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CALCULATION OF MAGNETIC FIELDS FROM TIME~VARYING CURRENTS
IN THE PRESENCE OF CONDUGTORS!

C. V. Dodd  W. E. Deeds?

ABSTRACT

We have derived the equations for the magnetic field
for the case of a cylindrically symmetric coil of rec-
tangular cross section being driven by a sinusoidal
current above conducting plates. Computer programs were
written to numerically evaluate these equations.

The most general program calculates the field for a
coil above multiple (up to 9) plates, each having any
resistivity and thickness. The field is calculated any-
where in or behind the conductors, and for five different
values of coil-to-conductor spacing. The total eddy-
current power dissipated in the conductors is also
calculated, as well as the magnetic field at the center
of the coil.

The calculations agree with calculations and exper-
imental measurements performed by others, although only
a few cases could be compared.

Equations have also been derived for the Fourier
analysis of pulses, the power density, and the eddy-
current force density; but no programs have been written
for these. ‘

1Funding provided by the Superconducting Magnet Development
Program of the Thermonuclear Division.

2Consultant from The University of Tennessee.



INTRODUCTTION

Eddy currents have been used for many years to nondestructively
test critical components in the nuclear and aircraft industries. In
recent years, many advances have been made in the analytical solution
of eddy-current problems. In 1963, relaxation or finite difference
calculations were made for a number of eddy-current problems.3’"’%5’%
These calculations were relatively expensive to perform and were not
very accurate (~107%), but they were very general.

Later, integral equations were obtained’>8?3210°11212 ¢, (0415
above conducting planes and coils coaxial with multiple cylinders.

3C. V. Dodd, "Eddy-Current Impedance Calculated by a Relaxation
Method," pp. 300-14 in Proceedings of the Symposium on Physics and
Nondestructive Testing, Southwest Research Institute, San Antonio,
Texas, 1963.

*C. V. Dodd, A Solution to Flectromagnetic Induction Problems,
ORNL-TM-1185 (August 1965). M.S. Thesis, The University of Tennessee.

°C. V. Dodd, Solutions to Electromagnetic Induction Problems,
ORNL-TM~-1842 (June 1967). Ph.D. Thesis, The University of Tennessee.

®J. N. Tunstall and C. V. Dodd III, 4 Computer Program to Solve
Eddy-Current Problems, K-1740 (April 1968).

’C. V. Dodd and W. E. Deeds, "Analytical Solutions to Eddy-Current
Probe Coil Problems,'" J. Appl. Phys. 39(6): 282938 (May 1968),

8C. V. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, Some Eddy -
Current Problems and Their Integral Solutions, ORNL-4384 (April 1969).

°C. V. Dodd, W. E. Deeds, and J. W. Luquire, "Integral Solutions
to Some Eddy Current Problems, " Int. J. Nondestr. Test. 1(1): 29-90
(June 1969).

'°J. W. Luquire, W. E. Deeds, and C. V. Dodd, "Alternating Current
Distribution Between Planar Conductors," J. Appl. Phys. 41(10): 3983-91
(September 1970).

13, W. Luquire, W. E. Deeds, and C. V. Dodd, "Axially Symmetric
Eddy Currents in a Spherical Conductors," J. Appl. Phys. 41(10): 3976-82
(September 1970).

12¢. c. Cheng, C. V. Dodd, and W. E. Deeds, "General Analysis of
Probe Coils Near Stratified Conductors," Int. J. Nondestr. Test. 3(2):
10930 (September 1971).



Computer programs!3*1%215°16217 yore yritten for these cases and the

results obtained were quite accurate.

Experiments have been designed using these programs and the
results have been quite good.!8>19220521522

In all of these eddy-current phenomena, we first calculated the
vector potential and then calculated the physically observable phenomena
from the vector potential. These phenomena include eddy-current density,
coil voltage, coil impedance, power loss in a conductor, force density
in a conductor and magnetic and electric fields inside or outside of
a conductor. Although these calculations have been made with the assumption
of a sinusoidal driving current, any type of current pulse can be obtained
using a Fourier synthesis.

13¢. V. Dodd and W. E. Deeds, "Computer Design of Eddy-Current Tests,"
pp. 199203 in Proceedings of the Fifth International Conference on
Nondestructive Testing, Carnada, 1967, The Queen's Printer, Ottawa,
Canada, 1969.

1%c. V. Dodd, W. E. Deeds, J. W. Luquire, and W. G. Spoeri, "Analysis
of Eddy-Current Problems with a Time-Sharing Computer,’ Mateﬁ. Eval.
27(7): 16568 (July 1969).

}53. W. Luquire, W. E. Deeds, C. V. Dodd, and W. G. Spoeri, Computer
Programs for Some Eddy Current Problems, ORNL-TM~2501 (August 1969).

16w, A. Simpson, J. W. Luquire, C. V. Dodd, and W. G. Spoeri, Computer
Programs for Some Eddy-Current Problems ~ 1370, ORNL-TM-3295 (June 1971).

17¢. V. podd, C. C. Cheng, W. A. Simpson, D. A. Deeds, and J. H. Smith,
The Analysis of Reflection~Type Coils for Eddy-Current Testing, ORNL-TM-4107
(April 1973).

'8¢, V. Dodd, W. E. Deeds, and W. G. Spoeri, "Optimizing Defect
Detection in Eddy Current Testing,'" Mater. Eval. 29(3): 59-63 (March 1971).

'9¢, V. Dodd and W. A. Simpson, "Measurement of Small Magnetic
Permeability Changes by Eddy-Current Techniques," Mater. Eval. 29(10):
21721 (October 1971). ,

2%C, V. Dodd and W. A. Simpson, Jr., Thickness Measurements Using
Eddy~-Current Techniques, ORNL-TM~3712 (March 1972).

2l¢, V. Dodd, €. C. Cheng, C. W. Nestor, Jr., and R. B, Hofstra,
Design of Induction Probes for M@asurement of Level of Liquid Metals,
ORNL-TM-4175 (May 1973).

220, V. Dodd, J. H. Smith, and W. A. Simpson, Eddy-Current Evaluation
of Nuelear Control Rods, ORNL-TM~4321 (September 1973).



DERIVATIONS FROM THE VECTOR POTENTIAL

The vector potential in the coil region for a coil above an arbitrary
number of conductors, as shown in Fig. 1, has been derived in the form:

oo

Iy 1J(R, R )J "2
Aaﬁr,z) . 0 A 2 I l(ar)e
2(R — R )L 3
2 13 o
o
Vlz(k:i) e~a(L6 + L2) + % « ; __e—u(Z —-L6 fAIE) .
x _t2
vo(k,1)
22 (1)

Vlz(k’l) e—az + eaz 1 __e-—oc(L2 + Ls + La—-Z) da

Vo (k,1)
22

The functions J(K,, Ky) are defined as

2
J(R, R ) z[ 2 J (x)de .
! (2)

The terms V ) (n,1) represent transformation matrix elements between
the first region (lowermost) and the nth region. Their derivation is
given in another paper,'? and their calculation is given in other papers.12’17
The pertinent computer program is in this paper. All of the dimensions
and properties of the conductors are contained in these terms. The coil
length, L3, the coil inner and outer radii, R; and R,, the minimum lift-
off, Lg¢, and the lift-off increment, L,, are shown in Fig. 1. The number
of turns is ¥, and the current per turn is 7. Due to the axial symmetyy,
the direction of the vector potential will always be entirely in the
8 direction.

The vector potential for any region, %, below the coil is given by:

i ~a(L + L -
N T M, J/P J(RZ, Rl)Jl(ap) e 2 s) <J ) uég

2(R — /7 (3
( ) RI)L3 . *.1)
e} 22

An(r,Z) =

XV, M De O ,p(Msllen da .
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Fig. 1. Coil Above Multiple Plamar Conductors.

The r and Z components of the magnetic field can be obtained from the
vector potential by the relations (in cylindrical coordinates):

- 4 (4)
Br Y
and
_ 1 3(rd) 5
BZ T r dr ’ (5)

The expressions for the magnetic field in any region below the coil
(in terms of the variables used in the computer program) are:

n
BZ(P,Z) =

NI f e'“Lse’_O‘LZ JR,B) |1~ e %,
2

?(R —-R JL R
1 3 s 5 a

(6)
X Jo(ar) Vlz(n,l) €~a”Z V2 (n,1) panz
v, ks 1) V L (k1)



All dimensions have been normalized by dividing the lengths by the coil
mean radius, Rs, and multiplying all o's by Rs. The symbol a is defined
as oy = Yo’ + jwu,0,R% and is dimensionless. "

The » component is given by:

(o]
B"/L( 2 = N T Uo g:aLG e'aLz J(R , B ) 7 — e"@[/:;
7% 3R TR IJLE 3 271
2 1 35 o
o
(7)
Vlz(n,l)ane_anz sz(n,l)aneanz do
X Jyer) VT D) V)
22 22
The Z component of the field at the center of the coil is:
(e o]
N3 Ig M, J(R , B )
- 2 1
B(center) 5T F LB 5 x
2 1 35 0 o
v (k1) e 0%z gTH0e 0y ja gm0l
v (k,1) (8)
22
~0L
ror1— ) L
The coil impedance17 is given as:
. x —_—
jguwmy o R TR, R ) [par + 227%s — 2
3 0 s 2 1 3
Z = " s (9)
(R —R)°L? o
2

1 3 0

p e B g 2y (k1)

ARyl
22



The total power dissipated by the eddy currents flowing in the metal
is 7?2 RE7, where I is the RMS current in the foil.
The total power dissipated then becomes

o
2 2 2 - ~8
wTN oM, BT f I (Bys By) e falg =il

6
a

(6]
(10

V., (k,1)
—aly,? 127> :
X (1 —e %) 1 (—M)a’a s
"\ V,,(k, 1)

P =
2_2
Z(RZ ""Rl) L3

where I3 is the zero-to-peak current.
Since Egs. (6), (7), (8), and (10) are very similar and rapidly

converge (with one exception), they are all calculated in a single
integral program, MAFGLD. The exception is the term

itk LB 2(1 — e ™a/2
j e o (11)
OL2
9]

which is equal to the magnetic field of the coil in air (with the
coefficients in front of the integral factored out):

2 2
E. + /R, + L,/4

The expression in (12) is used in the program in place of the expression
in (11). The program is given and discussed in greater detail later in

this report.
The density of eddy currents generated in the conductors is given by:

-
J=0b=—o0 94 = — jwz(n) (r,7) - (13)

t



The eddy currents, all in the 0 direction, are

~ juo, WT TR, R )T (o) T L Y
J = T9R R JL
2

3
12 o Vész,l)
(14)
x V. (m,1)e™% + v (n,1)e""1do .
12 22
The power dissipated per unit volume due to the eddy currents is:
> > 2
P=-JF = —0F =0 [ wA? cos (wt + ¢)] , (15)

where ¢ is the phase angle between the current in the coil and the vector

potential at a point in a metal. The instauntaneous power dissipated per
unit volume due to eddy currents is

2
Fﬂ(r,z) =ag, [ wcos wt + atn(Im An(rlz)) [An(r,Z)l . (16)
re A (r,2)

If a Fourier amnalysis is used, the vector potential must be first
summed, then squared.

The eddy current force density generated in any region, n, in the
conductors will be

F-o,0 oa (B, — 04"\ —e (B, +1 3(xd")\o 34" 17)
Ly \ T 5z r r  or 3t

where B and B, are the magnetic field components from an external

IS / : .
magnetic field. The vector potential must again be expressed as a
function of time, and multiplied in this form. The Fourier components

must be summed to obtain the vector potential before multiplication in
Eq. (17). The instantaneous force density is



F =y g, !An(r,z)] sin (wt + ¢,)

{ [|8A (r,4)| cos (wt + ¢2) “’Bp} (18)

>

+ e, I_Z_ BrAZ(raZ)l cos (wt + ¢3) + BZ }
r 7

The value of An(r,Z) is given in Eq. (3) and the tangent of the
angle ¢; is the ratio of the imaginary part of A"(r,Z) to the real part
of A% (»,2), or

7
b, = atn £ﬁ_éﬁ££L§L . (19)
RE A (r,7)
34w, 7)

The value of — is the radial component of the magnetic
field, BZ(r,Z), and is given in Eq. (7).

Im B (r,2)
b, = AN e (20)
RE BZ(z’,Z)

The value of = 1 §£ﬂ§££LZl_is the Z component of the magnetic field,
B (r,72), and is glven in Eq. (6).

Im BZ(P,Z)
¢, = atn ————— - (21)
RL Bz(r',Z)

Due to the length of the expressions, they will not be repeated
here, but all the components for the expre551ons are already calculated
in the computer program MAGFLD.

The vector potentials and magnetic fields, already given for sinusoidal
currents, may be calculated for any wave form using Fourier synthesis. The
current wave form may be calculated from a series of sine and cosine
functions as '
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T(t) :%—3— - E [am cos (mw t) + bm sin (m wy t)] s (22)
m=1
where
T/8
w —_— e a
a = —{TE— f I(t) cos (m w, t)dt m= 0,1, 2,3 (23)
m
-T/2
and
T/2
W
bm = —ill. I(t) sin (muw, t)dt m=21, 2, 3 - (24)
m
~T/2

Each coefficient, ay or by, of this current is substituted for I in
the equation for the vector potential or the magnetic field, at a frequency
m wy. The Eqs. (3), (6), and (7) can then be calculated in a normal
manner, for A%(r,Z,w), BF(r,Z,w), and Bl(r,z,w).

Then, we can express the fields as

x
,4n(r,Z,t) = ‘4”(11,2,0) + Z UAZ(P,Z,m wl) cos (mw, t + d)rw)

me=1

(25)

+ }AZ(r,Z,m w )| sin (m w, t + ¢m{].

n X oy .
1f we redefine A4 (r,Z,m w;) so the calculation is made with unit
current (the constants a and bm are factored out), we have
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An(r,Z,m w, ) cos (m w, t + ¢m)

1

n 7 a =
A (r,2,¢) = A'(r,2,0) & Z[am
m=1

(26)

+ bm An(r,Z,m w, )

stn (m w, o+ d)m)] .

Thus, the coefficients, and therefore the shape of the input current pulse,
can be varied to determine the effects on the vector potential without
having to recalculate the values of ]A”(r,z,m'wl)l.

In order to determine the total power dissipated and the total force
in given regions, the vector potentials must first be summed over the
frequencies, and then the power or force densities multiplied by the
incremental volumes and summed over the regions.

DISCUSSION OF MAGFLD

The program, MAGFLD, is designed to calculate the magnetic field
(in teslas) at any location, r and 7, either in or behind the metal from
the coil. 1In addition, the program calculates the field at the center
of the coil and the total eddy-current power (in watts) dissipated by
the coil. 1In addition, the ratio of the absolute value of the field
at the point, » and 72, to the field at the center is given. The field
has both an r and 7 component, and each of these has real and imaginary
components. The calculations are made at five different values of lift-off
(coil-to-conductor spacing). The program numerically integrates the
integrand starting with o = 0 and increasing.: The program automatically
stops when the ratio of the sum of the changes to the sum of the integrals
is less than one part per million. The value of alpha, the absolute
sum of the integrals, the absolute sum of the last changes in the integrals,
and their ratio are printed out to show convergence. This printout could
probably be deleted after experience is gained using the program.

The program is written in the BASIC language. The input data to run
the program are given in Table 1. The stateménts with line numbers are
typed into the program, as shown in the program listing. The DATA state-
ments are used to define the conductors, and start in line 800 with the
lowermost region, 1, and increase to the kth region, usually an air layer
immediately below the coil.

The program listing and a sample run are given for the coil shown in
Fig. 2. The program listing is “interrupted" at various points for
explanations. The actual program statements all have line numbers, but
the explanations do not.
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Table 1. Input Data for MAGFLD

Line
Number Variables, Definitions, and Units
260 R1 Inner radius of coil Meters
270 R2 Outer radius of coil Meters
280 13 Length of coil Meters
330 L6 Minimum spacing between Meters
coil and 1st conductor
360 N3 Number of turns -
420 19 Current per turn Amperes, zero to
peak
440 F Operating frequency Hertz
450 L2 Incremental variation Meters
in lift-off
510 N9 Number of layers below - -
coil (number of
conductors + 1)
520 N8 Layer in which field -
is to be calculated
760 R8 Radial location of Meters
field point
770 z7 Distance of the field Meters
below the top of the
N8th layer

Data Statements

800 DATA 1E10 1E10, 1
(any big No.), (p; very large for air), (relative permeability)

810 DATA (thickness of (resistivity of 2und (relative permeability
2nd layer in  layer), of 2nd layer
meters),

890 DATA (unused 1E10 1
dummy data (p of air), (“rel of air)

point),




00001
20002
00003
Q0040
D00S0
00199
00200
00210
00249
00260
00279
DOZ230
QU290
00330
00360
00420
00440
00450
20499
00510
0520
00529
00530
00535
00537
00539
00540
00559
00560
00565
00570
00580
D0599
00600
00610
Q0630
00640
00650
00660
00670
00630
00750
00760
DOTT0
00799
00800
nosB10
00320
00399
01000
01020
01040
01045
01050
Q1060
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Program Listing of MAGFLD
KEY MAGFLD 20 JAN 1975
ReEM PRIGRAM Y CALCULATE THE R & £ CIMPINENTS 4F THe MAGNETIO
REM FLell Fur MULTIPLE CINDUCTIES.
DIM ACSILBOSIsC(9Is DS ECDILFH)
OIVM QO3 L(35)M(5),PIS)s 3(5)
REM CINSTANT
FP9=3e14159
P8=130/F9
REM Coll OATA IN METERS
R1=« 03175
R2=« 0508
L3=. 017753
RE=(RI+H2M/72
L6z=. 0005
N3=190
I19=338.709
F=2s5
L2=.00025
REM CZNUUCTIR DATA
N9=3
Ng=1
REM READ TeKs lJ
PHRINTYN" "THICK(METERSY "y "ROMU~GHM CM) "5 " SIGMA™S U FPERM"
Fdik N=1 T4 N9
READ TONY» RN » UCN)
NEXT N
34 Sus 600
F@R Nzl TJ N9
FPRINT Ns TONDYs KCNDY» SONDY» UCND
TN =TC(NI/KS
NEAT N
ad T3 750
REM SUBRAUTINE FaR ™
A= 2R PR
FdRrR Nzl T3 N9
3(NI=0
IF R(NI»1E9 THEN 8660
SCNI=TE2e STRUINI RFRES%( K5/ R(N)
NEXT N
D0=9 4e 243k FR KO¥ RS/ RINE)
RETURN
TENS ) =0
RB=.041275
Z7=0
KEM DATA Fur CONDUCTIRS
DATA 1€£10,1E10s 1
DATA »01s 0151
DATA 1,1E10:1
REM PRINT C4IL DATA
FRINT “"kl1="3RI13" K2=""3 R2: " ORIVER LENGTH ="3L3
PRINTYCOIL MEAN RADIUS'S RS "METERS FREQUENCY"s F
PRINT "MIN LIFT-3FF="5L63 "LIFT-dFF INCKEMENT="3L2
PRINTNGs "TURNSZ» EACH CARRYING™3 193 "AMPS™
PRINT"MAG. FIELD AT R="3R&3" Z="327;3;" METERS BEL3w'":
PRINT" 3SURFACE 9F CdNDeiNB
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Fig. 2. Coil and Conductor Configuration for Sample Run.

All dimensions are normalized in terms of the mean coil radius,
15, except the rthicknesses of the regions. (These are normalized in a
later subroutine.)

01065 R3=rR3/KS

01070 R1=R1/R5

01075 R2=K2/ RS

01080 L3=L3/ K5

01085 La2=L2/R5

01090 L6=L.6/KS

01100 Z27=271/KR5

01110 REM FOR INTEGRATIINS

01115 PRINTVALPHA", "ABES SUM OF FLOS"3"LAST CHANGE",'"RATIJ"
01120 GJ SUs 1500

01125 PRINT "INTEGRAL HAS CINVERGED"
01127 PRINT

01130 G4 Sub 6000

01490 uwd T4 9900

The calculation of By at the center of the coil for the coil in air
is performed next. The current density factors are omitted.

01499 REM SUBRIUTINE FIR INTEGRATIZN
01500 A3=L3%LIGCCR2+ SURIR21 241312/ D)/ (RI+SARCRIT2+L 312/ 4)))
01519 REM IN SUBRIUTINE FOR INTEGRATIJIN
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The sums of the integrands are set to zero prior to the start of the
integration.

01520
01530
01540
01550
01560
01570
21580
01590
01614

FIR J=1 T 5
AlLJI=0
HCJI)=0
CChI)=0
DCII=0
Ed¢JIr=qQ
FCJr=0Q
G{JI=D
NEXT J

The integral is computed from Bl to B2 in steps of S51. The initial

values

of Bl, B2 and S1 are 0, 5 and 0.01, respectively. The integrand

is evaluated at the midpoints of the small steps, S1. The variable of
integration, o, is designated x. All calculations and summing of the
integrand are done in the 2000 subroutine. When x is integrated over
the first range, new boundaries are set. The integral is checked for
convergence, and the step size S1 is increased depending on x. The
procedure is repeated until the integral converges or until x = 80.

01630
01640
01650
01660
01670
01630
01690
01700
01701
01702
01703
01705
01706
01707
01710
01720
01730
01740
01750
01760
01770
Q1780
01790
0199%8
01999
02000

B1=0

Ee=s

81=1E~-2

FIR X=B1+51/2 Td B2 STEP S1
Gd SUB 2000

NEAT X

Bl=k2

B2=H2+5
A1=ABS(KEXASI+ABS(NG*ASI+ABSIKIKkALI +ABSINTXAL) +ABS(K 1%AR)
Q1=01+ABS5CNS*AR)

U2=ABSCACII ) +ABSIBCIII+ABS(CCIII+ABSIDCII I +ABSCECII ) +ABSIFCL) )
B3=Q1%5/ Q2% 51)

PRINTX+S1/2, 22501233

IF G3<1&E-6 THEN 1790

S1=+05

IF X<9 THEN 1660

S1=.1

IF X<29 THEN 1660

St=.2

IF X<39 THEN 1660

51=ze5 :

IF X<7T9THEN1660

RETURN

REM SUBROUTINE FIR INTEGRANDS
REM FgR J-FACTOR

Gd sSuUB 2700
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J(R2, R1)/x%, Jo(x R8) and J,(x R8) are calculated in subroutine
2700 and defined as J5, J0 and JI1, respectively. Next the exponential
factors are calculated with approximations for large values.

02020 W2=Q

02030 wWe6=0

02080 W5=0

02100 IF X*L2>20THENZ2120
02110 W2=EXP(=-X*L2)

02120 IF X%L6>20 THEN 2200
02130 WeE=EXP(-X%L6)

02200 IF X*L3>15 THEN 2230
02210 WS=EXP(~X*L3/2)
02230 W3=1-W5*45

e = o L2,

Ve = e«xL6’

W = 1 - o8,
s = & T03/2

The factors for the real parts of the integrand are calculated,.

(n)
Z

45 = o BB gz R8) (1 - e™3) 30 used in B
xr

(r,2)

02260 AS=d6kXkJS+W3*J0*x51

e—xLS) (n)

16 = o~ED6 J(R2, RE) .,

3
x

Jz(m R8)dx, used in Br (r,7)

02263 A6=W6*JS*¥3%J1%51

J(R2, RI1) e—2xL6 e_xLS/Z(]

2
x

A8 = —'e"x.LS)dx, used for B (center)

02266 AZ=X*J3¥xWoE*xWEXUSkW3IXS]
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J(RS, R1) e-ZxLG

&
x

49 (1 — e %824,

02268 A=W bxi6*¥W3I*W3kJI5% 5% 51

The lift-off exponential, L{J) = e‘ng(J"z), is calculated. For

large values of xL2(J — 1), the exponential is set equal to zero.

02270 L(1)=1

02280 FOR J=2 T 5

02290 L{J3=0

02300 IF J*xxX#L.2>20 THEN 2320
02310 LGJ)=wexL(J-1)

02320 NEXT J

The complex factors are now.calculated in subroutine 3200.

Vlz(n,l)e-th7 + v (n,l)eanZ7
22

: _ -xL2(J~1)
wremee v (%, 1) :
22 ;
027 o 77
QS + . Q4 . e—.’ZtL2(J-Z) VIZ(VL,Z)OLVLQ sz(n’.z)(xne 7
’ i vo(k,1) s

22‘
Vo (k,1)
: e aape(g-1) § 1, et
B8 + J Q6 e sz(k,])

02329 REM FJR GAMMA FACTOR
02330 G¥ 3uUB 3200

‘02340 FAR J=1 T3 5

02349 Q6=N5S*L(J)*L(J)

Next, the integrands are summed. The integrands are denoted as follows:
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VA

A(T) + § B(J) :fB” dz »

C(J) + § D(J) = BZ de ,

J G(F) = | 7 dx.

E(J) + § F(J) =-fB7(center) dx ,

02350 ACII=ACII+K2xL. (J)*AS
02360 B(JI)=B(JI+N6XL(JIRAD
02370 CCJI=CCII+K 3L (JI kAL
02380 DCII=DCII+NT®L(JIXAL
02390 ECJI=ECJI+K 1%L (JI*L (J)*Ad
02400 F(JI=F(J)+Q6*A3

02410 GCJI=G6CJ)+Q6%A9

02450 NeXT J

02430 RETURN

The program returns to line 1680 and then to 1660, where the value
of x is increased by S1 and the next values of the integrands of the
various integrals are calculated. The next subroutine calls for the
subroutines to calculate

J(R2, RI1)

3
x

, Jo(x R8) and Jl(x 18), designated J5, JO and JI ,

respectively. The function

XRZ
x Jl(x)db is calculated by evaluating

“xR1

xRa xRl

/x Jl(x)do: M/ © Jz(ac)dm .

o [

The calling subroutines are followed directly by the subroutines
that perform the calculations.
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02699 REM SUBRIUTINE FUR JS=JC(R1s R2)/ K135 J6=JCR3s R4/ X1 3
02700 R=R1

D2710 GY 5UB 2900

02720 J1=02

02730 R=R2

02740 G& SUB 2900

02745 JS5=@2~J1

02750 GJ SUB 2780

02760 GJ SUE 3060

02770 RETURN

02779 REM SUSRIUTINE FIR JOCX*R3)

02780 Z=X*i8

02790 IF Z>3 THEN 2830

02795 Q@1=2%Z/9

02800 Q2=€C(((.00021%Q1~+0039444)%G1++ 0444480k u1-+3163866)%U1+1+265621) %01
02810 JO=(Q2-2+25)%G1+]

02820 GO To 23880

02830 Q1=3/Z

02840 G2=(((1+4476E~4%Q1~T¢ 2805E~4)*ud1++00137237)4Q1-9.512E-5)%ul
02845 93=C(E2-.0055274)%Q1~T.TE=T)#31+. 79733456

02850 923C(((1+3558%Q1-2.9333)%01~5.4125)%Q1*1E=- 4+. 00262573) %1
02860 Q4=C(Q2-3+954E-52%Q1-.04166397)*01~.78539816+2

02870 JO=Q3+«CISC(Q4)/ CSARCLI)

02830 RETURN

02899 REM SUBROUTINE FOR §2=J(R»0)/Xt3

02900 Z=X*K

02910 I[F Z>5 THEN 3000

02920 G1=RERKR/ 2

02930 W2=Q)1/3

02940 Q3=INT(2%Z)+3

D950 FYUR G=1 TJ a3

02960 Gl=-.25kZ%2/Q/ (Q+1)%01

02970 Q2=Q2+Q1/ (2%Q+3)

02930 NEXT 0

02990 GJ TJ 3050

03000 G1=CCC=183.1357/2+109.1142)/£-23.79333)/2+2.050931>/%
03010 W1=((@1~0.1730503)/2+0.7034845)/2-0.064109E-3

03020 92=(({~5.817517/Z+2.105874)/2-0.6896196)/+0+ 4952024377
03030 @2=(Q2-0.187344E-2>/2+0.7979095

03040 Q2= (1-SIRCZIK(Q2%CISCZ-PI/ 4)=G1*SINCL=PI/ 4)) )/ CXRKxX)
03050 RETURN

03059 REM 3UBRIUTINE FIR J1CX&R)

03060 Z=X*R3

03070 IF Z>3 THEN 3130

03080 Q1=Z+Z

03090 G2=((2+ 1E=-11%01-5.38E-9)%Q1+6.T5TE~T)*Q1~-5. 42443E~5
03100 Q2=((Q2%R1+2+60415E-3)%01~6e 25E-2)%kE1+e5

03110 J1=Zx42

03120 GY T2 318D

03130 @1=C((=.14604057/2+27617679)/2-4+20210391)/Z+4+61835E-3)/Z
03140 G1=CCQ1++ 149372/ Z+4.68E~-6)/2+,T9738456

03150 Q2=(((~.21262014/2+.1939T232)/2+64+022188E-2)/2-1.7222733E-1)/2
03160 Q2= (Q2+5. 035E=4)/2++37498336)/2-2.35619449+2

03170 J1=Q1%C3 $C@2Y/ SGR(Z)

03130 RETURN
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The next subroutines calculate the complex parts of the various
integrands, and are probably the most complicated. They must work for
a large number of metals, or equally well if the metals are not present.
They must also work over the entire thickness and conductivity range of
the metals without causing an overflow or underflow in the computer and
still remain accurate. Following definitions used in earlier reports,za’z“
we must calculate (for the terms used in BZ)

v, 1) v (n,1)e%7 ken(s
12 22 _

n+1 Bn+2 Tt Bk)
v (k,1) Ve o(k,1)
22 22

(27)

x ea”(zn-J"Z)V;z(n,l) + e—a”(znwl -Z)V’ (n,1)

2

Since both Z,.; and 7 are negative numbers, as shown in Fig. 3, and
Ty and Z7 are both positive, Z, ; ~ 7 = — (Iy — 47).
The right hand size of Eq. (27) then becomes

k-n

k7 g ) o (T 37D

ntl Bn+2 tre Bk

Ve (k,1)
22

v (n,1)
12

(28)

¢ T =2y (n,1)

23C. C. Cheng, C. V. Dodd, and W. E. Deeds, "General Analysis of
Probe Coils Near Stratified Conductors,”" Int. J. Nondestr. Test. 3(2):
109-30 (September 1971).

2%¢. V. Dodd, C. C. Cheng, W. A. Simpson, D. A. Deeds, and J. H. Smith,

The Analysis of Reflector Type Coils for Eddy-Current Testing, ORNL-TM-4107
(April 1973).
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ORNL-DWG 75-4599

Zn+1
Tn+1
{ -
T Z, y4
n !
* FIELD POINT
Zn~1

Fig. 3. Point Where Field is Calculated in nth Region.

. o
For the terms used in Br we have

k-n

_ =0y 2 Oy 2 .
v, fnDee 4V (nDae T 8T (8, By 8/
v (k,1) V. (n,1)
22 22
(29)
x | —q (T, —27),. (n,1) + o o (Tn — 27) - (n,1)
i 12 7 22
For the terms used in B center and the coil impedance we have:
Vo (k,1) V (k,1)
12 _ 12 (30)

Vo (k,1) V™ (k,1)
22 22

The Vpo, (n,1) are referred to as the transformation matrices between
region 7 and region I and are calculated in the following manner.
For the case where we are in region 1 (the lowermost region) we have
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) 0 if £ =
VZZ(J’Z) = VEZ(]’Z) = (31)
1if 4

P

i
a9

(1) We calculate the numerical value of the first transformation matrix
as

i

v,.(2,1)

22 [2 + (ﬂZ)Esl] = t£2(2,1) for £ = 1,2 , (32)

where

R

s (33)

N S w aras T
B, m Yol + jumoeu 0 Rs? =

n
un
and is dimensionless. The U, is the relative permeability of the layer

with index »n, (2) then we determine the numerical value for the four
elements of the transformation to the next layer. They are

P - SPRRAL] 7 ,
bigman-l) [Fn t Bn-]] exp[k D “nmz(fn~1 _Zn_g)] , (34)

and (3) from this we shall numerically calculate:
Vis(n,1) = t11(nyn=-1)Vis(n-1,1) + t1o(n,m-1)Vss(n-1,1) . (35)
Vas(n,2) = tar(nym~1)Via(n-1,1) + taz(n,n~-1)Vss(n-1,1) . (36)

Step 1 is performed for the first region. Steps 2 and 3 are repeated
forn=28, ¢4 . . ., k.

When we reach the region containing the field point, we must
calculate the expressions (28) and (29) also. This is how the program
works, except for the "special cases," which can become rather com-~
plicated. We shall therefore give their discussion along with the
program steps.

03194 REM SUBRIUTINE FJIR GAMMA FACTIR (K1sN5) AND

03196 REM FJIR DEFECT PART (KZ2,N6)=5UMCL=1,2) JF

03198 REM V(M NTIL, 2KEXPCC=1)CL)*UCMI ¥ BETAMI®Z)/ V(KSNT I 2
03199 REM FIR BETACKX1.Y1)N
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03200 Ql=X%X
03210 w2=Q1*x4t
03220 p=0

03230 N=N9

03240 M1=5(N)
03250 ut=ydN)
03260 GU SUB 5000

The program has started at the uppermost region and is calculating
By = X(N) + J Y(N). The program steps downward through the layers of
conductors to determine the lowermost region of practical interest and
sets this region as region 1 (N7 in program). This occurs when Zo;7; >20.
Regions lower than ¥7 have no effect on the answers and can be n@glected.

03270 X(N)=X1

03280 vi{N)>=Y1

03290 Q=+ X1*xU1.¥T(ND
03300 IF 0>20 THEN 3340
03310 IF N=1 THEN 3340
03320 N=N-)

03330 G& T2 3240

03340 N7=N

The program calculates the transformation between regions 1 and 2,
V2’2(2,1), as given in Eq. (32). The program sets V7,2(2,1) = V3 + J V4
and V3,,(2,1) = V7 + 4 V8. B, _; is set equal to B, in preparation for
calculating the transformation to the next region. The program checks
to see if the region containing the magnetic field point (¥8) has been
reached. If it has, it transfers to line 3510 for special handling.

If it has not reached the field region, it progresses up through the
conductor until the field region is reached. Subroutine 5300 calculates
the transformation elements, t;:(n,n-I1) given in Eq. (34), and subroutine
5580 calculates V7,,(n,1) given in Egqs. (35) and (36). After each
calculation, B, _; is set equal to B, in preparation for the next
transformation. '

03350 REM FBR GAMMA FACTIR
03360 V3=X(N+1)=X(N)

03370 V4sY(N+1)=~Y(N)

033830 Y7=X(N+1)+X(N)

03390 VYB=Y(N+1)+Y(N)

03400 X0=X(N+1)

03410 YO=Y(N+1)

03420 IF NE<NT+2 THEN 3510
D3430 FIR N=NT7+2 TO N8
03440 X1=X(N)

03450 Y1=YI(N)
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03460 GJ SUB 5300
03470 GJ SUB $SBO
03480 X0=X1

03490 Y0=Y1

03500 NEXT N

Statement 3510 transfers around if N7 (the lowermost region of
interest) is equal to or above the N8 (field point) region.

03510 IF N8<N7+1 THEN 3600

27) = (@, — 4 @2)/46 in

The program next calculates e"a”(T”*"
subroutine 5710. The program then calculates

vi+jve = Jen(In ”'27)V:2(n,1) + (T~ Z/)V;z(n,l) , (37)
and
Uz + ;U8 = —ahe"“n(Tn T2y 1)+ 0 T T ol L (38)
12 n 2
03520 N=N8

03530 T9=TI(N)Y~-Z7

03540 G3 SUB 5710

03542 Q3=(V3*J1+V4£xQ2)/7Q6

03544 Q4=C(VT*xG1~-V3d*xQ2)*Q6

03546 QT7=C(V4xa]1-V3¥Q21/06

03548 Q3=(VB*QL+VTkE2I*Q6

03550 V1=33+u4

03560 V2=Q7+u3

03563 UT=UMNIFCXINI*(Q4=-03) - Y (N *{WuB~-QR7))
03565 U3=UlNI ¥ (XN *(Q3-Q7I+Y(NI*(E4~-Q3))

The program checks to see if the lowermost region of interest, N7,
is one region below the field region, N8, equal to N8, or above N8. 1If
so, the program transfers to 3680, which continues the transformations
on to the coil region. If not, N7 is set equal to N8-1 (one region below
the field region) and then transfers to 3680.
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03570 IF N8<N7+2 THEN 3590
03580 N7=N8-1
03590 Gd TJ 3630

For the special case where N7 = N8, the equations used in the

calculation of BZ and Bz become

) cee R (39)

and

o, 7 -
A . o)

Vo (k,1) v o(k,1)
22 22

These are calculated for the first and second regions from lines 3610
to 3645. Then the program transfers to 3680 to continue the calculation
until the coil region is reached.

03600 IF N3<N7 THEN 3660

03610 T9=47

03620 G& SdbB 5710

03630 VIi=2%(X{(N+1I)4*Ul+Y(N+1I%E2I/ 06
03640 V2=2%x (Y(N+ 1) *Qg1-X(N+ 1) *E2)/ U6
03642 UT=UCNI*(X(NI*VLI-YINI*®*V2)
03645 UB=UCNI®(XINI®RV2+Y{(NI*V 1)
03650 wad T3 3680

For the case where N7 is above N§, the B, and Bj components are
set equal to zero since they will have no significant contribution.

03660 Vi=V2=0
03665 U7=U3=0

The program continues from the N8 + I layer until the kth (#9) is
reached. The transformation subroutine for the calculation of the
VZ 2(n,]) is entered at an earlier point, and 2 Bn is multiplied by the
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vzlue for the BZ and BZ' This multiplies Eqs. (37) and (38) by
-’n . - a L]
2 (Bn Bn+1 Bk)

03670 REM VINE+1,N9)
03680 FOR N=NT+2 T3 N9
03690 X1=xX(N)

03700 Y1l=Y(N)

03710 G¥ SuUp 5300
03720 GJ SuB 5500
03730 K0=X1

03740 YO0=Y1

03750 NEXT N

The components are now divided by V,2(k,1), in a manner to reduce
the tendency to overflow.

V12(k’1)
K1+ g Kb = V“jﬁ:ﬁj,
22

K2 + J N6 = B? component in Eq. (27),

I
Sy

K3 + § N7 Z component in Eq. (28).

03760 VI=v1/V3+VB/ VT
03770 K1=(v3/7V3+Vvasvii/v3
Q3780 NS={V4/V3-Vy3/VTI/V9
03790 K2={VI/VE+V2/VTI/ VI
03300 N6=(Y2/VB=-VI/VT)I/ VI
03803 A3=(UT/VB+UB/VTI/ VI
03804 NT7=CUB/VB-UT/VTI/V9
03810 RETURN

This subroutine calculates §,. 1f the factor 72wus is less than
10~%, the program sets the resistivity equal to infinity, and makes a

simplified calculation.

04999 REM SUBRIUTINE FOR BETA(X1,Y1)
05000 IF M1<1E-9 THEN 5050

05010 Q3=5QR{Q2+M1I*xM 1)

05020 X1=«7071067831%5SQR(Q3+E1)/7U1
05030 Y1=M1/7(2%xX1xUl%xUl)
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05040 G2 T¢ 5070
05050 X1=x/Ut
05060 Y1=0

05070 RETURN

This subroutine calculates the transformation matrices as given in
Eq. (34). The matrices are named in the program as

T (nn-1) =11+ § 72,
le(n,n—l) =73+ 5 14,
T (nn=1) =15 + 76,
T (rmm=1) =17 + j 78,

05299 REM SUBRIUTINE FIR AFIRMATIOIM MATRIX T
05300 Q@2=X1+X0

05310 1=X1-X0

05320 W4=Y1+Y0

05330 @3=Y1-Y0

05340 AS5=U(N=-1IXXTN=-1)
05350 A6=EAPCES%XD)

05360 G7=C35025%YQ)

05370 Q8=SINCUS%YD)

03380 T1l=(QR2%xQ7+Q4%Q8)/ 36
05390 T2=(Q4%Q7-a2%UB)/ 06
05400 T3=(01%Q7T~-A3%PZI)* 06
05410 Ta4=(Q3*Q7+01%UIB) %36
05420 TS=(Q1*Q7+03%a8)7 (36
05430 TH6=C03*%a7~J1%U83/ g6
D544D TT=(22%07~04%xIRI%XQE
05450 T8=(J4%QT+Q2% GBI %36
05460 RETURN

The next subroutine calculates the transformation matrices given in
Egs. (35) and (36). In addition, the factors in Egqs. (37) and (38)
[or the appropriate part of the numerators of Eqs. (39) and (40) if
N7 = N8] are multiplied by 2 R,. These factors are defined as
Vi + J V2 for the Bg part and U7 + j U8 for the B? part. The transformation
matrices are named in the program as
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1

V;Z(n,l) V3 + § V4,

V7 + j V8.

1

V' (n,1)
22

054992 REM SUBRIUTINE F3R XFORMATIAN MATRIX v
05500 Q1=v1

05510 W2=v2

05520 VI=0(Q1*X1-U2xy 1) %2

05530 V2=(ulxY1+Q2%X1)%*2

05540 Qi=U7

05550 Wz=u4

D59560 U7={Q1xX1-G2%Y )42

05570 UB={ol*Y1+G2k41)%2

05530 w3=v3

05590 Uu4=vV4

05600 QA7=v7

05610 J43=V8g

05620 V3=T14Q3~T2kxkQ4+ T3k 7~ Taxig
05630 Va4=T2x A3+ T14 04+ T4k Q7+ [3+us
05640 VT=TS*L3-T6*Q4+T7#Q7-T3%4a83
05650 V3=To6*xG3+TS*x Q4+ TS*Q7+TT+03
D5660 RETURN

The next subroutine is used to break a complex exponential into its
real and imaginary parts.

05700 REM SUBRSUTINE FoRr COMPLEX EXFINENTIAL
05710 CO=UCNI*®TY

05720 Wé=eXPCCOXxXIN)Y)

05730 Q1=CJI5CC0%Y (NI

05740 Q2=3INCCORY(N))

05750 RETURN

The next subroutine is used to print out the results after the
integral has converged. The constants in front of the magnetic field
integrals [Eqs. (6), (7), and (8)] are calculated as @7, and the constants
in front of the power integral [Eq. (10)] are collected as 93. The
constant, {2, is used to calculate IBZ (center)l without the @7 factors
out front. This is used in the calculation of the ratio of the absolute
values of the fields.

06000 w1=N3%x]I9%¥PFI*R2E~7/CIRE~K]1)*L 3% K5)

06003 w3=~I19+ 19NNk EFRPIRFIkPIRROREE~T/ (CRE-R 1)1 2%L 3kL3%2)
06005 FPRINTVLIFT=JPRF s "KL ECZ)"s "IM 502" "k BCRIYS,"IMm EBECRO"™
06U0THRINI"EeLe Fun's "kl BCCENTER"S "IM ECCENTERI", "IR(ZII/IECLOI"
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060049 PRINT"ISCRIIZIBCCYL™

06010 FUR J=1TU5

06015 W2=3urR((ECII+A3I 1 2+¢F(J)*F(J))

06020 PRINTLZ2¥(I-1)+L6)* RO J14A0J)» wl*Cd) U1*CCU) s G1%DUUD
06030 PRINTE3%G(J)» Ul (ECII+AZ),» J1%F (U SURCACII T2+ I 23/ 32,
06035 PRINT Sar(C{Jrr2+DCJye2)/7 02

06039 PRINT

06040 NEXT J

06050 RETURN

09900 END

A sample run of the program now follows. The first table in the
printout gives the parameters for the various regions, starting with the
furthermost region from the coil., Next the coil and driving current
parameters and the location of the field point are given. The next table
shows how the integrals converge as a function of o. After convergence,
the complex values of B,, By and B center, along with the ratio of the
magnitude of B, and By to B center are printed for each value of coil to
conductor spacing (lift-off). Also, the eddy-current power is given.

The program, as now written, is extremely versatile, but at the
expense of running time. The running time may be shortened considerably
by (1) writing a subroutine to calculate the specific complex functions
used in the particular problem and (2) omitting the variation in the 1lift~
off. Programs that have incorporated these two features have running
times about one-fourth of the time of the general program.

VERIFICATION AND TESTING OF THE PROGRAM

The program has been tested and verified by several different methods.
Thesge 1nc1ude comparlson to some experimental measurements performed by
A. Phlllppe, > and some independent calculations performed by K. Kawashima.
Additional verification is obtained by assuming the conductor is a perfect
conductor and making a calculation using two coils. Also, the calculations
can be compared to eddy-current calculations made for nondestructive tests
in some cases. The comparison between our results and those of A. Philippe
and K. Kawashima is shown in Table 2. Note that no measurements or
comparisons were made of the By component.

25\, Philippe, Controle Non Destructif Par Courants De Foucault,
EUR 4284 £, 1969.
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N THICK(METERS) ROMU-IHM CM) Ms sIGMA U PERM
1 1. 00000E+10 1.00000E+10 0 1
2 0.01 0.01 336+243 1
3 1 1. 00000&+10 0 1
K1= 3«17500E-2 R2= 5.03000&-2 PDRIvER LeNGIA = 1.77300E-2

CeIL MeAN =ADIUs Q0.041275 METERS FREWJUENCY 2.5
MIN LIFT~SFF= 00005 LIFT=20rF INCREMENT= 2.50000£-4
100 TUNS, £ACH CARRYING 338709 AMPS
idge rlob AT R= 0041275 Z= 0 METER:S oebdd SURrFACE JF CdNDe 1

AL Pra ABS SUM JF FLOSLAST CrANGE RATIJ

Se Ds 175657 3¢ 072744 0374841

13 Delb8177 6053358k -6 3e226950.~3
15. De 1586564 1.207288~5 3¢ 243086~ 3
20 D¢ 156903 2¢03433E-6 6e H34B6E~ 4
25 Je 156386 3.20637k~17 1.02133E~ 4
30. 0e 156886 Tedt77134E-8 20 33305E-5
35 e 156835 1+ 76169E~3 2¢30730E-6
40 Oe 156585 2 17937£~9 3e 472390~ 1

INTEGRAL HAS CONVERGED

LIFT-JFF R B04) IM 042 b pOR) I BCx)
Eele Pur b sCCENTE:x IM B(CENTEX) Il 1/1aCCO] IosCRIIZISCCNI
0+ 0005 =2¢51231E-3 1«3124%E-3 ~1¢08703k~2 Ge 543172+ 3
522059 Us 153753 =3e41266k~2 1. 74750E-2 76256691 -2
0.00075 -2¢461430-3 1.30174e-3 -1.05313E-2 4o 462421~ 3
514301 De164131 ~3e 40235~ 2 e £66117E~-2 be 35109E~2
0.001 -2 40907E-3 1. 290994k-3 = 103020£-2 4 3T935CE~3
500104 0169435 ~3.38734E~2 1.58131E-2 6o 4TESAE 2
0.00125 -2435366E-3 1¢23022E~3 -1 D0320E-2 49 29920E~ 2
436433 017482 =3e37378E-2 1«50731E-2 be 130120 ~%
D«0015 ~2¢31010E-3 1e26946E~3 =2« 7T7100E~-3 422137~ 3
473276 0« 180124 -3.35531e-2 1e 4335648~ 2 S«B0I2ZE~ =
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Table 2. (Comparison of ORNL Results to Experimental
Measurements by A. Philippe and Calculations
by K. Kawashima

B7 in Teslas ati0.0175 m below the coil

r, : «
) (rei& i?;ilgizph) K. Kawashima MAGFLgRgiogram
0 8.61 x 107° 9.04744 x 107%  9.04770 x 107°
3 8.21 8.73289 8.7332
6.19 6.60743 6.60817
18 2.71 2.79462 2.79530
30 0.525 0.65125 0.65141

The coil and conductor parameters used by A. Philippe are given below
in MKS units.

Radius, m

Inner 0.009

Outer 0.0095
Lift~off, m 0.000
Coil length, m 0.037
Frequency, Hz 264
Current, A 1
Turns 62
Conductor thickness, m 0.0087
Resistivity puf-cm 20.833
Relative Permeability 1.00

In the calculations by Kawashima, the coil was assumed to have no
thickness, which may account for the slight differences in the calculations.

Calculations were also made assuming that the conductor was perfect
and that it could be replaced by an image coil. For the field along the
axis of a coil, a distance L from the coil face, we have:

2 2
I + (L + L )
M, NI ?2 *WA ( 3 )

= 57 LLKn(
7z a(R, =R JL (L + L) R +«//§i + (L + Lg)2

L tn ( R +«//ﬁ + L )
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Evaluating the field at the center of the coil and subtracting the field
at a point L3 gives By = 0.51224 — 0.38753 = 0.12471 for a perfect
reflector. By = 0.15875 for the imperfect conductor used in the sample
calculations.

In the calculation of the power we have 52.906 W calculated in
the program compared to 52.912 calculated by a separate eddy-current pro-
gram for coil impedance, which has been experimentally verified to within
about 0.5%.

The calculation of By (center) for the coil in air, Eq. (11), agrees
with the value calculated by the exact formula, Eq. (12), to within a few
parts per million. However, Eq. (11) must be numerically integrated from
0 to 34,000 before it converges.

SUMMARY, CONCLUSTIONS, AND RECOMMENDATIONS

The program, in its present state, is accurate and versatile. While
some experimental confirmations have been made, we need measurements on the
By components. The program can be extended to calculate the eddy-current
density, heating density and force density for a lattice of points. Further
extensions would allow the synthesis of pulses by Fourier techniques. It
is recommended that the program be specialized to fewer conductors and
converted to Fortran for these extensions. The derived equations show how
the various parameters calculated can be scaled in terms of size, current,
turns and frequency. Thus, experimental results from small-scale models
can be extended to full-size apparatus.
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