° 0.0312 0.0308 0.04 0.0322 0.10 0.0312
220° 0.0644 0.0642 0.02 0.0656 0.12 0.0645 0.01

210° 0.0976 0.0975 0.01 0.0989 0.13 0.0979 0.03
200° 0.1310 0.1309 0.01 0.1323 0.13 0.1312 0.02
190° 0.1644 0.1642 0.02 0.1656 0.12 0.1646 0.02
180° 0.1984 0.1976 0.08 0.1990 0.06 0.1979 0.05
170° 0.2312 ! 0.2309 0.03 0.2323 0.11 0.2312 0.00
160° 0.2652 0.2642 i 0.10 0,2656 0.04 0.2646 0.06
150° 1 0.2986 0.2976 0.10 0.2990 0.04 0.2979 0.07
140° 0.3327 0.3309 0.18 0.3323 0,04 0.3313 0.14
130° 0.3661 0.3643 0.18 0.3657 0.04 0.3646 0.15
120° 0.4004 0.3976 0.28 0.3990 0.14 0.3980 0.24
110° 0.4336 0.4309 0.27 0.4323 0.13 0.4313 0.23
100° 0.4666 0.4643 0.23 0.4657 0.09 0.4646 0.20
90° 0.5003 0.4976 0.27 0.4990 0.13 0.4980 0.23
80° 0.5338 0.5310 0.28 0.5324 0.14 0.5313 0.25
70° 0.5668 0.5643 0.25 0.5657 0.11 0.5647 0.21
60° 0.5999 0.5977 0.22 0.5991 0.08 0.5980 0.19
50° 0.6334 0.6310 0.24 0.6324 0.10 0.6313 0.21
40° 0.6670 0.6643 0.27 0.6657 • 0.13 0.6647 0.23
30° 0.7004 0.6977 0.27 0.6991 0.13 0.6980 0.24
20° 0.7333 0.7310 0.23 0.7324 0.09 0.7314 0.19
10° 0.7667 0.7644 0.23 0.7658 0.09 • 0.7647 0.20
0° 0.7991 0.7977 0.14 0.7991 0.00 0.7981 0.10

350° 0.8322 0.8311 0.11 0.9325 0.03 0.8314 0.08
340° 0.8654 0.8644 0.10 0,8658 0.04 0.8647 0.07
330° 0.8985 0.8977 0.08 0.8991 0.06 0.8981 0.04
320° 0.9310 0.9311 0.01 0.9325 0.15 0.9314 0.04
310° 0.9649 0.9644 0.05 0.9658 0.09 0.9648 0.01
300° 0.9981 0.9978 0.03 0.9992 0.11 0.9981 0.00
299°27' 0.9996 0.9996 0,00 1.0010 0.14
299 °39'

299°12'

0.9996

0.9996

....

resistance from the first wire of the winding out to the terminal connec-

tion. The construction of the contact and winding were such that a

setting half way between these two angles would not place the contact

directly above the first wire, as shown in Fig. 8-23. In the calculations

of Table 8-2 the half-way point was assumed to correspond to the mini-



Ful. S>22.-” Linoarity tost oscilloffram of unit of Table 8-2.

the oscillogram of Fig. 8-22. The accuracy of the decade voltage divider

used for the point method was about ±().()01 per cent. The master

potentiometer usexi in the comparison tests was accurate to about ±0.03

per cent when checked at 48 points against

the voltage divider. The oscillogram dis-
| \ ^

^

closes a cyclic error of about 0.06 per cent ’ ^
spread due to a mechanical error in the ^ \
winding machine used in making the test / , \ \

potentiometer.
/ \ w /

Further DmdopmeMts .—Linearity and
^ ; /

accuracy testers employingCRT presenta- \^ OOOO
tion of error data give very satisfactory —

^

——

-

results. 1. 0 gam the full benefit of the terminal position,

method the master potentiometer must

have sufficient accuracy and resolution, and it requires much time and

effort to construct a suitable master. Improvements are also desirable in

the electronic portions of the equipment. One uncompleted effort in this

8*23.—Method of defining

terminal position.

Sec. 8-8] TEST METHODS AND EQUIPMENT 275

mum voltage ratio 0.0010 in spite of the resulting error, and a similar

procedure was used at the other end of the winding. These points

corresponded to apparent errors of about —0.15 per cent at each end of
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direction was a linearity tester for potentiometers with resistances to 10

ohms, which was under development at the time of the termination of

the Radiation Laboratory. This tester was to apply 400 to 500 cps a-c

to the unit under test and to operate the vertical error amplifier entirely

on alternating current with a negative pip applied to the CRT cathode to

brighten the tube momentarily at the appropriate time in each cycle.

Sufiicient experimental work was done before termination to demon-

strate that the plan was feasible and that a few more weeks’ work would

permit turning a design over to the shop for construction.

8*9. Commercial Potentiometers.—This section will describe a

number of the commercial precision potentiometers that are available on

the market. At the time of writing it is not known whether all of the

types enumerated here will continue to be manufactured, and it is known
that at least one of the companies that has been producing potentiometers

during the war does not intend to continue this production. It is to be

expected, however, that any such losses will be made up by other com-

panies, and that the list of available types will increase rather than

diminish. The lists of types in this section are by no means complete,

but include most of the types with which the Radiation Laboratory was

concerned. Various companies other than those listed here manufac-

tured potentiometers for use in equipment of their own manufacture, and

may make certain of their units generally available in the future. It is

believed, however, that the lists given here do include a fair sample of

currently available types.

Fig. 8*24.—Helipot construction.

Standard Linear Potentiometers .
—^The potentiometers listed in Table

8*3 are all of the type in which a single brush makes contact with a

terminated winding that has a constant resistance per unit angle. Most
of the potentiometers of table 8*3 employ card-type resistance elements

and have operating angles of 270 to 300"^. The Micropots and Helipots

are multiturn units employing Kohlrausch resistance elements: Fig. 8*24
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shows the construction of a standard Helipot. The RL-270 series also
use Kohlrausch windings but have only a single turn. The shaft rotation
is limited by stops in nearly all potentiometers, but a few, such as the
RIj-270 s, use an insulating bridge that permits continuous rotation; the

Upper bearing plate

Resistance coil

0.020 DPaliney No. 7 contact I / _Winding terminal pins

Contact spring

Brush arm

Brush terminal

Cover

Coin-silver slip-ring

Winding terminals

Bridge

Oilite bearing

Slip-ring brush

Lower bearing plate

Lower casing

Upper casing

Slip-ring brush mount Stainless-steel shaft

Fig. 8-25.**" -llXi-270 potentiometer construction.

Fig. 8*26.-—I')o.Jur No. 12 potentiometer with Paliney contact.

contact rides off the end of the winding onto the bridge and then off

the bridge onto the other end of the winding. This bridge is shown in

the drawing of the RI.i-270 in Fig. 8*25.

Most standard linear potentiometers, such as the various models ma e

by DeJur, General Radio, and most of the Muter models, use wound-card



8-3,

—

Standard

Linear

Potentiometers
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resistance elements secured to the outside of a cylindrical molded plastic

form. Table 8*3 gives the principal characteristics of a number of these

units, and Figs. 8-25 through 8*28 show four typical units.

Fig. 8-28.—General Radio Type 371A potentiometer

Bing Poieniiowefers—There are many applications,
transmission, for which it is desirable to use a potentiome
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able of continuous rotation but that does not have the discontinuous out-

put characteristic of a standard potentiometer with a bridge, such as the

RL-270. For these applications a ring potentiometer is commonly used.

This is a potentiometer with a continuous winding on a toroidal mandrel,

Fig. 8-29.—Muter Type 433A potentiometer.

Fi,a. 8'30.~ -Giannini Microtorque potentiometer, Type A.

tapped at appropriate points. For angular data transmission to a d~c

Selsyn or to a matching potentiometer and servo system it is customary

to tap the winding at three points 120° apart and to use two brushes

180° apart, as in the d-c Selsyn system shown in Fig. 1043. Potentiom-

eters of this type are shown in Figs. 8-30 and 8*31.



282 POTENTIOMETERS [Sec. 8-9

For other applications it may be desirable to use other arrangements of

taps and brushes. Certain types of radar indicators, for example, use two

taps 180° apart and two brushes also 180° apart. If the potentiometer

output works into a high impedance such as the plates of an electrostatic

Fig. 8*31.—Ohmite ring potentiometer, model DR- 125.

CRT the winding should be linear in order to obtain a linear relationship

between output voltage and shaft angle. If the potentiometer feeds

current to the deflection coil of an electromagnetic CRT a different

characteristic is required. The RL-B potentiometer was given a ^^hump-

backed’’ characteristic by using a stepped mandrel in order to compensate

Fig. 8*32.—RL-B potentiometer.
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CTS

means

Chicago

Telephone

Supply

Co.;

G

means

Gamewell

Co.

All

units

similar

mechanically:

have

Oilite

bearings

and

J-in.

stainless

steel

shafts.

Weighte

run

from

14

to

14.5

oz.

G.

M.

Giannini

and

Co.

also

make

a

ring

potentiometer,

type

A,

similar

to

the

types

B
and

C
of

Table

8-3,

but

with

continuous

rota-

tion,

2

brushes

at

1^°,

and

3
taps

at

120°.
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for the droop caused by the output current. The original RL-B sired a
large family of variant forms, some of which are listed in Table 8*4;

An RL-B potentiometer is shown in Fig. 8-32.

Sine-cosine Potentiometers .—For many applications, particularly for

radar PPI displays and for various types of computers, potentiometers
are required which give outputs proportional to the sine or cosine of the

Brass shank to which

alloy is fused

Brass contact

arm

Watertight gasket

Resistance wire,

wound linearly on
bowed bakelite card

90® fixed contact arm

Mounting lug

Turn of wire

which is tangent
to brush circle

Lever for moving
main contact

arm by hand

Brush circle, i. e., path

traversed on the wire-wound

card by the main contact brush

Highly polished

hemispherical head

of Pt-Ru alloy

DETAIL OF.CONTACT BRUSH

,Cable connector

0° fixed contact arm

Metal cover
shown removed

Mounting

Mechanical stops _

to limit angle of rotation

of main contact arm

Flexible "pigtail'

connection to main
contact arm

Wire on back of card
is kept taut by

bowed bakelite card

Fig. 8*33. IlL-204 potentiometer construction.

Minus 10*^

fixed contact

arm

M^in contact

brush

(moving

contact)

See detail

above

Main contact arm
(moving arm), essentially

rigid. Flexing of the arm occurs
at a hinge near the shaft of the

potentiometer. "Hinge" is essentially

the same in brush-arm of RL-11

Mechanical stop which prevents main
contact arrn from vibrating with too great

an amplitude if the potentiometer is

subjected to severe vibration

brush angle. The RL-11 potentiometer, which gives both sine and
cosine outputs, was shown in Fig. 8-16; a more specialized type, the
RL-204, which was never produced in large numbers, is shown in Fig.
8-33. The sine potentiometers which were most extensively used by the
Radiation Laboratory were those made by the F. W. Sickles Company
the RL-llC and the RL-14, shown in Figs. 8-34 and 8-35. Both are
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flush-mounting flanged rotating-card types with four brushes and ball
bearings. The RL-llC is 2-^ in. in diameter by l-j-| in. deep, with a
j^^in. shaft, and weighs 4|- oz. Its torque is ^ in-oz, its total resistance

Fig. 8*34.—RL-llC potentiometer.

Fig. 8*35.—.HL-14 potentiometer.

16,000 ohms ± 10 per cent, its angular accuracy ±0.35*^, and the radial

accuracy of the brush positions ±0.4 per cent. The RL-14 is a larger

unit with carbon brushes for long life (although at a sacrifice of accuracy
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and noise characteristics), a diameter of 4f in., a depth of 4x\ in., a

weight of 29 oz, and a i-in. shaft. Its total resistance is 34,000 ohms

±10 per cent, angular accuracy 0.5°, and radial accuracy 0.65 per cent.

The RL-14MS is similar except that it uses Paliney brushes and has a

35,000-ohm total resistance. Its angular accuracy is 0.35° and its radial

accuracy is 0.4 per cent. The dissipation rating of the RL-llC is 1|-

watts and of the RL-14, 3^ watts.

Nonlinear Potentiometers.—Nonlinear potentiometers are ordinarily

designed for each particular application, and therefore are not listed by

model number in ordinary catalogues. Several manufacturers will make
up such units to order, and should be consulted as to the practicability of

fitting the particular curve desired. The General Radio Company has

made various types, using the 371 and 433 frames, and the Fairchild

Camera and Instrument Corporation has recently announced a line of

nonlinear potentiometers with a diameter of If in. and a maximum
resistance (for a linear unit) of 100,000 ohms. The Fairchild units can

be ganged on a common shaft. The electrical rotation can be as large

as 310°, and the mechanical rotation can be either continuous or limited

by stops. Fairchild guarantees to fit a given curve (within necessary

limitations of slope and curvature) within 1 per cent.

Manufacturers of Potentiometers and Compone7its.—The following list

of manufacturers of potentiometers and potentiometer components
includes only those firms with which the Radiation Laboratory potentiom-

eter group had extensive experience. Other sources of supply of the

items mentioned will undoubtedly be found equally suitable.

Pkecision Commercial Potentiometer Manufacturers

Chicago Telephone Supply Co.*

1 142 W. Beardsley Ave.

Elkhart, Ind.

DeJur-Amsco Corporation

Northern Blvd. at 45th St.

Long Island City 1, N. Y.

Cinema Engineering Co.

1508 West Verdugo Avenue
Burbank, Calif.

Fairchild Camera and Instrument (Cor-

poration

475 Tenth Avenue
New York 18, N. Y.

Gamewell Co., The
Chestnut Street

Newton Upper Palls, Mass.

General Electric Company
Schenectady 5, N. Y.

G. M. Giannini & Co., Inc,

285 W. Colorado St.

Pasadena 1, Calif.

General Electric Company
West Lynn, Mass.

General Radio Company
275 Massachusetts Avenue
Cambridge 39, Mass.

Thomas B. Gibbs Co.

Div. of George W. Borg Corp,
814 Michigan St.

Delavan, Wis. *

’•5 Note: As of 1947, it is understood that both CTS and Sickles have discontinued the manufacture
of potentiometers.
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Helipot Corporation

1011 Mission St.

So. Pasadena, Calif.

Minneapolis-Honeywell B.egulator Co.
2753 Fourth Ave. S.,

Minneapolis, Minn.

Leeds and Northrup Co.

4970 Stenton Ave.

Philadelphia 44, Pa.

The Muter Company
1255 South Michigan Avenue
Chicago, 111.

F. W. Sickles Co.*

165 Front St.

Chicopee, Mass.

Contact Material Manufacturers

Baker and Company, Inc.

113 Astor Street

Newark 5, N. J.

The International Nickel Company, Inc.

67 Wall Street

New York, N. Y.

The J. M. Ney Company
71 Elm Street

Hartford, Conn.

Instrument Specialties Company Inc
Little Falls, N. J.

P. R. Mallory and Co., Inc.

3029 E. Washington St.

Indianapolis 6, Ind.

The H. A. Wilson Company
105 Chestnut Street

Newark 5, N. J.

Resistance Wire Manufacturers

I)river-Harris Company
201 Middlesex St.

Harrison, N. J.

Hoskins Manufactu ring ('on
i
pany

4445 Lawton Avenue
Detroit, Mich.

Wilbur B. Driver Company
150 Riverside Avenue
Newark 4, N. J.

The C. 0. Jelliff Mfg. Corporation
200 Pequot Ave.

Southport, Conn.

North American Philips Company, Inc.

100 East 42nd Street

New York 17, N. Y.

Special Resistance Wire Coatings

General Electric Company
Schenectady, N. Y.

Phelps Dodge Copper Products Corpora-

tion

Ft. Wayne, Ind.

or, 40 Wall St., New York, N. Y.

Potentiometer Varnish Manu facturer

Brooklyn Varnish Company
Division ^Vipe-On Corporation

105 Hudson Street

New Yoi'k, N. Y.

Buffing Wheel ani> Buffing Compound Manufacturers

Bacon Felt Company Hanson, Van Winkle, Munning Co.

Winchester, Mass. Matawan, N. J.

* See footnote on opposite page

.



CHAPTER 9

SPECIAL VARIABLE CONDENSERS

By E. a. Holmes, III

94. Phase-shifting Condensers.—The phase-shifting condensers
described in this section were primarily intended for the accurate
measurement of time intervals in radar systems. The technique used
consists of allowing the transmitted pulse to initiate a train of oscillations
of known frequency, or of allowing a continuous train of sinusoidal
oscillations to initiate the transmitted pulse at the desired instants. The
zero-voltage points of either set of these oscillations then constitute a
series of accurate time marks. The time measurements can be made con-
tinuous by shifting the phase of the oscillations and causing a marker pip
to follow a particular zero-voltage point. If the oscillation is shifted in
phase by 360°, the resulting wave is indistinguishable from the unshifted
wave, but the marker will have moved in time an amount corresponding
to 1 cycle of the oscillation. A further shift causes the marker to move
a proportional amount farther. The phase shift necessary to make the
marker coincide with an echo of the transmitted pulse is then a measure

of the time delay of the echo and thus of the
distance to the echo-producing object. De-
tails of the circuits and techniques useful for
this form of time measurement will be found
in Vol. 20, Chaps. 8 and 9 of the Radiation
Laboratory Series.

The design and construction of the con-
densers used in shifting the phase of such
pulsed or continuous oscillations will form
the subject matter of this section. These
condensers are by no means useful for this
specific purpose alone, but since they wei'e

so designed and used, the information given is taken from calculations
and experiments for this use. Most of the data, design information, and
results are from the work of G. R. Gamertsfelder.

i

The method of shifting the phase of the oscillations consists of splitting
the original oscillation into four separate phases 90° apart by means of

uT
Continuous-type Condenser Phase Shifter,”RL Report No. 633, Dec. 6, 1944.

'

Fig. 9*1.—Schematic diagram of
phase-shifting condenser.

288
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resistance-capacitance bridges or other phase-shifting devices and recom-

bining these phases in the proper proportions in a capacitance mixer to

give a resultant of any desired phase. Specifically, consider Fig. 9*1 in

which

El = E sin cot,

E 2 = —E cos cct, Qx

Ez — —E sin oot,

Ei = E cos o)t

The voltages Ei, E 2 , Ez, and E^ are of equal magnitude and are 90°

apart in phase.

Let

Cl = Z) H" G cos

C2 = D 4* C sin <!>,

Cz = D - Geos 0, (2)

Ca = D — G sin ct>,

where D and G are constants (D ^ G) and <!> is the angular position of

the shaft. Equating to zero the sum of the currents flowing to point 0
gives the equation

{El — Eo)jooCi + {E% — Eo)jcoC2 + (^3 ““ Eo)jo)Cz

+ {Ei Eo)jo}CA — == 0
, (3 )

which yields Eq. (4) upon substituting the values of the E^s and C’s

from Eqs. (1) and (2):

Eo
2EG

(sin (at cos (t>
— cos cot sin <

5
^>)

or

„ 2EG • / . j.\Eo = j— sm (&)< — <j}).

iD +
jwZ

(4)

Thus the input voltages are attenuated by the factor
20

and

the phase shift is proportional to <#>.

There are two condensers (the Cardwell KS-8534 and the Western
Electric D-150734:) available for 4-phase phase-shifting of this type and
a third (the P. J. Nilsen Model 301) for a 3-phase input. Figures 9-2

through 9*5 show the external appearance and the construction of these
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condensers. The Western Electric and Nilsen units have the advantages

of compactness, complete shielding, higher impedance, and absence of

rotary contacts and have therefore been more generally used. The con-

struction of the Western Electric condenser is shown schematically in

Fig. 9-2.—Cardwell KS-8534 condenser.

0 in. 1 2 3 4 5 6
! J L., ! I

Yig. 9*3.—Cardwell condenser disassembled.

Fig. 9-6; the Nilsen condenser is of the same general construction except
that. its top plate is divided into three instead of four equal sectors. The
variation of capacitance is produced in both units by the rotation of an
eccentric Mycalex plate between the sectoral and the circular electrodes,

the shapes of the eccentrics being different in the two cases. ^ It happens



Fig. 9’4a.—Western Electric condenser
Fig. 9-46.—Nilsen condenser.

Fig. 9-5.—Western Electric and Nilson condensers disassembled.
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that the theoretically correct shape for a four-electrode condenser is

almost a perfect circle, and in the interests of simplifying manufacture,
the Western Electric rotor was made circular.

Performance of a Circular Rotor ,—The polar equation for a circle of

gram of 4-phase condenser. R, eccentric
dielectric rotor; Si, S 2

, Ss, Si, input sectors;
So, output stator ring.

radius a whose center is at a dis-

tance h from the origin is

p = 6 cos 0

•+ \/a2 — 52 gjj^2 (^5)

From Fig. 9*7 the area common
to this circle and to a quadrant

Fig. 9’7. Geometry of circular rotor.

POQ whose bisector OR makes an angle 4 with the direction Oy is
given by

(6)

When the value for p is substituted from Eq. (5),

^ ^ J r cos^ e + a^-h^ sin2 e + 2b cos 6 sin* d) dO. (7)
4

The first three terms of this equation can be integrated directly. The
fourth may be transformed into a series that converges sufficiently rapidly
0 permit the omission of terms in sin 6 of powers higher than the third
without appreciable error. After thus integrating and rearranging
terms, Eq. (7) becomes

= s b
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A
cos <t>

V2
+ cos 2<j) + k^ cos 30'

6 V2 J'

(8 )

where k — h/a. This equation is of the form

Cl = D G cos (j) F cos 20 -f- N cos 30 (8a)

For the Western Electric condenser, k = 0.53; hence the equation

becomes

Cl = ^ (1.57 + 1.55 cos + 0.28 cos 2 <#. + 0.018 cos 30). (9)

The effect that a circular rotor has on the accuracy of phase shift

may be found by substituting the values of the from Eqs. ( 1 ) and of

the C^s from Eqs. (
2 ) in Eq. (3), which yields after rearrangement,

2E [sin o)t{G cos <!> + N cos 30) cos 03t{G sm<t> — N sin 30)]

= Eo(4D+j^- ( 10 )

It should be noted that this expression contains no terms in 20 .

Let

G cos 0 + cos 30 = >S cos 7 ( 11a)

and

G sin 0 -- AT sin 30 = sin 7 (116)

where 7 represents the angle of phase shift of Eo in the expression

Eo = 2ES sin (oi)t — 7)

(12)

From Eq. ( 11 ) it can be shown that

N N
sin (0 — 7 )

= cos 30 sin 7 + ^ sin 30 cos 7 . (13)

Since 0 — 7 will be small,

N
0 — 7 ^ sin 40. (14)

Thus the error 0 — 7 is of period 'ir/2 and has an amplitude of N/G
radians. From Eq. (9) it can be seen that N/G = 0.018/1.55 = 0.0116,

and the maximum error is therefore about 0.7®,

A rotor constructed according to the polar equation,

p = -a/L + M cos 6, (15)
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the latter the plates are molded into place and finish-machined after

molding.

The stator plates of the Nilsen condenser are alike except that the

plate that is to form the sectors has three input lead pins brazed to its

back whereas the output ring has only one. These rings are provided

with undercut grooves on their backs to provide a good grip for the

polystyrene, which is held to the case by flowing out into three counter-

Frequency in cps

Fig. 9*9.—Attenuation with Western Electric condenser. Upper curve: load resistance

1.0® ohms, shunt capacitance 11 jujuf. Lower curve: load resistance 10'^ ohms, shunt capaci-

tance 1

sunk holes that also serve to carry the leads. The semifinished case and

ring are placed in a die and the molding operation is performed, making

case, insulation, and stator electrode a single solid mechanical unit.

After it is molded, the assembly is placed in a lathe, and all interior

and mating surfaces are finished in a single setup. This process ensures

that the mating surfaces marked a in Fig. 9T0 will be truly concentric

with the bushing bore and with the inner and outer surfaces of the

electrodes, and that the electrode surfaces will be plane, correctly spaced,

at right angles to the axis, and parallel with the mating surfaces h. The

final operation in the case of the half that bears the sectors is to set it up

bn a rotary table and to mill three radial slots that cut the ring into

three 120° sectors. The technique of machining all important dimensions

in a single setup produces a unit with excellent over-all dimensional

accuracy without having to hold extremely close dimensions on the
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*

The load impedance of the fcdndenser, including the capacitance of its

output plate to ground, is Z, . It can be written

>

Z = ^

^

, (25)

i+jco(C + C')

where C' is the output capacitance of the phase shifter, and R and C are

the parallel input resistance and capacitance of the amplifier that follows

the phase shifter. Thus ^

2G 2G

-1J(iD + c + cy + J^,

1
ZG ZG

6I> + 2(c + C'+j^) ^(6D + 20 + 2Cr +^

(26)

(27)

for the two cases. For the Western Electric condenser 0 = 0.75 fxfxl,

D = 1.5 jLt/if, and C' == 12.7 ju/xf. The corresponding quantities for the

Nilsen condenser have not been measured, but it is known that their

respective values are only slightly greater than those for the Western

Electric condenser.

In Fig. 9*9 the reciprocal of the attenuation factor for the Western
Electric condenser has been plotted as a function of frequency for two
sets of values of R and (7. The attenuation is less when the 3-phase

condenser is used. By using a cathode follower after the phase shifter

it should be possible to work at frequencies as low as 100 cps.

Accuracy of Phase Shift .—Sufficient data are not available to specify

accuracy in terms of phase shift vs. shaft angle for any of the condensers

described here. It is known that the Western Electric condenser can be

relied upon to shift the phase of the output voltage to within 2®, and
the Nilsen condenser to within 1° of the position of the rotor. Although
the variation of capacitance of any one element of the Western Electric

condenser is only approximately a sine function, when the condenser is

used as described above the errors of opposite pairs of elements very

nearly cancel, and the net effect is therefore close to that of a true sine

condenser.

Mechanical Design of Western Electric and Nilsen Condensers .—The
design and construction of the Western Electric condenser are similar to

those of the Nilsen unit, the principal difference being that in the former

the stator plates are made separately and screwed in place, whereas in
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the latter the plates are molded into place and finish-machined after
molding.

The stator plates of the Nilsen condenser are alike except that the
plate that is to form the sectors has three input lead pins brazed to its

back whereas the output ring has only one. These rings are provided
with undercut grooves on their backs to provide a good grip for the
polystyrene, which is held to the case by flowing out into three counter-

Fia. 9*9.—-Attenuation with Western Electric condenser. Upper curve: load resistance

lO® ohms, shunt capacitance 11 ju/xf. Lower curve: load resistance 10^ ohms, shunt capaci-

fca-mce 1 ju/xf*

sunk holes that also serve to carry the leads. The semifinished case and

ring are placed in a die and the molding operation is performed, making

case, insulation, and stator electrode a single solid mechanical unit.

After it is molded, the assembly is placed in a lathe, and all interior

and mating surfaces arc finished in a single setup. This process ensures

hhat the mating surfaces marked a in Fig. 9*10 will be truly concentric

with the bushing bore and with the inner and outer surfaces of the

electrodes, and that the electrode surfaces will be plane, correctly spaced,

at right angles to tlie axis, and parallel with the mating surfaces b. The

final operation in the case of the half that bears the sectors is to set it up

“on a rotary table and to mill three radial slots that cut the ring into

bhree 120° sectors. The technique of machining all important dimensions

in a single setup produces a unit with excellent over-all dimensional

accuracy without having to hold extremely close dimensions on the
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individual pieces, and without necessitating difficult or critical assembly
operations.

The Mycalex sheet from which the rotor is formed is surface-ground

on both sides to ensure flatness, parallelism, and smoothness of faces. It

is then blanked out, bored, assembled between two collars on the stainless-

steel shaft, and the edge is finish-machined to the shape shown in Fig. 9*8.

Fig. 9*10.—Nilsen condenser construction.

Both the Western Electric and the Nilsen condenser are compact,
dust-tight, reasonably immune to corrosion, and uniform in character-
istics, and both have proved satisfactory in the field. In operation the
rotors do not turn at speeds over a few revolutions per second, nor for

intervals of more than a few seconds, but their low torque and the use of

Oilite bushings would permit their operation at higher speeds if necessary.
9*2. “Sweep-scanning” Condensers.—The development of the so-

called “sweep-scanning” condensers was made necessary by the develop-
ment of radar antennas that permitted rapid continuous scanning with a
sharp beam. To take full advantage of the information furnished by
such an antenna it became necessary to devise a position-data-trans-
mitting device that would follow the antenna, and to choose repetition
rates that would be compatible with the geometry of the display. The
problem was complicated by the fact that the relation between the
position of the radar beam and that of the shaft controlling its motion
is not necessarily linear; therefore, a linear sawtooth sweep-voltage gen-
erator with only a synchronizing signal from the scanning shaft cannot
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ordinarily be used. Other devices such as potentiometers, rotary
inductors, etc. also have serious limitations, particularly when operated
at the high speeds necessary. A major disadvantage of devices using
nonlinear circuit elements is the impossibility of making static measure-
ments on the system in order to calibrate the position of the cathode-ray
beam in terms of the radar beam. The most satisfactory solution in
such cases has proved to be the use of capacitive voltage dividers with
the special condensers described in this section.

Figure 9-11 is a simplified block diagram showing the method of gen-

Fig. 9*1 1.—Generation of sweep-voltage wave.

erating sweep-voltage waves of arbitrary shapes by means of capacitive

voltage dividers. An oscillator generates a constant-amplitude voltage,

usually at a frequency of approximately 1 Mc/sec, which is amplitude-

modulated by the voltage divider. The modulated voltage is detected

and all frequencies except those necessary for satisfactory reproduction

of the modulation envelope are filtered out. The

envelope voltage is then passed through a gated

amplifier that removes all of the envelope wave

except the portions that are to be applied to the

cathode-ray tube as sweep voltages. Synchroniza-

tion of the motion of the cathode-ray beam and

the radar beam is assured by driving both the sweep

condenser of the voltage divider and the pulse-

producing device in the gating circuit from the

same shaft that drives the antenna rapid-scan

mechanism, either directly or by means of a suit-

able servomechanism.

Voltage-divider Circuits.—ll a constant a-c voltage Ei is impressed

across the circuit of Fig. 9*12, the output voltage E 2 across the condenser

C2 will be

Fig. 9*12.—Simple ca-

pacitive voltage divider.

Ei = El
Cl

Ci + Ci
= pEi (28)

If Ci (or Cl) is a variable condenser with plates suitably shaped and if

the motion of its shaft duplicates that of a radar beam, the output voltage
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E 2 may be used to generate sweep voltages for the radar indicator.

A simple analogue of this method would be the use of a constant d-c

voltage impressed on a potentiometer, the motion of whose arm duplicates

that of the beam.

Either C 2 or Ci or both can be made variable but it is preferable in

most cases to make C2 variable. Then Ci can be a small fixed condenser

whose stray capacitance to ground will be negligible. In this case, the

general equation for the capacitance of C2 in terms of the voltage ratio

p{9) will be

(29)

Here p(6) is a function of the angle 6 of the radar beam, which may or

may not be a linear function of the angle of the condenser shaft. If it

is not linear, the expression (29) must be modified by including the

appropriate function in the p{6).

Display systems using this method of precision data transmission

usually require one of two functions of p in terms of B. For accurate

mapping it is desirable to make

p(e) = a + hd.
,

(30)

In cases where the radar antenna as a whole is to be pointed at the target

it is desirable to have the central portion of the display greatly expanded

to permit accurate angular settings to be made, but the peripheral por-

tions compressed to include a sufficiently large angular range to facilitate

getting on target. In such cases (and also in others) a very useful

function is

p{6) — a + b sin B. (31)

In these two expressions b may be either positive or negative, but it is

always smaller than a. In Eq. (31) the sine may be replaced by a cosine

by a suitable shift of the zero value of The r-f voltages modulated

according to either Eq. (30) or Eq. (31), after rectification and filtering

and with their d-c bases shifted, give control voltages proportional to 6

and sin B respectively.

The substitution of Eqs. (30) and (31) in Eq. (29) gives, respectively,

and

Cl
1 a — bd

d bB

C2 = Cl
1 g — b sin ^

a + b sin B

(32)

(33)
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from which the plate shapes of C2 may be designed. If the mean value

of p is made ^ so that the mean value of Ca is equal to C 1 ,
these expressions

become, respectively,

and

Ca

Ca

^ 1 - 2he

C 1 ~ sm g

^ 1 + 2b sin e

(34)

(35)

The actual calculation of the plate shapes, once the law of variation of

capacitance with angle is established, depends upon a number of factors

and will not be discussed here, but several examples of actual condensers

will be given later in this section.

Tor rotor plates in the form of comparatively narrow blades, a suit-

able procedui’e is to design the stator plates on the assumption of infinitely

narrow rotor plates, then to correct the resulting curve for the finite

rotor-plate width, and finally to make the corrections for fringing (edge

effect). This method was used in the designs of Bendix OAl-74747-1

and OATl-97 130-1, as well as the Rauland CV-11. Analytical design

methods are excessively laborious except in special cases, and corrections

for fringing must usually be calculated graphically in any event. One

factor that considerably lessens the labor involved is that the absolute

value of the capacitance is relatively unimportant, because a constant

. factor can always be compensated for by changing Ci, and a capacitance-

variation cui-ve, corrected at comparatively few points and faired “by

eye,” will be sufficiently accurate for most purposes.

The input impedance of the simple voltage-divider circuit of Fig. 9-12

is a function both of the load impedance into which it works and of the

capacitance of da- For most operating conditions the load impedance

can be safely assumed to be infinite, but the variation of input capacitance

may result in both amplitude and frequency modulation of the oscillator.

For a modified Hartley oscillator such as is usually used as a driver, the

amplitude modulation can be reduced to a negligible amount by usmg a

plate tank circuit with a Q of 100 or more. Frequency modulation can

be reduced to 10 per cent or less by using a high-C tank; however, if

tuned r-f transformers are used in the sweep-geiierating circuit, even a

small frequency shift may cause excessive amplitude modulation with

consequent distortion of the sweep waveform.

One method of avoiding difficulties due to changing input impedance

is the tise of a pxish-piill voltage divider shown in Fig. 9 13. Here t e

admittance of the left-hand branch is given by

. CiCa (36)
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and a corresponding expression with the quantities primed applies to the
right-hand branch. If the input admittance is to remain constant.

dy ^ dy'

d6 dd (37)

Substituting the values for the y’s in this equation and rearranging gives

Cf dCi (7(2

(Cl -f- dd

dC,

(C( -t- ciy dd (38)

as the required expression. The condition for a balanced push-pull out
put voltage is

dEi dE'

dd

from which can be obtained

Cl dCj

(Cl + C2)2 dd

dd

C( ^
(C'l -|- C02 (Iff

(39)

(40)

The conditions of Eqs. (39) and (40) are identical if Ci = C{.
The principal objection to the use of push-pull dividers is the difficulty

of mechanically aligning the two variable condensers and of maintaining
this alignment in the field. The
problem is much less difficult,

however, if it is possible to use
straight-line-capacitance condens-
ers, which can be aligned by
small trimmer condensers in shunt
with the variable condensers.
Push-pull dividers have not been
much used.

It is sometimes possible to
compensate for nonlinear radar-

„„ 1 , , . ,
beam angle vs. scanning-shaft

angle charactenstics by a suitable choice of network parameters. An
example of .his method is furnished by the voltage-divider circuits fora radar set that employed two sharp oscillating fan beams. The azimuth

tffioS Tw ^“tenna

inH' +

^ ^ ’ respectively, were presented on theindicator tubes. The relations between beam-position and condenser-

sS™ lif
are

the^cir'^cui/Tr^^q m condenser inthe circuit of Fig. 9-15 would give an amplitude modulation of the

Fig. 9*13. Push-pull capacitive
divider.

voltage
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Shaft angle

Elevation in degrees

Shaft angle

Azimuth in degrees

Fig. 9‘14.—Beam position vs. shaft angle.

Bias adjusted so this

Fig. 9* 1, 5.“—Voltage dividern for Fig. 9- 14.

required form if the network parameters were chosen as given there.

The modulated output voltages are also shown symbolically in Fig. 9*15,

and the curves of output (d-c) voltage vs. condenser-shaft angle in Fig.

9T6. Comparison of these curves with those of Fig. 9T4 shows that the

R-f

peak

volts
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I’lo. 9-17.—Bendix OAL-74747-1 sweep condenser.
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approximations used are accurate, and the performance of this system

in the field has been very good.

Since the ranges of variation of the variable condensers used in the

two cases just discussed were chosen to be in the ratio of 2 to 1, and

since the condenser shaft was required to oscillate rapidly over a limited

angle because of the nature of the drive, it was found convenient to use

a condenser with a balanced rotor and two identical insulated stators,

Fiu. 9* IS." lUiuland CV-ll condenser.

and to ground the rotor through a spring “pigtail” instead of depending

upon friction contacts. For the azimuth system, which required the

larger capacitance variation, both stators were used, whereas only one

was connected in the elevation system. Identical condensers could

therefore be used in both systems. Figure 9-17 shows the construction

of this condenser.

Commercial Linear-sweep Condensers .—Besides the Bendix OAL-
74747-1 condenser, there are in production two other sweep condensers

that are intended to generate linear-sweep waves [according to Eq. (30)]

when used in the circuit of Fig. 9-12. These are the Rauland CV-11

and the Bendix OAR-97130-L The CV-11 is shown in Figs. 9T8 and

9-19, and the shapes of the rotor and stator plates of both are shown in

Fig. 9-20. The Bendix condenser is packaged similarly to the Rauland

unit and is like it in general construction but is somewhat shorter and

greater in diameter.

The actual construction of the Rauland condenser deserves some
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Fig. 9-19.—Construction of Rauland CV-11 condenser. (1) Hotising; (2) (>n<l platoa;

(3) stator-plate assembly; (4) stub steel driving shaft; (5) ceramic main shaft; (0) eoiintar-

weights; (7) rotor-plate assembly; (8) index marks for zeroing rotor; (9) slip ring; (ID)

solder connection from slip ring to stator plates; (11) brush; (12) bearing rotaiiun* i>lat©s;

(13) shims for longitudinal rotor position adjustment; (14) loading spring; (15) V)all ImaringK.

Rauland CV-11 Bendix OAH-97 130-1
Fig. 9'20.—Plate shapes of CV-11 and OAR-971 30-1 condensers.

comment because it represents good practice in the design of precision

equipment. In general the CV-11 conforms to the standard Navy
specifications as to material, workmanship, and resistance to tcmpc'ratnre
and humidity tests, salt-spray corrosion tests, vibration, shock, etc.
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The case of the unit consists of a heavy cast Monel-metal body to which

are screwed two cast end plates, also of Monel metal. The 17 stator

plates, of 0.040-in. planished Monel sheet, are mounted in grooves in six

mounting posts to which they are soldered after assembly. The stator

plate assembly is held concentric with the cylindrical body by an internal

ridge in the body, and is aligned longitudinally by being screwed to a

machined surface on the front end plate. The rotor-plate assembly is

similarly constructed, and is mounted on a ceramic shaft that also carries

a stub steel driving shaft, two counterweights, a bearing collar, and a

silver slip ring to which contact is made by a pair of silver-graphite

brushes mounted outside the front end plate. This method of mounting

the rotor plates on an insulating shaft is expensive but greatly improves

the performance of the unit by keeping the bearings, counterweights,

and stub shaft at ground potential and by making the rotor connection

through the brushes and slip ring instead of through the bearings. The
metal rotating parts are soldered to metalli^ied surfaces on the ceramic

shaft, and connection is made from the rotor-plate assembly to the slip

ring by solder fillings in radial and axial holes in the shaft, as shown

in Fig. 9*18. The light sheet-metal cover for the brush assembly

was a temporary arrangement; in a service model it would be replaced

by a heavier waterproof cover and all joints would be gasketed and

sealed. Both rotor- and stator-plate assemblies are aligned longi-

tudinally from the front end plate, and the rotor position is adjusted

by shimming the front bearing retainer plate. End play is removed

and differential expansion is allowed for by a loading spring under the

rear bearing.

Specifications for Linear-sweep Condensers ,—The dimensional and

performance specifications may be briefly summarized in the following

way. The condenser is to operate continuously in one direction to fur-

nish a capacitance variation that agrees with the specified curve (given

in Fig. 9*21 for both the CV-11 and the Bendix OAR-9713()-l units)

within ±i per cent for not less than 320° of a complete rotation and

that returns to its orginal value in not over 40° of a complete rotation.

The capacitance tolerance holds for all tests except the temperature test.

For the temperature test, the tempei*ature coefficient is to be not more

than 100 X lO^V^C. The condenser must operate satisfactorily over a

temperature range of —40° to +70°C, and in air of 95 per cent relative

humidity at 45°C. It must withstand the standard Navy salt-spray,

vibration, and shock tests. It must also withstand the continuous

application of 400 volts a-c at 60 cps at any of the above temperatures

and humidities, and the application of 1000 volts for 1 min immediately

after the humidity test. Within 30 min of the humidity test, its leakage

resistance must be not less than 10 megohms. The condenser must be

capable of continuous rotation for 10,000 hr at speeds up to 2000 rpm,



308 SPECIAL VARIABLE CONDENSERS [Sec. 9-2

0 40 80 120 160 200 240 280 320 360

Rotor angle in degrees

Flo. 9*21.—Capacitance vs. rotor angle.

and must withstand an accelerated life test of 1000 hr at 3000 rpm at 20°

to 30°C and 50 to 70 per cent relative humidity. The maximum allow-
able torque is 4 oz-in. at normal temperatures and 8 oz-in. after 8 hr at
-40°C.

The center-to-center spacing of the 17 rotor and 17 stator plates is to
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be 0.1C>0 ± 0.001 in., and the plates of each set are to be parallel within
0.00 h)tal indicator reading. The tolerances on the concentricity

between rotor-blade tips and stator-plate peripheries and on the parallel-

ism betw('eu rotor and stator plates are 0.002 in. max. Longitudinal

centering is to be done by setting the rotor in its maximum-capacitance

position and adjusting the rotor longitudinally for minimum capacitance.

No condensers have been put into production for the sinusoidal

characd-eristic of Eq. (31), but Fig. 9-22 gives the plate shapes for such a

conden*^cr. One reason that such condensers have not been made is that

the Cardwcdl .KS-8534 condenser of Sec. 9*1 is suitable for many such

applications; another is that synchros can often be used to generate

sinusoidal sweeps. Detailed information regarding the generation of

sweep waveforms of arbitrary shapes and their application to cathode-

ray tubers will be found in Vols. 19 and 22 of the Radiation Laboratory

Series.



CHAPTER 10

ROTARY INDUCTORS

Bt W. F. Goodell, Jii.

10*1. Introduction.—A rotary inductor, as the term is u.sed in this

chapter, is a device in which the coupling between one or inoj-p st ator

coils and one or more “rotor” coils can be varied by the rotation of a

shaft. In certain forms of rotary inductors the so-called “rotor” coils

do not rotate although the variation of coupling still takes place udien

the shaft is rotated. These devices may be used to transmit angular

information or torque to remote points, to modulate an ehad rical signal

with mechanical information, or to demodulate an electrical signal, pre-

senting the modulating information in electrical or moijhanical form.

Power-handling capacities of the different types and sizes of units ra nge
from milliwatts to kilowatts, and the torque-transmitting (sapacatics

from milligram-millimeters to hundreds of pound-feet. Because few
applications require large power-handling capacity, most of the units

discussed here are those whose capacity is a few hundred wat ts or h*HS

and whose output torque is of the order of a few inch-ounces.

In the following discussion, units have been primarily (‘lassified

according to their construction and basic principles of operation, as
synchros, Magnesyns, and Telegons. Synchros have been further classi-

fied according to the most common use of the particular unit, for (‘xami)lc,

the transmission of torque or position or the electrical modulation of a
timing wave.

SYNCHROS

10-2. Nomenclature.—“Synchro” is a generic term used by tlu^ Navy
to describe a rotary inductor similar to an induction regulator, in wlii<>ii

variable coupling is obtained by changing the relative ()ri(uxl.at ion of tlni

primary and secondary windings. The primary windings, from one. to
three in number, are normally wound upon a rotor of laminahMl magnet ic,

material. The secondary windings, from one to three in number, are
normally wound on a slotted stator ofmagnetic material, ddu; rot.or ma\-
have only limited rotation, in which case the connections to the, primary
windings are brought out on flexible leads, but usually it is freci to rotate
continuously and the connections are brought out by sli}) rings and
brushes. Although all Navy standardized units are known as “syn-

310
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chros,” manufacturers have designated their particular units by trade

names such as “Selsyn” for the General Electric Company, “Autosyn”
for the Bendix Aviation Corporation, “Teletorque” for the Kollsman
Instrument Company, and “Diehlsyn” for the Diehl Manufacturing
Company. A representative group of synchros is shown in Fig. 10-1.

Fig. 10- 1.—Typical Hynchros. (a) Size 7 synchro; {h) Size 5 synchro; (c) Pioneer
AY-series Autosyn; {d) Size 6 synchro; (e) Diehl Frame B173185 synchro; (/) Size 1

synchro.

Probably the most common use of synchros is the transmission of

angular data or torque by the use of two such units back-to-back or in

conjunction with a servo system. Other uses include modulation of

electrical waveforms, resolution of vectors into components, and com-
bination of vectors in various computing devices.

The nomenclature of synchros is further complicated by the different

designations given the same functional types of units by the Army and
Navy. I'or purposes of simplification the Navy nomenclature will be
used here. The Army equivalent nomenclature is given in Table lOT.

Tabus 10*1.—Bynchko Ftjnctionai. Classification

Navy term, Navy symbol Army term
Army
symbol

Synchro generator G Transmitter TR
Synchro motor none (see text) Repeater RF
Synchro control transformer CT Transformer CT
Synchro differential generator DG D ifferential transm itter DT
Synchro differential motor D Differential I'cpeater DR,
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A standard Navy synchro would be designated by a symbol such as

5HCT Mark 2 Mod 3B, where the various digits have the following

significance

:

1.

The initial number indicates the size group to which the unit

belongs. Standard Navy synchros fall naturally into six distinct

groups, according to Table 10-2. Because of the convenience of

Table 10'2.—Syutchro Sizes and Weights

Size Approx, weight, lb. Approx, length, in. Approx, diameter, in.

1 2 3.9 2.95
3* 3 5.2 3.10

5 5 6 to 6.8 3. 4-3.

6

6 8 6. 4-7.

5

4.5

7 18 8. 9-9.

2

5.75
8* 60 13.13 8.63

* Sizes 3 and 8 are seldom used.

this method of designating size, other synchros such as Army units

and GE Selsyns are often referred to as ^^Size or ^'Size 5^^ if

they approximate the corresponding Navy type.

2. One or more modifying letters may follow the numeral. In the

example above, the H indicates that the unit is fitted with special

bearings and brushes to permit high-speed operation. Other

modifying letters are the moxmting designations F, N, and B,

which designate flange-, nozzle-, or bearing-mounted (see below),

and S, which indicates that the unit is special in some way and

may not be interchangeable with other units with the same
designation but with a different ^‘Mod” number.

3. After the modifying letters, if any, come the letters designating

the function of the unit, according to Table lOT. In the case of

a motor, for which no symbol exists, the mounting designation

letter is used: thus a IF, a 5N, and a 6B would all be standard

motors without any special features. Since units with N or B
mountings are relatively uncommon, F has come to be practically a

synonym for motor. For the same reason the F is usually omitted

in the designations of units other than motors.

4. The ^'Mark^^ number is actually a type designation: all stand-

ard synchros of the same symbol and Mark number are inter-

changeable.

5. The (model, or modification) number designates the

manufacturer, according to Table T0*3.
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All replaceable parts of a given synchro will interchange with those

of any other synchro of the same type, Mark, and model. When a

manufacturer makes minor improvements on a synchro the improved

units bear a letter after the Mod number: thus a Mod 3B unitwould

interchange with a corresponding Mod 3 unit, but the parts of the two

would not necessarily interchange since the two do not have the same

Mod number.

Table 10-3.

—

Manufacturers of Standard Navy Synchros
Model Manufacturer

1 Arma Corporation, Brooklyn, N. Y.

2 General Electric Company, Schenectady, N. Y.

3 Ford Instrument Company, Long Island City, N. Y.

4 Bendix Aviation Corp., Marine Division, Brooklyn, N. Y.

5 Control Instrument Company, Brooklyn, N. Y.

6 Diehl Manufacturing Company, Finderne, N. J.

7 Bennel Machine Company

The Navy nomenclature is somewhat involved but it is practical.

The Army designates its units by Roman numerals assigned in order of

adoption of the units by the Ordnance 'Department. If minor modifica-

tions in shaft-end or mounting details are made, an Arabic numeral is

added to the designation. Thus the Army designation is entirely

arbitrary and is useless in determining the function, size, or manufacturer

of a unit.

The nomenclature used by the General Electric Company for its

Selsyn units is as follows. All designations start with which

indicates that the unit is listed under the GE catalog subdivision 2J,

which covers Selsyn units. After the 2J, a D may appear; if present, it

indicates that the unit is provided with a damping disc to permit opera-

tion as a motor. Units without the D must be geared to a driving

mechanism. Following the D is a number denoting size, using the Navy

system of Table 10*2. A letter following the size number indicates the

shaft and frame type, and a final number designates the serial number

of the electrical design of the unit using that particular set of mechanical

parts. Thus a 2JD5H1 would be a Size 5 synchro motor with an H-type

mechanical design and the first electrical design in the 5H frame.

Most other manufacturers designate their units numerically. Pio-

neer-Bendix prefixes the letters '^AY'' to the type number to indicate

that the unit is a synchro or Autosyn,^' and Diehl uses or

except in the case of the FPE-43-1, a Diehl synchro which was incorrectly

designated.

10 *3 . Definitions. Synchro Generator.—

K

unit the rotor of which is

mechanically driven, for generating or transmitting electrical signals

corresponding to the angular position of the rotor.
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Synchro Motor .—A unit the rotor of which is free to turn in accordance

with the electrical signals received.

Synchro Differential Generator .—A unit the rotor of which is mechan-

ically driven, for modifying a received signal and transmitting an elec-

trical signal corresponding to the sum or difference of the impressed and

modifying signals.

Synchro Differential Motor .—A unit the rotor of which is free to turn

in accordance with the sum or difference of electrical signals received

from two sources.

Synchro Control Transformer .—A unit which is normally used to

produce a single-phase voltage whose magnitude is proportional to the

sine of the angle of rotation of its rotor with respect to the magnetic

field of its stator.

Synchro Capacitor .—A unit whose function is to counteract the

lagging component of the exciting current drawn by a differential unit

or a control transformer, thereby reducing the heating of the rotors of

the synchro generator and also improving the stiffness of the system.

In the interests of brevity, when it is not required to prevent ambi-

guity, the word “synchro’^ will frequently be omitted from these designa-

tions throughout the remainder of this chapter.

10-4. Theory and Construction of Units.—The structure of most

synchros is similar to that of a conventional 3-phase alternator in a

fractional-horsepower size.

Stators .—Generally speaking, the stator of a synchro is a cylindrical

slotted laminated magnetic structure usually bearing a 3-phase Y-
connected winding which is (with the exception of differentials and
control transformers) the secondary of the synchro. In most cases the

stator laminations are skewed one slot pitch to eliminate slot-lock and
the resulting angular errors. In units in which the stator laminations

are not skewed, the rotor laminations are skewed instead.

The stator winding is not 3-phase in the usual meaning of the term
since all induced voltages are in time phase. The three legs of the

stator winding are spatially displaced 120° from each other.

Rotors .—The standard types of synchros are of two-pole rotor con-

struction. Three types of rotors are employed, and are illustrated in

Fig. 10-2.

The salient-pole rotor, shown in Fig. 10*2a, is the most common
type of synchro rotor. This is also known as the ^^dumbbelF^ or
type and is used in synchro generators and motors. It bears a machine-
wound single-phase spool winding which serves as the primary or excita-
tion winding of the synchro. Only two slip rings are required for this
unit, and it should be noted that they have the full excitation voltage
impressed upon them at all times.



Sec. 104] THEORY AND CONSTRUCTION OF UNITS 315

The umbrella rotor, shown in Fig. 10-25, has been used in some con-

trol transformers. This is an intermediate design and may be considered

a modification of the salient-pole design.

The third type of rotor is the cylindrical or drum type, and is shown

(c)

Fig. 10-2.—Synchro rotors, (a) Dumbbell; (b) umbrella; (c) drum or wound.

in Fig. 10*2c. These are commonly called wound rotors and are slotted

and laminated structures carrying either a single-phase winding with

two collector rings for control transformers or a Y-connected 3-phase

winding with three collector rings for differential units.
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Synchro Generators .—In the conventional synchro generator, single-

phase a-c excitation is applied to the winding of a dumbbell rotor. The
exciting current flowing in this primary winding produces a flux which

links each of the three stator (secondary) windings to a greater or lesser

degree depending upon the angular position of the rotor with respect to

the several stator windings. Figure 10*3 shows the induced secondary

S2 S2 S2

Fig. 10-3.—Induced voltages in synchro-generator stator. (Note; rotation is reversed
from Navy standard, which specifies counterclockwise rotation for increasing quantities.)

jD +90

£ -90

w hImIK
360

line voltages for three different positions of the rotor. These induced

voltages may be represented as V sin a, 7 sin (a — 120®), and 7 sin

(o; •— 240®), where 7 is the rated secondary voltage and a is the angular

displacement of the rotor from its electrical zero position. A plot of

these voltages as functions of a is shown in Fig. 10*4.

For a given distribution and

polarity of stator voltages, there

is but one corresponding position

of the rotor, and conversely, for

any position of the rotor there is

but one secondary-voltage condi-

tion. Thus the stator voltages

constitute an electrical indication

of the rotor position. A typical synchro generator is shown in Fig. 10*5.

Synchro Motors.—Electrically, a synchro motor is identical with a

synchro generator, and the preceding discussion applies. The distin-

guishing feature of a synchro motor is that near one end of the rotor shaft

there is an oscillation damper, a flywheel with about the same moment
of inertia as that of the rotor itself, which is free to rotate on the shaft.

A friction coupling between the rotor and the shaft provides a means for

transferring energy from the rotor to the disk, and stops limit to about
45® the free rotation of the .flywheel relative to the shaft. This friction

coupling dissipates energy when the rotor oscillates, as it does when

90 180 270

Rotor position in degrees

Fig. 10*4.—Navy synchro stator voltages.
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coming into the synchronous position.^ The added inertia furnished by

the oscillation damper prevents the motor from running away,” an

inherent danger in either synchro motors or differentials. The damper

Fig. 10*6.—Synchro-motor damping flywheel.

is illustrated in Fig. 10-6.

Running away” of a s^mchro

motor is not the same phenomenon
as that associated with the liigh

speed attained by a series motor
on removal of the load, but arises

from the similarity of a synchro

unit to a single-phase induc^tion

motor. The currents in tlxe stator

are approximately in tlie same
time phase and so prodxuje a mag-
netic field constant in dire(‘,tion.

There is, of course, a primary
magnetic field due to tlie rotor

current. This is the same situation that exists in the single-pliase induc-
tion motor, and, like this induction motor, the synchro unit has no start-
ing torque. When the synchro generator drives a synchro motor or a
differential at low angular velocities, the motor torque developed is not
peat enough to overcome the synchronizing torque, and the units remain
in step. If the angular velocity becomes large, however, the motor tor(|iie
becomes sufficiently great to overcome the synchronizing torque, and the
synchro^ generator no longer has control. The effect of the inertia and
dissipation added by the damping flywheel is to prevent momentary
oscillatory velocities greater than the critical value.

Obviously, a synchro motor can be used as a synchro generator l)!it
the converse is not true for 60-cps units. Generally speaking, syiKdiro
motors designed for 400-cps application have little tendency to run
away and so are not provided with dampers.

Differential Units. Differential machines are wound with 3-phas(^ Y-
connected windings on both rotor and stator; the rotor is a slotted
cylindrical structure.

A 60-cps differential machine is usually connected between two
sahent-pole synchros. The stator winding is the primary and derivcB
Rs magnetizing cmrent from the stator of a connected synchro generator.
The three line voltages of the synchro generator give rise to proportional
currents in the 3-phase stator windings of the differential machine. ''Fhe

.0

SSot” "• by pkctog id, ,pta i„ c;,™,™'!",;
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resultant magnetic flux produced by these currents in the differential
stator is ia the same position with respect to the stator winding as the
exciting flux in the generator is with respect to its stator winding. Thus
there is produced in the differential machine a flux whose position
corresponds to the position of the synchro-generator rotor.

As was the case with the synchro generator, this flux induces in the
secondary windings of the differential, voltages whose magnitudes are
dependent upon the relative positions of the windings and the flux. It
follows that the distribution and polarity of the voltages induced in the
secondary of the differential machine represent the algebraic sum of the
rotations of the rotors of the synchro generator and the differential with
respect to their stators.

The differential generator obtains its excitation from the other units

of the system to which it is connected, and since it has losses it is evident
that to have 90-volt primary (stator) windings supply 90 volts on the
secondary (rotor) windings, the units cannot be wound on a 1/1 turn
ratio, but on a 1/1-plus basis. For this reason the stator is always con-

sidered the primary and should be connected to the stator windings of its

associated synchro generator.

This machine can be used either as a differential generator for super-

imposing a correction on the signal from a synchro generator, or as a
dift'erential motor for indicating the sum or difference of rotation of two
separate synchro generators. In the latter case, it is equipped with a

mechanical damper, as explained in the above discussion of synchro

motors. A typical synchro differential is illustrated in Fig. 10*7.

Synchro Control Transformers .—The control transformer is equipped

with a single-phase winding on a cylindrical rotor. In this machine, as

in the differential machine, the stator constitutes the primary winding,

receiving excitation from a synchro generator. Also, as in the differential

machine, the exciting currents produce a resultant flux in the machine,

the position of which, with respect to the stator, corresponds to the angle

represented by the applied stator voltages. This flux induces in the

rotor winding a voltage whose magnitude is dependent upon the position

of the rotor with respect to the flux. If the rotor is in such a position

as to link a maximum of the flux, the induced voltage is a maximum; a

90° displacement will place the rotor coil across the flux and the induced

voltage will be iaero. The latter position (often called the “null” posi-

tion) is the normal condition of operation of a control transformer.

It is apparent that there are two positions of the rotor at which zero

voltage will be induced
;
but a slight rotation of the rotor in the clockwise

direction, for example, will produce a small voltage whose polarity

depends upon which of the two null positions is chosen. Thus, if means

are provided for recognizing polarity, there is but one “correspondence”
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position of a control transformer for a given distribution of exciting

voltages. For a further discussion of this matter see the instructions for

zeroing a control transformer in Sec. 10-10.

Conceivably, a machine with a dumbbell rotor could be used to

give control-transformer action. Because of the fringing at the pole tips,

however, the zero position would not be accurately defined, and, because
the rotor ajds is displaced 90° from the axis of the exciting flux, this
flux woifld meet a very large air gap and the magnetizing current would
be prohibitively high. The input impedance to the control transformer
would therefore vary with rotor position. This variation would intro-
duce additional errors into the data-transmission system.
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The impedances of the stator and rotor windings of a control trans-

former are considerably higher than those of an equivalent-sized synchro

generator or motor and a control transformer should never be used to

feed a low-impedance load. High impedance of the stator winding

reduces the excitation current drawn from the system by the addition of

Fia. Synchro control transformer.

the control transformer, and high impedance of the rotor winding gives a

higher and more useful output-voltage gradient. A typical control trans-

former is shown in Fig. 10-8.

Synchro Control Motors .—There are a great many possible variations

in the mechanical and electrical details of synchros. One of the most

useful modifications of a synchro is the “ B ” or bearing-mounted machine.

Here the rotor and the stator may be rotated independently. The usual
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type is the synchro control motor, which is identical to a standard
synchro motor except that the whole machine is rotatal>le. Control
transformers are also frequently mounted in this same fashion. The

riG. 10-0.—Synchro control motor.

nrf fiH a \ Hall ra,cosare fitted over shoulders provided on each end of the; .stator and t.lu-whole motor IS supported on hangers. To allow connections to the three
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stator leads, three additional slip rings are provided. They are mounted
on the end of the stator opposite the shaft extension. With this arrange-
ment the position of the rotor with respect to the stator is determined
by the voltages applied to the five leads, as is the case with any synchro
motor. The position of the stator with respect to its mounting is

usually set by means of a worm or pinion which drives a gear on the
stator. This gives an action equivalent to that of the differential gen-
erator without the loss of accnracy which the insertion of such a unit
ordinarily involves.

Reversed Synchros .—Higher torques can be obtained from synchros
if the magnetizing power is increased. In conventional synchro genera-
tors and motors the magnetizing
power is applied to the rotor wind-
ings and the heat produced by the

rotor copper and iron losses must
be dissipated through the air gap
to the stator and thence to the sur-

rounding air. For a given temper-
ature rise the allowable input power
may be increased if excitation is

applied to the stator instead of the

rotor. The change in torques ob-

tainable is dependent upon the

resistance-reactance ratio of the

windings. Such modified machines
are known as reversed synchros,

and are exemplified by the types

and Autosyns built by
the Marine Division of Bendix
Aviation Corporation, the type

15-021 synchro generator and the

type 15-022 synchro motor built by

Henschel, the type FJEl-65-4 built by Diehl, and several commercial

General Electric Selsyns.

The chief disadvantage of this type of synchro is that the secondary

imbalance currents, which are very small for rotor positions near the

null, must pass through slip rings and brushes. These components may

become dusty or dirty and offer a high resistance to the currents. Since

the unbalance voltages are so low, they may not be able to burn through

this grime, in which case the accuracy and smoothness of operation of the

associated synchro system will suffer.

The A-c Commutator Transmitter.—Nnoilier device which may be dis-

cussed here, (although strictly speaking it is not a synchro), is the a-c
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commutator transmitter shown in Fig. 10-10 This devico is simply a

transformer with a single-layer secondary, on the

a bare circular path on which three brushes spaced 20 apait anminl a

common shaft make contact with the secondary winding. I lie action is

analogous to that of a General Radio Variac, or to one of the s.ne-cosine

potentiometersdescribedinChap.8. The commutatortransnntler has not

been extensively used, but possesses certain advantages over a synchro pui-

erator, especially in the larger sizes. If the pitch oi the secondary wind-

ing is uniform and sufficiently fine to avoid trouble from graimmsss.

the accuracy should be better than that of a synchro generator sinci' t here

Motor

Fig. lO-ll.—Synchro generator-motor system.

is no possibility of mechanical reaction from the load back to the trans-

mitter shaft. Also, since there is no air gap, the coupling coefficienl

between primary and secondary can be made appreciably higher than is

possible with a synchro. It would seem that a properly designed com-
mutator transformer might be useful as a driver for cathode-ray-tube

deflection yokes (see Sec. 10-14).

10*6. Common Synchro Systems. Synchro Generator and Motor.-
It has been shown that for a given position of a synchro-gen('rat.or rot.or

there is a given distribution of single-phase voltages between tlie throe
stator leads; the same holds true for a synchro motor. If the two stators
are interconnected, as in Fig. 10-11, and if the rotors are in identical
positions, the stator voltages will balance and no current will How in tho
stator windings. If, however, the rotors are displaced with respect to
each other, then the stator voltages will not be matched and the not
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^^^^balanced voltages will cause current to flow in the stator windings.

*^^lTLese currents will create torques in both machines, and the motor rotor,

^^ing unrestrained, will move to a position of synchronism with the

S^Herator. Note that the synchro motor is not a motor in the usual

of the word: the mechanical work done by the synchro motor is

derived from the work done on the synchro generator; electricity serves

^^ly as the means for transmitting this work from the synchro generator

the synchro motor.

The uses of the synchro generator-motor combination are obvious.

If the rotor of the generator is turned manually or automatically to

represent the position of a gyrocompass, a water-level float, a valve, etc.,

bluen the attached synchro motor, wherever it may be located, will indi-

cate the position of the controlled member. Furthermore, one synchro

generator can control several synchro motors so that the desired position

can be indicated at a number of different locations.

Synchro Generator and Control Transformer ,—A control transformer

is nsed when it is desired to position a load of any sort by a synchro-servo

system. Volumes 21 and 25 of the Radiation Laboratory Series cover

synchro-servomechanisms in detail. However, a few notes regarding

tine function and application of this combination of synchros follow.

When connected to a transmitting synchro system as in Fig. 10T2

the rotor of a control transformer furnishes an a-c voltage, the magnitude

of which is an indication of the size of the angular error between the

control-transformer rotor and transmitting-element rotor, while its

clarity or phase is an indication of the direction of the error. This
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voltage may be fed to a visual-reading meter and the position oi the

control-transformer rotor adjusted manually until the inettcu* rc^ads ztu’o,

or it may be fed into an amplifier of some sort and used to (‘.ontrol a motor

that automatically positions the rotor. All aut()mati<* (a>ntirols ha.ve

antihunt features incorporated in their systems to prevent- ov(a’i.r*a.\a^I a-nd

oscillation at coincidence and to improve accuracy and spca^I of r(ssp<>ns{\

The complexity of the actual system depends upon the powca' a.nd tlu^

degree of precision required as well as upon other special (‘.onia-ol h^iturc^s.

Differential Synchro Systems .— simple application of a difhuamtiaJ

synchro is its use as an indicator to show the sum or difler<‘nc.(^ of tlic^

angular positions of two synchro generators. In this (uisc^, tlu^ siat.or of

a differential motor is connected to the stator of one syncliro g(uun'Hta)r

Fig. 10-13.—Differential synchro system.

and its rotor to the stator of another synchro generator as is shown in
Fig. 10-13. From the description already given of its opei-ation, it, will
be apparent that the differential motor will indicate the difh'reucc'
between the positions corresponding to the two electrical signals coming
to It. If, however, one pair of its leads—for example, S-1 and K-3 is
reversed, then the direction of rotation indicated by the st.al,or w'imling

T machine will indicate the .sum of tin; imsil.lon.s
of the two connected synchro generators. The same holds true for a
reversal of one pair of its rotor leads.

^ differential generator no damper is required, and (.lu^

voWe! fr?
superimpose upon the synchro-generator output,

differSti!]
^ representing the position of the rotor of i\u,

differential generator. The resultant signal is then carried on to a

be the sum or difference of the positions of the two driven members.
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Thus the differential generator is a convenient device for adding correc-

tions either to a synchro indicating system or to a sviach-ro-controlled

follow-up mechanism.
Because the differential machine derives its excitation from another

synchro, it is usually necessary to use synchro capacitors to assist in

furnishing excitation. This machine is designed with the stator winding

as the primary, and the capacitors should therefore be connected in shunt

across the stator leads.
Two-speed Synchro-transmission Systems .—It frequently happens that

the accuracy required from a synchro-transmission system is greater than

can be obtained directly from any synchro. In such cases it is possible

to gear up the synclrro generator so that it turns faster than the driving

device, and to gear down in the same ratio from the motor or control

transformer. If a gear ratio of 2/ 1 is chosen, for example,, the over-all

accuracy of the system is doubled. This method introduces a complica-

tion, however, in that the system is no longer completely self-synchronous
since it is possible for the motor to ^^slip a pole'^ and to find a synchronous
position other than the correct one. The danger of such an occurrence

increases directly with the ratio chosen; thus, for a 36/1 ratio, there are

35 possible wrong positions for one correct one. To avoid such false

indications it is customary to add a duplicate pair of synchros operating

at a low ratio, usually 1/1. If the receivers are motors, two dials are

used, one for coarse and one for fine readings, similar to the hour and
minute hands of a (dock. Such a double system is called a 'Hwo-speed^’

system. This use of speed in connection with the system as a whole

should not be cionfused with its use to denote the gear ratio
;
thus a 36-

speed synchro is one that tuims 36 times for one turn of the actuating

device. Common speeds are 1, 2, 10, 18, and 36. If the receivers are

control transformers, both are geared with their appropriate ratios to the

same servo motor. The error signal is ordinarily taken from the '^fine^'*

or high-speed CT, but if the error voltage from the “coarse’^ CT coii’es-

ponds to an error of more than about ±3° in a 36-speed system, the

‘T‘oarse’^ CT takes charge to return the system to approximately the

correct setting. The details of such systems are discussed at length in

Vols. 21 and 25 of the Series.

In any two-speed system all of the elements of the system must nor-

mally be duplicated; thus, in the differential-synchro system of Fig.

10-13, two pairs of synchro genex-ators would be required, and also two
differential motors. Normally, with a two-speed system, the only ele-

ments that are common to both speeds are the exciter buses, and the

servomotor and amplifier if one is used.

10-6. Synchro Capacitors.—Differential generators, dilfferential rno-

tors, and control transformers draw magnetizing current from the syn-



328 ROTARY INDUCTORS [Sec. 10*7

'jhro generators supplying their stators. This current lags behind thft

v^oltage by a large angle. Three static capacitors, connected in dcdtii,

are usually added to the circuit as shown in Figs. 10T2 and 10'13. The
current drawn by the capacitors, being a leading current at alinostr 7ato

power factor, neutralizes the lagging reactive component of tlie inag**

netizing current and thus reduces the total current drawn from tlu^

synchro generator by a factor of approximately 4. Three such (^apacd-

tors, connected in dcdta and suit-

ably mounted in a liernK^tically

sealed metal container, (uunpriHCi

a synchro capacitor.

The capacitance, of the three

legs of the capacitor must I>e bal-

anced to within 1 per cent in order

to ensure proper operation, but
the absolute value of the legs may
vary over ± 10 per cent.

To obtain maximum benefit

from the insertion of the capaci-

tors, it is necessary that the leads

from the capacitor to its associated
unit be as short as possible. This requirement may involve mounting
the capacitor in an exposed position. For protection it is often mounted
in a waterproof capacitor box of standard Navy design. A group of
standard Navy capacitors and boxes is shown in Fig. 10*14.

10*7. Torque. Figure 10*15 shows the torque-displacement curve
of a Navy 5F synchro motor. This curve is typical of the synchros
regardless of unit size, used by the armed services. It may‘l>(^ sc^m

f minimum value (0.6 amp) witha 0 displacement and at its maximum (1.8 amp) at 180“. All thJee

ltdrfo“£ 1

are practically zero (20 to 50 ma per stator

^
displacement and are maximum for 60° 120° and 180^

if ov.
“

to 10 IS likely to cause serious overheating of the rotors.
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Torque Gradient. The torque gradient of a synchro is defined as the

slope of the curve shown in Fig. 10T5 expressed in inch-ounces per degree

of rotor displacement at the point of zero displacement. Within the

normal operating range of the synchro, this curve approximates a straight

line with a slope equal to the torque gradient.

Unit-torque G radieu

t

.—The
unit-torque gradient of a synchro

is its torque gradient when meas-

ured against a standard single

synchro unit of identical charac-

teristics (i.e., a IF against a IF;

a 5F against a 5F; etc.).

System-torque Gradient .—The
systeni-torciue gradient is defined

as the torque gradient of a synchro

unit when measured in a system

of standard synchro units (i. e.,

5G against two SF’s; 5G against

four IF's, etc.).

Af Maximum
torque is defined as that point on

the clisplacement-torque curve at which a tangent of zero slope can be

drawn.

If a synchro motor is driven by a synchro generator whose unit-torque

gradient is li times that of the motor, then the actual motor-torque

gradient will be 2/iV(l + R) times the unit motor-torque gradient—that

is, tlie torcpie gradient that the motor would have if operated against an

identical unit as a generator. If N such motors are operated by the gen-

erator of tlu; pnw'ious example and the motors are equally loaded, each will

develop a torciuc gradient of 2R/{N H- R) times its unit-torque gradient.

For example, if a synchro motor whose unit-torque gradient is

0.06 in-oz/degree and a synchro generator with a unit-torque gradi-

ent of 0.3 in-oz/degree are used, R is equal to 0.3/0.06 or 5. Then with

N — 1 the torciue gradient of the motor would be -V* times its unit-

torque gradient or 0.10 in-oz. With N — 2, its torque gradient would

be 0.086 in-oz/degree.

Torque-accuracy Relationships .—The basic error figure of a synchro

is based upon nnuisurements of errors when a synchro generator of a

given siz(^ drivers a synchro motor of identical size. Because this error

is nearly inve^rsdy proportional to the torque gradient of the units, it is

possible to (estimate the errors to be expected from a unit of known
torque gradi(‘.nt. An increase in torque gradient gives an approximately

proportional dcc.rease in static error.

Fig. 10*15.—Typical synchro torque-dis-

placement curve.
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10-8. Synchro-generator Load Capacities.—The accuracy a-ud a vail-

able torque of a synchro system are reduced when synchro inoi.ors are

added. The allowable load depends upon the rated ])c*rmissil)l(^

perature rise of the synchro-generator rotor. This t.einp(u’a.t.ur(’i rine

depends upon the size of the generator, upon the size and nundxu- at

motors, and upon their mechanical loads. It also varices with i he number
of control transformers and differentials conne(*-ted into tlu^ sysitau

even though the proper capacitors are used with tliese units.

No information on load capabilities is available at prestud, fursyiudiro

systems using differentials and control transformers as w(dl a.s luutors.

To give some idea of synchro-generator capabilities, howi'ver, foiluu -

ing table is included. These figures assume no loa.d on th<^ mottirs td lH*r

than that of a simple dial. Where greater loading is uscmK luunhtu^

of motors should be reduced. Where a differential is listed, it. is assuincnl

to be connected to a generator of at least equivalent size.

Table 104.

—

SyNCHRO-GENEEATOR Load ( APAt’lTlKH

No. 5F
units

No. IF
units

No. 5CT
units

No. 5CT units

with capacitors

No. icn^

units

No. 1(T tin its

with capacitors

none 1 none 1 none 1

4 9 7 14 5 14
2 5 6 12 4 12
9 18 12 30 11 30
6 12 10 24 9 24
18 36 24

! 60 22 00
12 24 20 48 18 48

Generator

type

IG
5G
5DG
6G
6DG
7G
7DG

10-9. Errors—All synchro generators, differential generators, and
control transformers, even though they are driven uni1«, a^^ sn!>j('ct 1t>
electrical errors due to manufacturing irregularities in the windings andm the magnetic structure. Synchro motors have all the errors of synchn >

generators, and, in addition, have friction errors due to their hoaring-s
and brushes.

The electrical errors can (if the windings and magne^ti.^ ,stmcl,an,.s
are not properly designed) be such as to cause the dial of t,h(^ svachro
motor to lead the reading of the synchro generator at (•(>rtain sc<-f.or.s
about the penphery of the dial. Mechauical errors, on the otlun- haiul,

of ttfe total
<'.o.np.,nent»

lire space between the two curves, one showing clockwise ivadin.rs -uidthe other showing coimterclockwise readings, represents the error'],am
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and is mainly due to mechanical errors. Synchro errors may also be
plotted in rectangular coordinates. The latter method has the advan-
tage of permitting easier visualization of maximum, minimum, and aver-
age errors and error spread, but the symmetry of the errors may be
more readily seen from a polar plot.

10-10. Zeroing.—In order for the angular indications at both ends of

a synchro system to correspond, it is necessary to orient the machines
with respect to each other. There is only one angular position of a
synchro rotor for a given set of stator voltages, and, in view of this, a
definite relative position has been arbitrarily designated as “electrical
zero” for all standard synchro units.

270

Fig. l()-l(i.~"8tatic accuracy tost. Ono radial division « 0.2® error.

This zero convention makes it possible to ''zero'' the dial of a synchro
motor on one unit of a system and then to reconnect the unit to a system
that has been operating on a "zeroed" basis and have the unit give
readings that correspond to its synchro generator without further adjust-
ments. It is to facilitate the zeroing of synchros that they are provided
with standarized flanges that are accurately concentric with the shafts.

These flanges may be located either on the head.end of the frame, as in

some aircraft designs, or near the center of the cylindrical frame. They
are machined to very close tolerances so that the synchro may be installed

accurately in a mounting assembly and held in place by a ring retainer
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or by dogs held against the flange. Thus, by loosening the ring or dogs,

the stator may be rotated while energized for zeroing. Figure 10T7
shows six common types of synchro housings, with the mounting and
locating surfaces emphasized. The larger synchro generators and motors,

when properly connected and energized for the electrical-zero position,

possess sufficient torque to position their rotors accurately, but, since

control transformers and small differentials require a sensitive low-

reading voltmeter or its equivalent for accurate zeroing, it is usually

desirable to use a meter for zeroing all units.

The general method used to zero synchros is shown diagrammatically

in Fig. 10T8. A synchro may be considered as a rotatable transformer,

usually with a ratio of transforma-

tion different from unity. For a

given distribution of stator volt-

ages, there are two possible posi-

tions of the rotor (these positions

being 180° apart) depending upon
the phase or polarity of the rotor

winding with respect to the stator

winding. In a synchro generator

or motor, when the rotor is near

the 0° position, the effective volt-

ages of the stator and rotor wind-

ings are in the same direction, and
if connections are made as in Fig. 10T8&, the lamps will be dim, as the

difference voltage will be at a minimum. When the rotor is somewhere
near the 180° position, the rotor and stator voltages are opposed as shown
in Fig. 10T8a and there is a maximum voltage across the lamps.

In differential units and control transformers, the near-zero position

is indicated by maximum voltage across the lamps as represented in Fig.

10T8a, and the 180° position, by minimum voltage across the lamps as

indicated in Fig. 10T86.

For the final accurate positioning of most synchros, a sensitive low-

reading a-c-"Voltage-indicating device is required. This can be a cathode-

ray oscilloscope or a vacuum-tube voltmeter in laboratories, and a

sensitive low-reading voltmeter or a 2000-ohm headset (telephone

receiver) for field applications.

Army-Navy Correlation .—The following set of instructions is based
primarily on voltages and designations associated with Navy-type
synchros. However, hy substituting proper voltages and designations,

all information contained herein is equally applicable to all other types
of synchros. For zeroing Army synchros, the following voltage and
nomenclature changes must be made

:

Fia. 10-18.—Fundamentals of zeroing,

(a) Voltages aiding, lamps bright, windings
oppositely poled; (b) voltages opposing,
lamps dim, windings similarly poled.
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1. Army synchros are designed with a maximum Htator-to-staior

voltage rating of 105 volts instead of the 90-volt rating of ('he Na vy

synchros. This means that wherever 78 volts is in(lica('(i<l in ( he.st^

instructions, it should be raised to 91 volts for Army synehiaw.

Because of the difference in terminology between th(^ H<^r\’i<!(^s, (-he

designations El and E2 should be interchanged on all singl(vplias<‘

windings and SI and S3 (or El and E3) intercliiuig(‘.(l on all

3-phase windings.

2. The voltages and designations to be applied to other nonst.iin(la.rd

synchros must be derived from their electrical and mecbani(nil

constructions.

Fig. 10*19.—Zeroing a Navy synchro
generator or motor with rotor free to turn.
When connected as shown, rotor automatic-
ally assumes electrical zero position.

Synchro Generators and Motors ,—To zero a synchro gcuiorat-or or

motor whose rotor is free to turn, connect the unit as shown in i 0* I Ih

The rotor will definitc^ly iairn to

its zero position. Makc tho

sary mechanical adj iistmeiits whiles

the unit is thus energized. In
an emergency, 115 volts may l>e

applied directly between S2 and
S1-S3, but the unit will overheat
and become damaged if left ener-
gized more than a very short
period of time. (A maximum of 5
min is specified for Navy synchos,
15 min for Army units.)

To zero a generator whosi’i

rotor is not free to turn, conue(d^
the unit and test lamps as indicated in Fig. 10-20a and adjust for mhiinruin
voltages as mdicated by the lamps. This will give the appro.ximatc; K(>r< >

position. To refine the zero setting, connect as shown in Fig. l()-20/> an<l
adjust until the voltage across SI and S3 is zero as indicated bv mininiuni
noise in t^ 2000-ohm headset or minimum voltage on the sensitive volt-
meter. (This voltmeter should be sensitive enough so that a voll,ag<^ of
0.1 volt may be noticed.)

Differential Generators and Motors.-To zero a differential gemu-ator

ir!l
^
H

defimtely turn to its zero position, and tlic nuudiai i-

S «nH S S’
“ “""S®ncy, 115 volts may be applied directly bctwc^ui

^ yf more than a very short time,
e differential units m the small sizes may not develop enough tor-
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ciT-ie to allow zeroing in this manner. In that case, they should be zei-oed
cording to the plan for a unit whose rotor is not free to turn.
To zero a differential generator whose rotor is not free to turn.

to) (6)

a Navy synchro generator or motor with rotor not free to turn.
(a) AcijuBt rotor or Htator for mmirnum brightness. (6) Adjust for zero voltage.

ooxxnect the test lamps and unit as shown in Fig. 10-22a and adjust the
s-fca»tor or rotor for minimum voltage as indicated by the brilliance of

-bhe lamps. This indicates the

^;“i;]pproximate zero position.

To refine the zero setting, con-

necit as shown in Fig. l()-226 and

adjust the unit until the voltage

ixcross RI and R3 is zero as in-

dicated by rninirniim noise in the

2/000-olim lieadset o r minimum
voltage on the sensitive voltmeter.

It is p()SBil)le to use 115 volts in

jolace of th(‘ dc^signated 78 volts,

l oxat for a vc^ry short period of time.

Synchro Control Transformers.

'"T'o set a syii(‘h,ro control trans-

former on elce,tri(*,al zero, connect

test lamps into llie (‘.ircuit as

Fig, 10-21.—Zeroing a Navy synchro

differential with rotor free to turn. When
unit is connected as shown, rotor automatic-

ally assumes electrical zero position.

illtisl,rated in Fig. l()-23a and turn the rotor or stator until the test

lamps indicate miniraum voltage. This is the approximate zero position.

R.econnect as sliown in Fig. 10-236 and refine the adjustment until the
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voltage across Rl and R2 is zero as indicated by the headset or thi^

voltmeter.

1041. Miscellaneous Specifications.—In order to enable an enginwr
to know the requirements that synchros are designed to meet^ th(" follow-
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to become type-approved. It should be emphasized that these specifica-

tions pertain only to standard Navy synchros, and that many non-
standard synchros do not meet them.

Frequency and Voltage.—The units shall meet their specified accuracy
and performance requirements at their rated voltage ± 10 per cent and
at a frequency of 60 cps ± 10 per cent. The torque gradient increases

with increase in voltage and in proportion to the square of the frequency.

Humidity.—The units are expected to stand 95 per cent humidity
indefinitely. If they are expected to be exposed to 100 per cent humidity,

at which they would be dripping wet, they are provided with weather
protection. All studs, springs, washers, nuts, bolts, terminals, and
exposed parts shall, where practicable, be protected against corrosion.

Tropicalization.—Synchros are not required to be ‘tropicalized,”

but some manufacturers use fungicides such as mercury compounds or

pentachlorophenol

.

Brushes,—Some companies (Ford Instrument Company and Arma
Corporation) use silver brush contacts soldered on to copper brush arms
that are backed by thick steel pressure blades; others (General Electric)

use phosphor-bronze brushes. The brush pressures for driven units

are to be between 10 and 20 g for the IF synchro-motor, and between 5

and 9 g for the 5F synchro motor. These pressures are to be checked

on every unit during inspection.

It has been standard practice to provide silver slip rings on the

rotors and silver button contacts on the brushes of these slower-speed

Navy synchros. Driving the rotors at higher speed accentuates any
tendency to sparking, which, if once started, rapidly burns off the

brush contacts.

In order to permit satisfactory operation at the higher speed, brushes

are now provided with graphalloy contact material which is composed of

90 per cent silver and 10 per cent graphite. Some manufacturers supply

buttons made of this material; others use a rectangular block with a V
notch. Synchros treated in this manner are supposed to function sat-

isfactorily at 1200 rpm for 1500 hr continuous rotation.

Shock.—For type approval by the Navy Department the present

requirements for shock tests are as follows:

1. Bureau of Ordnance synchros: six blows of 2000 ft-lb—three blows

each in two directions; synchro to be energized during this test.

2. Bureau of Ships synchros: one blow of 400 ft-lb, one blow of 1200

ft-lb and one blow of 2000 ft-lb in each of three directions.

Total, nine blows.

Vibration.—The vibration requirements for type approval are at pre-

sent as follows:
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1. Frequency—any value between 50 and 1500 cycles per minute,

2. Amplitude—not greater than 0.03 in. (O.OG-in. total excursion.)

3. Duration—not over 24 hr for all tests.

4. Direction—three directions, one parallel to rotor axis.

Thermal Range.—The units shall be excited with rated voltage and

frequency, and the temperature rise of the windings shall not exceed

50°C as measured by the change of resistance method.

The units shall be capable of operating without damage at ambient

temperatures from 25° to 55°C.

Lubrication,—Navy synchros were not designed for continuous rota-

tion at speeds higher than 300 rpm. The standard units were, until

recently, provided with selected magneto-type ball bearings that were

oiled initially at the factory with only a sufficient film of light oil to pre-

vent rusting. In order to permit satisfactory performance at higher

speeds, the bearings of all driven units are now being greased with a

specified light grease. Any motors driven at high speeds should have

greased bearings. However, the application of this grease by the manu-
facturer would probably prevent the unit from meeting the static-

accuracy test requirements of Bureau of Ordnance Specification OS-671.

Endurance,—Driven units shall be given a continuous endurance run

of 500 hours at 300 rpm for the standard slow-speed units. High-speed

units shall pass a similar test of 1500 hours at 1200 rpm. These tests

shall run at normal room temperatures and excitation.

Synchro motors and differential motors shall be driven by a synchro

generator following a simple harmonic motion for 500 hr. This motion

shall consist of ±5 complete revolutions (i.e., 10 complete revolutions

between reversals) during a period of 7.5 sec for the complete cycle.

Noise.—The unmounted synchro when properly excited shall be free

from disturbing noises due to mechanical causes such as knocking in the

bearings, loose laminations, etc. The noise or hum emanating from the

magnetic structure shall not be considered objectionable.

Shaft End Play.—With the unit horizontally mounted and a force of

3 lb applied to the shaft extension in a horizontal direction, pushing or

pulling, the, shaft end play shall not exceed 0.008 in.

Phase Rotation.—Phase rotation is the measure of the accuracy with

which the rotor of the synchro unit positions itself when the unit is

electrically connected for angular positions of 0°, 60°, 120°, 180°, 240°,

and 300°. With 115 volts applied to the primary and, in the case of

Navy units, 78 volts applied to the secondary, there are six unique

positions that the rotor will assume, depending upon the phase relation-

ships of the stator and rotor voltages and the manner in which the

voltages are applied to the stator. These positions are illustrated in
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Fig. 10-24 whieJa. shows the connections necessary for the phase-rotation
test.

Time-phase Shift .—The time-phase shift in a synchro system is

important since it affects the performance of any attached amplifier

Fiu. 10-24. -PhasGt rotation of Navy M>Ti<5liro generator or motor. Rotor must bo free to

turn.

and the stability of tlie whole servo system. Several standard syn-

chro systems hiixve been measured for time-phase shift between various

sections. Measvireinents were made on a cathode-ray oscilloscope and,

therefore, are not ixiore a(*.curate than al>out ±1‘^.

TAwBiac l()-5.-*~BYN()nito Shifts

System
'No.

Fre-

qiieney,
cps

Genera-
tor

( <a,|)a(‘.i-

tor, fxl/

l(^g, delta

DilT(u’en-

tial gen-

erator

Control

trans-

former

Phase shift

Gen.
Diff.

gen.
C.T.

1 60 5G none 5DG ICT 14.5° 18*° 30°

2 60 5G 10 5DG ICT 7.5° 12°^ 26°

3 60 5G none 5DG 5CT 14.5° 18.5° 20.5°

4 60 5G 10 5DG 5CT 8° 12° 17°

5 400 ' 2J1F1 none 2J1H1 2,nGi 2.9° 7° 11°



alternative method^ of analyzing the opetion of a sync^o system such as that illustrated in Pig. 10-11 is to ccsider the synchro generator as a vector resolver and tte synchro moas a component combiner or vector adder. In the case of the Ln.l^nerator the vector ia dehaed by the amplitude of the rlt eXuvoltage and the relative angle betu-eon the stator and rotor This veit

o
components along the axes of the thme stator tinSThese components are then transmitted dectriclly to the stltTr ,t tsynchro motor where they are r«=ombined to form a vector

Lm “‘'cogCIt in » given direction. The luainel

v^? d m I
° “Citation of the motor then aligns itselfS tovector field by rotation of the rotor.

^

' See Sec. 104 for description of first method

Fig. 10-25.—Synchro matching transformers.

Synchro Matching Transformers ,—Because Navy synchros are
designed for a maximum voltage between stator leads of 90 volts whereas
Army synchros have a 105-volt rating, the two types of synchros may
not be interconnected without some sort of matching transformer. Three
sizes of these special transformers are shown in Fig. 10*25, but their
additional weight and bulk has, in most cases, made them unusable.
Consequently, the Army has consented in many cases to use Navy-type
synchros in Army equipment.

54U ROTARY INDUCTORS [Skc. 10-12
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In the synchro or servo data-transmission systems, both of the above

operations are used. Either the resolving or the combining process

may, however, be used alone. A synchro, when used in either of these

ways, is commonly called a resolver, although this is literally correct

only when referring to the former use.

The uses of resolvers may be divided into two major categories:

single-frequency systems, and multiple-frequency or nonsinusoidal-

waveform systems. The electrical requirements for the different uses

vary considerably.

Resolver
ih)

Fig. 10-2(). Uso of 2-pha8e Bynchro as a rosolver.

10-13. Single-frequency Systems. Resolution .—When a synchro is

used to resolve a vector into components in a single-frequency system, a

single-frequency sinusoidal voltage is applied to the single-phase rotor,

as shown in Fig. 10-26. The synchro then resolves this vector (excita-

tion amplitude and rotor-stator angle) into components along the axes

of the secondary windings. The output voltages may then be used in

several diirerent ways. As is shown in Fig. 10-26a, they may be recom-

bined in a synchro motor or control transformer for use in a synchro or

servo system. (In this case, the secondary windings of the resolver are

usually three in number.) However, as is shown, in Fig. 10-266, the

output voltages may be rectified and used to control the motion of some

indicator along the axes of resolution. This indicator may be the beam

of a cathode-ray tube or a mechanical pointer. In this application the

resolver secondary usually consists of two windings at right angles to

each other. When applied to the problem of electronic computation,

the secondary can be considered as a coordinate transformer, as it

transforms polar coordinates into rectangular coordinates.



342 ROTARY INDUCTORS i;Si3c. lo-is

Vector Adders ,—When used as a vector adder, a resolver may provide

either electrical or mechanical outputs or both. These functions are

shown in Fig. 10*27. Figures 10*11 and 10*12 show an ordinary synchro

motor and a synchro control transformer. In synchro and servo data-

transmission systems both act as combiners. In the motor and tlie

transformer, the vector output is in the form of a magnetic field due to

the combined magnetomotive forces of the stator windings. In the

motor, the rotor turns until the magnetic field due to its exeitiition is

antiparallel to that due to the stator windings. The mechanical output,

is then the angular position of the rotor with respect to the stator. In

the control transformer, the vector output is again the stator magntdvic*

field, but here the rotor winding is maintained at right angles to the

Output

Fig. 10-27.—Single-frequency component-combining circuit using differential revolver.

direction of the magnetic field by the servo amplifier and drive motor.

Again the data output is a scalar, the angle between the rotor and stat.or.

Figure 10*27 shows a resolver as it is often used in computers. One
of the rotor windings is attached to a servo amplifier and drive motor
and acts as the rotor of a control transformer. This winding is tluq’cd’ori^

kept at right angles to the vector magnetic field at all times. Thc^ s(‘c<)n<l

rotor winding is at right angles to the first, and is thus always aJigned

with the stator field. The induced voltage in this winding is proportf ona-l

to the amplitude of the magnetic field. Thus a vector output is ohi-ahual,

the magnitude of which is the magnitude of the signal on tlu^- s<‘(U)n(i

rotor winding, and the phase of which is given by the angle bolAVCMUi tht^

rotor and stator. If the stator windings are two in number a,iul a,r'(^ at.

right angles to each other, the resolver may be considered as a coordiuat.c'

transformer, transforming rectangular coordinates into polar co()rdinat.(.ss.

Differentials .—Differential generators may be treated as combiner I

resolvers and vector combiners. The action of the 2-phase-t(,) 2-ptuis(i

differential shown in Fig. 10*27 may be analyzed as follows. Considca’ing
only one of the primary stator windings, the signal applied to it is resoh'CMl

along the two axes of the secondary rotor windings. The signal applied
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to the other stator winding is similarly resolved. The outputs of each
of these resolutions are induced voltages along the secondary windings.
These voltages are additive and produce the total output signals. For
(U>nipiitiiig applications, the process is similar to a rotation of coordinates.

lilectrical Characteristics .—Since the units are operated at a single

frequency in the foregoing application, the frequency response of the
unit is not too important. Most units are designed for either 60-or
4()0-eps operation. The single frequency also permits fairly accurate
tein|)cra.tiire and load compensation. In order to maintain the desired

acc.urax*y of operation, the synchros must be as lightly loaded as possible.

In some cas(‘s booster amplifiers may be used to drive low impedances
from the' rc'sol ver outputs. Phase shifts due to the inductive components
of th(> r(^sohTr-winding impedances may also be compensated by the
simple addition of resistors. Stray capacitances should be kept to a

minimuni to avoid errors.

10-14. Use of Synchros with Nonsinusoidal Voltages.—Although
syindiros nm normally used with approximately sinusoidal voltages of

fre(piencies varying only slightly from their design frequencies, they can
be operat<Hl with somewhat decreased accuracy at widely different fre-

quencies if the exciting voltages are properly chosen. Since a synchro

generator or resolver is essentially a transformer, its equivalent circuit is

the same as tiluit of a transformer, and the same theory applies. Because
8tanda,rd symvliros will pass frequencies up to several tens of kilocycles

per siM'.ond without prohibitive distortion, they have been used in various

radur-indi{‘a.tor (circuits, principally as devices for rotating the sweeps of

J^PI tulx's. An extended treatment of this subject is given in Vol. 22 of

the 8eri(%s, hut a brief discussion of the properties desired in a synchro

for tliis a|)plieati()n will l)e given here. Figure 10*28a shows the type of

sawtooth H\\H^<q)-voltage waveform that is desired on the tube, and also

the t^y[)e of (uirve that is actually obtained from the synchro output.

The act.uai curve differs from the ideal curve in three principal respects:

1. Tli(' out put voltage lags the input voltage by a few microseconds,

th(' hig being practically independent of the length of the sweep.

It.s (^llVct, is a distortion of the PPI map, which is serious for a

sta-iuhird IG or 5G synchro within about 5 miles of the center and

whi(‘h i)raotieally eliminates all signals within 2 miles,

2. The. droop at the upper end of the sawtooth waveform compresses

th(' p(*rip}icral portions of the map. It is serious only for the

loug<‘r sw(U3ps.

3. Th(‘ (>s(‘ilhiti()ns after the end of the sawtooth waveform are

t.roubh'some only when the duration of the sweep becomes a large

fracf/ioii of tlie pulse-repetition period, when they may persist into
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the beginning of the succeeding sweep. The cathode-ray tube is

ordinarily blanked out between the end of one sweep and the

beginning of the next.

Of these three types of distortion the first is usually the most trouble-

some and the hardest to cure. It is caused primarily by the distributed

capacitance and leakage inductance of the windings, neither of which is

Lag due to distributed capacitance-

and leakage reactance

„Drop due to poor low-

frequency response

TVOscillations

(a) Typical waveform

easy to reduce in a synchro. Some improvement can be gained by using

thinner laminations of higher permeability and by reducing the air gap,

both of which expedients permit reducing the number of turns for a

given inductance, and therefore the distributed capacitance. The
decreased air gap also aids in increasing the coupling coefficient, which

reduces the leakage inductance. The droop, of course, can be improved

by an increase of total inductance, which increases the lag, or by working

at a lower impedance level, which is often prohibited by circuit con-

siderations. When necessary, the oscillations can be minimized by suit-

able circuit design.

Sweep synchros may be used in either of two main types of circuit,

and the electrical characteristics required depend upon which of these
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types is chosen. In one type, the load on the output windings is of

comparatively high impedance, such as the amplifier inputs of Fig. 10-285.

In this case the secondary inductance is made as large as possible with-

out sacrificing the high-frequency response, and the primary inductance

is kept down for the same reason and to obtain the maximum voltage

stepup. The low-frequency response suffers if the primary inductance is

reduced too much; therefore an optimum value must be chosen. .The

flux density in the unit is usually run as high as possible in order to

increase tlie output voltage.

In the second type of circuit, shown in Fig. 10-28c, a low-impedance

synchro drives a CRT deflection yoke directly. This circuit is used in

radar indicators where the accuracy requirements are not great enough

to warrant the additional expense of the amplifiers of Fig. 10-286. The
yoke is similar in design and construction to the stator of a synchro motor

or control transformer, and standard stators can be used to give fair-

quality presentations. The cathode-ray beam is deflected by the

magnetic field set up by the yoke windings, and the direction of deflec-

tion follows the motion of the generator rotor.

For efficient operation into a low-impedance load, the impedances of

the yoke and of the synchro output must be matched. In this application

the synchro is usually run at a moderate flux density because the required

output voltage is low. The response must be maintained to compara-

tively low frequencies in order to transmit long sawtooth waves.

Because of the requirements for g6od response at both low and high

frequencies, and because the construction of a synchro demands a

particular coil construction, most of the improvements in synchros for

sweep applications have been in the direction of using improved lamina-

tions and in choosing the optimum numbers of turns for primary and

secondary. The majority of synchro-driven PPI's that reached the

production stage used standard synchros since they were the only ones

available, and obtained fairly satisfactory results except for very short

or very long swcHjps or where close-in resolution was required. Most of

the improved synchros tried by the Radiation Laboratory were individual

experimental models, and at present very few types are available.

MISCELLANEOUS ROTARY INDUCTORS

10-16* Magnesyns.—Magnesyns are rotary inductors for remote

position indication, consisting of a toroidally wound coil and a permanent

magnet. They are not power-transmitting units, and therefore, when

connected back-to-back, should be used only to drive pointers or similar

devices. A single unit may be connected to a synchro through proper

matching devices and the combination used as the data-input system for

a servomechanism. The Magnesyn is also constructed in a linear form,



346 ROTARY INDUCTORS [Sbo. 10-15

but this type has a high inherent friction and should be used only as a

generator.

Construction .—The rotary type of Magnesyn consists of a stator and

a permanent-magnet rotor. The stator windings are wound on a toroidal

form around laminations of a soft, easily saturable material such as per-

malloy. Surrounding the toroid itself is a cylindrical stacdc of core
laminations which acts to complete the magnetic path when l,h(! permalloy
has been saturated by a-c excitation. In the center of the t.oroid is :i

strong cylindrical permanent magnet, mounted on laairings. 'I’he

cylindrical shape produces a uniform field around the periphera,! ba-oid.
Two taps are taken off at 120° and 240° from the ends of the stator coil,

dividing it into three equal segments. The structure is illus(.rat('(l in
Fig. 10-29.

Electrical Characteristics.—M&gnesYas are designed for use with -lOO-
cycle 28-volt power, and draw approximately 50 ma for tiui .smulha-
units and 80 to 100 ma for the larger units.

The units are built to give accuracies of per unit, thus benng ca-
pable of i° accuracy when used in a back-to-back system. Wlnm a, liiu'a r

Magnesyn is used to drive a rotary unit, errors up to 2° may Ixi (‘xpc'ctcal.
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Theory of Operation, In the case of the circuits to be found in a
transmitter unit, it can be seen from Fig. 10-30 that the permanent mag-
net will cause a magnetomotive force to be set up in each half of the
annular core, and that the core will be bisected by the axis of the poles
of the magnet. This magnetomo-
tive force will be called Ji’d-c Fur-

thermore, since the core is made of

homogenous material
,
symmetrical

in shape and concentric with the

magnet, the reluctance of the two
magnetic patlis will be the same,

and J/d-o will l>e equal in the two
halves of tlie ring.

The a-c excitation will cause an

alternating magnetomotive force to

be set up in tlie core, wliich will be

considered to cause a (dockwise flux

in the core at a specufic; time. This

magnetomotivo force will be indicated by
Then the total magnetomotive force in one half of the coil will be

Hi = -T //d-(5, (1)

and in the other half,

Ih = ILe - //d-c (2)

The ma,gnet(>nK)tive foire gives rise to a flux density Bi, which is made
up of two components -namely which is common to both halves of

the ring a.nd varies at tlu', samci frec|uency as and an additional flux

density Bx, whicli exists because of the presence of Hd-c combined with
or

Lamination with

toroidal winding

Fig, 10-30,—Magnetomotive forces in

Magnesyii core.

I jikpwmA

+ Bx- (3)

B% = Bn-,, ““* Bx^ (4)

From Ecis. (3) and (4),

R ... + ^2
'

(5)

and

n Ih - B..
li. -

-
2

•

(6)

If the periiiaiuuit magnet furnishes a magnetizing field corresponding
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to the point Hi on the low-hysteresis permalloy magnetization curve of

Fig. 10*31, the flux and magnetomotive force relationships will be as

shown in Fig. 10*32. Curve b is the mag-
netomotive force due to the a-c excitation.

Curves a and c are the total magnetomo-
tive forces in the two halves of tlie core,

as given by Eqs. (1) and (2). Curves d
and e show the time variations of tlie fluxes

Bi and B 2 due to the magnetomotive force

shown above. Curves g and / show tlu^

time variation of the fluxes and
where these two fluxes are defined as in h](|s,

(5) and (6). It will be observed tliat B.*;

varies at twice the frequency of the funda-
mental flux Ba-c, and is therefore a second-

harmonic flux.

In the case of the toroidal winding as shown in Fig. 10*33, the exciting
voltage E impressed across the coil will be

Fig. 10-31.-—Magnetization curve
of Magnesyn stator.

Then

where

B — ei -|- C2 = Caro-

ei = —h
dt

( I

\ dt dt )

(7)
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The voltage Cx constitutes a voltage of a frequency double that of the

impressed voltage, or a second-harmonic voltage. This voltage is a

maximum at the points of the coil adjacent to the poles of the magnet.
If two taps are placed 120° apart as shown and the rms second-har-

monic voltages are plotted against angular rotation of the permanent-

magnet rotor, the curves shown in

Fig. 10-34 will be obtained. Upon
comparison with Fig. 10*4 it will

be seen that this is identical with

0 60 120 180 240 300 360

Rotor angle d In degrees

Fig. 10-33.-—-A-c flux niid voltage distribu- Fig. 10-34.—Second-harmonic phase-voltage
tion in Magnesyn, distribution in Magnesyn.

the distribution of secondary voltages in a synchro as the rotor is

turned.

Tliere are also fundamental-frequency voltages present, but their

amplitudes are independcuit of the position of the rotor. Therefore, when
two units are connc^cted back-to-back as shown in Fig. 10*35, the same

Fm. 10-35.“ llotary Magnosyns in back-to-back circuit.

fun(lam(uital-fr(Hiucn(‘.y voltages appear at corresponding taps of the two
units and are balanced regardless of the position of the rotor; but the

BcHsond-harmoxiic voltages change with the rotor position, and any differ-

in position of the rotors of the two units will produce an unbalance

in thx^se voltages for the two units. This voltage unbalance causes cur-
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rents to flow which in turn produce restoring torques to bring the rotors

into alignment.

Linear Magnesyfi .—The operation of the linear Magnesyn is exactl v

like that of the rotary unit; its construction and its use with a rotar^^

Magnesyn are shown in Fig. 10*36. It consists of a shell-type permalloy

magnetic structure with a hollow central leg within which a permanent

magnet can be moved longitudinally. The design of the coils and mag
netic circuits is such that the fundamental and second-harmonic voltages

vary with linear motion of the permanent magnet in exactly the sann*

fashion as in the rotary unit.

Rotary Magnesyn receiver

Fig. 10-36.-—Linear and rotary Magnesyns baek-to-back.

Magnesyn and Autosyn (Synchro).—If it is desired to couple a Mag-
nesyn to an Autosyn a coupling transformer is required to cancel out tln^

fundamental voltages because these voltages must not appear on the

Autosyn secondaries. Although the Autosyn was designed for use al

400 cps, it will operate satisfactorily at the second-harmonic frequeiuiy of

800 cps. Such a coupling transformer is shown in Fig. 10*37. If the

voltage between any t\yo points on the Autosyn stator is determined,

only second-harmonic voltages will be found to exist.

For example, the voltage between b and c may be derived as follows:

-W + W + S- iF - S,

where F = fundamental rms voltage, and S = second-harmonic rms

voltage.

10*16. Telegons.—Telegons, like synchros, are used in follow-up

systems—that is, a mechanical motion at the transmitter rotor shaft is

electrically transmitted to the receiver. This electrical energy is mag-
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netically resolved into a torque which displaces the receiver rotor shaft
by an equal amount.

and Theory ,—The unit is a singie-phase~to-2-phase

instriinient. All coils are stationary and are wound on a nonmagnetic
core, d'lie rotior, wlnx^h is simply

a low-iruu’tia extiH^inely liglit mag-
neti(i vane as shown in Fig. 10*38,

is mounted axially on jeweled bear-

iugs so tJiat it passes tiiroiigli the

single-phase rotor exciting

winding. Magrudh^ (H)upling with

the 2-pliase
‘
^ stata )r

’
’ windings

(vxists tiirough tflie vane. With-

out tlie vaiKi, the {^nipling cocffici-

(uit from tlie singl(HI>luise to the

2-phase windings is extixnnely low.

Even wit.li the vane, however,

tli(^ c,()ui)ling is still relatively

small. Th(‘ inagiudic. va-iuj with

tbe two l(‘aA'(‘s on its (aids acts to guide the alternating flux from the

‘trotor^’ stationary v'inding so that it links the two right-angle ^^stator^^

windings in a iiianner winch is a function of the angular position of the

x'liiie. Voltages iim induced in the two right-angle windings according

t.o the relations

Fia. 10-38.—Telegon construction.
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and

El = Eroiovrmn SlU 0

E^ EtoUxf^fxas COS 6j

where $ is the angular position of the vane with respect to a fixed zero.

These two 90*^ 400-cps voltages are transmitted to the receiver

unit. In the receiver the 90*^ voltages are combined into an alternating-

magnetic field that matches the field set up by the rotor excitation of

the receiver unit. Schematically, the units can be illustrated as in Fig.

10*39. When the units are matched in rotor angle, no currents flow

200 ohms d-c

Stator coil (fixed)

Fig. 10*39.—Telegon system schematic diagram.

between them and hence no torque exists on the receiver vane. If

restoring torque is plotted against the angle of the receiver off null, the

response curve will be as shown in Fig. 10*40.

The accuracy of the units is ±2® per unit. A back-to-back system,

therefore, has an over-all accuracy of ±4°.

Use .—The units were primarily designed to transmit rotary motion

to a remote source. However,

special consideration has been

given to attaching the transmitter

rotor to aircraft instruments (alti-

meter, airspeed meter, etc.) where

torque is at a premium. For such
applications, it takes only 20

mm-mg to rotate the transmitter

rotor. Likewise, it is easily seen

that only pointer-indi(‘.ation loads,

or the like, can be actuated by the

receiver. Although two units
back-to-back do not lend them-

selves to servo control, it is possible to get torque amplification at the

receiver by coupling the telegon to a 2-phase-to-single-phase synchro
control transformer, and using the a-c error signal from the control

transformer to control a servo motor.

Practical application of the Telegon is limited because of its poor

accuracy.

Fig. 10*40.—Telegon performance curves.
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Excitation and Electrical Characteristics .—The Telegon requires 90

ma at 26 volts, 400 cps. An indication of the small magnetic coupling

can be gained from the fact that a maximum rms voltage of only 6.2

volts is obtained across one of the output phases for a 26-volt input.

Figure 10*41 shows an exploded view of a Telegon.

(a) (h) (c) id)

Fia. 10*41.—Kollsnian Telepioti and disassembled parts, (a) Unit removed from case;

(6) stator windings removed, sliowing “rotor” winding and vane; (c) vane; (d) assembled
Telegon.

1047. The D-c Selsyn.—All the rotary inductors discussed so far are

intended for operation on alternating current. There are some applica-

tions where a remote-indicating system is needed that will operate on

low-voltage direct current, and several systems have been devised to fill

this need. The General Electric Company manufactures such a system

in several modifications under the name of d-c Selsyn systems, and inex-

pensive versions of the same de-

vice have been used as fuel-tank

gauges in automobiles.

The principle of operation can

be most easily understood from

Fig. 1()*42. Here a battery E
supplies current to two coils Li

and L 2 through a sine-cosine

potentiometer which operates in

such a way that the currents ii

and it through the two (‘.oils are

respectively equal to kE sin a and kE cos a. If the two coils are iden-

tical and have their axes at right angles, the resulting steady magnetic

field at their common center will be constant in magnitude and its direc-

tion will make an angle a with the reference direction. This angle a is

the angular position of the potentiometer shaft. Therefore, if a compass

needle is placjed at the (;enter of the coils it will turn as the shaft is turned,

thus serving as an accurate remote indicator of the shaft position. This

indication will be independent of the voltage of the battery since a volt-

age change will affect both coil currents in the same ratio and the direction

of the resultant field will be unchanged.

Fig. I ()*42,—Principle of d-c Selsyn operation.
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There are a number of variations of this basic system, using either

two or three sets of coils and with various added features for particular

applications, but the three-coil three-wire system shown in Fig. 10-43 is

typical. In this system the transmitter is a potentiometer with a con-

tinuous 360° ring winding tapped every 120° and fed with direct current

from a battery by two brushes, 180° apart. It can be seen from the

construction that if the voltages across the three portions of the winding,

A-B, B-C, and C-A, are plotted against shaft angle, a set of curves will

result that are roughly like those plotted in Fig. 10-4 for the voltages

induced in a synchro-generator stator. If the three leads of a synchro-

motor stator are connected to the three points A, B, and C of the potentio-

Fia. 10*43.—Three-wire three-coil d-c Selsyn system.

meter winding, a steady magnetic field will result in the stator, and will

rotate as the potentiometer shaft turns. The actual indicator used in a

d-c Selsyn system may use a Gramme ring, as shown in Fig. 10*43, or it

may employ salient poles, with the coils either on the pole necks or on

the ring between them, but the end result is the same. The rotor is a

cylindrical permanent magnet similar to that of a Magnesyn and similarly

mounted, but since alternating current is not present in a d-c Selsyn a

stationary copper damping ring or cup is usually mounted in the air gap

between the rotor and the pole pieces.

Magnetic-circuit efficiency in a d-c Selsyn indicator can be made fairl.y

high, and the cylindrical permanent-magnet rotor gives an excellent

torque-to-weight ratio, permitting the use of plain steel-to-bronze bear-

ings instead of the fragile and expensive jewelled bearings required for

some remote-indicating devices. A single system consisting of a potentio-

meter and one indicator requires about 2 watts at either 12 or 24 volts

^ One such potentiometer is the Olimite model DR-125, shown in Fig. 8*31 of

Chap. 8.
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direct current. Two indicators can be connected to a single transmitter

if the dial calibrations are suitably altered. Direct-current Selsyns are

light and compact; a complete transmitter unit weighs 0.3 lb and a

quadruple indicator, giving four independent indications on a 2|-in. dial,

weighs 0.95 lb. Further details on d-c Selsyn systems can be found in

the GE catalog, Sec. 6015, pp. 21-34.



CHAPTER 11

INSTRUMENT MOTORS AND TACHOMETERS

By T. B. Morse

THE CHOICE OF A MOTOR

The fractional-horsepower motor field, prior to the expansion of the

aircraft and radar industries, was rather limited as to the mimbcr of

types and sizes available. In general, the choice was limited to small

universal (a-c-d-c series) motors, induction motors which were sc'ldom

available in sizes smaller than -g- hp, and small cheap shaded-pole motors

for fans, phonographs, and clocks. They were greatly inferior to those

now available after the rapid strides of the last few years.

There have been very few changes in the basic designs of motors, but

much work has been done on the utilization of recently availabk^ mukuials
in order to obtain the greatest power per pound and per cubic iiudi, and
also on the design of special motors for particular appli{!ation.s. It is

because of the large number of special designs that the Radiation Labora-
tory found it necessary to carry over 300 different types of motors in

stock, and these covered only a portion of the small-motor fi(dd.

In drawing up a set of specifications for a new motor it is often desir-

able to include a fairly complete set of data on an existing motor that, is

as near as possible to the required design. This is particularly important,
if the new motor is to be ordered from a manufacturer who ha.s had limit <id

experience in making the class of motor desired, since it will giv(‘ his

design department a basis from which to start. For examples, manu-
facturers of industrial motors have often produced aircraft motors tbrec
or four times as large and heavy as similar units producc^l by more
experienced companies. On the other hand, if the manufii,ctur<‘r is

thoroughly familiar with the design of the particular class of motor
involved he will not need such information. In any case, liow(n-('r, ii is

necessary for best results that the designer be furnished with as (.om’pl('f(^

and accurate a set of performance curves and other specifications as can
be obtained, with information as to the relative importance of th(i various
items.

There are several sets of standard motor specifications which have
been prepared by various agencies, but they are perhaps less useful than

356
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they might be for various reasons. Some of them are intended for

machine-tool manufacturers and other motor users whose requirements
are more or less similar, and are not applicable to aircraft or instrument

motors. Other specifications have been drawn up by certain classes of

users, such as the armed forces, and represent what they would like to

have rather than what can actually be manufactured. • Military specifica-

tions are apt to be general in nature but are so rigid in some respects

that very few motors will actually meet them. If the military specifica-

tions are quoted to a motor manufacturer it will usually be found that

numerous compromises must be made in the design, and these com-
promises may result in a poorer motor for the application in question than

if a new set of specifications had been drawn up on a more realistic basis

for the specific purpose in mind.

It is always profitable to draw up a check list of characteristics and
desired features when purchasing a piece of equipment, and the following

list may serve as a basis from which to construct a more detailed set of

specifications of a motor for a particular application. It is necessarily

general and lacking in detail but it covers some of the more important

points.

Power source

Voltage and voltage regulation

Range of voltage variation

Ripple (if direct current); harmonic content (if alternating current)

Frequency and frequency variation (if alternating current)

Effect of heavy starting currents on power source

Horsepower rating

Actual output required (average and peak)

Duty cycle

Momentary overloads

Starting torque; Pull-in torque (if synchronous)

Frecpiency of reversal or starting

Temperature rise

Ambient temperature range

Type of eiKdosure

Method of cooling

Speed
Speed regulation

Changes of speed with voltage, frequency, etc.

Control features

Control by: inherent motor characteristics

integral controlling devices

external control systems
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Control of : speed

torque

starting current

synchronization, etc.

Noise and vibration

R-f and other electrical noise

Mechanical noise

Vibration and balancing

Frames and enclosures

Frame size

Mountings
Dimensional tolerances

Materials and protective treatments; finishes

Leads and terminals

Brushes and brush mountings

Bearings and lubrication

Maintenance requirements and ease of maintenance

Special features and attachments

Correlation of motor design with design of remainder of equipment

with which motor is to be used.

The last point is sometimes the most important of all.

The preceding list does not include a reference to the type of motor.

The decision as to the type required is usually based upon the required

characteristic, and for most critical applications thei'e is little choice.

The two following sections will discuss the more important of the fore-

going points, and the remaining sections will describe very briefly the

more important types of small motors and also certain kinds of motor

attachments and accessories.

114. Motor Characteristics. Power Somce.—^The first considera-

tion in choosing a motor is the type of electrical power that will be used

to drive it. The voltage, frequency, and normal voltage variation of the

source will ordinarily be given, but it is often necessary to specify these

and other points with considerable care. If a motor is to be connected

to a well-regulated commercial d-c 120- or 240-volt line all that is neces-

sary is to give the line voltage. If the line voltage is subject to wide

variation the maximum and minimum voltages must be specified. If

this variation is excessive it may be necessary to provide some type of

voltage control and to design the motor for the minimum expected volt-

age. If the speed of the motor must be kept reasonably constant,

excessive line-voltage variation may force the use of a centrifugal or

other type of speed governor that would not otherwise be required.

In airborne equipment the existence of large percentage line-voltage
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variations may be made serious by the comparatively large voltage drop in

the motor leads. These leads must be kept small to reduce weight, but

the large currents drawn by most aircraft motors (which are usually

intended for intermittent high outputs) may result in drops of several

volts. For this reason it is often necessary to specify the voltage at the

motor terminals, rather than the nominal supply voltage. Many nominal

27-volt motors are actually designed to operate at 26, 25, or even 24 volts.

If such motors are operated continuously at full output and 27 volts they

may overheat seriously.

A related consideration that will be discussed later is the question

of starting current. Excessive starting currents are not usually of suf-

ficient duration to damage the windings of a small motor, but may cause

brush or commutator trouble. If the line does not have very good regula-

tion, however, it may be necessary to limit the starting current to protect

other equipment on the line. This limitation may be done by auxiliary

equipment such as starting rheostats or resistor-relay combinations, but,

if possible, it is preferable to accomplish it by suitable design of the motor.

Another rather rarely encountered consideration is the nature of the

^Mirect current’’ supplied to a d-c motor. The a-c component of mostd-c

power sources is negligible for motor operation, but if a d-c motor is to

be powered from an unfiltered half- or full-wave rectifier the heating due

to excessive core losses may be excessive. Such situations arise occa-

sionally in the use of small d-c motors in a-c-powered equipment, and

frequently in electronic d-c servo applications.

If the power supply is a-c further complications arise. The only

type of motor whose performance is reasonably independent of frecpiency

below 100 cps is the universal series type, and its poor speed regulation and

other unfavorable characteristics rule it out for many applications. Air-

craft a-c power supplies are notorious for varying in frequency, but

frequency variation is a problem in many other fields also. A variation of

20 to 30 per cent in frequency will be tolerated in noncritical applications,

so that most (Kl-cps motors can be operated successfully at 50 cps, but an

attempt to operate at 25 cps and rated voltage would probably be disas-

trous. Operation at a frequency higher than the design frequency will

cause Ic^ss t.roubh^, but ratings must be reduced to make up for the

in(‘-rc^as(^(l iron lossi's and the operating voltage may have to be increased.

Accurate sjieed regulation of most types of a-c motors on a power supply

of widely varying frequency is impossible with normal commercial

designs, but there are certain types of motors tliat will operate at speeds

almost independent of frequency over a wide range. One such motor is

shown in Fig. 11-17.

Another point that is only of occasional importance is the waveform

of an a-c supply. The harmonic (‘.ontent of tlie usual commercial power
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line is small except in rare cases where a line of poor regulation supplies

certain types of nonlinear loads such as electroplating rectifiers that, in

effect, feed harmonic voltages back into the line. Some voltage regula-

tors, especially the types using saturable reactors as control elements,

cause pronounced distortion of their output voltage waveforms. The

waveform of many small alternators, particularly the 400-cps aircraft

types, is poor. If motors are to be driven from any of these sources of

power, attention must be paid to possible trouble from excessive har-

monic content. This will not usually affect the characteristics of the

motor to any great extent, but in some cases may lead to increased heating

and thereby necessitate a reduction in rating.

Mode of Control ,—For many applications the inherent character-

istics of a standard motor are such that no additional means need be

provided for controlling speed, etc. In others the requirements are so

stringent that elaborate control systems are required; such systems are

discussed in Vols. 21 and 25 of this series and will not be elaborated here.

For the intermediate class of applications, however, there are several

simple control methods, and for best results it is necessary to consider

the control and the motor as a unit rather than to pick a motor and

hang a control on it. Many motor manufacturers are now supplying

various types of motors with centrifugal speed governors attached and

with the characteristics of motor and governor matched to secure the

most desirable characteristics. When such controls are required the

manufacturer should be informed as fully as possible of all the conditions

of operation and of the required characteristics so that the control will

be given a chance to work properly. This applies not only to centrifugal

speed governors but to all types of control, and is the more important

the more critical the application.

Speed control is only one of the types of control which it may be

necessary to consider. Another important type is the limitation of

starting current. This must be considered for large or heavily loaded

motors, or in cases where momentary voltage dips cannot be permitted

on the line that feeds the motor, and particularly for motors in reversing

service such as some antenna-scanning drives. In such cases it is some-

times possible to use a motor that has an inherently limited starting

current, and if it is possible, this should be done. If it is not possible

some other means must be used, such as series resistors that are auto-

matically cut out by relays after the motor has come up to speed. Other

types of control such as torque limitation or synchronization of the posi-

tion of two or more motors may be needed in certain cases and may
require modification of the motor design.

Noise and Vibration ,—Consideration must often be given to vibration

or to mechanical or electrical noise generated by a motor. Vibration
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may effect components that are mounted on the same chassis or structure

as a motor. The motor may be isolated to some extent by shock-mount-

ing the motor frame and providing a flexible vibration-absorbing coupling

in the output shaft, but it is usually easier and far better to use a motor

with a properly dynamically balanced rotor. Bearing and brush noises,

slot whine, and winding hum are occasionally annoying if the motor is to

be used in a quiet environment. Certain types of starting switches make
an annoying pop in operation and have proved to have a strong negative

sales appeal in domestic appliances. The quieting of airborne noise is

not particularly difficult for most types of motors unless the permissible

noise level is very low; for such applications as sound-motion-picture

camera drives the best solution is usually to enclose the whole equipment

in a sound-insulated booth or blimp.

The elimination of electrical noise is a far moi'e common problem, and

may be extremely difficult. Except for pops due to starting switches

and chatter due to vibrating-contact governors, nearly all motor noise

is due to sparking commutators. Slip-ring brushes are usually quiet if

the ring and brushes are in good condition. If a motor with a sparking

commutator is used on the same electrical system with low-level electronic

equipment some kind of filtering or isolation will almost always be neces-

sary. This filtering may be done in the jjower leads of the low-level

equipment, but is much easier and more effective if done at the noise-

generating equipment itself. One of the simplest and best methods is the

connection of small paper condensers from each brush-holder to the

grounded motor frame. It also helps if the motor is connected with one

brush grounded, leaving the series fields on the ^^hot’^ side of the line to

act as a choke. In many cases there will be sufficient space to permit

mounting the condensers inside the end boll; if this is impossible they

should be mounted as closely as possible to the brush leads and covered

with a grounded metal shield. Additional precautions include the provi-

sion of a motor-frame ground connection of the lowest possible impedance

and sometimes include the covering of all openings in the motor frame oven

in. diameter with grounded metallic screening. If the brash holders

have the usual insulating caps they may have to be covered in turn with

grounded metallic covers.

Horsepower Rating and Temperature Rise ,—The term motor rating

is ambiguous unless all of the operating conditions are specified. For

example, the term ^'continuous duty’^ may be chosen. For commercial

motors it is usually specified that the ambient temperature may not

exceed 4()®C. In many radio and radar applications it is found thatthe

ambient temperature may be as high as 90®C, and for a continuous-duty

rated motor the rating mxist be greatly reduced or an entirely new
design may be required. "Intermittent duty” is also a rather tric^ky
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rating. For example, a motor may be rated for a 2-min, a 5-min, a 10-

min, or a 20-min duty under specified conditions of ambient temperature

and intervening cooling periods. These periods may be from 2 to 10

times the operating period. For example, the same size motor tlie

same windings may be rated either for xV hp intermittent duty on a.

5-min cycle or for hp continuous duty, at 50® ambient tcuupfu'at iuaa

If this temperature is raised to 60® or 70°C, the rating may Ix^ rcMlucc^d

to hp continuous, or the motor may not be suitable for tlu* ai)pliea,tion

in question. A good example is the General Electric Company aiiau-aft.

motor in the Size 25 frame. It may be rated for as muc.li a,s
,1

l.p r„r

1 min at 7500 rpm, while the maximum continuous rating for same
frame and speed is not over tto lip-

Another factor that enters into the rating of a motor is tlu' fi-isjuoncy

of starting and stopping, or the frequency of reversal. Unless special

precautions are taken to limit the starting or reversing currents in the
larger motors, serious overheating may result. Small motors of :i0-s('c,,

1-min, or even longer intermittent-duty ratings ordinarily do not, have
internal fans, since the operating time is so short that heat eondiKd ion to
the exterior of the windings where the fans Avould do some good is ina(i<>-

quate. On a continuous-duty motor, however, proper air ducts must he
provided to give the cooling air access to the hot spots.

The cooling problem has been met in different ways by difTen'nt
manufacturers. For the small permanent-magnet motors siu^h as th('
Diehl or Delco units a flat mounting surface is providcxl, it Ixung int (uidc'd
that the motor be mounted on a heavy body of metal so that, lu'at, can lx;
conducted away. On larger motors, integral fans are provichxi and in
some cases special ducts are cast into the motor shell and ( Ixi c()oliug air
is blown through these. In others a shroud is provided over tlu^ motor,
the fan is mounted externally, and the air is directed along t.h(> outiu’
surface of the motor shell. On some Diehl units a fan is provich'd in tin'
same housing which is operated by a separate motor that, runs all the
time, independently of the main motor. This metho.1 is esp<-eially v.hci-
ble for servo motors and others that run at reduced speed for min-h of the
time.

The exterior finish may make a considerable dilTerence in the operat-
ing temperature of a motor. If there is no provision for I'ooling ot.her
than radiation cooling, a motor with a brightly polished or niek<>l-()lal,(xi
shell may run as much as 10° hotter than one with a dull black finish.n certain hazardous locations, as on gasoline pumps, tot.allv enclosed
explosion-proof motors are necessary. Such an enclosure usmUlv redu.vsthe rating of a motor by about 50 per cent, but the iiihu-.uit tent nai,ure

to rSed
frequently permits a reasonably small niot.or
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The method of cooling a motor should usually be left to the manu-

facturer’s design department. It is best to specify the operating condi-

tions as completely as possible, let the manufacturer supply the type of

motor he feels most suitable, and then make tests to determine how well

the specifications have been met.

The ambient temperature range should be specified on a realistic

basis. The usual military specification of —55° to -|-70°C is difficult to

xneet, particularly with I'espect to lubrication, and it is usually necessary

for the designer to favor either the upper or the lower portion of the range.

If it is not actually necessary for the motor to work over such an extreme

range the limits should be moved inward to correspond with the facts.

Motor Speeds.—Motor speeds have not been standardized for small

units other than the 60-cps induction motors, each manufacturer design-

ing motors for particular applications. The General Electric Company

commonly supplies aircraft motors with speeds of 1750, 2800, 3800, 5800,

and 7500 rpm. Many of the smaller manufacturers try to adhere to

these ratings, although 3600 and 6000 rpm are also fairly common. The

ratings of 60-cps a-c motors are usually either 1725 or 3450 rpm, although

a few 1100-rpm motors are available. The ratings of 400-cps motors

(in which the 2-pole synchronous speed is 24,000 rpm) are usually

12,000-, 8000-, or OGOO-rpm, the 8000-rpm being the most common.

In the smaller sizes considerable difficulty is encountered in finding

sufficient space to wind tlie required number of poles for the lower speeds.

The speed characteristic required for a particular application will

often determine the choice of motor type, especially for d-c motors.

In general the speed regulation is poorest for series motors, much better

for shunt-wound motors, and still better for compound-wound motors.

Very good speed regulation is obtainable from the use of integrally

monnted centrifugal speed regulators. In cases requiring two-speed

operation a double-commutator d-c machine may be used, such as the

John Oster unit shown in Fig. 11-2. Multispeed operation can also be

obtained in certain types of pole-changing a-c motors, although here the

choice of types and sizes is limited.

11'2. Miscellaneous Features.—Beside the strictly electrical and

mechanical features of a motor there are a number of others that should

mot be overlooked in choosing an existing motor or in drawing up a speci-

fication for a new one.

Frames and Endos'ures.—Most motors of the fractional-horsepower

class or larger can be obtained in several types of frames or housings.

Of these the most common are the conventional open frame and the drip-

proof, the splash-proof, the totally enclosed fan-cooled, and the explosion-

proof housings, in inci'easing order of degree of enclosure, complexity,

weight, and expense. Motors may also be purchased less frames, or less
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certain parts of the frame, for incorporation into machine tools or other

equipment in which suitable provisions are made for mounting the rotor,

stator, and accessories. The variety of housings is less for motors smaller

than about j hp, and the most instrument motors are furnished with only

one type of housing. Many types of instrument motors, however, are

totally enclosed, which renders them less liable to trouble from dirt and

corrosion than the conventional open-frame type.

The mounting dimensions and styles of fractional-horsepower and

larger motors have been more or less standardized in the interests of

interchangeability. Standardization has also been carried out for certain

special classes of motors, particularly for aircraft motors, and standard-

ized mountings should be used wherever possible. There are many
cases, however, where special mountings are necessary, and if a particular

motor is of such a special nature that it cannot be replaced by some type

of standard motor a standard mounting should not be allowed to force an

unfavorable compromise in some more important design feature.

Most motors in the past have been mounted by mounting feet or

flanges in a plane roughly tangent to the cylindrical motor shell. In the

interests of compactness, easy alignment, and less weight, however,

aircraft motors are usually end-mounted, and many instrument motors

are mounted in the same way.

Concentricity and dimensional tolerances on mounting and locating

surfaces should be given to the required accuracy, but no more. A motor
that drives a fan or pulley mounted on its shaft need not be accurately

located, but if it is geared to its load the required accuracy is determined

by the design of the gear box. If tolerances tighter than normal produc-

tion tolerances are specified the manufacturer must use selective assembly

or must make certain parts with greater than normal accuracy, usually

in his tool room or model shop, and in either case delivery will be retarded

and production cost will be considerably increased.

Shaft end play may be of importance in some applications. The
design of the equipment associated with the motor should be such as to

permit a reasonable amount of end play, say 0.010 in., if possible; if not,

the shaft should be located longitudinally by one bearing and the other

bearing should usually be backed with a loading spring. If the locating

bearing is the one closer to the output end of the shaft the effects of dif-

ferential expansion of shaft and housing will be minimized.

Materials and Protective Treatments .—It is usually best to allow the

manufacturer to decide what materials are to be used in the construction

of the motor, and what the internal construction is to be. The less the

interference with his standard production techniques and the fewer the

special parts required the less expensive and often the more satisfactory

the final product will be. In many cases, however, it is necessary to
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specify certain materials or details. For example, Navy specifications

forbid the use of cast iron for motor frames because its brittleness renders

it vulnerable to damage from shock. If the piece of equipment of which
the motor is a part is itself shock-mounted, however, this objection loses

much of its force and it would be in order to apply for a waiver of this

restriction. Standard motors are usually adequately protected against

the degree of atmospheric humidity prevalent in the temperate zone, but
a motor intended for tropical service should be tropicalized. This treat-

ment should include not only impregnation with a fungicidal lacquer,

but also the provision of special materials for motor and coil-lead insula-

tion, slot insulation, slot wedges, etc. Standard maple slot wedges,

for example, are excellent culture media for fungi, often even when coated

with a fungicidal lacquer, and should be i*eplaced with more suitable

materials. Mild-steel shafts should be replaced by stainless-steel shafts,

and all parts that are subject to corrosion in humid conditions should be

adequately protected. Motor's furnished as spare parts for other eciuip-

ment should be packed in sealed cans wdth a drying agent.

Leads and Termmals.-—T\\e number, type, and location of motor leads

and terminals should be specified. For many purposes the standard AN
connectors are suitable, as they can be obtained in a wide variety of

types and sizes to fit all ordinary requirements. In some cases the motor
will be installed in an inacessible position or will be so closely surrounded

by other equipment that it will be impossible to use a connector. In

such eases it will be necessary to use wire leads, and the position of emer-

gence from the liousing, the length, size, and color or other coding of

these leads, should be carefully specified.

Brushes and Brush M()imtings.~M\ioli developmental work has been

done on motor brushes. In the early days of military aviation it was

found that ordinary carl)on brushes which might have lives of several

thousand hours at sea level were ground to destruction in 10 to 15 min
when operated at high altitudes. This was later found to be due to the

dissociation, under (‘.onditions of low oxygen pressxxre, of a film of copper

oxide that forms on the surface of the commutator at normal pressures

and that acts as an effecddve hibricant. Satisfactory brushes were

eventually pr()du(‘,ed l)y impregnation with certain organic materials or

with halogen com|)()imds such as load iodide. Many manufacturers

are now producing such brushes, each with his own particular process of

impregnation. Sometimes this is done before pressing and baking the

brush, sometimes by dipping the completed brash.

Of the many types produced, altitude-treated^' brushes are avail-

able that are suitable for operation at both low and high altitudes. It

is preferable not to specify such brushes if high-altitude work is not

necessary, since in many cases the treating compound has a tendency to
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bleed out aud gum up the commutator. -This is especially true of tlu*

very small motors and generators used as instrument and computer

drives, tachometers, etc. The manufacturers, therefore, in(li('at(' the

type of brush to be used in a particular unit. Details of the imi )ri'giia.t ing

compounds and treatments used are beyond the scope of this \'olunie.

Another method of varying the properties of a brush matc'rial is th(>

combination of such metals as silver or copper with the carlxm, eil.h(‘r in

the mix or by treatment after pressing. High-metal-conteiit bruslu's are

satisfactory for slip-ring use and for generators and tac.liometc'rs wliere

voltage drop across the brush must be held to a minimum and currents

are not large. All-metal brush materials such as copper gauze aia^ used

for low voltage drop and very heavy currents, as on starter motors and
plating generators, but are not recommended for general u.se. doppor-
carbon brushes with a high metal content (up to 80 per cent) ai-(^ u-sed

for the same purpose. One trouble with both these types is that the low-

resistance particles collect in the cracks between commutator segments
and tend to short-circuit them. For this reason the mica spaccu-s on such
commutators are not usually undercut, even though this tends to incr(‘asp

the liability of sparking. Another difficulty in the use of all-metal

brushes lies in the fact that when similar metals are ruhlxxl iogetlun', as
copper on copper, they have a tendency to seize and gall, d'his causes
serious difficulties, especially in the case of silver brushes on silv('i- slip

rings. If dissimilar metals are used, as silver on stainless st.(>el, th<> t riho-

electric effect produces appreciable electromotive forces between tlu*

metals, which may lead to difficulties except when the armat ures \-()ltag(‘

is comparatively high.

One difficulty often encountered with motor-generator s(d.s and dyna-
motors is that heavy starting currents cause intense local luxifiug and
expansion of the contact surface, with consequent cracking and dis-
integration of the brushes. In general, metal-graphite brushes ar<>

suitable for 6- to 28-volt applications, but not for high-voltag(>. annat.ur(>s
or for those applications in which there is a high voltage bel wetm com-
mutator bars.

Another consideration that is important with airy brush that. ma\'
have to carry appreciable currents is the provision of a “pigtail” con-
nection from the brush to the lead or holder so that the current, will not.
have to flow through the brush springs. Spring materials have compara.-
tively high resistivities, and a brush spring will be anniuiled and ruined
in a moment by excessive current such as might be caused by a,u acci-
dental short circuit. Most motor brushes are now provides! with a pig-
tail of extra-flexible stranded copper wire that is imbedded in t hee bru.di
material at one end and carries an eye or contact lug at t,lu' otlu'r.
Certain types of brush holders in which the brush pressure; is pre)eluceei
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£t spring that is not electrically connected to the brush do not require
the pigtail for the protection of the spring, but it is still useful to reduce
brusli-circuit resistance. Brushes that slide radially in a round or rec-

tube, as in most small d-c motors, do not make good connection
t»o the^. tube, especially after they become soaked with oil or grease from
the bearings. In very small motors where the provision of a pigtail

^voul(i be difficult or impossible and where current must be carried by the
l>rusli spring beryllium copper may be used, since it retains its springy
clualities up to fairly high temperatures.

"^riie actual design of the brush holder is frequently a matter of impor-
tance. l^he common tubular holder is satisfactory for most purposes if

a pigtailed l)rush is used, but it should be constructed either with both
liolder and Ijrusli cap flush with the motor shell or with an integral

slioiilder to prevent the holder froni being driven inward against the

C()rmnutat()r by an accidental blow. Such an accident will necessitate a
major overliaul of tlie motor, including turning down the damaged com-
mutator. Anotiier precaution in this type of brush holder is the provision

of insulating l)rush caps so designed that no metal that is electrically

cu>nne(d»ed to any |)art of the motor circuit is accessible from outside the

motor. Tliere is no excaise for the exposed metal brush caps fre-

C|uently found on clieap motors, and their presence on motors used in

home appliances is (‘.riminal.

In (certain applications, particularly in Amplidyne generators and
|)reeisi()n d-c tachometers, it is essential to use a brush mounting that

will not permit the l)rush to move tangentially with respect to the

motor frame. In the cuise of some aircraft Amplidynes the brushes are

in tlie form of a segment of a cylinder and are mounted on an arm that

swings about an axis in the center of curvature of the brush and parallel

to the generator shaft. A somewhat simpler construction which does not

rc(piir(^ (Uirve<l brushes is illustrated in Figs. ll*3d and 11-7. In the

<^xanqd(^s shown, the brushes are rigidly attached to triangular brush arms
t.hut ])ivoi. ahcyut ax(\s that are at right angles to the shaft axis and are

lo(uit(.Hl near the outside surface of the generator housing. The finger-

brush ca)nstructi()n of the Elinco generator of Fig. 11*4 is also effective

in eliniimiting siuhhm ]>rush shifts, but a gradual change of effective

brush position may take place because of wear.

fi^’arings and IAd>ricMi(m.—"OxiB of the most prolific causes of failure

of small motors has always been the bearings. The choice is limited to

ball b(^a,rings and sle(W(^ txuirings, the Army and Navy generally favoring

the foruKU' (^x(‘lusiv(dy. Powdered-metal sleeve bearings, however,

hav€^, many <losiral)l(^ features. They are especially suited to applications

at normal or high ambient temperatures, but have a tendency to seize at

very low ^cmp(U’a.tur<^s. In fan and blower duty, however, this is not a
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serious defect because cooling is not necessary at the lower temperatures.

By the time the temperature has risen sufficiently to require that the

cooling system start working the bearings will have warmed up suf-

ficiently to operate. Sleeve bearings are almost essential for very-high-

speed operation (above 10,000 rpm), since at such speeds rather elaborate

precautions are necessary to ensure proper lubrication of ball bearings.

At high speeds these require very little oil, but must have an unfailing

supply. Grease is impractical for high-speed operation since the particles

of grease do not have time to get out of the way of the balls as they roll on

the races. The result is that the balls slide rather than roll with con-

sequent overheating, galling, and destruction of the bearing in a very

few seconds.

Sleeve bearings require much care in their application. The bearing

surfaces should be broached or bored but not reamed, since the burnishing

action of a reamer has a tendency to close the pores in the surface of the

metal. After sizing it is necessary to cut the lip off the oil grooves to

eliminate its tendency to shave the film of oil from the journal, causing

rapid wear. If sleeve bearings are fitted loosely enough for low-tempera-

ture starting they are frequently too loose for normal-or high-temperature

operation. Under very low-temperature conditions ball bearings may
be preferable, though they still have drawbacks.

Sleeve bearings are satisfactory for long life and quiet operation if a

suitable felt- or wool-packed oil reservoir is provided. They are particu-

larly applicable in dirty or dusty locations, since they are much less liable

to damage from grit than ball bearings. It is desirable, however, to

provide some means for periodic lubrication of sleeve bearings, even if

this requires running a length of tubing from the oil reservoir to some
accessible outside point. Sleeve bearings are also preferable to ball

bearings when the equipment is infrequently used or is subject to long

periods of storage, since they provide a constant and large-area film of

lubrication. Under these conditions ball bearings are subject to corrosion

and to deterioration of the lubricant. The grease may turn rancid or

its oil and soap components may separate, destroying its lubricating

properties and gumming the bearing with hard sticky soap. Ball bear-

ings that have been in storage over six to nine months should be returned

to the manufacturer for cleaning and relubrication. This is not a field

job.

Properly fitted sleeve bearings can have a coefficient of friction

comparable to that of the average ball bearing, but when extremely low
friction is necessary ball bearings must be used. The original open type

of bearing was susceptible to the picking-up of dirt, dust, and fuzz, and
to the loss of lubrication due to seepage and leakage, especially at the

higher temperatures. For example, ball bearings operated with the
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shaft vertical are found to have only about two-thirds of the normal life

because of the loss of lubrication. Shielded ball bearings offer a partial

solution to the problem but their biggest drawback is insufficient grease-

storage capacity, especially in the types that are made to the same over-

all dimensions as unshielded bearings.

It has been found impracticable to clean and relubricate ball bearings

unless special equipment is provided in a suitable dust-free room and

unless the work is done by properly trained personnel. In an emergency

ball bearings can be cleaned with kerosene or some other suitable solvent,

but in general this is unsatisfactory under field conditions. After the

bearings have been soaked for several hoxirs they may be spun by hand
until all of the grease and dirt has been worked out of them. If they are

spun by an air hose or other mechanical means the races are liable to

damage by small particles being ground into the bearing surfaces.

In general, single-shielded ball bearings are preferable to the double-

shielded type, particularly if the bearing mount is designed so that there

is adequate shielding on the open side and if sufficient space is allowed on

the other side for an adequate grease reservoir.

Proper lubrication of any bearing is essential. For low-temperature

operation of ball bearings, any grease meeting Army-Navy Aeronautical

Specification AN-G-3a has been found suitable; most lubricant manu-

facturers can furnislr approved greases. For temperatures above 70®

and even up to 10()®C Andox: C has beenfound satisfactory, although 1()0®C

operation is not desiralde. At low temperatures Andox C has a tendency

to solidify. At very low temperatures (below -55®C) XJnivis 48 or an

equivalent oil should be xised, although it has a tendency to creep out of

the bearings at higher temperatures. At present (1945) there is no

lubricant that is satisfactory over the entire temperature range and it is

necessary to decade which end of the range to favor and to choose the

lubricant accordingly.

In practice it has been, found necessary to service or replace motor

ball bearings operating at room temperature at least every 1000 hr of

operation for best results, and at least every 300 to 500 hr when operated

at an ambient temperature of 70® to 80®C.

Oil-slinging disks or rings have been found desirable on all types of

motors. Fhc'.se are knife-edge washers that rotate with the shaft and

cause any oil or grease leaking from the bearing to be thrown out into

the end bell by centrifugal force rather than to creep along the shaft

and onto the commutator or winding.

The recent advent of high-temperature insulations such as Fiberglas

and the silicjone varnishes has permitted the construction of motors that

can operate at greatly increased temperatures, but full benefit of the new

materials cannot be obtained until good high-temperature lubricants are
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developed. One of the most promising classes of lubricants is tli(‘ sili<*<)nn

oils and greases, but to date (late 1945) they have not bcMui sat isfa,cdor\'

for use in standard ball bearings. Silicone-lubricatcHl stcnd laairings

score very readily and have short life. Better results ha\’(^ Ixhui ohfa irnxl

with special bearings having bronze races and steel bails, but- f h(\s(‘ are

not generally available at the present time. Active (lev(d()|)in(‘nt work
is continuing, especially on special additive compourids to iinpro\a‘ the

lubricating qualities of the silicones, and satisfactory high-{(uup(U‘aturo

lubricants \^dll probably be available in the future. It is liludy tiiat^ 1 }h\so

lubricants will also be suitable for operation at very low t(unp(‘ra,tun‘S.

since the properties of the silicones change very little over a, wid(^ i <*mp(U’n*“

ture range.

Special Features and Attachments .—In many cases tlie only tiling tliat

is “speciah' about a special motor is the provision of some iiitegrall}’

mounted feature that might otherwise be considered part of tlie a.ssot‘iati‘d

equipment rather than of the motor. There is a great variety of such
attachments; probably the most common are integral gcuir boxi^s and
centrifugal governors, but the list also includes magnotic^ally or (umtrif*
ugally operated clutches and brakes, thermal relays to prot.(*ct. the wirnl'*

ings or bearings against excessive temperatures, extra-long or dould.v
extended shafts, special mountings, and many other feataux^H t.liat may lx*

seen^ in various motor catalogues. No general rules can lie rnadi^ for
specifying such special features, but a few of them are discuss<Hl in
Sec, 11-6.

TYPES OF MOTORS

In the 1930’s most small motors were of the universal a-cv-d-t* type or
were split-phase, shaded-pole, capacitor-start, or (uipacdtor-run
motors. Very few motors of other types were made in sizes sinalhu- t luin

hp, and small d-c and polyphase motors were almost. uuol)^uirlahIt^
The great demands of the war years for motors of all kinds fonxnl a
p enomenal development of specialized types, and todav it- may ulnmsl
be said that there is no such thing as a standard fra(d,ional-horstq)owi*r
motor, each model being designed to fit one particular appli(x.ition. \Mt h
the change to peacetime production this situation is bound t-o (dmngo:many highly specialized types for which there is little dcunand uill Vu>

produced, and effort will be concentrated latw^ly up„n f<‘uvr

tSre
applicability. In spite of this ireiul, however.

Sfent
^ will pensi.sf. in .suf--

production, and in the! future, nuu.v

beri^rt\:p“ ^bere havt

The remaining portion of this chapter will be devoted to brief ele.se-rip-
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tions of a number of the more important or more interesting types of

motors, and of certain types of special attachments that are available as

integral parts of small motors.

11*3. Direct-current Motors.—Direct-current motors in fractional-

horsepower siz^es or larger are usually designed to operate at 110 or 220

volts, or higher in the cases of large units or railway motors. Motors
for shipboard operation may also be rated for 24- or 32-volt operation,

liirly aircraft motors operated at 6, 12, 24, or 27 volts, but later all but

the 27-volt rating were practically abandoned. Aircraft motors range in

size from midget 1-watt units (weighing 4 oz and occupying about 2 in®)

to integral-horsepower types that are considerably smaller and lighter

than older units of the same ratings.

Standard Types .—Standard d-c motors are usually classified into

series-, shunt-, and compound-wound types. Recently the permanent-

magnet-field type has become important, and there are various special

motors that do not fit easily into any of these classes.

Series motors are used where high starting torc^ue is required and

where poor speed T0g\ilation and high voltage sensitivity (speed varying

as tlie square of tlie applied voltage) can be tolerated. The universal

motor is a sliglitly specialized type of series motor, its principal dis-

tinguishing feature being the lamination of the field structure to reduce

eddy-cnirrent losses when operated with alternating current. A series

motor is tlie only type that is practical for a-c~d-c operation because of

the recpiiremcnt that the field be of low enough inductance to permit

drawing thc' same magnetizing current in both a-c and d-c operation. As

it is, the average^ universal motor will deliver about 10 per cent less power

witlr alternat ing (uirrimt than with direct current.

Series mot.ors are ideal for fans and blowers, step-positioning devices,

and other applications where speed is comparatively unimportant and

tlie load is constant. They have poor speed regulation, short starting

times, and draw very heavy starting currents when started directly across

the. line'., so that start!ng-currentMimiting devices must often be used.

In the largin- sizes, series motors must never be fed full voltage when not

conne(‘ted to a load because the excessive no-load speed is likely to cause

(lest rue,tion of tlic’; motor through the high centrifugal forces on the rotor

windings. C-ert.ain types, however, are designed to withstand these

st,ress(^s, and are useful when high rotational speeds are required. Series

motors a,re })art.i(ailarly well adapted to speed control by series resistors

or rlKH)stats and by centrifugal contact-making governors.

Shunt motors hav(^ from low to medium starting torques and fairly

good sp^HMl regulation, that of a good motor being in the neighborhood

of 10 to 20 per vxmi. The speed is roughly proportional to the impressed

voltage and is easily regulated over a considerable range by a rheostat
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in series with the field; the speed regulation becomes poorer with decreas-

ing field current, and care must be taken never to permit the field circuit

to be opened while the armature is excited since the motor will either

run away or will stall and burn out. Shunt motors are suitable for

antenna drives and other applications requiring better speed regulation

than can be obtained with series motors.

Compound motors have both shunt and series fields, which allow con-

siderable latitude in design. They can be designed to have a 'drooping/'

a flat, or a rising speed characteristic (full-load speed less than, equal to,

or more than no-load speed). Motor-generator sets often use compound

motors that are designed to approximate series-motor characteristics in

order to get high starting torque and then short-circuit the series field by

a centrifugal switch or a relay in order to get the better speed regulation

of a shunt motor after the unit is up to speed. Compound motors with

flat or rising speed characteristics must usually be started with the series

fields short-circuited in order to prevent the high starting current through

the series field from overcoming the shunt field, causing the motor to

start in the wrong direction with a resulting excessive input current.

The series windings in some compound motors may have as few as one

turn; in other types they may have sufficient turns so that the motor

may be run as a shunt motor, with the series field in parallel with the

shunt field. A typical small unit, that may be used either as a motor or a

generator, is shown in Fig. IIT.

Permanent-magnet Motors .—With the advent of the various Alnico

magnetic materials, permanent-magnet-field (PM) motors and generators

have again come into common use. PM motors have characteristics

similar to those of shunt motors. A number of types have been placed

on the market, the motors being rated from one to several hundred watts

and the generators up to 5 kw. . Several of the smaller types are shown

in Figs. 11*2, 11-3, and 114.

The smaller PM motors are produced as plain motors for direct

connection to fans, blowers, etc., and also with integral gear boxes with

very high reduction ratios (1000/1 to 10,000/1). Some models also have

centrifugal governors for accurate speed regulation. Spur gearing is

generally used because of its high efficiency. Geared midget PM motors

are commonly used in positioning devices for remote tuning, trimming,

antenna tilting, etc. Two of the chief advantages of a PM motor are

its ease of speed control by controlling armature current and its easy

reversibility by reversing the polarity of the feed voltage. Its chief dis-

advantage is that overload or plugging may cause loss of field or shifting

of field poles.

The principal use of PM units in the Radiation Laboratory has been

as generators, both a-c and d-c. The d-c generators have been designed
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115 volts d-c,•Bodine compoxind-wound d-c motox’ or generator

rpm, sleeve bearings.
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tor special characteristics such as linearity and constancy of the speed-voltage characteristic low ripple, etc. They are often used as tacLm-

fvaUaWe ^^""2 S f ^^^^^-ting-current units are

most common.
’ ’ 3-phase outputs, the single-phase being the

The design of an accurate PM d-c tachometer generator involvesattention to a number of details if the best results are to be oSalnS
® important means of eliminating erratic shifts in output

(a)

aasembied; (c) standTrdT/pe tvpo, dis-
use; (e) with integral gear-reduction uSit and brush cover.

l>ru.slies for tachometer

voltage is the provision of hinge-type brush holders, as mentioned in

r b
a,nd shown in Fig. 11 -5. Other important features are the use

many more tlrs^th
high-grade ball bearings, silver commutators with

skewed to reduce slon
armature laminationsewed to reduce slot-lock and ripple to a minimum. Figure 11-6 showsan experim^tal tachometer generator involving these features

mentiorhere b ftb
® *°^^®stricted application to warrantention here, but there is one common type that is of general application.
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Fig. 11-3.—-Elinco PM cl-e generator assembled and disassembled: generally used
for tachometer and computer applications; output about 37 volts at 1800 rprn; finger

bruslies, as shown, intended for speeds under 2000 rpm; for higher speeds conventional
square brushes are recommended to reduce brush bouncing.

Fig. ll*4.“-"-Hansen PM d-c motor with wafer commutator and integral gear-reduction

unit: made for CK 12-, or 27-volt service with output Kr)eeda of 1, 3, or 10 rpm; used for

remote-positioning applications, etc; also furnished without gear box for fan service, or

with centrifugal friction speed governor.
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Fig. 11-5.—Deloo midget PM motors with special brushes for tachometer
unge-t.viie brush mounting prevents voltage variations due to changes in position

service:

of brush

-i^xpenmcntal tachometer and spare armature: hinKo-tvpe brushes hejr
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This is the so-called ‘^split-field^' motor intended for reversing service.

In its commonest form it is a series motor with two oppositely poled

field windings. One end of each field winding is connected to one arma-

ture brush and leads are brought out from the other brush and from the

two free ends of the field windings. Connection of the line between

the brush lead and one field lead will cause the motor to run in one

direction with full power; connection to the other field lead will reverse

the rotation, so that the motor can be controlled remotely by a single-pole

switch and only three leads need to be run to it. The split-field principle

can be applied to other types of motors, but the complications involved

are such that very little is gained over the use of conventional windings.

114. Alternating-current Motors. Standard Types ,—Wartime devel-

opments in the a-c motor field have been relatively fewer than in the d-c

field, both because a-c motors are less important in military equipment

and because the prewar types of a-c motors required less w^ork to adapt

them to wartime requirements. In the small a-c motor field the most

important types are the universal motor (previously discussed)
,
the split-

phase, the shaded-pole, and the capacitor motors. Polyphase, repulsion

and repulsion-induction, and other types are seldom made in small sizes,

with certain exceptions to be discussed later.

With the exception of the universal motor and certain types of a-c

commutator motors, all of which have essentially series-motor character-

istics, the speeds of a-c motors depend primarily upon the frequency and

the number of poles, and can be controlled with difficulty if at all. Where
speed control is necessary and commutator motors cannot be used it is

necessary to use some type of variable-speed mechanical transmission.

One exception to this rule is the wound-rotor polyphase induction motor,

but this type is seldom or never made in fractional-horsepower or smaller

sizes.

Split-phase motors ai'e probably made in greater numbers than any

other type of a-c motor. They have high starting torque and good speed

regulation and are comparatively inexpensive, but their starting current

is high, they do not handle high-inertia loads well, and they cannot be

reversed while running but must be brought to a stop first. In addition,

the centrifugal starting switch is the source of abundant trouble, espe-

cially in corrosive or dusty atmospheres, and the starting winding is

usually made of such small wire that frequent starting and stopping

quickly burns it xip.

Capacitor motors are somewhat better than split-phase motors inmany
respects, but are more expensive. They have lower starting currents and

usually operate more smoothly and quietly than split-phase motors.

The capacitor-start motor uses a centrifugal starting switch; the capaci-

tor-run motor does not but has very low starting torque and is most
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suitable for light loads such as fans and blowers. A typical low-power
synchronous capacitor-run geared motor is shown in Fig. 11-7. Small
capacitor-run motors with two identical windings in space quadrature
and with low-inertia squirrel-cage rotors of high resistance are suitable
for contact-type servo applications, but are gradually being replaced by
similar types intended for electronic servo use. Capacitor-start-and-ruii
motors use a large capacitor to get high starting torque and then cut it out
by means of a centrifugal switch; they run with a smaller capacitor. The

^veVoublT^^^
rather expensive and the starting switch is likely to

Shaded-pole motors are in some respects the simplest and cheapesttgie of induction motor, but are only made in small sizes since their
e ciency is seldom over 20 per cent and they have very poor speed
eguktion. Ih^ are made both in the slug type which will run in onlyone duection and m the two-coil type in which one or the other shading

thl “Tk shaded-pole effect and to reverse
the rotat on. 1 he two-coil type is usuaUy made only in sizes below hp.A typical modern shaded-pole motor is shown in Fig. 11-8.

Small timing and clock motors such as those made by Haydon and

thev mn'^It
° ^

®^^^d®d-pole type with multipole salient-pole rotors;they run at synchronous speeds of 600 to 900 rpm. Telechron motors
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are also of the shaded-pole type but have ring rotors of hard steel and run

at 3600 rpm. Most clock motors are equipped with integral gear boxes

giving output speeds of from 60 rpm down to as low as 1 revolution per

24 lir. They are all in the flea-power^' class, with inputs of from 2 to

12 watts.

Repulsion-start induction-run motors have high starting torques and

low starting currents but are expensive and are not made in small sizes.

Brush-shifting commutator-type a-c motors of the repulsion-induction

type are made down to about ^ hp, but are expensive and have rather

poor speed regulation. Their speed can be controlled by shifting the

brush position, and they are often used for blowers, fans, coil winders,

and other devices for which a variable speed is necessary.

Fig. |{edmond Hhudcd-polc a-c motor: 115 voltB, (10 cps, A lu>. 1200 rpm; rcBilient

mounting, externtil fan, cooling fma, and shroud; principally used for fan service.

High-frequency Motors .—The rapid increase in the total connected

load of airplane electrical systems and the introduction of various

electronic devices that demanded a supply of a-c power forced the adop-

tion of the (nominal) 4()0-cps 120-volt aircraft power system. This in

turn created a demand for a-c motors that would operate at the new
high frequencies, and led to the development of a number of different

types. Those developed by the Eastern Air Devices Corporation were

typical; two models are shown in Figs. 11*9 and 11*10. The type J31C
motor shown in Fig. 1 1 *9 is particularly interesting since it was so designed

that with a No. 2 L-ll blower as a load it runs at an approximately con-

stant speed of 6000 rp.m for all input frequencies from 400 to 1800 cps.

With other than the design load, of course, the speed varies somewhat
with frequency. Operation in the higher position of the frequency range

may be improved by using somewhat smaller capacitors than those
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>. Eastern Air Devices variable-frequency capaci
constant speed of 8000 rpm and (m 400 to 1800 ops; also made for single-frequency

-Eastern Air Devices 3-phase 400-ops synchronous motor
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required for operation at 400 cps. The motor of Fig. 11-10 is a straight

3-phase induction motor with a milled squirrel-cage rotor for synchronous

operation. Larger high-frequency motors are generally squirrel-cage

3-phase motors; a number of very compact high-speed high-output types

have been developed for driving the propellers of wind-tunnel model

airplanes and for geaiiess drives in high-speed machine tools. Some of

the largest units have outputs of 30 hp or more in sizes of about 6 in.

diameter by 18 in. long; water-cooled windings must be employed to keep

the unit from burning up. High-frequency motors of hp or less are

usually of the capacitor-run type.

Fig. 11 -11.-—Diehl 2-phaso low-inertia a-c motor: type FPE8-1, 20 volts, 60 cps, 2-pole;

iisofiil for very low-power servo applications.

Low-iusTtid MotoTs.—-One class of a-c motor that has become impor-

tant within the last few years is the low-inertia servo motor. These

motors, of which those shown in Figs, ll-ll through 11-13 ai’e typical,

are usually small or medium-sized a-c motors with two (usually identical)

windings in space quadrature on the stator and squirrel-cage rotors that

are made long and of small diameter to reduce the moment of inertia.

The rotor resistance is usually high in order to improve the starting

torque; this is permissible since these motors normally run well below

synchronous speed. A somewhat different a-c servo motor is shown in
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Fig, 11-14. In this motor the length-to-diarneter ratio is not so great as

in the previous examples, but the rotor is furnished with a small drag-cup
that rotates in the field of a permanent magnet in the end bell. This
field causes a drag on the rotor that is proportional to velocity and damps
out high-acceleration jitter” of the rotor.

These 2-phase motors may be used in a wide variety of xircuits; in one

of the simplest and most satisfactory, one phase is continuously excited

from the a-c line and the other is fed from a servo amplifier. If the error

signal is alternating current of line frequency, as when it comes from a

Pig. 11*14.—Pioiieer-Bendix typo C;5K-5 servo motor: squirrel-capje rotor and drag
cup used for damj)ing; small Alnieo damping rnagnot is mounted in end bell; integral gear-
reduction unit.

synchro control transformer, the amplifier merely serves to raise its power
level to the point required by the motor. If the error signal is direct cur-

rent a suitable modulator unit such as a Brown vibrator (see Chap. 13)

may be used. The necessary 90*^ time-phase shift may be introduced in

the error signal circuit, in the amplifier, or in the fixed-phase circuit.

Servomechanisms of this type have been extensively used in eciuipment

designed by the Radiation Laboratory, especially in fire-control com-
puters and in similar applications. They are discussed at length in

Vols. 21 and 25 of this series.

Since one criterion of the suitability of a motor for^servo applications

is its torque-to-inertia ratio, several manufacturers have attempted to

reach the highest possible values of this ratio by using the principle of

the induction-disk watt-hour meter in the form of the drag-cup motor.

Typical drag-cup motors are shown in Figs. 11*15, 11-16, and 11-17.

These motors are used in much the same fashion as those just described.
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The very light aluminum rotors have small moments of inertia, but the

drag-cup motor as a class has a rather low output for a given total weight.

The drag-cup construction, however, does make an excellent a-c tachom-

eter; if one winding is excited by single-phase alternating current, a

single-phase voltage that is accurately proportional to the velocity of the

rotor will appear on the other winding. This permits multiplying two

quantities, one of which is in the form of an a-c voltage and the other in

the form of a shaft speed. The product is in the form of an a-c voltage.

Such a device has many applications.

Fig. 11-15.—Elinco midget drag-cup generator, type B-68: llO-volt OO-cps input, OO-cps
output proportional to speed; used as a-c tachometer.

Fig. 11-16.—Kollsman a-c drag-cup tachometer or motor: used as tachometer or very
low-power servo motor.

11-5. Special Types of Motors —Most “special” motors differ from
standard types in having nonstandard dimensions or mountings, in having

windings modified for operation at a nonstandard voltage, or else in the

provision of some special attachment or device not ordinarily furnished

with a motor. There are certain types of motors whose internal structure

or mode of operation differs from standard types; most of these are too

specialized to warrant discussion here but one or two types may serve

as examples of special motors.

Many specialized motor types include elements of two or more motors
or generators within one frame. They may often be distinguished from
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motor-generators only in that the output of interest is mechanical and

that the electrical output is incidental to speed control or some similar

purpose. An elementary example would be a large motor (of any type)

with a built-in tachometer generator. Such a machine would be a special

motor, but it would also be highly uneconomical since it would be much
simpler and cheaper to attach a standard tachometer generator to a

standard motor by a suitable mounting device.

Fig. 1M7.—Bell Telephone Laboratories drag-cup motor: has integral gear box and
spring-loaded antibacklash output pinion I'used in a-c servo applications.

For particular applications, however, especially in airborne equipment

where weight and size are more important than cost and standardization,

it is necessary to design multifunction machines. One example is a d-c

motor with accurate speed control, made by the Bell Telephone Labora-

tories. It is a descendant of the old Stoller system motor originally used

for projector and turntable drives in the early days of talking motion pic-

tures. It consists essentially of a normal d-c motor with a small coil at

one end embedded in the face of one pole piece. A portion of the rotor

opposite this coil is milled to give salient poles and the small coil has a

voltage induced in it just as in the windings of an inductor alternator.
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This voltage is passed through a frequency discriminator and rectifier

circuit, giving a d-c output that varies linearly with frequency over a

small range; this d-c voltage is amplified and fed back to the control

field of the motor. In one sample the motor speed was held to 7200 ±
3 rpm over the entire rated range of loads and input voltages. Still

closer regulation could be accomplished by using a discriminator of greater

slope, such as a quartz-crystal filter.

Another type of special motor is used in the Electro-Tie system,

manufactured by the Electrolux Corporation. A typical Electro-Tie

motor is shown in Fig. 11T8. This motor is essentially a conventional

Fig. 11-18.—Electrolux “Electro-Tie” or “d-c synchronous” motor: 27-voIt d-c in|)ut,

2 slip rings bringing out taps on armature winding; interconnection of corresponding slip

rings on all motors of a system serves to keep motors in step.

aircraft motor to which, two slip rings have been added. The slip rings

are connected to two opposite points on the armature winding, so that

as far as the slip rings are concerned the motor looks like a conven-

tional rotary converter. If corresponding terminals of two or more
a-c-d-c motors are connected together the a-c terminal voltages will be

respectively equal if and only if the motors run in exact synchronism.

Any lead or lag of the position of one armature will change the gono.ratcd

a-c voltages and currents will flow in the a-c leads in such a direction as to

restore synchronism between the several armatures. The synchronizing

action is exactly the same as that of a conventional synchro, except that

it occurs only when the fields are excited and the armatures are rotating.

The synchronizing action would be weak at very low speeds because of

the small induced voltages, although there is also a slight synchronizing
action due to the d-c voltage drops in the armature windings. In normal
operation initial synchronization is accomplished by a set of relays which



Seg - 1 1*^.1 MOTOR attachments AND AUXILIARIES S87

d-c voltage to the fields, then momentarily to the a-c terminals,

thei^eby P^dling all the armatures into corresponding positions with

respect to the fields. The direct current is then removed from the a-c

terminals and applied to the commutator brushes and the motors start

and run in synchronism. In stopping, the reverse operation takes place;

the direct current is removed from the commutator brushes and applied

to the a-c leads, which gives almost instantaneous stopping and leaves

the motors in step. The direct current is then removed from the whole

system.
The Electro-Tie s^^stem was originally applied to the control of the

flaps on an airplane, and then was adapted to the carburetor controls on

a four-motored plane. The system is capable of numerous variations;

one motor can be run at a faster or slower speed than the others, lirhit

switches can be used, and all ordinary d-c motor controls can be applied

to the system for reversing, speed control, etc. The load on any one

motor can be varied from zero to overload without loss of synchronism.

Any number of motors may be operated together.

In certain applications it is desirable to use a motor that is capable

of operating at two or more fixed speeds with electrical selection of the

speeds and fairly good speed regulation at each speed setting. With a-c

motors tins is most simply- accomplished by pole changing. With d-c

motors tluu’c are several possible methods. One is to provide a series

motor with, an auxiliary shunt field. One type tested gave a speed ratio

of 2 or 3 to 1 ;
as a sliunt motor the operation was fair but as a series motor

the speed regulation was poor, as might be expected. For certain applica-

tions this might not be a serious disadvantage. Another method is to

provide a shunt motor with two commutators and two independent

armature windings; the commutators are connected in series for low-speed

operation and in parallel for high speed. A speed ratio of 2 to 1 is

obtained, witli good regulation at both speeds. Such a motor, made by

the John Osier Manufacturing Company, is shown in Fig. 11*19. A
similar unit is made by Speedway.

There a,r(^ many variations of field windings that place a d-c motor

in the '^special” category. The provision of duplicate series fields,

referred to above, to allow instantaneous two-wire reversing is so common

as hardly to merit the term ''special^' Many motors have additional

control-field windings, particularly when they are to be used for servo

applications; control fields on dynamotors and motoi’-generators are also

very common and several examples are to be found in Chap. 12.

11-6. Motor Attachments and Auxiliaries.—Many special motors are

special only because of some built-in or integrally attached device that is

not actualiy a part of the motor but is most conveniently incorporated

in its structure. A wide variety of motor attachments'and auxiliaries is



^ double-commutator two-speed d-c shunt-wound motorspeed change obtained by series or parallel connection of the two arnia

resilient mounting shown in Fig. 11-8, and various tripod or 1

are available for almost any motor. Extra-length or doi
shafts are also needed occasionally. Another special shaft
times useful is the hollow shaft, often used in wood-lathe sj
and other machine tools. A standard hollow-shaft motor
to the requirements of a conical-scanning radar antenna by t
Labmatory, and was later produced in considerable numbers
eral Electric Company. It consisted of a conventional a-c
two-phase permanent-magnet-rotor alternator used for
reference voltage for the antenna servo circuits, both mount
hollow shaft. Either a concentric line or a round waveci
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run through the shaft from a rotating joint in the rear to the spinning

antenna in front of the reflector. The motor was mounted at the rear

of the reflector.

Other features are attached to the motor structure without major

modifications of the latter. These features include special connectors or

terminal boards, boxes and conduit fittings, switches, limit switches

(usually only on gear motors with low output-shaft speeds) and ther-

mostatic switches to protect the windings or bearings from excessive

temperatures.

The most important motor attachments, however, are probably

integral gear boxes, clutches and brakes, and speed governors. These

features warrant discussion at some length.

Gearing.—Nearly all important types and sizes of motors may now
be obtained with integrally mounted gear boxes of various reduction

ratios. Clieap motors usually obtain high ratios by using one or two

worms and worm gears. The worms are usually unhardened steel and

the worm gears, laminated plastic. Such gear trains are inexpensive and

operate quietly, but the efficiency of a worm-gear train is low and the

plastic gears are so weak that high torques cannot be obtained from the

output shafts. Worm-gear efficiencies vary with size, type, and precision

of manufacture, but \isually lie between 20 and 50 per cent for small

gears, while 60 to 80 per cent is considered only fair for spur-gear trains

and 90 per cent can be obtained in many cases with little trouble. The

higher-c|uality motors and many of the very small ones consequently use

spur gearing. It is usually found that only one additional pair of gears is

reciuired in a spur-gear train to get the same reduction as for a worm-gear

train, except for very high ratios.

It should be painted out in this connection that when a gear train is

used witli a high-inertia load or under conditions of frequent reversal or

other high accelerations an irreversible device such as the usual worm
drive must not be used because the resulting high tooth pressures will

cause immediate damage or destruction of the train. Spur-gear trains

are reversible and can easily be designed to take the stresses encountered

in such service. It is often possible to use some sort of cushioning device

such as a slip-clutch or spring coupling between gear box and load.

Many of the motors with worm reduction gears are intended to run

in only one direction and the gear boxes provide for taking up the thrust

of the worm in forward rotation only, so that serious wear and friction

will result if tliey are run backward. In addition, practically all series

motors with integral worm-gear reducers have their brushes set for best

operation in the forward direction, and have poor speed regulation and

relatively low power when run backwards.

Unless spring-loaded split worm gears or similar devices are used the
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motors; the brake is normally being held against the drum by a
strong spring. The brake solenoid winding is connected across the motor
terminals so that when the motor is energized the brake is released and
allows the motor to run free; when the current is cut off the brake is

applied and brings the motor to a quick stop and holds it in position.

In some applications in which the inertia of the motor armature would
delay this action too much a clutch is also provided. In the aircraft

Fig. 11 •21.—Lr^ar Avia aircraft positioning motors: 27-volt d-c input, integral magnetio

cliitchea and brakes for instant start and stop, split-fiold reversing, high output, iiiter-

niittont duty; used for operating bomb-bay doors, positioning cowl flaps, and similar appli-

cations on airplanes.

positioning motors of Fig. 11-21 the output shaft is connected to a disk

that is normally held outward against a stationary braking disk by a

coil spring. When the motor is energized the disk is drawn inward by a

solenoid against a driving disk on the end of the armature shaft. The
moment of inertia of the driven disk is small and the output shaft stops

almost instantly on deenergizing the motor and solenoid. These motors

have been used for operating machine-gun ammunition boosters, etc.,

for which an overshoot is undesirable. There are many modifications of

this construction, some omitting the clutch or the brake and some adding

reduction gearing, limit switches, or other auxiliaries.

When high-inertia or “sticky” loads are encountered a modification

of the clutch motor is often useful. In one form this includes a centrifugal

switch that delays throwing in the clutch until the armature is up to

speed; the full rotational energy of the armature is then available to kick

the heavy load free. In a much older and somewhat simpler modification
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backlash of a worm-gear reducer is usually much greater than that of a

well designed spur-gear unit. The use of spring loading will reduce the

efficiency of a worm gear still further below that of a spur-gear train of

equivalent ratio and load capacity.

A variant of the gear motor is the motor with an int(‘gral variabk^-

ratio mechanical transmission, with or without additional g(^ar rodu(*t io!L

Fig. 11-20. General Electric and Delco d-c aircraft motor.s witli iiUoRral jy:enr
27-volt input, split-field reversing.

Several small units of this type have appeared on the rmirket., rnont of
them intended for laboratory use in driving stirrers, et(‘., but most
variable-speed motor drives are in the integral-horsepowc^r (^ass. Idiey
are useful for driving machine tools, plastic-extruding nnudunes, an'd
many other applications requiring precise control of motor Bpee<L A lira*^

of inexpensive units with motors of ratings from, say, to I lip an<l rvally
high-quality rugged mechanical variable-ratio speed reducers that (unild
be accurately and reproducibly adjusted would be useful in uianv
applications.

Various gear-reduction units are shown both whole and disassf-iubh-d
in several of the pictures of this chapter. Typical small luna-aft g(-a,r-
motors are shown in Fig. 11-20.

Clutc^s and Brakes.—M&ny positioning devices recpiirc motors l.hal
s art and stop almost instantly, and to satisfy this demand a numh«-r of
ypes of motors have been produced that have integral magiu-t ic, clut.clmsand briaa. Magnetic brakes have long been used on and clev! .1.n
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the same result is obtained by the use of a centrifugally operated me-

chanical clutch; this device was formerly incorporated into fractional-

horsepower shaded-pole motors to compensate for their very poor starting

torque.

Speed Governors .—One of the most important motor attachments has

come to be the centrifugal speed governor. The development of satis-

factory governors has done much to revive the use of the series motor,

which has several excellent characteristics but is handicapped by poor

speed regulation. These governors are also applicable to certain other

types of motors, although usually with less advantage than in the case

of the series motor.

One of the simplest governors is purely mechanical, being essentially

a centrifugal brake. Mechanical governors are used on many types of

phonographs, dictating machines, etc., and if properly designed and

adjusted will give excellent service. They are subject to mechanical

troubles, however, and if dirty, dry, or out of adjustment may introduce

wows’’ or other variations in the speed of the motor. A very compact

type of mechanical governor is furnished with some models of the midget

Hansen motor of Fig. 11*5. In this type, fiber slugs mounted on the

armature shaft are thrown outward against spring pressure by centrifugal

force and drag on the inner surface of a stationary brass cup. In general,

however, mechanical governors are unsatisfactory for critical applications,

and since they act solely as ^Tossers’' they are not applicable to motors

above the flea-power” class.

Another possible method of controlling motor speed is analogous to

the centrifugal governor of a steam engine, which closes the throttle and

reduces the power input to the engine when the speed exceeds the desired

value. This throttling action may be either gradual, as by a partial

closing of the valve, or it may be an on-off type of control. The gradual

closing method is exemplified by various electronic speed controls, such

as the Bell Telephone Laboratories system referred to in Sec. 11 -5, and

by the Holtzer-Cabot carbon-pile speed governor described in Chap. 12.

The on-off method is exemplified by the Lee governor and various other

contact-making devices.

Most governor-controlled motors on the American market use the Lee

governor, manufactured by the Lee Engineering Company of Milwaukee.
This is a centrifugal vibrating-contact type of governor that is usually

(but not necessarily) mounted on the end of the motor shaft. It has

two contacts mounted on leaf springs, the inner one being adjustable

either by a screw bearing on its spring or by an axial stationary screw

operating through a linkage mechanism. In the latter case the motor
speed may be adjusted while the motor is running; in the former it is

necessary to stop the motor and to use tools to change the speed setting.
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production if the need arises. Adjustable speed governors would be
particularly useful on aided-tracking devices, etc.

Lee governors are adaptable to series, shunt, compound, or PM

-Diehl constant-speed d-o series motor: 27-volt input, A hp (iCKK)Lee centrifugal governor.
^ ^ ^

motors. Alternating-current governor motors avauairie a0 to-1 peed range. In cases requiring multiple-speed operation uu lothree sets of contacts can be mounted on the same governor disk, wit'li
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one slip ring added for each contact pair, and two- or thi'ee-speed opera-

tion can be obtained by switching to the proper set of contacts.

The direction of rotation affects the setting of certain 'types of gover-

nors when operated at speeds below 3000 rpm. The change of setting

with reversal of the motor is usually less than -I per cent.

The thrust button of the adjustable governor is made of linen-base

Bakelite. It is lightly lubricated at the factory with graphite, and
requires no further attention during the life of the unit. In general the

life of a Lee governor is much greater than that of the motor on which
it is used.

Not all motors are suited to governor control. It has been found
that for best results the controlled motor should have the following

characteristics:

1. It should be I'easonably efficient.

2. The rotor should have an even number of slots; when an odd
number of slots is used the governor action is somewhat erratic

and noise and vibration become noticable.

3. The commutator should have not less than 24 bars.

4. The pole faces should be tapered slightly.

A contact-making governor usually must be shunted by a condenser

and resistor which are individually adjusted for the particular application.

They must usually be mounted externally except in the case of the

smallest sizes, for which they may be mounted on the governor disk.

The optimum size for the condenser is usually found by trial and error,

starting with about 0.5 juf for a small 115-volt motor and increasing the

value by 0.25-juf steps until minimum sparking is observed. In some
applications it is necessary to add a small resistor in series with the

condenser to cut down sparking on making contact. The shunt resistor

value for a series motor is found by operating the motor at the highest

expected line voltage and lightest load and reducing the resistance across

the contacts until the governor loses control. This value is then increased

about 10 to 15 per cent to provide a margin of safety.

A shunt motor intended for governor control should be wound to give

about 10 per cent less than the desired speed, and then sufficient resistance

is added in series with the field to give about 10 per cent excess speed.

The governor contacts are shunted across this resistor.

Lee governors can be furnished with tropical treatment. Special

governors are also available with Z-nickel springs for operation at very

low temperatures.



CHAPTER 12

POWER SUPPLIES

By M. M. Hubbard

12- 1. Choice of a Power Supply.—Most electronic equipment ulti-

mately derives the power required for its operation from the commercial

power lines, but there are many cases in which commercial power is not

available or supplementary or standby power supplies are necessary.

This chapter will be devoted largely to a discussion of prime power

supplies and the devices necessary to convert their outputs into the forms

required by electronic devices, but the last three sections will include

discussions of certain types of apparatus which are equally useful no

matter what the orginal source of the power.

When commercial power is available it should almost always be used

in preference to any other source. There are rare exceptions to this rule,

but they are comparatively unimportant. In many cases, however,

it is necessary to supplement the commercial power lines with emergency

or standby power sources, particularly if continuity of operation is imper-

ative. An example of such a case is a navigational radio beacon in an

isolated location where the commercial power lines are subject to failures

in times of lightning or sleet storms. Here it would be necessary to

provide a standby power plant; if the same beacon were located in a

metropolitan area where power failure averaged only a few minutes a

year, and particularly if a secondary power line were available, the

expense of the additional plant would probably be unjustified.

Even in cases where continuity of operation is of less importance it

is often impossible to depend upon commercial power without auxiliary

equipment. Common examples of such a situation are the use of appara-

tus that requires a constant input voltage or frequency on lines with

poor voltage regulation and widely varying load conditions. In the first

example if the voltage at the load varies slowly enough, a manually

adjusted autotransformer may be all that is necessary to maintain con-

stant voltage at the input; in more critical cases more elaborate pre-

cautions must be taken. In Sec. 12*13 several types of line-voltage

regulators are discussed. Frequency variation is much less often a prob-

lem, both because the frequency of most commercial power lines is held

within close limits and because most equipment is fairly tolerant to

reasonable variations in frequency if the voltage regulation is good. In
396
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extreme cases, however, it might be necessary to install independent

power sources even if commercial power were available.

The principal fields of applicability of prime power supplies are,

however, portable and mobile equipment, and isolated locations where

commercial power is not available. Two cases may be distinguished.

1. In mobile operation there is almost always a source of mechanical

power available, and it is usually preferable to connect a suitable

generator to the propelling engine and to convert the power fur-

nished by this generator into the desired form. Sections 12-5 and

12-6 discuss generators, with the emphasis largely on aircraft

generators, and Secs. 12*7 through 12-11 discuss various forms of

converters. Sectiop 12-12 is devoted to the problem of generator-

voltage regulation.

2. In mobile equipment that is to be operated when the propelling

engine is not running, and in cases such as isolated fixed stations

where no such engine exists, it is necessary to supply some other

prime power source. This source may be an engine intended only

for supplying the electrical power required. Various problems

associated with such engines are discussed in Sec. 12-3. Finally,

the power may be derived from batteries, which are briefly dis-

cussed in Sec. 12-2.

The subject matter of this chapter largely duplicates that of Chap. 14

of Vol. 1 of this series, where power supplies are discussed from the basis

of system engineering, with the emphasis upon the selection of the proper

power supply for a particular case. Before entering upon a detailed dis-

cussion of individual power-supply components it may be in order to

present here a brief outline of the fields of application of the different

types, following the teatment of Vol. 1.

The problems of fixed locations with commercial power available

require no discussion here. The solution, if commercial power is not

available, depends primarily upon the magnitude of the load. For loads

up to a few watts, especially if the service is intermittent, and if the

maximum voltage required does not exceed a few hundred, primary

batteries are frequently the most convenient solution. For somewhat

greater loads it is usually best to depend upon storage batteries if recharg-

ing facilities are available. Recharging (which can usually be done

without interruption to service) is usually accomplished by a gasoline-

engine-driven generator, although the use of windmill-driven generators

and even of water power or small steam engines is often practical.

The power level at which the use of storage batteries becomes undesir-

able depends largely upon the voltage. A 6-volt battery should not

ordinarily be called upon to furnish more than 100 to 200 watts contin-
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uously; 24-, 32-, and 110-volt installations are good for powers up to

several kilowatts. The limitation often depends more upon the c‘urreiit

limitations of the converter than upon those of the battery. 1 1 sliuuld he

noted also that because of its low internal resistance a lead-acid storage

battery is about the best generator-voltage regulator and filter Unit van

be obtained, so that even in cases where the power is actually supplied

by an engine-driven d-c generator, a battery floated across its out put will

frequently improve the operation of the system.

Powers greater than those which can be furnished by storage^ l>att <‘rit*s

must be derived from engine-driven generators, at whi(*h powc^r levels

the power is usually generated as a-c and the system design bc'conuss the
same as for commercial power, with the added problems of g(UHU*a4or

voltage and frequency stabilization.

The problems of mobile equipment are essentially the sanre as thosi^

of the locations just discussed, plus the usual restrictions on weight, size*,

operation at high altitudes, etc., peculiar to the parthnilar s<'rvice.

Electronic equipment in aircraft is usually supplied with power from tlie

12- or 24-volt d-c system of the airplane, using vibrator power supplies
up to about 150 watts, with dynamotors as second elioice. B\>r powers
in the 150- to 250-watt range, motor-alternators are most useful, with
dynamotors again in second place. Motor-alternators are ol)t4iinable iii

ratings up to 2500 watts, but for powers above about 250 watts, dir(*<*t-

engine-driven alternators furnishing 115 volts at 400 cps are usually the
best solution. For loads up to 750 watts the generation may l>e single-
phase; above this value, and up to a limit of perhaps 10 kw, 3-pham‘
generation is preferable because of the saving in weight of filters ami
other components. For the exceptional case demanding more tlian ICI
kw, alternators driven by separate engines are still the only solution.

In land vehicles the situation is much the same^ as in aircraft, except
that the weight restrictions are not so stringent and the spa<a^ rest rictions.
if anything, are more stringent. Most automobiles have* (bvolt
systems; heavy trucks may use 12 volts or even more, and railroad t rains
ordinarily use 32 volts. Because of the lower voltage, the powcu* that
can be drawn from an automobile electrical system is much lower than
in the case of an airplane, and engine-generator sets must la* uhchI for
all powers above a few hundred watts.

In watercraft the situation is again somewhat the same, small boatsbemg comparaWe with automobiles, PT’s and large pleasure craft with
aircraft, and ships with land stations. Most older merchant and navil
vessels have 120/240-volt d-c systems of
reasonable load, although the voltage regulation is frequently poor d’hc

0 volts available. The frequency regulation is usually adiHiuato for
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all but the most critical applications, but ship systems are notoriously

subject to transient voltage- disturbances caused by the operation of

heavy gun turrets, plane elevators, etc. In the operation of shipborne

radar sets, which are particularly vulnerable to such disturbances, the

best solution has been to feed the radar set from an alternator driven by

an induction motor, whose speed is relatively independent of voltage.

There are two special cases that do not come under any of the above

classifications. One is the ultraportable or man-pack class of equipment,

such as paratroop beacons and communication sets, which are usually

powered by primary batteries. In cases where the power is too great for

batteries the ultraportable gasoline engine sets described in Sec. 12-3 must

be used. The other case is that of test equipment, wherever it may be

used. Primary batteries are commonl3^ used for test equipment, because

the service is intermittent, the power demands small, and the use of

batteries in the same case as the rest of the apparatus results in economy

of equipment and improved operation. Test equipment also, by its

veiy nature, is more liked^’' to receive adequate attention to battery

renewals than are other electronic devices.

PRIME POWER SUPPLIES

12*2. Batteries.—Of the several possible sources of power for operating

portable equipment, the Eadiation Laboratory has had the least expe-

rience with primary batteries since, almost without exception, the power

requirements of its systems were much greater than could be supplied

from such a source. This section, therefore, will be brief and of a general

nature. Both dry batteries and storage batteries have undergone con-

siderable development during the war and much of the information pre-

sented here may soon be out of date.

Primary Batteries .
—'Primary batteries—or, more accurately, ^^dry^'

batteries, ’ of the type commonly used for filament and plate power

sources in electronic equipment—are particularly suitable for applications

requiring powers up to 20 or 30 watts at voltages up to 300 or more. For

such applications the piincipal advantages of primary batteries are

portability, silence in operation, instant availability without warmup
periods, lack of necessity for filtering, relative cleanliness, and lack of

acid spray or fumes. Their principal disadvantage is the small amount
of energy that can be obtained before replacement is necessary. Figure

12-1 shows the life of seven typical prewar 45-volt batteries of various

sizes, plotted against current drain. In each case, current was drawn

for 4 hr per day, and battery life was considered the number of operating

hours before output voltage fell to 34 volts per unit. Figure 12-2 shows

the same data replotted to show the total energy output in watt-hours,

assuming an average voltage of 40 volts for the whole life of the battery.
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Division of the ordinates of Fig. 12*2 by the appropiiate batteiy weights

causes the curves of the figure to fall more or less on top of each otliei

,

giving a figure that is not suited for reproduction, but shovving tliat the

total energy output is roughly the same for the various batteries, i aiiging

from about 15 to about 30 w-hr/lb at low outputs, the lower values

applying to the smaller units. The currents at which the total output

drops to half of its maximum value range from about 20 ma for the small™

est unit to about 100 ma for the largest.

Similar curves can be plotted for batteries of other voltages, a,nd would

lead to the same general conclusions. In general, dry l>a,it('ri{s will

furnish the greatest total energy output at a current that dc^pctuds upi)n

the size of the cell, but varies from a few milliamperes up to a few hundrcMl.

As the current drain is increased the total output falls off, slowly at. first,

and then more rapidly. The total output is also greatly affecdtul by t lu^

way in which the current is drawn, intermittent operation allowing much
greater output than continuous operation at any but very small (‘urnads.

It is impossible to give exact figures since the characterista(*s of a, dry

battery are greatly affected not only by its design and construction hut.

also by small amounts of certain impurities in the chemicals of wliicli it is

made, and by its age, conditions of storage, etc.



Bec, 12 -3] ENGINES 401

btandard Army and Navy dry batteries (and also a few British units)
are covered by Joint Army-Navy Specification JAN-B-18, which gives
outline drawingKS and test specifications for 81 different types, including
general-purpose and flashlight batteries and a number of special units
designed to furnish A, B, and C voltages for particular pieces of equip-
ment. The information included in JAN-B-18 is too voluminous and
varied for inclusion here, and reference must be made to it and to the
catalogues of various battery manufacturers for specific information.

There is one aspect of the use of dry batteries which should be men-
tioned here, and that is the possibility of recharging. It is commonly
believed that a dry battery cannot be recharged, but this is not necessarily
true. Batteries that have not been too much discharged can often be
recdiarged a number of times if the zinc container has not been perforated.

Details of the method of recharging have been given by Eubank.^
Storage BaUeries -—For powers up to several hundred watts, storage

l)atteries are often used where recharging facilities are available. Stor-

age-battery power is used almost universally for electronic equipment
intended for use in automobiles, aircraft, and small boats. Edison
l)atteries are used occasionally, but their high initial cost, high internal

resistance, and large volume per watt-hour as compared with lead-acid

l>atteries have rendered them practically obsolete except for special

applications.

Common storage-battery voltages are 2 volts for small portable or

ultraportal>le ecpiipment, 6 volts for practically all automobiles and most
trucks, 12 volts for heavy trucks and many civilian aircraft, 24 to 28 volts

for military airplanes, tanks, etc., and either 32 or 110 volts for farm-
lighting ecpiipment and small boats. Most Radiation Laboratory ecpxip-

ment intended for storage-battery operation was designed for a 28-volt

supply.

12*3. Engines.—For power requirements in excess of those which can
be supplicnl by batteries, or in other cases in which the use of battery

power is imulmissible, it becomes necessary to use engine-driven genera-

tors. Eaigine-drivcm gcmcrators may be divided into three categories:

1. I'^arge ground systems.

2. Fortalile ground systems.

3. IJltraportable systems.

Large Ground Systems.—Large ground systems of the 10-kw class

a.n(l larg(vr have in general been satisfactory and have not received the

(u-it.i(*ism which has been prevalent with the smaller units. This is

principally because the larger systems were intended for permanent or

s(unip(u’manent installation and were therefore designed with little or no

^ E. N. Eubank, Restoring Dry Cells, QST 28 No. 6, 11-15, (June 1944).
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attempt at weight reduction. Conservative design has produced units

which, although cumbersome, have been dependable and conservatively

rated, and which usually have given more satisfactory service with les.s

maintenance than the smaller units. In the higher-power class, aLso,

there is usually the choice between Diesel and gasoline engines. Tlu‘

Diesel is heavier and less subject to numerous minor ailments than t he

gasoline engine, but when trouble does occur with a Diesel it is usual h'

of a more serious nature. Diesel fuel is less easy to obtain than gas< iliiu',

although it is becoming more readily available with the increasing use of

small Diesel units.

Portable Groxind Systems.—Undoubtedly the most widely used clas.s of

power supply has been the portable type in the 1- to 5-kw range. Si net*

this class is at the limit of the man-pack-size range, a great deal of

emphasis has been placed on weight reduction, sometimes at the exjx'use

of other necessary qualities. In the past most of these units have Ix'cn

air-cooled, but the trend at present is towards water cooling .siuec' it.

permits more uniform operation. Much work has been done on pacrkag-

ing for transporting the larger portable systems that weigh about 500 Ib.s.

In order to reduce the w^eight per package some effort has been made lo
split the system into two components. This has been done in eitlu'i- of
two ways: by using a direct-connected unit with a quick-disconn<‘ct
coupling, or by using a belt-connected unit. The former method has
been unsuccessful because of the difficulty of realignment in the ficdd and
the requirement of a heavy rigid base to maintain this alignment. ( I’ar-

enthetically, it might be remarked that it does not seem out of the cpu's-

tion to avoid both difficulties by the use of properly desigiuKl maling
flanges on the engine and generator units.) The use of a belt conneel.ion
offers two principal advantages: it obviates the necessity of acunirulc'
alignment, and it permits operation of the engine at a diffcu-ent shaft
speed from that of the generator. This allows the use of a high-spc'cd
pnerator of small size and high performance with an engine operating at.

its most economical speed. The principal disadvantage is the incrcuisc' in
weight entailed! in making the engine and generator structurally separat<‘
units. This disadvantage, plus the possibility of receiving two engines
or two generators instead of one of each when the units an^ jjackaged
separately, has led the Services to favor the single-unit systems.

Portable power supplies in the 5-kw class have employed many makes
and types of engines but perhaps the most widely used have Ixam
Hercules Models ZXA and ZXB. These engines have an CKcffilenf,
reputation for performance and reliability and at the same time are <‘as\'
to maintain.

Ultraportdble Systems. The field of nltraportable power supplies was
largely unexplored before the war, but the design of very light equipnumt
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for paratroop operations, etc., produced the need for a very lightweight

unit with an output of about 150 watts. The maximum weight of such a

unit was placed at about 15 lb. Several companies have attempted to

supply such units, and so far the most successful have been the Jacobsen

Manufacturing Company of Racine, Wis,, and the Judson Manu-
facturing Company of Philadelphia.

The Jacobsen Manufacturing Company has produced a unit with a

total weight of 12f lb including fuel tank and carrying frame. It has a

two-cycle single-cylinder engine driving a direct-connected generator

with an output of 125 watts at 400 cps. Ignition is obtained from a

magneto, the housing of which serves as a blower wheel for the air blast.

Engine speed is controlled by an air-vane governor. This unit has been

satisfactory but must be shut down for about 10 min every 20 or 30 hr

of operation to permit cleaning of the exhaust ports.

The Judson Manufacturing Company has produced several units in

this power range., One of these is a single-cylinder IfV by two-

cycle air-cooled engine belt-connected to a 150-watt generator. This

unit is also controlled by an air-vane governor and operates at a speed

of 5600 to 6000 rpm. It uses a fuel consisting of 60 parts of gasoline to

one part of oil and does not foul as rapidly as the Jacobsen engine;

cleaning of the exhaust ports can be done while the engine is in operation

since the ports are removable. Including carrying frame and fuel tank

this unit weighs approximate^ 15 lbs.

Another model developed by the same company utilizes the generator

as the source of the ignition, and weighs only 8f lb for a 150-watt output.

The company has also developed a magneto which weighs well under 1

lb, as compared to 4 lb for a standard magneto.

Some work has also been done on the design and development of other

types of prime movers, such as steam engines and turbines, air motors,

gas turbines, etc. Although both air motors (windmills) and waterwheels

may be used occasionally for charging batteries, to date there appears

to be nothing that competes seriously with the gasoline engine in the

small-power field,

124. Selection of an Engine-driven Generator Set.—In selecting

engine-generator sets it is advisable to give serious consideration to both

engine and generator specifications. The practice of ordering such

equipment on rating alone is certain to result in disappointment and

inadequate performance if the unit is to supply power to equipment whose

operation is affected by variations in supply voltage, frequency, or wave-

form. It must be remembered that most commercial engine-generator

sets are intended for use with lights, electrical appliances, motor-driven

tools, etc., whose performance requirements are not critical. The use of

such sets to supply power to radar systems has led to disappointment in
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the past. It should be understood at the start that an ideal machine

can never be obtained, and that compromises are always necessary. If

the dangers are known and understood, however, they can be minimized

by suitable precautions in the design of both the generator set and the

system.

As a general guide to available equipment and manufacturers the

Signal Corps booklet TM-1 1-223 on power supplies lists a large number

of sets. A word of caution is necessary in the use of this guide, since it

appears that sufficient attention has not been given to the electrical

characteristics of these sets in all cases and as a result it is necessary to

consider most of the points outlined in this section even in choosing from

accepted Signal Corps machines. Reference may also be made to tlie

American Standards Association publication C50-1943, Rotating Electri-

cal Machinery. While the selection of a suitable engine and that of the

generator which it is to drive cannot be made independently of cac.h

other, the present section will be devoted primarily to problems associated

with the engine, deferring questions regarding the generator until the

next section.

In selecting the engine for an engine-generator set it is necessary first

to determine the conditions under which the set will have to operate.

Once these conditions are determined, consideration should be given to

the following factors.

1. Type of duty

2. Power required

3. Type of fuel

4. Two- or four-cycle engine

6.

Type of cooling

6. Type of ignition

7. Speed of operation

8. Controls

9. Maintenance

Type of Duty .—Nearly all the power requirements for service equi{)-

ment require an engine-generator capable of continuous operation with
a relatively small percentage of shutdown time. Prior to the ()uil)r(‘ak

of the war this requirement could only be filled by the use of a vcnw slow

speed and hence a very heavy unit. Since these heavy units would Im
satisfactory only in permanent installations, considerable work was dona
to decrease the weight and increase the speed and hence provicki a mon^
portable unit. It was desirable to do this without a sacrifice in n^I ial >il ity

.

Since this was found to be nearly impossible the Signal Corps finally

established a program whereby two sizes of engine would ))c ])\iilt f()r

every generator rating. This permitted one lightweight unit and one
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li(\iv y-.(hity unit for each rating. In order to minimize the number of

(uigines, one engine is designed for two speed ranges; thus a
bglit.w<4glit engine becomes a heavy-duty engine of the next smaller

powxu' range. hx(*(^])t in cases where weight is the primary consideration,

a lunivy-tluty unit is desirable^ because of its greater reliability and
incMHuisiHl life, ddu' advantage of increased reliability should outweigh
tlu’i wtnght.- naluctiou considerations for all ratings except those which
art‘ of tlu^ l):u*k-pack class.

f^nwvr /ihY///.;rcd.- “Normally the selection of an engine for a certain

gviuu'iitor is dotu’i l)y tlie manufacturer of the unit and need not be con-

si* liu’ed. Should this not be the case, a minimum horsepower of 1.7 times

tlu^ output of tlu^ gcnuu'ator in kilowatts is advisable. This factor of 1.7

is ofttui incn^asc'd to as much as 3 for a more conservative design, depend-
ing on th(‘ type of operation to which the unit will be subjected. A

som(‘what rn^aixu’ 3 would be recommended for a unit that is to be

us<Mi for {‘ontinuous st^rvice. When endeavoring to select an engine for

a gcutei*aicn- that must be suitable for fully automatic service—that is,

cai>al>le of starting under full load—tins factor must be still further

to approximately (i. An example of a unit of tins typo is that

us<h1 on all engine-driven welding ecpiipment. Here striking of the arc

net nates tlie throttle by means of a sohmoid and immediately throws

!i|>pr<)xinuit(4y full load on the engine. When the arc is broken the unit

idh^s in ordc'r to sav(' fuel,

Tijpc of FtirL—Ai the outset of tlie war it was felt by the Armed
S(u’vi<‘(^s that, they (unild use existing industrial units, possibly altered to

pr<»vi<l(‘ mor(^ c.onvcmient handling, and place them dinudly into field

appUt‘ations. Th(^s(> units, employed principally as rural lighting plants,

using but.a,ne, natural gas, and “white” gas as a fuel and few dif-

fi(‘ulti(‘s w<n‘(^ eucountenHl. With the use of the so-called “all-purpose

fu(d/' an Sl)-o(4a.nt^ gn-soline containing tedraethyl k^ad, numerous failures

wero etu‘ouut(*r<Hl ra.nging from burned valves to foulcHl i)lugs. dliis

t rouhh^ \va.s finally isolated and attril)uted to the t(4<ra(dhyd huid. Th(^

suhstiluiion of st.dlit.c^ valves, aircraft-type spark plugs, etc., has reduced

fallurt^s to a minimum. Consideralile work is still Ixang done on

this probhau, (^sp(X‘ially with the use of lOO-oc.tane aviation gas. Wlien

it is pr<)|)os(*d that, a unit must run on higher o(‘.taue fiuls (8()-oct.ano or

<)V(‘r) th(* tis(‘ of stdlite valves, aircraft spark plugs, etc., shouhl be eon-

sidtuaai a, “must.,” but for operation on fuels such as butane, natural gas,

th(^ sta-nda-rd typ<‘ of industrial equipnuait is atle(i[uat(^. The use

of i\io high(‘r oclam^ fuels should be avoided whenever possibk^ in order

to (l(‘(*reas(^ the malnteTian(‘e necessary.

Tivo- or Four-rude Wnyfnc.—There is considen^abh^, (U)ntr()V(U'sy as to

whetluo' a t wo- or a, four-cycle engine is preferable. To date, the four-
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cycle engine has been considered preferable partially because more

research and development have been done on it, and partially because of

a general prejudice against two-cycle units, resulting from their poor

showing. During the past few years considerable work has been done

on the design, balancing, silencing, etc., of two-cycle engines and tliey

should become increasingly popular. The problem of maintenance

becomes simplified because there are fewer things that can go wrong;

that is, there is no oil to change, no external parts to lubricate, no periodic

tappet adjustments, etc. The principal disadvantage of a two-cycle

engine is that it requires the mixing of oil and gasoline for fuel. This is

probably the cause of more failures than any other single factor. If tins

mixing is forgotten or performed incorrectly, a failure is inevitable,

since this is the only means of lubrication. Should there be some way of

decreasing this danger, such as by the use of ^^ready-mixed fuel, the

two-cycle engine would be preferable to the four-cycle engine because of

its simplicity of construction and maintenance, its lighter weight, etcn

Type of Cooling .—There are three principal methods used for the cool-

. ing of internal-combustion engines. Perhaps the simplest cooling system
is the air type in which a blast of air from a fan or blower moiinted on
the engine is directed across the cylinder. The cylinder is provided witli

numerous fins, either machined or cast integrally, to increase tlie In^at-

transfer coeflficiehts. Advances in casting techniques have gnuitly

improved the results obtainable from cast fins by making possible a
greater number of fins per unit of length of cylinder and by improving
the surface condition of the fins themselves. This method of cooling,

although probably the simplest, is also the most subject to other factors
such as direction and velocity of wind, ambient temperature, etc. These
factors all affect the engine temperature and hence the operation.

Perhaps the most common type of cooling to date is the so-called
“ radiator type in which water from the engine jacket is cooled in a heat
exchanger (radiator) by means of an axial-flow fan. This type of cooling
utilizes two different methods of fluid transfer: the use of a water-cir-
culating pump and the thermosiphon system. Radiator cooling, while
still the most popular, does not prevent changes in engine temperatim^
and hence in performance. In other words, it is still affected by the
ambient conditions.

The system that shows the greatest promise both from the standpoint
of weight and performance is the constant-temperature or vapor-phase
system. This system, developed largely by the Fort Monmouth Ground
Signal Agency, utilizes the heat of vaporization of water and cools with a
centiifugal fan through a radiator condenser. Since the system is of the
thermosiphon type, the use of a circulating pump is eliminated, and
hence increased horsepower output becomes available. The usual dif™
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ficulties of fouling at light loads are eliminated since this type of system

automatically controls the engine temperature at all conditions of load

and ambient temperature. Since less liquid is used in this type of system

than in the radiator type, considerable weight is saved. The system as

now developed operates at atmospheric pressure and requires no pressure

valve.

Ty'pe of Ignition .—The two types of ignition systems in use today

are the battery type and the magneto. The former utilizes a battery, a

high-voltage coil, a distributor, and a breaker and is operative only when
the battery is charged. This system is used primarily on self-starting

units that require a battery for starting. The principal disadvantage of

this system is that if the battery fails there is no way of starting until

sufficient charge can be stored in the battery.

The magneto consists of a generator, a coil, a breaker, and a dis-

tributor mounted as a unit. This system requires no outside excitation

and hence is greatly preferred. In addition most magnetos can be

obtained with a so-called “impulse coupling.’’ This coupling is espe-

cially useful when endeavoring to start a unit by hand. When this is

done, the coupling gives a slight impulse to the magneto armature at the

proper time and hence gives a better spark.

In order to decrease weight still further, development has been under

way for some time on the problem of taking the ignition directly from

the generator. This type of ignition system shows great promise but can

be used only with permanent-magnet generators. It is especially bene-

ficial with iiltraportable units where the weight of the magneto is often

as great as that of the generator itself.

The problem of shielding the ignition system is one that comes up

frequently, especially in connection with radio equipment. The only

effective type of shielding is that consisting of a flexible metal hose with

the necessary end fittings to connect to the magneto (or generator) and

shielded spark plugs. The subject of proper shielding is complex and

cannot be treated here.

Speed of Operation .—The speed of operation of an engine has been

mentioned previously in this section in I'elation to lightweight and heavy-

duty machines. Control of the speed of the engine is accomplished by

means of a governor of the mechanical or electrical type. The mechan-

ical-type governor is usually a pair of flyballs driven at high speed from a

power take-off on the engine. This type of governor consists of many
moving parts and hence is subject to the usual maintenance problems.

A recently developed governing mechanism of the electrical type

utilizes a solenoid controlled by the output voltage of the generator.

The solenoid design has been perfected to provide stability under all

conditions of operation and can be used to provide a rising speed charaq-
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teristic. Tkis characteristic is important in order to obtain combined

voltage and freq[uency regulation within the normal limits for permanent-

magnet alternators whose inherent voltage regulation is poor. In this

way the necessity of a voltage regulator is eliminated.

Controls—The use of automatic controls such as automatic chokes,

remote controls, automatic shutoffs for high water temperature, low oil

pressure, etc., should be avoided whenever possible. These coiitrolB

serve only as possible sources of trouble and accomplish nothing that a

slight amount of care and thought will not accomplish as well The

indicating instruments should likewise be limited to those actually necjes-

sary, such as a voltmeter, frequency meter, hour meter, engine-water

thermometer, oil-pressure gauge, etc.

Maintenance .—The problem of proper maintenance of power supplies

is one that cannot be overemphasized. The same maintenan(‘.e t(H*li-

nique and schedule is often applied to an engine-generator tliat is com-

monly used on automobiles even though an automobile is usually operated

as an intermittent-duty machine and hence does not require the sanies

maintenance. It is desirable that a definite daily maintenance protaHlure

be established in order to make a frequent check of the operation. In

this way failures are more likely to be foreseen before they occur, in time^

to apply corrective maintenance. The use of trained person rnd in tln^

maintenance of power units is essential if the best performance is exp<^(d <‘( I

.

Much emphasis has been placed on the training of personnel to operate

the power-using equipment but very little training has been given to

personnel on operating and maintaining the power equipment. A bcdd-cn*

balance of this training should be achieved.

It should also be recognized that since power is essential to the opera-

tion of the power-using equipment, a sufficient number of units must- l)e

provided to permit continuous operation while individual units arc^ shut

down for preventive maintenance.

GENERATORS

12*6. Generator Specifications.—In ordering generators for sp(M*ift{*

applications the following characteristics should be specified on th(' ordca*

or request for quotation.

1. Eating

2. Type of winding (for d-c generators only)

3. Type of excitation

4. Type of voltage control

5. Enclosure

6. Bearings and lubrication

7. Special consid<^rations
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D-c Generator Ratings .—The rating of a d-c generator includes the
following: kilowatts, voltage, current, speed, duty, and temperature rise.

Of tlu'sc, the last two require some explanation.
I >uty is usually classified as continuous, short-time, or intermittent.

Most, applications call for continuous duty, and other duty classifications

<*.an Ix^ applied only if the maximum continuous-operating period of the
g(Miorator is 1 hr, after which it will remain at rest until cool.

rein|)erature rise pertains to the rise in temperature of the windings
over tlie ambient temperature after the machine has reached operating

itunperatiire at full load. Allowable temperature rise is determined by
1h(^ typc^ of insulation used and the maximum ambient temperature to be
<‘n(‘(>imi.er(al. Standard values and further explanation of these points

ar(^ given in the American Standards Association publication C50-1943.

A-c Gcnirafor liat/ings .—The rating of an a-c generator includes the
following: kilovolt-amperes, kilowatts, voltage, current, power factor,

pluis<\, speed, duty, and teihperature rise.

'fljpc oj Winding (D-c Generators).—D-c generators may be series-

wound (having all field windings in series with the output), shunt-wound
(ha\'ing all field windings connected across the output terminals), or

coiupoimd-WQund (having both seiies- and shunt-connected fields).

Th(\v may be wound either with or without interpoles.

S(u'ies-wound generators are seldom used, except as exciters, since

th(\v produ<‘.e only residual voltage at no load and hence are generally

unsuital)le for constant-voltage applications. Furthermore, the control

of field current involves handling of much greater currents than in the

of sliuntrwound machines.

Sliimt-wound generators are commonly used where automatic control

of t he output voltage is provided, or where manual control over a wide

rangi^ of voltages is desired. Shunt-wound generators have inherently

poor voltage-regulation characteristics, and hence are not suitable for

constant-voltage use without some form of automatic field control

(\)m])()und-wound generators are useful where a roughly constant

voltage is desired over the entire load range, and where it is desirable to

cdimiiiate voltage regulators. Factors to be considered in the use of

compound-wound generators are

—

1. Speed of driver. Compound generators without voltage regulators

produce voltage variations in proportion to the speed variations of

tlie driver. In the case of an engine, unless the governor is very

stal)lc and consistent, undesirable voltage variations will occur.

Often the governor performance on small engines deteriorates

appreciably after usage.

2. Ambient and winding temperatures. Compound generators
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mthout regulators will produce output-voltage variations with

changing ambient and winding temperatures, thereby requiring

continuous readjustment of the voltage during the Avarmup period.

It is possible to counteract this effect by the use of iiegative-

temperature-coefficient materials, and if this is desired, it should

be specified in the design, rather than added later.

3. Use over a wide range of voltages. A compound generator, in

general, will have a flat voltage-load curve only for one voltage.

If it is operated above that point the voltage will droop uikIcm* load.

If it is operated below that point, the voltage will ris(' under

load. This is true only under saturated conditions, l)ut for ilu^ sak(^

of stability it is necessary to operate there. Consequentl}^ the use

of a flat-compounded machine over a wide range of voltag(‘s will

produce unsatisfactory regulation, and control will l)e difficult.

In general, for constant voltage applications, the most reliable opera-

tion can be obtained by the use of a shuntwvound d-c generator plus a
suitable voltage regulator, especially where a gasoline engine is the prime
mover.

The use of interpoles falls in the realm of design rather than of applica-
tion, and is normally left to the discretion of the manufacturer.

Type of Excitation {D-c Generators).

—

The type of excitation used on
a generator has considerable bearing on its control problems and char-
3/Cteristics, and should therefore be considered in selecting equipment.

Most d-c generators smaller than about 15 kw—and many larger
ones—are self-excited, using the types of field windings desc.rihed above.
Self-excitation eliminates the need of an extra exciter generator or other
power supply for field excitation. It is a convenient and economical
form of excitation when the field current is small enough to fit the ch^sinHl
type of control, and when the generator will not be operated below sataira-
tion, which would lead to instability.

When the magnitude of the main generator field current becomes t.oo

large for the type of control desired, or when the desired operating
range of the generator extends below saturation, the use of an exciter
generator is advisable. By this method the control may be trra,nsf('rr(Ml

from the main generator field to the exciter field, reducing the control
current by a factor of 10 or more. Exciter generators are usually
attached to the main generator. It should be noted that excit(n-s tluun-
selves are open to the criticism voiced above regarding instability below
the saturation point. Since exciters are usually operated over a very
wide range, this is an important consideration. Considerable ingenuity
is required in the design of a stable exciter, and many reguhiting dif-
ficulties can originate in poorly designed exciters. However, it is possible
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to design stable exciters by the use of methods not advisable in the main
generator for reasons of economy, efficiency, and operating characteristics.

It should also be noted that the use of an exciter adds another time lag

to the response characteristic of the generator.

Type of Excitation {A-c Generators).—A-c generators are said to be
self-exciied when a d-c exciter winding is wound on the same rotor core

as th(^ main a-c winding, and both have a common field. Thus, the

(»xciter geiun'ates its own field, which also serves as field for the main
geiun-ator. This arrangement is usually used on small a-c generators,

and is a (‘ompact and inexpensive type of construction. It lends itself

to tlie same t3^pe of control as do separate exciters but with more inher-

ent speed of response.

In the case of larger a-c generators, independent exciter generators

are usually attached to the main generator. In general, the above dis-

cussion of d-c generators with attached exciters applies also to a-c gener-

ators with attached exciters.

Type of Voltage Control .—In regard to the general problem of selecting

a \u>ltage regulator for a specific application, a few comments are relevant

(see also Sec, 12-7). The voltage regulator must be matched to the

performance characteristics of the exciter and main generator which it

tu)ntrols, A regulator designed to control a specific generator and exciter

may l )e useless when applied to another generator and exciter of identical

l>ower lilting but different characteristics. If it is necessary to order the

\"oltage regulator from a different manufacturer than that of the gener-

ator, the following data should be supplied to the manufacturer of the

regulator:

1. The complete name-plate rating of generator and exciter.

2. Tlie exciter saturation curve, showing both increasing and decreas-

ing field current portions, with the alternator field as load on the

exciter output and a record of the speed at which data were

ta,k<‘n.

3. Th(' load curves (field current vs. kilowatt load at rated voltage)

of the main generator with a resistive load and (on a-c generators)

at. rated power factor (usually 80 per cent lagging).

4. The cold resistances of the exciter field and the main generator

fic4<l as well as the temperature at which the resistances were

measured.

5. The acitual temperature rises (by the resistance method) of the

exciter field and main generator field under maximum-rated-load

conditions.

6. The ambient temperature range over which the generator is

required to operate.
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7. The speed-vs.-load curve of the engine-generator unit.

8. Any unusual operating conditions or requirements that may
affect regulator design.

It must also be remembered that in many cases the choice of a regula-
tor may be a primary consideration (as in the case where electronic

control is required), and may, therefore, dictate certain requirements to
the generator and exciter manufacturer. For instance, it may be desira-

ble to keep the exciter field current below 400 ma in order to use a certain
type of electronic control. Such a requirement will definitely influence
the choice of generator and exciter, and should therefore be considered in

the early stages of the design.

Enclosures. The type of enclosure required on the generator depends
on the intended operating conditions, and should be specified at the time
of ordering. The most common type of enclosure in current usage is

the semienclosed, or drip-proof type. Other enclosures are: the open,
the totally enclosed, the totally enclosed fan-cooled, the explosion-
proof, the splash-proof, and others. The Bureau of Shipshas formulated a
complete set of definitions for enclosures and the conditions under which
each should be used, which is helpful as a guide in selecting the appropri-
ate type.

Bearings and Lubrication .—Generator bearings may be of either the
sleeve or the ball type. The use of sleeve bearings on Service equipment
is not recommended because oil leakage is unavoidable when the equip-
ment must be moved frequently. Furthermore, the danger of a bearing
burnout is greater for sleeve than for ball bearings if periodic lubrication
is neglected. The use of double-shielded ball bearings is not recom-
mended because of maintenance diflficulties encountered. The experience
of the Radiation Laboratory has led to the conclusion that a lOOO-hr life

is all that can be expected from double-shielded ball bearings under
normal conditions of operation. After this time the lubricant becomes
burned to such a degree that its effectiveness is impaired. Further use
results in overheating and finally in binding. Double-shielded bearings
must be replaced every 1000 hr, which requires dismantling the generator,
removing old bearings, inserting new ones, reassembling the generator,,
and sometimes realigning it with the engine. Considerable damage may
be done in this process, and the realignment is critical. Furthermore,
the loss of time during this servicing operation may be serious. For these
reasons it appears that the most satisfactory type of bearing and lubricat-
ing system consists of the use of open ball bearings in adequate grease
reservoirs, fitted with a means of introducing new grease and exhausting
the old, and supplied with grease retainers to prevent the flow of grease
into the generator frame.
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' Special Considerations.—There are a number of special considerations

which influence the design of the generator. They are listed below as a

reference check list for consideration in ordering equipment.

1. Size limitations

2. Weight limitations

3. Allowable limits of voltage regulation

4. Allowable limits of frequency variation

5. Waveform requirements of a-c generators

C). Eequirements for operation in parallel with other generators

7. Noise-level restrictions (both mechanical and electrical)

8. Vibration and shock conditions

9. Ambient conditions likely to be encountered

a. Ambient temperature range

h. Ambient humidity range

c. Altitude range

d. Exposure to explosive or combustible atmospheres, dust, sand,

lint, salt air, corrosive chemicals, fungus

12-6. Aircraft-engine Generators.—^The large numbers of generators

required for combat aircraft and the comparatively few sizes and types

needed have permitted such units to be standardized to an extent that

has been impossible with generators for other applications. If is worth

while to describe aircraft-engine-diiven generators at some length both

l>ecause of their own importance and because they represent present

generator design practice.

The present standard electrical system used in U. S. military airplanes

is nominally 27.5 volts d-c. This is supplied by generators mounted on

ea(*h engine of the airplane and connected in parallel. Each generator

is geared to tlie crankshaft of its engine, its speed varying with the engine

specM.l. A voltage regulator is connected to each generator to maintain

the voltage at 27.5 ± 2.5 volts.
.

The generator jack shaft is geared up from the crankshaft by a ratio

of 1.75 in Curtiss-Wright engines and 3.15 in Pratt and Whitney engines.

Over the normal range of engine revolutions per minute from minimum

cruising speed to take-off speed, this gives a jack-shaft speed range of

20()() to 4000 rpm and 4000 to 8000 rpm for the two engines. It is

necessary, therefore, to build two series of generators to operate in the

two speed ranges. For each series, generators are built in a number of

cnirrent ratings, of which the most commonly used are the 100-, 200-, and

3()0-amp sizes, designated by the letters 0, P, and R respectively. The

six most common Army generators are shown in Table 12T.

Generators have also been built with 25- and 50-amp outputs, but

tliese sizes are no longer in general use. Generators rated at 500 amp
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have been built experimentally but it is doubtful if they will be used,

since the trend is toward higher voltages when such large power ratings

are required.

Occasionally it becomes necessary to drive a high-speed generator from

a low-speed jack shaft. Planetary sandwich’’ gear boxes have been

developed which can be inserted between the generator and the mounting

Table 12*1.—Six Army Generators

Designation Speed, rpm Current, amp

0-1 2000-4000 100

P-1 2000-4000 200

R-2 2000-4000 300

0-2 4000-8000 100

P-2 4000-8000 200

R-1 4000-8000 300

Note that the speed desigaations of the 300-amp generators are reversed; this

causes much confusion.

pad on the engine and which give a 2 to 1 increase in generator speed.

Experimental governor-controlled variable-speed transmissions have also

been built for installation in the same position, but to date have not

been particularly successful.

The space available for the generator on a standard engine is limited

to a maximum over-all length of about 14 in. and a maximum diameter

of 6 -

2
- in. The maximum permissible weight is approximately 55 lb. In

order to get a generator with a power rating of as much as 9 kw into

this space, it must be blast-cooled to dissipate its losses.

Brush wear became a problem as the airplane ceiling was raised above

20,000 ft. At that altitude, excessive dusting and wear take place

because there is insufficient oxygen and water vapor to provide a lub-

ricating film of copper oxide on the commutator as well as insufficient air

for adequate cooling. Extensive investigation and experimentation on

special brush materials and treatments were begun, and today this is no
longer a serious problem although brush life at high altitude is still con-

siderably less than at sea level. During the period when brushes were

giving so much trouble, other means of power generation were tried.

One of these was a 3-phase a-c generator, rated approximately 30 yolts,

which used a blast-cooled selenium rectifier. For this generator, slip

rings were used instead of commutators, and the current density through
the brushes was much less than in the case of a d-c generator. When
satisfactory high-altitude brushes were developed, however, this scheme
was dropped because it had the disadvantage of greater weight and com-



12 -6] AIRCRAFT-ENGINE GENERATORS 415

Vi( 3 ,
12-3, EclipHO NEA-7 dual-voltage giuioratcr.

}i;<‘nerators. la the case of small single-engined airplanes that carry a

considerable amount of electronic equipment, it is often possible to reduce

povvcx* losses and weight by having the a^c generator mounted directly on

t h<j engine. Since the d-c load of these airplanes is not large, it is possible

to jjlace both windings in the same generator frame. The two largest

j^enerators of this type are the NEA-6, rated 28.5 volts, 75 amps d-c,

and 115 volts, 3.4 kva single phase, 800 to 1600 cps a-c; and the NEA-7,

pU'xity. It has since been revived with generation at 120 volts instead

of 30 volts to supply a high-voltage d-c airplane distribution system.

In order to obtain the high-voltage direct current required for radar

the airplane low-voltage direct current is converted to 115 volts a-c

at 100 or 800 cps by means of a motor-generator or inverter; this voltage

i.s s( ('pped up and rectified. This will be discussed later, but it is men-
tioiuHl at this point in order to introduce the discussion of dual-voltage
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rated 30 volts, 125 amps d-c and 120 volts, 2.5 kva single phase, 800 to

1600 cps (see Fig. 12*3). Because of the variable frequency, all motors
must be d-c. If a small amount of constant-frequency power is required
an inverter can be installed.

In one special system in a single-engined carrier-based airplane both
d-c and a-c requirements were large, and separate d-c and a-c generators
were driven from the engine through a gear box (see Fig. 12-4). The
ratings of the generators were: 30 volts, 300 amps d-c and 120/208 volts,

10 kva, 3-phase, 600 to 800 cps a-c. The constant-frequency require-

ment was approximately 140 watts, which was furnished by a 250-va
600-cps inverter.

This system is now being installed in a four-motored airplane and
initially the 10-kva 3-phase alternator will be driven by a suitable d-c

Fig. 12-4.—General Electric Company dual-output gear box and geueratorw fur a-pluis©
a-c radar power and aircraft d-c supply.

motor. For future installations a gear box similar to that used in the
small airplane has been designed, and it is expected that it will be placed
in each of the two outboard-engine nacelles giving a total power installa-

tion of four 300-am.p d-c generators and two 10 kva alternators, which
will give maximum reliability, flexibility, and reserve capacity with
minimum power losses.

With the increase in the electrical load in ahplanes, particularly
military airplanes, serious consideration has been given to the possiblility

of higher-voltage generation, either d-c or a-c. Because of its greater
flexibility the present trend is toward alternating current with 3-phase
four-wire, 120/208-volt. In this case no d-c generation is contemplated
and the alternating current must, therefore, be of constant frequency in
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order to permit parallel operation and to carry motor loads. This has

been accomplished on an experimental basis by means of a hydraulic

drive that consists of a hydraulic pump with variable stroke driving a

hydraulic motor. The stroke of the pump is controlled by a governor

that operates to maintain a constant output-shaft speed regardless of

engine speed. The alternator is driven by the output shaft. A drooping

characteristic is introduced in the speed-load curve by means of current

transformers placed in the main leads of each alternator. This arrange-

ment insures proper division of load when two or more alternators are

operated in parallel. Individual voltage regulators connected to each

alternator are adjusted to maintain constant voltage and to divide the

reactive kilovolt-amperes among alternators operating in parallel. At
the present time the generators Avhich have been built for this experi-

mental setup are rated 40-kva, S-phase, 120/208-volt, 400-cps, 6000-rpm.

The alternators are somewhat larger than the maximum dimensions

given earlier, and the nacelle and mountings must be designed to support

the alternator as well as the hydraulic drive. The weight of the genera-

tor is approximately 80 lb, and of the hydraulic drive, 90 lb.

CONVERTERS

12-7. Motor-generators and D3mamotors.—There are many cases in

which the electrical power available is adequate in magnitude but of the

wrong voltage. When the supply is a-c, which is the usual case in all

except mobile or military installations, the customary transformer-

rectifier-filter arrangement will serve to supply almost any electronic

device, but when only d-c supply is available, some type of converter

must be used. Depending upon circumstances, this converter may be a

motor-generator with either d-c or a-c output, a dynamotor with d-c

output, or an inverter or vibrator with a-c output.

Little need be said on the subject of motor-generator sets in addition

to the discussion in Sec. 12-(). The basic factors are the same whether

the generator obtains mechanical power from a gasoline engine or from a

d-c motor. The special factors pertaining to the motor are discussed in

Chap. 11 and (where speed regulation is concerned) in Sec. 12-8. It

should be noted that d-c to d-c motor-generator sets are seldom \ised

for military or mobile equipment because of their great weight and size

compared to dynamotors. Their principal advantage is the possibility of

individual regulation of each output.

Dynamotors find their principal application to loads requiring

moderate amounts of power at voltages up to 1000 or 1200 volts. In

this range their weights are often less and their efficiencies greater than

those of an inverter plus a transformer and rectifier. A dynamotor is

essentially a rotating d-c transformer; it has conventional d-c shunt- and



418 POWER SUPPLIES [Sec. 12-7

series-field windings on the stator, and one or more armature windings

on the rotor. The primary winding is excited from the input voltage

through brushes and a commutator. In the case of a single winding, this

winding is tapped to give the required secondary voltage. Separate

secondary windings have a fixed turns ratio to the primary winding and

they determine the output voltage or voltages. The secondary windings

are brought out through commutators to give the required d-c voltages.

Dynamotors have been built with voltages as high as 2000 but this is

inadvisable because of difficulties with commutation and insulation.

Dual- and triple-output dynamotors are common, and several machines

Fig. 12*5.—Eicor, Inc., aircraft dynamotor.

having four outputs (Fig. 12-5) have been built, but it is impra(!tic.al

to go beyond this because of the large number of windings and com-
mutators involved.

Dynamotors for military aircraft are built for an input voltage of 27.5.

For automobiles, commercial airplanes, and miscellaneous uses, dyna-
motors are built for input voltages of 6, 12, 32, and 110. The output.s
may vary from 14 volts or less to over 1200 volts, from 5 amp to 30 ma,
and in any combination of two, three, or four at a time. Weights vary
from 5 lb for a total output of 20 watts, to 26 lb for an output of 400 watt.s.

Efficiencies range from 40 to 60 per cent.

One disadvantage of the dynamotor is its inherently poor regulation.
In addition to the regulation of the dynamotor itself there is the variation
in input voltage, which may be as much as 10 per cent. To overcH>me
the second difficulty, the dynamotor can be designed for an input voltage
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of 19 or 20, assuming a nominal input voltage of 27.5 and a variable

resistor in series with the line. This resistor usually takes the form of a

carbon-pile voltage regulator having the carbon pile in series with the

line and the operating coil across the line just ahead of the dynamotor.

With an input variation of 25 to 29 volts and at constant load, the regula-

tion of the output voltage can be held within a range of 5 to 10 per cent;

but, of course, with changing load this will be materially increased.

A recent development to improve dynamotor regulation has been the

construction in the dynamotor itself of a booster armature winding and
regulating field. A three-voltage dynamotor is shown in the photograph

of Fig. 12-6, and the circuit of a dual-voltage machine is shown schematic-

ally in Fig. 12*7. In any multioutput dynamotor only one voltage can be

regulated, but, except in the case of very unevenly loaded circuits, the

Fig. 12‘6.—Bendix dyiiarnotor.

unregulated voltages will closely follow the regulated voltage. There are

several ways in which the regulating feature may be handled,

1. All output circuits may have windings on the boostcu’ armature,

with only one of them controlled (Fig. 12*7).

2. The voltage to be I'egulated may alone have a booster winding,

3. The voltage to be regulated may be generated entirely in the wind-

ings of the booster armature.

The third method is practical only for low voltages because of the

large number of turns and the relatively high field current that would be

required to generate a high voltage. In any case it is less practical to

regulate the highest voltage output because it is necessary to use resistorKS

in the regulator coil circuit to limit the current, and at high voltages the

loss would be excessive. Furthermore, it is less important to regulate

the higher voltages because this can readily be done by regulating circuits

in the radar set itself. The demagnetizing field is used to allow the
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carbon-pile regulator to operate in the region of optimum performance.

Choice of one of the foregoing methods depends' on the requirements of

the device with which the dynamotor is to be used.

Over ranges of input voltage of from 25 to 29 volts and from no load

to full load on the dynamotor, the regulation will be approximately 3 per

cent. The addition of the booster armature and regulating field will, of

course, increase the size and weight of the dynamotor, but the regulator

itself can be considerably smaller than a series regulator because it carries

only the field current rather than the line current.

Motor
commutator

Carbon-pile

voltage

regulator—

—

1 v/ 1

j

Demagnetizing

field \

zzn at:

Voltage
adjusting

rheostat

Regulating

I—

:

^
1

-
1 <U S)|
h ^ ro *

( 6 j
lo<ml

I .SP f CO—

—0+Low-voltage
output

High-voltage

output

Commutators

( 6 ) lol|§g|f Sg Booster

vM-i armature I
.

^ I
[

—

^ QQo ^—

1

1 This represents
*

* connection from
\—,s S r^l ^ armature wind*

1 Regu- d
1 It *°

isil EgS lating g 6tatorbars

.

“ l^rN "nT '
field KjC -High-voltage

Input O tLL-j 1 !lJ
I

6 output
1 -Low-voltage

output

Fig. 12*7.--Schematic diagram of dual-output dynamotor with booster windingB and
regulating field.

At high altitudes, brushes of the larger dynamotors present Uic same
problem as inverter brushes and should be treated as discussed in Ser;.
12-8. The smaller dynamotors do not generally give brush trouhlr; us the
current densities are much less.

12-8. Inverters. When the available power supply is direct current
and the voltage or power requirements of the power-using equipment are
peater than can be supplied by dynamotors, it becomes necessary to use
inverters or motor-alternator sets to furnish a^c power. This section
covers only those aircraft inverters with which the Radiation Laboratory
has had experience, but it is believed that this experience is typical and
that the information presented here is applicable to other problems of the
same type.
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Aircraft inverters are built with outputs of 100 to 2500 va, usually at

approximately 400 cps to 800 cps although other frequencies are occasion-

ally used. The Army has adopted a nominal frequency of 400 cps as a

standard for its airborne equipment, while the Navy uses 800 cps. The
weight-saving in magnetic components and filter condensers is approxi-

mately 50 per cent in going from 60 to 400 cps, but the further saving in

going to 800 cps is negligible and the choice of these two frequencies by the

two Services was more or less arbitrary. The British use frequencies of

1400 to 2800 cps, at which any saving of weight is questionable, and
alternator design is made more diflBcult because of the large numbers of

poles and the high speeds involved.

An aircraft inverter consists of a 27*5-volt d-c motor, either shunt-

er compound-wound, direct-connected to an a-c generator and mounted
in a common frame. Strictly speaking, in an inverter the field windings

are common to both units and the armature windings may or may not

be common, whereas in a motor-alternator the two units are electrically

and magnetically separate except for the fact that the alternator field is

usually fed from the same d-c supply that powers the motor. Both types

are commonly referred to as “ inverters, however, and that usage will be

followed here.

In most inverters the alternator field is on the rotor, although this is

by no means always the case. Most inverters use conventional salient-

pole wound fields, but the 800-cps inverter of Table 12’2 uses an inductor-

type field. The most popular aircraft inverters in current use are listed

in Table 12*2. For all the units of Table 12-2 the input voltage is nomi-

nally 27.5 and the output is 115 volts. Efficiencies are approximately 50

per cent. Some of these units are shown in Figs. 12-12, 12-13, and 12-17.

Some of the principal problems encountered in inverter operation are

TABtuK 12*2.

—

Aircraft Inverters

Type de-

signation
Milker

Ckipacity,

va

Frequency,

cps
Phase

Weight,

lb
va/lb

Eclipse 100 400 3 ....

12121-l-A.. lic.lipse 250 400 1 or 3 13 19.2

10596 Leland 500 400 1 23 21.8

PlT-16 Wineharger 750 400 1 or 3 38 19.8

800-1-C.. . . Eclipse 840*^ 800 1 32 26.2

PE-218-C. .

PE-218-D..

Leland I

GE 1
1500 400 1 55 27.2

PU-7 Airways 2500 400 1 75 33.4

* This is the name-plate rating. Tests have indicated that this unit will carry 1000 va with blast

cooling and at altitudes of less than 10,000 ft The weight figure includes an external r-f filter and a

l2“/xf compensating coiulonHer. The 1000-va rating increases the output to 31.3 va/lb.
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those of waveform, voltage regulation, excessive starting current, brush

wear, and speed regulation.

Wavefom .—Because most a~c power used in electronic equipment is

either converted to direct current or used for heating, there is usually no

inherent requirement for sinusoidal wave shape. (One exception to this

statement is furnished by a-c resonant-charging radar modulators, which

must be furnished with power of low harmonic content.) With most

inverters, however, the output waveform may vary radically with changes

in load. Since a stable d-c voltage is the final requirement in most

electronic power supplies, it is necessary to maintain a fixed ratio between

the a-c maximum voltage and the rms voltage, which ratio is called the

crest or amplitude factor.'^ The output voltage of rectifier circuits

employing condenser-input filters depends upon the crest voltage. For

rectifiers employing choke-input filters, the ratio of rms voltage to average

voltage is important; this ratio is called the ^Torm factor.'^ These two

ratios should be as constant as possible under all load conditions. This

requirement is most easily met by alternators with low subtransient reac-

tance. Practically, it is preferable to employ conventional salient-pole

rotating-field alternators operating at 400 cps rather than high-impedance

inductor alternators operating at higher frequencies. Although the

reactance of such an inductor alternator can be neutralized by a series

capacitance (as is done in the Model 800-1-C Bendix 8()0-cps motor-

alternator) such balance is completely effective only at one value of load

impedance. Changes in load cause changes in wave shape; hence, even

if the voltage regulator operates perfectly and maintains a constant

average or a constant rms voltage, the d-c output of power supplies fed

from the alternator may vary excessively. Fig. 12-8 shows how the wave

shape of a typical aircraft alternator may vary with varying load.

Besides the variation in waveform with changing load, individual

machines of the inductor-alternator type show wide variations in charac-

teristics. Crest factors measured for different machines of the same type

have varied from 1.15 to 1.75. When such machines are used, power

transformers should be provided with primary taps, and separate filament

transformers should be used.

Voltage Regulation .—The problem of voltage regulation of an alter-

nator is discussed in Sec. 12-9 and will not be elaborated here. It should

be pointed out, however, that simultaneous regulation of voltage and

frequency in a true inverter, in which the motor and alternator fields are

magnetically common, can only be accomplished by varying the field to

control the output voltage and by controlling the rotor speed by varying

the motor armature current. Such a method is hardly practical.

Starting Currents .—When an aircraft inverter is connected directly

across the d-c bus of the airplane, it will draw a momentary starting
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current of three to four times the rated full-load current. These high
starting currents cause excessive brush wear and also a momentary dip

in the bus voltage which may affect other equipment operating on the
same bus. This is not usually a serious matter with inverters below
750-va capacity but, with larger sizes, special starting relay circirits must
be employed to limit the starting current. One of the most common
methods is to start the motor as a compound motor and then to short-

circuit the series field, as shown in Fig. 12-9. In this way the initial

Shunt field

Fig. 12*9. Motor circuit of 1500- and 2500-va inverters showing starting relay and
contactors.

Shunt field

Fig. 12*10.—Addition of auxiliary starting relay to circuit of Fig. 12*9.

starting current is materially reduced, but the current again rises sharply
when the secondary contactor closes and before it reaches its steady-
state value. Closing of the secondary contactor can be further delayed
by using an auxiliary starting relay connected as in Fig. 12-10. the
curves of Fig. 12-11 show the reduction of starting current which can be
obtained by the use of this circuit.

Brush Wear. The problem of brush wear has been mentioned in
Sec. 12-4 and has been discussed at some length in Chap. 11. The usual
remedy for high-altitude brush wear consists of treating the brushes with
a compound that liberates oxygen at the operating temperature of the
brushes, thus helping to maintain the lubricating oxide film on the
commutator. Another treatment is the incorporation of a metallic
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halide in the carbon mixture of which the brush is made. Lead iodide,

which also produces a lubricating film, is the metallic halide ordinarily

used. Even with the high-altitude treatment, however, brushes seldom

last longer than 300 to 400 hr at 20,000 ft, as compared with at least

1000 hr at sea level. The value of the treatment is shown by the fact

that an untreated l;)rush will last only about 4 hr at 20,000 ft.

Speed /icgida/fotk—The output frequency of an inverter is directly

proportional to its speed, which may vary over a wide range with varia-

tions of input voltage, load, altitude, and temperature. At high alti-

. on inverter.

fudcs, low temperatures and air densities are encountered. The low

lomper:ituro tends to lower the speed by reducing the resistance of the

motor sp(‘(al, while the reduced air density tends to allow it to increase

i)(>caus(i of t,h(i lower windage losses. Table 12-3 summarizes the results

of t.es(.s on t,h(' IfKlO-va 1*E-218-C and PE-218-D inverters. From the

t:i.l)l(^ it can 1)(^ schui that the variation in frequency on changing the

input volt,a,go from 29 to 26 was 76 cps, or 17 per cent for the PE-218-C,

and 49 (’ps or 1 l.T) pcu' cent for the P&218-D. The latter machine has a

(.oin|)ons!it.iug r(?sis1'Or in series with the field, which accounts for its

sonnuvliali hcdlxu’ regulation. It also has an adjustable resistor that

iUlows the frequene.y to be varied over a range of about 40 cps. The

two machines are shown in P'igs. 12T2 and 12-13.

In many electronic applications a ±10 per cent variation in frequency
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is not objectionable, but certain indicator and computer circuits require

much closer regulation ( ±2.5 per cent or better). Good speed regulation

Table 12' 3.—Intvekter Speed Variation's

Input

voltage
Load

' Tempera-
ture, °C.

Altitude,

ft

Leland

PE-218-C,

cps

GE
PE-218-1),

cps

28.5 i ~15 35,000 485 458
28.5 Full -35 0 401 392
26 Full -45 0 373

1 379
26 Full 25 0 396 39B
26 Full 55 0 406 398
29 Full -45 0 411 404
29 Full 25 0 443 423

29
j

Full 55 0 449 428

also greatly decreases the difficulty of obtaining good voltage regulation,

particularly with most types of saturating-transformer or res()nant-

circuit a-c regulators. In accordance with the need for l>etter speed

Fig. 12*12.—Lcland Electric Company aircraft motor alternator with regulator.

regulation of inverters the latest applicable specifications (AN-I-IO)
permit a maximum frequency range of 390 to 410 cps for an input varia-
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Make and type
Hating,

va

Eclipse 12123-1-A

Blclipse 12121-1-A

Leland 10596

Wincharger PU-16
Holtzer-Cabot MG- 153

Leland PE-218-C

GB PE-218-D
Airways PU-7
Eclipse 800-1-C*

100

250

500

750

1000

1500

1500

2500

840

Er(Hpien(‘y

At full load At 1 load

(26 v), cps

1

(29 v), ops

410

400

305

300

340

305

395

410,

730

410

410

475

403

395

450

440

410

900

llernarks

Lee governor

I,jee governor

Compound-
wound
Carbon pile

Resonant

Shunt-wound
Shunt-wound
Regulating field

Compound-
wound

tion of 26 to 29 volts and a temperature range of 10° to +10°C and one-

third full load. For the wider ambient temperature range of —55° to

+70°C the range may be 380 to 420 cps. Table 12-4 gives the fre-

Fn;. 12*13.—General Electric C'onipany aircraft motor alternator with regulator.

quency range of the inverters now in general use, with an indication in

the ^'remarks’' column of the type of motor or speed control used. All

data in the table were taken at 25°C and at sea level.

Table 12*4.“—AnicntAF'r Invekter Speed RiQGULATroN

JSToniinal rated frequency 800 cps.
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The Lee speed regulator, which has been discussed in Chap. 11, is a
centrifugal device which alternately opens and closes a short circuit

across a fixed resistor which is in series with the motor field. The short-

circuiting contacts are on the centrifugal device and can be set to open
and close at any predetermined speeds within 5 per cent of each other.

The speed regulation is therefore good, as it can be maintained at 5 per
cent over all. The principal disadvantages of this type of governor ai’e

that it creates a good deal of radio interference, which is difl&cult to

Fig. 12'14.—Schematic circuit of Airways PU-7 aircraft motor alternator, 25(10 va, 115
volts, 400 cps.

suppress, and that it causes a pronounced modulation of the output
voltage.

Speed regulation can also be accomplished by means of a regulating
field controlled by the generator voltage regulator. This method is used
in the Airways 2500-va Type PU-7 inverter shown schematically in

Fig. 12T4. As the input voltage or the inverter load changes, the
resistance of the carbon pile in the voltage regulator varies to maintain
constant output voltage. This also serves to vary the current through
the motor regulating field in such a way as to maintain constant speed.
The motor is designed to have the proper division of flux between the
main field and the regulating field. The resistances of the regulating
field and of the alternator field must have the proper relation to the
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aormal range of resistance of the carbon pile in order to obtain good

speed regulation.

If the regulator is removed from the circuit the alternator will still

generate a voltage because its field current will be supplied through the

regulating field. In the case of inverters without the regulating field,

removal of the regulator from the circuit kills the output voltage.

In order to get good results from the use of a regulating field the

motor-field structure must be operated below saturation, which requires

a heavy magnetic circuit. The method was tried several years ago in

Fig. 12*15.“ Scheniatiti cireuit of Holtzcr-Cabot MG-153 aircraft motor alternatfOr, 750 va,

1 If) volts, 400 cps, 3-phase; 250 va, 26 volts, 400 eps, 1 -phase.

the Leland 15()()-va PE-218-A inverter, but was not successful because

the emphasis at tliat time was on weight reduction at the expense of

performance. At the present time the only inverter using the method is

the Airways l^U-7.

An interesting method of speed control (shown schematically in Fig.

12T5) has been used by the Holtzer-Cabot Electric Company in their

MG-153 inverter. The reactor and condenser, connected in series with

the rectifier that energizes the regulating field, are designed to resonate

at a fre([iiency well above the rated frequency of the alternator (in this

case 400 cps). The circuit therefore operates on the low-frequency side

of the resonance curve; any change in speed will alter the reactance of

this circuit and thus vary the field current in the correct direction to

provide speed regulation. Should the motor attain a speed that would
generate a frequency above resonance, the reverse action would take

place, and the speed would continue to increase until limited by friction

and windage losses.



430 POWER SUPPLIES [Sec. 12-8

The same basic idea was used in a more elaborate form in the 1920’s
in the Stoller drive for the early Western Electric sound-motion-picture
projectors; extremely close speed regulation was attained, but the
system was cumbersome, complicated, and relatively inefficient.

The most recent method of aircraft-inverter speed regulation is the
use of a centrifugal carbon-pile governor introduced by the Holtzer-
Cabot Electric Company. A cross section of this device is shown in
Fig. 12-16 and it is shown in Fig. 12-17 mounted on a PU-16 inverter.
The electrical circuit used with the governor is shown in Fig. 12-18. A
centrifugal device mounted on the end of the inverter shaft acts against

Pig. 12-16 . Holtzer-Cabot Electric Company carbon-pile speed novemor.

the carbon pile in such a manner that increased speed will reduce the
pressure on the pile and reduced speed will increase it. As may be seen
from Fig. 12-16, when the machine is at rest the pile is held in compression
by the large coil spring in the rotating element. The resistance is then
a inimmum, giving maximum field for good starting characteristics. As
the machine speed increases, the centrifugal weights compress the spring
and reduce the pressure on the pile, increasing its resistance. Should
the machine increase its speed sufficiently to decrease the pressure on
the ball to zero, the pile will still have some residual pressure from the
spring under the pile adjusting screw. This helps to keep the motor
from runmng away and protects the pile from the burning which usually
results from too great a decrease of pressure when voltage is still applied
to it. At rated speed the pile is balanced between the two springs, and
a slight change in speed will cause a relatively large change in resistance.
Ihe two laminar springs A and B serve to position the tube holdimr
the pile

^
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12-9. Vibrator Power Supplies.—Vibrator power supplies are par-

ticularly suited to applications requiring power up to approximately 150

Fia. 12 - 17.—Wiiichmger Corporation aircraft motor alternator with HolWei-Cabot speed

control.

Alternator field

Fig 12 -18.—Schematic diagram of Wincharger PU-16 aircraft inverter, 760 va, 116 volts,

400 ops.

watts, especially in cases where this power is needed at several different

voltages. Conventional vibrators, of the type used in auto radios, can

supply square-wave a-c outputs up to about 40 watts. So-called power
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vibrators’^ can handle powers up to 4 or 5 times as great, and heavy-duty

units, usually involving several vibrators operated either separately or in

synchronism, can handle up to a kilowatt or more, although such large

outputs have been comparatively rare.

The chief advantage of a vibrator power supply over a dynamotor is

the fact that by its use it is comparatively easy to supply several different

outputs from a single unit; thus a single vibrator and transformer with

the appropriate rectifiers and filters might supply at the same time 5 ma
of direct current at 2500 volts for a cathode-ray tube, 5 ma at 150 volts

for bias, and 100 ma at 250 volts for plate supply, the whole unit weigh-

ing 6 to 8 lb and operating from a 6- to 24~volt battery supply with an

efficiency of 50 to 60 per cent. Another advantage is that since a

vibrator supply is composed of a number of small, mechanically indepen-

dent units it can be built into the same assembly to which it supplies

power. Vibrators have suffered in the past from a largely unjustified

reputation for poor dependability, but their popularity has been growing

rapidly during the last few years and the future will see them much
more generally employed than has been the case so far.

The principal disadvantage of a vibrator power supply is that it is

difficult to regulate its output voltage except by the use of comparatively

inefficient series-tube regulators in the output leads. In calculating

efficiency it is also necessary to take into account the power necessary to

heat the rectifier and regulator-tube cathodes, since this power must
usually be supplied by the vibrator transformer; where a number of d-c

output voltages are required the cathodes may use up a large part of the

available power.

Vibrators may be divided into three classes on the basis of power
output. Small vibrators of the automobile radio class usually have a

single pair of input-power-handling contacts and can handle powers up
to about 50 watts. Powers up to several hundred watts can be handled

by the so-called power vibrators, which usually have several pairs of

contacts. The input current must be divided eciually between the several

pairs of contacts, either by accurate contact setting, by equalizing

resistors or chokes, or by multiple transformer primaries with a single

pair of contacts feeding each primary. The method using no equalizing

resistors gives the best rectification or a-c output. Cold-cathode gas-tube

rectifiers are particularly well adapted to use with vibrators, and require

no heater power. Contact rectifiers have not been much used in this

field because of their high cost.

The voltage regulation of a vibrator power supply is approximately

20 to 25 per cent for d-c output and 15 to 20 per cent for a-c output.

Frequency variations are usually small. The frequency of most vibrators

is set between 100 and 125 cps, but there is a trend toward higher fre-
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quencies. Several types of vibrators are now made with a frequency of

180 cps, which permits a w^eight-saving in the transformer and filter of

about 25 per cent, but they have not been particularly successful because

of their short life. Vibrators have also been made for operation at 400

cps, but at this frequency the problems of contact life and of clean make
and break without excessive bounce are extremely difficult and have not

yet been solved satisfactorily.

The output waveform of a vibrator transformer is a poor approxima-

tion to a square wave. At the cost of efficiency, vibrator power supplies

can be built which have good voltage regulation and a sine-wave output.

The waveform, however, usually changes with changes in load.

Vibrators are relatively immune to changes in temperature, and if

enclosed in a hermetically sealed case are also immune to changes in

atmospheric pressure.

The weight of a vibrator power supply varies between wide limits,

depending upon output, number of separate outputs, degree and type of

filtering, method of packaging, etc. Outputs of from 4 to 6 watts/lb can

be expected from usual types of units.

Vibrator power supplies are considerably cheaper than their principal

competitor, the dynamotor, especially in the lower power ratings.

Dynamotors have better voltage regulation, as a rule, and are preferable

for low-voltage high-current outputs. For outpxit voltages over 1000 to

1200, dynamotors are usually out of the question because of commutation

and insulation difficulties. Dynamotors are heavier than vibrators and

although they do not require as much low-frequency filtering they create

a particularly vicious form of radio interference that is usually much
harder to eliminate than the ^'hash^' of the ordinary vibrator. Dyna-

motors are relatively vulnerable to unfavorable climatic conditions and

require considerable maintenance. The argument as to the short life of

vibrators is not particularly cogent, since a plug-in vibrator is as easy to

replace as a vacuum tube. Vibrators are finding a rapidly increasing

field of application, not only in mobile electronic equipment but also in

fluorescent lighting of aircraft and trains, for portable low-powered

electrical equipment, for control devices, and for furnishing small amounts

of a-c power in districts where only direct currexit is available.

1240. Vibrator Construction.—Basically, a vibrator is a vibrating

single-pole double-throw switch. A typical low-power vibrator is shown

in Fig. 12*19 and a larger unit in Fig, 12*20. A vibrator consists of a steej

reed carrying one or more pairs of contacts mounted between one or more

pairs of stationary contacts. A small soft-ix'on armature is mounted on

the tip of the reed and a driving coil is mounted with its longitudinal axis

parallel to the axis of the reed but offset by a small amount. When the

coil is energized the armature is attracted and deflects the reed. This
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either makes or breaks the driving contacts, depending on the type of

drive, and the reed is maintained in oscillation in a manner similar to the

operation of the ordinary doorbell.

The contacts are mounted on flat steel springs that allow them to

^^give’^ and help to eliminate bouncing. Contact bouncing is highly

undesirable because it results in inefficient operation and greatly shortens

the life of the contacts. The slight sliding of one contact over the other

which results from the ^^give'' helps to keep the contact surfaces clean

but if this movement is too great it will result in excessive wear and short

contact life.

The steel reed must be so shaped and mounted as to ensure an even
distribution of stresses. This helps to ensure a clean make and break of

the contacts and to prevent fatigue cracking of the reed.

The most critical adjustment in a vibrator is the contact spacing.
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This determines the length of time the contacts are closed, the symmetry
of the voltage wave, and the efficiency of the vibrator. Contact spacing

is particularly critical in the case of power vibrators that have several

contacts connected in parallel. If the contact spacings are not exactly

the same the load will not be equally shared and the contacts will be

ruined in a short time.

Base

The life of a vibrator is usually the life of its contacts. Contacts may
fail either by burning or by mechanical wear. In an emergency a vibrator

that has failed because the contact spacing has been excessively changed

by burning or wear may be repaired by respacing the contacts, dressing

the surfaces smooth if necessary. The best way to adjust the contacts

is to use an oscilloscope on the output of the vibrator transformer, setting

the contacts to give the correct output waveform. The process is not

particularly difficult after a little experience, but is not ordinarily worth

while because the added life will be short at best and a vibrator is a fairly

inexpensive piece of equipment.

Driving Circuits.—Most vibrators use either the shunt-drive or the

series-drive circuit. In the shunt-drive circuit of Fig. 12-21 the driving
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coil is connected across the reed and one contact, and the contacts are

normally open. When voltage is applied to the circuit, current flows from
the battery through one half of the transformer primary, the driving coil,

and back to the battery. The field of the driving coil pulls the reed to

the left until the contacts close, which short-circuits the driving coil and
permits a much larger current to flow through the left half of the trans-

former primary. The momentum acquired by the reed causes it to
swing past the position of contact closure, carrying the stationary contact
with it on its spring. Since the driving coil is now short-circuited there
is no force tending to hold the reed to the left and it springs back, opening
the contacts on the way and then closing the other pair of contacts. This
closure permits a heavy current to flow through the right half of the
primary which more than balances the weak current in the left half, and
the second half of the output wave is started. The reed continues to
swing to the right past the point of closure of the right contact pair, then

Fig. 12*21.—Shunt-drive vibratoi* circuit.

Transformer primary

TnrocRnr

Driving -N

coil

1

Coil

contacts
j

r
Reed *^1

armature*

<
"Primary

contacts

D-c supply

Fig. 12*22.—Series-drive vibrator circuit.

reverses and starts a new cycle. The frequency of vibration is deter-

mined principally by the material and construction of the reed.

The shunt drive has the disadvantage of allowing the driving-coil

current to flow through one half of the transformer primary while the
load current flows through the other half, which results in an asymmetri-
cal voltage wave. This type of vibrator is used extensively in automobile
radio power supplies because of its low cost.

In the series-drive circuit the driving coil is connected directly across
the d-c supply in series with an extra pair of normally closed contacts.
The action is exactly that of the conventional doorbell; energizing the
coil pulls the series contacts apart and breaks the coil current, whereupon
the reed springs back, the contacts reclose, and the cycle repeats. The
series-drive circuit is shown in Fig. 12-22. Its principal disadvantage is

the slightly greater cost of the additional pair of contacts, but the separa-
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tion of the driving and load currents and the greater ease of adjustment

make it decidedly preferable to the shunt-drive type of vibrator.

Moimtings .—Almost all small vibrators are mounted in cylindrical

metal cans with contact pins at one end to permit plug-in mountings.

Some types may be plugged into standard tube sockets but many require

special sockets, which are usually fitted with spring clips that snap into

embossed grooves in the can when the vibrator unit is plugged in. If

standard tube sockets are used, some adequate means of holding the unit

into the socket is required to prevent it from working loose because of its

own vibration or because of external shocks. The can is lined with a

resilient sheath of sponge rubber and the connections from the vibrator

to the base pins are made with flexible wire so that the vibrator is mechan-

ically fairly well isolated from the can and chassis. The can must be so

designed that its natural vibration frequency is remote from that of the

vibrator. Most cheap vibrator cans mei'ely provide mechanical and dust

protection for the vibrator, but hermetically sealed types are available

for use at high altitudes and in unfavorable climates. Vibrator units

may be mounted in any position.

Large vibrators are usually mounted in rectangular metal cans which

are often provided with two tube bases on the bottom of the can. The
use of two bases separated by a few inches provides a much more rigid

support than could be obtained from a single one. The vibrator is

usually isolated from the can by rubber shock mounts. The cans may
or may not be hermetically sealed, and may be mounted in any position.

Synchronous and Nonsynchronous Rectification ,—From the standpoint

of the method used for the rectification of the transformer output voltage,

vibrators may be divided into two classes, synchronous and nonsyn-

chronous. Nonsynchronous vibrators, also known as polarity chang-

ers,” converters,” or ^Tnterruptors,” have one or more pairs of contacts

that act to make and break the primary current only, rectification

usually being accomplished by a tube rectifier. They are used for the

conversion of direct current to alternating current and for applications

for which the synchronous type is unsuitable.

Synchronous vibrators are provided with extra sets of contacts that

make and break the transformer secondary current synchronously with

the primary make and break, thus acting as synchronous rectifiers. The
spacing of the secondary contacts is greater than that of the primary

contacts, thus permitting the former to make after and to break before

the latter. This action relieves the primary contacts of having to

handle the input load current and greatly increases their life.

In most types of synchronous vibrators the input and output circuits

have a common point since the reed contacts of both sets are electrically

connected through the reed. These types of vibrator are used for low-
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voltage power supplies, the maximum voltage being limited by the

insulation. Maximum ratings are usually about 300 volts and 100 ma,
but special units can be made for much higher voltages.

A form of the synchronous vibrator known as the “split-reed vibra-

tor^’ has a twin reed the two halves of which are mechanically connected

by insulating material. One half carries the primary and the other the

secondary contacts. In this type the input and output circuits have no
common connection, which permits a wider variety of applications.

1241. Vibrator Circuits.—If a vibrator is connected across a resistor

as shown in Fig. 12*23a the resulting voltage wave across the whole

(a)
(6)

Fig. 12-23.—Vibrator with resistive load.

resistor -will appear as shown in Fig. 12-236. In the latter figure, h is

the time that the current flows through the resistance in one direction;

ti is the time during which the circuit is open and the moving contact is

traveling from one fixed contact to the other; ts is the time that the
current flows through the resistance in the other direction; and tt is a
repetition of h but in the opposite direction. The ratio of the time that
the contacts are closed to the total time for one complete cycle,

m ^1 I ^3

<1 + <2 + ^3 + U
’

is known as the “time closure factor” or “time efficiency.” It is usually
expressed as a decimal or percentage. Present-day vibrators have a time
closure factor of 0.80 to 0.95. This value varies with different manu-
facturers, with different vibrator frequencies, and with agiug

;
of the

vibrator. For highest efficiency and best results it should be kept as

large as possible.

From the time-closure factor the following waveform relationships

may be obtained. If E is the applied d-c voltage and Tc is the time-
closure factor.
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= ET, average value of voltage,

Ej-d\s. — E peak value of voltage,

= E y/Tc rms value of voltage.

jp
jfi’rms 1

form factor,^ ~
Sava

“

JP
jfepk

^ ~ Ip
—

jC/rms

1

VTc
amplitude factor.

\\ luni a vibrator works into an inductive load such as the primary of

a transformer, however, the voltage wave is very different from that in.

the* resistive case. The transformer requires a 90° lagging magnetizing

D-c input

(a) (6)

Fia, 12*24,—Sluint vil)rat.or circuit with buffer condenHor.

current that can be supplied by the battery while the contacts are closed.

Wht'U flu‘ contacts open the magnetizing current is suddenly interrupted

and tlie magnetic field of the transformer collapses. The energy stored

in flu' fiidd must be dissipated at the contacts, which causes severe arc-

ing and tfie destruction of the contacts. In order to avoid this condition

8om( iiHuiiis must be provided to supply magnetizing current during the

time that, the contacts are open. This is done by connecting a buffer

condcii.Hor of the proper value across the transformer.

If the vibrator is connected to a transformer load with a buffer at

Hhown in Fig. 12-24a, theoretically the output voltage wave will appear

ns .slniun in Fig. 12-246. When contact is made on one side of the

vibnitdi-, enrront flows through the transformer primary and at the sanu

time tlx* condenser is charged. When contact is broken and the reed h

tniv<>ling across to the other contact the enei-gy stored in thr; (iondcm.sru
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is discharged through the transformer, supplying the needed magnetizing

current. Contact is then made on the other side and the other half of the

cycle is completed.

Fundamentally, there are two types of vibrator circuits: tlie shunt

circuit of Figs. 12*24a and b and the series circuit of Figs. 12*25a and b.

Due to manufacturing tolerances in transformers, condensers, and vibra-

tors, and to changes due to aging of the vibrator, the actual output

waveforms will differ somewhat from those shown in Figs. 12*245 and
12*255.

(^)
(6)

Fig. 12-25.—Series vibrator circuit.

The waveform of a vibrator supply varies greatly with the amount
and type of load. It is possible by the use of suitable capiicitance,
inductance, resistance, and transformer design to obtain almost any
type of waveform, but at a sacrifice of efficiency.

^

Design Considerations .—The design of any one component of a
vibrator power supply is complicated by the fact that its d<!sign is

dependent upon the other components associated with it. The most
complicated and important—and the least understood—is the vibrator
transformer. The voltage induced in any winding is given by Ecp (1)
of Chap. 4;

^ = 4 X
where

E = induced voltage, volts,

/ = frequency, cps,

N = number of turns in coil,

Ff = form factor of voltage wave,
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Ac = overall core area, cm^,

Ks = stacking factor,

•^max maximum flux density, gauss.

Since the form factor of a vibrator wave shape is F/ = l/v^) the

induced voltage formula becomes

£? = 4 X
VTc

In normal power-transformer design at low frequencies the operating

flux density is approximately 80,000 lines per square inch.

In a vibrator transformer design, the flux density is kept to a maxi-

mum of 50,000 lines per square inch for a relatively long vibrator life.

The actual value used depends upon the shape of the saturation curve

of the core material used. This low value of flux density must be used

because when the vibrator first staz'ts the total flux in the transformer

is double the steady-state flux.

It is well known that conventional power transformers operating on

sinusoidal alternating current are subject to an inrush current that may
reach ten times the normal full-load

current. The magnitude of the in-

rush current depends on tlie instan-

taneous value of the voltage when

the circuit is closed and upon the

steady-state maximum flux density

and the saturation characteristics of

the magnetic core material. ^ Assum-

ing the worst condition, that the

circuit is closed at the instantaneous

value of voltage which results in the

maximum transient inrush current,

the flux will rise to a maximum of approximately twice the steady state*

A vibrator transformer may be analyzed in a similar manner, taking

into consideration the fact that the impressed voltage is mechanically

switched direc*t current that approximates a square wave. In this case,

tlie maximum transient value of the flux always reaches approximately

t\\'i(i('. tlu^ st-(^a(ly-Btate maximum flux, and the maximum value of the

inrush cnirrent will be twice the steady-state maximum current, or more,

depcmding on the flux density and the saturation curve of the magnetic

mahu'ial.

An idealized drawing of voltage c, transient flux and steady-state

flux <!> is shown in Fig. 12-26. To simplify the analysis, the effccd of

* II. R. Lawr(‘.u(*(‘., Rrvrunples of Alternating Current Machinery, 3rd (hL, McCiniw-

liili, New York, 1940, pp. 186-190,

Fio. 12*20. - Voltago and flux in vibrator

tranaformor.
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residual magnetism has been omitted. When the vibrator is energized,

contact is made at ti, and the current and flux start to build up according

to the exponential function i =
^

(1 — The flux (l)t
is shown

in Fig. 12*24 as a straight line because the closure time ti — k is very

short compared with the time required for the current to build up when

approaching the limiting value e/r. The contacts break at k and the

circuit is open until the other contacts make at k. No decay of flux is

shown during the interval ^2 — k because the current is maintained by

the buffer condenser. (In practice there is some decay of flux during

the open-contact period but it is not usually more than 5 to 10 per

cent.) The other contacts are energized from k to and the flux is built

up in the reverse direction in the same manner.

After a few cycles the flux becomes symmetrical about the time axis

because of the losses in the iron and copper circuit in the same manner

as in conventional power transformers operated on sinusoidal alternating

current. The steady-state flux is shown by <!> in Fig. 12*2(), This

analysis is made on the assumption that the forward-contact closure

time is equal to the back-contact closure time and that the closure times

are the same during the first cycle as during the steady state. This, of

course, is not true in the practical case, but although it is probable that

the closure times during the first several cycles are somewhat shorter

than during the steady state, there is also some contact bounce or chatter.

This increases the tendency to contact burning and offsets whatever gain

there is from the shorter closure time, which results in less than theoretical

maximum flux density and maximum inrush current. Thus at the

start the contacts must carry high currents at a time when they are

least able to do so. Unless the inrush current is kept down to a satis-

factory value, the contacts will be immediately destroyed.

Slightly higher values of flux density can J^e obtained by winding the

transformer primary with a high resistance or by inserting a series limiting

resistor, but this means lower efficiency and poor regulation.

An effort should be made to keep the leakage reactance in the vibrator

transformer as small as possible. The input leakage reactance of a small

power transformer operated with 115-cps sinusoidal input would be a few

percent of the primary reactance. Since the square wave normally found

in a vibrator transformer contains a high percentage of harmonics, how-

ever, the leakage reactance is three or four times greater than it would

be with a sine wave of the same fundamental frequency. Leakage

reactance can be minimized by completely filling the core window with

winding, by subdividing the windings, by properly locating the windings

with respect to each other, and by employing as high a space factor as

possible.
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The transformer must be so designed that the flux density will not

exceed the permissible value with a maximum value of applied voltage.

This should receive the highest consideration w^hen the vibrator supply

is powered from a battery-generator combination. The voltage actually

applied to the transformer primary is the input d-c voltage minus the

drop through the switch, fuse, and vibrator contacts. If the supply has

a delayed load such as a heater-type rectifier, the voltage impressed on

the transformer primary at the start will be higher than when running

under load. Any a-c measurements on the vibrator supply should be

made with thermocouple meters. Because of the presence of harmonics

most other types of meters will not give correct readings.

Thin laminations should be used to keep the magnetizing currents to

a minimum. The thickness should not exceed 0.014 in. and preferably

0.007-in. laminations should be used. The stacking factor should be high

and the air gap kept to a minimum.
The output-voltage waveform of a vibrator is far from sinusoidal.

If a vibrator is to be used as a standby soxirce of power equipment which

normally operates from the regular 60-cps lines, the differences in wave-

form and frequency should be taken into account in the design of the

equipment.

Although the value of the buffer capacitance can be calculated, it is

so easy to obtain its value by trial and error that this method is uni-

versally used. In the shunt-type circuit this condenser may be connected

either across the transformer primary or across the secondary. Best

results will usually be ol)tained by connecting the capacitance across the

primary. When connected across the secondary the reflected capacitance

will be adversely affected by the leakage reactance. A primary buffer

condenser cannot always be used for reasons of size, weight, and cost,

especially with low input voltages. In such cases the capacitance will

have to be connected across the secondary. Another solution is to place

capacitance on both transformer windings.

In the series-type circuit, some secondary capacitance should be used

but the main capacitance must be in the primary circuit. Since the

value of capacitance required is inversely proportional to the square of

the voltage, large capacitance is needed at low input voltages. For

reasonable size and weight, electrolytic condensers must be used, but

since this type of capacitor has adverse temperature characteristics its

use involves voltage and temperature limitations.

This value of capacitance depends upon the core-material character-

istics, the vibrator frequency, and the contact-closure factor. Trans-

former iron with a high magnetizing current requires a large capacitance,-

and vice versa. The higher the vibrator frequency and the greater the

contact-closure factor, the less capacitance is necessary.
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Since the vibrator frequency decreases with age and the contact-

closure factor decreases because of contact wear, the value of capacitance

used should be somewhat greater than needed for a new vibrator.

As the vibrator contacts wear, spikes’^ will appear on the voltage

wave. To prevent breakdown under this condition and with high no-

load output voltage the rating of the buffer condenser should have a

sufficiently high safety factor.

A resistor should always be connected in series with the buffer con-

denser to limit the current and to minimize the steep wavefront.

Rectification of the a-c output of a vibrator is usually accomplished

by tubes, synchronous contacts in the vibrator, or dry-disk rectifiers.

Synchronous contact rectification is ordinarily limited to approxi-

mately 300 volts at 100 ma. This type of rectification is used extensively

in lightweight low-power supplies. It has a high efficiency, but intro-

duces r-f interference that is difficult to eliminate.

Cold-cathode rectifiers are used for low-powered supplies. The
voltage characteristics of a vibrator supply are well suited for the opera-

tion of this type of tube. It has the disadvantage that a minimum cur-

rent is required to keep the gas ionized. For this reason it cannot l)e

used for loads that will draw less than approximately 35 ma. A bleeder

can be used to satisfy this condition, but at a loss of efficiency. Contact

rectifiers have been used only to a slight extent because of their high

cost.

Heater- and filament-type rectifier tubes are used extensively be-

cause of their versatility, their low cost, and their ease of maintenance.

Heater-type tubes in which the filament is not directly tied to the cathode

have been developed especially for vibrator power supplies. The r-f

interference problem is minimized when using these tubes. Another

advantage is that, when a power supply using this type of rectifier is

first turned on, the vibrator contacts will carry only the magnetizing

current. There will be no load current until the cathode is heated up.

Thus, during the first few cycles at starting when the contacts are already

overloaded, they will not be further overloaded by the load current.

All rectifiers should be of the full-wave type. Half-wave rectifiers

should never be employed unless the amount of half-wave power is a very

small percentage of the total power used. This limits half-wave rectifi-

cation to bias usages. It is impossible to obtain the proper value of

buffer condenser when using this type of I'ectifier because, if the value

is correct for the half cycle when power is drawn from the transformers,

it will be too great for the other half cycle. This means that the vibrator

life will be shortened.

For many applications adequate filtering can be obtained by using a

condenser filter. The output wave of the rectifier will be approximately
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a square wave, and less filtering will be needed than if the wave were

sinusoidal.

The suppression of r-f interference in a vibrator power supply is a

complex problem. Methods that work in one case may fail entirely in

another. There are some things that can be done that will always

minimize the r-f disturbance, but to completely eliminate it cut-and-try

methods must be used.

All components should be fully shielded magnetically and electrostat-

ically. Special consideration should be given to the proper location of

components and leads. Leads should be as short as physically possible

and twisted or shielded. Primary and secondary circuits should be
isolated from each other. A good electrical ground should be provided

and one side of the input and output circuits should be grounded. The

Fig. 12‘27.“-“R-f iiitoiforonco supprosHion in vibrator power supply, (Dotted lines show
r-f suppressors.)

use of a larger input choke than necessary should be avoided as it may
result in more r-f interference than would be present without it.

Figure 12-27 shows a vibrator circuit with the typical r-f interference

suppressors. Other suppressors may be needed depending on tlie amount
of r-f interference that is jiresent and the amount tliat can be tolerated.

REGULATORS

1242. Generator-voltage Regulators.—^Regulation of the output

voltage of a generator is usually accomplished by changing the field

current with a suitable variable resistor to compensate for changing load,

temperature, or speed. This change may be made manually in applica-

tions where the load is constant and the speed of the generator varies

slowly or not at all, but in many cases manual regulation is impracticable

and some form of automatic regulator must be employed.

Mechanical Regulators —The simplest form of automatic gemerator-

voltage regulator is the vibrating-contact regulator. It is ess(mthilly a

sensitive, rapid-a(*ting ciontactor with its coil energizKul by tln^ output

voltage of the general or and with a pair of normally closed (;ont,acts in
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series with the field coil and exciting current supply. In the interests of

better operation the contacts are usually shunted by a resistor so that

they may vary the field current by only a fraction of its total value.

The lower the value of the resistance the less the range of control but the

longer the life of the contacts. In operation the regulator armature

vibrates continuously, opening and closing the contacts. The ratio of

time open to time closed governs the average current through the contacts

and thereby controls the average generator voltage.

Vibrating-contact regulators are compact and inexpensive but have

not proved satisfactory for service in the field. They have two principal

disadvantages : the life of the contacts is very short, and changes in the

contact surfaces result in sudden and erratic zero shifts of several per cent

of the output voltage. These regulators may be satisfactory for non-

critical applications where adequate maintenance is assured, but they

have been largely superseded by other types.

A second type of regulator is the so-called finger-type^^ regulator

such as the Westinghoiise Silverstat. This is essentially a multistep

field rheostat with a special type of switch controlled by a solenoid which

is excited by the output voltage. The switch consists of a number of

parallel flexible spring fingers with contacts on the outer ends. An arm
actuated by the solenoid presses the jfingers together and brings the

contacts successively together as it moves. Resistors are connected from

each finger to the next and their values are so chosen that each one

produces approximately the same change in the output voltage. The
motion of the arm is opposed by an adjustable spring, and in operation

the plunger of the solenoid floats in a position that is determined by the

spring setting. A decrease in output voltage weakens the pull of the sole-

noid, which permits the plunger to be pulled farther out of the coil

by the spring; the resulting motion of the arm presses on the stack of

fingers and short-circuits one or more additional sections of the I'esistor.

This action increases the field current and restores the generator voltage

to normal. A dashpot or other danciping device is connected to the arm
to prevent hunting.

When properly installed and maintained finger-type regulators pro-

vide satisfactory regulation, but they are not suitable for most appli’ca-

tions in the field because of contact troubles. Even in the absence of

corrosion the contacts tend to stick and burn, and this tendency is

greatly increased by corrosive conditions. The maintenance of finger-

type regulators has proved to be impracticably difficult in the field, and
they have not been much used in military equipment.

The most widely used type of voltage regulator, at least in military

equipment, is the carbon-pile type. The carbon-pile regulator (Fig.

12-28) was first developed in England, where it is known as the Newton
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regulator after the inventor. The variable resistance element consists

of a stack of carbon disks or annular rings placed in a ceramic or tempered
glass cylinder. The cylinder is mounted in a metal housing which
serves to dissipate the heat from the pile and gives structural support.

One end of the pile rests against a button held in place by radial leaf

springs; the other end is retained by a screw usually referred to as the

‘'pile screw’^ or “pile-adjusting screw.'^

screw

Fig. 12 *28.-“-Cairbon-pile voltage regulator (cross aocstion).

The control element of the regulator is a solenoid coil and armature.

The current through the solenoid coil is proportional to the voltage to be

regulated, and the pull of its core on the armature is proportional to the

air gap between the two and to the coil current. The air gap is adjust-

able by movement of the core; this constitutes one of the adjustments

to be made on the regulator.

With the core in fixed position and the pile-adjusting screw tight, the

output voltage of the generator will be high. As the pile screw is loosened

the voltage will drop, reach a minimum point, rise, and then drop again

as shown in Fig. 12*29. The generator will regulate properly to the

left of the hump or to the right of the dip. Between these two points,

that is, on the downward slope of the curve, regulation will be unstable.



448 POWER SUPPLIES [Sec. 12-12

The slope of the curve to the left of the peak is less than that to the

right of the valley, giving better regulation. However, in this region

the carbon pile is under less pressure and is thus more susceptible to

mechanical vibration and shock. Most recent practice, therefore, is to

adjust the regulator to operate on the right-hand side of the dip.

When carbon-pile regulators

were first used on inverters they

were mounted directly on the rotat-

ing machine. This gave rise to

serious troubles because of the

susceptibility of the regulator to

vibration. Vibration of the car-

bon pile causes amplitude modula-

tion or “jitter’^ of the a-c voltage,

which in a radar set shoACs up as

spoking^' and blurring of the indi-

cator scope. The frequency of the

modulation is normally 30 or 4()cps.

The maximum jitter which can l)e

tolerated is about 1 to 1-| volts.

The regulator should be shock-mounted as a separate unit (Fig. 12-3C)).

This procedure, together with adjustment of the regulator on the light

side of the dip, helps not only in clearing up the troubles mentioned

above, but also in increasing the interval between regulator adjustments

and in reducing the wear of the carbon disks.

The carbon-pile regulator is affected by moisture. Moisture in the

carbon pile materially reduces the resistance, and frequently when a
motor-alternator is started after having stood for some time the output
voltage is high—approximately 135 to 145 volts. After the machine hm
run for an hour or longer, the moisture is usually driven off and the

voltage returns to normal. During this drying-out period the carl>()n

disks are often burned because, as the film of moisture is gradually

reduced, it may break down at one particular point on the face of the
disk and the high current density at that point may be sufficient to

burn the disk. In this event, the regulator pile must be removed and
the damaged disk replaced.

One fundamental defect of the carbon-pile regulator is the lack of

any means for insuring uniform voltage distribution across th(^ st-a(‘Jv,

Some carbon junctions may be tightly mated, with low voltage drop;
others may be loose, with high voltage drop. If the drop per jurudion
exceeds 1 to 2 volts, sparking may occur which Avill ruin the pile.

Under changing load conditions, the regulator acts to increase or
reduce the field current; as in any action of this kind, hunting may result.

Pile-screw turns

Fig. 12*29.—Carbon-pile regulator ad-
justment: point A—bottom of dip, 115
volts; point B—optimum operating point,

117 volts.
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Fia. 12-yO.—Typiual vibration mount for voltaKO regulator.

In order to rediu^e hunting, a stabilizing transformer (Fig. 12-31) is now
used witli most of the larger alternators. Such a transformer provides

a (jorrection (h^pemding on the

rate of change of excatation.

The resistance of the carbon

pile riingcss from 2 to (>() ohms.^

Its (‘leciri(‘.al rating is based on the

ratc^ of allowable lieat dissiiration,

and is given in watts. The unit

oft (‘11 used on aircraft inverters is

ratcul at 35 watts. Smaller invert-

+d-c

Fig. ‘ Bdheniatic^ diagnirn of

issing tranHforrner in voltage-regnlator cir-

cuit of 4(K)-cps aircraft invertor,
ers, not,a])ly the ICclipse 100- and

2r)()-va, units, use a smaller regulator rated at 20 watts, whiles 250()-va

invertfu's use a 75-watt regulator, of the same physicail size as ilio 3r)-watt

1 Alt hough lh<^ 3r)~\vatt (‘.arbon-pilc^ regulator can b(‘. made to opcirai-c^ ov(U’ a,

of rc^siist an(*<‘. from 2 to (K) ohina, it han bc^en found ch’isiriiblc to U8C‘, only th(‘ rarig(‘ from

2 to 30 ohms, as tlui high-resistance end of the range Iras a t(!iid(mcy to 1x5 unsi-ahl(‘.
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unit, but with fins to increase the rate of heat dissipation. For the pur-

pose of using a smaller regulator than would otherwise be possible, the

carbon pile can be shunted witira fixed resistor. Such an arrangement

increases the range of resistance over which the carbon pile must operate,

and care must be taken that the maximum stable range of the pile is not

exceeded.^

The coil of the carbon-pile regulator usually used in aircraft inverters

has a resistance of 185 ohms and a current rating of 115 to 125 ma d-c,

which gives a voltage drop of 21 to 23 volts. As the voltage to be

regulated is 115 volts a-c, rectification and voltage-dropping are neces-

sary. Rectification is provided by a selenium dry-disk rectifier, in

series with a ^^globar’^ resistor which provides some temperature com-

pensation. The voltage is reduced either by a small autotransformer or

by a dropping resistor.*^ In any case, a variable resistor is used, either

on the a-c or d-c side of the rectifier, to provide a voltage adjustment

whose range is approximately 10 volts.

Figure 12*32 shows a carbon-pile regulator for use with a 10-kva,

3-phase, 208-volt engine generator; Fig. 12*33 is a schematic diagram of

the circuit. Note the two po|ential transformers, connected in open

delta, which energize the regulMing coil so that the regulated voltage

is an average of the three line-to-line voltages. Note also the antihixnt

circuit and coils on the solenoid.

It is probable that further development of the carbon-pile regulator

can greatly extend the usefulness of the device. At the close of World
War II, Leland Electric Company of Dayton, Ohio, had developed

experimental models of improved carbon-pile regulators that appeared to

have a greatly extended operating range of resistance and improved

resistance to humidity as compared to service models.

Static Voltage Regulators.—Since, the initial emphasis in the design

of airborne generating equipment has been on lightness and compactness,

and since most of the recent development work on generating equipment
has been done in that field, the carbon-pile regulator has received most
of the attention and other types have been relatively little developed.

The inherent sensitivity of mechanical regulators to shock and vibration

and the other shortcomings of this class, together with the increasing

importance of electronic equipment with its vulnerability to jitter’’ in

the power supply, have made the use of static (nonmechanical) voltage

regulators more attractive in spite of their greater complexity and weight.

A number of static voltage regulators have been proposed and a few

^W. G. Nield, ''Carbon-pile Regulators for Aircraft,^’ Transactions AIEE, 63,

839-842 (Nov., 1944).

2 A third method, employed on the 1500-va series PE-218 inverters as well as a
number of others, is the use of a low-voltage tap on the armature winding.
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have been built, using various nonlinear circuit elements as sampling or

comparison elements for voltage regulation. One type that was tested
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regulator might not be applicable to cases in which the alternator speed

control is not reliable since the characteristics of the saturable reactor

vary with frequency* With adequate frequency control such a regulator

seems to have possibilities. Saturable-transformer line-voltage regula-

tors will be discussed in Sec. 12*13.

The most promising static voltage regulators at the present time are

the electronic types, of which several different models have been produced.

They have suffered in the past from the common misapprehension as to

the fragility of electronic equipment, which has been abundantly dis-

proved by the performance of such equipment in military service, and

their use will undoubtedly expand greatly in the future.

Electronic Voltage Regulators ,—An electronic voltage regulator con-

sists of a voltage-sensitive element, an amplifier, and an output stage

which supplies d-c excitation for the generator or alternator field.

Three types of voltage-sensitive elements have been used in experi-

mental regulators. One consisted of a VR-tube bridge excited from a

transformer and rectifier connected to the output of the alternator to

be controlled. A suitable filter could be added to the rectifier so that

regulation was performed with respect to the peak value of the output

waveform. Similarly, other types of filters could be used to regulate

with respect to the average value of output voltage, or to some chosen

value between peak and average. The filter introduces a time constant

which, in some cases, is too long to achieve the desired rate of response.

The second voltage-sensitive element, developed by Bell Telephone

Laboratories, was a bridge network made of Thermistors and excited

from alternating current. This gives an a-c output error voltage that

can be readily amplified, but has the disadvantage of a relatively long

time constant. The Thermistor bridge, though rather difficult to com-

pensate for wide variations in tempe;r‘ature, regulates to the rms value of

output wave, which is a considerable advantage for some applications.

The third form of voltage-sensitive element was a tungsten-filament

diode operated in the region of saturated emission. The filament was

heated by the a-c output through a transformer, and the anode excited

from the d-c power supply. The plate current varies in proportion to

nearly the fourth power of the rms value of the alternator output voltage.

This provides a very sensitive signal voltage with a very short time con-

stant—that is, if the filament is of small diameter. Such a diode must

be ruggedly constructed in order to maintain the mechanical spacing of

the tube elements, and thus the tube characteristics, even under severe

mechanical vibration.

A conventional d-c amplifier which must have sufficient gain to pro-

vide the required over-all sensitivity is used. Stable operation of the

combination of voltage-sensitive element, amplifier, output stage, and
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alternator demands that the usual conditions for stability of a
system be fulfilled.

D-c excitation for the alternator field is provided by a controlled
rectifier fed from the alternator output. This may have a combination
of transformer and rectifier controlled by a saturable reactor, or may use
grid-controlled thyratrons for rectification.

I^IG. 12-34.—KS-15055 electronic voltage regulator designed by Bell Telephone Labora-
tories.

Bell Telephone Laboratories developed a regulated exciter, Type
.KS-15055, which weighed about 12 lb complete and was meant for use

with the PE-218 inverter (see Fig. 12*34). It regulated 115-volts output

to about ± 0.5 volt rms, but had a rather slow response and only fair tem-

perature compensation. The temperature compensation was improved
in a later model.

General Electric Company developed a similar regulator, Type
3GVA10BY1, for use with PE-218-D inverters; it used a saturated-diode

voltage-sensitive element (see Fig. 12*35). This regulated the 115-volts
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output to about ±0.1 volt rms and had good response and temperature

characteristics, but the diode was sensitive to vibration.

In the latter part of 1944, more interest was shown in the development

of electronic regulators because of a trend toward the use of engine-driven

alternators that were too large for control by carbon-pile regulators

unless separate exciter generators were used. Ihe A ISC Equipment

Division at Wright Field sponsored the development of two regulators to

control and excite engine-driven alternators rated 8 kva, 1-phase, 400 to

800 cps, 115 volts a-c. The weight of these regulators was in the range

of 30 to 50 lb, and their operation was reported to be very satisfactory.

Fig. 12-35.—General Electric Company 150-va aircraft inverter type PE-218-D, 115 volts,

400 ops, and electronic voltage regulator.

In 1945 Radiation Laboratory undertook the development of regula-

tors using a saturated-diode voltage-sensitive element and grid-controlled

thyratrons in the output. The intention was to perfect a more or less

universal regulator that could be applied to different alternators by

changing the thyratron output. The development had progressed to the

preliminary test-model stage for two types; one type for single-phase

inverters which had been applied to the PU-7 2.5-kva machine, and one

type for 3-phase engine-driven alternators of 6.5- to 12-kva rating. The

results were promising, and it appears certain that satisfactory electronic

regulators can be developed for stationary ground generating equipment

as well as for airborne equipment.

12- 13. Line-voltage Regulators.—There are many cases in which

voltage regulation is necessary but generator-voltage control is impracti-

cable. In such cases it is necessary to use line-voltage regulators. Prob-

ably the most common application of . line-voltage regulators is the

stabilization of the voltage of commercial a-c power lines to improve the

performance of electronic equipment. In this section several forms of

voltage regulators for both alternating and direct current will be discussed
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briefly; a much fuller discussion of voltage and current regulation will be
found in VoL 21 of the Radiation Laboratory Series.

Electromechanical Regulators,—^The oldest example of voltage or

current regulation is the use of a manually operated rheostat in series witR

the load; a more modern analogue of the same device is the Variac of the

General Radio Company, which has come to be a practically indispen*^

sable device in all electrical and electronic laboratory work. Manual
control is satisfactory in many cases, particularly where the control

requirements are not particularly stringent and the line-voltage variations

are comparatively slow. For more critical cases some type of automatic

control is necessary. This may take an electromechanical form; a
voltage relay across the output line could control a reversing motor that

would turn the shaft of the rheostat or Variac in such a direction as to

correct the change in output voltage. Such relay-motor-induction

regulator devices are often used for voltage control on commercial power

lines. Instead of a relay an electronic servo circuit may be used to con-

trol the motor; an example of such an electromechanical regulator is the

Seco Automatic voltage regulator. This device is made by the Superior

ISlectric Company of Bristol, Conn., in capacities of from 1 to 100 kva.

It uses a thyratron control circuit to control a reversible 2-phase motor

that drives the shaft of one or more Powerstat variable autotransformers.

Its priiKupal advantages are good output wweform, low maintenance,

higli €ffi(u<mcy, and independence of the output voltage of fluctuations in

the load, load power factor, or input voltage. Its principal disadvantage

is its slow response, the standard speed being 6 sec from full buck to full

boost, dliis spe('.d is much slower than static regulators but is about ten

times as fast as the usual commercial induction regulator and can be

somewhat im*rcased if necessary.

Saturable-transformer Regulators ,
—^The most common form of auto-

matic a-(^ line-voltage regulator is the saturable-transformer type, which

is ma.d(^ by Kaytheon Manufacturing Company, General Electric Com-
pany, and Sola Electric Company. The actual transformer design and

cii-caiit^ details vary with the maker, but the basic theory is the same for

all tlir(*<*.

Th(' sat urable-transformer voltage regulator may be considered to be a

combination of a (luarter-wave impedance transformer and a saturating

cinuiit element. The impedance transformer makes the line look like a
(‘onstant,-current source and the saturable element absorbs changes in

current du(^ either to line-voltage changes or to load changes. In the sim-

plifi(Hl eircuiit shown in Fig. 12*36, if the impedance of the elements to the

right, of th(^ dot ted line is denoted by Z, the voltage across the load e* will b©

ZXc
« ZXc + XtiZ + Xc)
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At resonance Zi, + -Xc = 0 and the equation reduces to

which is independent of the value of Z. The iC~network thus acts as a

transformer which forces a constant current through Z when a constant

voltage is impressed on the input terminals.

Considerinsf the elements to the right of the dotted line, if the element

Fig. 12’36.—Simplified equivalent cir- Fig. 12*37.—Voltage-current
cuit of saturable-transformer voltage characteristic of saturable reac-

regulator. tor.

B has a saturating characteristic such that over a range of current values

the voltage across it varies slowly, as shown in Fig. 12*37, the combination

of Lj C, and B will act as a constant-voltage source for the load. If the

input voltage decreases, the current iz will decrease in the same propor-

(a) ih) (<2)

GE circuit Raytheon circuit Sola circuit

Fig. 12*38.—Commercial constant-voltage traunforinor circuitH.

tion, but if the operating point on the characteristic curve of the saturable

element is properly chosen its current ii will decrease by nearly the same
amount as the decrease in iz, with the result that the load voltage and
current will remain nearly constant. Similarly, if the load impedance
decreases the load will draw more current, but i>, will decrease by about

the same amount and the load voltage will remain nearly constant.

There are several possible types of saturable devices that might be
used for the element B, but the most practical one is a saturable reactor.
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Such a reactor can be designed to have a fairly flat voltage-vs.-current

(‘haracteristic over a considerable range of currents, and vill give excellent

regulation. In the comnnercial devices the saturable reactor and the

inductor L may be combined into a single unit. The actual forms of

core, and cvindings differ with the

\':iri(.>us makers; they are shown
s(rhematically in Fig. 12-38.

It is not practicable to design

a saturable reactor with a zero

slope of the operating range of its

characteristic, and commercial

constant voltage transformers in-

clude a low-voltage secondary

winding whose voltage is propor-

tional to the input voltage. This

winding is so connected as to

oppose the output voltage of the

saturalrle part of the circuit, and

the magnitudes of the two output

volt;ages are such tliat the larger
of full load,

variation of tlie^ smaller voltage is

to the smaller variation of the larger voltage, thus achieving almost

complete compensation for input voltage variations. The compensation

cammt be comiilete since the saturation characteristic is always some-

wiuii, curved and since changes in load affect the outputs of the two

windings differently. Typical regulation curves for a standard SOO-va

115

113

111

o
109

107

w
\ 1 50% load

^7^ load

L |10^
load

Load power factor

I lu. 12'40.—Effect of load power factor.

Mt,if nrc shown in Fig. 12-39 for resistive loads. If the load power factor

t mi , regulation eufferB; Fig. 12-40 showe output vo tage

:|: I fuSu, oMoad power faelor (or anree difie«nt load pe,cartages

of a saturating-tranBf.r.ner voltage

„.g.Illrto ita rapid reapouBe, its eiurplicity rmd lack of adjustments,
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and its self-protection against overloads. Such a regulator will normally

restore the output voltage to its normal value within two cycles after a

sudden change of either input voltage or load, which is faster than any

other common a-c regulator. The device is inherently simple; it contains

no moving parts and no adjustments (except tap-changing switches or

jumpers in certain models), and it requires no more maintenance than any

other transformer and has as long a life. A most important advantage

is its ability to protect both itself and the equipment that it feeds against

overloads; even with the output short-circuited the output current will

not rise above about 150 to 200 per cent of normal full-load current, and

the output voltage will return to normal as soon as the short circuit is

removed. Since the rise of input current above normal will be even less,

the line fuses will also be protected against blowing in case of a short

circuit.

The principal disadvantages of the saturating regulator are its fre-

quency dependence, its poor output waveform, and its stray magnetic

field. The usual types of such regulators give constant output voltage

at only one frequency, and show an increase of 1.5 to 1.8 per cent of output

voltage for 1.0 per cent change of input frequency. This effect is inherent

in the operation of the regulating transformer itself, but can be eliminated

by adding a suitable series-resonant circuit in series with the output.

Such frequency-compensated regulators are available as special-order

modifications of the standard models.

The use of a saturated magnetic core involves several effects, of which

the most troublesome is the poor output waveform of a typical saturating

regulator. The harmonic content of the output voltage varies with both

input voltage and load, and varies to a greater degree with small loads

and high input voltages. Under the worst conditions it may be 20 per

cent or more of the fundamental. The strongest harmonic is the third,

which is in such a phase as to give a flat-topped or sway-backed wave-

form. The crest factor of the output wave is of the order of 1.22, in

comparison with the 1.414 of a sine wave. This requires special consider-

ation in the design of rectifiers that are to be fed from such a voltage

regulator, and the variation of waveform with varying input voltage and
load may lead to variations in the rectifier output voltage even though

the rms input voltage to the rectifier may be kept constant by the regula-

tor. The poor output waveform also leads to errors in the indications

of certain types of meters
;
dynamometer- and thermocouple-type meters

will read the correct rms values of output voltage or current, but moving-

iron types may show waveform errors and rectifier-type instruments will

usually read from 8 to 10 per cent high. Care must also be taken in

accepting the readings of ordinary ammeters in measuring the load cur-

rents of nonlinear loads, particularly if the positive and negative half-
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cycles of the load current are different. The regulator must be designed
for the maximum instantaneous value of the current in all cases.

The use of a series-resonant output circuit for frequency compensation
considerably improves the output waveform, reducing the total harmonic
content in a typical case to about 6 per cent at maximum input voltage
and 60 per cent load. If still lower harmonic contents are required,

regulators may be obtained with special low-pass filters in the output
circuit.

The presence of a highly saturated magnetic core in a regulator of this

type produces a considerable stray magnetic field with a high harmonic
content. Care must be taken, therefore, in mounting a regulator in

proximity to equipment operating at low power levels unless this equip-

ment is well shielded. Adequate shielding of the regulator is usually

impracticable.

The full-load efficiency of a standard saturable-transformer voltage

regulator ranges from about 70 per cent for a 50-va unit to about 95 per

cent for a 5-kva unit. For a particular unit the efficiency varies little

with input voltage but decreases rapidly with decreasing load. The

losses are somewhat higher than those of a standard power transformer

of the same rating because of the high core loss in the saturated portion

of the magnetic circuit. The total loss and therefore the heating are

practically independent of load.

The input power factor of a standard unit at 100 per cent resistive

load is fairly high, ranging from 98 per cent leading at minimum input

voltage down to 90 per cent leading at maximum input voltage for a

50()-va rating.

Regulators such as the Sola, which have electrically isolated output

windings, may be operated in multiple. The outputs may be connected

in series for higher-voltage operation or in parallel to increase the available

oiitput (au-rent, but the inputs must not be connected in series. Trans-

formers 'with electrically connected input and output windings may be

operated in parallel, but cannot be operated in series. Two or more

regulators may be operated in cascade—-that is, with the output of the

first feeding the input of the second—and will then give alrnost perfect

(.umpensation of input-voltage variations at some sacrifice of regulation

for changing load and of output waveform.

Stock regulators are available in ratings from a few volt-amperes up

to U),()()0 va, and larger units can be built to order. tjpes ave

tapped windings to permit a choice of nominal 115- or ^

to adjust the output voltage. Certain types also have

operation at either 50 or 60 cps. Most standard units are

()0-c!ps operation but stock designs are on hand for 25-, 50-, and
,

P

unite. Ivailable on special order are very small units that are adapted
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for incorporation in a-c bridges and other devices requiring 4 to 5 watts

of regulated alternating current.

Numerous modifications of standard regulators may be obtained on

special order. If the range of input-voltage variation can be decreased

the design can be modified so that the output-voltage regulation becomes

much better than the standard ±1 per cent. Conversely, if a greater

variation in output voltage can be tolerated the unit can be designed to

regulate over a wide range of input voltage; from 40 to 150 volts, for

example. Matched and interconnected sets of single-phase regulators

can be obtained for polyphase operation. In some types, any reasonable

transformation ratio can be furnished besides the usual 1 to 1 and 2 to 1

ratios. This permits drawing regulated 115-volt power from 220- or

440-volt lines, or other similar types of operation. Units are also avail-

able in special mountings or housings, such as drip-proof regulators that

Regulating will withstand the Navy shock
transformer tests. Information on these and

fe ' other special regulators may be

^ obtained from the manufacturers.
J Electronic A-c Line-voltage Re-

g gulators .—In an effort to produce

a-c line-voltage regulators that

sk would be free from some of the
input sg 1 Regulated disadvantages of the saturating-

s S r transiormer type, particularly its

1 3 ^ frequency sensitivity, considerable

? developmental work has been

J: 1 — done on regulators using electronic

Fig. i2*4i.—Baaic circuit of electronic line- circuits. These may be of many
voltage regulator.

different types, but one developed

by the Radiation Laboratory is typical. Its basic circuit is shown in

Fig. 12-41. The output voltage is equal to the vector sum of the line

voltage and the secondary voltage of a regulating autotransformer. The
primary of the autotransformer is connected across the line in series with
a saturable reactor whose d-c winding is fed from an electronic circuit

that is controlled by the output voltage. A vector diagram of the action

of this regulator for four different input voltages is shown in Fig. 12-42.

In this figure, the input voltages lie along the horizontal axis, Vp and V,
are the primary and secondary voltages of the regulating autotrans-

former, and Vsr is the voltage drop across the saturable reactor. The
terminations of the output-voltage vector fall on a circular arc of constant
radius with its center at the origin. From the circuit it can be seen that
Vp and Va have a constant ratio and are* 180® out of phase and that

-f Var — Finouy as shown on the vector diagram.

Electronic

control
*”

circuit

I Regulated

output

Fig. 12*41.~ -Basic circuit of electronic line-

voltage regulator.
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Several different types of sampling and comparison circuits were tried

as sources of control voltage for the saturable reactor. One possibility

/

Fig. 12*42.—Fundamental vector diagram of eloctroiiic lino-voltage regulator.

is to rectify and filter the regulator output voltage and to compare it with

the d-c drop across a VR tube.

This method works very well but

has the disadvantage that it regu-

lates tlie peak value of the output

voltage rather than the rms value.

This is unsatisfactory because of the

variation of output waveform due

to the varying degrees of saturation

of the reactor. Thermistor bridges

were tried, and gave good rms

regulation but were much too slug-

gish for many applications. The
most successful circuit used a volt-

diode, as shown in 12*43,—“Emission-tube control circuit.

Fig. 12-43.

The diode used in the control circuit may be any tiilie witli a pure

tungsten filament. Since the emission of such a filament varies with the
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fourth power of its absolute temperature, it furnishes a very sensitive

indicator of variations in the output voltage. The heating depends on

the rms value of the output voltage, which is the quantity that should be

stabilized. In order to obtain a sufficiently fast response it is necessary

to use a tube with a comparatively thin filament, which leads to difficulty

in applications involving excessive shock or vibration conditions, and the

design of a quick-heating diode with a sufficiently rugged filament is the

principal problem remaining to be solved in connection with this type of

regulator. For all applications except those involving excessive vibra-

tion, however, it has given excellent service.

The method of design of this type of regulator may be outlined

briefly as follows. It is based on two assumptions:

1. The autotransformer has no losses and its primary-to-secondary

coupling coefficient is unity. Its primary inductance will be

denoted by Li and its stepup ratio by fc.

2. The saturable reactor acts as a pure inductance with a minimum
inductance value Lc = 0 and a maximum Lc — S.

An approximate theory of the operation of any regulator using a

control inductance in the ground connection of a booster autotransfonner

(l~fc)Li {k^-k)L^ Zg

Fig. 12-44.—-Equivalent circuit of electronic regulator.

can be derived from the equivalent circuit of Fig. 12*44. As seen from

the load, the regulator looks like a generator with an internal impedance of

Z, = - ly ( 1 )

and an open-circuit voltage of

eg
IcLi *T Lc

Lx + Lc
(2)

If the load impedance is a pure resistance U and the scalar voltage ratio

Vin/Vcnt = where e is the line voltage (taken as the reference

vector) and ei is the regulator output voltage which is to be held constant,

RKLi + + co2(fc - 1)%ILI

R^lLxk+Lcy (3 )

The regulator may be considered as having two modes of operation,

depending upon the input voltage. For inputs near the minimum voltage
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It acts as a simple booster transformer with a voltage regulation that
depends upon U. For inputs near the maximum the secondary of the
aiitotransformer acts as a series voltage-dropping choke that is loaded bv
the control inductor. For intermediate iapats the operation may be con-
sidered as including both modes.

When the impedance of the re-

actor is large compared with that of

the transformer secondary the cur-

rent lags the voltage across the sec-

ondary by 90° since its impedance

is a pure inductive reactance. If

tlie load is a pure resistance, for

w'hich the current and voltage are

in phase, the voltages across the load

and tlie secondary must be 90° apai t

in phase. Since the iiiagnitudes of

both tlie input and the output volt-

ages are knoivii, a vector voltage

triangle may lie constructed, as in

Fig. 1 2-45. Idle secondary voltage

is tangent to the output voltage

locus.

Since the primary and Ksecondary voltages are 180° out of phase

and have the ratio VJ V, = l/(^ ~ O the primary vector can be

drJiwn, which establishes the voltage across the saturable reactor,

and the diagram is comiilete.

Ihir the minimum input voltage all voltage vectors are coincident

along the ivkmnmc line and Cout = ep + a.xid Cin = e^. For intermediate

conditions the calculation is more complicated and depends on the values

of Li, and L,. according to Eq. (3). If the load has a reactive com-

lionent the calculations are still more complicated. Details of the

calculations will not be given here, but 3, vector dia^am derived from

measiu’ements on a typical electronic reg'ialator of this type is given in

Fig. 12«42.

The design of the regulator may proceed by either of two paths,

depending upon whether the saturable reactor or the autotransformer is

designed first. Tlie maximum values of the voltage drops across the

several windings arc obtained from the vector diagram of Fig. 12*45;

for the condition of maximum input voltage

.Fi«. l!2-45.- -Vector diagram for maximum
input voltage.

and

y? =

=

VL =

FL,
y.fc

(fc - ly

FL-1-

Vlut,
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where F* is the voltage across the whole autotransformer. The maxi-

mum current through the secondary will be the load current Ii; the

maximum current through the primary and saturable reactor will

occur at minimum input voltage and minimum reactor impedance,

when 1st = I i(k — 1),

The minimum primary inductance that the autotransformer may
have can be calculated from Eq. (3), using the maximum values of q, R,

and if the reactor is to be designed first. If it is not, a rough cal-

culation of Lx should be made assuming that Ls is infinite, for which

condition

LI =
co2(/b - ly’

where q and R have their maximum values. If w is variable its minimum
value should be taken. For a typical case in which k = -Vr = a^nd

^max = xfi = 1.175, coLi = 7.472. This value should be increased to

provide a margin of safety; a factor of 2 should be sufficient, but a

higher factor does no harm as long as it does not result in excessive size

or copper loss in the transformer and reactor. Using this higher factor,

for example coLi = 15/2 in the case just mentioned, the value of Lc is

calculated from Eq. (3), again using the maximum values of q and R.

The design of the saturable reactor depends not only upon the maxi-

mum values of current, voltage, and inductance calculated above, but

also upon the d-c power that will be available for saturating the core,

and this in turn upon the choice of the tube or tubes for the final stage

of the d-c control amplifier. A 6L6 or similar tube will furnish adequate

power for regulator capacities up to 1 kw or more if the saturable reactor

is properly designed, but a filament-type tube is preferable if a minimum
warmup time is required. The d-c ampere-turns available should at

least equal the maximum a-c ampere-turns and should preferably be

somewhat greater.

Having established the design of the saturable reactor the required

minimum value of Li may be recalculated using the value of Lc from
the reactor design. This step, however, is hardly justified in view of

the approximate nature of saturable-reactor design and of the design

assumptions made in the beginning and also in view of the fact that the

action of the control amplifier is such as to compensate for variations in

the characteristics of all elements in the circuit. The only effect of a

considerable variation in any of the parameters will be an increase or

decrease of the operating range or a slight change in the slope of the

regulation curve. Further approximations are necessary only when one
or more of the circuit elements comes out absurdly large or when weight

and size must be decreased as much as possible.
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IJm* i1u‘ >a\ nruhk^-trunsiormer voltage regulator previously discussed,
^ *.» f'hHt n'gulator furnishes a distorted output wave

* pn‘sen(‘e ol the saturated-core element. In the latter
f’K tht‘ tlist ortion is of such a nature as to produce a peaked

in>U‘ar *>! a I at tciuHi wavetorm. Appreciable improvement in waveform
by coiuiecting a resistor across the saturable reactor.

I’lioiM* 1- bt duavs typi(‘al uncorrected and corrected waveforms, with a
.vuit" AiiM* tar t‘uinparisou. The
addition of ttif^ eurrcct ing rcwsistor

till’ oiliidtmcy and increases

llii* niiniiiiiini iHuuulssible value of

/, ... If .shiiuld be inaclendjustable

Mi ibat t!HM>ptinnnn wav(d\H'mea,n

be ,M*eiireii af flu* normal value of

luad. \\ ;i\ «*!« nun correction is

nu»it de.'drablo for (UP(*ps opera-

fiun. 1 he u a\'efuriti of the usual

Hiiiiili goncriitiir operating at 4,00

cps HI* ahn\i‘ i,s !ik(4,y to lu* so bad

I lull liny r»*giibdtir will normally improve it.

Hie frei|Uoney range* of an electronic voltage regulator of this type

de|iriiiis jirinci pally on tlu^ d(\sign of tlie saturable reactor. If the power
ffii* ilu’ <n*ittrtd aniplifi(*r is taken from the otitput circuit, as is usually

the raM\ n sat urablc^-rc^actor impedance that is too high or too low will

rent ill ill an e\ressivi4y low or high volt.age to the amplifier power supply

fhirsng the warmup piaaod, especially if the line voltage error is in such a

direction a.n fo «‘xaggc*rate the (‘(.aidition. If necessary a single-pole

dfiiihle I hritw f iine-delay r<'la,y can be added to permit the amplifier to be

unnnod u[i Im an the input voltage and then switched to the output for

mirniu! opi^'afiom If no special precautions are taken in the design of

flu* nuigntiiu eircuits a ±20 per cent change in operating frequency can

be ttih'rnlf «h I be mily (dlVet being a small change in the regulating range.

I lu- i/r and weight of an (4(*(‘tronic regulator of the type described

depend oil fht* allowable operating temperature of the coils, the power

laitptif
, and flu* type of mounting and w-eatherp,roo.fing used., A labora-

forv liufilcl ol' a dothwntt 4,0()-cpB regulator that proved successful in

tichi M*r\ ice w fighetl 12.1 lt> volume of 330 in.'^ The 1700-watt

r,u rp M l imu (4' this mo<lel weighed aliout 100 lb. The weights of the

4‘oiiiiiuauial v<*rsions run from 28 lb for the 250-watt model to 160 lb for

thf * u k A nil nleh

Tho jHaiormance of a. typical commercial version of the regulator

jin.f diMcribeil is very good. The output voltage is adjustable from 110

tfi I2tl vdts jiml will maintain that value within 0.2 per cent for input

Reactance in series Reactance shunted by
with primary resistance in series

with primary

r'i<}. 12'4().—W'^aveform corrections in, volt-

age stabilizer.
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voltages from 95 to 130 volts aad frequency variations of ±15 per cent.

It is alleged to be independent of load power factor, though this may be

doubted for loads of very low leading power factors for which resonance

might occur. It has a quick response time, 6 cycles maximum. Four

standard models are available from Sorensen and Company, with out-

puts of 250, 1000, 1750, and 5000 va, plus a light (16-|-lb) model for

400-cps airborne use. A somewhat similar regulator using a carbon pile

instead of the electronic amplifier for controlling the saturable reactor is

made by the Aircraft Equipment Manufacturing Company of Dayton,

Ohio.

D-c Line Voltage Regulation ,
—^The problem of regulating the voltage

of a d-c line occurs relatively infrequently since most direct current used

in electronic equipment is either regulated at the generator, as described

in Sec. 12*12, or is derived from a-c lines via transformer-rectifier-filter

power supplies that may or may not be regulated. If regulation is used

the regulator is normally considered to be a part of the power supply,

but there is no logical reason for this and it is occasionally desirable to

regulate the voltage of a d-c line remotely from the source of power.

Basically there are three methods of regulating the voltage of a d-c

line.

1. A variable series element, normally a vacuum tube, may be used

as a dropping resistor.

2. A variable shunt resistor, also usually a tube, may be used to pull

down the voltage of a line with poor regulation. If the regulation

of the line is too good a series resistor can be added.

3. An additional source of d-c power can be added in series with the

line, either aiding or opposing the line voltage. This method is

seldom used.

Methods 1 and 2 can only act to reduce the line voltage and not to

increase it. The choice between Methods 1 and 2 depends upon the

application; the first method is more common and is indicated in cases

of low voltage and relatively high line current. The second method is

used principally for the regulation of high-voltage low-current sources

such as are used for such applications as CRT high-voltage supplies, etc.

Details of d-c regulators will not be given here; they are thoroughly

discussed in Vol. 21 of this series. Commercial regulated power supplies

are available from a number of manufacturers, and many papers on the

subject have appeared in scientific and engineering journals over the

last ten years.



CHAPTER 13

RELAYS AND RELATED DEVICES ^

By J. E. Blackburn

A rc*la,y is an electrically operated switch, and the two basic criteria

in sr](‘(*lin^ a relay for a particular purpose are first, the switching opera-
1 ion that is to be perfox^med, and second, the power source that is available

i o a.<‘.tuaie the relay. The one determines the number, type, and arrange-

ment oi the contacts requmed; the other, the design of the coil and the
nxagm'tic circuit. There are, of course, many auxiliary specifications to

he satisficHl, such as size and weight, expected operating life, liability

to failures tind the severity of its consequences, insulation, resistance to

slux’k an<l \-ibration, etc. These will be taken up in the latter part of this

<*hapter, after discussing the contacts and the coil and magnetic circuit.

hi the interest of brevity, the

discaiBsion will be confined to lo\w

po\v(‘r re-lays of the type usually used

in i^lcM'lronic ecpiipment, omittingthe

largtM’ typ(\s used primarily in indus-

trial (Mpiipment and mentioning only

briefly a few relays of special con-

st ruth ion or furudion,

134. Contacts.-^ Contact Ar-
“ -The, general arrange-

tnoni of the cont-acts of a relay is

<ietermin<‘d by the number and se- ""I i

<{uen(’t‘ of the swit<‘,hing operations to
^

be pertornuMl. Relays are available
Basic relay-contact groups,

in iiiany forms, with contact arrange-

numts ranging from a single pair, to make or break a single circuit, to

Starks of (lo/aais of contacts handling a number of independent circuits.

For most. ’purposes, however, there are four basic contact groups, as

sliown in Mg. 13*1. Practically all relay contact arrangements can be

‘ I'hrrr is an (‘xtemsive literature on relays, but books devoted specifically to relays

af t hr class (iisfuss(al lu're a,re rather rare. One of the most recent is Relay Engineering^

by (liarli's A. Rn(‘kjvr(l, Strutliers-Dunn, Inc., Philadelphia, 1945.

’ Sre Ihirkard, op. ciL, pp. 75-101; also G. Windred, Electrical Contacts, Macmillan.,

Lnainn, 11) U).

(a)

M
I
Normally

^ open (NO)

(6 )
. Ti Normally

closed (NC)

(c)o= jwi Double throw
(DT)

n

467
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considered as made up of one or more groups of these four types. Figures

13 -la and b are self-explanatory; c and d differ only in that with c the

circuit from one to two is broken before that from one to three is estab-

lished, while the opposite is true with d. Double-break, DB, contacts

imply the use of two contact groups, usually a or 6, in series.

In an assembly of several contact groups some control of the sequence

of contact-making can be obtained by adjusting the individual contacts;

Fig. 13-2.—Advance Electric Company type 904A indexing relay.

for example, in a double-pole single-throw, DPST, relay, if one fixed

contact is set somewhat ahead of the other it will make first, and will

break last when the relay is deenergized. In general, however, if the

sequence and timing of switching operations are important it is best to

use a relay in which the several contact groups are operated by individual

cams, as in relay No. 91 Table 13*5 (Fig. 13-2) or to use several relays in

cascade, each relay after the first being energized through contacts on an
earlier one in the series.

Contact Ratmgs .—liaving established the contact arrangement, the

contact size and materials must be chosen in accordance with the electri-

cal characteristics of the circuits to be made or broken. Here there are

three operations to be performed; the circuit must be established when
the contacts close, it must be maintained as long as they are held together,

and it must be broken when they separate.

Successful establishment of the circuit demands that the contacts

close cleanly with minimum bounce or chatter, and that they are suffi-
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ciently large, of the correct material, and actuated with sufficient force

to prevent welding or arcing with the initial value of the current. Certain

types of loads, especially motors, tungsten-filament lamps, some heaters,

and circuits in which there is a considerable amount of energy stored in

condensers, have a high inrush current that later drops to a much lower

value. In the case of motor and lamp loads, this inrush current may be
5 to 12 times the steady value. In such cases the inrush rather than the

steady current determines the choice of contacts.

Successful maintenance of the circuit once it is established demands
that the contacts be large enough, properly shaped, clean and smooth
enough, and adequately held together so that the contact resistance is

sufficiently low- to carry the steady current without excessive heating or

voltage drop. In very loAv-voltage circuits the contact resistance may
be an important factor, and special precautions may have to be taken

to keep the contacts clean and smooth, and to prevent even slight

momentary opening due to shock or vibration.

Successful interruption of the circuit demands that the contacts open
cleanly and rapidly to a sufficient distance to extinguish the arc that always

forms on breaking a circuit. High speed of separation wdthout momentary
reestablishment of the circuit, wide separation of the opened contacts,

and the use of several gaps in series permit the interruption of larger

currents. High voltage, low atmospheric pressure (as in high-altitude

airborne operation), excessive arc-forming tendency of the metal of the

contacts, and particularly highly indiuitive loads greatly decrease the

interrupting capacity. In many cases it is ne(‘.essary to use auxiliary

arc-suppressing devices, such as blowout coils in series or liC^circuits in

shunt with the gap. Blow-out coils find considcu’able use in the field of

power relays, but a.re seldom applied to small xinits because of insufficient

space and tlie tcmdency of the drawm-out arc to strike other closely adja-

cent contacjt groups. Arc-suppressing circuits are discussed in Sec. 13‘3.

Careful perusal of a number of relay catalogs indicates that tluu'o is no
general agreement on the amount of current tluit can Ixi salidy handled

by a given pair of e,()ntacts, but by plotting contact diametcu-, cixa,

against ratings and by referring to the few' delinite statements nuuk^ by
tlie nianufa,cturers, some rougli rules can be laid dowm. Silvcu’ c,oni.a,(‘-ts

used in tlie low-iiow'er relays discussed hero are good foi’ currcad.s up to

about 3 or 4 amp in tlie g-in. size, 5 or (> amp in the I'Vin. size, 8 or 10

amp in th(‘ .[-in. ^I'ze, and 15 or 20 amp in the g-in. si;5(‘. 44u‘S(^ valu(\s

apply to a,t least 00 pcu’ cent of the several hundnxl relays che(‘,ked.

They may be too (‘.onsc^rvative, since several reiiutable relay manufac-

turers use higher ratings. Double-break contacts will handle about 50

per cent more current than single-break. These ratings a,re for lib-volt

60-cps a-c, er for d-c voltages up to 32 volts, and for noninductive loads
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without excessive inrush currents. They are about half the value of

current which can be handled without appreciable heating by a pair of

contacts with the usual contact pressure of 1 to 2 oz. For 110 volts d-c

the current ratings should be halved. Increased contact pressures some-

what increase the ratings, especially for large contacts. For very low

voltages, contact heating is the only limitation and ratings may be

doubled. Quick-break operation and wide contact separation permit

some increase in current rating, especially at higher voltages and with

inductive loads.

For contact materials other than silver, palladium will carry two or

three times the current at the same voltages. Platinum-iridium has

about the same current-carrying capacity as palladium, but its great

hardness gives a much longer contact life under severe mechanical

operating conditions. Tungsten contacts wall handle only about 75 to

100 per cent of the current of silver contacts of the same diameter, but

will do so at two or three times the voltage.

The ideal contact material should have high electrical and thermal

conductivity, high melting and vaporization temperatures, and high

resistance to mechanical wear. In addition, the ideal contact material

should have either no tendency to form an oxide or tarnish film, or at least

such a film should be of low resistance. High thermal conductivity aids

in carrying heat away from the point of contact. A high melting point

improves the ability of the contact to withstand high arc temperatures

without melting or welding the contacts. High vaporization temperature

results in less tendency for the formation of metallic vapors that help to

maintain an arc. High electrical conductivity usually means lower

contact resistance and less contact heating, which is especially important

where high current densities are employed on the contacts.

High contact pressure is an aid in breaking down any film of dust or

oxide that may prevent the contacts from coming together and also

improves the ability of the relay to maintain contact during shock and
vibration. Some relays have adjustable armature springs that permit

some adjustment of contact pressures.

Contact follow-through is the motion that occurs after the physical

contact has been made. Contacts mounted on leaf-type springs must
have follow-through to deflect the springs and build up the contact

pressure. During the follow^-through the contacts slide over one another

with a wiping action that aids in keeping the surfaces clean.

Low-voltage contacts are particularly susceptible to failui-es because

the voltage may not be sufficient to break down any nonconducting film

or dust between contacts. Where hermetic sealing is not possible it is

desirable to mount relays with the contacts in a vertical plane to minimize
the tendency for dust to accumulate.
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The contact gap must be sufficiently wide to extinguish the arc that

forms on opening the contacts and to withstand the maximum voltage

that is to be impressed across the gap. As in the case of contact diameter,

a study of the relation between gap and ratings shows very little correla-

tion between the two; apparently a gap of 0.010 in. or less is good only

up to about 1 amp; 0.010 in. to 0.025 in. up to 15 amp. Currents of 20

amp or more usually require two gaps in series.

It is incorrect to assume that twice the current can be carried by
connecting two sets of contacts in parallel; it is impossible to ensure

simultaneous opening and closing of the two sets, and the make and break

will be handled by only one set.

Double-break contacts are more effective in arc interruption than

single breaks of the same total contact separation.

High speed of contact operation is desirable because it reduces the

duration of the arc and thereby decreases the heating of the contacts.

Most relay contacts rebound and reopen their contacts once or several

times during the process of closing, and many do so also on opening.

This is an objectionable feature but is difficult to overcome, particularly

where the contacts are of the butt type. Contact bounce is particxilarly

destructive when there is a high inrush current, since the contacts are

reopening at a time when the current may be several times its full-load

value. Contact bounce reduces contact life and may cause fusing of

contacts.

From tlie standpoint of high current-carrying capacity the ideal

contact sliapes are two flat-faced surfaces, which provide the largest

possible contact area for a given contact size. The objection to this

construction is tliat it is almost impossible to maintain perfe(;t alignment

of the contacts and it also provides less unit pressure between contacts,

which reduces the effectiveness of pressure breakdown of any noncon-

ducting film. For this reason most relay contacts have at least one

radius-faced surface per pair.

Actual measurements on a large number of small relays as delivered

showed practically no correlation between contact pressures and current

ratings. Actual pressures ranged from zero (where the contacts did not

even touch) to about 1 lb. The average pressure for most types of relays

was from 1 to 2 oz. One manufacturer of telephone-type relays uses a

standard pressure of 30 to 40 g, increawsing this to 70 g in relays intended

for use under conditions of vibration, and reducing it to not less than 15 g

for certain special applications. High-current relays sucdi as aircraft

motor contactors use from 1 to 2 lb.

The varial)ility in contact pressures and gaps perhaps illustrates as

well as anything tlie (considerable variability in the properties of' com-

mercial relays. Both quantities can be adjusted on almost any relay by
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a careful and skilled technician, but manufacturing tolerances and the

unskilled and sometimes careless assembly practices necessitated by
manufacturing to meet low-priced competition result in great variations

in contact settings. For critical applications all relays should be checked

and adjusted individually before installation; but such adjustment
should not be attempted unless the adjuster thoroughly understands what
he is trying to do. If it must be done, it is most desirable to ascertain

from the manufacturer the correct settings for the performance desired.

Certain special forms of contacts are sometimes used for especially

severe operating conditions. For cases in which the coil voltage fluctu-

ates through the range within which the contact pressures are insufficient

to maintain proper contact, whether from vibration or other causes,

snap-action switches such as microswitches are often used. For high-

voltage operation, especially at radio frequencies and at high altitudes,

vacuum contacts are frequently the only solution. Both vacuum and

mercury contacts are useful for operation in explosive atmospheres.

Relays using such forms of contacts, however, are usually bulkier and
more sluggish in operation than the ordinary types, and are not often

manufactured in contact arrangements more complicated than DPDT.
Mercury contacts are especially vulnerable to disturbances from vibra-

tion and shock and must be mounted in a fixed position, which usually

rules them out for mobile applications, especially in aircraft.

13*2. Coils and Magnetic Structures.^—Having established the

contact design, which in effect determines the amount of work to be
done by the relay armature, it remains to choose a suitable magnetic

structure and coil to do that work when energized from the power
source to be used. The magnetic structures used in most small relays

can be classified into four principal types, shown in Fig. 13'3. Numerous
variations exist in the mechanical assembly, arrangement, and com-
position of various parts of the many relays that are available.

Magnetic Circidt .—Figure 13*3a shows the magnetic circuit of a com-
mon type of single-coil clapper-armature relay. (Contacts, mounting
details, armature restoring spring, etc., are omitted from all the views

in Fig. 13*3.) The useful magnetic flux that actuates the armature
is the flux in the air gap between the armature and the pole face. The
flux must also traverse another gap at the hinge end of the armature,

but the flux passing through this gap does not contribute to the pull on
the armature. The magnetic reluctance of the air gap at the lunge is

sometimes reduced by providing fins of magnetic material on the

armature.

^ See Packard, op, cit,, pp. 373-416, for a discussion of relay coils and magnetic
circuits. A very thorough discussion of design methods is given in H. C. Roters,

Electromagnetic Devices^ Wiley, New York, 1941.
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Figure 13-35 shows the magnetic circuit of a double-coil relay. With
this construction the flux again traverses two air gaps, but the flux in

each gap now contributes to the pull on the armature. Relays using

two~coil construction can therefore be designed to operate on fewer

ampere-turns than the previous type.

Rotary

Fk}. 13*3.~Ba.si(! relay magnetic HtruftureM. («) Sinji;lo-eoil (vlapi)or type; (5) two-coil
ciapi>cr type; (c) plunger typo; (ci) rotary type.

Figure 13*3c shows a solenoid or plunger-type structure providing a

comparatively large armature pull in a compact size. This construction

is widely used for aircraft contactors with contacts carrying as high as

200 amp at 30 volts direct current.

Figure 13*3fi shows a rotary-type armature construction. Although
not mjiny ixdays of tins t^ype are available, its symmetry sliould make it

morc^ vibration- and shock-resistant than most other typc’is.

In good magnetic-circuit design the leakage flux, that; cUx^s not traverse

the armature-to-pole-face air gap, is reduced to a minimum. l)(^signs

witti short (‘.hunky (‘.oils and low-reluctance paths ex(‘.ept for tlic^ useful

air gap usually luivc^ low leakage; long-coil telei)hon(i-type rctays in whi(‘li

th(^ rctairn ])aili hugs the outside of the coil are prone to have liigli h^akage,

(isp(x*ially whcui the use of an armature-end slug crowds tlui c.oil to the

IkhA (uul of th(^ (‘oix^. Such a construction may require up to 25 per cent

more ampcu-e-turns tliari would otherwise be needed.
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Alternating-current relay's require a shading coil in the pole face to

minimize armature chatter and hum. Most small a-c relays do not

require laminated cores to limit eddy-current heating because the cross

section of the core is small, but the best designs do use laminations.

Since the cheaper magnetic materials have considerable residual

magnetism most d-c relays, especially the power-sensitive types, require

an appreciable minimum air gap to prevent the armature from sticking

to the pole face when the coil current is reduced to zero. In many relays

this is obtained by spot-welding a nonmagnetic shim to the pole face or

to the armature, but some types use a nonmagnetic screw in the armature

opposite the pole face to permit adjustment of the residual gap. The
effect of residual magnetism may often be countered by using a stronger

armature return spring, but this requires an increase of power of the coil.

For high-sensitivity relays where the air gap must be kept to a minimum
it is necessary to use materials such as permalloy which have very low

residual magnetism. Such materials also have high permeabilities that

help to increase the efficiency of the relay.

Coil Construction .—Methods of winding, insulating, and impregnating

relay coils will not be discussed here since the discussion would largely

duplicate that given in Chap. 4 of this volume. The method of construc-

tion is important, however, since it largely determines the ma>dmum
safe operating temperature of the winding, and this in turn governs the

coil wattage and the maximum force available at the armature. If there

is no limitation on the size and weight of a relay there is theoretically no
limit to the power sensitivity that can be attained. By increasing the

area of the flux path while maintaining the ampere-turns and coil wattage

constant the total air-gap flux and therefore the armature pull can be

increased indefl.nitely, and the increased coil area will permit coolel

operation of the coil. In practice, however, in addition to the increased

space, weight, and cost, the armature would become so massive and the

coil inductance so high that the relay action would become very sluggish

due to the combined mechanical and electrical inertia. It is more practi-

cal to build a relay of reasonable size and, if necessary, to amplify the

controlling power either with vacuum tubes or by the use of a small

high-sensitivity pilot relay.

Maximum Operating Temperature .—The maximum continuous power
input to a given relay coil is limited only by the maximum temperature
that the coil insulation can withstand without breakdown during the

required life of the relay. This temperature is dependent on the coil

construction, the nature of the insulating material, and the conditions of

operation. If the coil is operated in intermittent duty, where it is never
excited for a long enough period to attain the high temperature that it

would reach with continuous excitation, the most important criterion is
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the thermal capacity of the winding and any adjacent parts that are in

good thermal contact with it.

In deciding upon the maximum operating temperature a number of

factors must be considered. Since insulation breakdown is a progressive

process a relay in an expendable device such as a bomb could be allowed

to run at a temperature that would cause charring and breakdown in a

few minutes; on the other hand, a relay for an industrial control applica-

tion or one used in an unattended device such as an automatic lighthouse

or weather transmitter would have to run at a low power input to avoid

eventual failure. Under humid conditions a high but not excessive

temperature might be a "virtue since it would help to dry out the coil,

though in such a case there would always be the danger of electrolytic

corrosion of the winding. In general, except with the newer high-

temperature insulations, the maximum temperature is in the neigh-

borhood of 220®F; one manufacturer specifies this for enameled-wire

windings and 250°F for silk-covered wire.

The maximum temperature depends upon the power input, the

ambient temperature, and the method of cooling. For usual ambient

temperatures the same manufacturer allows 2 watts/in. ^ of coil radiating

surface (excluding the coil ends) for enameled wire and S-g- watts/in. ^ for

silk; if the relay is enclosed these values are reduced to 1 and watts.

In combat and other equipment where considerable power is being

dissipated in a small volume the ambient temperatures will be very much
higher than is usual in laboratory or in most commercial practice, and in

such cases a considerable reduction in coil power may be necessary. In

the relay tests reported later in this chapter an ambient temperature of

65°C was chosen; this represents a high but not extreme temperature

for combat equipment. Of the hundred or so relays tested only about

one third did not exceed 10()®C under the conditions of the tCvSt, and many
of these were power-sensitive types for which heating is seldom a consider-

ation. Besides starting from a high ambient temperature, the coils were

overvolted 25 per cent in most cases, making the test doubly severe; so

these results should not be taken to mean that the average relay is likely

to burn up under average conditions. Alternating-current relays usually

run somewhat hotter than d-c relays of the same types, not only because

they are less power-sensitive but also because when alternating current

is used, eddy-current and hysteretic heating help to raise the temperature.

One effect of coil heating that is often overlooked in relay applications

is the increase of coil resistance associated with increasing coil tempera-

ture. At 25°C copper wire increases in resistance about 0.4 per cent per

degree centigrade. In many cases the high temperatures attained in

service may cause a 30 to 40 per cent increase in coil resistance, and the

decreased power drawn from a constant-voltage source may cause poor
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operation of the relay. When the coil is powered from a constant-current

source such as the plate of a vacuum tube this effect is usually negligible.

In vacuum-tube applications, however, if the plate current contains

considerable ripple, as is the case with rectified but unfiltered current,

the a-c component may cause appreciable heating without contributing

to the armature pull, so that the dissipation should not be considered to

be merely that of the PR loss due to the d-c component alone.

Power Requirements ,—The actual power required to operate small

relays of the types described here varies from a few milliwatts to a few
watts. In classifying the relays whose tests are outlined in Sec. 13-7,

those with an actual minimum operating power of less than 100 mw were
classified as sensitive '' and listed in Table 13-2; they required from
6,4 to 90 mw. Two of the ^^speciaP' relays in Table 13*5 were also

sensitive; the Allied Control Company Type CS balanced relay (No 93)

operated on 59 mw and the Barber-Colman polarized relay (No. 94) on
only 0.6 mw. Of the d-c relays listed in Table 13T, about two-thirds

required from 0.1 to 1 watt, one-fourth from 1 to 2 watts, and the rest

from 2 to 3 watts. These are minimum values, the actual wattages at

rated voltage being considerably higher; one third of the d-c relays listed

required from 0.1 to 1 watt, one third from 1 to 2 watts, one fourth from
2 to 3 watts, and the others from 3 to 6 watts. These percentages are

not particularly significant, but do indicate what may be expected.

Power requirements were not measured for the a-c types, but from
data given in several catalogs, a-c relays require from one and one half

to four times the wattage of d-c relays of the same construction. This

discrepancy is greater the lower the power; d-c relays operating on less

than 10 mw are not difficult to make, but 35-mw sensitivity is high for

alternating current, and in some cases the sensitivity ratio is as high as

15 to 1.

The power factor and impedance of relays are very sensitive to air-gap

adjustment, but for most 60-cps relays the ratio of volt-amperes to watts
falls between li and 4, Because of the increase of inductance witli the

shortening of the air-gap the a-c coil current with the armature closed

is usually about 60 per cent of that with it open. The inductance of the

usual small 110-volt relay with the armature closed is of the order of a

few henrys. •

Voltage and Current Variations ,—In designing a relay, consideration

must be given to the voltage or current variations likely to occur in

service. For military use, the expected ranges are from 25 to 30 volts

for a ‘'24-volt'^ d-c source, and from 92 to 138 volts for a nominal 110-

volt 60-cps source. Such variations are large but by no means unknown
in commercial service. To pass the test a relay must operate satisfac-

torily on the minimum expected voltage immediately after having
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attained the maximum temperatures produced by continuous excitation

with the maximum expected voltage. Such a test is admittedly severe,

but if the ambient temperature and voltage ranges are fairly chosen for

the intended use, a relay that will not pass this test will not be satisfac-

tory. A wide range of supply voltage or current variation requires more

coil power at the nominal operating value, and frequently a larger and

heavier relay than if the variation were small.

Various other factors affect the coil power requirements to some

extent. In the case of sensitive relays an increase in the number of

contacts increases the power required; in the case of one particular type

the single-pole model operated on 15 mw, but the double-pole required

from 60 to 70 mw. This effect is much less apparent for the higher-

power relays since they are usually over-powered to ensure fast operation

of the relatively heavy armature. Relays for special operating condi-

tions, such as high-inrush-current, close-differential, latching, or indexing

relays, usually require twice to four times as much coil power.

In some relays where it is not desirable to provide mechanical locking

devices, and where the coil must handle enough power to cause serious

overheating if the current remains at its initial value, two windings are

sometimes provided. Such relays have a pair of auxiliary normally

closed contacts to break the current in the low-resistance winding

when the armature closes, while the high-resistance winding furnishes

enough flux to hold the armature closed but not to close it. Another

method is to use an auxiliary relay that has a pair of normally closed

contacts connected across a resistor in series witli the coil of the main

relay. The auxiliary relay coil may be connected to the same power

source as the main relay, in which case it sliould l)e a slow-operating

type, or it may be powered through a pair of normally open auxiliary

contacts on tlie main rday. The method requires an extra relay and

resistor, l)ut avoids tlu’; necessity of a special double-winding relay.

Voltage and Cmrent Ii(njmremimk-—hi control applications it is often

important to consider tlie range of input voltages or currents required to

operate and to rc'.U^nse tlie relay. Most relays are poorly adapted to

applications iha,t rcvpiitx^ great constancy of pull-in and drop-out currents,

particularly if t hose arc^ to be nearly the same. Tliis is due primarily to

two caus(\s; hysttu-esis in the magnetic circuit, tliat can be minimized by

the use of suit^able materials, and the change of reluctance with air gap.

As thc^ gap is uhIuccmI the total reluctance in tlie magnetic circuit is also

reduccMl and (ainscicpiently the magnetic flux and pull on the armature

inc,rease ra,i>idly as tlie armature approaches the pole face. The armature

pull in th(^ closed position may be several times the pull in the open

position with the same coil current. Since the reluctance has been

decreased with the closing of the gap, the coi,l current can now be reduced
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below the operating value before the flux will again drop to a value where

the restoring spring overcomes the armature pull and opens the gap.

This latter value of current is called the release current’^ of the relay;

the value necessary to pull the armature in from the open position is

called the operate current.

The operate current of a given relay is determined by the length of

the open air gap, the rising magnetization current of the iron with the

open gap, and the spring-restoring force on the armature. The release

current is determined by the length of the closed gap, the falling mag-
netization curve of the iron with the closed gap, and the spring force.

To make the release current approach the operate current the ratio of

open-gap to closed-gap lengths must approach unity and the residual

magnetism in the iron must be reduced to a minimum. Close-differential

relays are therefore much less power-sensitive than the normal type,

since the open gap must be made long to maintain near unity ratio

between closed- and open-gap lengths. Extremely close differentials, as

for generator voltage control, are best obtained by a moving-coil con-

struction, where the air gap and reluctance remain constant.

In ideal relay operation, the pressure on the normally closed contacts

remains constant until the coil current reaches a definite value and at

this value (the operate current) the movable contacts transfer from the

normally closed to the normally open contacts with full pressure immedi-

ately applied to them. On release the same operation takes place in

reverse order. In actual practice such conditions are not attainable.

Usually there is a range of coil currents near the operate and release

points where the contact pressure becomes very small and contact con-

tinuity becomes erratic, especially under vibration and shock. With
good relay design the coil-current range of erratic operation is small.

There are certain methods of avoiding the condition just described,

usually at the expense of widening the range between operate and release

currents. One is the use of snap-action contacts such as microswitclies,

and the other is the use of small permanent holding magnets with a high

force-to-armature-displacement gradient. Several manufacturers are

making relays with microswitch or similar contacts; holding magnets are

used principally on high-power relays and contactors, although they

have been applied to certain moving-coil voltage relays. Somewhat the

same effects can be produced by certain special relay constructions such

as are used in high-speed telegraphic keying relays. These usually

involve several differentially connected windings and magnetic circuits

much more complicated than those of the usual power relay. Inci-

dentally, it was noted during the relay tests described in Sec. 13-7 that

relays employing only leaf-type springs usually have more clearly defined

operate and release currents than those that employ an additional arma-

ture restoring spring.
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From the above it can be seen that a careful choice of relays must be
made when the coil current varies gradually through the operate and
release values. If possible, the circuit should be redesigned to produce
a rapid variation. This is particularly true in the a-c case because of
the wide range of coil current values at which chattering occurs; a
gradually varying low-frequency alternating current is about the worst
possible source of relay coil power.

13*3. Operate and Release Time.—Relays vary widely in the time
taken to perform their switching operations, and there are a number of

methods by which these times can
be controlled. In general, high-

speed operation is attained with
low coil inductance, light moving
parts, high power input, short

stroke, and magnetic material

laminated to reduce eddy cur-

rents. The effect of inductance

is often large; in a certain tele-

phone relay with an operating time

of 12 msec, it requires 10 msec
for the current to reach the oper-

ate point and only 2 msec for the

armature to respond. One pos-

sible way of speeding up the

response of a d-c relay would be

to operate it from a voltage source

several times larger than its rated

voltage, with a condenser to store

enough energy to kick the relay

closed and a resistor in series with the power supply to limit the coil

current. The principal objection to such a scheme in most cases ii

the large size of the condenser required. Some special types of fairlj

sensitive relays have been designed for high-speed operation, but mos|
sensitive relays are somewhat sluggish. Increasing the number of con-
tact springs on a given relay increases the operate time and decreases
the release time. The latter is also affected by the manner in which the
coil current is interrupted; if an arc persists during the interruption the
release time will be longer. Typical operate- and release-time curves
are shown in Fig. 134.

One way of reducing release time and at the same time eliminating
residual magnetic effects is the addition of a small constant magneto-
motive force opposing that of the operating winding. This can be
furnished either by a small permanent magnet or by an auxiliary winding.

Coll voltage

Fig. 13-4.— Typical operato-time curves,
(o) Potter and Brumfield KLD-1, release
time 13 msec; (6) Allied BJC6D36, release
time 9 and 3 msec for two samples; (c) G-M
Laboratories 13117, release time 7 msec for
each of two samples. (Release times were
independent of voltage.)
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When the circuit to the main winding is interrupted the opposing magneto

motive force makes the effective flux decay more rapidly and also cancels

the magnetomotive force of residual magnetism.

Exclusive of relays especially designed for high speed, operate times

of 5 to 10 msec may be considered fast. Of the relays in Table 13T,

80 per cent had operating times between 6 and 30 msec. Release times

were shorter and more constant, with 80 per cent between 3 and 11 msec.

Alternating-current relays operated much faster than d-c (80 per cent

between 4 and 11 msec) and released somewhat more slowly (80 per

cent between 4 and 18 msec).

There are a number of methods of slowing down the action of a relay.

One group involves the use of some mechanical device connected to the

armature. This may be an escapement, a pendulum or inertia device

with or without a ratchet, or an oil or air dashpot. Operate or release

times or both up to a minute or so can be obtained by such devices, but

their weakness lies in the fact that most of them require so much mechan-

ical work to complete a long operating cycle that the relay requires an

excessive power input. If the delay mechanisms are made sufficiently

light and frictionless to operate with small power inputs, they become

too delicate and expensive for most applications. For most purposes

where their somewhat large power requirements can be tolerated, motor-

operated time switches have superseded these relay devices.

Probably the commonest and certainly the simplest way of slowing

down a relay, but one that can be used only on d-c coils, is the use of a

lag coil or slug. This is usually a large copper slug at one end of the

winding, or a tubular sleeve between winding and core. Tlie lag coil

acts as a short-circuited secondary for the relay coil, and the counter

magnetomotive force due to the current induced in it by the changing

coil current delays the flux buildup or decay in the air gap and hence

the closing or opening of the armature. A short slug near the armature

end of the core has relatively more effect on the operate time and one at

the heel end has more on the release time. A core sleeve affects both,

and is more effective than a slug. Operate times up to lOO msec and
release times up to 500 msec can be obtained in pra(*t:»ice. These
delays are rather sensitive to variations in the applied voltage; curves of

operate and release time vs. voltage are given in Fig. 13-5.

Another type of relay that has not been greatly developed but which
seems to have excellent possibilities is the thermal type. This is not an
electromagnetic device but operates like a thermostat. It usually con-

sists of a heater to which the control voltage is applied and some sort of

thermally responsive mechanism that operates the contacts. It usually

has snap-action contacts since the movement of the mecdianism (normally
a bimetal strip) is fairly slow, and it is often hermetically sealed. Delay
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times of several minutes are possible. It is sensitive to variations in

control voltage, but ambient temperature compensation is not particu-

larly difficult. It is not very power-sensitive, but will operate on any

type of current, even radio-frequency. An Edison thermal time-delay

relay is shown in Fig. 13*6.

>
[> m

V
1

\
\

/

<

< \

\
/

//
8 10 20 40 60 80 5 6 8 10 20 30

Volts across coil Volts across coil

Fi(}. 13-5.— Oi)crHto and reltMiHO tiiucs of la|2
;
relay, (a) Allied BOI^X-4; Bliort type,

slug on h(jol of core, two curvoH for eaeli of three Baniplos. {h) Clare B-1846B; long type,

slug on lu‘<4 of core, release curve is for niininiuin residual gap sotting; operate time is

iinafTo(M(‘(l by rosiduul setting; release time is grcntl.v affected, (c) Clare A-17978; long

type, arnuiture-end slug; relcuise times would not repeat consistently for coil voltages above
80 volts, {(i) Clare A-lS-lOO; long type, slug on heel of (a>re; curve (h is for minimum
residual gai> setting, (r) C'larc A-IOOOO; short type, arniiitnre-end slug; (uirve ca is for

minimum residual gsip setting. (/) Guardian G~34464 type B-9; fotir heavy (topper washers

on armature end of core. (All operate-timo curves solid; all release-time curves dashed.)

This same mechanism is frequently used to operate the coil of a power

relay, with the thermal and electromagnetic units mounted on a single

base. These relays usuaily have an auxiliary set of SPDT contacts to

provide electrical lock-in of the power relay and to disconnect the heater

as soon a,s it luis funcitioned. This device considerably prolongs relay

life and pei'inits immediate recycling provided the power relay remains

closed long enough for the lieater to cool down.

A very simple thermal method of delaying the operation of a relay is to

connect a self-heating thermistor (sec Sec. 3- 12) in series with the winding.

Delays up to many minutes are obtainable, but the actual delay is very



482 RELAYS AND RELATED DEVICES [Sec. 13*3

sensitive to variations in ambient temperature, applied voltage, and relay

operate current.

There are a number of methods of slowing down d-c relays by means
of external delay circuits. If a large condenser or inductor is shunted

across the relay coil, it will continue to supply energy from its own elec-

trostatic or magnetic field to the relay winding for a time after the inter-

Fia. 13*6.—Thomas A. Edison, Inc., thermal time-delay relay.

ruption of the control current. If the current source has a low internal

impedance the operate time will not be much affected; if it does not have

a low internal impedance the operate time will be prolonged. This

method works best with high-impedance relay coils, since long delays

with low-impedance coils require prohibitively large values of inductance

or capacitance. The scheme is considerably more effective if the relay

is connected in the plate circuit of a gas or vacuum tube and the delay

circuit is connected to the grid; the very high impedance of the grid

circuit plus the power amplification of the tube permit delay times of

the order of minutes without i*equiring prohibitive values of reactance.

Care must be taken in all LC-circuits to have enough resistance present
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to prevent oscillations, though it is possible to take advantage of the shape

of the transient curve to improve the operation to some extent.

The added complexitj^*, size, and weight involved in the use of the

above systems renders them undesirable for many applications, partic-

ularly in combat equipment. Probably the best fixed-time-delay relay

available for such purposes is the hermetically sealed thermal device,

such as those made by Thomas A. Edison, Inc. and by the Amperite

Company-
134 Other Aspects of Relay Design. Shock and Vibration Resistance.

In some industrial and in all mobile applications, equipment is operated

under conditions of vibration and shock that are particularly severe in

aircraft and in military service. Airborne devices should function

properly when vibrated sinusoidally in any direction at a maximum total

excursion of xV i^^- 3-t any frequency between 5 and 55 cps. For shipborne

service the frequency range is lower and the amplitude somewhat higher.

In addition, combat equipment must withstand shocks whose severity

depends upon the type of service. Components installed in chasses that

are properly vibration- and shock-isolated are not subjected to such

severe conditions. Adequate vibration and shock resistance generally

requires considerably more coil power than is necessary in normal service.

The results of an extensive series of vibration and shock tests on

commercial relays are summarized in Sec. 13-7. In general it may be

said, in spite of advertising claims to the contrary, that the majority of

the types tested are unsatisfactory for many military applications, for

which they were not designed. Their sensitivity to shock and vibration

is primarily due to the lack of dynamic balance and the flexibility of the

armature and moving contacts, to resonance in the contact arms, partic-

ularly when these are in the form of leaf springs, and to the general use of

butt-type rather than wiping or knife-blade contacts. Adaptations of

commercial designs, as by the addition of armature balance weights or the

like, generally produce little improvement. Attempts to increase shock

resistance by increasing coil power usually lead to operating temperatures

too high for conventional coil constructions; this might be a partial solu-

tion if new insulating materials were used, such as Fiberglas and silicone

insulating varnish. It would seem that a rotary type of relay with good

dynamic balance, adequately strong mechanical construction, and knife-

b4de contacts might solve the problem, but at the expense of considerable

increase in coil power and manufacturing cost.

Rotary Construction.—

T

\\q possibilities of the rotary construction

have impelled at least two manufacturers to produce such relays. The
first in the field was Price Brothers Company, of Frederick, Md. They
have brought out a number of types all based on the same magnetic

structure and coil construction: several of these are shown in Figs. 13*7
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l^iG. 13-7.—Price Brothers Company, Type 311 relay (No. 99, Table 13-5).

Fig. 13*8.^—Price Brothers Company, Type 76-4 relay (No. 97, Table 13-5).

through 13-10. The contact mechanism of the Type 311 and the similar

Type 310 (No. 98, Table 13-5) are more or less conventional, consisting

of silver button contacts mounted on leaf springs that are actuated by
bakelite cams mounted on the operating shafts. Type 76-4 and Type
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Fig. 13*9.—Price Brothers Company, antenna-transfei* relay.

Fig. 1:M 0.“ - Pricui Brotlu'rs (k)mpany, Typo 82-2 Htopping switch and actuating inechaniBrn.

82-2 utilize standard wafer-switch assemblies, which provide a simple and

inexpensive means of liuilcling up switching assemblies of almost any

degree of complexity from standard parts, since a wide variety of switch

wafers is available on the market. Wafer switches provide an assembly
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that is practically immune from contact bounce and is highly insensitive

to shock and vibration. Such relays are somewhat sluggish, however,

Fig. 13*11.—Allied Control Company Type RV-2 rotary high-voltage relay (No. 92,

Table 13-5).

Fig. 13*12.—Allied Control Company experimental DPDT and 4PDT rotary relaya.

and require an excessive amount of operating power for many purposes.

The magnetic structure used in all these Price relays is the same; it is

illustrated in Fig. 13-22/.
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The Radiation Laboratory sponsored the development by the Allied

Control Company of a series of rotary relays, some of which are shown

in Figs. 13T1 and 13T2. The RV-2 was developed to switch circuits

operating at several thousand volts in airborne equipment, and was

fairly successful in that service. This success led to the development of

low-voltage multipole relays for a Navy project where the relays had to

pass the standard Navy shock, vibration, and salt-water immersion tests.

Yiq. 13*13.—Magnetic structures of Allied Control Company rotary relays.

These relays were given the type numbers RMH-1, RMH-*2, and RLIi-3.

The RM.H is a lOOO-ohm d-c relay with one NO DB and one 1 NC DB
contact; it operates on 20 ma. The RMIi-2 is identical except that it

has a 5()00“Ohm coil intended for operation at 115 volts d~c and has DPDT
contacts. The RLH-3 is a somewhat larger unit with 4PDT contacts

and has a 3800-ohm 115-volt d-c coil. All three are mounted in hermeti-

cally sealed metal cans as shown in Figs. 13T4a and b. The magnetic

structures are shown in Fig. 13T3.

All three of these units will pass the Navy salt-water immersion test;

in fact the RMH-1 and RMH-2 wei'e not injured when their cans were

crushed by accidentally allowing the salt-water bath to freeze. The can

of tlie RLH-3 opened a seam and filled with water, but in spite of this the

relay operated after it was dried off. (The freezing test is not required

in the specificationB.)

The shock resistance of all three units was high, varying from 20- to

120-g acceleration required to cause momentary contact opening, depend-

ing upon the direction of the shock and the amount of excitation. An
early experimental model of the RMH-2 was damaged by transverse

shock, the can pulling loose from the base plate at the soldered .ioint

A redesigned and heavier base plate remedied that weakness.
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All units satisfactorily withstood the Navy vibration test, except

that after prolonged vibration at a critical frequency some of the frame
screws loosened in spite of their lockwashers, and two of the cams rotated

on the shafts. Both of these defects can easily be remedied in production.

The Allied relays, with the exception of the RV-2, were received too

late to be included in the tests reported in Sec. 13*7 and were only tested

for resistance to salt-water immersion, shock, and vibration. Their

shock and vibration resistance is comparable to that of the Price Brothers

Inc. rotary types and they require far less operating power. At the

present time, they are certainly among the most satisfactory types

available for the application for which they were designed.

Insulation .—Coil insulation will not be discussed here except to point

•out that in some applications severe surge voltages may appear across the

relay coils. Extra insulation and wider spacing of the end turns may be

required, or in some cases a protective glow tube, spark gap, or Thyrite

resistor may be shunted across the coil. In some plate-current relays

the coil will be at high voltage with respect to ground. This calls for

extra insulation between coil and core, and in some cases for a modified

construction of the relay.

The contact insulation in most relays is either laminated or molded
phenolic plastic, though many manufacturers also supply ceramic-insu-

lated types. Punched laminated sheet phenolics are particularly

susceptible to water absorption and deterioration of the insulation.

Molded plastics are somewhat better in this respect, and properly treated

dense ceramics are much better. Ceramics, Mycalex, or low-loss plastics

must be used when r-f currents are to be handled. Radio frequency

usually calls for special contact construction to minimize the electrostatic

capacitance between open contact pairs.

Tropicalimtion .—The entire structure of a relay—coil, contact

assembly, and mechanical parts—must be specially treated in cases where
it is to be used in the humid tropics or in other unfavorable climates.

Insulating materials must be protected with fungicides by impregnation
or lacquering, and metal parts must be proofed against corrosion. Much
work has been done on this during the \var, and numerous specifications

for the various treatments have been issued, but the problem has not yet

been completely solved.

Probably the best method, where it can be used, is the complete
hermetic sealing of the whole relay in a suitable enclosure, as in the.

relays of Pig. 13 -Ida, 6, c, and d. If the sealing is completely airtight,

it also has the advantage of providing immunity to the effects of low
atmospheric pressure at high altitudes. Incomplete protection is wmrse
than none at all, however, since it discourages maintenance and may
encourage condensation, fungus, and insects. If the sealed relay is
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provided with a plug-in base, it greatly facilitates maintenance and test-
ing of the equipment. The principal disadvantages of hermetic sealing
are that it slightly increases size, weight, and cost and considerably
increases the difficulty of adequately cooling the coil.

Servicing and Replacement .—Relay contacts are usually the greatest
source of relay failures. For this reason, relays should always be installed
if possible so that the contacts are accessible for inspection and servicing.

(“) HLH-3; (/)) Allied RMIT-l
; (c) SiRma 4HIIP.5()-

(d) Cluro &K-5001; (e) Siftma MX with removable dust cover; (/) GJO CR 27i)Un():iC!2S.’

If this is not possible, as with sealed relays, great care should be taken
to keep arcing at the contacts to a minimum.

This can often be accomplished by the use of arc-suppressing circuits
across the contacts. These usually take the form of a resistor and a
(;onden.ser in scricts. No adequate method is available to calculate the
optimum valiums, it is usually best to start with about 4' /.tfd in series
with 10 ohms for 24 volts d-c or less on the contacts; for 24 to 110 volts
about 1 Mfd and 200 ohms will usually serve. Selection of the proper
^'alues is largcdy a mattm- of cut-and-try, the effectiveness of arc sup-
pr(\ssion bdng estimated by visual observation of the arc.

Ih^pbuxuibk; {U)nt,acts are usually provided on large relays and con-
tactors, hut t,his is not practicable on small units. The spring leaves on
most small i-cilays, espcHually the telephone types, are fragile and easily
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bent. In many cases, especially in combat ec^uipment, it is better to

replace the whole relay than to try to service it in the field. Replace-

ment is most easily done with the sealed plug-in units, and the easy

replacement and the added protection of such units usually moie than

pay for the additional size and weight.

Relay Lije—li the coil does not run unduly hot, the life of a relay is

usually the life of the contacts. The number of operations that a lelay

can satisfactorily perform depends principally upon the contact current

and the rate of operation. Heavy contact currents cause contact heating

and call for high contact pressures, which cause more rapid wear of both

armatui’e bearings and contacts. Contact temperatures may also

become very high if the frec|uency ot operation is too great to peimit

adequate cooling between opera.tions.

Size and Weight,—The permissible size and weight of a relay depend

upon the applicatioi. For most applications the average relay is not

excessively large or heavy, but for airborne and portable equipment these

factors become important. This often leads to working the materials of

the relay near their endurance limits, with consequent shortening of the

relay life. The weights of the relays tested at the Radiation Laboratory

are given in Sec. 13-7.

13-6. Special Types of Relays.—Although neither space nor the

available data permit anything like a complete listing of the low-powered

relays available on the American market, it may be worth while to

discuss briefly a few of the more specialized types that are regularly

manufactured.

Relays with special forms of contacts have been referred to in Bee.

13-1. Most of the relay manufacturers supply relays with snap-action

contacts; examples are the Automatic D55523GII (No. 13, big. 13*15),

the Sigma MX (Fig. 13*14c) and the Clare AMS and CMS series. Many

makes of mercury contact relays are available; some operate by tilting

the mercury container, such as the Automatic AMC, Clare M, and

Dunco 22 and 91 series, while others use a stationary container and an

internal magnetic plunger and a surrounding coil. The Dunco Type 22

is rather novel; its mercury contactors are mounted on a swinging

topheavy arm that comes to rest against stops on either side of center,

and a momentary current to the centered stationary coil swings the

arm over the top to come to rest on the other side. Another interesting

type is the Mercoid Type B transformer relay; this has a fixed primary

and core and a short-cirexuted secondary that is free to move on an arm

that is repelled from the primary in a way analogous to the old movable-

secondary constant-current transformers used in series arc-lighting

circuits.

Nonwelding contacts (tungsten, elkonite, carbon or metal-carbon
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mixtures, etc.) are often used in relays for handling heavy inrush currents

such as occur with tungsten-filament lamps and some types of motors.
Such relays usually employ large-area fiat contacts and very heavy
contact pressures; examples are the Cutler-Hammer 6041H54A (No. 71,

Table 13*3, Fig. 13*27d) and the Dunco 61 and 62 series. The Buncos,
using special contact materials, handle inrush currents of as much as

1000 amp at 24 volts d-c with only 10 watts in the coil.

Fig. 13-15.—Automatic Electric Company D55523G11 relay.

Some manufacturers offer potential or current relays that operate
either across or in series with the load. These are normally used as
protective devices to shut down equipment in case of power supply
failure; for example, a potential relay might be connected across a bias

supply to disconnect plate power from a power amplifier in case of bias

voltage failure, or a current relay might be connected in the cathode
return of a modulated stage to remove plate voltage from a class-B

modulator and protect the modulation transformer in case of loss of

excitation to the modulated stage. Such relays are closely allied in

function to underload and overload relays, that usually differ from the
above only in having rather more definite operate and release points.

An underload relay is often used with motor-generator battery charging
sets to disconnect the battery and prevent discharging it back through
the generator if the motor power fails. The ordinary cutout on an
automobile generator is a similiar device with the addition of a potential

winding that leaves the battery disconnected until the generator reaches

charging voltage. Overload relays are used to disconnect power sources

if load current (or sometimes voltage) becomes excessive. Some models
such as the Advance 700, the Leach 1042-P (Fig. IS-IO), and the Guardian
X-100 must be reset manually; others such as the Advance 650 and the

Leach 2417BF (Nos. 95 and 96, Table 13-5, Fig. 13-17) have auxiliary
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coils to permit electrical resetting from a remote point. Bunco Types
55 and 56 are furnished in both forms. Overload and underload relays

may have their operating points set at the factory, or they may be
adjustable either by varying the air gap or the armature return spring,

or by a rheostat in shunt with the

coil.

In some applications a relay

is required which is sensitive to

the direction of current flow.

The automobile cutout is an ex-

ample of this function; if the

motor stops the potential winding

will try to hold the contacts closed,

but the current flowing from the

battery to the generator in the

discharge direction through the

relay current winding will produce
a counter magnetomotive force which will cancel that of the potential

winding and will allow the armature to open. So-called polarized relays,

however, almost always use permanent magnets to furnish the sense ojf

direction, as in the Automatic PLD, the Bunco 19 and 59 series, and the
Barber-Colman AYLZ-2022-1 (No. 94, Table 13-5). Polarized relays

Fig. 13*16.—Leach Relay Company Type
1042-P manual-reset overload relay.

Fig. 13*17.—Leach 2417BF electrically reset latching relay.

are often highly sensitive and may be made for very fast and pi'ecise

operation, especially for high-speed and multiplex telegraph operation.
Multiplex telegraphy also employs many high-precision nonpolarized

relays such as the Automatic TQA. These are usually characterized
by fairly high sensitivity, high speed, and accurately adjustable air-gap
and contact spacings. They often employ either multiple Avindings on
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the same core or mechanically-opposed magnetic circuits as in the Allied

CS (No. 93 of Table 13-5, Fig. 13T8); many polarized relays such as the

Barber-Colman unit above also use opposed coils for differential opera-

tion. This use of the word should not be confused with that of
‘

' close-

differential ” applied to such relays as the Dunco 49 or to moving-coil

relays such as the Weston Model 705 and others (which are really meters

with contacts added where the pointer would be ordinarily), and in

which '^differentiaF^ refers to the current range between the operate and

release points. Thus close differentiah^ implies a release factor near

100 per cent.

Another type of relay used in communication circuits is the keying

relay. Such relays are characterized by high operating speed and often

Fiu, 13*18.—Allied CS differential relay.

by relatively great complexity of contact arrangement and function.

A simpler type is the Allied AK. Many keying relays are normal types

with increased contact insulation and spacing and decreased contact

electrostatic capacitance, at least for the contacts used in the antenna

circuit.

Ordinary relays are seldom built with more than six or eight poles,

but there are special types that handle large numbers of circuits, such

as the Automatic WGA and ‘^Sunflower types and the AEMCo Series

HJ. These open or close a number of circuits simultaneously; there are

also relays, usually called ^^line switches” or ^‘stepping switches” that

are electrically operated multiposition switches. These make contact

successively between one contact arm and a number of individual con-

tacts. There may be a number of such electrically independent decks.

Examples of such stepping switches are the Automatic 2()4E and the

Western Electric D87856Fl() (Fig. 13*19) the Price 82-2 (Fig. 13*10),

the Automatic ^^Minor” switch, the Guardian II, and a multitude of
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different models made by Western Electric Company for automatic

telephone exchanges.

Time-delay relays have been discussed previously; besides the lag

relays such as those of Table 13-4, the Advance 300 and the Bunco
PTAHl, PBAGl, PTBKl, and PTBLl are examples of the thermal

(«) (b)

Fig. 13-19.—Stepping switches, (a) Western Electric D87856-F10; (b) Automatic Electric
204E.

type, the Dunco PW of the inertia type, the Agastat of the dashpot
type, the Western Electric Company ESO-687119 (made by Signal Engi-
neering and Manufacturing Company, Fig. 13-20) of the escapement type.

There are a number of purely thermal switches that could be used
either as crude time-delay relays or as controlling elements for power

Fig. 13-20.—E.scapement-t7pe lag relay, Wlieelock RX-9038-2.
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relays. The most common type is the combined toggle switch and circuit

breaker so much used in domestic light and power distribution switch-

boards; it is actually a manually reset overload relay. Others such as

the Edison and Amperite units referred to in Sec. 13*3 and the cheaper
Klixon and similar units are actual time-delay units, and can be used as

delay elements for power relays. Alternatively, thermostats such as the

Fenwal could be thermally connected to a suitable heater element and
used for the same purpose.

There are several classes of devices involving two or more relay

elements plus electrical and mechanical interconnections. Several such
multiple-unit devices have already been discussed, such as the electrically

reset-overload relays and their close relatives, the

latching relays. The Leach 2417-BF of Fig. 1 3*17

and the Bunco 5 and 51 types are examples of the

latter class. Another class includes various me-

chanically interlocked relays such as the Bunco 38

where the armatures are so arranged that both

cannot close at the same time, and the Allied FJU
(Fig, 13*21) where the interlock bar actuates an
over-center spring which ensures that either Relay

A is closed and B open, or vice versa. Inciden-

tally, most such relays that are intended for

momentary contact operation will overheat if

the coils are left excited for very long. Where
this cannot be avoided, continuous-rating coils should be specified. This

is true also of single-unit relays for impulse operation, such as the Bunco
swinging-armature mercury relays and the cam-operated impulse relays

such as the Advance 904A (Fig. 13*2) and the Bunco 11 and 85.

The preceding paragraphs by no means cover the field of special

types of relays, but do give a suggestion of the stock types of special

relays that are available. Most of the relay manufacturers are in a

position to build variations and elaborations of stock types to order,

especially if standard parts and sul)assemblies can be used. It is also

possible in many cases to use several stock relays to perform special

and often highly (iomplicated switching operations by suital)le electrical

connections wither without mechanical modification or intercujrmection.*

13*6. Devices Related to Relays.—This secdlon will be devoted to a
brief description of several classes of components that are related to

relays either in form or in function and that, did not fall logically under
any of the other chapter headings of this volume.

Sole7ioids and A duators,'---One useful class of devices that may be
considered as relays minus their contact assemblies includes solenoids

* Packard, op. ciL, particularly Chap. rV,

Pig. 13-21.—Allied
Control Company Type
BJU twin interlocked
relay.
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and electromagnetic actuators, either rotary or linear. Several such
units are shown in Fig. 13*22.

Solenoids are manufactured by a number of firms for both a-c and d-c
operation and in a wide variety of sizes. An extensive line of industrial
solenoids such as that of the General Electric Company includes several
hundred difierent models for 25, 50, and 60 cps and for d-c operation at
various voltages. These models are made up on ten different core and
frame sizes, with useful pulls (or pushes, in most types) of from less

rotary actuator, (a) Automatic Electric D282479-130;
Allen-Bradley Bulletin 860 Series 2PPW; (c) D. W. Davis lllOA CD23; (d) D. W.

armature removed showing shading coil; (e) National Acme leKKK-
rotary actuator with housing and auxiliary contacts removed,ohowing shaije of armature and pole piece.

than 1 lb to about 100 lb and with strokes of from -| to 3 in. Various
accessories can be furnished, such as fittings to permit the unit to push
as well as to pull (a push fitting is

,

shown on the Allen-Bradley solenoid
of Fig. 13*225) and holding contacts to permit the use of a series resistor
or holding winding in order to reduce the power consumption and heating
of the main winding after the solenoid has closed. Alternating-current
solenoids, except in the smallest and cheapest types used in single-stroke
bells and the like, always use laminated magnetic structures with shading
rings such as that shoivn in the end-on view of the armature of Fig. 13*22d.
Many d-c solenoids use the same structures, but others, such as the
Automatic Fleetric unit of Fig, 13•22a, use solid magnetic structures and
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solid armatures. The metal coil heads, however, are usually slotted to

reduce eddy currents and thereby to speed up the action of the unit.

Another device that is used to obtain translational motion and force

beyond the practical range of a solenoid is the General E]lectric Thrustor.

This is a self-contained combination of hydraulic cylinder, spring, and

motor-operated pump, which looks somewhat like a rather ungainly

hydraulic aircraft shock-absorber. It is useful for forces up to several

hundred pounds and strokes up to a foot or more.

Most of the relay manufacturers will sell any of their models with

the contact assemblies omitted, and on special order some of them will

supply certain- types of fittings to adapt the units to furnish forces of a
few ounces at strokes of a fraction of an inch. Standard relay mech-

anisms are useful for operating latches or triggers, shutters, etc., in

either experimental or production equipment. In some cases they may
be used to furnish torques if the angular range of motion is small.

For applications in which the required torque or angular motion is

beyond the range of a conventional relay meclianism a rotary actuator

is useful. One such rotary actuator is the Price Brothers Company
Type 76, shown in Fig. 13-22f. This particular model is intended for

operation on 24 volts d-c. It has a throw of (K)® and a torciue of about

10 in.-oz. It is furnished with a holding coil and auxiliary contacts

(shown disassembled in tlie photograph) to disconnect the main actuating

coil at the end of the stroke, thereby permitting (;ontinuous excitation

\\dthout overlieating. A similar but more compact unit is the Ledex

rotary actuator, manufactured by the Henry M. Leland Company of

Cleveland. It has a stroke of 45° and a tor(iue of 4 in-lb.

InstniMent Vihralors.—x\ device winch is closely related in structure

to the power-supply vil)ratorB of Chap. 12 but which is related to the

relays since it is used as an electrically actuated switch is the instrument

vibrator or Brown ("onverter, manufactured l)y the Bi'own Instrument

Company of Philadelphia. This vibrator (shown in Fig. 13-23) is made
in two forms. The larger, Fig. 13'23a and 6, is intended for operation

at 50 to 60 cps but can be used at somewhat lower or higher frequencies;

the resonant freqiKmcy of the reed is 90 cps. dlie smaller model has

been prodiicxHl only in small quantities. It is intendcul for operation

at 400 cps l)ut has been used experimentally at considerably higher

frequencies.

The Brown vibrator is not contact-driven, as is the cas(". with a power-

supply vibrator, but must be driven by a source of alt,(U’nating current

of the desired frequency. The standard coil is intended for 6.3-volt

operation, but will work well at 9 volts without overheating. The
stationary contacts are set at the factory so that all three c.ontacts are

connected for about per cent of the operating cycle at standard
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amplitude. The contact noise generated is of the order of 1 pv or less,

being too low to measure. The usable power level is limited at the low
end by electrostatic pickup from the coil and coil leads; the capacitance
from coil and leads to the reed is about 5 nid, which gives a pickup
voltage on the reed of 1 ^lv at 60 eps if the reed works into a 100,000-ohm
load. This pickup can be greatly reduced by opening the can and
bringing the coil leads out of the top, away from the reed and contacts.

The limitation at the high end of the power range is the burning of the
contacts. A series of life tests was made on 16 vibrators at the Radiation

(a) ih) (c)
1*IG. 13’23. Brown Instrument Company vibrators, (a) 60-cps unit with cover removed;

(b) standard 60-cps unit; (c) experimental 400-cps unit.

Laboratory and indicated that the contact life is indefinitely long at a
current of 0.6 ma; at higher currents it decreases, being over 1000 hrs at
1.7 ma and less than 20 hrs at 4.5 ma. The contact current was supplied
from a d-c source through a 10,000-ohm resistor. The end of the life of
the unit was taken to be the point at which an appreciable change in
performance was observed.

The standard Brown vibrator is mounted in a hermetically sealed
metal can and plugs into a standard six-pin tube socket. These con-
verters have been used in large numbers in apparatus designed by the
Radiation Laboratory, particularly in servo circuits, precision voltage
regulators, and computers, and have given excellent service. Their use
should be even more extensive in the future. A discussion of their
application to various problems will be found in Vol. 21 of this series.

Mercury Relay .—Another device that is intermediate in character
between p conventional relay and an instrument relay is the Bell Tele-
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phone Laboratories D-168479 mercury relay, a cross section of which is

shown in Fig. 13*24. This is a glass-enclosed SPDT contact assembly in

an inert gas under pressure. The contact surfaces are mercury on the

surfaces of amalgamated Kovar or some similar alloy. The mercury
supply on the contacts is maintained by capillary action from a quantity

of mercury in the lower part of the glass bulb. The fixed contact spacing

is such that in normal operation with the tube mounted vertically a

momentary bridge of mercury

connecting all three contacts is

formed during the motion of the

movable contact. The duration

of this short-circuited condition

increases as the tube is tilted,

becoming continuous beyond
about 45° from the vertical. The
smallness of the parts and the use

of the mercury permits high-speed

operation with negligible chatter

and comparatively large voltage-

and current-handling capacity.

The maximum current is limited

to 5 amp averaged over 100 sec,

10 amp over 10 sec, or 50 amp
over 10 iusec. Instantaneous volt-

ages across opening or closing con-

tacts should not exceed 500 volts.

For these conditions the life at 60

CDS should exceed 1000 hr.

Wax filling

Felt washer

Armature-

Mercury.

.Steel

housing

j

Back contact

K lead

Back contact

^ support

Back contact

Armature
- contact

Armature
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Gas under
pressure
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Fio. 13*24.—Bell Tole
mercury relay. (Court,es

phone Laboratories.)

Pins 1, and 2, 700-ohm coil Q H

25 turns No. 40 enamel wire) ^ 'tazar
Pin 3, no connection 13'24.—Bull Tole

p. . 1
^ ^

,
mercury relay. (Courtes

1 in 4, Daclv contact phone Laboratories.)

Pin 5, movable conta<;t

Pin 6, front contact

Pins 7 and 8, 33()0-ohm coil (16,950 turns No. 40 ena

Pins 1 and 8 may be strapped for a series-aiding cc

Is.
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the release current 5.2 ± 0.7 ma. The continuity time for normal

operation is 8 per cent maximum.
The mercury relay has been used principally in two types of service;

as a chopper/’ similarly to the applications of the Brown vibrator, and

as a switching device to give 60-cps pulses with a duration that depends

upon the magnitude of a control current. For the latter service the

provision of two coils is convenient; an a-c current through one coil is

provided to maintain the motion of the armature, and a variable d-c

current through the other coil provides a variable d-c bias and varies the

duration of the contact and thus of the output pulses. The mercury

relay is a novel device and has interesting possibilities.

13'7. Relay Tests at the Radiation Laboratory. Relay Data ,—Since

relay failures and malfunctions had proved to be important sources of

trouble in military electronic devices, and especially in airborne equip-

ment, an extensive series of tests was carried out at the Radiation

Laboratory on typical commercial relays such as were used in its equip-

ment. Samples of over a hundred different models from a number of

different manufacturers were tested, with particular emphasis on resist-

ance to shock and vibration. This section is an abridged summary of the

results of the tests
;
the original report^ should be consulted for additional

details.

Tables 13*1 through 13*6 and Fig. 13*31 present the data on 95 relays

from 15 different manufacturers. The choice of types and manufacturers

was largely arbitrary, being governed as much by the types that happened
to be in stock as by any other consideration. An effort was made to

choose a representative group of the types of relays that were of interest

for military equipment, with some emphasis on the 24.-volt aircraft class

because of its importance and the severity of the conditions encountered

in airborne service. In a number of cases pairs of relays were selected

with the maximum and the minimum numbers of contacts in order to

obtain both the least and the most favorable conditions for a given relay

structure.

Because of the great amount of labor involved in the tests it was
usually impossible to test more than two samples of each type. This

gave a check on the consistency of the test results but the variations

found between supposedly identical relays demonstrated conclusively

that the tabulated values must be considered neither as accurate stand-

ards nor as statistical averages for the purpose of comparing types or

makes. Relays are particularly subject to variation of characteristics

due to minor changes in adjustment, and it is doubtful even that averages

based upon large samples would have any great significance.

1 H. Baur, Relay Data Including Shock and Vibration Measurements,” RL
Report No. 747, Aug. 1, 1945.
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Detailed comments follow on those columns of the tables for which

the column headings are not self-explanatory.

In Column 2 the name of the manufacturer is given in abbreviated

form. The full names and addresses of the manufacturers whose relays

are included in the tables are as follows:

Advance Electric and Relay Co., 1260 W. 2nd St., Los Angeles, Calif.

Allied Control Co., Inc., 2 East End Ave,, New York 21, N. Y.

Automatic Electric Co., 1033 W. Van Buren St., Chicago 7, 111.

Barber-Colman Co., Rockford, 111.

C. P. Clare and Co., 4719 Sunnyside Ave., Chicago 30, 111.

Cutler-Hammer, Inc., 315 N. 12th St., Milwaukee 1, Wis.

General Electric Co., Schenectady 5, N. Y.

G-M Laboratories, Inc., 4313 N. Knox Ave., Chicago, 111.

Guardian Electric Mfg. Co., 1400 Washington Blvd., Chicago 7, 111.

Leach Relay Co., 5915 Avalon Blvd., Los Angeles, California.

Potter and Brumfield Mfg. Co., Inc., 617 N. Gibson St., Princeton,

Ind.

Price Bros. Co., Frederick, Md.
R. B. M. Mfg. Co., Div. of Essex Wire Corp., Logansport, Ind.

Sigma Instruments, Inc., 70 Ceylon St., Boston 21, Mass.

Signal Eng. and Mfg. Co., 154 W, 14th St., New York, N. Y.

Column 4 gives the nominal coil voltages in volts. This is a rather

meaningless quantity, as consideration of the other data will demonstrate,

particularly in the case of relays intended for plate-circuit operation.

It is principally of use as a basis from which to design coils for other

relays of identical construction for operation on other voltages. It must

be used with caution in attempting to compare the performance of

relays of different types.

Column 5 gives the contact classification, noting in order, poles,

throws, normal position, breaks. Thus SPST NO DB signifies as a

single-pole single-throw normally open double-break relay. Normally

closed is signified by NC. All contacts are single-break except when
noted as DB. When relays have several sets of differently functioning

contacts the several groups are separately listed; thus DPDT + 1 NO DB
would mean a double-pole double-throw relay with an additional set of

normally open double-break contacts. Naturally NO and NC are used

only for single-throw contacts.

Column 6 gives the contact rating in amperes. This rating is not

necessarily the same for all contact groups of the same relay, and depends

greatly upon operating conditions as explained in Sec. 13-L The values

given in the table must not be used as a guide to the application of a
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particular relay; they are included only to indicate what the relay is

supposed to be capable of doing under normal conditions.

Column 8 gives the d-c coil resistances in ohms at 25°C, rounded off

to the nearest 5 or 10 ohms except in the case of low-resistance coils.

The resistances of supposedly identical coils were usually the same within

1 or 2 per cent.

Column 9 gives the temperature rise in degrees centigrade above a

65°C ambient temperature. Most of the relays were tested at 125 per

cent of nominal coil voltage; the actual per cent voltage used (or the

applied voltage, in the case of relays for which no nominal voltage was
specified) is given in parentheses for the other relays. This choice of

ambient temperature and overvoltage is admittedly a severe test, but is

not unreasonable for military equipment in view of the high ambient
temperatures encountered in crowded chassis and the poor voltage

regulation of field power sources. Coil temperatures were determined by
resistance measurements, and the tabular values are rounded off to the

nearest five degrees.

Columns 10, 11, and 12 give respectively the coil input in watts

at nominal voltage and 25°C, the minimum input at 25°C necessary

to operate the relay, and the ratio of the minimum to nominal input

expressed in per cent. Coil powers were not measured for the a-c relays.

The release factor in Column 13 is 100 times the maximum release

current (or voltage) divided by the minimum operate current (or volt-

age). It is a measure of the differential'^ of a relay, a zero differential

corresponding to a release factor of 100 per cent. Minimum operate

current (for d-c relays) is the minimum coil current that will operate the

armature, opening all NC contacts and closing all NO contacts. In the

case of a-c relays, minimum operate voltage is the minimum voltage

that, when applied to the coil at 25®C, will perform the same function,

the contacts being closed tightly enough to prevent momentary opening
due to contact chatter. 1 he point of minimum a-c operating voltage is

not as sharply defined as that for d-c current.

Maximum release current is that value of (d-c) current that will just

permit the previously energized armature to drop out, opening all NO
and closing all NC contacts. Release (a-c) voltage is that voltage at

which the closed NO contacts just begin to chatter open, as shown by a
sudden large increase in the contact resistance.

The table gives the maximum and the minimum values of release

factor obtained for any sample of each type. , When only one value is

given it may mean either that only one sample was tested, or that all

samples gave the same value.

The last five columns of the tables give the operate and release times
in milliseconds. Operate time is the total elapsed time from the applica-
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various types. Eelays identical with those listed in Tables 13T through
13*6 were chosen as far as possible.

Vibration and Shock TesU .—Contact opening in the vibration and
shock tests was detected by an electronic indicator whose response tinae

-Typical sensitive relays, (a) Sigma 4RHPL; (h) Allied BD-330; (c) General
Electric CR2791C104C23 with cover removed; (d) Allied G.

„ (h) (c) id)
rio. 13-27.—Small d-o motor contactors, (a) Square-D class 9350 Tj/pe B5A; (6) Leach

B6; (c) Cutler-Hammer 604H14A; (d) Cutler-Hammer 6041H54A.

was a few microseconds. The vibration tests were made on a Type
VUDM Vibration Test Table made by the LAB Corporation of Summit,
N. J., the amplitude being held constant at 0.03 in. (total excursion
O.06 in.) and the frequency gradually increased from 0 to 55 or 60 cps,
or until the contacts opened. The peak acceleration in g’s is given by
Ap = 0.0511D/^, where D is the total displacement in inches and / is

the frequency in cps. The shock tests were made on an American War
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Standard C29.3-1943 Shock Testing Machine, made by Radio Frequency
Laboratories, Inc., Boonton, N. J. The relays were rigidly mounted on
the shock table and successively greater drops were made until the
contacts opened. For the particular spring used, the acceleration was
given by = 203 -v/S/W,

where S is the drop in inches and W is the
total weight dropped, in pounds. In these tests W can be taken as
constant at 10 lbs within the accuracy of the tests, which is estimated
at ± 10 per cent. It was found that variations of 15 to 20 per cent in

Fici. l.‘)-28.~SluK-fcypo UiR relays, (a) Western Eloatrio 178-HD with trover removed;
(6) cover for 17S-BD; (c) Clare A-183(i0; (d) Claro B-lS4(i(); (c) Clare A-13<)(i0; (/) Clare
A-18466; (ff) Allied BOLX-4.

’ '

drop height were obtained from successive tests of the same relay; this
may have been due to variations in the seating of the armature after
the previous shocks, or to high-fretiuency accelerations associated with
the impact.’ The lowest value of drop at which the relay opened
was the one recorded.

The coil currents used in the shock and vibration tests were those
corresponding to minimum expected operating voltage at maximum hot
coil resistance. In the case of the 24-volt d-c relays these currents
usually corresponded to coil voltages between 17.5 and 19 volts at 25°C;
accordingly all these relays were tested at 18.5 volts. Many of the a-c
relays chattered at the calculated coil currents; the current was therefore

» Dr. Irwin Vigness, N.R.L. Eeport No. 0-1414, 5 Dec. 1944.



TABiiE

13

1.

—

General-purpose

D-c

506 RELAYS AND RELATED DEVICES [Sec. 13«7

c/2

Release

time

msec

min.

. . M3

wseoMSOMS ooco e;<'T(HMeo«s cocoeo*^'^ cooocoms • M3i>-oot>.co or-»>-c5iO oo^imco
tH . »—

1 M • 1—* CM T-(

i

M3

odcfsMSOeO HOCO -lOiiO -ct^iOMScOMS CDeOCO'<tt'rH »i3O0M3M3 ! >OI>-eOOOCO Or^r>-05C0 »OOC<IM3COr-tCN.

Operate

time,

msec min.

M3 »C3 »0 M3

o6od^»»0«^^ liOQO»OM3C<l «JI>.«)OSiM3 «3.-HI>.0O<SJ t-aa<MOO(M QOOI'^OO'^ ocMcMeo«o
r-ll-t-rH r-i »«H CO CO i-H i-l .-H rl rH tH r-. r-( CM -C CO C<1 (N CM »-H CM .-H .-1

M3 M3 . .

MOcMcoocft oociokoo coococoos oaco'st^'^co (Nt>-xt<M3 i 'ocJs-^eo t^r^CSiCOCnt
--H .-H CM CM CM CM-erCeOrH^H i—c CO •-< 00 r-i OO IM CO rh M CM CM M3 . • CO -if CO CO nd CM r-c r-c

I

«tCr~.'itliiC3cO OOOkOOOO OCr3»OCM • O •cr3>C3»C3 eOCOCMO • WOMSO < • .00»0 0 M3eoOCMt>.
CMCOCOeOcrO COiOM3tHcO CMCOt^eO • cm t-c-Ct-H cMCMCOCO • COCOMC • • •CMl'-MC-ctC COCM'<lCCMCMl

Release

factor,

per

cent

3d-54

59-89

36-

48
74-78

22

37-

43

37-

58
42

44-52 48-56 44-65
44 75

53-58 23-29 51-63 59-73
51

44-48
55

53-75
48

27-32
53 82 23

21-27

i

27

'

33

38-

46

31-

40
50-54

66-71

1

32-

35

I

1
40-48

33-

42

21-

23

i

59

22-

28
44-55

Operating

power,

watts

i

1

o oOOOOO OOO'^O OOOOO OOOOO OOOOO ooooo OOOOcD OOCDO 1M3M3C0<0'«»C -rfCCOO-j^t^ cOMSMS-tjctv. 'ctci>.(MCM-^ COCMrtct'-b- eocoeOM3Cn OscocMMCmS OOCO‘OCMo
CM r-C

min. 1.10 1.05 1.47 1.37 0.40 0.29 2.76 0.15
0.32-0.66

1.40 0.28 0.77 0.09 0.46 0.16 1.39 0.69 0.40 0.35 0.85 0.56 0.52 2.26 0.34 0.50 1.33 0.63 0.230
60

0.60

.

0.43 0.06 0.51 1.70 2.06
1.03

i

1.02
1.62

,

0.72
0.24-0.55

normal 2.30 2.10 2.50 2.45 0.91 0.74 3.30 0.22 1.92 1.95 0.96 1.51 0.19 1.13 0.23 3.20 1.00 1.92 2.25 1.92 1.92 2.72 5.34 0.49 0.72 4.33 2.04 0.39 0.86 0.70 0.47 0.24 2.40 3.98 3.84 1.22 3.50 3.42 3.60 2.26

Temp,

rise

above

OS'*

ambient,

degrees

C.

60 55 60 35

(175)

40

(185)

60 0 50 50 30 45 5 35 10

(260)

70 45

(260)

60 55

(115)

45 65 40

(107)

80 20

(215)

15

(230)

50 30 65

(320)

30

(185)

25

(200)

20 5 25 45

(115)

70 20

(118)

55 55 75 40

-a
250 275 230 235 635

10250

175
2565

300 295 600 380
3000

510
llOOG

180
2500

300 300 300 300
72

108
10000

17
133 283

;

16

:
5700 3600

10500
2400

240 170 150
9950

165 168

1

160 255

1
.
OJ

’ bO
SS*>’9S’~' ot^cocD-^ CO t>. cft CM cn eo»-iMaoocM ot^Msh-i-c O'cjcooms c5 eoor»«>O^OCMMS"^ M^cnoiioiuo COCOCOM5CO »OffOCOeO'c»< l>.Ot'«.‘OeO t'-T»ccOCOeO S»N.MCC3>crO M5«j0’-«CI5<0

05 CO iHrHTH'r-Ht-l r-^MCO’-Ci^ rHf-ClMCM<-C

Contact
current

rating, amp

»0 »0 »0 M3O O O >0 c-c rH l-H r-C r-l —C O CO COCO eo (TO eoO eXJiM «5
CM r-c

-OM5M5M5Tt4 4 1 1 12
12.5 -^COCOOIO

Contact
arrangement

DPDT DPDT DPDT 4PDT DPDT DPDT 6PDT DPDT DPDT DPDT SPDT
DPDT

SPDT
4PDT DPDT 4PDT

SPDT SPDT SPDT
See

Note

DPDT
SPDT

DB

DPDT

DB

DPDT
SPST

NO

DB

SPDT SPDT

DB

DPDT DPDT 4PDT
SPDT SPDT SPDT SPDT

DPDT

§
Q g

SlSgfe

"eS
^

.a-H a? MS M5

12-3
^

CM CM CM CMC^I

i

-!tc -tc XJC -iC O
CM(M CM CM M5

o CO
cM--c<Mt^ cs CN CN

d
a

"a

s
BJ6D36

BJC6D36 B06D35
B012D35 BOY6D33 BOY6D43

BN18D33

PC-14

TKL-CC

TEL-CC-CC

TSL-C

TSL-CG

Z11590

283384

D55523G11

A11191 A11906 A19657 A21136

Big657 SK5001

CR2791B100C2 CR2791D100F3

12842 12S48 12934

12965-4 12968-2 12968-8

12986 12992 13116 13117 33177 33615

tS&tC

igsgs® MoS^MSQ
O0''i0'«tc CO

1
Allied

Automatic

Clare

GE G.M.

Lab.

Guardian

Leach

So 1

j a
1

*-« CM 05 -etc M3 coo- cocao M 05 '«*CM5 CM CO -etc *<3
CSCMCMMO)

CDO-CSOCKiO
McMCMiMeo

t-c M 05 -Itc M3
CO 05 05 CO CO

cot— OO os CO
CO coco CO



Sec. 13 -7] RELAY TESTS AT THE RADIATION LABORATORY 507



Table

13-4.

—

Sltjg-ttpe

508 RELAYS AND RELATED DEVICES [Sec. 13-7



Sec. 13-71 RELAY TESTS AT THE RADIATION LABORATORY 509



510 RELAYS AND RELATED DEVICES [Sec. 13-7

increased to the minimum value at which the contacts would remain

closed.

The resistance of a relay to shock and vibration depends upon the

direction of the resulting acceleration, and therefore the relays were

tested in three directions. The notation used for these directions is

explained in Fig. 13-30. Relays were divided into six classes depending

Fig. 13*29.—Typical small general-purpose relays: (a) Allied BJ6D36; (h) Allied
B06A36; (c) AUied B012A115; {d) Allied BN18AU 6; (e) G-M Laboratories 12968-8;
if) Clare A23164 400-cps relay; (g) same with armature and contacts removed, showing
laminated magnetic structure and shading coil; {h) Potter and Brumfield PRA-4; (i) Leach
1157RW-BF; (j) Leach 1020 (note MBB contacts); ik) Leach 1423-IlW, Mycalex base,
high-voltage insulation; (Z) Leach 1507-MX, Mycalex base, for radio frequency.

upon the mechanical structure of the armature and moving contact
assembly. For most of these classes the X-axis was taken parallel to the
coil axis and the Z-axis parallel to the armature pivot axis. The actual
choice between positive and negative direction along the three axes is

not distinguished in the figure, but in the tests the least favorable direc-
tion was usually chosen.

Figure 13-31 presents the results of the tests in semiquantitative
form. In the case of the vibration and shock tests, quantitative results
were available and six grades were set up, with the following limits:
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For the vibration test:

X excellent — no contact opening to 10 g or over.
A = very good = 6 to 10 g
B = good = 3.5 to 6 g
C = fair = 2 to 3.5 g
D = poor = 1 to 2 g
E = very poor = less than 1 g.

Pivot p

Fio. 13-30.—Relay arinattiro and contact structures.

For the drop test the corresponding limits were:

X = more than 200 g
A = 75 to 200 g
B = 45 to 75 g
C = 25 to 45 g
D = 15 to 25 g
E = less than 15 g.

Ihese limits were set up on the basis of military specifications for shock
and vibration resistance rather than on the basis of what exiKSting relays
might be expected to stand. As will be seen from Fig. 13-31, the vibra-
tion test is comparatively easy to pass and the drop test is very severe.

In the case of the contact bounce and the single 200-g shock tests no
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Relay Structure

No. class

Contact Single Vibration Shock

bounce 200-g

nurture shock Excited Unexcited Excited Unexcited

class
Op. Rel. Exc. Unex. X Y Z X Y Z X Y Z X Y Z

1. General -purpose d-c relays

I izun mzzn wc=3 czzj

1 C=3 cun [ZZU C=3 CCJItZIDi

Pig. 13*31.—Belay shock, vibration,

quantitative data were available, so that the oscillograms of contact

current were classified by visual inspection into six classes. The same
six letters were used as before, X signifying either no effect or only a

trace of
^

'
grass on the oscillogram, while E signified severe, repeated,
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Contact Single Vibration Shock
bounce 200-g

Relay Structure shock Excited Unexcited Excited Unexcited

No. class Op. Rel. Exc. Unex. X Y 2 X Y Z X Y Z X Y Z

2.

Sensitive d-c relays

3.

Small d-c motor contactors

4.

Slug-type lag relays

czzjrrzD crzn mczn Mcn g~r~i cnjizj i

rrzzD CZZ3 rrzzi dDwczDi

5.

Miscellaneous special relays

Kzr3 ItHZI CZZ3 JIZI:D ZZCKZZII
crj m=D czzT) cirj crzi cmp mcd mmm i

t=3 cm cm ccc-n cm cm cm cm cmm Mm Km cmj tm3 cm *ccj ccco
cm cm tcm cm] cmo cm icmicmicm

CZ3 im t

6.

General - purpose a-c relays

crm Km icm tmc ccm ccm aao
Km Km itm Km cm ikkii

Km Kcm ccm Km cm hko
Km iKm Km crm kctj cm kkc]

KcoicrrjKm iKoiKmcm

ccmcmcm Km Km cm cm
cmcmcm men men «mi Km
czm cm cm cm erm cm
iwm men men kcj wmen men tmm

cmcm cm menKm c:m tmma

Km Kmcm Kimcmcm kcd

3 men cm cm
IKmcm Km

cmcmcm cmc
and contact bounce characteriaticB.

and long-continued contact chatter. Such a method of grading is

admittedly arbitrary, but it is believed to be fair as a comparative method.

In Fig. ]3'31 eacli small rectangle represents the rc^sult^ of one test on

one relay, the amount of blackening representing the result of the test.
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Thus a white rectangle signifies a grade of X, a rectangle which is one-

fifth black a grade of A, and so on to an all-black rectangle for E. Miss-

ing rectangles signify that the test data were lacking. The numbers of

the rows are the relay numbers from Tables 13T through 13-6; the

structure class letters refer to the sketches of Fig. 13-30.

Conclusions .—The first conclusion to be drawn from the mass of data

presented in the tables and in Fig. 13-31 is that no evidence of out-

standing superiority or inferiority can be found for any one make, con-

struction, or class of relay. There are statistical differences, to be sure,

but in view of the variability of relay characteristics with adjustment

and other conditions the differences in the averages for the various

classes are not particularly significant in most cases.

The data from the tables may be discussed first. The average

temperature rise in Column 9 was 42.5°C for the 51 d-c relays of Table

13*1 and 48.5°C for the 20 a-c relays of Table 13*6. If all relays not

tested at 125 per cent of rated voltage are omitted the figures become

46° and 48° respectively
;
in neither case is the difference very significant.

Sensitive relays naturally run with very little temperature rise; the

average 27° rise in Table 13-2 was caused by relatively enormous over-

excitation. Slug-type lag relays tend to run hot because of their neces-

sarily less efficient magnetic design and because long delay times require

considerably greater than normal excitation.

The release factors of the d-c relays varied considerably; most of

them lay between 20 and 60 per cent. The a-c relays naturally showed a

much smaller spread; all were above 80 and two-thirds above 90 per cent.

Operate times of d-c relays at normal excitation varied from G to 80

msec, 80 per cent being below 30 msec. Release times were much more

constant; 0.5 to 25 msec, with 80 per cent between 3 and 11 msec. Sen-

sitive relays should theoretically be more sluggish than the normal type,

but actually averaged about the same. A-c relays operated much faster

than d-c relays (80 per cent between 4 and 11 msec) but released some-

what more slowly (80 per cent between 4 and 18 msec).

From the data of Fig. 13-31 certain conclusions are obvious and

certain others can be tentatively drawn from a comparison of average

scores. The scoring technique used was to express the score as the per

cent of white space in all the rectangles of a given group, X scoring 100

per cent and E, 0 per cent. In comparing individual columns, contact

bounce on release (38.6 per cent) is much worse than on operate (G8.7

per cent). In all shock and vibration tests performance is worse with

the coil unexcited than with it excited, the scores being for the single

200-g shock, 35.2 vs. 65.3 per cent; for the vibration test 78.9 vs. 88.0

per cent; and for the drop test 41.3 vs. 53.5 per cent. In the latter two

tests the figures are average scores for the three directions in each case.
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The differences in sensitivity to vibration and shock in the three directions

are not striking except in the case of the drop test with the coil unexcited:

here the scores are X, 27.7; F, 37.2; and Z, 59.0 per cent. The Z-

direction is also somewhat better in the other tests.

The vibration test is comparatively easy, scoring 83.4 per cent, while

the other three tests averaged near 50 per cent. It might be noted

that the vibration test used Avas that of the Navy, which is less severe

than that of the Air Forces since it only employs frequencies up to 55 or

60 cps. If higher frequencies had been used it is probable that contact-

spring resonance and similar effects would have caused a larger per-

centage of failures. The individual tests were of short duration also,

and if time had permitted vibration life tests many more failures would

have been caused by the loosening of screws, etc. This was demon-

strated in the later tests on the Allied RMH and RLH relays, reported

in Sec. 13-5.

Since most of the relays belonged to structure Class L, too few of

any of the other classes Avere available to permit draAving conclusions as

to the relative merit of the several classes. The shock resistance of the

rotary relays Avas good, as Avas to be expected from their symmetrical

form, and the plunger relays Avere good because of the large magnetic

forces available in comparison Avith the inertial forcjes on the armature.

Some of the relays that had been ‘^shock-proofed’^ by adding counter-

Aveights to the armature Avere conspicuously l)ad.

No significant differences Avere seen between various classes of relays

except that the a-c relays Avere much poorer than the others. This is to

be expected in the excited condition, since the constantly repeated

momentary Aveakening of the armature pull to a small value is not

calculated to lielp tlie contacts to stay closed. It might be said that an

a-c relay lias its own vibration test built in. The inferiority of a-c

relays Avith tlie coils unexcited is somewhat surprising, but may be due

to the use of weaken* armature springs, as indicated by the longer release

times found for a-(‘. rcilays. The a-c relays were tested just above the

chatter point and the d-c just above drop-out, so the former were perhaps

unduly penalijsed.

There w(n*o grind; dil’ferences in the performances of similar and even

of su]:)j:)osedly idcaitical relays, as Avell as a lack of sharp reproduciliility

of test results on any one relay. Numerical comparisons between

individual models is therefore useless, and the div(u*sil.y of constructions

makes any kind of comparison difficult. Telephoiui-type relays seemed

to be someAvhat better than average in most respects, although this

impre^ssion is not borne out by any significant difference in the scores.

It Avas noted t^liat relays Avith leaf-spring-moimted contacts did give

more consistent and reproducible results in the tests. The superiority of
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telephone-type relays, if it exists, may be due to their usually bein^
made to more rigid specifications than other types.

In certain cases the shock tests resulted in permanent mechanical

damage to the relays, often without opening the contacts. In the cases
of Relays 24, 25, 27, 28 and 29 the armature was driven out of its pivots
by shocks in the direction of the pivot axis, sometimes even by compara-
tively mild shocks. This is an inherent weakness of relays in whicb tlx^

armature is mounted between opposed cone-pointed screws rather than,
on an adequately captured through-pin.

The latching relays No’s. 95 and 96 did not latch or unlatch under
any of the shock or vibration tests; the open-circuiting was caused by-
vibration of the contact springs. The wafer-switch rotary relay. No. 97,
successfully withstood all shock and vibration tests, either excited or
unexcited.

The best score of any relay for which all tests were made was 96.7
per cent; the poorest was 16.2 per cent.



CHAPTER 14

RECEIVING TUBES

By F. N. Bakry

144. Receiving Tubes.—This chapter will be devoted to a class of

electronic tubes usually called small tubes” or ‘^receiving tubes.”

Neither term is particularly accurate as a class designation, but the latter

will be used in the absence of anything better.

The decision as to whether a particular tube belongs to the class of

receiving tubes or to some other class is often arbitrary, and in a number
of the tables of the chapter tubes such as the 807 are included that would

usually be considered transmitting tubes. Since they are often used in

receiving”’ equipment, however, it is felt that their inclusion is just^ified.

Considerations of space and time have made it necessary to eliminate

a number of classes of tubes that could have been included in this chapter.

The criterion for inclusion has been principally the importance of the class

in the work of the Radiation Laboratory, and its application has led to the

exclusion of filamentary-cathode tubes (except rectifiers and a few power
tubes), acorn tubes, velocity-variation tubes (to which Vol. 7 of this

series is devoted)
,
and certain other classes. It has also led to the exclu-

sion of various ol)solete or obsolescent tubes, though this particular

practice could have l)een carried considerably further.

The tables of this chapter are not intended to duplicate the tables of

typical operating characteristics and other data which are to be found in

numerous engineering handbooks and in the publications of the tube

manufacturers. They are based primarily upon the information con-

tained in Joint Army-Navy Specification JAN-1A for Radio Bllectron

Tubes, and contain lirniting and test values of various tube parameters

rather than typical operatmg values. Much data, however, has also

been obtained from the publications of the manufacturers, and some
from tests made at the Radiation Laboratory.

The tal)ulat(Hl limits of essential characteristics are taken from
JAN-IA and reprc'sent tlie values within which production tubes must
remain in order to be acceptable to the Armed Forces. Tubes placed on
the civilian market after the war may or may not be found to be within

these limits, which are somewhat stringent in many cases, but the data

as presented give an idea of the range of variation likely to be encoun-

tered. This matter will be discussed in greater detail in Secs. 14*3

and 14*4.
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The maximum ratings given in both the tables and the text are

absolute maximum’' unless otherwise specified. These values differ

from the '^design maximum” usually given by tube manufacturers, the

latter normally being about 10 per cent lower than the “absolute maxi-

mum” values.

In all tables of characteristics the types which are underlined were on

the Army-Navy preferred list of tubes dated Nov. 1, 1945. This list

was set up because of the great number of tube types which differ in

many cases only in some relatively unimportant detail such as mechanical

structure or basing. In specifying a relatively limited number of types

to be included in new equipment the problems of stock and supply are

greatly simplified. The use of types included in this list often results in

other advantages. The preferred types usually have characteristics

which are superior, or at least not inferior, to those of similar nonpreferred

types. Concentration by various manufacturers on large-scale pro-

duction of a comparatively few types usually results in lower prices and
more uniform characteristics. At least one manufacturer has been
advocating a similar list for several years, with the same objective in

mind.’’

There will be cases, however, where a particular nonpreferred type
has a special characteristic that makes it more suitable than any preferred

type for a particular application, and in such cases, especially without
the wartime necessity for standardization, the designer need not hesitate

to specify the nonpreferred type.

In choosing a tube type for a new piece of equipment there are

several general rules that may be observed with benefit:

1. With types that are made in both “G and “GT” styles the “G”
style may be considered obsolescent. For example, use a GHGGT
or a metal 6H6 rather than a 6H6G. Many manufacturers have
discontinued most of the “G” types and furnish tubes which are

double-branded “GT/G”; the double-branding signifies that the

tube will replace either the “G” or the “GT” type without cir-

cuit changes. Interelectrode capacitances may be somewhat dif-

ferent, however, often requiring retuning of i-f transformers, etc.

2. Tubes with a top-cap connection, except transmitting or high-

voltage types or certain photocells, electrometer tubes, etc., may
be considered obsolescent and similar single-ended types are to

be preferred. For example use a 6SJ7 instead of a 6J7.

3. Types with the older bases (i. e., types that do not have octal,

loctal, or miniature bases) are of older design and are usually inferior

1 On Apr. 15, 1947, RCA issued a list, including some 82 receiving types, of tubes
that are obsolete or nearly so and that designers are urged not to specify in the future.

This is an excellent move and could well be made industry-wide.
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to some later type. Often an exactly similar tube may be found
with a newer base: the 5Y3GT/G, a preferred and very widely used
type, is electrically identical with the older type 80, but has an
octal base and is made in a smaller bulb. This rule does not apply
to most special-purpose and transmitting tubes; the 807 has a
5-pin base and the 2X2 a 4-pin base and top cap, but each is a
highly desirable type in its class.

4. The choice between ^'loctal,’^ ^^GT,^’ or metal construction is

a matter of individual preference and of which manufacturer
is writing the advertising. Metal tubes have a psychological

appeal to industrial users and others who stress the importance of

mechanical ruggedness; they are better shielded than the glass

types and have lower interelectrode capacitances but higher

capacitance from some electrodes to ground and often poorer insula-

tion. Loctal tubes have lower lead inductance and somewhat
lower capacitances than tubes using a conventional stem construc-

tion, permitting them to be used at somewhat higher frequencies

in many cases, but are much more prone than other types to contact

trouble, since it is difficult to design a satisfactory socket contact

for the hard small-diameter pins used in loctal and miniature tubes.

I). In recent years a number of miniature tubes have been announced.

xMost of these have 7-pin button bases and T-5|- bulbs, but lately

a number of sub-miniature types in very small bulbs and with

tinned leads, intended to be soldered into the circuits, have been

developed. These small tubes save much valuable space and in

many cases have additional advantages such as the ability to

operate at high frequencies. A number of miniature and sub-

miniature tubes are now in the developmental stage, and an increas-

ing variety will be available in the future.

Physical, Characteristics .—Receiving tubes range in size from the midg-

et subminiatures, about | in. in diameter and in. long, or even smaller,

to about 2 by 5f in. Figure 14*1 shows a number of small tubes in sizes

imm ih(^ subminiature 81)834 to the large 6L6 in the MT-10 metal bulb

and ( h(‘ 80 1 6 in a T-9 bulb. Figure 14*2 shows tubes using the commoner

siz('s of 8T-bulbs, from the ST-12 to the ST-16. Representative minia-

tur<*s and subminiatures are shown in Figs. 14*3 and 14*4 and the con-

struction of several individual types of tubes is shown in the cutaway

drawings of later sections.

Th(‘, rcuiuirements of electronic equipment for combat service have

grcuatly acv'-cleratcd two trends in the evolution of receiving tubes that

apparent before the war; the decrease in over-all dimensions and the

incu'easc in ruggedness. Both of these have various desirable by-pro-

ducts, and both merit a brief discussion.
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Fig. 14*1.—Typical receiving tubes, (a) 6L6, RCA, Metal MT-10; (6) 6AG7, Ken-
Rad, Metal MT-8; (c) 6AC7, Ken-Rad, Metal MT-8; (d) 6H6, RCA, Metal MT-8; (e)
HD52, Hytron, long miniature T-5|; (/) 6C4, RCA, medium miniature T-5|; {g) 6AK5,
WE, sliort miniature T-5i; (h) SD834, Sylvania, subminiature T-3; (i) 71% Sylvania,
Loctal T-9; (;) 7H7, Sylvania, Loctal T-9; (/c) 7N7, Sylvania, Loctal T-9; Q) 5H(>GT/G,
RCA, Octal T-9; (m) 6SN7GT, Tung-Sol, Octal T-9; (n) CSJ7GT, Tung-Sol, Octal T4>;
(o) 6Y3GT/G, Sylvania, Octal T-9; (p) 8016, RCA, Octal T-9 with top cap.

Fig. 14-2.—Typical large receiving tubes, (a) OC3/VR105, Hytron, ST-12; (?>) 2X2,
Ken-Rad, ST-12 with top cap; (c) 72, Raytheon, T-12 with top cap; (d) 6L6GA, Sylvania,
ST-14; (e) 6B4G, National Union, ST-16; (/) 807, RCA, ST-16 with top cap.



Sec. 14-1] RECEIVING TUBES 521

Several considerations have led to decreasing the over-all size of

tubes, but the trend became apparent with the development of the acorn

types in the ^30’s in an effort to secure higher-frequency operation by
decreasing the lead inductance and interelectrode capacitance and increas-

ing transconductance by the use of closely spaced elements. Acorn tubes

were and are successful in attaining the results aimed at, but they are

expensive to make and troublesome to mount, and the type of socket

necessary occupies an excessive space. The next development was the

loctal tube, which considerably reduced lead length and capacitance but

which was not intended to save a great deal of space. The loctal tube,

however, was successfully scaled down into the standard 7-pin miniature

type,^ and with this tube a real reduction in over-all size was realized.

The miniatures were just beginning to make their mark before the war
in small portable broadcast receivers, etc., and had in turn begotten a

still smaller series of subminiatures which were principally used for

hearing-aid amplifiers. The demands of the war greatly stimulated the

production of miniature and subminiature types with low-drain filaments,

both for walkie-talkies and other ultraportable equipment and for the

proximity fuzes. The fuze tubes, which are still on the classified list,

were produced in enormous quantities and are at present the ne plus

ultra of compactness and ruggedness'.

The demands for compact tubes capable of giving useful amplification

at frequencies upwards of a hundred megacycles per second were met by
a series of tul)es of which the 6AK5 is typical. These were heater-type

miniatures with very liigh transconductances and with short leads and

fairly low capacitances. The miniature r-f amplifiers were accompanied

by various other miniature heater-type tubes, notably several that were

designed for operation at the low plate voltage of 28 volts, which can be

obtained directly from the electrical systems of combat aircraft.

The trend to increased ruggedness in tube construction first became
accelerated with the appearance of the metal tube. One of the hardest

things to overcome in selling industrial electronic equipment is the

assumption of the average buyer that a vacuum tube is delicate because

it has a glass envelope, and one of the purposes of the metal tube was to

assist in overcoming this prejudice. The advent of the metal tube

stimulated the redesign of glass-envelope tubes for improved mechanical

strength, and the military demands for tubes capable of withstanding

very severe vibration and the shocks of gunfire have been answered by
the production of ^'ruggedized^^ versions of several of the most-used (or

most susceptible) tubes. These shock-resistant tubes usually have a

suffix in the type number: thus a GLGWGA is a GLGGA which is

^ N. H. Oroen, ^' Miiiiatiirc TubCvS in War and Peace,” RCA R^v., 8
,
331-341 (Juno

11)47).
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electrically unchanged but is mechanically redesigned to have greatly

increased shock and vibration resistance. Figure 14-3 shows standard and
ruggedized versions of the 2X2. The present record in ^'ruggedization''

is undoubtedly the proximity-fuze tubes, which must withstand linear

Fig.
(a) (h)

Ruggedized” and standard 2X2’s. (a) Ruggedized (2B21); {h) standard
2X2.

I^IG. 14-4.-—Typical miniature tubes, (a) 6AK5, Tung-Sol; (6) CASO, WK; (c) (>.\L5
Hytron; (d) 9001, Ken-Rad; (<?) 9002; (/) 9003, Ken-Rad; (ff) 6J6, Raytheon; (h) Uh]
Sylvania; {%) 6AG5, RCA; (/) 6C4. RCA.
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accelerations of tens of thousands of g while being fired from a gun, and
also high centrifugal accelerations due to the rotation of the shell in flight.

Table 1 lists a number of acorn, miniature, and subminiature tubes,

including various developmental types. An asterisk in the table signifies

Fio. 14-5.—Typical suhminiature tubes, (a) GA.K5, for comparison of size; (h) VW41,
Vicfcoreeu; (c) VW32, Victoreen; (d) SD917, Sylvania; (r) Sl)824, Sylvania; (/) 81)828 A,
Sylvama; (g) SD828E, Sj'lvania; (h) VR92 (British), Raytheon; (z) CIC604A, Raytheon;
(i) CK604A with conducting coating removed.

that the tube was a developmental type in 1940, when this chapter was
written. Figures 14-4 and 14-5 show typical miniature and suhminiature
tubes. The only fairly common types of small tubes that are not repre-

sented in the figures are the acorn series.

Index of Types .—Tube types are arranged in the tables of characteris-

tics according to function, structure, and characteristics and not according
to type number. A cross inde.x by type number is therefore given here
as Table 2. Type numbers on the preferred list are underlined, and the
references to the tables cionsist of the table and group numbers separated
by a dash; thus the OB Kl has a reference of 10-3, which means it is to
be found in Group 3 of Table 10. A particular tube may appear in more
than one table; it so, references to each will be given, since cross references
are not usually given in the tables of characteristics. A single asterisk

following the type number signifies that the type is still in the develop-
mental status at the time of compiling the tables. For convenience
these developmental types have been listed separately in Table 3, together
with the name of the manufacturer. Listing of a type, however, does not
imply that it will necessarily become available on the market in the future.
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Table 1.—Acorn, Miniature, and Subminiatueb Tubes

Acorn Tubes Group

Diodes

9004 5-4

9006 5-3

Triodes

6F4 12-8

REL36 12-13

955

12-13

Pentodes

964 19-19

956

20-10

A4466B* 20-21

A4481A* 19-27

Miniature Tubes
Diodes

1A3 5-2

1Z2 9-5

2B25 9-14

6AL5 6-2

6AN6 6-5

6X4* 8-20

35W4 7-5

45Z3 7-3

117Z3 7-4

VC1017* 9-18

R1045-1* 9-16

111045-4* 9-17

1654* 9-15

9006 5-6

Triodes

6AQ6 15-7

6AT6 15-8

6C4 12-7

6J4 15-4

6J6 16-3

6N4* 16-19

12AT6 15-8

26C6* 15-17

A4442* 12-15

A4452* 12-16

9002 12-13

R-f Pentodes

6AG5... 19-17

6AJ5 19-14

6AK:5 19-6

6AS6 19-11

6AU6 19-5

Miniature Tubes Group
6BA6 20-3

12BA6 20-3

26A6* 20-22

A4444C * 20-20

A4464* 19-29

A4485* 19-27

9001 19-19

9003 20-10

Output and Transmitting Tubes
2E30 23-1

6AK6 21-23

26A5* 21-24

HD34* 21-27

50B5 21-7

HD59* 23-1

A4450B* 21-25

A4456* 21-26

A4470* .... 21-2()

Converters

6BE6 27-3

12BE6 27-3

26D6* 27-5

Voltage Regubitors

OA2 31-7

OB2’^ 31-2

OC2" 31-5

HD52 31-2

Thyratrons

2C4 32-5

2D21 33-1

6D4 32-4

GL546 33-2

Subminiature Tubes Croup
Diodes

Vim 5-8

VI192 5-8

SC650* 5-n
R6271* ...... 5-12

Triodes

2035*^ 15-21

6K4* 12-18

CK603* 15-22

SD834* ' 12-18

SD917* 15-20

R-f Pentodes

CKC)02* 19-26

CK604A’^ 19-26

SD828A* 19-23

SD828E’^ 19-24
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Table 2.—Index by Type Numbers

Type Group
0A2 ... 31-7

OA3/VR75 ... 31-2

0B2 ... 31-5

OB3/VR90 . . . 31-3

0C2 ... 31-1

OC3/VR105 . . . 31-6

6D3/VR150 . . , 31-8

1A3. ... 5-2

1B46 ... 31-10

1B47 . . 31-11

1R4/1294 ... 5-1

1-v ... 7-1

1Z2 . . . 9-5

2A3 . . . 10-3

2A4G . . . 32-2

2A5 . . . 11-8, 21-5

2A6 . . . 15-12

2A7 . . . 26-1

2B7. . . . 20-18

2B25* . . . 9-14

2C4 . . . 32-5

2021 . . . 13-1

2022 . . . 12-12

2C2()A . . , 12-5

2034 . ! . . . 13-2

2C35* . . . 15-21

2040 ... 15-1

2C43 . . . 15-3

2048 . . . 10-7

2D21 . . . 33-1

2K22 . . . 24-12

21^25 . . . 24-5

2R30 . . . 24-1

2X2 . . . 9-2

2X2A . . . 9-2

3B23 ... 8-10

3B24 . . . 9-8

3B24W . . . 9-8

3B2() . . . 9-4

’3D21A . . . 24-7

Type Group
3E29 ... 25-3

5R4GY ... 8-8

5T4 ... 8-6

5U4G ... 8-7

5V4G ... 8-5

5W4 ... 8-1

5W4GT/G . . . 8-r

6X4G ... 8-7

5Y3G . .

.

... 8-2

5Y3GT/G ... 8-2

5Y4G ... 8-2

5Z3 ... 8-7

5Z4 ... 8-3

6A3 . . . 10-3

6A4/LA ... 21-21

6A5G ... 10-3

6A6 . . . 16-1

6A7 ... 26-1

6A8 . . . 26-1

6A8G . . . 26-1

6A8GT . . . 26-1

6AB7 . . . 20-1

6AC7 . . . 17-3, 19-1

6AC7W . . . 19-1

6AD7a . . . 11-8, 21-5

6AG5 . . . 17-4, 19-7

6AG7 ... 11-14,14-3,21-13

6AH7GT . . . 13-3

6AJ5 . . . 19-14

6AJ7/6AC7 . . . 19-1

6AK5 . . . 17-2, 19-6

6AK(> ... 11-13,21-23

6AK7/0ACi7 ... 11-14,21-13

6AL5 . . . 6-2

6AN6 . . . 6-5

6AQ6 . . . 15-7

6AE6 . . . 21-2

6AS6 . . . 19-11

6AS7G . . . 10-8

6AT6"7. . . . 15-8
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Table 2.—Index bt Type Numbers (Continued)

Type Group
6AU6 19-6

6B4G 10-3

6B6G 15-12

6B7 20-18

6B8 20-16

6B8G 20-18

6BA6 20-3

6BE6 27-3

6C4 12-7

6C5 12-19

6C5G 12-9

6C5GT/G 12-9

6C6 14-2, 19-22

6C8G 16-2

6D4 32-4

6D6 20-14

6D8G 26-2

6F4 12-8

6F5 15-14

6F5GT 15-14

6F6 11-8,21-5

6F6G 11-8, 21-5

6F6GT 11-8,21-5

6F8G 13-5

6G6G 11-13,21-23

6H6 6-1

6H6G 6-1

6H6GT/G 6-1

6J4 15-4

6J5 : .

.

12-11

6J5GT/G 12-11

6J6 16-3

6J7 14-2, 19-22

6J7G 14-2, 19-22

6J7GT 14-2, 19-22

6J8G. 29-1

6K4* 12-18

6K5G 15-9

6K5GT 15-9

6K6GT/G 11-6,21-9

Type Group
6K7 . 20-15

6K7G. . 20-15

6K7GT . 20-15

6K8 . 28-1

6K8G . 28-1

6K8GT . 28-1

6L5G . 12-6

6L6 . 11-10, 21-1

6L6G . 11-10, 21-1

6L6GA . 11-10, 21-1

6L7 . 30-1

6L7G . 30-1

6N4* . 15-19

6N7 . 16-1

6N7G . 16-1

6N7GT/G.... . 16-1

6P5GT/G . 12-2

6Q7 . 15-6

6Q7G . 15-6

6Q7GT/G . 15-6

6R7 . 12-4

6R7G . 12-4

6R7GT/G....: . 12-4

6S7 . 20-11

6S7G . 20-11

6SA7 , 27-4

6SA7GT/G... . 27-4

6SB7Y . 27-1

6SC7 . 16-6

6SC7GT . 16-6

6SC7GTY.... . 16-6

6SD7GT . 20-4

6SF5 . 15-14

6SF5GT . 15-14

6SP7.. . 20-7

6SG7 . 20-2

6SG7GT . 20-2

6SH7 . 17-1, 19-8

6SH7GT
. . 17-1, 19-8

6SH7L
. . 17-1, 19-8
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Table 2.—Index by Type Numbeks (Contmued)

Type Group

6SJ7 14-1, 19-17

6SJ7GT 14-1, 19-17 *

6SJ7Y 14-1, 19-17

6SK7 20-8

6SK7GT/G 20-8

6SL7GT 16-7

6SL7W 16-7

6SN7GT 13-5

6SN7W 13-5

6SQ7.T 15-12

6SQ7GT/G 15-12

6SR7 12-4

6SR7GT 12-4

6SS7 20-9

6ST7 12-4

6SU7GTY 16-7

6T7G 15-5

6U6GT 21-6

6U7G 20-14

6V6 11-12,21-4

6V6G 11-12,21-4

6V6GT/G 11-12,21-4

mEG..7. 8-14

6W7G 19-22

6X4 8-20

6X5 8-13

6X5G 8-13

6X5GT/G 8-13

6X5WGT 8-13

6Y6G 11-3,21-8

6X70 16-8

6Z7G 16-9

6ZY5G 8-11

7A4 12-11

7A5 21-17

7A6 6-3

7A7 20-8

7A8 26-3

7AP7 13-4

7B4 15-14

Type Group
7B5 .... 11-6, 21r9 .

7B6 .... 15-12

7B7 .... 20-12

7B8 .... 26-1

7C4/1203A .... 5-7

7C5 .... 11-12,21-4

7C6 .... 15-11

7C7 .... 19-20

7E5/1201 .... 15-2

7E6 .... 12-4

7E7 .... 20-17

7F7 16-7

7F8 16-4

7G7/1232 .... 19-9

7G8/1206 22-4

7H7 .... 20-5

7J7 .... 29-2

7K7 .... 15-10

7L7 .... 19-13

7N7 .... 13-5

7Q7 .... 27-2

7R7.. .... 14-6

787 .... 29-3

7V7 .... 19-3

7W7 .... 19-3

7X7 15-13

7Y4 8-12

7Z4 8-15

12A5 21-12

12AC 11-11,21-16

12A6GT 11-11,21-16

12A8GT 26-1

12AH7GT 13-3

12AT() 15-8

12BA6 20-3

12BBG 27-3

12G8 20-16

12F5GT 15-14

12H6 6-1

12J5GT 12-11
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Table 2 —Index by Type Numbers {Continued)

Type Group Type Group

12J7GT . , . 14-2, 19-22 14F7 . . 16-7

12K7GT . . . 20-15 14H7 . . 20-5

12K8 . . . 28-1 14J7 . . 29-2

12K8Y , . . . 28-1 14N7 . . 13-5

12L8GT . . . 22-1 14Q7 . . 27-2

12Q7GT ,
15-6 14R7 . . 19-6

12SA7 . . . . 27-4 14S7 . . 29-3

12SA7GT/G .... 27-4 14W7 . . 19-3

12SC7 . ... 16-6 14Y4 . . 8-13

12SF5 . . . , 15-14 15R . . 9-7

12SF5GT . . . . 15-14 RK25 . . 23-8

12SF7 20-7 25A6 , . . 21-19

12SG7 . . . . 20-2 25A6GT , . . 21-19

12SH7 . . . . 17-1, 19-8 25C6G , . . 11-3, 21-3

r2SH7GT . . . . 17-1, 19-8 25L6 , . . 11-7, 21-7

12SJ7. . . . . 14-1, 19-17 25L6G . . . 11-7, 21-7

12SJ7GT 14-1, 19-17 25L6GT/G . .. 11-7,21-7

12SK7 . . . . 20-8 25Z5 . . . 8-18

12SK7GT/G. .. .

12SL7GT
. . . . 20-8

. . . . 16-7

25Z6 •.
.

.

25Z6GT/G
. . . 8-18

. . . 8-18

12SN7GT . . . . 13-5 26A5* . . . 21-24

12SQ7 . .. . . . . . 15-12 26A6 . . . 20-22

12SQ7GT/G
12SR7

.... 15-12

. . . . 12-4

26A7GT
26G6*

. . . 11-1, 22-3

. . . 12-17

12SR7GT/G .... 12-4
26D6 . . . 27-5

12SW7 . . . . 12-4 28D7 . . . 22-2

12SX7GT . . . . 13-5 28Z5 . . . 8-15

12SY7 . . . . 27-4 HD34 . . . 21-27

12SY7GT . . . . 27-4 35A5 . . 11-9, 21-11

12Z3 . . . . 7-2 35L6GT/G . . . 11-9, 21-11

14A4 . . .. 12-11 35W4 . . . 7-5

14A5 . . .. 21-16 35Y4 . . . 7-5

14A7/12B7 . . . . 20-8 35Z3 ...7-5

14AF7 . . . . 13-4 35Z4GT ... 7-5

14B6 . . . . 15-12 35Z5GT/G ... 7-5

UBS .... 26-1 REL36 ... 12-13

14C5 .... 11-12,21-4 38 . . . 21-18

1407 .... 19-18 39/44 . . . 20-19

14E6 .... 12-4 41 . . . 21-9

14E7.. .... 20-17 42 .. . 11-8, 21-5
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Table 2.—Index by Type Ntjmbbks (Continued)

Type Group Type Group
43 21-19 262B 12-3

45 10-2 271A 10-6

45Z3 7-3 274A 8-4

45Z5GT 7-5 274B 8-4

46 11-4 275A 10-1

47 21-15 293A 21-22

EF50 19-2 307A 24-6

f)0A5 21-7 310A 19-16

50B5 21-7 311A 21-20

50L6GT 11-7, 21-7 328A 19-16

50Y6GT/G... 8-19* 329A 21-20

53 16-1 337A 20-13

56 12-2 338A 32-1

57 14-2, 19-22 345A 8-16

58 20-14 349A 21-10

59 11-5, 21-8 350A 24-11

65 23-5 352A 12-1

72 9-6 380A 5-5

73 9-3 381A 5-5

75 15-12 383A 12-14

76 12-2 384A 19-15

77 19-21 385A 19-15

78 20-15 S491R* 15-16

VR78 5-8 GL502A 33-1

79 16-8 GTi546 33-2

80 8-2
559 5-10

83V 8-5 CkG02* 19-25

84/6Z4 8-12 CKGOS*' 15-22

89 11-2,21-14 CKCMA^ 19-26

89Y 11-2,21-14 HY-615 12-10

VI191 19-2
80650*^ 5-11

VR91A 19-2 SD673D*^ 19-30

V1192.... 5-8 Z694* 15-17

QK<)5* 9-19 Z696* 15-18

lOOR 9-13 SD698C* 16-10

VR116 18-12 704A 5-9

117Z3 7-4 SD705’' ..... 13-5

ii7Z-i(;t 7-4 705A 9-10

ii7/>r)(iT/a.., 8-17 7m 19-10

VT153 ...... 20-16 717A 19-10



530 RECEIVING TUBES [Sec. 14-1

Table 2.—Index by Type Numbers (Continued)

Type Group Type Group
802 24-2 1624 . .. 24-9

807 24-10 1625 . .. 24-10

815 . . . . . 25-2

SD828A* 19-23
1626 . . . 10-4

SD828E* 19-24
1631 . . . 11-10, 21-1

1632 . .. 11-7,21-7

829B 25-3 1633 . . . 13-5

832A 25-1 1634 . . . 16-6

SD834=^ 12-18

837 24-3 1636 . .. 16-5
SD838* 10-9 1641 . .. 8-9

1644 “
. . . 22-1

843 10-5
1654 , ... 9-15

VC861* 9-20
1851 . .. 19-1

874 31-4

884 32-3 2050 . .. 33-1

885 32-3 A4442* . . . 12-15

A4444C* . . . 20-20

SR886 8-21 A4450B* . . . 21-26

SD917* 15-20 A4452» . .. 12-16

953B 9-9

954 19-19
A4455* . . . 21-25

955 12-13
A4464* . .. 19-29

A4466B* . . . 20-21

956 20-10 A4470* . .. 21-26

991 31-9 .44475(6AS7G) , . .

.

... 10-8

VC1017* 9-18

R-1045-.1* 9-16

R-1045-4* 9-17 A4481A* . . . 19-27

A4485* . -. 19-28

116271 » . . . 5-12
M-1060* 15-15 R6277*(6X4) . .. 8-20
El 148 12-10 7193 . . . 12-12
1205* 19-30

1207* 16-10

1231 19-4 8013A . .. 9-11

8016 ... 9-1

1603 14-2, 19-22 8020 . .. 9-12

1612 30-1 9001 . .. 19-19
1613 21-5 9002 . .. 12-13
1614 21-1

—
1619 24-4

9003 . 20-10

1620 . 14-2, 19-22 9004 . .. 5-4

1621 11-8, 21-5 9005 ... 5-3
1622.... 11-10, 21-1 9006 ... 5-6
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T.\bijE 3.—Tubes Listed as Developmental in These Tables
The manufacturers of these tubes are under no obligation as to future production,

if any, of these tubes.

1 ype Manufacturer Type Manufacturer
()B2

. . .Hytron SD828B .... Sylvania
OC2

. . Sylvania SD834 .... Sylvania
2B25

. . Ra^ytheon S859 (OC2) .... Sylvania
2C35

. . Raytheon VC861 .... Sylvania
6.K4

. . Sylvania SR886 .... Sylvania

i)'S\
. . Raytheon SD917 .... Sylvania

(i.Xl
. . RCA (and others) VC1017 .... National Union

‘2f>Ar>
. . RCA R-1045-1 .... National Union
. . RCA R-1045-4 .... National Union

2r>(
. . RCA M1060 .... National Union

2r>nr>
. . RCA 1205 .... Sylvania

ni)34 . . Hytron 1207 .... Sylvania

HD.Vi (OH2) . . Hytron 1654 .... RCA
(JKOf) . . Raytheon A4442 .... RCA
S491H . . Sylvania A4444C .... RCA

CK002 . . Raytheon A4450B .... RCA
('Kim . . Raytheon A4452 .... RCA
('K()(U.\ . . Raytheon A4455 .... RCA
BCTiSO.. . . Sylvania A4464 .... RCA
HDfi7;n) (120.*)).., . . Sylvania A4466B .... RCA

Z«iM , , KenRad A4470 .... RCA
’/Am . . KenRad A4481A .... RCA
snciiisc (1207). . , , . Sylvania A4485 .... RCA
.SI)7().') , . . Sylvania R6271 .... RCA
SI).S2H,\ . . . vSylvania R6277 (6X4) RCA

Notation.—Tlic; notation used in this chapter differs rather widely

from that u.sed in t,hc remainder of the volume and of the series. It is

iwsed upon the notation of JAN-IA, which uses capitals for steady-state

fd-c. and rms) valuo.s and units and lower-case letters for instantaneous

vahu's of th(! same (piantities, and which writes prefix and suffix letters

on th(> saim^ line with the main symbol instead of using subscripts. A
hi-ief list, of symbols is given in Table 4, which does not contain all the

.symbols usi'd in the tables but which does contain enough of them so

t iia t 1

1

1 (' ( )t lua-s can be (easily understood by analogy. A further variation

from the standard practice of the rest of the book is the omission of the

pretix(‘d chapter number from the number of a table; thus the following

tai)l(' is numliered simply 4, and not 14'4. This is done in the interests

of r(‘a<lal)ility, siruus most of the remainder of this chapter is a continuous

series of ref(‘rmums t.o tables and it is not felt that prefixing each reference

witli an unncctessary 14 would serve any useful purpose.
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A
a

Avg
G

Gin

Gout

D

e

eb

Eb

eel

Ec
Ec2 ”1-4

Ecc

Ef

Ehk
Epp
epx

epy

Etd
etd

g; gl, etc.

gm

gm /section

H

hk or h-k

i

I

Ib

Ihk

ik

Table 4.—Symbols and Abbreviations

Amperes, d-c or rms a-c.

Amperes, instantaneous or peak value. This usage is followed for

other quantities such as voltage and power.

Average value.

Capacitance in micromicrofarads. Symbols are suffixed to the C to

indicate between which electrodes the capacitance is measured, as

Cgp, grid-to-plate capacitance. When the suffix becomes long or

complicated a dash is inserted between the suffixed symbols, as

C2g”lp, capacitance between the grid of Unit No. 2 and the plate of

Unit No. 1 (of a twin triode, etc.)

Input capacitance, normally the capacitance from input grid to all

other elements connected together.

Output capacitance, normally the capacitance from plate to all other

elements connected together.

Diode element, or diode plate. If there is more than one a number is

prefixed, as ID, 2D. Prefixed numbers are also used with twin

triodes, etc., to distinguish between sections.

Peak or instantaneous voltage.

Peak d-c plate voltage.

D-c plate voltage (same as Ebb, the plate supply voltage, in the absence

of external plate-circuit resistance.)

Peak grid No. 1 voltage

D-c grid voltage.

D-c voltage of Grids 2 and 4 connected together, as in the screen of a

pentagrid converter. Voltages of other elements or combinations of

elements are indicated in the same way.

D-c grid supply voltage (differs from Ec if grid current flows through

an external resistor.)

Filament or heater voltage.

Voltage between heater and cathode.

A-c plate supply voltage.

Inverse peak plate voltage

Forward peak plate voltage.

Average voltage drop between anode and cathode.

Peak voltage drop between anode and cathode.

Grids, numbering outward from grid closest to cathode as gl. Number
of grid is omitted in case of triodes.

Grid (or control grid, if other than triode) to plate transconductance in

micromhos.

Transconductance of one section of a twin tube. Other quantities for a

twin tube are designated in the same way where necessary.

Heater-type cathode. Also may be used as a suffix, as -H, to designate

hexode or heptode section of a converter.

Heater to cathode.

Instantaneous or peak value of current. Used with modifying suffixes,

as ib/p, peak current per plate of twin tube.

Steady-state (d-c or rms a-c) current in amperes. Used with modifying
suffixes.

D-c component of plate current.

Heater-to-cathode leakage current.

Peak cathode current.
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Table 4.—Symbols and Abbreviations {Continued)

lo D-c output current of a rectifier

Is Cathode emission current,

i surge Instantaneous surge current.

kV Kilovolts (d-c). Other prefixes such as m and /i are used in same way,

as mAdc, milliamperes d-c.

max Maximum
min Ivlinimum

Mu Amplification factor,

im Refer to note for that tube type.

0 Oxide-coated filament,

p Plate

P Power dissipation rating; as Pg2, dissipation rating of Grid No. 2.

Pi Total power input (to plate).

Rb, Rg, etc. External circuit resistances,

rp Plate resistance (dynamic).

RL Plate or output load resistance.

Rp/Ib Adjust Rp until Ib has .specified value. Ec/lb, etc., may be used in

same way.

Sc Conversion transconductance of a convertor or mixer tube.

TO Top cap.

T As suffix, triode section of triode-hexode etc.

Th Thoriated filament.

Tu Pure tiungsten filament.

tk ' Cathode lieating time, seconds, before plate voltage may be applied.

V Volts d-c or rms a-c.

V Instantaneous or peak volts.

W Watts.

XX Not applicable, as Ehk to a filamentary-cathode tube.

Additional Bymbolfl are uao<i to denote the type of base, as 4, 5, 0, 7S and 7L for the old-style 4- to

large 7-i)iu bases; Get for statidard octal; Loc for lootal or lock-in; Min for the ininiaturo 7-pin button

ba-stu a-nd SpiM', for special liases. Subniiniature tiilies ordinarily have no liasca, and are denoted by SM.
Liglithouse tidies, denoted liy LH, usually have octal liases for the heater and d-c cathode connections,

bulli sizes are denoted by the IlMA symbols except that the sizes of metal bulbs are not given. Ac
means acorn tube. Top cap or caps arc indicated after the basing symbol.

14*2, Diodes.—Diodes are most conveniently classified according t(>

their intended applications. This section is concerned with three main

(dasses of diodes: small single or multiple diodes such as are used for

deietd.ion, clamping, eixh; medium-voltage medium-current rectifiers such

as are commonly used in receiver plate supplies; and small low-current

high-voltage rectifiers such as are most often used for CRT high-voltage

supplies. The sevc^ral other classes of diodes used for transmitter, X-ray

tube, and battery-ciiarging rectifiers, etc,, will not be discussed.

./,)c/cc/or,s‘.—The small diodes of Tables 5 and 6 are used primarily

for the rec.tifi(‘-ati()n of r-f currents in applications where the impressed

voltages ai-e moderate and the output current no greater than a few milli-

amperes, and whort^ such characteristics as interelectrode capacitances

and heater-to-catliode leakage are of primary importance. Single-section

(half-wave) diodes are listed in Table 5 ;
multiple diodes in Table 6,
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.Most of the types in Table 5 were designed for application at fre-

quencies up to several hundred Mc/sec, and the requirements for opera-

tion at high frequencies (low capacitance, short lead length, and small

electrode structure) has resulted in many cases in somewhat unusual con-

structions. Probably the extreme in this direction at present is the

developmental type R6271, which uses the disk-seal ^'lighthouse con-

struction in a size small enough to fit the standard crystal-detector

holder.

The individual columns of Tables 5 and 6 will now be discussed in

order, the discussion of most of them being applicable also to the other

tables of characteristics of this chapter.

The column headed " group sets off into individual groups those

types which have essentially the same electrical characteristics and
differ only in heater voltage, basing, or some other relatively minor
characteristic.

"Type'' shows the type number of the tubes in the group. The list

of type numbers is by no means complete, even within the limits set for

this chapter, since in many cases a particular type may have been known
by half a dozen different numbers at various times and places. The
number given is usually either the RMA number or the manufacturer's
number, which are commonly the same. In some cases a double number,
such as 6A4/LA, is used for a tube which was simultaneously brought out
by one manufacturer under one name and by another under another
name. In a few cases also an equivalent number is added either in

parentheses or in a footnote. Underlined types are those on the JAN
preferred list.

The next two columns give the filament or heater voltage and current
in volts and amperes. Nearly all of the tubes of this chapter have
equipotential cathodes with the cathode sleeves insulated from the heat-
ers; the exceptions are noted in the tables.

The next group of columns, entitled "maximum ratings," gives the
characteristics of the tube which must never be exceeded if satisfactory
operation and reasonably long life are to be obtained. As stated before,

these are in most cases the "absolute maximum" values, and the "design
maximum" values, which should be used in design work, are those usually
given by the tube manufacturers and are somewhat lower. For Tables
5 and 6 the ratings given are the following:

epx Maximum inverse plate voltage, or the maximum instantaneous
voltage across the diode when it is nonconducting,

ib Maximum instantaneous plate current, determined principally
by the available cathode emission,

lo Maximum average cathode output current.

Ehk Maximum permissible potential between heater and cathode.
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i surge Maximum momentary peak current at infrequent intervals such

as warm-up periods. This is given in Table 6 only. The
values of ib, lo, and i surge are per section for the tubes of

Table 6, and are so denoted by the symbol /p.

The next group of columns shows the emission test data, which should

not be confused with the Eb-Ib characteristic. Emission tests for all

types of tubes are similarly made; all elements except the cathode are

connected together and made positive by a voltage which is given in the

Eb column; the limits of the resulting total emission current Is are given

in the following columns. In the case of tubes with more than one set of

electrodes, each set may be tested separately, as indicated by /p or

/section.

The sixth and ninth groups of columns give the nominal interelectrode

capacitances and the JAN acceptance limits of capacitance. Throughout

this chapter all capacitances are given in micromicrofarads.

The next column gives the average emission current at Eb = 10 Vdc.

This value is principally useful as a means of comparison; more complete

information is available in the curves of Figs. 14-6 and 14*7.

The heater-cathode leakage test is made with the heater at 100 Vdc
positive with respect to the cathode except as otherwise noted. It is a

particularly important characteristic for the tubes of Tables 5 and 6.

The low-voltage test gives the limits of the plate current with zero

external voltage applied. It is given for only a few types.

The next column gives the nominal resonant frequency in Mc/sec of

each type with the shortest possible external leads.

The column headed ^^base” is really an indication of the kind of

socket required since no indication is given of the type of base other than

the pin arrangement. ^^Bulb'’ gives the IlMA designation of the bulb

size, except that the various sizes of metal bulbs are not distinguished.

The last column in each case gives numbers referring to footnotes

concerning individual tubes or groups.

The principal considerations governing the choice of a diode for a

particular application can be summarized fairly briefly. The single

diodes of Table 5 are principally of interest at frequencies above those

at which other types cease to be useful. The two lighthouse types 559

(5-10) and 116271 (5-12) are greatly superior to the others in frequency

range, and the very small size of the latter and the relatively great power-

handling capabilities of the former are also desirable in some cases. ,
It

is often possible to use modern point-contact crystal detectors such as

the 1N21 and its various descendants, particularly the 1N34, in applica-

tions which would formerly have demanded a diode, and at frequencies

above the range of the h-f diodes the crystals must be used.

The British VR 92 (5-8) has many desirable characteristics. It was
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manufactured in quantity in this country during the war, but it may not

be easily obtained in the future. Since it has no base it is ordinarily

soldered into the circuit like most other suhminiatures, although it is

exceptional in haying short rigid tinned leads that might be successfully

held in clips.

Of the more conventional multiple diodes, those of groups 6-1 and 6-2

are the most widely used because of their high Ehk ratings, low-voltage

specifications, moderately low capacitances, and low cost resulting from

volume production. The 7A6 (6-3) is approximately equivalent to 6-1

. and 6-2 but does not have as complete specifications. The ()AL5 (6-2)

has a particularly low forward resistance, which is desirable for some
clamping-circuit applications. The ’VR--92 also has a low forward resist-

ance. The 6AN6 (6-5) is a miniature quadruple diode, but for many
applications its use of a common cathode for all sections is a disadvantage.

This disadvantage is shared hy practically all the tubes grouped under
6-4, which applies to a typical diode section of a duo-diode triode or duo-
diode pentode such as is used for the second detector and first audio stage

of most broadcast receivers. The diode sections of practically all of

these tubes are similar, but are good for little else than their intended
use because of their common cathodes and their excessive forward
resistance.

Figure 14*6 shows the Eb-Ih Characteristics of a number of detector
diodes. These characteristics are slightly idealized by assuming that
they all follow a three-halves-power law of Ib vs. Eb. This assumption
is reasonably accurate in most cases if the origin of the voltage scale is

taken not at zero impressed voltage but at some point usually about one-
half volt negative, which is approximately the point of zero virtual cur-
rent. Unless this point is taken as the origin, the characteristics will

not give straight lines on log-log paper.

Figure 14-6 also gives the characteristics of several diode-connected
triodes and pentodes. These tubes are often used as diodes either to
reduce the number of tube types in a given piece of equipment or because
a few such tubes have lower forward resistances than any of the regular
detector diodes. An excellent example is the 6ACT. A power rectifier

diode may be used occasionally because of its higher current rating, but
the 6AL5 has a lower resistance at low currents than any of the power
diodes.

To summarize for all except very high frequencies, the 6H6 is a popu-
lar but rather poor diode with separate cathodes, much used for amplitude
selection and detection of c-w and video signals. The 6AL5 is a far better
miniature version of the 6H6 with very low rp and Cpk; it is the best low-
power^ diode for general use in i-f and pulse circuits. The V'R-92 is

essentially half of a 6AL5, and is useful up to fairly high frequencies.
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Plate-supply Rectifiers .—The tubes of Tables 7 and 8 are used pri-

marily for power rectification for outputs up to several hundred volts.

The various columns of the tables indicate nearly the same characteristics

as those of Tables 5 and 6. For power-supply purposes such character-
istics as capacitances, heater-to-cathode leakage, etc., are unimportant
and are not usually given, so that these columns have been omitted from

0-5 1 2 3 5 10 20

Diode voltage d-c

Fio. 14'G.—CharacteriBtica of small diodes. Diode voltage « externally applied
1)081 tiVO voltage phis negative voltage at which diode first conducts, soinetimes called
contact potential.” Daslied lines are for diode-connected triodes or pentodes.

1'ublcs 7 and 8. An additional column in Table 8 indicates the type of

c-athodc, since many of the more important power rectifiers have fila-

mentary cathodes.

table 7 lists half-wave high-vacuum power rectifierSj arranged in
order of increasing maximum output currents. These tubes are widely
used in transformerless (a-c-“d-c) home radio receivers but find little

application elsewhere. None is on the JAN preferred list; this indicates
not that they are imsuited for military applications but that the Services
frowned upon transformerless power supplies.
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Table 8, listiag full-wave power rectifiers, is divided into three sec-

tions. Tubes of Groups 8-1 to 8-10 are primarily intended for a-c power

supplies with conventional center-tapped transformer secondaries, as

distinguished from vibrator and voltage-doubler circuits. Tubes suit-

able also for vibrator circuits are included in Groups 8-11 to 8-16, and

voltage-doubler tubes in Groups 8-17 to 8-19. Within each section

tubes are arranged in order of increasing output current.

The tubes of Table 7 require little comment and will not be discussed

here. Those of the first section of Table 8 all have either filamentary

cathodes or equipotential cathodes which are internally connected to the

heater. In general they may be divided into two classes, those which

have a close-spaced cathode-plate structure with a resultant low voltage

drop, and those which have a wider spacing and a higher drop. All of

the close-spaced tubes (Groups 8-3 and 8-5 and the 5V4G, 83V, and 5Z4)

have heater-type cathodes. The 5T4, which has a filamentary cathode,

is intermediate in characteristics between the two classes. The close-

spaced tubes offer the advantages of lower tube drop,- higher efficiency,

and better voltage regulation, approaching the characteristics of mercury-

vapor rectifiers. Their disadvantages are that they offer little protection

either to themselves or to the transformer in case of a short-circuit across

the output, and both may be destroyed unless properly fused. It is

commonly believed also that they are less rugged and more prone to

develop internal short-circuits than the wide-spaced tubes. None is on

the JAN preferred list.

Of the wide-spaced tubes the 5Y3GT/G and the 5U4G are both widely

used, the latter having a high output-current rating and the former a

smaller physical size and lower filament power, whidi is advantageous

when output current requirements are within its ratings. The 5I14GY

has a considerably higher voltage rating than either of the two previous

types, and a fairly high current rating.

The l()4l and tlie 31^23 are really small transmitting rectifiers but

were included in the tabic since they are the only common types of full-

wave high-vacuum transmitting rectifiers and since they differ only in

degree from the other tubes in the table.

The Eb-Ib characteristics for many of the tubes in Table 8 are given

in Fig. 14-7, which is similar to Fig. 14*() for the detector-type diodes.

The tubes of Groups 8-11 to 8-16 were intended to be used in vibrator-

type ])()W(^r suppliers as well as for a-c supplies. All of them have separate

lu^alru's with high heater-to-cathode voltage ratings. None has separate

catliodes for tlie two sections, however. The largest of them has a lower

maximum output current rating than even the smallest of the previous

section. All except the 7Z4 and 28Z5 of group 8-15 are of close-spaced

construction. The GXSGT is probably tlie most widely used, although
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Groups 8-16 and 8-16 are useful if higher output currents are required.

The developmental 6X4 is a miniature equivalent of the 6X5GT and is

the only miniature of this type in the table.

The tubes of Groups 8-17 to 8-19 are intended primarily for trans-

formerless power supplies and are suitable for use in voltage-doubling

Fig. 14*7.—Characteristics of small plate-supply diodes. Diode voltage ” externally

applied positive voltage plus negative voltage at which diode first condiictH.

circuits. All are of close-spaced construction and have separate cathodes

and fairly high heater-to-cathode voltage ratings.

Not shown in the tables are the full-wave mercury-vapor rectifiers.

There are only two of these; the 82, which is obsolescent, and the 83,

which is essentially a mercury-vapor 5Z3. The latter is on the JAN pre-

ferred list.

To summarize the power-supply rectifiers, the 5Y3GT/G is a useful

general-purpose rectifier for power supplies furnishing up to about 125 ma
at 400 volts, the 5U4G up to 600 volts and 250 ma, and the 5R4GY for

still higher voltages. The 6X5 is useful in small power supplies in which
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the heater must be grounded, and is commonly employed in negative

bias supplies. It is also useful as a diode switch since it has a low
impedance and is very reproducible in manufacture. It can be used in

precision modulation and demodulation.

High-voltage Rectifiers ,—The third general class of diodes discussed in

this chapter consists of the types intended to supply currents of a few

Fig. 14-8,—Typical hip;h-voltago rectifier tubes, (a) 1Z2, National Union; (?>) 8016, E.CA;
(c) 2X2, RCA; (d) 72, Raytheon.

milliamperes at several kilovolts, and are most commonly used in cathode-

ray-tiibe high-voltage supplies. Since there is no sharp division between

these i.yp<‘s and the somewhat larger types, however, a few of the latter

are included. All except one developmental type have the plate con-

nected to a top cap in order to increase the voltage rating. All have

rather high internal voltage drops, but this is of minor importance since

the current is small and the drop is a very small fraction of the output

voltage. They are listed in Table 9.

The 2X2 and 2.X2A are the most widely used tubes of this class.

The 1Z2, which, has only recently reached the market, also has consider-

able value in low-current high-voltage applications.

Four typical high-voltage diodes are shown in Fig. 14*8. In con-

nection both with high-voltage rectifiers and power-supply rectifiers, it

should be pointed out that high-voltage selenium rectifier stacks are

beginning to rnaJce appreciable inroads on the market for rectifier tubes.

Selenium rectifiers are still much more expensive than most tubes, but

they have numerous advantages, particularly in the absence of a require-

ment for filament or lieater power, and in their long life, which makes

practicable the construction of self-contained transformer-rectifier-filter

units such as those described in Chapter 4 of this volume.
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Notes:
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developmental

niiml«r

A4475.

Rated

maximum

Ik

=

(1)

Has

heater-type

cathode,

but

<athode

sleeve

is

coimw:ted

internally

to

heater

center

tap.

125

mAde

per

section.

Tabular

valu^

of
Pp,

Ib,

gm,

and

Is

are

per

section.

Maximum

le

(2)

Designed

as

r-f

<scillator

and

not

particularly

suited

to

other

applications.

test

is

for

both

sections

with

l-megohm

grid

r^tor.

For

cutoff

test

Eb

=

250

Vdc,

Eel

=

(3)

Ratoi

TriftTiirinm

Ik

=

65

mAdc.

—200

Vdc,

Ib

=

10

^4dc

maximum.

For

tet

conditions

no

septate

bias

b
used,

but

cathode

(4)

For

cutoff

tet,

Eb

=

oW

Vdc,

Eel

=

-

60

Vdc,

Ib

=

1.20

mAdc

max.

remtor

of

250

ohms

is

us«i

in

each

tathode

lead.
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14*3. Triodes.—The triodes of this section are divided into classes

according to amplification factor, the divisions between classes being at

amplification factors of 10 and 25. This division is not entirely arbitrary

since, as will be explained, tubes of low, of medium, and of high amplifica-

tion factors also differ in their other characteristics and in their applica-

tions. The tables of the section include not only ordinary triodes but also

diode triodes, twin triodes, and triode-connected tetrodes and pentodes.

Low-Mu Triodes.—^Low-Mu triodes may be defined as triodes whose

amplification factors are less than about 10. Tubes of this classification

were formerly widely used as audio power output tubes, and therefore

have the general characteristics of comparatively high rated plate dissipa-

tion and plate current, and low plate resistance. Triodes have largely

Table 10a

Interelectrode capacitances

Tube Type

Cgk, tx}xi C'pk, At/xf Cgp,

Min. Avg. Max. Min. Avg. Max. Min. Avg. Max.

45 4.0 3.0 7.0

6B4G, 6A3, 6A5G
1

7.0
1

5.0

"

16.0
1

2A3 7.5
!

5.5 16.5

1626 2.3 3.6 1.6 4.3 3.6 4.8

843 3.3 4.7 2,0 4.0 3.4: 4.5

271A 5.2 7.8 3,0 4 .

6

3.7 6.9

been superseded as output tul)cs by pentodes and beam tetrodes because

of their greater efficiency and sensitivity; the higher distortion incurred in

their use may be overcome by the use of negative feedback. Low-Mu
triodes are now used mainly for special applications for which a high-

current triode is desired, as for the series tube in a voltage-regulator

circuit.

The characteristics of the low-Mu triodes are shown in Table 10.

These are all single triodes except the ()AS7G, which is a twin. Charac-

teristics of low-Mu triode-connected pentodes and beam tetrodes are

shown in Table 11.

One of the most desirable characteristics of a tube for use as a series

voltage regulator is a low plate-to-cathode voltage drop at 2ero grid

voltage, since this value determines the average tube drop necessary for

a particular range of regulation. Tubes whose characteristics best meet
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Table 11.—Tbiode-connected Tetoodes anp Pentopes (Low-Mu)

Group Type
Ef,
V

I

If,
-

A

Vlax. ratings Test conditions

Base Bulb Notes

Eb,

Ydc
Pp,
W

Eb,
Ydc

Eel,
Ydc ;

Ib,

mAdc

,

4mhos
Mu

1 26A7GT 26. 5'0.60 55 2.2 26.5 - 5 17.5 5500 3.2 Oct T-9 CD

2
89

89Y 6.3 0.40 275 250 -31 32 1800 4.7 6, TC sr-12 (2)

3

6T6G 6. 3 1.25
150 14 150 -17 60 6300 5.4 Oct ST-14

25C6G 25. 0 0.30

4 46 2. 5 1.75
'

275 250 -31.5 22 2350 5.6 5 ST-16 (2)

6

' '

59 2 5 2.00 275 250 -28 26 2600 6.0 7L ST-16

6

7

6K6GT/G
7B5 6.3 0.40 315 9.4 250 -23 26 2200 6.4

Oct T-9

Loc T-9

25L6

25.0 0.30

125
11.0

120 -10 41 6600 6.4

Oct Metal

25L6G
25L6GT/G

Oct ST-12

Oct
' T-9

50L6GT 50 0. 15 Oct T-9

1632 12.6 0.60 6.0 Oct Metal

8

6F6

6.3 0.70

315

12.0

250 -20 31 2600 6.8

Oct Metal

6F6G
6F6GT

Oct ST-14

Oct T-9

42 6 ST.14

2A5 2.5 1.75
^

6 ST-14

M etal1621 6.3 0.70 9.0 Oct

6AD7G 6.3 0.85 9.5 Oct’

'

'ST-14

9
35L6GT/G
35A5

35.0 0.15 125 9.3 120 -10 40 6000 7.0
Oct

Loc

“'t-o'

“““

1

_

10

6L6
6L6G

6.3 0.90
300 21 .0

250 -20 40 4700 8.0

Oct '2

Oct

Metal

(4)6L6GA Oct ''strii’”

1622 275 15.0 Oct Metal

1631 12.6 0.45 300 17.5 Oct Metal

11
12A6

12.6 0.15 275 8.25 250 -17 23 2700 8.9
Oct Metal

12A6GT

12

6V6

1 0.45
310 13.2 250 -16 37 4100 9.3

Dct Metal

6V6G
6.3

Oct "'STru

6V6GT/G Oct "’t-I)

7C6 Loc T-9

14C5 12.

e

>0.225 Loc "t-9'

15
6G6G

f 0.15
330

3.0 180 -12 11 2(:)O0 9. 5
Oct Tf-ii"

6AK6 6 .S
275 Min "T-5|

14
6AG7

6AK7/6AG7
Q/c5 0.65 330 8.0

.

250 - 8.Ei 28 9500 21.0 Oct Metal (5)

Notes: For other ckaracteristios of these types see Tables 21 aad 22.

(1) Twin tube; characteristics are for each half.

(2) JAN specification covers triode operation of this type.

(3) Also has small medium-mu triode section.

(4) R.CA gives triode-connected Pp rating of 10W maximum on these types. There appears to be
no justifi-cation for such a low rating since neither the individual Pp or Fg2 ratings will •

be exceeded when Pp (total) = 21 W.
(5) This type is included here in spite of the value of Mu since its other characteristics are similar to

those of the other types in this table.
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this requirement have low Mu and high transconductance. The tube

best suited to this application, and which was specifically designed for it,

is the 6AS7G (10-8), shown in Fig. 14*9. The two sections in parallel

have a plate-current rating of 250 ma. This tube also has a 330-volt

heater-to-cathode voltage rating which

permits the heater to be operated at

ground potential in many cases, thus

eliminating the necessity for an addi-

tional filament winding on the power

transformer. Two other groups of

tubes suitable for this application are

10-3 and 11-3. The 6B4G and the

others of Group 10-3 have the advan-

tages of higher plate dissipation and

maximum plate voltage, and the dis-

advantages of slightly higher voltage

drop and filamentary cathodes. The
6Y6G and others of group 11-3 have

slightly lower minimum drop, smaller

bulb size, and a 300-volt heater-to-cath-

ode voltage rating. The 6VOGT and

others in Group 11-12 are also useful for

somewhat lower currents; they have

small bulbs and require fairly low

heater power.

The 1()26, 843, 271A, 2C38, and

81)838 are most commonly used as r-f

power amplifiers or oscillators. The
6AG7 is listed in Table 11 in spite of

its high Mu because its other charac-

teristics when triode-connected are

similar to those of the other tubes of Tables 10 and 11.

Mediuni’-Mu Triodes ,—For the purposes of classification medium-M u

triodes are considered to be those with amplification factors between 10

and 25. This is, with some exceptions, a satisfactory functional classi-

fication also, since lower-Mu tubes are primarily intended as power out-

put tubes and those with higher Mu^s are usually employed strictly as

voltage amplifiers in lower-frequency circuits. Medium-Mu triodes

have the most diversified applications of any class of tubes in these tables.

They are used in radar equipment as voltage amplifiers, switch tubes,

clamping tubes, sawtooth generators, cathode followers, etc. For many
of these applications twin triodes are used since in equipment using a

number of such tubes the number of envelopes is approximately halved.
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Other triodes in the medium-Mu class are designed especially for opera-

tion at very high frequencies, such as the acorn triodes. Duo-diode

triodes are also included since the triode sections of these tubes have

essentially the same characteristics as other tubes of the class which lack

the diode sections.

Medium-Mu triodes and diode-triodes are listed in order of increasing

Mu in Table 12, twin medium-Mu triodes in Table 13, and triode-con-

nected pentodes in Table 14.

Table 12a

Interelectrode capacitances (medium-mu triodes)

All capacitances are given in jw/if

Type

Cgk Cpk Cgp

Type

Cgk Cpk Cgp

Min. Max. Min. Max. Min. •Max. Min. Max. Min. Max. Min. Max.

3 52

A

76, 56

262B
6SR7

6SR7GT
6R7
6R7G
6R7GT/a

1.0

2.6

1.6

2.4

2.8

3.5

1.5

2.1

2.0

3.8

3.0

3.6

4.2

6.0

3.5

3.1

2.7

1.4

3.0

2.4
i

2.8

3.5

3.0

3.6

4.5

2.9

6.0

3.4

4.8

5.0

6.5

6.8

1.0

2.6

1.3

1.6

1.6

1.6

1.1

1.6

2.0

3.8

2.5
3.0

3.0

3.0

4.0

2.8

605
605G
605GT
HY-615,
E1148

2.4

2.9

2.9

1.1

3.6

4.7

4.7

1.7

7.7

8.4

8.4

0.9

14.3

15.6

15.6

1.5

1.7

1.4

1.4

1.45

2.3

2.6

2.6

1,95

6J5

6J5GT/G
7A4
12J5GT

3.4.4

4.2

^vg 3.6 1

5.0

3.4 A

3.8

vg

6ST7 2.8 Avg 3.0 Avg 1.5 Avg 4.2
,
5.0

3.0
1 1

1

3.8

4.0
1 112SR7

i2SR7GT
12SW7

2.4

2.8
2.4

3.6

4.2

3.6

2.4

2.8

2.4

3.4

4.8

3.4

1.6

1.6

1.6

3.0

3.0

3.0

14A4 3.4

2022, 7193

9002

1.8

0.95

0.70

1.0

2.6
'

1.8

1.3

1.6

0.3 !

0.75

0.3

0.5

1

1.0

1.45

0.9

l.I

3.2

1.1

1 .

0

1.0

4.0

1.6

1.8

1.6
6L5G
604

3.0

1.8

Avg
Avg

5.0

1

1.3

Avg
Avg

2.7

1.6

Avg
Avg

965, REL36
383A

Ciii Cout Cgp

Min. Max. Min. Max. Min. Max.

6P5GT 3.0 4.2 4.4 6.6 2.2 3.0
7E6 2.4 3.6 1.8 4.0 1.0 2.0
14E6 2.4 3.6 1.8 4.0 1.0 2.0
2C26A 2.2 3.0 0.6 1.6 2.3 3.2

6F4 1.4 2.6 0.3 0.9 1.5
!

2.3

The types in Groups 2, 6, 7, 9, 11, and 18 of Table 12 and in Groups
3, 4, and 5 of Table 13 are so-called “general-purpose” triodes, and there-

fore find a wide variety of applications. Of these the types in Group



Sec. 14 -3] TRIODES 565



556 RECEIVING TUBES [Sbic. 14-3

12-11, as typified by the 6J5, and the miniature 6C4 (12-7) and the sub-

miniature 6K4 (12-18) are of the latest design of the class, while many
of the others are somewhat older. The twin tubes of Groups 13-3, 13-4,

and 13-5 are all of recent design.

The tubes of Groups 8, 10, 13, and 14 of Table

12 are designed primarily for vhf operation, and

although they are by no means restricted to such

operation it is usually less expensive and more satis-

factory to use other types at the lower frequencies.

The 6C4 and the tiny 6K4, although well suited to

general-purpose applications, will also operate well

at high frequencies. The 6K4 is a remarkable little

tube. It is essentially a 6J5 or half of a 6SN7 in

a subminiature bulb. Its ratings and characteristics

are almost the same as those of the larger tubes; it

has the added advantage of a 300-volt heater-to-

cathode voltage rating; and it will oscillate in suit-

able circuits up to frequencies as high as 1500

Mc/sec. Only its grid cutoff specifications appear

to be. inferior. It is shown in Fig. 14T0.

For applications requiring sharp and uniform

grid cutoff characteristics, a requirement often en-

countered in radar equipment, the (iSNTGT or its

ruggedized counterpart, the 6SN7W, is unques-

tionably the best tube in the medium-Mu class.

This type has been very extensively used in radar

equipment. Except that the GSNyW has a heater-

to-cathode voltage rating of 250 volts, the rug-

gedized tube should have few advantages over the

conventional 6SN7GT in applications not recpiiring

resistance to excessive vibration or shock.

The twin-triode tubes in Groups 13-3 and 13-4 have only half the

heater power requirements of the types in Group 13-5, but have some-
what lower Mu’s and transconductances.

When considering the comparative merits of twin triodes for a specific

application, consideration should also be given to the 6J6 and 7F8, listed

under high-Mu triodes in Table 16. Although these types have high

Mu’s, they also have such high transconductances that their plate resis-

tances are comparable with those of the types in Table 13.

Tubes with more specialized applications in Table 12 are the duo-diode

triodes of Groups 1, 4, 15, 16, and 17. These are commonly used as

detectors plus audio amplifiers in radio receivers. The 26C6 (12-17) is

intended for operation at a plate voltage of 28 volts. The 262B (12-3)

Fig. 14-10.—Submin-
iature triod© 6K4.
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Table 13a

Interelectrode capacitances (twin medium-mu triodes)

j

Clg-lk. /xjuf Clp-lk, MM’f Clg-lp, fifif C2g-2k, /t/xf C2p-2k,.MMf C2g-2p, Mjuf

Types
1

Notes

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

2C21 2.0 3.2 0.8 2.0 2.0 2.8 1.0 2.2 1.4 2.6 1.4 2.2
2C34
6AH7GT.

2.5 4.0 0.3 0.7 1.8 3.0 2.5 4.0 0.3 0.7 1.8 3.0

12AH7GT 2.2 4.2 1.4 3.4 2.0 4.0 1.8 3.8 1.6 3.7 2.0 4.0 CD
7AF7, 14AI<'7 1.2 2.0 1.0 2.0 1.6 2.6 1.2 i 2.0

i

1.0 2.0 1.6 2.6 (2)

6SN7GT 2.8 Avg 0 . 8 Avg 3.8 Avg 3.0 Avg 1 . 2 Avg 4.0 Avg
7N7, 14N7 3.4 2.0 3.0 2.9 2.4 3.0 (3)

6F8G 3.2 1.0 3.8 1.9 1.9 3.2
12SN7GT 2.8 0.8 3.8 3.0 1.2 4.0

1633 3.0 0.8 3.6 2.8 2.2 3.6

Notes: (1) Clg-2f? = 0.1 inax. Clp-2p = 0.8 /ijit imix.

(2) Clg-2g = 0.20^4 niax. Cli>-2p = 0 . 60 /t/xf max. Clg-2p = 0. 06 /xjuf niax. C2g-lp
= 0 . 10 max.

(3) Clg-2g » 0.40 MMf. Clp-2i) = 0.34 ju/xf. Clg-2p « 0.08 mmL C2g-lp = 0.06 jujuf.

was designed to have minimum hum and noise in. low-level audio applica-

tions and is still one of the best tubes for the purpose in spite of its low
transconductance. Another tube for similar- applications is the 1()()3

pentode, which may be used triode-connected and whose characteristics

when so connected are listed in Group 14-2. The 2C2()A (12-5) was
designed as a pulsed oscillator for operation at about 200 Mc/sec, Its

high plate-voltage rating might be of use in other applications. The
2C34 (13-2) is a small twin transmitting triode for vhf applications. It

is the only tube in Table 13 tliat lias a common cathode for both sections.

This feature is a disadvantage for many applications though not for its

original purpose.

Iligh-Afu The characteristics of single high-Mu triodes are

given in Talile 15, tliose of twin iiigh-Mu triodes in Table 16, and those

of high-Mu triode-connected pentodes in Table 17. In each of these

tables the tubes are listed in order of increasing Mu.
In 'I'abk^s 15 and l(> the tubes may also be considered as divisible

into thiHUi (‘lassc^s according to their original design purpose. Some types

were (hvsigncMl as vlif uscillatoivs and amplifiers; for example, the light-

house typers 2(^10 (15-1) and 2G43 (15-3). These tubes will operate up
to frecpumcic^s as high as 3300 Mc/sec, and although their characteristics

are sucli tlnit they miglit find irppliciation for otlier purposes their cost

and m(‘(*,hani(‘.al slnuiture make their use in other than high-frequency

applications ra,th(u' impractical. Other high-frequency tubes are the

7h]5/r201 (15-2), which will operate up to 500 Mc/sec, the (>,14 (15-4),
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Tole 14.—Triode-con'N'egted Pentodes (Medium Mtr)

Group Type Ef,

T
If,

A

Maximum
ratings

Test conditions

Rase Bulb

1

N otes

Eb,

Vdc
Pp,

W
Eb,

Vdc
Eel,

Vdc
Ib,

inAdc

gin,

/inihos
Mu

1

6SJ7

6,3 0.30

275 2.8 250 -8.5 9.2 2500 19

Oct Metal

0)

6SJ7GT Oct T-9

6S.T7y Oct Metal

12SJ7

12.6 0.15

Oct Me till

12SJ7GT Oct T-C

2

6J7

6.3 0.30

275 1.75 250 -8.0 5.5 1900 20

Oct, TO Metal (2)

6J7G Oct, TO ST-12 (2)

6J7GT Oct, TO T-9 (2)

6C6 5, TO ST-12 (2)

1603 6, TO ST- 1.2 (2). (3)

1620 Oct, TO Metal (2), <3)

12J7Gr 12.6 0.15 Oct. TO T-O <2)

57 2.5 1,00 5, TO ST- 12 C2)

3 6AG7 6.3 €.65 330 8.0 250 -8.5 28.0 9500 21 Oct Metal

N'otbs: (1) Maxiiaum ratings for triode connection are from JAN-IA spccifieatioim.

(2) Maximum ratings from RCA specifications.

(3) Special low-noise nonrnicrophonic type.

For other characteristics see Tables and 21.

which was designed for operation as a grounded-grid amplifier xip to

500 Mc/sec and has extremely high transconductance, and the dcnudo])-
mental S491E. (15-16), 6N4: (15-19), 2C3S (15-21), and CK()03 (15-22).
The last two types are submiaiatures. Of the twin triodes the 7F8 ( I (i-4)

and the 6J6 (16-3) are also suitable for high-frecLuency operation, and are
excellent for more general applications as well, and are commonly m
used. In addition to the 6J4, another type which is useful as a grounded-
grid amplifier at high freq.uencies is the 6AK5 when connected as a
triode (17-2).

The second class of high-Mu triodes includes those tubes which were
originally designed as Class B audio power output tubes and whicib are
listed in Groups 1, 6, 8, and 9 of Table 16. They have been used as Class
A amplifiers and in some cases in r-f applications. All have a common



Sec. 14-3] TRIODES 559

cathode for both sections, however, which is a disadvantage in some
circuits, and have been largely superseded by more suitable tubes both
for Class A and for r-f applications.

The third class consists of tubes which were originally intended for

Class A voltage amplification or for other similar applications having low
plate-current requirements. This class includes both twin and single

tubes, many of the latter also having two small diode sections. The
single types without diodes are those in Groups 15-9, 15-14, and 15-20.

The single types with diodes are listed in Table 15, Groups 5, 6, 7, 8, 10,

11, 12, 13, 17, and 18. The twin types are in Groups 16-2, lG-6, and 16-7.

All of these types are similar in that the amplification factor ranges from
65 to 100 (except for the 6C8G) and the transconductance under test

conditions from 1050 to 1600. Many, however, have some distinctive

feature or features that may make one type uniquely fitted for a particular

application. Of the single tubes without diodes those in Group 15-14
are to be preferred to those in Group 15-9 since the former have higher
amplification factors and transconductances and most are of single-ended

construction, while the latter all have top caps. None of these types
has found wide application, however, since a diode-triode is usually pre-
ferred for receiver use and twin triodes are more popular for other applica-

tions. The subminiature 819917 (15-20) has some desirable features

including good grid cutoff characteristics and a 300-volt heater-to-cathode
voltage rating.

The duo-diode high-Mu triode types have been little used except in

radio receivers. The types in Groups 15-5 and 15-6 are of older design
since all have top-cap connections. The miniature 6AQG (15-7) and
()AT6 (15-8) have desirable characteristics in miniature tubes, while
those in Groups 15-11 and 15-12 should be considered if larger tubes are

desired. The GB8G, 75, and 2A5 of the last group are of older design,

however, and have top caps and larger bullrs. The 7K7 (15-10) 7X7
(15-13) Z694 (15-17), andZG96 (15-18) are somewhat different from other
duo-diode triodes in that one or both of the diode sections have separate
cathodes. They are intended for use in discriminator circuits in FM
receivers, and should find considerable application for their intended use.

The twin tubes of Table IG have probably been as extcuisively used
in radar equipment as any class of tubes. Of these the types in Group
16-6 are less often used because they have a common calliode for both
scHdions. The types in Groups 16-3, 16-4, and 16-7 are commonly
used. The 6.16 (16-3) has a common cathode, but since it is the only
miniature twin triode available it has been very popular. The 7F8 (16-4)

has several highly desirable chara(.d,eristics for use in radar equipment
and other dcivices of a similar nature. It has a 250-volt heater-to-cathode
voltage rating, good grid cutoff characteristics, relatively high plate
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Table 15a

Interelectrode capacitances (high-inu triodes)

Type
Cgk, ja/xf Cpk, fjLfd Cgp

,
/x/xf

Min. Max. Min. Max. Min. Max.

2C40 2.1 Avg 0.02 Avg 1.3 Avg

7E5/1201 2.8 4.4 • 2.2 3.4 1.1 1.9

2C43
!

2 . 8 Avg 0.02 Avg 1 . 7 Avg
6T7G 2.8 3.0 1.5
6Q7 5.0 3.8 1.4
6Q7G 3.2 5.0 1.5
6Q7GT, 12Q7GT 2.2 5.0 1.6

6K5G 2.0 3.6 4.0 7.5 1.2 2.8
6K5GT 2.0 3.8 3.2 6.2 1.6 4.0

7K7 2.6 Avg 3.0 Avg 1.8 Avg
7C6 2.4 2.4 1.6
2A6, 6B6G 1.7 3.8 1.7

75 1.2 2.2 2.8 4.8 1.2 2.2

6SQ7 3 . 2 Avg 3.0 Avg 1.6 Avg
6SQ7GT/G 4.2 3.4 1.8
12SQ7 3.2 3.0 1.6
12SQ7GT/G 4.2 3.4 1.8
7B6, 14B6 3.0 2.4 1 6
7B4 3.2 3.2 1.6
6F5 5.0 4.0 2.3
6F5GT 2.2 3.2 2.8
6SF5 4.0 3.6 2 4
12F5GT 2.2 3.2 2.8
12SF5 4.0 3.6 2.4
2C35 2.5 0.5 1.5

For 6J4:

Cg-(kh) = 4.0 to 6.6

Cp-(kh) == 0.24 fjL/jif max.
Cgp =: 3.3 to 4.5 jjifit

Chk = 2.5 to 3.9

For 6AQ6:
Cg-(kh) =1.7 ju/if Av.
Cp-(kh) =1.5 jjLfd Av.
Cgp =1.8 Mjaf Av.

For 6AT6 and 12AT6:
Cg-(kh) =2.3 jjLixi Av.
Cp-(kh) =1.1 /x/xf Ay.
Cgp = 2.1 Av.

For 7X7 capacitances are:

CDl-all = 2.6 /jLixi Av.
CD2“all = 2.6 ^t/xf Av.
CDl-g = 0.1 ixfxi max.
CD2-g = 0.1 h/jI max.
CD1-D2 = 0.5 n(xf max.
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dissipa,tion, high transconductance for a tube of its relatively high Mu,
separate cathodes for the two sections, and a small bulb size. In addition

the heater power is low for a tube of its capabilities. Its rather unusual

construction is shown in Fig. 14-11. The short leads and small electrode

size also result in very good high-frequency performance, as mentioned
previously.

The TFS is of close-spaced construction, and like most tubes using

Fui. M'll.' Twin hiwh-Mn triode 7F8.

close spacing shows somewhat greater variation in characteristics from
one sample to another tlian is the case for tubes with wider spacings.

This variation is shown in the diagrams of Fig. 14*12, which shows the

spread of tjuiuscondiicl.aiKU^. and plate current for a representative group
of 7F8’s. J^]a,ch dot indicates the characteristics of one section of one
tube. Figure 14* 12a shows the variations found when the tubes were
tested under conditions of fixed grid bias, and Fig. 14*12?> shows the

variations found for the same tubes tested with cathode-resistor bias as

specified in Table 16. It will be seen that the spread of values is camsider-
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Table 16o

Type

Clg-lk, nfii Clp-lk, fj-nf Clg-lp, jUjLtf C2g-2k, mf C2p-2k, /xfif C2g-2p, fiixt

Notea

Min. Max. Min. Max. Min. Max.

j

Min. Max. Min. Max. Min. Max.

6C8G 2.6 Avg

. .

2.0 Avg 2. 6 Avg 1.3 Avg 2 . 2 Avg 1.8 Avg (1)

6J6

7F8

6SC7
12SC7

' 1.4

2.1

1.2

1.2

2.6

3.5

2.8

2.8

0.25

1.0

2.0

2.0

0.65

1.8

4.0

4.0

1.2

0.9

1.6

1.8

1.5

2.4

2.4

1.4

2.1

1.2

1.2

2.6

3.5

2.8

2.8

0.25

1.0

2.0

2.0

0.55

1.8

4.0

4.0

1.2

0.9

1.6

1,8

1.5

2.4
2.4

(2)

(3), (4)

(3)

(3)
6SL7GT,
12SL7GT

7F7, 14F7
3 . 0 Avg
2.4

3 . 8 Avg
2.0

2.8 Avg
1.6

3.4 Avg
2.4

3.2 Avg
2.0

2 , 8 Avg
1.6

(51

(3), (6)

inoteb: (1) Ulg-2g = 0.1 Av., Clp-2p = 2.0 wf Ayg.
(2) Chk = 3.3 fifit min, 7.5 pgf max.
(3) Capacitances under “ Cg-k” and “ Cp-k” are actually Cin and Cout.
(4) Clg-2g = 0.02 ixfd min, 0 . 06 pifif max.

Clp-2p = 0.20 nfxt min., 0.50 fifji max.
Clik = 2. 7 /ijnf min, 4. 5 jujaf max.

“5 J't't Ayg, Clp-2p = 0.4 gild Avg, C2g-lp = 0.13 apf Avg.
(6) Clg-2g = 0.2 ynjnf Avg, Clp-2p ,= 1.0 M/zf Avg.

ably reduced by the use of resistor bias, and for this reason this type of
bias should be used whenever possible. This is generally true of all
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Fig. 1 4- 1-2. Variation of plate ciOTent and transoonductanee of 7P8 tubes, (a) With fixed
bias; (6) with, resistor bias.

tlie 6J6 aad the pentode types 6AC7, 6AK5,
and 6AG5 of Table 18, to mention only a few.

The 6SU7GTY (16-7) is identical in most respects with the more
commonly used 6SL7GT but has specifications to ensure a high degree of
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Notes:

(1)

For

cutoff

test

Eb

=

150

Vdc.

(2)

RCA

ratings

for

triode

operation

are

identical

with

those

in

table.
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uniformity between sections and is thus desirable when accurate balance

is important. It also has a low-loss base.

The M1060 (15-15) has some unique and interesting features, although

at present it is in the developmental stage. It is intended to be used as a

shunt regulator tube in high-voltage power supplies for cathode-ray

tubes, and accordingly has a much higher voltage rating than any other

small receiving tube. It also has the unusually high amplification

factor of approximately 500. A typical 8-kv supply using this tube as

the regulating element and a 300-volt regulated voltage as the comparison

standard showed output variations of approximately 0.6 per cent for

changes of output cuiTent from 0 to 0.5 ma, and approximately +0.3

per cent for input-voltage variations of + 10 per cent.

The early experimental MlOGO^s that were tested at the Radiation

Laboratory were very satisfactory electrically and mechanically but had

rather short lives. Most samples showed cathode emission failures after

about 100 hr at 8 kv and 1 ma. A few tubes were unstable due to grid

current flow through the necessarily high grid resistor. A somewhat
higher transconductance would be desirable and a reduction of amplifica-

tion factor by a factor of 2 could be tolerated in voltage-regulating

applications. These changes would result in more stable operation and

better regulation.

Another tube that can be used in shunt voltage-regulating circuits is

the 15E (not listed in these tables). This is a small transmitting triode

that was originally designed as a pulsed oscillator in vhf circuits but

which will operate in the same type of circuit that is used for the M1060.
It is far less effective, however, since it has a Mu of only 20, and it requires

20 watts of filament heating power.

Table 17 lists the characteristics of a number of high-Mu triode-

connected pentodes. It will be noted that all of them have high trans-

conductance when so connected, higher in fact than any of the regular

triodes except the 7F8 and 6J6 and some of the specialized high-frequency

tubes. Figure 14T3 shows the variation of Mu, transconductance, and
plate resistance, with variations of plate current for a triode-connected

6AG5 at two different plate voltages. The high transconductance is of

value in applications as a cathode follower, for which a tube with both a

high transconductance and a high Mu is required.

As far as the principal uses of the Radiation Laboratory were con-

cerned, the most valuable triodes were the following:

6SL7—Dual unit with separate cathodes, used in high-gain d-c and
low-frequency a-c amplifiers in which a plate current of less than

10 ma was sufficient. Sharp cutoff characteristics. Sections well

matched, useful as amplitude comparators and selectors, and as

differential amplifiers. Very low grid current.
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6SU7—Same as 6SL7 except low-loss base and selected for match
between sections. 6SU7 matching specifications are passed by
about 50 per cent of production 6SL7's.

rp

in ohms

30000

25000

20000

15000

10000

5000

gm in

Jp in ma

Fig. 1 4* 1 3.**“ “Plato reHintaiico, transcaiidnotance, and Mu of triode-coniiected 6AG6 as a

function of plate current. Solid curves; Eb «= 260 Vdc. Dashed” curves: Eb — 160 Vdc.

6SN7—Dual medium-Mii unit with separate cathodes. Generally

useful in pulse circuits and as oscillator and amplifier for moderate

powers. Will stand great abuse. Best small blocking oscillator as

power gain is high even with grid at high positive voltage. Often

used as double diode before advent of 6AL5 (far better than 6H6).

When used as switch tube in sweep circuits gives most uniform

clamping. In pulse circuits it is useful as an amplifier up to 2 or 3

Mc/se(h above which the effects of Cgp are excessive. Grid cutoff

not very sharp. Most used as blocking oscillator, multivibrator,

etc. Very large grid resistor may be used without serious effects

even at maximum plate dissipation.

6J6—Miniature dual unit with common cathode. Designed as uhf

oscillator. Large transconductance, low capacitance, medium Mu,
matching between sections poor. Cutoff not very sharp. Tend-

ency for grid to limit and block if large grid resistor is used. Not

a very good sweep clamp. An excellent diode. Better video
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amplifier than 63N7 because of higher Mu and lower capacitance.

(Plate resistance is about the same.)

6C4—Miniature single unit approximately equivalent to half of a

6SN7. Somewhat lower capacitances.

6K4—Subminiature single unit. Same specifications as 6SN7, low

heater power, lower capacitances, very ruggedly constructed.

6B4—(Also 2A3, 6A3, etc.) High current, low Mu, low plate resist-

ance, filamentary triode, most used as regulator tube in series-type

voltage regulators. Low-distortion audio amplifier.

6AS7—Dual high-current heater-type triode for voltage regulators;

one tube will regulate two seplarate 100-ma supplies.

3A5—(Not listed in tables.) Best filamentary triode for pulse use.

Blocking oscillator, multivibrator, etc.

144. Tetrodes and Pentodes.—Tetrodes and pentodes ai'e most con-

veniently classified according to function rather than to structure, and
the tubes of this section will be classified primarily as r-f amplifiers or as

power output tubes. There are many tubes which might be considered

as belonging in either or both of these categories, but the great majority

fall clearly into one or the other class.

R-f Amplifiers,—R-f and i-f amplification in radio receivers is now
almost invariably obtained from small pentodes, which may be classified

on the basis of their cutoff characteristics into sharp-cutoff and remote-

cutoff types. The latter type is occasionally and rather meaninglessly

designated the super control’^ type, and in some tube lists the former

type is vaguely called a ‘triple grid amplifier. Some tubes are inter-

mediate in character between the two classes, and are called “semi-

remote-cutoff pentodes; they may most conveniently be classed with

the remote-cutoff tubes.

Sharp-cutoff pentodes have Eg-Ip characteristics such that plate

current and transconductance decrease to practically zero when the con-

trol grid is made a few volts negative. In a remote-cutoff pentode they
will decrease rapidly at first with increasing negative grid bias, but the

rate of decrease becomes less and the quantities become essentially zero

only when the negative bias becomes comparatively large. This remote-
cutoff or variable-Mu characteristic is desirable when a variable bias volt-

age is used to control the gain of the tube as in the ordinary receiver

AVC circuit.

Representative curves of transconductance vs. grid bias voltage are

shown in Fig. 14T4. The 6SK7 (curve a) and the 6SJ7 (curve c) are

almost identical tubes except that the former is remote-cutoff and the
latter is sharp-cutoff. Likewise the 6SG7 (curve b) and the 6SH7
(curve d) are^ almost identical except that the cutoff of the former is

semiremote and that of the latter is sharp. Of the two sharp-cutoff
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tubes the 6SH7 cuts off at a considerably less negative grid voltage than

does the 6SJ7 : in fact it has probably the sharpest cutoff of any pentode

listed.

Sharp-cutoff pentodes are listed in Table 19 and remote- and semi-

remote-cutoff pentodes in Table 20, in order of decreasing transconduc-

-30 -25 -20 -15 -10 -5 0

^9

Fia. 1444.—Cutoff (jharactcristics of typical r-f pentodes, (a) 0SK7, remote cutoff;

(6) 0SG7, scrnirernoto cutoff; (c) 6SJ7, sharp cutoff; (d) 6SH7, sharp cutoff.

tance in each case. For many applications it is desirable to have as

high a transconductance as possible, but in probably the majority of

applications a more important quantity is the figure of merit of the tube,

or tlie ratio of transconductance to interelectrode capacitance. In such

applications as video amplifiers or wideband i-f amplifiers the gain for a

given bandwidth will be exactly proportional to the figure of merit in

such circuits as a sluint-peaked video amplifier, and api3roximately pro-

portional in other circuits. Table 18 lists the figures of merit of many
of the tubes of Table 19 and some from Table 20.

Types marked in. Table 18 are acorn, miniature, or subminiature

construction. Those marked ** are of some special construction, such as

the 713A and 717A precursors of the 6AK5, which had similar electrode

structures and very small bulbs but standard bases. It will be noted

that most of the types with figures of merit over 400 are of miniature,

subminiature, acorn, or special construction. The only standard-

sized^^ tubes with liigh figures of merit are”the ()AC7 and ()AC7W and the

British types VR91, VR91A, and EF50. It may also be noted that most

of the tubes in the table with figures of merit over 300 are of the sharp-

cutoff type, a few are scmiremote-cutoff, and none is remote-cutoff. The



572 RECEIVING TUBES [Sec. 14-4

Table 18.—Figures of Merit of R-f Amplifiers

Type Figure of merit Cutoff

A4444C* 920 SR
6AK5* 745 S

600 S
CK604A* 580 S
713A’^* 575 s

6AC7, 6AC7W 560 s
6AS6* 500 s

384A*’^ 500 s

6AU6% A4464* 495 s

717A** 495 s

VR91, VR91A, EF50 465 S

SSSA**^ 445 8

6BA6% 12BA6* 440 SR
6AJ5* 435 S

7V7 390 s

6AB7..
1

385 SR
7W7, 14W7 350 s'

6SH7, 6SH7GT, 12SH7, 12SH7GT 315 s

1205 315 s

7R7, 14R7 310 SR

6SG7, 6SG7GT, 12SG7GT. 305 SR
956* '

280 R
9003*^

. 280 R
954* 220 S

9001* . 210 S

6SK7, 12SK7, 7A7, 14A7 155 R
6SJ7, 6SJ7Y, 12817 125 S

last two groups in the table, as represented by the 6SK7 and 6SJ7, are

typical of modern '^general purpose’^ remote-cutoff and sharp-cutoff pen-

todes in which a high figure of merit was not one of the design objectives.

A high figure of merit should not be taken as an indication of the

value of a given type for all applications, however, since other desirable

characteristics may be sacrificed to obtain this figure. The types with a

high figure of merit are usually of close-spaced construction and therefore

frequently show greater variation in characteristics than more conven-

tional types. It may be noted from Table 19 that many of the types

with high transconductances are tested with resistor bias. Under these,

conditions the deviations from the normal or ^^bogie^’ values of essential

characteristics for a representative group of tubes will be only about
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half as great as if the test were made with fixed bias. This effect was
illustrated for the 7F8 triode in Fig. 14*12. For audio-frequency applica-

tions, especially at low power levels, tubes with high transconductances
may not be desirable. One manufacturer states that the 6AC7 and 6SH7
are generall}^ unsuitable for such uses because trouble may be encountered
from heater hum unless a d-c heater supply is used.

The tubes listed in Group 19-1 have the highest transconductance of

any pentodes of similar size. For this reason they have been extensively

used in radar equipment as video and i-f amplifiers, as multivibrators

when a fast rise and fall are desired, and for various other applications.

Their figure of merit, while higher than those of any other standard-sized

tubes, is less than those of some of the newer miniature and subminiature
tubes. The 1851 is the parent of the other tubes of the group and may
be considered obsolescent.

Group 19-2 includes three similar British tubes, which are included
because they have some interesting features and because they were used
in some equipment intended for joint British-American use during the
war. At least two of them, the EF50 and the VR91A, were manufactured
in this country. They have values of transconductance exceeded only by
the tubes of the previous group and by the developmental types A4481A
(19-27) and A4485 (19-28) and by two of the developmental types of

Table 20, They have fairly good g3 control characteristics, a feature
that will be discussed later in connection with the 6AS6.

The three types in Group 19-3 are roughly the loctal equivalents of

the types in Group 19-8. They are also the nearest loctal equivalents to
the tubes ot Group 19-1, but difter considerably from both groups in con-
struction and characteristics. The 7V7, 7W7, and 14W7 are actually

hexodes, but since g2 and g3 are internally connected and function as a
single screen grid they are usually considered as pentodes. The 7W7 and
14W7 have two separate cathode pins to permit the isolation of input
and output circuits in high-frequency amplifiers. These types also have
specifications on the g4 (suppressor grid) cutoff characteristics, as dis-

cussed later. The 1231 (19-4) and the 7G7/1232 (19-9) are predecessors

of the types in Group 19-3 and may be considered obsolescent.

Groups 5, (), and 7 of Table 19 list three similar high-transconductance
miniature pent.odc's, the ()AU(), 6AK5, and ()AG5. All have approx-
imately the same transconductance, but the 6AK5 has the highest figure

of nunlt of iuiy high-production type/ It is more uniform than most
high-i-ransc()U(lucd;anc,e tubes; note that the test conditions specify fixed

bias. Th(‘. input and output capacitance limits are also much tighter

thiin for any comparable type. The maximum grid current is very low,

i G. T. Foret ‘U 'harjicteristics of Vacuum Tubes for lladar Intermediate Frequency
Amplifiers/' Bell Si/ainn Tech, Jour,, 26, 385-407 (July 1946).
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probably due in part to the use of a gold-plated grid. It is the most

difficult to manufacture and the highest-priced of the three, and requires

the least heater power. The 6AG5, while having a figure of merit about

20 per cent lower than that of the 6AK5, has the advantages of a higher

plate-voltage rating, a higher plate dissipation, and a sharper cutoff.

Both have two cathode connections for the

isolation of input and output circuits.

The 6AU6 was not produced in quantity

until after the war, and was intended

primarily for FM and television receivers

and for general-purpose applications.

Although its transconductance is about

the same as that of the other two, it is

obtained at the expense of considerably

higher plate and screen currents. Unlike

the other two, the 6AUG does not have

two cathode connections. The 6AK5 is

perhaps the most widely used miniature

tube in radar equipment, finding applica-

tions in high-frequency, wideband i-f, and

video amplifiers, as a multivibrator or

switch tube, and in other uses. It is also

used as a triode, and occasionally even as

a diode. The 6AG5 is used to a somewhat
lesser extent for similar applications.

The types of Group 19-8 (the 6SH7,

etc.) are intended for high-frequency am-
plifiers. Although their transconductance

and figure of merit are not so high as for

the 6AC7 their other features make them
Fm. 14-15.—Mmmture r-f pentode preferable for such applications. These

features include the use of two cathode

leads, considerably less variation when operated under the same condi-

tions, and very sharp grid cutoff characteristics. This last feature is

often of advantage in multivibrator and switching applications.

The 713A and 717A of Group 19-10 are essentially earlier versions of

the 6AK5 and appear to have no advantages over the latter.

The miniature 6AS6 (19-11) shown in Fig. 14T5, is essentially a 6AK5
with the suppressor grid brought out to a separate pin and with the

structure so modified as to obtain a sharp g3 cutoff and comparatively

high g3-to-plate transconductance. As a result the gl-to-plate trans-

conductance is somewhat lower than that of the 6AK5, but the 6AS6 is the

only American pentode with really sharp g3 cutoff characteristics. The
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VR116 (19-12) has similar characteristics, and although not easily
obtained in this country, is included because it is the only other type
with this feature. The sharp g3 cutoff is of value in several radar applica-
tions, particularly in range unit and synchroni25er circuits. Some of the
pentagrid mixer and amplifier tubes can be used when good control on
more than one grid is desired, and several pentodes other than the 6AS6
have g3 cutoff characteristics that may be satisfactory for certain applica-
tions. The values of grid bias for nominal plate-current cutoff for several

pentodes are as follows:

Type Group Bias, Vdc on g3

6AS6 19-11 -15
SD828A 19-23 — 50

EF50, VR91, VR91A 19-2 — 60

7V7, 7W7, 14W7 19-3 -70

By comparison the 6AC7 requires a g3 voltage of —150 for nominal cut-

off. More complete specifications are given in Table 19. The SD828A
is a subminiature developmental type.

Of the pentagrid mixer and amplifier tubes several may be used to

obtain good control from two grids. The transconductance of these

types is usually less than would be desired, however. The 6L7 or 6L7G
of Table 30 have gl-to-plate and g3-t0“plate transconductances of about

1100 micromhos each, but gl has remote-cutoff characteristics. The
same thing is true of pentagrid converters such as the 6SA7 and 6A8
and other types of Tables 26 and 27, for which one of the two “controT^

grids has a remote cutoff.

The C)AJ5 (19-14) is a miniature sharp-cutoff pentode designed for

operation at a plate and screen supply voltage of 28 Vdc, which can be

obtained directly from the electrical system of a military airplane. Its

characteristics at this low voltage are essentially the same as those of

the 6AK5 at a much higher voltage. The transconductance of the 6AJ5
at 28 Vdc is about half that of the 6AK5 at 150 Vdc, but is remarkably

high for operation at such a low voltage. A number of other tubes of

various types have been or are being developed for 28-volt operation.

The tubes of Group 9-17 are general-purpose sharp-cutoff pentodes

of modern design. They have excellent characteristics for all applications

where high transconductance values are not required. The same is true

of the loctal types 7C7 (19-20) and 14C7 (19-18). The types in Groups

19-21 and 19-22 have the same general characteristics but are of older

design and may be considered obsolescent. The 1603 (19-22), however,

is particularly suited to low-level audio stages because of its low noise

iind hum level.
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The miniature 9001 and the acorn 954 of Group 19--19 were designed

as r-f amplifiers at frequencies up to 400 Mc/sec. Although neither is

of recent design, either one is probably as satisfactory as any other tube

for narrow-band operation. For broadband operation such types as the

6AK5 or the 6AG5 are preferable.

Of the developmental types, the SD828A (19-23) is a subminiature

pentode with characteristics suitable for general-purpose applications.

Its ratings and characteristics are comparable to those of a full-sized

tube, and it has a 300-volt heater-to-cathode voltage rating. It would

be more generally useful if the suppressor grid were brought out. The
SD828E is similar but has a higher transconductance and figure of merit.

The exact values of its characteristics are not known. The CK604A is

almost exactly the same as the 6AK5 but is made in a baseless T-4~|- bulb.

The A4481A and A4485 have higher transconductance than any other

miniature or acorn tubes, and presumably also have very high figures of

merit.

The characteristics of remote-cutoff and semiremote-cutoff pentodes

are given in Table 20. The distinctions between these and the sharp-

cutoff types have been discussed previously. In general they find their

principal applications in broadcast and communications receivers where

automatic gain control is used and the receivers are intended for the

reception of amplitude-modulated signals. In such cases their use

reduces the cross modulation encountered with signals of high intensity

and in addition permits more satisfactory gain control circuits. They
are little used in radar systems or in f-m receivers.

In many cases a remote- or semiremote-cutoff tube is the counterpart

of one among the sharp-cutoff types, although usually the transcon-

ductance of the former will be lower at similar values of plate and screen

currents. For example, the 6AB7 (20-1) is similar in construction and
in many characteristics to the sharp-cutoff 6AC7. The 6SG7 (20-2) is

similar to the 6SH7 (19-8), the 6BA6 (20-3) is much like the 6AU6 (19-5),

and the 6SK7 (20-8) has its sharp-cutoff counterpart in the 6SJ7 (19-17).

The types in the first five groups of Table 20 are.all of the semiremote-
cutoff class with fairly high transconductance. Those in Group 20-2,

such as the 6SG7, have two cathode leads for the isolation of input and
output circuits in high-frequency operation. The 6BA6 and 12BA6
(20-3) are the only semiremote-cutoff miniature types in production.

The 7R7 and 14R7 (20-6) are loctal duo-diode pentodes with fairly

high transconductance and figure of merit of the semiremote-cutoff

section and are thus unique. Other duo-diode pentodes are listed in

groups 20-16, 20-17, and 20-18, and the 6SF7 and 12SF7 of group 20-7

have a single diode in addition to the pentode section.

Group. 15 lists remote-cutoff pentodes which have transconductances

of about 2000, and which find wide application at moderate frequencies.
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The 6SS7 (20-9) and the 7B7 (20-12) are similar but require only half

the heater power.

The tubes in a number of the other groups of Table 20 are also much
like those of Group 20-8 but are of older construction and may be con-

sidered obsolescent. They are listed in Groups 11, 14, 15, 16, 18, and 19.

The acorn 956 and the miniature 9003 (20-10) are very similar respec-

tively, to the 954 and 9001 of Table 19. The 9003 is the only miniature

remote-cutoff pentode made.

Of the developmental types the A4444C and the A4466B have the

highest values of transconductance of any semiremote-cutoff pentodes

listed. The 26A5 is intended for 28-volt operation like the 6AJ5, and

is one of a new line of 28-volt tubes which also includes an output tube,

the 26B5, a duo-diode medium-Mu triode, the 26C6, and a converter,

the 26D6.

Audio Output (md Small Transmitting Pentodes and Tetrodes .—The
tube classified as output and small transmitting tubes are tetrodes and

pentodes for which the most important design requirement is the ability

to deliver an appreciable amount of power to the load circuit. This

feature distinguishes them from the pentodes previously discussed, for

which the most usual requirement is a large voltage gain at low power

levels. In general, the output or power tubes have higher plate dis-

sipation ratings and somewhat higher plate voltage ratings than the r-f

amplifier pentodes. In most cases no attempt has been made to obtain

very low values of plate to control grid capacitance since this is not

required for the usual applications of power tubes. The value of this

capacitance ranges from i to about 1 /.tjuf, or much larger than the same

value for the r-f tubes.

The distinction between audio output and small transmitting tubes is

largely arbitrary, and is made chiefly on the basis of the commonest

uses for eacli type in the past. Most audio output tubes make fairly

good low-powered transmitting oscillators or r-f amplifiers, and the con-

verse is also true in many cases.

Undoubtedly the most common application of the tubes of Table 21

is in the output stage of a radio receiver or other audio amplifier, driving

a loud-speaker or other electroacoustic device, but they may also be

used for many other purposes. Many of them are used as crystal oscilla-

tors or frequency multipliers in the lower-powered stages of transmitters.

In radar they are used for many applications where tubes of fairly high

power capabilities are required, as in deflection-yoke drives for electro-

magnetic CRT circuits, in voltage regulators, and sometimes as video

amplifiers.

Output pentodes and beam tetrodes are listed in order of decreasing

plate dissipation in Table 21. Twin output tubes, of which there are
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only a few types, are similarly listed in Table 22. The small transmitting

tubes of Table 24 and the twins of Table 25 may be of use for the same

general purposes as those of Tables 21 and 22 when higher voltage or

dissipation ratings are required.

In all four of these tables the aligned-grid or “beam” tetrodes are

not distinguished from the true pentodes, whether the latter are of beam

construction or not. There are now very few nonbeam tetrodes. The

beam tetrodes are very similar to the pentodes in characteristics and

applications. The beam types, whether tetrodes or pentodes, tend to

6400
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Fig. 14-16.—Variations in characteristics of CL6GA tubes.
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have higher values of transconductance, greater power sensitivity, and

lower screen currents than nonbeam tubes of comparable size. In most

cases, but with some important exceptions, the beam types are superior

and of later design. In Table 21 the beam tubes are those in Groups 1,

2, 3, 4, 6, 7
, 11, 16, 17, 24, 26, and 27. The nonbeam pentodes are in

Groups 5, 8, 9, 10, 12, 13, 14, 15, 18, 19, 20, 21, 22, 23, and 25. Most

of the latter will not be further discussed.

The tubes of Group 21-1, such as the 6L6, are the largest “receiving”

beam tubes made, and are commonly used where tubes of their capacities

are required. Most of the types in this group have the desirable

characteristics of 200-volt heater-to-cathode voltage rating and closer

tolerances on plate current and transconductance than any other types

in the table. The actual variations found in a representative group of

6L6GA tubes tested under the conditions specified in the table are shown

in Tig. 14T6. The 6L6, 6L6GA, and 6L6G are all identical in ratings and

essential characteristics and differ only in mechanical construction and

interelectrode capacitances. The 1614, 1622, and 1631 are somewhat
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more specialized, the first having ratings as a transmitting tube, the

second being selected for uniform characteristics and long life, and the

last having a 12.6-volt heater. There have been manufactured from

time to time various other variations of the same basic type, such as the

6L6GX, T21, and RK49, which are essentially 6L6G's with ceramic

bases. There is a ruggedized version, the 6L6WGA, in development.

Some of the small transmitting beam tetrodes of Table 24 are also

very similar to the 6L6. In particular the 807 (24-10) is almost identical

with the 6L6 when tested under the same conditions. It differs, however,

in that it has the plate connected to a top cap and has better internal

insulation, both of which permit a higher plate-voltage rating, and has

a lower grid-to-plate capacitance, a 5-pin low-loss base, a higher dissipa-

tion rating, and is rated for r-f power applications. The 1625 (24-10) is

identical with the 807 except for its 12.6-volt heater. Other small trans-

mitting tetrodes that are similar to the 6L6, though less so than the 807,

are the 1624 (24-9) which is essentially an 807 with a filamentary cathode,

and the 1619 (24-4) which is a metal 6L6, also with a filamentary cathode.

These last two tubes have lower transconductances than their unipoten-

tial-cathode counterparts. The 350A (24-11) is also not unlike the 807,

though its actual ratings and characteristics are considerably different.

The 6AR6 (21-2) is of interest because of its small bulb size in pro-

portion to its plate dissipation and other ratings. Its maximum ratings

apply only if the bulb is cooled with an air blast, however. This tube

should find its application where space is at a premium.

The tubes in group 21-3 are designed to give high outputs at com-

paratively low values of plate voltage, operation at 135 Vdc being

typical. One common use of the 6Y6G in radar equipment is as a volt-

age-regulator triode. Another somewhat similar tube is the 6U6GT
(21-6), which has a lower maximum dissipation rating but a smaller bulb

size. The 6Y6G has a 300-volt heater-to-cathode voltage rating, which

is unique for tubes of its class.

The 6V6GT/G and the other tubes of Groups 21-4 are widely used

small beam output tubes. While having lower maximum ratings, lower

transconductance, and greater variation in essential characteristics than

the tubes of the 6L6 group their small bulb size and low heater power

make them very attractive for applications within their ratings. The
miniature developmental tubes A4450B and A4470 (21-26) are very

similar in characteristics to the 6V6 Group.

The types in Groups 21-7 and 21-11 were designed for use in trans-

formerless radio receivers and are normally operated with supply voltages

around 110 Vdc. They therefore have fairly large outputs for the low

voltages at which they operate. They also have large values of trans-

conductance. They have been little used in radar equipment since it is



Sec. 14*4] TETRODES AND PENTODES 593

seldom designed foi' transformerless operation, but are common in broad-

cast receivers. Group 21-7 includes a miniature type, the 50B5. The
tubes of Group 21-11 have lower output but require less heater power.

The 6AG7 and the 6AK7/6AG7
(21-13) are pentodes rather than beam
tubes and are unique in that they are the

only output tubes designed primarily as

video amplifiers. In many respects they

are more like the sharp-cutoff pentodes of

Table 19 than the output tubes. The
construction of the 6AG7 is shown in Fig.

14*17. It may be considered a scaled-up

6AC7. Tliese two tubes have very high

values of transconductance, higher in fact

than for any otlier tubes of this chapter,

and a high figure of merit. Because of

these characteristic's they have found

applications as multi vil)rat()rs and in other

circuits where a liigli transconductance

and low capacitanc^es are desired in a tube

of moderately liigli power capabilities.

They have also been used to a limited ex-

tent in r-f applic^ations, particularly as

frequency multipliers.

The figures of merit of a number of

output and small transmitting tubes are

given in Table 23.

The types in Group 21-16 are chiefly

interc^sting for their low heater power

requirements. They liave l)een ximd prin-

cipally in mobile eciuipment.

The 7A5 (21-17) is intemded for operation at fairly low plate and

scu-c^en voltages, and is in this respecd similar to the fiYfiG (21-3).

The ()G(Kt and the ()AKC) (21-23) have tlie lowest heater power of

any output tubers listc^l and therefore find application where this is an

imporf.anf. considcu-ation. Both are nonbeam pentodes.

The 2()A5 (21-24) and the 28D7 (22-2) and 2()A7GT (22-3) twins are

intended for 28-volt operation. The first is still in the developmental

status. All three have remarkable high outputs for such low plate

Fig. 14-17.—Video amplifier

poiitodo 6AG7. (Ridrmim from
picture furnished hy Radio Oorpe-
ration of America.)

voltages.

The developmental type HD34 (21-27) is a miniature beam tetrode

intended for pulsed operation. The only other small beam tubes in these

tables intended for such operation are the 3D21A (24-7) and the 3E29
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(25-3). The last is essentially an 829B with ratings for high-voltage

pulsed operation.

The 12L8GT and 1644 (22-1) are the only twin output tubes designed

for operation at normally high voltages. Neither is widely used.

Table 23.—Figures of Merit of Output and Small Transmitting Tubes

Type Group Figure of merit

6AG7 21-13 535

829B* 25-3 420

25L6GT/G 21-7 380

807, t 1625 1 24-10 335

6AR6 21-2 300

6AK6 21-23 295

7A5 21-17 285

6L6G 21-1 285

6L6 21-1 275

35L6GT i 21-11 260

2E22 24-12 260

6V6GT/G 21-4 240

1619 24-4 205

12L8GT* 22-1 195

26A7GT* 22-3 190

6G6G 21-23 185

* These types are twin tubes; the figures of merit will be the same for both sections in ijarallel as for

one section since both transconductance and capacitances will be doubled.

t The figure of merit given for the 807 and 1625 is for these tubes operated under tlie test conditions

specified for the 6L6 in group 21-1.

The tubes listed in Tables 24 and 25 are all primarily intended

for application as r-f power amplifiers and oscillators, although they

may be suitable for other quite different purposes. One exception

is the 3D21A (24-7), which is a pulsed modulator. Both beam types

and nonbeam types are listed, the latter in Groups 2, 3, 6, 8, and 12 of

Table 24. Because of the large number of characteristics given it has

been necessary to split Table 24 into two parts, which has also been done
in a somewhat different fashion with Tables 26 through 30 of the next

section.

All of the nonbeam pentodes listed in Table 24 have Grid No. 3

characteristics such that they are suitable for suppressor-grid-modulated

phone applications. The characteristics of many of these types, and of

the beam transmitting tubes, have already been discussed. One interCvSt-

ing type not previously mentioned is the 2E30 (24-1), which has higher

power-handling capabilities than any other miniature tube.
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The twin beam ti'ansmitting tubes of Table 25 are intended as r-f

power amplifiers at frequencies as high as 20Q to 300 Mc/sec. The 829B

in particular, however, is often used in wideband video amplifiers since

it has a higher figure of merit than other types of a similar size. It is

shown in Fig. 14-18, together with the 3D21.

Only those transmitting tubes with plate dissipations of 30 watts or

less have been listed in the tables, since the larger types are almost

never used for other tlian transmitting purposes and therefore cannot be

considered '‘receiving” tubes.

(a) (6)

Img. 1 -MS.- Small traiiHiiutting liaam tetrodes, (a) 820B, Ken-Rad; (?>) 3D21, Hytron.

From the stand|)oint of the uses of the Radiation Laboratory the

following is a l)i‘ief outline of the principal characteristics of interest for

the most-used tetrodes and pentodes:

Tetrodes.

(VVi)—General-purpose beam power amplifier. Useful in pulse cir-

cuits as amplifier, cathode follower, etc. Excellent r-f oscillator

and a-f amplifier. Not as high gm or as good shielding between

grid and plate as ()AG7. Large screen and plate dissipation for

its size. Very rugged tube, uniform in manufacture.

()LC)—Similar to 6VO but higher voltage and current ratings. Useful

as pulse amplifier and cathode follower. Large dissipation, high

power gain. Useful as audio and servo power amplifier. Good
series regulator tul)c when triode-connected.

807—Similar to OLO but with higher ratings and lower capacitances.

Vei’}’*' rugged tube.
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832A

6.2

9.4

2.8

4.8

0.06

815

11.0

15.6

6.4

10.6

0.22

829B

12.8

16.2

5.2

8.7

0.10
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3D21—Similar to 807 but physically smaller. Designed as a pulse

tube, used mainly as a modulator and driver in radar sets. Will

stand 4 kVdc on plate and very large currents.

6Y6G—Similar to 6L6 but will take very large currents at low plate

voltages. Good blocking oscillator, excellent series regulator tube.
829—Essentially two 807’s in one envelope. Primarily designed as

uhf oscillator and amplifier but sometimes used as output stage in

video amplifier.

Pentodes.

()SJ7—General-purpose receiving pentode. High gain at low cur-

rents. Useful as audio voltage amplifier. Sharp cutoff. Uniform
characteristics. Can be used in suppressor-control circuits. Very
high gm (2500) and rp (over 1 megohm). Low grid current.

6SH7—^Like 6SJ7 but higher-gm and very sharp cutoff.

()S.K7—^Ijike 6SJ7 but with remote-cutoff control grid. Useful in

AVC circuits and in devices where a parabolic control characteristic

is required.

6AC7—High-performance i-f and video pentode. Very high gm
(10,0()()), moderate input, g3 cutoff about —100 Vdc. Useful in

video amplifiers, pulse generators, cathode followers, amplitude
selectors, limiters, etc.

()AK5—Miniature i-f and video pentode, slightly better performance
in i-f and video circuits than 6AC7 because of higher figure of merit.

Low heater power, sharp cutoff. Generally useful in pulse circuits.

f)AG5—Practically same as 6AK5 but higher capacitances and higher

dissipation ratings.

6AG7—High-performance video pentode. Very high gm (10,000),

moderate capacitances. Essentially a large 6AC7. Useful as

video deflection amplifier, blocking oscillator for extremely rapid

rates of rise, and as cathode follower to drive coaxial cable.

VR91—British equivalent of GAC7 in nearly all respects.

VRG5—(Not listed in tables.) British equivalent of (:)SH7,

GV9—liritish, not listed in tables. Like ()AG7 but higher dissipation

and gm.

6ASG—Similar to {)AK5 but with sharp g3 cutoff ( — lO Vdc). Used
as a time selector and in regenerative circuits of the ‘biegative

transconductance’' variety in transitron, phantastron, etc. Only

American equivalent of VRllG.
VRl 16—British tube most used in time-selector and negative trans-

conductance devices. Prototype for phantastron, sanatron, etc.

High gm, low capacitances, large plate and screen dissipations.

14*5 Converters and Mixers.—The converter and mixer tubes of this

section are vacuum tubes of relatively complicated structures, used pri-
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marily for frequency conversion in superheterodyne receivers. Five

classes of these tubes may be distinguished: two different classes of

pentagrid converters, listed in Tables 26 and 27; triode-hexode and

triode-heptode converters, listed in Tables 28 and 29; pentagrid mixers,

listed in Table 30. Because of the large number of characteristics of

each type and the,,small number of types per class, the tabular form of

the other tables of this chapter could not be used, and the five tables

of this section have accordingly been considerably modified. Essentially

the same kinds of data are presented here as for the other classes of

tubes, however.

Pentagrid Converters .—Pentagrid converters are tubes with five con-

centric grids successively surrounding the cathode and a plate around

the outermost grid. They are of two main classes. The first and earlier

class, listed in Table 26, uses the cathode and the first two grids as an

oscillator, Grid No. 2 acting as the plate. It is actually two rods without

the usual spiral grid wires. Grids No’s. 3 and 5 are internally connected

and serve to screen the signal-input grid (No. 4) from the oscillator

section and the plate. All tubes of this type are restricted as to operating

potentials by the usual requirement of a nonbeam tetrode that the

plate must never become negative with respect to the screen, except for

the 7A8 (26-3) which is actually an octode, having a sixth grid internally

connected to the cathode.

The second class of pentagrid converters, listed in Table 27, have a

structure in which the first grid is the oscillator grid, as before, and the

second functions both as the oscillator plate and as a screen between the

oscillator section and the signal Grid No. 3. This structure requires that

g2 be grounded for radio frequency, and the circuit thus becomes a

grounded-plate oscillator. The fourth grid is connected internally to g2
and screens the signal grid from the remainder of the mixer section. The
fifth grid is the suppressor.

Tubes in this second class of pentagrid converters are superior to

those of the first class in two respects. Their much higher oscillator-

section transconductance gives far better performance at high frequencies,

and the use of a suppressor grid results in a considerably higher plate

resistance with less resultant- loading of the output transformer. Either

class may be used with a separate oscillator tube, and they are often so

used at the higher frequencies. All of these pentagrid converters may be
used for other applications where a tube with two separate grids of good
control characteristics is required. This type of operation has been dis-

cussed previously in connection with the 6AS6.

The types listed in groups 27-2, 27-3, and 27-4 are basically similar

and are probably more frequently used than any other class of converter.

The 6BE6 and 12BE6 (27-3) are the only miniature converters in quantity
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Table 28.—Triode-hbxodb Converters

Type Ef, V If, A Base Bulb

6K8 Oct, TO Metal

6K8G 6.3 0.30 Oct, TO ST-12

6K8GT Oct, TC T-9

12K8
12.6 0.15

Oct, TC Metal

12K:8Y* Oct, TC Metal

* The 12K8Y has a low-loss base.

The interelcctrode capacitances are as follows:

Type

Gin, Ai/xf Gout, iugf

Cgp, ixfii

Max.
Min. Max. Min. Max.

6K8
12K8 5.4 7.8 2.6 4.4 0.03

12K8Y

6K8G 3.7 6.5 3.5 5.5 0.08

6K8GT
!

4.0
i

6.0 3.3 5.3 0.08

Notic: Cin is the capacitance between hexoclo g3 and all other electrodes; Coiit is from hexod© plate

to all other elements: Cgp is the capacitance between hexodogS (the signal grid) and liexode plate.

Other capacitances are as follows:

Type

Capacitance, Mgf 6K8
12K8

0K8G
6K8GT

0.02 0.05
Hexode g3 to hexode and triode gl, max 0.2 0.2

Hexode and triode gl to triode i)late, avg 1.1 1.8

Hexode and triode gl to hexode plate, max 0.10 0.16
Triode plate to all excei)t triode and hexode gl, avg 3.2 3.4
Triode and hexode gl to idl except triode plate, avg 6.0 6.6

All five types belong to one grovip and have the following characteristics:

Maxinuirn ratings:

For the triode section, El) 140 Vdc, Tp “ 0.75 W.
For the hoxodcHcciiou, Eb 330 Vdc, Ec2 -1-4 »* 166 Vdc, Pp *“ 0.75 W, Pg2+4 •» 0.70 W.
Ik - 16 inAdc, Ehk » 100 Vdc.

Test conditions:

For the triode section, Eb »» lOO Vdc, Ib »« 3.8 niAdc.

B’or the hexode section, Eb « 260 Vdc, Ec2-l-4 s® 100 Vdc, F)c3 * —3 Vdc, Ib 2.6 ruAdc,
Ic2 -4" 4 " 6.0 mAdc.
B’or both, Eel - 0, Rgl *• 6(),()0() ohms, the input signal to the gl’s is adjusted to that Id »

160 /xAdc, and the conversion transconductanco So 350 g mhos.
Cutoff characteristic: for hexode Ec3 »* —30 Vdc So *» 2 MJnhos av.

Limits of essential characteristics:

Hexode Ib » 1.6 inAdc rnin, 3.6 max; Ic2-l-4 “ 3.0 mAdc min, 9.0 max.

Ik -9.5 mAdc min, 16.6 max; Sc *» 230 gmhos min, 490 max.
Hexode Ic3 » —2MAdc max.
For the h-k leakage test, Ihk »a 20 juAdc max when Ehk «» 100 Vdc,

For the omission test, with all clemonts except heater and cathode at 30 Vdc, Is « 70 mAdc min.

The oscillator section transcouductance (not oscillating) is 2200 arahos min, 4000 max, with tried©

Eb « 100 Vdc, Eel « (), and hexode Ec24-4 “ 56VdcandEc3 «» —0.5 Vdc.

With the oscillator section oscillating the triode and hexode Icl »* 110 piAdc min, 220 max.
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production at present. The developmental 26D6 (27-5) is designed for

28-volt operation.

Triode-hexode Converters ,—The third basic class of converters is the

triode-hexodes of Table 28.

These tubes may be considered as essentially pentagrid mixers of the

first type with a separate triode oscillator section since the hexode

section is similar to a pentagrid converter of the 6A8 type with the rods

forming the oscillator plate omitted. This comparison is not strictly

accurate since the triode-hexodes employ beam-forming shields which

give a high plate resistance without the use of a suppressor grid. The
triode control grid and the hexode No. 1 grid are actually one electrode

in which the portion on one side of the cathode serves as the triode grid

while the opposite portion furnishes the oscillator input to the hexode.

These tubes are intended to give good performance at the higher fre-

quencies. Unfortunately none is of the single-ended construction, all

having top-cap connections to the signal grid.

Triode-heptode Converters and Pentagrid Mixers .—These last two

classes will be described together, since the former is essentially the same

as the latter plus a separate but internally connected triode oscillator

section. They are listed in Tables 29 and 30.

Pentagrid mixers and triode-heptode converters are basically different

from the other three classes of converters in that the signal input is

impressed on the first grid rather than on the third and fourth as in the

other types. This feature is intended to give better isolation between the

oscillator and signal-frequency circuits. The other grids function as

follows: g2 and g4 are internally connected and act as the screen; g3 is

the oscillator input grid
; g5 is the suppressor grid. In the triode-heptodes

the oscillator grid is internally connected to the heptode g3, and for the

pentagrid mixers an external oscillator is similarly connected either

directly or through a condenser. The oscillator-section transconductaiice

of the triode-heptodes is considerably lower than that obtainable with

separate triodes or than the oscillator-section transconductance of the

triode-hexodes or the second class of pentagrid converters.

The conversion transconductance of the 7S7 and 14S7 (29-3) is

appreciably higher than for any other tubes of this section.

The pentagrid mixers of Table 30 are all essentially the same, the

1612 being a 6L7 selected for quiet operation in audio circuits. Several

of the tube manufacturers who do not list the 1612 will furnish similarly

selected 6L7’s without changing the tube numbers. Pentagrid mixers are

often used for other than r-f applications, such as d-c-controlled audio

mixers and volume-expanding or -compressing amplifiers, where a tube

with good control characteristics on two grids is required. The first grid

has a remote cutoff characteristic, which may be a disadvantage in some
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applications. The first grids of all the triode-heptode types of Table 29

have sharper cutoff characteristics and it should be possible to use the

heptode sections of these types in similar applications by* not using the

triode sections. No information is available on such operation of these

tubes.

The Radiation Laboratory made comparatively little use of converter

tubes. The 6SA7 (27-4) was used as an electron-coupled oscillator-

Table 30.

—

Pentageid Mixers

This class includes only three types, all belonging to one group. The 6L7 a,n(!

1612 are metal tubes with an octal base and top cap; the 6L7G has an ST- 12 bulb with

an octal base and top cap. All have 6.3-volt 0.3-ampere heaters. The 1612 is a, ()b7

selected for nonmicrophonic characteristics for use in audio applications; no clnirac-

teristics are given except maximum ratings as an amplifier, which are the sa-nu^ as

for the other types except that Eb = 275 Vdc max. Presumably the other cliarac-

teristics are identical with those of the other types. For the 1612 Cg3-p — 0.1 mmI'

max. Other capacitances are

:

Type

Cgl—all others. Cg3—all others,

jxfxi

Cp—all others,

jugf Cgl-P,

fifiS

Min. Max. Min. Max. Min. Max.
max. max.

6L7 6.2 8.8 8.3 11.7 8.2 13.8 0.001 0.2

6L7G 4.9 7.1
j

12 Av. 7.2 12.8 0.005 0.2

1612 7.5 Av. 10 Av. 11 Av. 0.001

The other characteristics are:

Maximum ratings:

As an amplifier, Eb == 330 Vdc, Ec2 -j- 4 = 110 Vdc, Pp = L5W, Pg2 1 .0 W,
Ehk - 100 Vdc.

As a mixer, Eb = 300 Vdc, Ec2 + 4 = 165 Vdc, Pp == 1.0 W, Pg2 « 1.5 W,
Ehk = 100 Vdc.

Test conditions:

As an amplifier Eb = 250 Vdc, Ec2 -h 4 = 100 Vdc, Eel = Ec3 « -3Vdc,
Ib - 5.3mAdc, Ic2 -f 4 = 6.5 mAdc, gm = 1100 fj. mhos.

As a mixer, Eb = 250 Vdc, Ec2 -j- 4 = 100 Vdc, Eel = -™-3 Vdc, Il> *

2,4 mAdc, Ic2 -j- 4 = 7.1 mAdc, Ec3 = —10 Vdc, pejik signal

voltage = 12 V min, Sc == 375 jumhos.

Cutoff characteristics as an amplifier:

For gl. Eel = —30 Vdc, gm == 1 /xmho min, 20 max.
for g3, Ec3 — —15 Vdc, gm — 1 jumho min, 55 max.

Limits of essential characteristics as an amplifier:

Ib = 3.6 mAdc min, 7.0 max. Ic2 -f 4 = 4.7 mAdc min, 8.5 max. gm «
900 gmhos min, 1300 max.

Maximum Ic3 = —2.0 gAdc.
For h-k leakage test, Ihk = 20 iuAdc max for Ehk = 100 Vdc.
For emission test, with all grids and the plate at 30 Vdc, Is = 45 mAdc min.
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Notes;
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converter and as a time selector. It is not as good as the 6AS6 for the

latter application since its g3 cutoff is not as sharp. It was successfully

used in the phantastron circuit, as was also the 7A8 octode (26-3).

14*6. Gas-filled Tubes.—This section presents data on only a small

number of the many gas-filled tubes that are available on the market,

and on only three classes—cold-cathode diode voltage regulators and

hot-cathode triodes and tetrodes of small size and comparatively low

power-handling capacity.

Voltage-regulator Diodes .—The characteristics of the cold-cathode

gas diodes intended for voltage regulation are given in Table 31.

Three of the types in the table, the 1B46, 1B47, and 991, have low

maximum current ratings in comparison with the other types. The 874

is of older design and has a large physical size. These types will not be

further discussed.

The remaining types are made with four nominal values of voltage

drop, as follows:

0A8/VR75 and (miniature) 0C2 75 volts

0B3/VR90 90 volts

0C3/VR105 and (miniature) 0B2 105 volts

0D3/VR150 and (miniature) 0A2 150 volts

The miniature types appear to be identical in all respects with their

larger counterparts, except for a slightly lower maximum current rating.

The regulation characteristics of the several types vary considerably, both

with regard to the absolute value of voltage change and to the nominal
voltage drop. The 105-volt tubes have the best regulation, followed in

order by the 150- and the 75-volt types, with the VR90 a poor fourth.

The differences are apparently due to the different gas mixtures used,

and also perhaps to other causes.

The Radiation Laboratory made extensive use of regulator diodes

both directly as voltage regulators and also as standard voltage sources

for regulated power supplies.

Gas Triodes and Tetrodes .—Tables 32 and 33, respectively, list small

grid-controlled gas triodes and tetrodes (Thyratrons). In addition to

those listed in these tables there are many larger types with power-
handling capabilities running up to hundreds of kilowatts.

Of the triodes the 884 and 885 (32-3) are the most widely used, the

latter type having a somewhat obsolescent heater voltage and base.

Two miniature triodes are available, the 6D4 (32-4) and the 2C4 (32-5).

These two types have considerably lower current ratings than the larger

tubes.

For many applications the tetrodes of Table 33 are preferable to the

triodes, since they will operate on smaller input signals and have higher
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33.—

Small

Hot-cathode

Gas

Tetrodes

(thyratrons)

612 RECEIVING TUBES [Sec. 14-6

(3)

Manufacturer

specific

operating

temperature

range

(rf

-55

to

+90=0.

Cgp

k

0.20

fifif

average.

(4)

Temperature

range

as

given

by

manufacturer.

Cgp

is

0.10

aver^.
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ratings for comparable size and heater power. At one time they wei’e

considerably more expensive than the triodes, but this is no longer true.

In Table 33 there are only two basic types, since the 2050 (and its

nearly identical twin, the now-obsolete 2051), the miniature 2.D21, and

the metal GL502A are practically identical except for physical construc-

tion. The miniature GL456 has one-fourth the heater power of the others

and lower ratings.

All of the types, both triodes and tetrodes, have negative values of

critical control-grid voltage, although the tetrodes of group 33-1 can be

given a positive grid characteristic by biasing the screen slightly

negative.

Thyratrons were used by the Radiation Laboratory for a number
of purposes, ranging from oscilloscope sweep generation to the control of

fairly large servo motors. The useful characteristics of the tubes of

Tables 32 and 33 can be summarized as follows:

884—Argon-filled triode. Safe peak current 1 amp. Useful as

switch tube in delay-line pulse generators, as oscilloscope time-base

generator, and as frequency divider.

6D4—Miniature version of 884. Also useful with magnet as r-f

wideband (10 M c/sec) noise source.

2050-—^Xenon-filled tetrode. Very low control electrode capacitance.

Firing characteristic nearly independent of plate voltage. Useful

to control small d-c motors, as an instantaneous amplitude com-

parator, and as a switch.

2D21—Miniature version of 2050.

3C45—(Not listed in tables.) Best low- and medium-power switch

tube. Deionization time 10 to 20 microseconds. Not a good

amplitude comparator as it requires large positive grid drive before

conduction takes place.
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A

Abrasion resistance of hook-up wire, 10-

11

A-c characteristics, of accurate wire-

wound resistors, 94-95

of pow(‘r-type wdrc'-wound resistors,

82-87
'

A-c commutator transmitter, 823-324

A-c motors, 377-384

l)rus}i-shifting (a;)iiimutator-type, 379

capax; i tor, 377-“378

drag-cup, 383-385

high-frequcuicy
,
379-381

low-iiiertiji, 381 -385

repu Ision-start, 379

shaded-pole, 378-379

split-phase, 377

varial)l(i-freqiien(!y capacitor-run, 380

A-c tach{)m(‘ters, 384

Actuators, rotary, 495 497
A-f os(ullator |)ower sui)i)ly, 138-141

Aircraft a,-c giuierator, voltages wavcshaixi

of, 422 123

Air<iraft-(‘ngine generators, 413-417

Alloys, r(‘siHta,nee, proptu'tic^s of, 70-72

Anieri(%an BtHandards Assoeiation, 34, 63

Ar(^su|){)r(?ssing ciiuruits for relays, 489

Arguiml)n,u, L. Ik, 120

Armor for r-f cable, 23

Armstrong, E. J., 175

A rm y- N a. vy ]4lectronics Standards
Ag(‘ncy, 1, 2, 16, 34, 63

Army-N a,\'y 11. F. (Jabhi (Coordinating

( bmniittee, 16

Ayrt.<)n-E(UTy windings, inductance of, 86

B

Ba-tclier, K. R., 108

Ha,tt(‘ries, 399 401

Bal.hu'y lifc^, dry, vs. curnmt, 400

Baur, ir., 500

Beam-spread formula for delay-line crys-

tals, 220

Bearings, 367-370, 412

Becker, J. A., 108

Bell Telephone Laboratories, 180, 215,

216, 219, 231, 237, 263, 452, 453, 499

Bell Telephone Laboratories delay lines,

215

Bell Telephone Laboratories mercury

relay, 498-500

Beranek, L. L., 108

Beveridge, IL, 58, 64

Blewett, J. P., 193

Boclla, M., 55, 63

Bond, W. L., 175

Boothby, 0. L., 150

Boiiorth, II. M., 150

Brakes, magnetic, on motors, 390-391

Brattain, W. IL, 108

Bressi, 63

Brownlee, T., 108

Brushes, 365-367, 414, 424-425

Bushings (see Transfonner bushings)

G

Cables, r-f, 15-32

air-spaced dielectric in, 22

armor for, 23

attenuation of, 17-19, 25-27

capacitance of, 17-20, 24

center conductor for, 1()-21

high-attenuation, 21, 26

lvigh-iinpe(laiice, 27-32

delay in, 27-32

design nuRhods for, 27-31

RG-65/IJ, characteristics of, 31-32

impedance of, 17-19, 24™25, 28-31

jacket for, 23

metal-braid armor for, 22

primary insulation for, 21-22

resistance to extiuunc temperatures,

23-24

615



616 COMPONENTS HANDBOOK

Cables, r-f
,
resistance to moisture and sol-

vents, 24

standard, characteristics of, 17-19,

24-27

voltage rating of, 17-19, 27

Caller, J. M., 1, 12

Capacitance, of delay-line crystals, meas-

urement of, 237

distributed, of transformer winding,

124, 141-145

interwinding, in transformers, 124-125,

144

of X-cut crystal, 220

Capacitance strip, effect of, in electro-

magnetic delay lines, 198-203

Capacitors, synchro, 314, 325-328

Carbon-pile centrifugal governor, 430

Carbon-pile voltage regulators, 446-451

Carbon resistors {see Resistors, composi-

tion)

Caruthers, R. S., 108

Characteristic, JAN, of composition

resistors, 35, 37, 44

of power-type wire-wound resistors,
.

68-69

Chipman, R. A., 63

Chokes {see Reactors)

Christensen, C. J., 50, 64

Circuits of constant-voltage transformers,

456

Clarke, C. A., 109

Clutches, motor, 390-392

Coatings for power-type wire-wound

resistors, 74-76

Coils, iron-core inductor {see Transformer

coils)

relay, 474-479

Color code for composition resistors, 37-

38

Composition resistors {see Resistors,

composition)

Condensers, linear-sweep, commercial,

305-309

construction of, 305-307

specifications for, 307-309

phase-shifting, 288-298

accuracy of phase shift of, 296

mechanical design of, 296-298

sinusoidal sweep, 308-309

sweep-scanning, 298-309

variable, 288-309

Conductor, center, for r-f cable, 16-21

stranded, for hook-up wire, 3-4

Contact bounce, 471, 512, 514

Contact pressure, potentiometer, 261

Contactors, motor, d-c, 504-507

Contacts, potentiometer, 255-261

relay, 467-472

materials for, 470

pressures of, 471

ratings of, 468-470

shapes of, 471

special forms of, 472, 490-491

Control circuit, emission-tube, 461

Control motors, synchro, 321-323

Control transformer, synchro, 314, 319-

321, 325-326

Controls, automatic, for engine-driven

generator sets, 408

Converter tubes, 599-610

pentagrid, 600-604, 606

rotating, 417-431

triode-heptode, 606-607

triode-hexode, 605-606

vibrator {see Vibrator power supplies)

Cooling system, constant-temperature,

406-407

Core loss, 149

Cores {see Transformer cores)

Coursey, P. R., 63

Covering, outer, of hook-up wire, 7-9

Crystal frequency standards, 175-180

accuracy requirements for radar, 176

effect of oscillator circuit on frequency,

177

mountings for, 178-180

resistance to humidity, 177

resistance to shock and vibration, 177

special quartz cuts for, 177-178

table of, 179

temperature coefficient of, 176

use of, in radar, 176-177

Crystals, delay-line, 221-229

absorbing backing for, 224—225, 227

active area of, 222

bandwidth of, 220

beam-spread formula for, 220

capacitance of, measurement of, 237

mounting technique for, 222-229

thickness of, 221-222

quartz, for supersonic crystal trans-

ducer, 181-182
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Crystals, third, in supersonic delay lines,

225, 235

X“Cut, capacitance of, 220

resonant frequency of, 219

Current-carrying capacity of hook-up
wire, 12“13

Cutoff characteristics, of pcaitodes, 570-
571

suppressor-grid, 578“579

I)

Darrow, W. K., 108

D-e motors, 371-377

cornpo iind
,
372-373

permanent-inagnet, 372, 374-376

series, 371

shunt, 371-372

2-spc(Kl, 387-388

split-field, 377

D-c Selsyn system, 354

D-c Selsyns, 353-355

theory of operation of, 353

D-e tacliomc'tcrrs, 374-376

Delay-line crystals (see Crystals, delay-

line)

Delay lines, electromagnetic, 191-217

balanced, 198-199

(M)ntinuous, Federal Telephone and
Radio Corporation, 197-198

with floating (;apa(ntan(;e strip,

198-199

General I'ilec.tric Coinpany, 19(>™

197

with grounded capacitance strip,

198

witli Bulrdivided eapa(;itance strip,

200-202

(1 istribut(Mi-parain(^tca*
,

1 92-209

equalized, 199-209

efT(*(^t of natural (a>il (‘apaeitanco in,

202

cflVctivc^ inducta,nc.(‘ of, 192-193

(‘(jualizcal, tyfricaJ, 203“209

high-di(4(M'.trie,-constant, 206

luinpc(l-pai\'itneLer, 209-217

Bell Telephone Lalroratories, 214-

217

derivation from m-derived ftlter,

210-211

Raytheon Manufacturing Com-
pany, 213

Delay lines, electromagnetic, mismatch
in, effects of, 194-196

simple, attenuation in, 194

delay of, 193

with subdivided winding, 203, 206-

209

supersonic, 218-242

assembly of, 236-239

crystals for (see Crystals, delay-line)

folded, 226, 231-233, 242

formulas for, 218-221

insertion loss of, 220-221, 235-236
line-design problems, 229-235

maintenance of, 239
mechanical tolerances for, 232
multiple echoes in, 223

reflectors for, 226, 230-232, 235

specifications, 239-241

stability of, 229-230

table of, 240-241

variable, 226, 227, 230, 232-235,

242

Derenzini, T., 219

D’heedine, A. R., 175

Diameter, o ver-all, of hook-up wire, 8-9

Dielectric, air-spaced, in r-f tjables, 22

Differential synchros, 314, 318-320

Diode detectors, 533-539

choice of, 535, 538

Diode rectifiers, high-voltage, 545-547

Diodes, 533-548

cold-catlK;)d(i gas, voltage regulators,

609-610

half-wave, for detection, 536

multiple, for detection, 537, 538

platc-su})ply, 539-547

full-wave, 542-545

small half-wave, 539-541, 544

Dissipation rating, of fixed corn position

resistors, 43-45

of power-type wire-wound resistors, 67,

80-81
'

Dole, F. E., 243, 255, 254

Dow Chemical Cornpa.ny, 11

Drag-cup a-c motors, 383"“385

Drake, D. T., 50, 60, 64, 83

Du Pont De Nemotirs Company, K. I.,

11

Dynamotors, 4 1 7-420

voltages regulation of, 418 420
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E

Echoes, multiple, in supersonic delay

lines, 223

Electro-Tie system, 386-387

Enclosures, generator, 412

motor, 363-364

relay, 489

transformer, 167-169

Engine-cooling system, constant-tem-

perature, 406-407

Engine-driven generator sets, automatic

controls for, 408

heavy-duty, 401-402

maintenance of, 408

portable, 402

power required for, 405

selection of, 403-408

speed of operation, 407-408

type of duty, 404-405

ultraportable, 402-403

Engines, 401-403

cooling for, type of, 406-407

fuel for, type of, 405

ignition for, type of, 407

two-cycle vs. four-cycle, 405-406

Errors, synchro, 330-331

F

Pair, I. E., 175

Federal Telephone and Radio Corpora-

tion, 197

Field, R. F., 120

Figures of merit, of output tubes, 594
of r-f amplifier pentodes, 571-572

Flammability of hook-up wire, 11

Flywheel, synchro motor damping, 316,

318

Ford, G. T., 573

Formvar, 150-151

Frames, motor, 363-364

Frequency standards, crystal {see Crystal

frequency standards)

G

Gamertsfelder, G. R., 288

Gas tubes, 610-613

Gear motors, 389-390

Geiger, P. H., 108

General Electric Company, 108, 109, 196,

205, 453-454

Generator bearings and lubrication, 412
Generator ratings, 409

Generator specifications, 408-413

Generator voltage regulators, carbon-

pile, 446-451

Generators, 408-417

a-c, type of excitation, 411

aircraft-engine, 413-417

compound-wound, 409-410

d-c, type of excitation, 410-411

dual-voltage, 415-416

permanent-magnet, 372, 374-376

series-wound, 409

shunt-wound, 409

synchro, 313, 316-317

synchro differential, 314

voltage control of, 411-412, 418-420,

445-454

Giacomini, A., 219

Governor, centrifugal carbon-|)ile, 430
Lee centrifugal, 392-395

motor-speed, 392-395

Green, C. B., 108

Green, N. H., 521

Greenidge, R. M. C., 175

Grisdale, R. 0., 108

Grondahl, L. 0., 108

H

Hague, B., 109

Hanna, G. R., 127

Harrison, G. W., 175

Flarrison, E. B., 135

Hartshorn, L., 63

Hazeltine Electronics Corporation, 64

Heising, R. A., 175

High-frequency a-c motors, 379-381
High-frequency properties, of composi-

tion resistors, 51-60

measurements of, methods of, 54-5()

Hipersil, 145-149

Hofstadter, R., 264

Hook-up wire, 1-13

conductor for, 2-4

current-carrying capacity of, 12-13
flammability of, 1

1

insulation resistance, 14-15

JAN type designation, 2
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Hook-up wire, outer covering of, 7-9

over-all diameter of, 8-9

primary insulation, 5-7

resistance to abrasion, 10-11

resistance to fungus, 11

resistance to high temperatures, 9-10

resistance to low temperatures, 10

resistance to moisture, 11-12

resistance to solvents, 11

stranded conductor for, 3-4

temperature rise in, 12

voltage drop in, 13

voltage rating of, 13-14

Horsepower rating, motor, 361-362
Howe, G. W. 0., 52, 53, 63, 64

Huntington, H. B., 218, 220, 232, 239
Hussey, L. W., 109

I

Inductance, effective, of electromagnetic

delay lines, 192-193

leakage, in transformers, 117-118

self-, of iron-core coil, 118-124

of single-layer resistors, 86

vs. weight of filter chokes, 129

Inductors, iron-core (see Transformers)

rotary (see D-c Selsyn; Magnosyn;
Resolver; Synchro; Telegon)

Insertion loss, calculation of, for super-

sonic delay lines, 220-221, 235-236

Instrument motors, 356-395

Instrument vibrators, 497”-498

Insulation, hook-up wire, 5-7

primary, for r-f cables, 21-22

relay, 488

Insulation resistance of hook-up wire, 14-

15

Inverters, 420-431

outi)ut waveform of, 422-423

S|)eed r(^gula.tion of, 425-431

speed variat-ions of, 426

starting <'urr(mt of, 422, 424

J

tljicket for r-f cables, 23

Jackson, W., 63

Jacobson, R., 218

JAN type designations, for fixed (xirn-

position resistors, 35, 37

JAN type designations, for hook-xip wire,

2

for power-type wire-wound resistors, 66
Johnson, E. E., 60, 64

Johnson, J. B., 64, 108

K

Kallmann, H. E., 27, 192, 194

L

Labeling of composition resistors, 37-38
Laboratory for Insulation Research

,

Massachusetts Institute of Technol-
ogy, 1, 5

Lack, F. R., 175

Langmuir, R. V., 193

Lawrence, R. R., 441

Leads, potentiometer, 254-255

Lee centrifugal governor, 392-395
Linearity, potentiometer, 256-258, 266-

268, 271-276

Liquids, velocity of propagation of sound
in, 218-219

Low-inertia motors, 381-384

Lubrication, 367-370, 412
Lundstrom, 0. C., 108

M

?7i-derived filter, derivation of delay line

from, 210-211

McElroy, P. K., 120

MeSkimin, H. J., 175, 231, 232, 237
Magncsyn-Aiitosyn servo system, 350 •

351

Magnesyns, 345-351

construction of, 346

electrical characteristics of, 346
linear, 350

theory of operation of, 347-349

Magnet wire, 150-151

Magnetic structures, relay, 472-474
Mareno, T., 108

Mason, W. P., 175

Massachusetts Institute of Technology,

Electrical Engineering Staff, 108,

120, 127

Laboratory for Insulation Researc^h, 1,

5
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Materials, contact, for potentiometers,

255, 259--260

Miller, J. M., 55, 58, 64

Mismatch, effects of, in electromagnetic

delay lines, 194-196

Mixers, 599-610

pentagrid, 606, 608

Monsanto Chemical Company, 11

Motor attachments and auxiliaries, 370,

387-395

Motor bearings and lubrication, 367-370

Motor brushes, 365-367

Motor characteristics, 358-363

check list of, 357-358

Motor clutches and brakes, 390-392

Motor contactors, d-c, 504, 507

Motor control, mode of, 360

Motor frames and enclosures, 363-364

Motor horsepower rating, 361-362

Motor materials, 364-365

Motor noise, electrical, 361

and vibration, 360-361

Motor power source, 358-360

Motor speeds, 363

Motor temperature rise, 361-363

Motors, a-c (see A-c motors)

brush-shifting, 379

capacitor, 377-378

choice of, 356-370

compound, 372

control, synchro, 321-323

direct-current (see D-c motors)

drag-cup, 383-385

gear, 389-390

high-frequency, 379-381

instrument, 356-395

with integral variable-speed transmis-

sions, 390

low-inertia, 381-384

magnetic brakes on, 390-391

permanent-magnet, 372, 374-376

power source for, 358-360

repulsion-start induction-run, 379

shaded-pole, 378-379

shunt, 371-372

split-field, 377

split-phase, 377

synchro, 314, 316, 318

synchro differential, 314

two-speed, 387-388

types of, 370-395

Mounting technique for delay-line crys-

tals, 222-229

Mountings, for crystal frequency stand-

ards, 178-180

potentiometer, 252-254

for power-type wire-wound resistors,

66, 76-77

synchro, 331-333

transformer, 167-168

vibrator, 437

N

Nelson, R. B., 193

Nettleton, L. A., 243, 264

Ney Company, J. M., 255

Noise, in composition resistors, 49-51

motor, 360-361

in potentiometers, 268

0

Operate current, relay, 478

Operate time, relay, 479-483, 514

P

Packard, 0. A., 467, 495

Pearson, G. L., 50, 64, 108

Pentagrid converters, 600-604, 606

Pentagrid mixers, 606, 608

Pentode r-f amplifiers, 570-585

cutoff characteristics of, 570-571

figures of merit of, 571-572

Pentodes, 570-599

choice of, 595, 599

cutoff characteristics of, 570-571

output, 581, 586-594

remote-cutoff, 580, 582-585

semiremote-cutoff, 580, 582-585

sharp-cutoff, 574-577

transmitting, small, 594-599

twin output, 591

twin transmitting, small, 594-599

Permanent-magnet motors and genera-

tors, 372, 374-376

Permeability, effective, 123

incremental, 123

Peterson, E., 109

Phase rotation, synchro, 338-339
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Phase shift, accuracy of, with phase-

shifting condensers, 296

Piezoelectric crystal {see Crystals)

Podolsky, Leon, 95

Pontecorvo, P., 63

Potentiometer contacts, 255-261

materials for, 255, 259-260

pressure of, 261

shape of, 256-257, 259-260, 284

Potentiometer leads, 254-255

Potentiometer linearity, 256-258, 266-

268, 271-276

definitions of, 266-267

Potentiometer linearity testing, 271-276

continuous-comparison method, 272-

276

point-measurement method, 271-272,

274

Potentiometer mountings, 252-254

Potentiometer resistance elements, 243-

252

finishing of, 249

mandrels for, 243-245

winding of, 248-249

winding machines for, 248-251

Potentiometers, 243-287

characteristics of, 266-287

(iommercial, 276-287

manufacturers of, 286

noise in, 268

nonlinear, 261-266, 282-286

resistance wir(^ for, 246-248

ring, 280-283

table of, 283

sine-cosine, 264-205, 284-286

standard linear, table of, 278-279

testing of, 271-276

torcpK^ r('{|uir(unents of, 271

total rt'sistJUKai of, 269-270

lk)W(ir S()urc(‘ for motors, 358-360

Power suppli('s, 396-466

a~f OHc.illalor, 138-141

choice of, 396 -399

prime, 399 -408

vibral.or {sec Vibrat,or power supplies)

Power transfornua-s, design of, 130-141

Pr<^f(n*r(i(l-number syst(un, 38-39, 78

Fropagaiion of sound in liquids, velocity

of, 218-219

Pvickle, 0. 8., 55, 63

Q

Quartz crystals {see Crystals)

E

Eadio Corporation of America, 593

Eadio-frequency cables {see Cables, r-f)

Radio Manufacturers' Association, 38

Raytheon Manufacturing Company, 204,

213, 225

Reactors, 126-130

filter, inductance vs. weight, 129

optimum air-gap ratio for, 128

iron-core, design of, 126-130

‘ {See also Transformers)

Rectifiers, crystal, 106-108

dry-disk, 106-109

high-voltage, 545-547

plate-supply, 539-547

Reflectors, for supersonic crystal trans-

ducers, 189-190

for supersonic delay lines, 226, 230-232,

235

Regulator adjustment, carbon-pile, 448

Regulator tube, shunt voltage, 568

Regulators, 445-466

carbon-pile, 446-451

stabilizing transformer for, 449

finger-type, 446

generator-voltage, 445,-454

electronic, 452-454

mechanical, 445-460

static, 450-454

line-voltage, 454-466

d-c, 466

electromechanical, 456

electronic, 460-466

design of, 463-464

emission-tube control circuit for,

461

equivalent circuit of, 462

output waveform of, 465

theory of, 462-4.63

vector diagram of, 461

saturable-transformer, 455-460

load power factor on, effect of, 457

regulation curves of, 457

vibrating-contact, 44.6

Relay arc-suppressing circuits, 489
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Relay armature and contact structures,

511

Relay coils, 474-479

operating temperature of, 474-476

Relay contacts (see Contacts, relay)

Relay enclosures, 489

Relay magnetic structures, 472-474

Relay operate current, 478

Relay operate time, 479-483, 514

Relay release current, 478

Relay release time, 479-483, 514

Relay tests, 500-516

Relay time-delay circuits, 482-483

Relays, 467-516

a-c, general-purpose, 509

current, 491

d-c, general-purpose, 506

differential, 493

directional, 492

general-purpose, 510

indexing, 468

insulation of, 488

keying, 493

lag, 480-483, 494-495, 505, 508

escapement-type, 480, 494

operate- and release-time curves of,

481

slug-type, 480, 505, 508

thermal, 481-483, 494-495

latching, 492

life of, 490

mercury. Bell Telephone Laboratories,

498-500

multiple-unit, 495

overload, 491-492

polarized, 492

potential, 491

power requirements for, 476

replacement of, 489

resistance to shock and vibration, 472,

483, 487-488, 504-505, 510-517

rotary, 483-488

sensitive, 504, 507

servicing of, 489

shock tests of, 504-505, 510-517

sizes and weights of, 490, 506-509

slow-acting (see Relays, lag)

special types of, 490-495

telephone-type, 503

thermal time-delay, 481, 482

time-delay (see Relays, lag)

Relays, time-delay circuits for, 482-483

tropicalization of, 488-489

underload, 491

vibration tests of, 504, 510-517

voltage and current requirements for,

476-479

Release current, relay, 478

Release time, relay, 479-483, 514

Resistance, maximum available, of power-
type wire-wound resistors, 74, 77-78

Resistance elements, potentiometer (see

Potentiometer resistance elements)

Resistance-temperature characteristics of

composition resistors, 46-49

Resistance values, distribution of, within

tolerance limits, for composition

resistors, 39

of power-type wire-wound resistors,

77-80

standard, of composition resistors, 38-

39

Resistance wire, in high-attenuation

cables, 21

for potentiometers, 246-248

table of, 247

Resistance-wire alloys, properties of, 70-

72

Resistors, bobbin-type, high-frequency

characteristics of, 95-96

choice of, 33-34

composition, 33-64, 96-99, 110-114

color code for, 37-38

construction of, 39-43

dimensions of, 36

dissipation rating of, 43-45

high-frequency properties of, 5L 60

methods of measurement, 54-56

JAN characteristics of, 35, 37, 44
JAN code for, 35, 37

labeling of, 37-38

noise in, 49-51

pulsed operation of, 45-46

resistance-temperature charactcjris-

tics of, 46-49

resistance values of, 38-39

distribution within tolerance lim-

its, 39

preferred-number system for, 38-

39

stability of, GO-63

voltage rating of, 45-46
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Resistors, fixed wire-wound, 65-96, 109-

110

high-frequency, 1 1 0-1 12

high-stability composition, 97-99

high-voltage, 95-97

metal-film, 99-101

meter, 88, 89

pulse-current-viewing, 1 13-114

r-f wire-wound, 109-110

single-layer, inductance of, 86

ultrahigh-frequency, 1 12-114

wire-wound, accurate, 87-95

a-c characteristics of, 94-95

construction of, 90-91

dimensions of, 88-89

insulation of, 93

resistance tolerance of, 92-93

resistance values of, 91-92

stability of, 93-94

table of, 88

temperature coefficient of, 93-94

voltage rating of, 93

low-power, 65

power-type, 65-87

coatings for, 74-76

construction of, 71-77

dissipation rating of, 67, 80-81

JAN characteristics of, 68-69

JAN type designations for, 66

maximum available resistance of,

74, 77-78

mountings for, 66, 76-77

reactance of, 87

resistance values of, 77-80

tabic of, 67

temperature coefficient of, 79-80

voltage ratings of, 82

windings for, 72-74

Resolvers
,
340-344

definition of, 340-341

el(K*,trica,l chara.cteristics of, 343

Hiiigl(vfr(‘(|U(mcy operation of, 341-343

iis(‘ of, {IS v(‘,(d,or adders, 342

R('sonant-(*luirgiug cliokes, 1 29

R-f jimplificr ixiiitodes, 570-585

Richards, E. A., 109

Roberts, S., 271

Rotary actamtors, 495-497

Rotary induct,ors {see D-c Selsyn; Mag-
nesyn; R,(\solver; Synchro; Telegon)

Rotary relays, 483-488

Roters, H. C., 120, 472

Royal Aircraft Establishment, 233

Rubel, J. H., 193, 196

S

Sahagen, J., 109

Salzberg, B., 55, 58, 64

Selsyn, d-c {see D-c Selsyn)

Shielding of transformers, 144, 166-167

Shields in transformer coils, 144

Shock tests, relay, 504-505, 510-517

Signal Corps Ground Signal Agency, 11

Sinclair, D. B., 63, 64

Solenoids, 495-497

Speed governors, 392-395

Speeds, motor, 363

Sprague Electric Company, 95

Stability, of accurate wire-wound resis-

tors, 93

of composition resistors, 60-63

of supersonic delay lines, 229-230

Starting current, 359, 360, 422, 424

Stevens, IL E., 196

Stranding, types of, for hook-up wire, 4

Sullivan, R. J., 255

Switches, stepping, 493, 494

Sykes, R. A., 175

Synchro capacitors, 314, 325-328

Synchro control motors, 321-323

Synchro control transformers, 314, 319-

321, 325-326

Synchro differential generators, 314

Synchi-o differential motors, 314

Synchro errors, 330-331

Synchro functional classification, 311

Synchro generator, 313, 316-317

Synchro-generator load capacities, 330

Synchro matching transformers, 340

Synchro motor, 314, 316, 318

Synchro motor damping flywheel, 316,

318

Synchro mountings, 331-333

Synchro noiiienclature, 3 10~ 3 1

3

Symdi ro-plmsc^ rota-tion
,
338-339

Synchro rotors, 314-315

Synchro specifications, 336-339

Synchro systmns, 324-327

differential, 326

generator-control transformer, 325-326

generator-motor, 324-325

two-speed, 327
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Synchro time-phase shifts, 339

Synchro torque, 328-329

vs. accuracy, 329

Synchro torque gradient, 329

Synchros, 310-345

accuracy of, 330-331

construction of, 314-324

definitions of, 313-314, 329

differential, 314, 318-320

reversed, 323

sizes and weights of, 312

theory of, 314r-324

use of, in cathode-ray tube sweep cir-

cuits, 343-345

with nonsinusoidal voltages, 343-345

zeroing of, 331-336

T

Tachometers, 374-376, 384

a-c drag-cup, 384

d-c, 374-376

Telecommunications Research Establish-

ment (TRE), 187

Telegon system, 352

Telegons, 350-353

construction of, 351

theory of operation of, 351-352

Temperature, operating, of relay coils,

474-476

Temperature coefficient, of accurate wire-

wound resistors, 93

of crystal frequency standards, 176

of power-type wire-wound resistors,

79-80

Temperature rise, in hook-up wire, 12

of motors, 361-363

of transformers, 125-126, 131-132

Terman, F. E., 64, 109, 125, 127

Terminals, transformer, 169-174

Tetrodes, 570-599

beam, 586-598

choice of, 595, 599

gas, hot-cathode, 612-613

output, 581, 586-594

transmitting beam, 594-598

Thermistors, 101-104

applications of, 102-104, 452, 481-482

Thyratrons, 610-613

choice of, 613

Thyrite, 104-106

Time-delay relays {see Relays, lag)

Torque, synchro, 328-329

Torque gradient, synchro, 329

Torque requirements of potentiometers,

271

Transducers, supersonic crystal, 180-

190

bandwidth of, 186-189

crystal cartridge for, 182-189

electrical characteristics of, 184

piezoelectric crystal for, 181

reflectors for, 189-190

ringing in, 183

Transformer bushings, 169-174

assembly in cans, 173-174

high-altitude operation of, 172

operating voltages of, 172

Transformer circuits, constant-voltage,

456

Transformer coils, 150-165

design data, 125, 158-163

distributed capacitance of, 124, 141-

145

finishing of, 155-156

impregnating and sealing materials,

163-165

interlayer insulation for, 151-152

magnet wire for, 150-151

processing of, 163-165

resistance of, 125

self-inductance of, 118-124

types of winding, 152-158

winding table for, 160-161

working-voltage gradient for insula-

tion, 162-163

Transformer core materials, core losses of,

149

magnetization curves of, 148
Transformer cores, 145-150

Transformer enclosures, 167-169
Transformer mountings, 167-169
Transformer shielding, 144, 166-167
Transformer voltage, formula for, 116
Transformer winding, distributed capaci-

tance of, 124, 141-145

Transformers, 115-174

broadband, 141-145

constant-voltage, 455-460

construction of, 145-174

control, synchro, 314, 319-321, 325-
326
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Transformers, design of, 115-145

design formulas for, 115-126

high-voltage, 137

interwinding capacitance in, 124-125,

144

leakage inductance in, 117-118

oil filling of, 169

potting, 168

power, 130-141

higher frequency operation of, 132-

133, 138-141

life vs. operating temperature, 132-

133

small, copper allowance for, 158

stabilizing, for carbon-pile voltage

regulator, 449

temperature rise of, 125-126, 131-132

3-phase, 134

Transmissions, variable-speed, for

motors, 390

Triode-connected pentodes, high-Mu,

567

low-Mu, 550

medium Mu, 558

Triodes, 549-570

choice of, 568-570

gas, hot-cathode, 610-611

high-Mu, 557-570

low-Mu, 548-551

medium-Mu, 551-558

twin, high-Mu, 559, 563-566

rnodium-Mu, 555-557

Troell, It E., 196

Tube characteristics, tables of, notation

used in, 531-533

Tubes, choice of, general rules for, 518-

519

converter and mixer, 599-610

gas-filled, 610-613

index of types, 523-531

miniature, 522, 524

output, figures of merit of, 594

physi(!al characteristics of, 519-523

preferred types of, 518

receiving, 517-613

ruggedness of, 521-523

size of, 520-5^3

sub-miniature, 523-524

for use as series voltage regulator, 549,

551

Tubes, variation in characteristics of,

563, 566, 590

{See also Converters; Diodes; Gas
tubes; Mixers; Pentodes; Tet-

rodes; Thyratrons; Triodes)

Tweeddale, J. E., 108

V

Vacuum tubes {see Tubes)

Varistors, 100-109

symmetrical, 104-106

unsymmetrical, 106-108

Vector adders, 342

Velocity of propagation of sound in

liquids, 218-219

Vibration, motor, 360-361

Vibration tests, relay, 504, 510-517

Vibrator buffer capacitors, 443-444

Vibrator circuits, 438-445

design considerations, 440-445

series, 440

shunt, 439

Vibrator construction, 433-438

Vibrator driving circuits, 435-437

Vibrator mountings, 437

Vibrator power supplies, 431-445

power output of, 432

rectifier tubes for, 444

r-f interference in, suppression of, 445

Vibrators, instrument, 497-498

non-synchronous, 437

synchronous, 437-4.38

Vigness, I., 505

Voltage control of generators, 411-412,

418-420, 445-454

Voltage divider, capacitive, push-pull,

302

Voltage-divider circuits, capacitive, 299-

302

Voltage drop in hook-up wire, 13

Voltage rating, of accurate wire-wound
resistors, 93

of composition resistors, 45-46

of hook-up wire, 13-14

of power-type wire-wound resistors, 82

Voltage regulation of dynamotors, 418-

420

Voltage regulators, carbon-pile, 446- 45

1

cold-cathode gas diodes, 609-610

series, t\ibe for use as, 549, 551
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W

Waveform, of aircraft inverters, 422-423
of electronic line-voltage regulator, 465

Wear, brush, 424-425

of potentiometer contacts and wind-

ings, 257-260

Weekes, D. F., 199

Weller, J. A., 108

Western Electric Company, 180

Willard, G. W., 175, 219
*

Wilson Company, H. A., 256

Winding table for paper-insulated layer

windings, 160-161

Windings, Ayrton -Perry, inductance of,

86

for power-type resistors, 72-74

Windred, G., 467

Wire, Copperweld, 20

hook-up {see Ilook-iip wire)

magnet, 150-151

resistance {see Resistance wire)

stranded, 2-4

tinned copper, 2-4

Wire-wound resistors {see Resistors,

wire-wound)

Wisconsin, University of, Department of

Mining and Metallurgy, 64

Y

Yarmack, J. E., 109

Youmans, E. D., 1

Z

Zeroing of synchros, 331-336


