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PREFACE

This monograph discusses the results of my journey studying specialized slide rules for Electronic
Engineers in determining Inductive Reactance X, = 2znfL, Capacitive Reactance Xc = 1/(2nfC),
and Resonant Frequency fo = 1/[2nVLC], and | have included the basic operations for a number of
them for those interested. Would any of these specialized slide rules have been of help to you?
You have a large selection to choose from. Not an Electronic Engineer? Not to worry, the equations
they were designed to help solve are really simple. So sit back and enjoy the results of my journey.
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Introduction

| was an analog circuit designer for much of my career, 1960-1998 and designed Intermediate
Frequency (IF) amplifiers, signal detectors, and signal processing for Anti-Radiation Missiles
(ARM). During the early part of my career, 1960/1974 the slide rule was my primary calculator.
Three common circuit equations we had to solve were Inductive Reactance X, = 2nfL, Capacitive
Reactance Xc = 1/(2nfC), and Resonant Frequency fo = 1/[2nvLC]. Sure we had to find the
approximate solution to place the decimal point, but that was slide rule life back then. During the
slide rule era many slide rule designers wanted to make solving the above equations simpler, and
the Electronic slide rule was born. | did not know of their existence at the time and several years
ago decided to determine how well they might have helped me. This monograph is the final result
of my journey.

Solving for Inductive Reactance X. = 2nfL, Capacitive Reactance Xc = 1/(2xfC), and Resonant

Frequency fo = 1/[2nV LC]] using our general purpose slide rule is not Rocket Science! However
we did have to determine the decimal point.

XL = 2xfL

Use the CI/C/D scales. Sometimes it is easier to use 1/2x =0.159, XL = (L/0.159)f
Xc = 1/(27fC)

Use the CI/C/D scales XC = (0.159/C)(1/f)

fo = 1/[2nVLC]]

The proper A/B scales must be used; Left scale, x.xx10*/" evennumber right scale xx.x10*- even number,

Calculate LC using the A/B scales (LC on the A scale = VLC on the D), place 0.159 (1/2x) on the
C scale over YLC on the D scale and read f, on the C scale above the D index. Knowing fo, LC =
(0.159/f0)?; Using the C/D scales solve for 0.159/fo on the D scale and LC = (0.159/fo)? on the A
scale. Divide by L to find C and C to find L.

| will start at the beginning, the electrification of the world by Tesla and Westinghouse in the late
1880’s, the rise of “Electronics” in the 1920’s, and discuss a number of slide rules designed to aid
in the calculations for Inductive Reactance X, Capacitive Reactance Xc, and Resonant Frequency
fo. The final section is a brief discussion on how the X, Xc, and fo were used in every day
Electronic Engineering life.



Genesis

Our story begins in the late 1880’s with the “current wars”; Edison versus Tesla and Westinghouse
regarding who would electrify the world; Edison with his Direct Current (low voltage, high
current), Figure 1, or Tesla and Westinghouse with their high voltage, low current Alternating
Current, Figure 2. Edison’s Direct Current had a major problem: transmission line voltage loss due
to the high current. Nikola Tesla had been working on Alternating Current induction motors and
power transmission for several years and had a different view on electrifying the world: high
voltage and low current (thus much less transmission line loss). Transformers decreased the high
voltage to that necessary for the given load. Tesla teamed up with George Westinghouse and the
“current wars” began. Eventually Tesla and Westinghouse were victorious (an excellent book on
the subject is Jill Jonnes “Empires of Light; Edison, Tesla and Westinghouse and the Race to
Electrify the World” [1]). In the early 1900’s, slide rule manufacturers produced specialized
“Electric” slide rules, called Elektro/Electric, to calculate the voltage drop, resistance, and the
weight of the copper for DC transmission lines (see Bob Adams [2] and Rod Lovett [3]).

Low voltage (high current)

I —

Generator [
™~ O =0
Heavy wire
HE R == am
Long-distance transmission Feeder Main
Circuit

(one of many in parallel)

Figure 1. Edison’s Direct Current (DC) Power Distribution [1]

High voltage (low current) Low voltage
nerator@ g
Stepping-up Stepping-down
transformer transformer

(one of many in parallel)

Figure 2. Tesla’s Alternating Current (AC) Power Distribution [1]

Alternating Current, AC, theory, and practice soon became college/university subjects and
engineering textbooks introduced Inductive Reactance X, Capacitive Reactance Xc, and Resonant
Frequency fo, three terms we will be talking about shortly.



Research on Wireless Communication Spark Gap Telegraphy (Morse code), Figure 3, and radio,
Figure 4, continued well into the 1920’s; Nikola Tesla demonstrated modern radio in 1893 (he had
been granted two US patents in 1890) and the evolution of AC (Electrical Engineering) to
Electronic Engineering (the early names were Radio and Communication Engineering) began. OK,
I know there is still a debate on who invented Radio: Tesla or Marconi? The US Supreme Court

upheld Tesla’s patents in 1943; thus, he does have priority.

T\
Radio Waves ﬂ

The transmitted frequency, fris determined by
the resonant values for the inductor, L, and

E 00 capacitor, C.

L% fr = fo = 1/[2nVLC]

Re Ce —

|1

Battery

Figure 3. Wireless Communication Spark Gap Generation

Figure 4. Crystal Radio Receiver
The received signal is the resonant frequency, fo = 1/[2mV LC]

Research on radio transmitters and receivers continued in the 1930’s, but it was the research on
Television and Radar, Chain Home, prior to World War II that brought more and more “Electronic
Engineers” (they were still called Radio/Communication Engineers) into the field. Chain Home
was a British early warning radar, Figure 5a, developed around 1936 to warn of any German

Luftwaffe attacks. Figure 5b shows the simplified Radar transmitter.



Note that the “Electronics” in Figures 3-5 have the same equation for the transmitted, or received
frequency, fo= 1/[2nV LC]. fo is called the resonant frequency and is common in electronic receiver
and transmitter circuits.

Table 1 (page 5) shows several basic electronic functions that the Electronic Engineering slide
rules were designed to solve. The circuits are really part of the overall system design. The most
important equations that were, in many cases, used daily in various phases of electronic design
are: Capacitive Reactance (impedance) Xc=1/(2nfC), Inductive Reactance (impedance) X, = 2xfL,
Resonant Frequency fo = 1/[2nvVLC]. The tolerance for inductors and capacitors is seldom better
than +/- 10% and absolute accuracy is usually not needed.
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Figure 5a. Chain Home Radar

. Glass wall The transmitted frequency, fr, is determined by
the resonant values for the inductor, L, and
capacitor, C.

fr=fo= 1/[2m/ﬁ]

Figure 5b. Chain Home Transmitter Magnetron
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Table 1. Some Basic Circuits

Capacitive Reactance Xc = 1/2xnfC Inductive Reactance X = 2xnfL
R. C .

C i W A joL anr—m

) 0C 7 =R, - J :’ ;

( ( wC R[v Zl. R/. + /(I)L
o="2xnf o=2nf
Xc = 1/2nfC XL =2nfL

Z =\R? + Xc?) 0=-tan(Xc/R) Z=VR? + X1?) 0 = tan(XL/R)

Parallel Resonance, fo = 1/[2nVLC]. Series Resonance, fo = 1/[2nVLC]

Note. C or L, sometimes both, are usually variable for an exact value for fy

R R
o—:——c—r Gain o — Gain
| 1 L 1
5 5 =10 v, 2,
T (0
o o

/l) ./(’P

Note the common 27 term. The solution of these equations is not rocket science, however, the
decimal point, the bane of all slide rule users, can be tedious. This is especially true for the resonant
frequency (fo = 1/[2nVLC]) as the values for capacitance (C) can range from pico-Farads (10?) to
Farads, inductance (L) from micro-Henrys (E®) to Henrys, and the frequency from Hz (or cycles
per second) to Giga-Hz (10°%) depending on the application. | should point out that the values for
the Capacitance, C, and Inductance, L, generally have a tolerance of £10% or worse. Slide Rule
manufacturers saw the need for simplifying the solution process for X, Xc, and fo (as they did in
the early 1900’s for solving various Electrical Engineer functions), and in the mid 1920’s started
producing specialized slide rules for Electronic Engineers. Table 2 (page 6) lists the specialized
Electronic slide rules I currently know of (as of December 2016) and the evolution of these side
rules, from the 1920’s until the end of the slide rule era in 1974 will be discussed next.
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Table 2

Electronic Slide Rule Chronology
XL = 2mfL; X. = 1/2wfC; fo = 1/[2mV/ LC]

Scales
Approximate . Decimal
Date Slide Rule F|2x | LC | point LL Comments
independent
1920’s Spark Gap \ Three slide rules; See Appendix A
1934/1937 gublllgr \ Special Scales for V=IXc
apacity
First LC scale (inverted A scale folded
1936 K&E 4091- Spc V \ at (1/207)
1937 K&E 4138 N F scale; D scale folded at 1/2n
K&E Radio .
1938 Special N N g ;((:)z(ajle replacing the K scale on a 4081-
N 4082-3 y
K&E 2m scale; D scale folded at 1/2m and LC
1941 Cooke Radio v scale (in;/erted A scale folded at (1/27)?)
4139/68-1460
1950 Sun-Hemmi 256 N N _Clever design for decimal point
independence for fy
K&E National . . L
1955 Union Radio N ?gzliggide;ec;?daL point independent
TubeS » /ALy /NG, 0
1957 SHURE N Cardboard; Eight decade scales
Reactance X, X, and fo
Cooke Radio 2m and LC scales and
1958 Aristo 10175 S R IR Decimal point independent scales on the
back
Pickett .
1960 N 16.ES \ V| Powerful but difficult to master
Pickett Same as the Aristo 10175
1962 N 515-T VY Different scale labeling
? IWA 51903 V fo
? IWA 0268 \ Xe, X0 fo
1963 IWA 0272 \ Xe, X0 fo
Layfette .
1969 99-7128 Unique scales
. Circular; Twelve decade scales for
’) L
' Concise 380 v decimal point independent solutions
1968 Sun-Hemmi 266 \ V| One of the best
1966 Tianjin 6504 & N N K&E 4082 F scale on the slide.
6508 Excellent general purpose slide rules
? Pickett J AJBICID scales to find fo
' 1020-ES
Pickett .
?
: E31-ES \ V' | A/IB/CID scales to find fo
1970 gé%k_eEtg \ F (1/2m) gauge mark on C scale
1970 Grapoplex 698 \ V| Similar to the Hemmi 266
1974 Nelson-Jones \ V| Possibly the last of the breed




Specialized Slide Rules for the Electronic Engineer
Wireless Spark Gap Telegraphy

The first of the Electronic slide rules were probably those designed to solve for the transmitted
frequency of wireless spark gap telegraphy (Morse code), Figure 6. Thanks to Peter Hopp, | know
of three slide rules (Peter Hopp sent me catalog scans of these slide rules; no actual examples are
known), all with decimal point independent scales, see Figure 7. They were probably designed and
manufactured in the mid 1920’s. The three spark gap slide rules are discussed in Appendix A for
those interested.

The transmitted frequency, fr (and wavelength A7) are
determined by the resonant values for the inductor, L, and
capacitor, C.

fr = fo = 1/[2nVLC]; At = c (the speed of light)/fr

Figure 6. Spark Gap Transmission
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Figure 7. Brydon Hodgsbn Wireless Slide Rule
(See Appendix A)

The next slide rule is also application specific, solving for the voltage across a capacitor, Vc,
knowing the current, Ic, and frequency; Vc = IcXc.

R2 S1/3iM TR2
i &_ft\ \ I Ve2 = lc2 X =le/2afC
i =
| s
- [ ¢t 3 lc2 = Ve (2nfC)
o1 | e L8 = c2




Figure 8. TV / Radar Transmitter
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Figure 9. Version |l
The two versions of the Dubilier Capacity slide rule
(produced by A. G. Thorton; via Colin Barnest)

Dubilier Capacity Slide Rules

The Dubilier Capacity slide rule was designed to solve for the voltage across a capacitor knowing
the current and frequency in the power output of a TV or Radar transmitter, see Figure 8 (page 7).

The Dubilier Capacity, see Figure 9, was designed by Philip R. Coursey, an engineer who worked
for the Dubilier Condenser (1925) limited. The UK Slide Rule Circle reprinted the 1937 Instruction
manual for version Il; the only difference is the addition of the A/B/C/D scales (sin, tan and log
on the back slide) to make the slide rule more versatile. The slide rule solutions are decimal point
independent. The date for version I is stated in the manual as “several years before”, a date around

1934/1935.



England was doing research on TV and Radar (Chain Home) and possibly the slide rules were
designed to aid these efforts. The version Il has the name A. F. Fayers inscribed, who may well be
the Alfred Ayton Fayers who worked for EMI, a research firm doing research on TV and Radar.
The example below, Table 3, illustrates the basic operation.

A=c (the speed of light)/f, Vc:IcXc=I121'rfCT,a¢?r|§(§= Vcl/lc, =500 kc, C=0.0005 pF, Ic=2 Amp
Scale Step Xc =Vdllc

Frequency (Kc) (:15)0%T(|8W f

Wavelength (1) (rf]é treerid A=600

Capacity (uF) gi(? I(%: 8 SuF

E:A“rifgfnps) @) below 1=2 Amp | ©) (tl’i'f(‘)’v ;;”Ff)e rindex

Ec"ifgf\/) (5) read V=1.27 kv leﬁzﬁvz/\fa&mp%% Q

Reverse the steps if V or | is known.

The next step in the Electronic slide rule evolution is for slide rules to aid in the calculation of X,
Xc, and fo,

Keuffel and Esser Electronic Slide Rules

K&E produced the first general purpose Electronic Engineering slide rules, starting with their
4091-3 Spec. (special) in 1936, 4138 Morrison Radio Engineer’s Slide Rule a year later, the 4082-
3 Radio Special in 1938, and the most long lived of the Electronic Slide rules, the Cooke Radio
around 1941 (Clark McCoy, the guru of all things K & E published Dating K & E Slide Rules in
the Journal of the Oughtred Society, 24:2, Fall 2015, and an excellent historical overview The
Origins of the K & E “Radio” Rule (reprinted in Appendix B).

K & E 4091-3 Spec. (Special)

K&E produced the first of the general purpose Electronic Engineering slide rules, the 4091-3
Special, see Figure 10, around 1936. This is a rare slide rule, with the only 3 known. The LC scale
(Inductance, L and Capacitance, C), located at the top of the back side, is used in finding the
resonant frequency, fo = 1/[2mvLC], or solving for LC, LC = (1/2nfo)?. The LC scale is an inverted
A scale folded at (1/2nf)2. If the inductance, L, is given in u Henries (10®H), the Capacitance, C,
in pp Farads (10712F) and the resonant frequency, fo, in MHz (10° Hz) (cycles per second, cps, back
then), LC = 159x10°/+/LC). The LC scale limits, 25,300 «<— 253, correspond to a resonant frequency
from 1 MHz to 10 MHz on the D scale. The operation is shown in Table 4 (page 10). Use the C
and D scales for X_ = 2nfL and Xc = 1/2nfC. The approximate solution must be found, for the
decimal point, and will be discussed shortly.



Figure 10. K&E 4091-3 Special
http://www.mccoys-kecatalogs.com

Table 4
K&E LC Scale
(Inverted A scale folded at (1/20)?, fo = 1/[2nv/LC]; VLC = 1/2af; LC = (1/2xfo)?
Scale | fo = 1/[2nVLC] Comment
LC [ (L)(O) The K&E 4091-3 Spec. uses L In p H and C in ppF; LC 25,300 «— 253
3 and the frequency fo is on D scale, from 1 MHz — 10 MHz
D fo=1/[2nVLC]

K&E 4138 Morrison Radio Engineer’s Slide Rule

The K&E 4138 Radio Engineer’s slide rule, see Figure 11 (page 11), is the only known example,
and the manual can be found in Clark McCoy’s web page, http://www.mccoys-kecatalogs.com/.
The 4138 was designed by Bell Telephone Laboratories scientist J. F. Morrison and produced by
K&E around 1938. The slide rule was designed to aid in the solution of the propagation of Radio
Waves over the earth and will not be discussed here. The front side has an F scale and an inverted
D scale folded at 1/[2x]. The basic operation is shown in Table 5 (page 11); however, the decimal
point must be determined. This simple procedure will be discussed next.

10
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Figure 11. K&E 4138 Radio Engineer’s Slide Rule
http://www.mccoys-kecatalogs.com/

Table 5

4138 Scales and Operation
X, = 2xfL, X. = 1/2xfC fo = 1/[2nVLC] LC = (1/2xf)?

Scale | Function Xc = (1/2nfC) XL = 2nfL fo = 1/[2nVLC]
F Frequency f | f f fo = 1/[2nmVLC]
A LC LC
XL =(2n)(fL) f on the F scale = LC =
Place L on the C scale | (1/2xfo)? on the A scale;
C 1/2nf over fon the Fscale; | L= (1/2nfo)?(1/C)
Read X, on the C scale | C = 1/2rfo)?(1/L)
above the D index
D 12nf Xc = (12=6)(1/C)

K&E 4082-3 Radio Special

The 4082-3, see Figure 12 (page 12), may be the first mass produced Electronic slide rule, and was
sold from 1938 to around 1940. Several examples are known and Clark McCoy’s web page has a
copy of the instructions. The 4082-3 is a 4081-3 with a special F scale, on the bottom of the back
side, and an inverted D scale folded at 1/2x to aid in the solutions for X| = 2xfL and X¢ = 1/2xfC
(this is the same F scale on the 4138). Table 6 (page 12) shows the basic scale operation.

11
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Figure 12. K&E 4082-3 Radio Special

Table 6
F Scale (Inverted D scale folded at 1/27)

X =2nfL, Xc = 1/2nfC fo= 1/[2nVLC] LC = (1/2nfy)?

. Xc = (1/2nfC) fo=1/[2nVLC
Scale | Function XL = onfl. o= 1/[2nVLC]
A LC
D | 12naf Xc = (1/220)(1/C)
DI | 2af XL = (2nf)(L)

fo = 1/[2nmVLC]

fonthe F scale=LC = (1/2nfo)?
F Frequency f | f on the A scale;

L= (1/2nfo)*(1/C)

C = 1/2nfo)*(1/L)

The decimal point must be determined, the bane of all slide rule users. The manual, indeed many
reference books, have a “Reactance” graph to find the approximate solution, see Figure 13 (page
13). The diagonal lines are for Inductance and Capacitance with the x-axis for frequency and the
y-axis for reactance (I remember using Reactance Plots for the approximate solution way back
when - much easier than finding the approximate solution using the slide rule). This graph may be
intimidating, so here are a couple of examples:

L =100 pH, f= 100 kHz
Read X = 65 Q (actual 62.8 Q)
C=0.1 pF, f=100 kHz
Read Xc = 16 Q (actual 15.9 Q)
L=2upH, C=0.5pF
Read fo = 160 kHz (actual 159 kHz)
Note; at resonance, fo, XL = Xc = 2Q (actual 2.01 Q)
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Knowing the approximate solution; thus, the decimal point, to use the slide rule for a more accurate
answer is now a simple matter. The 4082-3 Radio Special is a great slide rule, containing most of
the scales necessary for the rigors of college math and science classes.
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Figure 13. Frequency — Reactance Plot
(from K&E 4082-3 and 4138 Morrison Radio Engineer’s manuals)
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K&E 4139/ 68-1460 Cooke Radio

The Cooke Radio slide rule, see Figure 14, was designed by Nelson M. Cooke (Chief Radio
Technician, U.S.N) and appeared around 1940/1941; Appendix C is a copy of my paper Keuffel &
Esser Cooke Radio Variants published in the Journal of the Oughtred Society, 24: 2, Fall 2015 for
those interested. The Cooke Radio is built on the 4071 Polyphase Duplex Decitrig frame and has
the LC and a 2z scale (D scale folded at 1/2m). The Cooke Radio had the longest life span of any
of the Electronic slide rules; from around 1940/1941 to 1968 or later! It does not have the LL
scales necessary for college/university math/science/engineering classes; however, it obviously
had a huge following.

GG

Figure 14. Cooke Radio Slide Rule 4139/68-1460

The 27 scale, a D scale folded at 1/2x, is used in the solution of the Inductive reactance, X = 2nfLL
and Capacitive reactance X¢ = 1/2afC. A copy of the instruction manual can be found on McCoy’s
web page, http://www.mccoys-kecatalogs.com/. The operation of the LC scale, see Table 7, is the
same as the 4091-3. Table 8 is for the 27 scale.

Table 7
LC Scale (Inverted A scale folded at (1/2xf)?

fo = 1/[2nVLC]; VLC = 1/2af; LC = (1/2xfo)?
Scale | fo = 1/[2nVLC] Comment
LC (B](®) L In pH and C in puF; LC 25,300 «— 253
and frequency fo is on D scale, from 1 MHz — 10 MHz

D fo=1/[2mVLC]

Table 8
27 Scale Operation
X =2xfL, Xc = 1/2=fC

Scale | Function Xc = (12znfC) XL =2=nfL
A

D 2nf XL = (2=xf)(L)
DI 1/2nf Xc = (1/2nf)(1/C)

F Frequency f | f f
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K&E National Union Radio Tubes Slide Rule

The National Union Radio Tubes slide rule, see Figure 15, was produced around 1955, and may
have been the first slide rule with extended scales to find the approximate value (thus the decimal
point) for X, =2xfL, Xc=1/2afC, and fo = 1/[2nv/LC]. Remember the tolerance for inductors, L,
and Capacitors, C, is usually + 10%. If better accuracy was required, you would have had to use
your everyday slide rule.

The price of slide rules was a major expense, and purchasing a slide rule to just find the decimal
point may not have been a possibility; remember we had access to the Reactance Charts, see Figure
13 (page 13).
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Figure 15. K&E National Union Radio Tubes Slide Rule
http://www.mccoys-kecatalogs.com/

Most of the slide rules discussed next have special scales to find an approximate solution; the
decimal point. The Sun-Hemmi 256 is a unique design; however, the 256 takes time to master.
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