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Formulas for Computing Capacitance
and Inductance

Chester Snow

Explicit formlas are given for the computation of (1) the capacitance
between conductors having a great variety of geometrical configurations, (2)
the inductance, both self- and mitual, of cirewits of various shapes, and (3)
the electrodynamic forces acting between coils when carrying current. Formu-
las for skin effect and proximity effect in concentric cables and parallel
wires are included. The formulas for the simpler configurations are given in
terms of the elementary functions, whereas more complex shapes involve the use
of Legendre polynominals, Legendre functions, and elliptic functions. One
section is devoted to a discussion of the relation between the Legendre and
the elliptic functions.

Introduction

This collection of formulas contains some that are commonly used in electrical work

‘and some that have been specrally developed for precision work at this Bureau. This is no

attempt at completeness, for there is now available (since 1948) a revised third editien
of the earlier compilation of formulas for inductance by Rosa and Grover [1].! This may
be consulted for references to original memoirs and also for discussion of the most suita-
ble formula for a given configuration or relative dimensions. Reference may also be made
to Dr. Grover’s [2] additions to these formulas in 1918 and to his book "Inductance calcu-
lations working formulas and tables. "

Formulas for capacitance may be found in the second edition, 1924, of a work by J. H.
Dellinger, L. E. Whittemore, and R. S. Ould [3]. This contains formulas for inductance
and a few for capacitance. It is possible that the aggregate of researches on capacitance
up to this time might amount to a collection of capacitance formulas as comprehensive as
that of Rosa and Grover for inductance.

The formulas given here contain, in addition to elementary functions, the Legendre
polynomials P,, the Legendre functions Qh-% and P,y and elliptic functions. It is ;howp
in section 4 how the latter two may be found by use of tables of the two complete elliptic
integrals X and &,

These, together with the incomplete integrals F(¢, k) and E(¢, k), and sn 4, cn u,
dn ¥, etc., may be readily found from the 1947 Smithsonian elliptic functions tables by
G. W. and R. M. Spenceley [4]. One point of superiority of this work over that of R. L.
Hippisley [5] is that it proceeds by increments of 1° in the modular angle instead of 5°.

Another purely mathematical table of elliptic functions and theta functions that has
been found very useful is table 1, (1922) by H. Nagaoka and S. Sakurai [6]. The same au-
thors in (1927} [7, table 2] produced a volume more directly applicable to the calculation

1 Figures in brackets indicate the literature reference at the end of the paper.
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of the force between coils and their self and mutual inductance. For the latter, Nagaoka
[8] has also published three formulas that make use of the remarkable convergence rate of
the series defining the theta functions in powers of the Jacobian parameter g.

Short tables of theta functions are given by Jahnke and Emde [9]. Also short tables
of F(¢, k) and E (o, k) were given by B. 0. Peirce [10]. The recent work of W. Magnus and
F. Oberhettinger [11] is very useful.

These volumes, especially the work of the Spenceleys put the computation of formmlas
with elliptic functions in quite a different light. Such formulas are not more difficult
than those with sines, cosines, and logarithms.

In section 5 are placed a few notes on methods of deriving some of the formulas given
here that are not generally available, or perhaps are unpublished. Where space permits,-
it has been attempted to summarize the entire &lectric field, on which capacitance is
based, or the entire magnetic field underlying the inductance constants. Such a scheme
seems desirable on a larger scale than is possible here, Each formula for capacitance re-
quires the evaluation of the electric potential or field at every point of space. For
each inductance I or ¥, one must find the vector potential or magnetic field everywhere,
The constants C, L, or ¥ represent a small byproduct, since they are derived from the
fields by direct processes. A summary of the more important electric and magnetic fields
that have been evaluated to date would probably fit present requirements better than fur-
ther tabulation of capacitance and inductance.

1. Capacitance

The formulas for capac{tance given in this paper are expressed in the centimeter-
gram-second electrostatic system of units (unrationalized). If lengths in centimeters are
substituted for the corresponding symbols in a formula, the resulting value of C will be
the capacitance in cgs electrostatic units. This value should be multiplied by 10/9 (more
precisely 10/c =1,11277) to obtain the capacitance in micromicrofarads. The formulas as-
sume a dielectric constant of unity (in the cgs-esu system). If the space between elec-
trodes is filled with a dielectric of permittivity €_ relative to empty space, the value
of capacitance as computed from the formula should be mltiplied by €.

Alternatively, when expressed in the rationalized meter-kilogram-second-ampere
{Giorgi) system of units each formula for capacitance would have an additional factor of
47 (by reason of the rationalization) and also a factor of 107/4mc? (by reason of the
conventionally chosen permittivity of free space). The net result is that with the dimen-
sions expressed in meters, and after multiplying by the combined factor 1.11277 x107!?, the
resulting value of C is in farads. .

The formulas for inductance and electromagnetic force given in this paper are ex-
pressed in the centimeter-gram-second electromagnetic system of units (unrationalized).

In using the formulas, lengths should be expressed in centimeters, currents in abamperes
{i.e., units of 10 amperes), and the permeability of space should be taken as unity. If
this is done, the inductances as computed are in units of 10™° henry, forces are in dynes,
and torques in dyne-centimeters.

Alternatively in the rationalized meter-kilogram-second-ampere system the formulas
should be multiplied by 1/47 (by reason of rationalization) and by 47107 {(by reason of



the conventionally chosen permeability of free space). Then if dimensions are expressed -
in meters, and currents in amperes, the inductances as computed will be in henries, the
forces in newtons, and the torques in newton-meters.

The first six figures illustrate two cases. In the axially symmetric cases the fig-
ures represent plane sections through the axis of symmetry. In the cylindrical case they
are plane sections perpendicular to the endless generators. In this case the formulas
give the capacitance C/l per unit length perpendicular to the plane of the figure.

1.1. Parallel Plates With Geard Planes

The separation ¢ between the parallel plates should be small compared to the radius
g, of the disk. Also the radius 4 of the plates should be large compared to a,, so the
field is practically uniform at seme place between the edge of the disk and the outer edge
of the plates (4>5a,).

a. Coplamar Guard and Electrode [13]

5

e /////§ o E ‘
=Vp V=0 (electrode) xis FIGume 1
AP PPD

0

- 1
02-2-(01+az), and (az-al)/lc is small,

. a? ma - 2
Axial sym: _2°_7ma (a"' 41 ) ma
c 103 PT coth - (1.1)
Cyclindrical: ¢/ 1= a -1— ( 2274, ) ? coth >, (1.2)
2we 2 2me c

This capacitance is between the plane at potential ¥ and the electrode, including its
plane face and its sides.



b. Electrode at Bottom of Hole in Guard [ 13]
(Capacitance Between the Plane at 7 _ and the Face of Electrode at Bottom of Hole)

As in the preceding case, a/4 must be small (a/A{% ) Also the hole is not very

shallow, and the clearance between the electrode and its guard is ignored.

d c
1< £, d Qgv= ¢&-.
ﬁ=a and 0 'y"a

ey

¥

| a
vevy N8 ] (=0-- 1- daxis  Froune 2
7

)

[ - h
Axial sym: c=2 sihesy (1.3)
Y a: sinh a (Bt+7y)

s=1

where a1=2.4048. a2=5.5201, a3:B.6537, or.4=11.7915, and Jo(as)zo. The first three terms

are sufficient, with the conditions given above, for an accuracy of 1 in 200. ('Ju is
Bessel’'s function). )

' g _1 )P+l g2%-1 g -
Cylinder: C/l=4—g (-1)™q sin (27 l)d), (1.4)
il

(2nr=1)}{1~(q?) 2 1]

n=1

where

Lt} LAY
q:e-_-(?"’*'g_ [14-8 cost de-4 (”9*?)}
w8
¢=6-8 sin & cos 66‘4("’8+?)
f=tan-1 (1/7) =tan~-l ((—z- ) (€ in radians).
e

In case the hole is very shallow (d/c small), a better formula than (1.4) for the cylin-
drical case is

o (-1)m* [(ﬁ)"—(qlr)"
c/zz_a___l_ E.log 2—+ E r ] (1.4')

r[1+4q, 2“]



where r and g, may be computed by

) _ ma € lo e{1-€2-1 coth(ma/c))
CET= 3 & 4 sinh (ma/c)

1+ € cothw—-a
[+

er (1—§coth (ma/c))
log q,=1log

2(1-r2)

where e=d/c.

Equation (1.4), like (1.4'), is exact with slot of any depth. Both ignore clearance
between electrode and its guard. To take account of this (to first order) let 2a, denote
the width of face of electrode; 2a,, the width of slot; and d, its depth. Then 1f

a=(a +a,)/2,

z 1 Q.-0 d d 4c sinh wa/e
C I:—- —_— 2 1) -1 __1 1.4M
/ 27rc+27r2 [( c van (a -a ) c OgVciz+(a2-al)2 ( )

neglecting terms of order

[d2+(a2-al)2]log[d=+(a,—ai)2}.

1.2. Spheres or Cylinders

a. Concentric Case

Fieuae 3
) _819,
Spheres: c d,-a, (1.5)
The capacity of one sphere alone (a,-m) is C=a,.
. i
Cylinders: ¢/ 1= - (1.6)
2 log»a—z



Equations (1.5) and (1.6) are limiting cases of (1.11) and (1.12).

The potential between the spheres is

l-a,/r .

V(r)=V11_a2/al,

that between the cylinders is

loga /r

b. Plane With Sphere or Cylinder
(This is a limiting case of equations 1.14 and 1.15.)

V0

o
-,
%,
o
—t——0

oxis  FIGURE 4

- ———h——
7%
ye2 log (1Y 22T), 0.1
=y o-ln¥ily
Sphere: ¢=2V hi-a? 2 (1.8)
1- e-(m}/hf
Cylinder: C/l—l— L : (1.9)
. = 2- 3 -
72 tog PVETT

When h-®, - log (4h?/a?) and (1.8) gives C-a, but (1.9) gives C/1=0, as it should,
since the logarithmic potential becomes infinite at spatial infinity for any finite charge

except zero.



Spheres:

Cylinders:

¢. Eecentric Spheres or Cylinders (Internal Case 0<b<a,-a,)

axis FIGURE 5

0,0,=b= the distance between centers (always positive)

2be= V[(az-fal)z-bz][(az-al) 2-b%] (positive)

az-al-b242be

B, = log 2a.b {positive)
a2-alyp?42be
By = log 2 12a2b (positive)
i ~(2n+1)B,
sz"z , e( RN
=l 2n+] -
rere 1-6' 1 72
y 1 s ef+aj-b242be
s — 1
2(8,-8,) °8 2¢,a,

(1.10)

(1.11)

(1.12)



Spheres:

Cylinders or
parallel wires: C/l=—=

d. Eccentric Spheres or Cylinders (External Case, b>a,ta,)

Ve

——axis — FiGune 6

4

»=0,0,

2be=V [b%-(a,+a,) %] [b%-(a,-a,} %] (positive)

2 2_4249 I
B,= log[b +8)-a, +2b¢ {positive)
' (1.13)
B,=1 [bz- a§+a§+2b01 (positive)
2= 08 2a,b ~
2 -
bi-al~al+2be . | )'
vy=2{8,4B8,)1=2 log positive
rhre 2a,a0,
2 ~(nlgly ® L
4 . B
c=2c 2 , ) iy © 2 , 87 (1.14)
n=g -€ =1 51 ?
= : (1.15)

Y 2(481‘*)82)'

Placing b=a,th and a,~®, eq (1.14) and (1.15) go into eq (1.8 and (1.9), respectively.

1.3. Spheroids

a. A Thin Circular Disk of Radius a

c=75. (1.16)



This is a limiting case b=0, of the following formula,

b. Oblate Spheroid

Major axis 2a, minor axis 2b:

Va?-p? a 17)
()

a

c. Prolate Spheroid

Major axis 22, minor axis 2p:

00— e - - (1.18)
(a+ a?-p?
log {——- lb)

1.4. Toreidal Surface

fod'.f-ls

B8

oxis of-—30--rotation Ficure 7

a=radius of generating circle
4=0C>a

2 4
o::cr.sl'l.ﬁ1 :k_"'_l:a_

k2=;2+—a& so 0<k<]

_4’12*02 N Qﬂfx(c“h‘sl) 1 e s
C——T— E eﬂ}m(eo—/z,eﬂ—-l if n70). (1.19)

n=0

P and ( are the two Legendre functions with the same argument 4/a.

A method of finding
these functions from tables of elliptic functions is given in secti

on 4.
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1.5. Conductor Bounded by Two Intersecting Spheres (14]

(Alone in space)

FIGURE 8. —Axial section of
intersecting spheres.

a=radius of arc on the right, semiaperture=&

5 = asin @
| sin{w-8) |

w=angle at which the arcs intersect.
All figures may be obtained with the restrictions
Q<8<n and @<w<2m.

The capacitance for general v and & is Cw(B), where

asin @ w . mre[ ( 1
C(8)= - 2| . —_
(w) W . me 8 2 sin W v n+2

S1N-=—=—
n
W 1

—radius of arc on the left

)—q,b (-’1—;-11-%) +log£— ] , (1.20)

where ¢ denotes the psi-function, T'/T", whose values may be taken from the tables of H. T.
Davis, "Tables of the higher mathematical functions" (Principia Press, Bloomington, Ind.,

1933).

The series (1.20) converges like 51/n2. For a much more rapid series converging like

sn-14, see reference [21], where the cases are considered that have finite terms for ca-

pacitance (w/7 rational}.

10



The simplest of these is the limitin

g case W =2#, where the conductor is a thin shell
with any aperture 28,

FIGuae 9

radius o
we 277

C(8)=a-2(6-sin 6). (1.21)
2m ™
For 6=m/2 this gives the capacitance of a hemispherical bowl
3 11
C,‘,,,(‘n'/2)-a §‘+; =.8183a.

Orthogonal Spheres: (External, w-7,/2)

Ficure 10

ay

ws%

aa,
C(f)Y=a(1lttan f-sin 8)=ag4qa - ———=

o I—V‘m, (1.22)

since @, =a tané.

11



Orthogonal Spheres: (Intermal, w=37/2)

g~ FiGure 11

w DT

in 8 1 1
C(e):a sin Vg._.i.l. + ' (1.23)
3/ 2 VI; 3 Zsinf(sinf+sin1—r) 2 cosf(cosf+sin£)
‘ 3 3 3 3 3 3
where 8,=G tan € in this case also,
Hemisphere: (w=37/2 and 8=w/2)
A Hemisphere Ficure 12
(w =37 and 9=W/2)
Placing 6=7/2 in preceding case gives
/2)= L Y- s (1
Ca.,,/z(‘ﬂ 2)=2a l-ﬁ- =.8453a. .24)

More generally, for w=n/m, where m>1,

.1
C(8)=a+a sin & ! 1 (1.25)
/L - it , tm
sin{ —4+#& } sin-—
m n

and for w=2w/m, where m>2.

x-1 2t @ 21

a -\Zf7 Sy
C(8)=a-=(6-sin 8)+a sin & A N (1.26)

27/ m v g . 2tm . 2wt

sin | ——4 8 sin [ —

t=1 m mn

C,{8)=a (complete sphere).

12



There are finite sums for capacitance when

W= ( 2n-1 )-n, where l<n<2n,
2m

and

nlﬂ} where 1<n<2m-1.

2. Inductance and ElectrOmagnetic Force

2.1. General Formulation

If the unit of length is the centimeter and the permeability of the conductors and
the surrounding media are unity, the formulas below give inductances in cgs electromag-
netic units, that is in 10~9 henry. If the electric currents I, éndtfz are in cgs elec-
tromagnetic units, one of which is 10 amperes, the electromagnetic force is in dynes and
torque in dyne-centimeters, . _ _

The vector B of magnetic induction is the curl of a vector potential 4. If a wire of
appreciable cross section, and in the form of a closed circuit, carries a unit current
whose volume-density is the vector I,, the integral over the volume of the wire

| ”gl’q;d;,_

is a scalar quantity which is called either the sel f-inductance of this current distribuy-
tion, or its mutual inductance with the field, according as 4 is produced by this distri-
bution alone, or entirely by_currgpts other than itself.

If the magnetic permeability u is 1 everywhere, the vector potential 4 at any point
P, due to'a unit current in a wire No. 2, whose volume density of current at P, 1s the

vector 1, ‘is
([ taav
S
1

integrated over the volume of wire No. 2, where R is the scalar distance from the fixed
Point P, to the point of integration in the volume-element dv,.

The mutual inductance ¥ between the two current distributions is the repeated volume

integral
dv
M= J.J.J‘dulj‘f (1]-12)53.

13



When the wires shrink to mathematical, closed curves this becomes Neumann's double line

integral

ds2
H:fdslfcos(dsl,dsz)—gT,

taken completely around both curves.

The self-inductance of a unit current distribution in a wire 1is

cfffelf e

In the case of long straight wires, the formulas below apply for the uniform current
distribution.

In the case of wires in the form of circular turns, or in form of helices, the few
very accurate formulas given below apply to the "natural” current distribution (current
density inversely proporticnal to the distance from the axis of symmetry).

The distinction between uniform and natural distribution is only of interest for pre-
cision measurements.

In the formulas for I and ¥ to be given for parts of a closed circuit (such as L for
a long straight wire alone, or ¥ for two parallel ones), these expressions must be under-
stood to represent only such contributions to the multiple integrals for I and X as may be
written without specifying the nature of the return circuit whose contribution 1is, of
course, to be evaluated by the same type of integral.

The majority of formulas for L and ¥ that are given below fall into one or other of
two classes, in each of which the above volume integrals are reduced to surface integrals

over a plane section of the conductor.

a. Axially Symmetric Configurations

The first class is that of axially symmetric conductors for which the surface inte-
grals are taken over a cross section in a plane through the axis of symmetry, say the
x-axis, where (X, po,¢) are cylindrical coordinates. The only component of the current den-
sity vector is i{:i(x,p), independent of longitude ¢. The only component of the vector
potential 4 is 4,=4(x,p). The cylindrical components of the magnetic field are derived
from 4 by B=ul=curl 4, so

pHx=%Dp[pA(X.P)]

P"Ep:_DxA {x,p) and H¢EO.

With p=1 everywhere

(A) Lor ¥is 27 ff p'tx',p')A(x", p')dx"dp"’,

i
S

14



where.

fJ‘l(x, p)dxdp=1 (unit current).

The surface integrals are taken over an axial section in the (x,p) half-plane. The symbol
R has been used to denote the distance {(in space) between two points P{x,p,¢) and
P'(x',p',9'). We may designate by B this distance when the points are in the same axial

plane (¢=¢')
Ri=(x~x')2+{p-p"')?

2
R2=(x~x') 24 p2tp'2~2pp' cos(¢p-¢p*)=2pp" [ 1+2£p,‘°°s(¢‘¢') ] .

There is the known Fourier series

: 2 y 0 (1+ k! ) os N(¢-¢ ')}
—_— ¢ - .
(B) R Ve _S_ nln-y{lty
n=0

where e°=1/2 and €,=1 of n>0, and Qn__% is a Legendre function of the second kind with

parameter n-l/z. Its reduction to elliptic integrals is given in section 4.
Equation (B) is equivalent to

"eos 1t (p-cp') 2 R? )
B’ R Vg =g 142,
® L R * Vor M app

Since the only cylindrical component of current density is I,=1(x, p) independent of
¢, the only component of vector potential will be A¢=A(x,p) independent of ¢. Hence, it
would be sufficient to evaluate 4 for ¢=0.

However, the volume integral defining 4 is the vector equation

J‘J’fi(x'.ﬁ')dv' ff ot f” Ly{x', p*)de’
4 = _— . p.r pl xi .
R R

bt

This integral is the sum of many vectors that are not parallel, so that we may use rec-
tangular coordinates, ¥=p cos ¢ and Z=psing¢, and write

Iy=*i¢(x' +P')sing’ and 1z=i¢(x',p' Jcos ¢,

15



50

R

-1

Az(xip):fj’p'iqb(x"p‘)dprdx.f COSq?ﬁdcﬁ

KL ad I
Ay(x,p)=—ffp't¢,(x'.p'>dp‘dx'f gal fe

Hence

T —'Ydd'
A¢:A(x,p)=—Ay(x,p)sinqb+Az(x,p)cos¢=IJ‘p'i(x',p')-dp'dx'I cos(é—¢ )d¢

n R
Consequently, by eq (B') with n=1,
2 {(x-x')2+(p-p')?

C 4,=4(x, ):—-IJ' "t{x',p"')0 (1+ - dx'dp’,
(C) @ P Vn‘; s VF‘_ A e 200 r
so that 4 satisfics

; 1 1 _f~47t(x,p) in S
() (D§+D;+;Dp—;§)a-{ ‘

0 ou;side S

The integral in () is taken over any plane axial section S of the conductor, which may be
of any shape. Its self-inductance I is therefore

0 p=2r [ [[1(x,p) oA (x, p)dxdp
3

l. 2 :\ 2 ‘
- % oo ( (x-x') +(P"p))d Ly
4w”;p_ ux.p)dxdp”Sp tx', o )0y 1+ o x'dp’,

where

ffi(x.p)dxdpq.

Also from (C), the mutual inductance X between two coaxial wires with any shapes or
size of axial sections S, and §, is

~ " Y (x,~x,)3+(p,—p,)?
(E) ¥=4m || pti (xy,p0,)dx,dp V]| p28,(x,,p,) 04\ 14 75 s dx,dp,,
172

16



i
i

where

J‘fii (xl,pl)dxldpl:fjiz(xz,pz)dxzd,o2=1.

Letting both sections shrink to points gives

(xl—x2)2+(alna2)2)
2a,a,

(F) ¥=47Va 0,0y (1+

as the mutual inductance of two coaxial circular current filaments of radii a, and g,, in
the planes x; and x, (eq (2.1), page 1). See section 4 for the evaluation of the func-
tions {1, in terms of elliptic integrals.

If the section § shrinks to a point, eq (C) gives the vector potential A{x,p) at any
point P(x,p) in space, that is produced by unit circular current of radius @, in the
plane x =0, and coaxial with the x-axis

24(p-a)? X-E
=2 oy (122 ) ) 7[5 m],

where

2. 480
x*+(pt+a}?’

k 1s the modulus of the complete elliptic integrals X and E.
The cylindrical components of the magnetic field are given by g (x,p) l/pl) (pd)
and H (x,p}=-D A S0

B, (x,p)- 2a(a-p) E]

' 1
— F-F——

_ dax E (5%
‘13'19.(’("0)_[}:’+(;o+a}’:f‘w[l‘k2 2(k2)]'

which apply for any point (x,p).

b. Cylindrical Configurations

The other class of formulas may be described (with rectangular coordinates x,y,z) as
applying to a unit current with uniform current density i ‘t =0, i,=1(x,y) (independ-
ent of z). The total current +1 flows in the first condnctor with c¢ross section S, its
density being i, =1/S. The return current density in the second is i,= 1/82. The self-
inductance "per unit length of the line" is denoted by L/l, which means the self-induct-

17



ance of two cylinders having the same two end planes, these planes being separated by one

1 1
L/I'—‘—IIAdS ——IIAdS ,
Sl 1 Sz 2

where 4 is the potential of both distributions. When g =1 everywhere, the value of 4 at
any point xJ in the plane is (where 4 denotes 4,, the only component of 4)

unit of length,

-2 2
A fp— : R il
(x,y) SIIIIOS dSl+Szjjlong82,

where R is the distance from a point of integratien P indS,, (or from P, in dS,) to the
general point P(x,y) in the same xy plane. This gives

..2 , 2 , 4
L/1=S—§J.J.dslj.jlog}?dsl-s—§ ”dsz” logRas;+5=c- Ifdslfflongsz.
2

The first two integrals are frequently designated by L, and [,, respectively, the third by
~2K,,, but the separate integrals only have a meaning with reference to this equation of a
"closed", or return, circuit. With this understanding, the self-inductance 1/l per unit

length of the line is written

(G) L/ 12-2312/1 +L I/E +5 2/l =2 [2 ].Og Du—log Du—log Dzzj f
where
1 o r e
log Dl2:ﬁ J as, log RdS,
172445, SIS,
(H)
1 r r
log D”:_2JJ‘ as, J ( log RdS,,
SI S vy

1

and similarly for D,,.
This D, defined by the repeated surface integral over the two coplanar areas S, and
S, is called the g.m.d., or geometric-mean-distance, of the area S; from S,, and D, the
geometric-mean-distance of the area S, from itself. The definition is consistent with the
extension to the g.m.d. of one curve from another or of the g.m.d. of the line from itself.
In the case of a return circuit of two parallel wires whose circular sections have

radii ¢, and g,, it is easily found that

(1) log D,;=log a;~ 1/4, log D,, =log 02—1/‘.

18



and

) log D,,=log b, where b is the distance between centers.

The general formula (G) for the inductance L/l per unit length of the line,
L/1=2[2log D,,-log D, ,-log D,,] gives eq (2.44).

For a tubular conductor whose cross sectiom is an annular area with inner radius a,
and outer 4,, it is found without difficulty that

a,? 2q,°? 4, y
(K) log D. =log 4,~ log(-—)—-l ~s
1 ! 2(4,%-a,2)| 4,%-a,? a1

When a,~4,, the tube becomes infinitely thin and this approaches the finite limit
log D), =log 4,, so that 4, is the g.m.d. of the perimeter of the circle from itself,

Vhen the current in tube No. 1 returns in a larger tube, No. 2, coaxial with it,
whose annular section has inner radius a, and outer 4,, it is relatively simple to find
that the g.m.d. between the two annule is given for 0<a,<4,<a,<4, by

: 1
(L) log D12: .

[4] log 4,-a} log a,] -1 .
4;-a

Formula (G), L/1=2(2 log D, ~ log Dyy—iog D,,] in this case leads to eq (2.46) by
(K} and (L).

In checking for numerical errors, it may be noticed that the formula (G) for the
self-inductance per unit length of a line {(a return circuit) will be dimensionless. This
1s not true of the constituents log Dy, and log D,,, etc., as they do not involve
logarithms of the ratio of two lengths.

In getting g.m.d., use may be made of any formal analogies to the logarithmic poten-
tials of electrostatic distributions, for the same first integral occurs in both problems.

The logarithmic potential ¥ of an endless cylinder of any cross section S with unit
density per unit length perpendicular to the plane of S is

V(x,r')=—2ff log Rdx'dy"’.
s

For example, when the section § is a circular area, or an annulus, ¥V is the same at out-
side points as if the charge were all concentrated at the center. At points inside, a
simple law prevails. This may be used to check the g.m.d. given above for circles and
annuli,

When the total charge ( per unit length in finite space is zero, the logarithmic
potential (like 1/! for a return circuit) is dimensionless as to length, Hence the ca-
pacitance per unit length of endless cylinders, as in eq (1.1) to (1.15), involves loga-
rithms of the ratio of two lengths., But the potential of a circular eylinder with charge
0 has the value 20 log r at outside points. This is not dimensionless.
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A final example [15) may be quoted, the g.m.d. of a rectangular area from itself.
If the width of sectien is w and breadth b,

2 2,32 2 2,2
(M) —-4 log D,;==2 leg(w?4b?) LA log(w b )+_b— log(b s )
3p? w? 3w? b?
(wta'l—b % pan-1 2) 2
-3\ " W by 3
1 4 25
e F(8)-—T5-4 log wi—,
382 3 3
where $=b/w, and
(N) P{x)=-2x4%log x+(1-6x2+x*)log(1+x2)~-8x(1l-x2)tan-1x.

Since the expression for log D , is symametric in b and w, this suggests the identity
in x that is easily verified.

(0) F(x)=x*ﬁ'(-1i)-12x2 log x=47x(1~x2),

so that, from a power series for F(x) in powers of x valid, when x<1, we get by this, the
series for x>1. These equations, (M), (N), (0), are used in deriving eq (2.47).

If two or more long paraliel, cylindrical conductors all carry current in the same
direction with the same uniform current density, they are effectively one conductor of
cross section 8., If the sections are the coplanar, nonoverlapping areas $,,8,,8,, etc.,

then S:Sl+4§2+83.... For example, with three such sections the g.m.d. of the compound
area § from itself is given by

(P} (8,+8,+8,)2 log D, = If deflongS'

:ffdslfflog Rds;a,ffdszjflog RAS 4+ ff dSafflongSS
+2 Ifdslfflog RAS ,+2 f!dsszlogj?d83+2 ffdsafflog RS,

§2 g2 g2 3.8 5,8 348
=Log(D]} ) (D2 (D2 )DL, 2 WD, 22 ) (D57 1),

The generalizetion of this is not difficult, when each conductor carries a uniform but
different current density. Weighting factors are introduced.
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2.2. Circular Filaments and Circular Turns of Wire

@, Coaxial Circular Filawents [1¢]

ﬂ—r—.
T 2
ay *
1 ¥
FIGURE 13
®
L
pte — K, — — ]
Their mutval inductance ¥ is
_ 2(X-F) 2
ramya, [ B0 =i yamo, (1) (2.1)

where the modulus % of the complete elliptic integrals is given by

4a,4a,

k2=_.._.._—2.,
2
x2t(a +a,)

(2.2)

Their force of attraction is X:-Jlfzaﬂ/ax or

INI,xk[2+k?
=—— = [l_kzz-zx . (2.3)
P 1
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bh. Circles Whose Axes Intersect [17]

My = cos & (0 &£ 2m)

= <
oy = COS %, (0£o, L)

pu =cos 8 (05§ =

3 FIGure 14

Sy r3*Y Pa(u YPR(py) Palu) .
=42 (l-p2) (1~ul) E ™ TETah) if ro<r,
ne]

R (2.4)
P P () Papy) Py()

=4m2(1-p2) (1-pl) Z " " nM) ifr e
nin+l)

whatever the values of a/al. P_(x) is the Legendre polynomial and P;(,u.):(d/d,u)P“(,u).
In the special case where the center C, of circle 2 coincides with O, r, becomes a,
and a, becomes 7/2, and (2.4) reduces to

/2 2 21 P ny ) . ,
¥=2r"2 0, (1-p2) Z " (1) (;—) OB ) B ). (247
The torque T acting on either circle, tending to reduce the angle O between their axes is

N oM _ 3/ @\ 2" (nt+y)
T-—é—é—51n9$ on" ' 2g 81:19(1—;1.) E (- 1)"( 2) Wf"znﬂ( By ) Bygyy (1) (2.5)

These converge for all values of r , if a,<a . ¥is positive when the currents circu-

late in the same sense around their axes C] and -0_C2.
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c. Two Concentric Circles (Not Coaxial)
(Special case of eq (2.4'))

T=

26
e 37

C(n4%)T(n+%) (

rodius o=

——

OA
Gzt OAZ

a,

n!{n4l)!

n+l

Axes Parallel (8=0,u=1),

4-17(12 a,
2 G

G2\T (%) (nt %)
nt{n+1)!

=0

)“r(nmr(m%)
n'(ntl)!

Axes Perpendicular (8=7/2,u=0) ¥=0

a

1

BIII,VFaz-.(

n=9

a

=)

a

23

I T n4k4)

I'(nt+de

H=cos 8

02 < O'

w)

1
2n+]

(ntl)!

n!

(i

)] 2

)

FiGure 15

(2.6)

(2.7)

(2.8)

(2.9)



d. Two parallel circles [18]

Case where 0<r<a,-a,-

= ——
[}
i et
1 e
q, T “yle M = cos. 8
! 0'1_02 L2 r= @z
¥ L] 8e 1 — Frcurt 16
0 ! a,= 0: )
! R
/ 0,* GA,
-
-

Y dnfaa} = (<1)" r\zn I"(n+’/a)p P () (2.10)
- a, - (;1) n! nim |

where P =F(n+Y,,n+3,,2; a?,/0?,) (hypergeometric series).

I1f the circles are coplanar, (8=7n/2,u=0) and

plo)= (o1)nRHE).

Case where r>a, ta,

A
___7"__.__.__._____\
—_ A \\ 02
T i ! “
| \
it AT 2 p=cos 8
| i % \\ r= .Ol—oz
Y - Figure 17
0 ! a=0A
1 i 1= Y Ay
I ——
/ 0,= 0,7,
/
s
® Jid

drroy & a1\ 21 L (n4})
- _1yti - AR 2.11
= E (-1) (r) o 1y1 FaPam (), (2.11)

n=l

where F =F(-n,1-n,2; al/ael).

24



For equal radii a,=a,=a and r>2gq

ay

_ 2 ' w1 [ 26V TUR4KIT(n4%)
¥=2nq (-1) ( r) (n-—l)!(n+l)!P2"(P)' (2.12)

n=1

For two equal circles, coplanar and external, this becomes

2a\*™1  T(n4%)
- o 2.13
! 2ﬂ£(") (n-1)}1nt{nt1)! (2.13)

n=1

(The plus sign would apply when the currents circulate in opposite senses with respect to
the normal te their plane.) The torque is zero. The force of repulsium along their line
of centers is F=4I,I,94/3r, or

]

F=t2n1,1,

In+ 2 3 2
(_2_a) F(nt+%2)r2(n+%) (2.14)

r (n-1)'n! (n+l1 )

n=]
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e. Self-Inductance of a Circular Turn of Wire

radgy;,

P = distance of o point from x axis
x a =radius of generating circle Ficure 18

A=OC

axts of Q
rotation

Current density of the unit current is

1 oy ?®
-——— (£ b),
Ly ﬂaﬂﬁ'(A ) (any )

where

1-b .az)-_ b(b-1) a?
'_'2'A2 =1+ 8 Fto?dorder

F=F ("

_ a? 84 7 (b-1)(b-*h) a? ad, 4
L=4m4+ [ l+(2b+l)§ﬁ] log.a_..4+_—16.......__ ﬁ-l- zero (I‘;‘ loga- ) . (2.15)

pa| o

For uniform current distribution b=0.

For "natural” current distribution b=-1.

For b=-5/2, the magnetic field outside the wire is exactly the same as if the unit current
were concentrated in a circular filament of radius } 4%-a2.
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f. Self-Inductance of a Circular Turn of Wire Near a Magnetic Medium

1 L
20 Ve
T /
4
|
3 ) el p2i Freure 19
{oir) 4
P
: =1 2
_L.ir+m4ﬂjg% (k—2 —l)
_ p=1 [Z(K-E) ]
_L_h+#+l4w1 P kK |. (2.16)

44a

(modulus %) where k2=— "7
" ) T 43(%’)+(A-|-a)2

L ., may be computed by preceding case, (2.15) on the basis u=1 everywhere.

In correcting the self- or mutual inductance of coils for the effect of thin lead-in
wires, the diameter of the wire is important by affecting its self-inductance, but wires
may be treated as linear conductors in estimating their mutual inductance.

g Self-Inductance of a Wire

12+ag2ta I
=9 [ ! log(—# ) - 12+a2+1+a] , (2.17)

where 1 is its length and @ its radius.

27



h. Matual Inductance of Two Parallel Wires Having the Same End-Planes

T
D Figure 20
+ )

2 2 -
¥=2 [ 1 log (______|1+D+z ) -V 12+D=+D] (2.18)

where ! is their length, and D the distance between centers. If the currents are in oppo-
site directions, the sign of ¥ is reversed.

i. Maotual Inductance of Two Parallel Wires Not Co-terminocus

Cy

K3 T "

0 D S

L3 | .
CZ, Ficune 21

B

< =ﬁzwhere C,ond G, are centers of the wires

- [,=1
o (o0 ou (o120 (et ) (o B51). o

where
. VY x2+D?
w(x)=|x|log [_’_HI’;—M ] ~ VY xIfD?,

so that w{x) i1s an even function of x.
This holds for collinear wires (D=0) if they do not overlap. The sign of ¥ is re-
versed 1f the currents have opposite directions.
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J. Mutual Inductance of Twve Equal Rectangles Lying in Parallel Plames

(One is the perpendicular projection of the other.) The distance
between their planes is d, the length and breath of each is @ and
b, respectively.

Neumann's formula is

¥ o [ (a+ Va?yd?) Vb2+d'—‘] b lo [ (b+ ¥ b24d?) Va=+d2]
3 oo {6+ Y a2+ bitdl) d * & (b+Valsbita?) d

+2 [Va2+b2+d2—Va’+d2—Vb2+d2+d]. (2.20)

k. Self-Inductance of a Rectamngle

b Ficure 22

)]
a=radius of wire, I =length of rectangle, b=breadth

_ Va(b+1)%+al+a Vbiti24b | Vb2+1241
L=4Y (b +1) log -b-leg 7 -1 log I

a

+2Vb2+lz+g-—g(b+1)-1/2V4(b+Z)’+a’}. (2.21)
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22%; Concentric Solenoids (Current Sheets) [20]

1

—————— - ——

-

Ficure 23

————— e e

H =cos. 9

N,unsz ore total numbers of turns

N 2(1-p3) ¢ (rz)“hmm%scul>P;m<»u-z>}
¥=4 ¥ _— — . 2.22
”(2b ) "“2“1{“ ity “EE: r./  2s(2841)(2s+2)(25+43) (2.22)

F=]

The series is relatively small compared to g when al/Zb1 is small. P_(u) is Legendre
pelynomial and P;(y.)zd[:Ps(,u.)]/dp.

If the coils carry currents of strength I, and I, (in cgs electromagnetic units of
current, the torque on either coil, tending to decrease 9, is T:-Ilf'zal/—dB:IlIz sin 69N/,

or
¥ I, (1~p2) ¥ fr NP, (w)P; (u, )P} 1
T=4 N I 'naz,u.lsxnﬁ{l -2 1 (-—2—) 2501 0 P25 (k1) Pasa (114) . {2.23)
2b, Hyky r 2s(2s+1)(28+2)(28+3)

=1

Case a, Axes perpendicular (8=7/2, x=0)
X=0

¥, I , 1-u2 = 25T (s %) PL (1 )P ooy, (sig)
T:41r( : l)ﬂzlzwa§u1{1+—l— -1 )3”( ) 2 1) (2.24)
2b, p.i,qu'r; r, F(s+2)(2342)(28+3)

&=
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Case b. Axes parallel (/=0, u=1)

yos ¥ N,malp, . 2(1-u?) (2)23 Pio (s )P) ,s(sty) } 3. 25)
7 2b, My by r./ 28(2s+1)(2s+2)(2s+3) ’
=1

This may be computed in finite terms. (See coaxial coils, eq (2.30).)

2.4. Self-Inductance of a Cylindrical Current Sheet [21]

Ficure 24

o g — O — —

T o
The sheet consists of ¥ complete circular turns of thin tape without insulating space

between them. Their diameter is D; the total length of the cylinder is 1.

A y? Dt
[ILLIRTEy ryy: [x-m—z(a'-k)], (2.2)

s 3 1

where k=D/¥'124D? the modulus of the complete elliptic integral X and F. The complemen-
tary modulus is ®2!=i{/}1%4p?.
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2.5. Self-Inductance of a Helical Wire [22]

Fieume 25

Centers of wire on a cylinder of diameler D
N complete turns; diameter of wire is d.

The length I of the equivalent sheet, is the distance from the center of the wire at
start of first turn to center at end of last turn.

1+k'
L=l 1 [log(l—?)-}k' log 4]
1 Nrrd 1 NTD\ 4 [ F ¥rd\?
+7D { 2N [ =-log [ —— } | += log [ = J-= {=- 1, (¥7d
K { [4 °5( 1 )]+3 °g( ] )ﬂz(k 1)[“ /2(21)]
2[5-8 2] R, & . _,
-3 [—k--?]—z—k (l—-—k- sin k)} (2.27)

This takes account of the relatively small axial component of current. L, is given by
(2.26), moduli k, k', as in (2.26).

2.6. Bifilar Mutual Inductor [23]

Primary and secondary are helical wires identical in form, the turns of one midway
between those of the other. Two cases are ¥, and ¥,. X, is their mutual inductance when
the second helix is displaced axially from the first by one-half the pitch. When the
second is displaced 180° in azimuth frowm the first, but with its extremities in the same
end-plane as the first, their mutual inductance is designated by ¥,. The principal part
of either is I_ given by (2.26), the self-inductance of the current sheet equivalent to
primary or secondary. The moduli % and k' are the same as in (2.26).

ik
¥o=L +1 [logl+k,+k' log 4]
1 AND\ 4 [F ¥rd\*l 1 [fK-F RE
~7D{N 1 —log{— J+— (=-1] 141 [— —| ———
4 {N 084+6 OS(I)+ﬂz(k )[+/2(21)] 3(k 2)

r' k!
— | 1-— sin~! . .
+2k( . sin k)} (2.28)

32



!

'l 4
1-k'+k o ]

1 anp\ 4 (B \[, .1, (¥#rd\?
-mh {N 1og4+g- 105(_l)+1;-2(72—1) ‘1+ é(ﬁ_) ]

2(k-E Rl 1 [, 1 1+
|- |1-5 — . 2.2
+3[ R 2]+2k AT l°g(1-k)]} (2.29)

1tk
N, =L +1 [log
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2.7. Coaxial Current Sheets [24]

l"‘__‘lz"‘_’i
g
1 1 1
1 4 |
£ 1o P %
‘i|| I i i |
¥ <———— R - R Freure 26
Il O| | 1 02 :
| i
| | | 1
L | | 1
! i
L

Total number of turns NI and N2

27N ¥, l,+1, 1,41, l,-1, 12-21)}
E_—l—lﬁ{w(ﬁ 2 +W | c- 2 w c+—-2—- ~w | c~ 7 . (2.30)

The force of attraction (in dynes) is ¥=-I,1,3X%/3c

2"”111”212 { 22_11 l,~1 ( l +l ) I:+l1 )}
Yo = 472 f L 4 -2 1 -p ! L | - " -
I, W (c+, 5 )+w ( ¢ 7 w c+ 5 W c 2 , (2.3

where
o 8(a1a3)%2 2
wi{x)=xuw (x)+T- [ K—(—Ei-l)(l-E)J (2.32)

This is an even function of x. Its derivatives w'(x) is an odd function of x, vanishing
with x, and given by

w (x)=2X ¥V 8102 'k““"’[x—s]ilag-agl [XE(G,k‘)-(X—E)F(B,k')—%] (2.33)
the + sign is for x positive, -, for x negative.

The complete elliptic integrals X and F have modulus k, where

R 40102

The incomplete integrals F(8,2') and E(8,%') have the complementary modulus 2= ¥ 1-k2,
Their amplitude # is computed by
x 1
1+ )
at+a;

h 0<6«<7T
5 5+ where 9
l+( )
a, a,

sin &=
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The bracket with factor iai-ag vanishes when x=0. If the coils are also concentric (c=0),
the force vanishes, and ¥ becomes

._477”11"2[ (12+ll)_ (12"1])]
H_-—W 7 5 w — (2.36)

Another special case is that in which the second sheet is replaced by a single turn of ra-

dius @, coaxial with the x-axis in the plane x=¢. The mutual inductance between the cir-
cle and sheet 1 is

¥ 1
B2 (o) (1) 2.am
_2_71'}!11112 Iy ( Iy N,1,
X= I {wn (c—? -u" | c+E 7 :——_Zl R2(EI—A‘2), (2.38)
where
E-F RK
w(x)=4 Va,a, [T“?]' (2.39)

so that the circle has mutual inductance ¥, with the nearest circular turn of the sheet,
and ¥, with the farthest,

2.8. Toroidal Current Sheets

Carrent in tape winding of ¥ turns circulates around the core in planes through its
axis of symmetry. Permeability of core is e

Case a. Core of Circular Section

ws_Q
. N\
|
0
axis L= amo?uN? (2. 40)
A+ VAL g2
Ficuag 27
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Case b, Core of Rectangular Section

= mmw =]

T
1 H
%2 7
%
¥ 1 axis FicuRe 28
2
Lx2pwN log 22 (2.41)

2.9, Endless Return-Circuits
(Self-Inductance)

a. Concentric Cable (Special Case of 2.46)

Fieune 29

py and p, are magnetic permeabilities. The current goes one way in the central wire
and returns in the outer shell. The self-inductance of the line, per uait length, is, for
low-frequency or direct current.

_K1 Gy, M43 [ 247 4, Ha

L/ 1=— 1 3 A -2

/ 2+2 o8 , 1+A§-a§ [Ag_aglog a, 1 5 {2.42)
L/I=?+2 log ( :Li-) if 4,=a, (2.43)

L/1~2 log @y/4: for high frequency (see (3.1)).
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b. Tvo Parallel Wires (Nonmagnetic)

Ficure 30

e

0 02' b> 01+ a,

The self-inductance per unit length of the line when the unit current is in opposite
directions in the two wires, and u=1 everywhere, is given by the exact formula

2
L/1=1+2 log b . (2.44)
a,a,

See (2.45) and (3.3), This is derived as in section 2, eq (I) and (J).




¢. Two Parallel Wires of Magnetic Material

S
)

Fieune 31
ey hp b?
I/ 1=———+2 log
192
-2
+2 ! [€l+(ez+26162)e'“”]e "
n(l—eleze-m‘) ' '
n=1
-2
+[£2+(El+2elez)e-"7je "2
-2Lel+£2+elez+elezeﬂWJé“7}, (2.45)
where
-1 paml _
61=#l+1 and 62=;ﬁ‘—1 and 7—2(¢81*ﬁ2)

The positive constants B,, S,, and ¥ are defined in eq {1.13). This ¥ is the reciprocal

of capacity (1.15). When u,=u,=1, eq (2.45) reduces to (2.44). (See also (3.3) for high
frequency in this circuit.)
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d. Twe Coaxial Tuhes

{u=1) (See section 2, equations (X) and ([)

Ficure 32

Current goes in opposite directions in the tubes. The inductance /1 per unit

length of the line is

a, 43 243 4 a3 2q!? A4,
L/1=2 log —+ 2 2 log 21— . log(—— -1]. (2.46)
L A3-a2 | 43-a} Gy Ai-al]l 43-q? a,

When @,-0, the inner tube becomes a solid wire and this reduces to (2.42) with

,“-1:#2:1'

a? 2a2 4
! : log(—l)—l

2
When a.—4 L/l=1/+log——+
2 a2 2
4, 4%-a}| 43 -qa? a,

42 2412 4 '
2 : log(—i)-l .

2

Wa —~4,, L/1==Y,+log —+
o T / /2 ogAl A2-g2| 42 p2
2% | #2708

4
¥hen a,~4, and a,~4,, L/l:logﬂ
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e. Tvo Equal Bars of Rectangular Section (25

T

metal b

~t

insulator 9

I 2 |
metal b Freure 33

. |

he———— gy = ==

-9, ond 8-Y%

Since D,,=D,, (given by eq (M)), the formula (u) for self-inductance L/l per unit
length of line is L/1=4 logD,,-4logD,,, which leads to

L/I=$[F(‘y+8)+F(8)-1/2F('y+28)—1/2F'('y)]+4w('y+28/3), (2.47)
where as in equation (N)

F(x)=-2x* logx +{1-6x%+x*)log(1+x2)-8x(1-x2)tan"? x. (2.48)

This satisfies the identical relation in x (eq (0)).

F(x)=x‘F(’1—r)-12leogx—4rrx(l-x’). (2.49)

When x<1, we find

1 25x* - (-1)m*ix2n
F(x)=2x*log=-Tx2+ + Z . .
%8 x 6 8 & 2n(2n-1)(20-2) (27-3) (20-4) (2.50)

This is obtained by use of the series
= n = 2n
log(l+x2)= 2 (-1)”+1x— and x tan”! x= 2 (-1)=*1 X .

p—y n ey 2n-1

Equation (2.50) might be preferable to (2.48) for computation with thin flat, strips
as in the figure, where 7, or 5, or both, are small, that is #, or b, or both, are small
compared to the width w.

In the other extreme (¢ or b or both large compared to 1), the expansion of F(X) is
required for x>1. This is obtained from {2.50) by use of the identity (2.49) which gives
for x>1

o

F(x)=2( 1—6x=)1ogx—7x2+%’~4wx( L-x2)+48x* z

n=3

(_l)ni-lx—!n

. (2.51)
2n(2n~1)(2n-2)(2n-3)(2n-4)
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The derivation of (2.47) depends in part upon eq (M), which is

1 4 25
—4lognuzmr(3)-?’78-4105“3—. (2.52)

With the same. function F(x), it is found that Gray's [26] formula for 4logD,, may be

written

4

4 ].n'.;gL'in—‘-382

[F(y+8)=YoF(y+28) -1y P(y) T tam(y+8) +4 logw—gé-s, (2.53)

which, with (2.52), gives (2.47).
The formula of Gray, corrected by Rosa [27] is

] ]
_(g+§b) }_!'.’_]los[,,,.=+(g+2b)’]

J!Au’l')zlagl)u=—2—:;5w’b’.+[(g+2b)’{m2 e

4

2 4 2
-2 [(g+b)!(w—@}—%]1og[u=+(g+b)=]+[g= {wz-%}—"‘is-]logw +67]

minus the same terms with w =90,

+g—m{(§+25)’ tan~!

w
2+2b

+w’(£+2b)tan'l‘g+—2b

-2[(g+b)=cu-lf—+w2(g+b)nan-lﬁ’]+g=uan-le'-'gm-lE}. (2.54)
£+b W 8 w

By use of logxy=logx+logy, and tan~! x=7/2-tan"! 1/x, this formula may be put in the
form (2.53). '
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3. Frequency Effects [28]

3.1. Skin Effect in Concentric Cable

Ficure 34

The resistivities o, and P, are in electromagnetic cgs units, one of which is equal
to (10-?) ohm-cm {for copper 1/p~0.0006 and for iron 1/p~0.0001).

For frequency f, let Rﬁ/: and Lﬁ/l denote resistance and self-inductance of the line
per centimeter length, when the current flows one way in the central wire and returns

through the outer shell. (See eq (2.42) and (2.46) for low frequency.)

For very high
frequency '

VﬁTE:,}“zpz
Rm/p[ P Vi

(3.1)

91 az+}_ “1pi+'“2pz 1
M or—- ——— | —
Ly & a, 27| a, a, |V7

For any frequency f, the resistance and inductance may be computed by use of certain tabu-
lated functions, which are the real and imaginary parts of Bessels’ (and Hankels’

2

function
of the first kind), these having parameters 0 and 1 and argument x¥I, where x is a posi-
tive real.

The resistance Pjyl and inductance Lf/l are obtained by equating real and imaginary
components in the complex equation

@, 2u, 2p, Jy{x,¥1)
_f/l‘H 2log—+*‘—§“——
X2 X1 [yTJ,(x, vy

(3.2)
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where
2 i V 22 and-xy=2 s
X,=2na — x,=2m7a ——f and-x,=27a —
1 1 PYRASRE 2 Py 3 3 o f

Jo O VDIVIR ) (x ,vT) 1-TVTJ, (x, #7081 (x, V1)
LVTd, G ¥ 3 TVIEL Y (o v I-LVTT, (v D) 1 (VTR (x,9T) ]

g:

where

Jo (xVT)=u, (x)+tv, (x) and ¥VITJ (x¥T)=u,(x)+iv, (x)
E{ (xVT)=0,(x) +17,(x) and VIE{D (vT)=0, (x) +17,(x)

The eight real functions u,,v,, 0,,¥,, (n=0,1) are tabulated in Jahnke-Emde’s "Tables of
functions, " pages 246-258 (fourth edition,1945} for values of x from 0 to 5.99. For

larger values the asymptotic expansions may be used and lead to the high-frequency formu-
las given above.
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3.2. Proximity Effect in Parallel Wires [29]

Frevne 35

_09. .
#o (PeErmeabdility )
{resistivity)

b =00,

Current goes one way in one of the wires and returns in the other. See (2.44) and

(2.45) for low frequency.

The resistance R/l and self-inductance L/l per unit length of the line (of both

wires) for high frequency f, are given by

R/l"'[(l+2:—16‘7/2+e‘7) JLL‘p‘+(1+2?ez—7/= +e”7)——| #’pz] 4

) a, 1 a, Jl-e”

where ¥ is the reciprocal of the capacitance per unit length, so that by (1.15)

Ll [02-a2-a24V[b7—(a,+a,) ?1[b?(a,-a,) 2] ]
¢/ g- Zalaz i
[ " 9%2a.a -

:2108 172
'bzﬁai_ag—przq(al+az)2][b2—(01'0:)2]4

For equal wires of the same material, these become

2bl/ upf
R/1~22 ) EPT
/1 a l b*-4a?

2.2
L/1~4 log (935-— ';a“) +‘;—:’—i.

44

(3.3)

(3.4)



3.3. Single Wire Parallel to the Earth

Seh
&

:

Ficure 36

NN 77 AN 77 AR 77 7o~

earth { Resistivity Pa> HED

R/ z~(—VZ;+V%_2)VF

(3.5)

Vil-at
L/ 1~2 log (hi—h;i)-}%i
4. Legendre Functions That Occur in the Formulas

The Legendre polynomials P_(x) and their derivatives P;(x}, (where n is a positive
integer or zero), occur in formulas (2.4) to (2.12) and in (2. 22) to (2.25).
These satisfy the recurrence relations

(2rtD)xP, (x)=nP,_, (x)+(n+1)P,,, (x), (4.1)

(2741 (1=x®)Pp (x)=n(nt 1) [P, (x) =P, (x)]. (4.2)

They are even or odd functions of x, according as n is an even or odd integer

Pﬂ(x)=j(-1)3(

=g

1-x\* (g+n)!
2 )s!s!(n-—s)! (4.3)

n-1

((yy=1 _ l—x)3 (stn41)!
Palx) /22( 1)3( 2 g!'{s+1l)!' (n-1-3)! ,(4'4)

5=0
or 1n powers of X,

]

_ s % (=1)*x®T(s4%+n)
Pan (x)=(-1) 2 s'(n=-g)'(3+%) (4.5

S=p

3 (-1)5x2 [ (s4%4n)
s {n-s8) T (s+%)

Paner (X)=(=1)"x
5=0

(4.6)
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The last two equations give
Py(x)=1
P (x)=x
P,(x)=14(3x2-1)
Py (x}=1,(5x3-3x)
P, (x)=1(35x4~30x2+3)
Plx)=14(63x5-T0x*+15x)
P (x)=1,(231x%-315x* + 105x?-5)
Py (x) =1/, (429x7- 693x° + 315x%-35x)
Polx) =1}, (6435x%-12012x° + 6930x 4~ 1260 x* 4 35).

(See references [5] and [11].)

The Legendre functions Qny and P, 1, occur in the capacitance formula (1.19). The
function Qy appears in the general inductance formuia (B) of section 2 and is the origin
of the elliptic functions in (2.1) (2.16) (2.26) to (2.29}, These are infinite series
that occur frequently for real argument greater than 1, sometimes written cosh 5, where S
18 a positive real quantity.

Val(vi%) v -
Qv__%(cosh ﬁ)zwe (velp P{ 1/2,v+1/2.v+1;e 28)
R (P VA7 S = -2s8 F{s+%)C(stv+¥k) 4.7
¢ ¢ s'T(g+v+l) “n
5=0
P,y (cosh B)=P_ .y (cosh B)=F(1},, Y +v,1; 1- %)
gl ¥ (1-2"28)ST(54%) T ( s+v %) (4.8)
T VAT (v %) s!.s! |
s=g
sinh? 8 [Qv_% (cosh B)P)y, (cosh B}~ 0/ 1 (cosh B) P,y (cosh A]=1, {4.9)

where P’'(z) denotes dP{z)/dz, etec.
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The hypergeometric functions in (4.7) (4.8) may be transformed, leading in the fol-
lowing equivalent expressions;

B

F'iv+4% y
Py +4) (1/2 sech 5)2"+1F(v+1/2,v+1/2,2v+1; se_chz—g- (4.10)

0,y (cosh 8) :V;F(HI)
P,y (cosh B)=(sech 8/2)17% F( 1/2-v, 1/2-—v, 1; tanh? 5/2)
= (sech 8/2) % F( 1/2+v, 1/2+'u,1; tanh? 8/2) (4.11)
The identity

Fla,B,7; 2)=(1=2)"%F F(y-a,y=8,7; 2) (4.12)

shows that P, i is an even function of v,
The recurrence relations (4.1) and {4.2) become

2v cosh BP;_%(cosh By={ v+1/2) P;+%(coshﬁ)+ { v-l/z) Py_l_%(cosh B) (4.13)
2v sinh? ﬁP;_%(cosh'ﬁ): ( v2-1/4) [P, ,y{cosh B8} ~P ;-%(cosh 81. (4.14)

) The same formulas are satisfied by 0, _i.
g In all these expressions v may be replaced by any integer n. The functions P , are
even functions of v, but the functions Q i, are not, except when v=n. In that case eq
(4.7) gives Q_"_%(z)zQ"_%(z), where 1 is any integer.

For the formulas given above v is an integer 7, so that it is not necessary to com-
pute these functions by the series (4.7) or (4.8) in view of the many excellent tables of

elliptic functions. If we find the two functions for n=0 and n=1, namely, 0.y and Oy,

R A

eny other { . may be computed by (4.13).

Similarly, if P_y and Py are known, the recurrence relation (4,13) gives the P, -% for
n>1.

The complete elliptic integrals X(k) and F(2) with modulus kR, where 0<k<], are
given by

/2 a6

LTS VR VR '_I e :
R=F (7, 73215 K2)=  Vicriamre (4.15)

T ; 7?/2 _ - 3
EZEP('I/z:I/Z,l;kz):J; V'1-k2?sin?6 db. (4.16)

The same functions with complementary modulus %2'= J 1-%2 are denoted by k' and E',
respectively. (These E', k', etc. are not derivatives.)
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Legendre’s relation between the four is
-
KE'-l-K'E-EE':E.

Let

cosh =ty -1, k2=sech? B/2

so that k' 2=tanh? 8/2

R’ 1-k

The equations to be derived are
0.y(cosh B)=k{.

Oyeosh £)=2 ( £E ) - .

P ylcosh F)=FkK" .

TPy (cosh B)=2F'~ kX’
2 % COSs —k .

Placing v=0 in eq (4.10) gives by reference to (4.15) and (4.18)

Q_%(COSh ,B):Q.x 2 )-’_-gkp(l/zrl/zs 1; k?2)=RK,

?2-‘1

which proves eq (4.19).
Similarly, taking v=0 in (4.11) gives

P ylcosh B)=kF(Yy, Yy, 1, k" 2)=RE",

which proves (4.21).

The proof of the remaining two equations, (4.20) and (4.22), is not so simple,
this we may place the notation of (4,18) in eq (B) and (B’) of section 2, so that

1 vy —nt)2.
R =l+(x x')+{p=p') =£L-l.
2pp

cosh Bﬁl+ - 20" 72

B2 4pp'
(x-x*) 24+ (ptp')?

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

For

(4.23)



Equations {B) and (B’) become (with a=d¢-¢’)

1 _ k 25
V2(cosh B-cos a) _2l/1 " za-wZE"Q"*%(COSh Blcos na (4.24)
- P et =
cos’s “me
0. \(cosh £)=0 (_-1) ’ /2 cos Nada =(-1)"k "2 cos 2n6 46. (4.95)
n-X n-% 2 s ¥2(cosh S=cos a) o VY 1-kEZsan? @ )
Taking n=1 in (4.25) gives
0 ( 1) "2 (2sin?6~1)
% =T 0 V I- kzs1n29
2 I"/ﬂ 1-(1-k%sin6) (72 d6
"k J¢ Y1-k%'sin? @ Jo V 1-k%ZsinZ 6
X-¥
<2 (57) -1,

which proves (4.20).
For the remaining eq (4.22) take v=1 in {4,11). This gives

33

” 7
-EP%(cosh ﬁ):Ekaﬁ'(—z—zl k'z) —-F(- /2,—1/ L1;R'2) by (4.12),

By writing out the series for £’ and £’ it is readily found that
2E'-kzxt:’gﬁl("l/2a'l/2rl;k'z)' (4'26)

Hence (7/2) Py (cosh $)=2E'/k-kK', which is eq (4.22) to be proved. Hence the function
044 (cosh ) and P,y (cosh B) may be evaluated by use of any of the tables referred to in

section 6 that give the complete elliptic integrals % and £ as functions of the modulus %.
This would apply to eq (1.19).

In case of the mutual inductance ¥ between two coaxial circles, the formula (2.2)

glves H/Valaz=4ﬂﬂx(2/k2-l), and this is tabulated against %% in table 2 of Nagoaoka and
Sakurai [7].

It is found that the functions

_ (x-x‘)2+(p—p')2) (x=x")24(p~p"')?
Q_Qn—% (11' 20p" and P,y 14 Top )
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satisfy the partial differential equation

2
(sz+D:+%-n )Q:O (4.27)
PL

in the cylindrical coordinates (x, p), and also in (x',p'). The canonical expansions in
various systems of coordinates of ¢ with this argument are obtained in reference [12].
From (4.27) it is found that if

_ 2 ' ' ' (x_xl)2'+(p_p')2) ' 2
Uﬂ(x,p)—;aiLJ}Q'f(x P )Qm%(1+ 50p" das’, (4.28)

then

2

(D:+D:+E—:) (p%Uﬂ)=0, where (x,p) is outside §
o

(4.29)

=4'rrp%f(x,p), where (x,0) is inside §

which may be written

1 n?
(Di+D:+;DP—§)Un=0 when {(x, o} is outside S
(4. 30)

=47 f(x, p) when (x,p) is inside S

For the case p=1, U,=44= the ¢-component of vector potential of a current distribution
whose ¢-component of current density is 14=f(x,p). This is eq (C') of section 2.

For the case n=0, 7,{(x,p) is the axially symmetric potential V, of a ring distribu-
tion of charge whose density is f(x, ) in the ring of sectiorn S. Hence

2 . (x-x')2+(p-p')2)
y( » = If ! 'a ! - (1+ d ’d ’ (4.31)
X, p) Ve SVE flx',p' Y0y 5o’ x'dp
V32 V=(Dx2+D:+%Dp)V=0 outside §
(4.32)

=~4nf(x,p) inside S

Hence the potential at (x,p) due to a circular line charge ¥ in the plane x’ with radius
£’ and coaxial with the x-axis is

_12 _02
Pix, p)= ¥ (x~x')24(p-p") ) (4.33)

el :
nyep’ 0 %( 2pp
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3. Derivation of Some Formulas

5.1. Eccentric Spheres and Cylinders (Internal)

Equations (1.11) and (1.12)

Equations (1.11) and (1.12} are derived by use of biaxial coordinates a and B, de-

fined by the transformation

or

atif

x+iy=ie cot(

¢ sinh 38

cosh f-cos a

C sSin a
y:———-—-—
cosh B-cos o

) where ¢>0

- Mzc Vcosh B+ cos a

cosh S~cos a

2 2
m: cVda*+ds .

cosh B-cos a

The family of circles, B= constant, has the equation

2,.,,2,,2

¢ 2 X“+pytte
x=c coth B)2 ty2=(— ). eh p= Xy te?

( coth 3 v sinh 3 or coth 8= 0%
The orthogonal family of circular ares, a= constant, is
2,,2_ .2
x2+(y"'c cot Cl.)z:( ‘c )2' or cot G:Z—_-}y_c__
sS1n a ZCy

The two-dimensional potential satifys

For the axiall

1
2 2,
(nx+pp+pnp

h 8-
(Dx2+D:)y:(M.C_°°2)2 (Da2+D,82)V:0'

y symmetric potential, Laplace’s equation with cylindrical coordinates

V=0 becomes

1
(Daz +D§+ m) (P%V) =0.
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The correspondence of the (x, y) half-plane (y>0) and the {a,B) strip (0<a<w),
(-©<B<®) is shown by the lettering in figure 37.

Freurg 37

=~
8.8 <o |8 D,
ﬁ._ao c' CI CJ’
fo h ]
o= 0(-/2 ol

The three constants ¢, B, and ﬁ are determined by eq (5,5) 1n terms of the given
radii a _c/smh By @ “-c/smhﬁz and the distance between centers b= c(cothﬂz-cothﬁ ).
The solut.:.on of these three equations for the case of internal circles as in figure 5 is
given in (1.10). The inner circle B, of figure 5 is the dotted semicircle of figure 37.

In the case of cylinders the two-dimensional potential between these cylinders is _

F(B)= [ﬁ ¥, for B,<B<h,;. (5.9)

The positive charge per unit length on cylinder 2 is 0,>0; the negative charge on 1
is Ql, where

-1 oF 1
el ), (aﬁlif‘zcﬁ -8,

52



so that

g, 1
_.:c o — »
7o SRR, B,
which is eq (1,12).

To derive (1.11) for eccentric spheres, one within the other, we find the axially
symmetric potential between the spheres, satisfying Laplace’s equation in the form (5.8)

for B,<B<B,

. o g-(ntIB . i
¥(a, )=V, ¥ 2(cosh B-cosa) E sinh(n+%) (8, -A)

. , 5.10
sinh (R+%) (8,-8,) Falr) (5.10)

nxg

where 4 =cosa and P,(x) is the Legendre polynomial. This potential vanishes on the inner
sphere 8=8,. To show that it has the constant value ¥, on the outer sphere where $=45,,
the normal series

@

flu)= E (n+Y, )P, (&) J‘l Flu' )P (u')du' for -1<pu<] .
-1

n=gp
may be used. Since p=cosa, we find for 0<5,

1 Pal)du - e~(n+) B

.1 V2(cosh -2} (nt%) °

(5.11)
which gives the normal series
1 L)}
¥ 2(cosh B-cos a) 2 e-(n+%)ﬁpn(”‘) for -1<u<l. (5.12)
n=g

(Equation (4.24) is the Fourier meries for this same function,)

Taking ;B.:;‘J2 in (5,12) shows that V(a,ﬁ,)'=72. There is a positive charge 0, on

sphere No. 2 and a negative charge (0, on No. 1, where (since I/ is now replaced by the cy-
lindrical coordinate p)

~ -—1J"' (37) - sina (37) -c 1(37 du
-0,20,=— | 2o (= )daz-2 —Jaa=—| (=) —2£
2,=0, im J, TPy aﬁp,;: 2 Jg (cosh B, ~cos a) ‘aﬁﬁl 2J. Bﬁﬁ-ﬁl(coshﬁl—#)

This gives by use of (5.10)

@ e-/m-%)ﬂz 1 L Palu)dp
0=V ac Z sinh(n+%) (8, ﬁz)(m ) -1 Y 2(cosh f1-p)’
n=g
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or by (5.11) with B=5,

04 b e-(n+%)(.31+5z) ZV g- (2741158,
7.-¢ 2; - =2¢ ,
V2 sinh(n+%) (B,-53) 1-gf{2n41)(B~83)

n=g n=¢

where 0<8,<8,, which proves eq (1.11).
When the circles become coaxial bp—0, but c—®, and 2bc-ﬂ1§-a§. Hence eq (1.11) re-

duces to the coaxial case (1.5) and eq (1,12) reduces te {1.6).

5.2. Eccentric Spheres and Cylinders (External)
Equations (1.14) and (1.15)

In this case the circles are external. The circle No. 1 on the left is 8=8,<0, and
the derivation is made with B, negative. At the end we then replace 4, by -8;, so that in
figure 37 circle No. 1 is B=-8,, where 8,>0. This is done to keep the three constants
¢, B,;, and 8, all positive, as stated in the three equations (1.13), which have been de-
termined by use of (5.5).

tlence with B, negative, the potential between the cylinders 1s

V(ﬁ):[ Ao ] ¥, for 0>8, <B<B,<0. (5.13)
ﬁg’ﬁI .
As before,
1 Y4 1
._Q ___Q :_J- — da=————
12 47 dr(aﬁ2=ﬁ”2(ﬁz—ﬂ'l)
so

1
0,/¥.=C/emem—t
/7 /""“2(;8,-;91)'

which becomes (1.15) on replacing - 8, by 8,.
For the case of spheres

=y -lnl)s, .
B h{n+%) (B-8,)
V(a,ﬁ)—VzVZ(cosh,B—cosa.)z ¢ =i L'p (). (5.14)
o 51nh(n+%)(ﬁz-ﬁl)

We now find

e fav du
_Q = =4~ — _ .,
170, 2_[1(313)#1(:;0311 By-u)

or
Q2 ] ™ e-—(rr'%),ﬂz l/) r Pn(ﬂ-)d}"-
Vz"C—C ‘2; sinh ( n+%) (ﬂz-ﬁl)(n-I- 2 -Im .
n=o
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Since £, is here negative, we must write eq (5.11)

P (uldu - }
(n+1/2).[ N Nl (ned f§11=e+(u+5€)ﬁ1 for 4, <0,
-1V2(cosh B~u)
s0 that
- e_(’“'%”ﬁz"e:) ~ e—(n*%)‘r
c=c . =2¢ ;

Zslnh(n'}%)(,@z-ﬁl) Zl_e-(n%)'r
n=g n=o

where y=2(8,-8,) when 8,<0 and 8,>0.

On reversing the sign of 8, this gives eq (1.14). For the limiting cases B,~0, in
which the sphere or cylinder on the left of figure 6 or figure 37 has an infinite radius,
we may place b=a,+h and g,=a,. When a—wJ ¢-Fh?.42, B,=log{h1V¥r%-0a?)/a, so eq
(1.14) and (1.15) become (1.8) and {1.9), respectively, The potential between cylinder
and plane A=0 (fig. 4) is

thﬁ 2
V(ﬁ)zﬁﬁ v, for 0'([3(432:103&%.
2

Between the sphere and plane the potential is eq (5.14) with B,=0.

5.3. Derivation of Equations (1.17) and (1.16) for Oblate Spheroid
and Circular Disk

With oblate spheroidal coordinates (e,8) the (x,p) half-plane is represented on the

( ) . O<a<r b
a,fB) strip 0<g<o Y

x+ip=ic sin{a+tiB) where >0

or
x=-c cos a sinh 8 and p=¢ sin « cosh
so
r=Vx%4+p%=cVsinh? Btsin’ a
or

x? o2

+
¢? sinh? 8 ¢? cosh? B

=1 {(confocal ellipses)

—x? o2
+ =1 (confocal hyperbolas),

a ¢? sin? a

c? cos?
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The equation for the axially symmetric potential

(D§+D§+ 1 ! )(p"v)=0

4 sin? a 4 cosh? 3

has solutions F=0 (i sinh B)}P,(cos a). The oblate spheroid $=8, has semiaxes a and b<a,

where
c=Va%-b?, sinh 8,=b/c and cosh B,=a/c

i sinh 8+1

[ ainh A1 =sin~! (sech B),

iQn(i sinh ﬁ):%log
s0
10,(1 sinh )61}'=sin"1 {e/a).

The potential outside the conducting spheroid 8, at potential ¥, with charge ¥, is (for
ﬁ1<5<m)

10, (£ sinh 8) _ sin”! (sech (B)

rig)=v - =y .
. 110,(i sinh ) ! sin~!(c/a) (5.15)
o - i _cr
and ”I‘lif}ot["y(ﬁ)]_‘laﬂ?[c sinh ‘B-V('B')J-'Tnc_a’

which 1s eq (1.17).

5.4. Derivation of Equation (1.18) for Prolate Spheroid

With prolate sphercidal coordinates the (x,p) half-plane is represented on the
(a, ) strip (0<a<w), (0<B<x) by

xtip=-c cos(atif)}, where ¢>0, or

x=-~¢ cos a cosh § and p=c sin a sinh 3, so

r= '/xz+p2= chinh’[:’-l- cos?a.

Hence

2 p?
+ =1 {(ellipses)

c? cosh? 8 c? sinh? 8

X

2 P
- =1 (hyperbolas).

a ¢? sin?a

X

c? cos?
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The equation for the .axially symmetric potential

1 1

(D;+Dg+ + ) (p*%7)=0
4 sin? ¢ 4 sinh? 8.

has solutions ¥=0, (cosh S}P (cos a).

For the prolate spheroid A=, with semiaxes ¢ and b<a

c= ¥V a?-b? and cosh 8;=a/c,

cosh £¢1

-8
0 (cosh B)=Y,log Ire ),

- B_ (
ool ﬁ__l_log COt.h2 =log {=e=F
Qo(cosh B;)=log (a+c)/b.

The potential outside the conducting spheroid B, at potential ¥, with charge ¥, is
(for B;<p<x)

Qoa(cosh B)  logcoth B/2

V(ﬁ)zrlo.,(cosh B 'loglatrc) /v’

(5.16)

and

yl:,l,_i,ﬂ [rr(ﬁ)]zg_i':g[c V sinh? ﬁ+coszo;V(ﬁ)]

_ ¢t
“log(at+c)/b’

which is eq (1.18).

5.5. Derivation of Equation (1.19) for a Toreid

The strip (-w<a<wm), (0<B<®) of the toroidal (or "ring") coordinates, represents
the (x,p) half-plane, if this is cut from zero to ¢ along the p-axls The equation
X+ ip--c cot (at 18)/2 gives

~Csina c¢sinh B
X=—— ———and p=————
cosh S-cos a cosh f-cos a

(5.17)

= YV XTroTze l/__hfiu

coshfB~cos a

e V dalt+dp?
V dx2'+_dy2=c—-3—{i. {(5.18)
cosh S-cos a
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The family of circles = constant, each member of which generates a toroidal surface
by rotation around the x-axis, belongs to the equation

c?

2 -~ th 8)2=————. .
X%} (p~c coth 8) Sinh? B (5.19)
The equation of the family of circular arcs, orthogonal to these circles, 1s
cz
(xtccota)ly pl=— - (5.20)
sin? ¢
The equation for the axially symmetric potential
(D2+D2+—1— ) (p%7)=0 (5.21)
a’ "8 4ginh? B

has solutions of the form

y= v 2(cosh B-cos a) (4 cos Rat Bsinna)( CP,_y(cosh £) +DQ , y(cosh B)).

The third of eq (5.17) shows that spatial infinity, (r=®) corresponds to the point
a=f=0. The first two of these equations show that S=1® corresponds to x=0 and p=c= the
radius of the focal circle.

If the generating circle of figure 7 has the equation A= ﬁl, it is evident from
(5.19) that

c= ¥ 42-a? and cosh /3,:%. (5.22)

If the toroidal surface has a constant potential ¥, and charge ¥, the Newtonian potential
at outside points where 0<B<pf, is

5- h
V(a,ﬁ)— !y 2(cosh B-cos a) Z Q” ::Ez::h g;)Pn-}g(cosh Secos nao, (5.23)

where eolzl/z, en=1 for n#0.
This vanishes at r=® (i,e,, when a=f=0). On the surface 8, it becomes

-}

V(a,[il)'zl/l ¥V 2(cosh 5,-cos a) % -S- €x0n-y{cosh B,)cos na

n=g

ﬂ/f:constant by eq (4.24).
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By a fundamental property of Newtonian potentials, the charge ¥, on the torus is

h Brcos a
=1 1i ‘/ COSh Freos a
. 1m1t(rV) a}.rg_l.tc cosh f-cos aV(a.ﬁ)
dc¥ Z““ On-Y(cosh 1)
_ 11 . "N COS 1
T oo h’?gi% eﬂPirs-%(cn:).?.hﬁ;)1:,“-5“;((:.3811lg)cc’s e

Since P,_y(1)=1, this gives

4c L] . Q”_%(cosl'l {Bl)
7 *® Pp_y(cosh £;)’

=0

which is eq (1.19), since ¢= ¥ 42-a? and cosh B1=4/a. The evaluation of these func-
tions by elliptic integrals is discussed in section 4.

3.6. Self-Inductance of a Single Turn of Wire
Equation (2.15)

With cylindrical coordinates (x,p) the vector potential 4 wA(x,p) at any point
(x,0) in space is by eq (C) of section 2.

PxA('x.P)=2J‘J.p'%i(p')Qx(l-l- Dz,)dS' (5.24)
2pp

where D2=(x-x‘)}%+(p-p')?, and the integration is taken with respect to (x',p') over
the upper circle of radius a in figure 18.
Also by eq (D) of section 2 the self-inductance is given by

Lzzwffp%t(p)-p%ux,p)ds (5.25)

integrated with respect to (x,p) over the same circular section. Since (x,0) and {x',p")
are both points in this circle, we may use the expansion

(45)
Qn-% 1+2pp'

_(=1)n*1 Z“’ D2\ (g+%+n) (s+%-n) p?
T oom - (4pp’) g! s! log4pp,+¢(s+1/2+n)+¢(s+_1/2-n)—2¢(s+1)].(5.26)
g=

This is valid if D®/4pp’<1, which will be true for all positions of the points
P(x,p) and P'(x’,p") both within the circle, provided that a<4/2, which will be true here,
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since it is assumed that a/4 is so small that terms smaller than a?/84%log84/a may be
neglected in comparison with 1.
Hence for n=1, eq (5.26) gives, to this approximation,

20 (+ D )—[1+3( i )]1 D 4(1-1og2)+Y, (16 log 2) s (5.27)
- = - o - —~6 lo , .

%\ 200" 4\4pp' Eiop’ 8 2 < ¥op

Let y=p~4 and y '=p'-4, so that x and y are rectangular coordinates with origin at

the center of the c1rcle. Then, to the second order in a/A4,

D2 ) [ D y+y’ y’+y" D? ( D)]
- + = Z_ y log— .2
ZQ%(I Sop 442 le 88.4 A + TE 8 1+3 ogBA (5.28)

For the assumed current density

1 so\n
t 'rrazf'(A) , (5.29)
the total current is 1, which gives
Db 1 b az) a?
Then
L be¥ g% [ ' yz]
waﬂf(HI) = oTF 1€, 0,7 | (5.31)
where
C,=b+Y, and C,=V, bz-l (5.32
N o 2= 1) 5.32)
This gives
D? 4% vy D
IENRNACTRY N,
P i(p" 10yl 1 200" 'nazi‘{ 16, 40,7 4+210584
y+y0 yz ' 2 DI( D)
( r )+2A’ IA’ +( /2 c, ) 8A’ 1+31088A (5.33)

To use this expression in the integral (5.24) it is better to use polar coordinates, plac-
ing Xx=rcos § and ¥ =rsiné, so that

Di=r2-2rr’ cos(8=-0')tr'?, ' (5.34)

and
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. ki nn g-g'
log D=logr- E (L) cosn(6-67) if r'gr
r n
n=1
= " 6-6"
stogr'= 3 (L) 2D is v (5.35)
r n
1

The result of integrating eq (5.24) 1is

4% .
PHAax, p)==Ffo ()47, (r, 8) 4f, (r,0)] (5.36)
where
all 84 2
fo(r)=-3-2(1+“:)log(a)+:—2 (5.37)
. clr’ rsingd
fl(r,9)=—[1+Cl"2a,]T' (5.38)
af9 3 BA]
——[Za + —log—
falr,6) u, 5720, +7C, 2log
+r2 [5+c -31 8—A+(4—2C ) si ’9]+L—P+c +4C, =i ’e] (5.39)
Y oga ,)sin YL E A 81N . . .

With this, the integral (5.25) gives

ard [ ( )a’] g4\ 7 a’[ ( 6'1) 22 7
L=—-{] 14{ 4C - -= c, - .
F’{ + 4 z+2 TE l.og(a) 4+842 2c 373 c, 1 (5.40)
Finally, multiplying by the factor,

1 2 2

a
——y n_l
7171720 (0-1) 5 =1-Co s, (5.41)

| where C =2b(b~1), gives

| B 3\ a? 84\ 7 a? 01) 22
: L-4m{[1+(4.c C°+2)8‘=]log(?)—z+8‘:[ (c, 1)+2cl(1+-é- 50| 54

On substituting the expressions given above for C,, C,, and C,, it is found that

- 84\ 7, (b-1) (b~ 2/3)( )}
L 4wa[[1+(2b+1)“,] (a.) i e 1) 4 (5.43)

which is eq (2.15).
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Exact expressions for the magnetic field and inductance of any toroid with this cur-
rent distribution may be found as normal series of ring functions, using the toroidal co-
ordinates of reference [20]. It is thus found that for b=-5/2 the external magnetic
field is the same as if the total current were concentrated in the focal circle. This is
true for the more general case Iqs-TC,o"s 2F(B8).

To get an expression for the potential 4 (x, ) when the point P(x,p) is outside the
circle of figure 18, the approximation (5.27) based on (5.26) cannot be used unless the
distance of P from the center C is small compared to 4. When this distance is of the or-
der of magnitude of 4 or greater, while P(x'p') remains in the circle, it is sufficient
to use Taylor’s series, with (x,0) fixed and the variables x‘/4 and y‘/A(Z(p‘—A)/A)
small. For brevity, let

:1+(x-X')’+(p-p')2:(x—x')’+p2+p‘2

g ¢ *
2p0p 2pp
x¥4p2i42
o=
24p
so £~¢, when x'~y'~0. Then, to the second order
Qx(g)zog(go)+(x'Qx+y'Qy)+1/2(x"Qx,cw"ayy t2x'y°Q, ), (5.44)

where 0 . is the value of D:-Q%(g) when g=¢ (x'=y‘'=0) and similarly, Qxy and
sz :DnyQ%:DxDpQ%.

From eq (4.27), with n=1 and variables x',p', we find an exact expression when x'=0
and o' =4.

3
QH+Q”=4“E—§Q%(£’°). (5.45)

By use of (5.44) with the current in (5.31) in eq (5.24), it is found that

A(x )=2VE{[1+(b I/)':'2] LA
' P P +7, 64—2 Q%(go)'l-m( +/2)2AQy‘, (5.46)
where
4
- 4\ p .
240 y=~2 (Eo-;)ﬂx(éo)h(;,%_l ) [¢,0u(g)-0.5(2,)1, (5.47)
and

X2+ (po-4)2

£,=1
o= 14 24p

. (5.48)
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Equation (5.46) is valid when g,-1 is not small. Hence there remains a gap, not here con-
sidered, between the ranges of validity of the two equations (5.46) and (5.36), which
could only be bridged by an equation more complicated than either. Applications of (5.46)
that would require the retention of the second-order terms are exceedingly rare. It is
generally sufficient to consider the total current concentrated in a filament with trace
at center of the circular section of the wire.

5.7. Derivation of Equation (2.16) for Self-Inductance of a Single
Turn of Wire Near a Magnetic Medium

Referring to figure 19 let 4,(x,p) denote the value at any point P{x,p) in space due
to any axially symmetric distribution of currents when p=1 everywhere. These currents
are all to the left of the boundary plane x=x,.

Similarly, let 4,(x,p) denote the potential at any point to the left of x=x, that
would be produced (with =1 everywhere) by a fictitious distribution of currents that is
the image of the existing distribution by reflection in the plane x= x,.

Then the potential A(x,p) due to the actual currents in the presence of the magnetic
material with u# 1, where x,<x, is in the air, where ~0<XLX

-1
A(X.p):Aa(X.p)+£¥—Az(x,p). (5.49)
Mt 1
and in the material, where x ,<x<}®,

A(x,p):ﬁg%Aa(x,p). (5.50)
By this definition of 4,(x,p) and 4,(x, p} it is evident that at the plane x= x,,
A,=4,, and D,4,=~D A, identically in p.
Consequently, 4 is continuous, which makes B, continuocus. Also the continmity of i,
is assured by that of D 4/u.
The inductance of the turn of wire near the material as figure 19 is by (5.49)

=1 2 1on ﬂ'i(x,p)pux,p)ds (5.51)
#t 1l J

integrated over a circular section of the wire. This integration could be effected for
the form of current in eq (5.31) by use of eq (5.46), assuming that 2x, is not small com-
pared to 4, Formula (2.16) assumes that the fictitious current producing Az(x,p) is a
filament of radius a coaxial with the x-axis in the plane x=2x,.

For this approximation, we place in {5,51)

4x24+(4-a)? 2 2(k-F)
pA(X,p):2AQI/2 (1'1'—0'5-:4-6*—‘—*) '—"244Ql/2 (ﬁ-l) =24 [-T—kx] s (5.52)

where

44a

="
4x24(4+a)?

(5.53)
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Since j.j idS=1, this gives

u=1 [ 2(k-E) ] :
I=1,, 4+~ 474 -kE § , .
virt g4 % K (5.54)

where L . 1is given by 5.43).

5.8. Derivation of Equations (2.40) and (2.41) for the Self-
Inductance of Toroidal Current Sheets (Tape Winding)
With ideal tape windings the current circulates as indicated by the arrow in figure

27. There is no external field and the internal field of the unit current is F4=24/p,

where ¥ 1s the number of turns, and p is the distance of a point from the axis of revolu-

tion. The inductance L is equal to twice the integral defining total electrokinetic en-

ergy 7.

7=1/87 IJ wHidv
Hence

d
L:L.” szv=2pﬁzj‘[ a8
4m Pl

For circular and rectangular axial sections shown in

integrated over all space.

integrated over the axial section.
figure 27 and 28, this results in eq (2.40) and {2.41), respectively.

5.9. Derivation of Equation (2.45) for Self-Inductance per Unit
Length of Two Parallel Wires of Magmetic Material

Referring to figure 31, the current +1 flows upward perpendicular to paper with uni-
form current density  i,=1/7a,? in cylinder No. 1. The current density in cylinder No. 2

is i,=-1/mal.
The only components of current density and of vector potential are the Z-components

where the z-axis 1s upward perpendicular to the paper. The general field equations

B=uf=curl 4 and curl =47} give
Bx_szA, B,=-D, 4, B,=0,

where A(x,y)=4,. Hence

iy .
(Dx2+Dy2)A=-—2 in cylinder 1

a

1

(5.55)

dp, )
=+—— 1in cylinder 2

2
G,

=0 in the air between them.
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The boundary conditions at the surface of each wire are:

4 1s continuous (continuity of normal component of B),

124 . , L. .
— 5 18 continuous (continuity of tangential #).

@ on

With plane polar coordinates (r,,8,) with origin at center 0, of wire No.

1 1 2
2 2 — -—
(D,*+D, )A—rlﬂrl(ranA)+r2 Dy 4.
1

Similarly, with polar coordinates (r,,#,) with center at O,

1 1 2
2 2 - —n
(p,*+p, )A_rz D, (r,DrsA)+ > Dg 4.
2

r
A:U-p!(
a
r
=ltu, (
a

=7 in the air

Hence let

Ll -]

) in wire No. 1

(Y]

LB

|

)in wire No. 2

L)

Then (szh')yz Y7=0 everywhere.

At r,=a,,

1
=0,- d p, #,=—D -
Oy=U;-p, an r,'e iy TIUI a,

At ry=a,

: 1 2
Ug=U;+u, and Drz Un:;z— D"a Ui‘{'a—zs

where 7, means outside, U; inside the wire.
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(5.58)
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The self-inductance of the line per centimeter length

1
L/cm:“fjAd_Sl- ! IJ-Adsz
na,? ma,t
1 1
AT AL ‘” 7ds,- .” ds,. (5.62)
ma,? ma,t.

The biaxial coordinates a,S3, see reference [16], are suitable for constructing the
harmonic function F(a, ) that satisfies the four boundary conditions in (5.56) and (5.57).
We follow the procedure adopted in deriving the potential ¥ in eq (5.14), that is, we take
as the equation of circle No. 1 of figure 37 the equation 8=g,, where £,<0. In the end

result we change the sign of 53, to make all the constants ¢,3,, and B, positive, as given
in the three eq (1.13).

By (5.4) the surface element dS for integrating over a circular area bound by the
circle 8= constant is

2
. ccdad
ds= A '

{cosh 8- cos a)?

where da, df>0. Now sinh ,81_=-c/a.1 and sinh ,Bz=c/a2. Hence after an expression for
(a,B) is found, eq {5.62) becomes

ot 2 sinh? g, pAI<t i
L/cm:—( 12 2)+ _ 1! dﬁJ‘ U{a, B)da
= 0

{cosh B-cos a)?

2 sinh?2 8, p*° "
) dﬁf 0, f)da (5.63)
©

Ky (I {cosh B-cos a)?

U(a,B) will be found as a series in cos na, so the following integrals will be re-
quired.

1 (7 d o th Zv‘”
_J‘ cos nada _e (n+co X)=4e“’” s(s4n)g-2smlx (5.64)
7 J (cosh x-cos a)? sinh? x =1
if 0<x.
From this we find, when 0<§,
o —2nx h
B e (5.65
A

The function U(a,fB) that satisfies the four boundary conditions in (5.60) and (5.61) is
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In wire No. 1, where —~ ©<£<8,<0:

0

U(G-.ﬁ)éﬂl;co—Zﬁﬁ 2 4,e"(#81) cos na.
. n=1
In wire No. 2, where 0<B,<Bgt

[++]
0{a, ﬁ)ﬁ-#2—00-2ﬁ2+ 2 Bne'"(ﬁ"az)cosna.

n=q
In the air between them, where Bi<B<By:

U(a,.B).=—Cn-2ﬁ+ 2 [ Ansinh n(fy—f)+ By sinh n(f-5,) ] cos Na,

sinh n{(g,~3,)

n=3

where

o =1 4, sioh ng,-B,sinh nB,
¢ 2 sinhn(8,-8,)
n=y
This makes U=4 vanish at spatial infinity (a=§8=0).
The boundary conditions require

: 2(1+e,)
nB) — 1 ~fnyyg2n8y_ -y
4 pemf1 n(l—ele,e'"y)[(1+s’e )e2mP1 (14 €,) e "]
Bne-nﬂ].:: _2(1+€2) [(1-{-613""7)G'zuﬁz—(l-l-e'”?)],

n(l-E_nge-n‘r)

where

€ and 7=2(ﬁ2‘/81).

. ;U-!"']. - -1
1= €=
2

TRt T2 gl

Performing the integrations in (5.63) by use of (5.68) and (5.69) gives

o
L/em=+21002 9 (8,4, )4 z' (4 pe™1 ~Bpe=nb2
1

;__P1+P2

2 +2(8,-8,)

m
1 )
- 208
+2 Z "(l—eleze-'ﬂ'r)[(1+51)(1+eze ny) g 2n8,

n=i

t{lte,) (1t e,e"mr)g-2n8,

=2{l+ey)(ltey)e™"]
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(5.67)

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)



To obtain positive constants for computing we next reverse the sign of B;, so that
v=2(B;+8B;), as in eq (1.13), where B,,£, and c are all positive, After this change we

find that when p,=p,=1 the formula reduces to the known correct expression, say Ly, that
is given in (2.44); where

Lg-1= 2108 —2(ﬂ1+ﬁ2)+2 Z —(e 2n81} g-2nB2.2g"17), (5.74)

=1

a,a

Subtracting this from the expression for [ (with positive 5;) gives the eq (2.45).
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