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A TWO-DIMENSIONAL RELAXATION PROGRAM FOR SYSTEMS
WITH INHOMOGENEOUS PERMEABILITY*

W. E. DeedsJr and C. V. Dodd

ABSTRACT

A computer program is presented and explained which will solve
axially symmetric eddy-current prbblems, including those with permeable
media present. An unusual feature is the combination of coarse and fine
lattices, which permit rapid relaxation of coarse lattices in homogeneous
regions to be combined with more accurate calculations using a fine
lattice in the transition regions where the permeability is varying.
Although the actual program listed is restricted to coils encircling a
coaxial metal rod, the program can be modified to include any axially

symuetric configuration.

INTRODUCTION

Relaxation methods have been used for solving many types of problems
for many years. They have been used in eddy~current calculations at Oak

3.152:3 The earlier calculations

Ridge National Laboratory since 196
gave good results, except when ferromagnetic materials were present, in
which case the large permeability changes at the boundaries gave unre-

liable results.
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There are two possible ways of treating such large permeability
changes, One way is to treat the boundary points as a separate set,
satisfying conditions different from the points inside the homogeneous
regions. The other way is to introduce an extrafine lattice in the
transition region, so that the change of the permeability in one lattice
spacing remains small. The former method appears simpler at first, but
the boundary conditions become quite complicated in three dimensions,
since the normal and tangential components of the fields are ltreated
differently, and the slope of the boundary is important. Since three-
dimensional calculations were a further objective, the second approach
seemed better. The extrafine lattice in the transition regions must
satisfy the equations for an inhomogeneous medium, while the various
homogeneous regions can use the equations for homogeneous media and have
relatively coarse lattices.

The coarse lattices in the homogeneous regions must overlap the
fine lattices sufficiently to allow them to affect each other as they
are relaxed alternately, using as boundary conditions the values computed
for the other lattice in the previous iteration. At points in the fine
lattice boundary which are located between the coarse lattice boundary
points, interpolated values of the vector potential can be used.

In order to conserve memory storage capacity in the computer, a
relaxation procedure was used in which the newly computed value of the
vector potential at a point immediately replaced the value from the
previous iteration and was used in subsequent calculations in the current
stage of the iteration. This made it unnecessary to store two complete
sets of values for the lattices, one for the previous iteration and one
for the present iteration. This method gives an unsymmetrical approach
to the converged values, but it converges at least as fast as the {(not
overrelaxed) conventional system, and it does not appear to cause any
instability or oscillation.

Another change in the present program from those previously used at
Oak Ridge National Laboratory is in the use of "symmetrical" derivatives
in the finite difference approximations, rather than the unsymmetrical
ones used previously. This did not appear to make any difference in the
speed of convergence or in any of the results, but the equations are

more symmetrical.



The results obtained using this program for a coil encircling a
rod, as shown in Fig. 1, have been compared with the results of an
analytical solution which has been experimentally verified to within
about 1%. Using a moderately fine mesh, the program runs for about 5
min on an IBM 360 model 91, is within about 107 of the analytical solution
when the rod has unit permeability, and is within about 30% when the rod

has a permeability of 4.

THEORY

The vector Helmholtz equation for the vector potential in the

>
Coulomb gauge (V+*A = 0) is

-+ 27>
- A > >
VZA - uo %%‘~ ue-%;; = —-uJ + v (%) x (V % A) . (1)

If we neglect the displacement current term at induction frequencies and
assume sinusoidal time-dependence of the driving current and vector

potential, then (1) reduces to

> . - > 1 >
A = JuwuchA “‘_Text AN x (V x A) (2)
If the driving current density jégt has only a @ component in cylindrical

3o
coordinates and all conductors are symmetrical about the axis, then A
also has only a single component, Ae z A, which satisfies the scalar

equation

194 _A | 3(1/w) (;_ Br/l> 3(1/n) 3{{]
3r2 + r ar + 9z p2 +on { or r 3 + 3z oz

= Jjwucd - uJe . (3)

The finite difference approximations to the various derivatives are as

follows:
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Fig. 1. Relaxation lattice for encircling coil.
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When these approximations are put into Eq. (3) and the result is solved
for 4 at (r,z), we get the relaxation algorithm for an inhomogeneous

medium:
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In a howmogeneous medium, the permeabilities are all the same, and Eq.

(11) reduces to

Ar,z = {[1 + (a/2r)]AP+a,z + [1 - (a/Zr)]AP'a,Z + Ar,z+a + Ar,z—a

N 2 - N2 . 2 N
Fa ur,zJP,z} 2[4+ (a/r)” + Jou, 0, @ 1. (12)

Tt is evident from Eq. (12) that a?pd must have the same dimensions
as the vector potential, A. Since a is the lattice spacing and J is
the driving current density, we see that a?J is the driving current
through one square of the lattice. 1f Nq is the number of turns in the

coil and Iq ig the current im each turn, then
Ig = Nqu = total current in the coil.

If n is the number of lattice spaciongs in the mean coil radius, E,

then # = R/a. 1f R, - R} = (ry - r1)/F = normalized radial dimension of



the coil, and if Ly, - Ly (2o - 11)/§ = pnormalized axial length of the

coil, then

E\N/r, -1 2y ~ R ro - 1 90 — 2
2By - RY) U = L) =(_>< 2_, 1>< 2_— 1\=< 2 1)(2 1)
\ a R 7/ a 7 a

= number of lattice points in coil cross section .

Therefore

wv T

« 27 - 94 1
Awwatd = i, ~ R Ly = LD (13)

Equation (13) is the relationship by which the vector potential varies
with the various scaling parameters: permeability p, coil turns Nq’
coil current Iq’ coil mean radius in lattice spacings 7, and the normal-
ized cross-sectional area (R, ~ Ry)(Lp - Ly).

The other quantities, such as forces, heating, etc., which depend
upon the vector potential, have their scaling factors given elsewhere."

Equations (4)~(10) are called symmetrical derivatives, because they
are centered at the point (,2), in contrast to a one-sided derivative,

such as

34 ya - 4
. rtayz r,3 (14)

or one-sided a

which gives slightly different equations in place of (11) and (12). The
differences are generally small, except near the axis or at boundaries

where A changes rapidly.

N
C. V. Dodd and W. E. Deeds, Scaling Relations for Eddy Curvent Phe-
nomena, ORNL~5077 (November 1975).



The computer program uses Eq. (12) for the coarse lattice in the
homogeneous regions, such as the metals, coils, and air, and uses Eqg.
(11) for the fine lattices at the boundaries between homogeneous regions,
where the values of p and ¢ are changing. The program alternately steps
through the coarse and fine lattices, using the values just computed for
the other lattice as boundary values in the relaxation of the lattice
being computed.

With modifications, the program can be used for any axially symmetric
distribution of coils and conductors. The running time is of the order
of a few minutes on an IBM 360 model 91 for am array of about 10,000
lattice points, roughly half in the coarse lattice and half in the fine
lattice. The layout of the coarse and fine lattices is shown in Fig. 2;
the variation of the conductivity with the radius is shown at the bottowm.

The quantity SUM is the sum of the absolute values of the changes
of vector potential from one iteration to the next and thus is a measure
of the convergence of the vector potential to the limiting values.
However, the value of the vector potential at each point may oscillate
before settling down to a monotonic approach. 1In Figs. 3 and 4 are
shown curves of the variation with the number of iterations of the
magnitude and phase of the vector potential at the coarse lattice points
marked with circles in Fig. 2. Note that the points nearer the coil
source receive the signal sooner and converge faster. The signal will
propagate through the lattice at the rate of one lattice spacing per
iteration. Hence, it will take of the order of 150 iterations for the
signal to reach the boundaries and start back. Since a number of reflec-
tions back and forth are required to reach a steady state, we see that

it is not surprising that the number of iterations required is large.

DESCRIPTION OF THE PROGRAM

There is a main control program, which defines and initializes
several quantities used in the calculations and controls the switching
froim coarse to fine lattices and back, as well as to the output sub-
routine. The first subroutine, called only once, is named LATT. It
sets up the coarse and fine lattices and initializes the values of the

vector potential at all lattice points to zero.
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The COARSE subroutine sets the values of the vector potential at
points which are one coarse lattice spacing inside the transition regions
(in the fine lattice) equal to the value of the vector potential obtained
at that point in the previous relaxation of the fine lattice. This is
zexro at the start, of course, but gradually builds up through successive
iterations. Using these initialized values as fixed boundary values for
the coarse lattice relaxatiou, plus zero values of the vector potential
on the symmetyy axis and around the ocutside of the whole lattice, the
coarse lattice is relaxed. Each region with different properties, such
as the metal, the coil, or air, is treated separately, of course. The
quantity called CUR = u/(cross-sectional area of the coil in lattice
spacings) can be seen to be equal to the factor uae?J in Eq. (13) if the
driving current I is 1 A. First we note that A in the program has the

same lattice spacing as the @ in Eq. (13). Then

2. 2. I B pl [
acd = uH<J = = . = I*CUR
. . W, = fH) (g - 017H) T n?(Ry - By (Lp - L1) ’
which becomes CUR when I = 1. The actual driving current / has been

factored out as one of the scaling parameters. The coarse lattice
points on the initialized boundary points are not changed. They are
four fine lattice steps inside the fime lattice. At the end of each
relaxation calculation, the changes are calculated in the values of the
real and imaginary parts of the vector potential from the previous
iteration, the values are 'over-relaxed" by the constant CC, and the
changes are added to the "SUM," which measures the progress toward
convergence,

Then the main control program switches to the FINE subroutine, iun
which the fipe lattice boundaries are initialized, and then the rest of
the fine lattice is relaxed. The values of the vector potential at the
boundaries are set equal to the values obtained for the coarse lattice
in the previous stage. This is done directly for those fine lattice
points which coincide with coarse lattice points, but values for fine
lattice points between the coarse lattice points are obtained by a

linear interpolation. Then the real and imaginary parts of the vector
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potential are relaxed and overrelaxed at each point in the fine lattice,
except at the fixed boundary values, which overlap into the coarse
lattice two coarse lattice steps.

When the process has converged sufficiently, as determined by the
decrease in the value of SUM or by the limit imposed on the number of
iterations, the program switches to the OUTPUT subroutine, which prints
out the real and imaginary parts of the vector potential at various
points in the coarse and fine lattices, near the region of the driving

coil.
DETAILED DESCRIPTION OF THE RELAX.F4 PROGRAM

Main Contrel Routine

The COMMON block specifications may need to be changed for different
problems. At present the program is written for a cylindrical metal rod
encircled by a rectangular cross-section coil in air, as shown in Fig. 1.
A(M,N) and B(M,N) are the real and imaginary parts of the vector potential
in the coarse lattice, with 60 lattice indices along the radial direction
in cylindrical coordinates and 101 lattice indices along the axial
direction. AF(M,N) and BF(M,N) are the corresponding quantities for the
fine lattice, which at present has 13 radial steps and 301 axial steps
(three times as fine as the coarse lattice). MAT(M,N) and MATF(M,N)
are matrices whose elements denote the type of material at the point
(M,lN) in the coarse and fine lattices respectively. PERR(N), FERZ{I),
and COND(F) specify combinations of the permeability along radial and =z
directions and conductivity values at various points in the fine lattice.

One may also want to change the data given in line 1300, in order
to keep track of the problem being solved.

The radius in the coarse latﬁice is » = (4 -~ 1)a, where M goes from
1 to 60 and a is the lattice spacing. We shall use just the index M
without the a to express radial distances.

Various constants are defined as follows:
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78 = boundary radius + 1 (in number of lattice spacings)

CT = convergence test constant for "SUM"
F = frequency in hertz
W o= ngw = (4 x 1077) x (24F)

UM = permeability of the metal
CONM - conductivity of the metal
CC = -rer-relaxation constant (1 < (C < 2)
NBAR = mean coil radius in meters
IR = number of lattice spacings in FBAR + 1
RNS = mean coil radius in lattice spacings
H = lattice spacing in mefers
COILPT = number of lattice points in the coil
L2 = normalized z-coordinate of one end of coil
L1 = normalized z-coordinate of other end of coil
Rl = normalized inner coil radius
R? = normalized outer coil radius
CUR = uo/cr033vsectional area of coil (in lattice squares)
IZ = z coordinate of coil center
IT = number of iterations
NW = number of iterations since last printout
IMIN = minimum number of iterations
PO = factor used in three-dimensional calculations only

X2 = wpoH?

The program then produces a printout of some of the input parameters.

LATT Subroutine

The LATT subroutine (lines 27,000 through 35,500) first assigns
numbers to the various regions in the problem in the form of a matrix
MAT(M,N): O represents the axis and the outer boundaries (which are
never changed from zero vector potential); 1 represents the transition
region (from metal to air); 2 represents the air region; 3 represents
the coil region; and 4 represents the central metal rod. A map of the

coarse lattice is then printed (lines 31,600-32,400).
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The fine lattice, described by MATF(M,N), is set up in a similar
manner and is printed out in lines 34,300-35,100. The radial extent is
from ¥ = 1 to 13, or 12 lattice spacings, while the axial extent is from
N = 1 to 301, so that the fine lattice spacings are one-third the size
of the coarse lattice spacings.

PERR(M) = Quplwyq = W/vy, o
calculations for a region with inhomogeneous permeability.

COND(M) = wpo(H/3)?, where H/3 is the fine lattice spacing and

Y/4 is a function used in the relaxation

o = o(M) is a function of the radius M.

COARSE Subroutine

The convergence measure, 'SUM," is first initialized to zero; then
there is a DO loop which steps through the coarse lattice in the radial
direction for all points inside the outer boundaries, which are left at
zero vector potential. Then sevéral quantities are defined which are

used in the relaxation calculations:

RI = af/r = inverse of radius in lattice spacings

RH = RI/2

X1 = 4 + (a/r)?

X3 =1+ (af2r)

X4 =1 - (a/2r)

Il = radial index in the fine lattice which corresponds to the value of
M in the coarse lattice

12 = 4 = value of the axial index in the fine lattice where the initial-

ization process starts, corresponding to the value ¥ = 2 in the
coarse lattice; this is just inside the lower boundary, which

is never changed from zero vector potential

The DO loop in line 11,600 causes the program to step through the
coarse lattice in the axial direction for all points inside the boundary.
If the point is in the transition region [MAT(M,N) = 1], according

to the test in line 11,800, the relaxation process is bypassed, and the
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values of the F7 and Im parts are initialized from the fine lattice in
lines 13,500 and 13,600.

Otherwise, the RF.Z and Im parts of A(R,7) are calculated by the
relaxation algorithm, using the expressions for X5 and X6. Lines 14,200~
14,400 make the calculation for air; lines 14,800-15,000 for the coil
region; and lines 15,400-15,600 for the metal. The values found are
overrelaxed in lines 16,200-16,500, and the convergence measure "SUM' is

calculated in lines 16,600-16,700.

FINE Subroutine

The fine lattice boundary values are initialized in lines 19,500~
20,800. The values at points coinciding with coarse lattice points are
calculated in lines 19,500-20,100. The R7 and Im parts at fine lattice
points between the coarse lattice boundary points are set equal to
values linearly interpolated between the values at the neighboring
coarse lattice points.

In lines 22,600-23,200 the relaxation formulas for an inhomogeneous
medium are applied and overrelaxed. The various quantities used in the
relaxation are defined in lines 21,100-22,200. The only one requiring
further explanation is AOR, which is the reciprocal of the radius in
fine lattice spacings. The radius must be measured from the central
axis of the problem, not from M = 1 in the fine lattice, and therefore r

is a fairly large number in terms of fine lattice spacings.

OUTPUT Subroutine

In lines 25,000-25,400 are instructions to print the vector potential
in the coarse lattice for radii out to M = 30 and, for 7Z values from the
center of the coil (where ¥ = 51) down to N = 40. It is understood that
the converged values are symmetrical about the coil center in this
particular problem.

In lines 26,000~26,400 are instructions to print the corresponding
Rl and Im parts at fine lattice points from the coil midposition (X = 151)
to K = 140 for all values of the radial index J (which goes from J = 1
to 13).
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DISCUSSION OF MODIFICATIONS TO THE PROGRAM

Several versions of the program have been tried with different
values of the permeability of the central metal conductor, from u = 1
to u = 200.

A comparison of the accurate ENDFTL potentials and the RELAX results
for a metal of unit permeability is shown in Table 1. The magnitudes
are within 10% and the phases are within 1° of the correct values at the
lattice points with values of ¥ = 7, 11, 15, 19 and N = 41, 45, 49.

Some of the disagreement may be caused by inexact matching of the ENDFTL
and RELAX points of evaluation.

An extrafine lattice, twice as fine as the usual fine lattice, has
also been tried for the case when the metal permeability is u = 4. When
compared with the "exact" values of the vector potential obtained from
the ENDFTL program, the results are as shown in Table 2. The extratfine
lattice gave magnitude errors only about one-third as large as those for
the regular fine lattice, and the phases were about 7° closer to the
ENDFTL values. Thus it is evident that the extrafine lattice is a
considerable improvement, and the lattice should perhaps be even finer.
However, this is somewhat discouraging, since there are already almost
as many points in the fine lattice as in the coarse lattice, and u = 4
is a rather small permeability for a ferromagnetic medium. Presumably,
for a larger permeability, an excessively fine lattice would be required
to make the derivatives remain sufficiently small. From this standpoint,
it now seems preferable to have only one layer of boundary points between
media and use a separate set of boundary conditions for them, rather
than using a "smooth" transition layer of inhomogeneous material to keep
the derivatives small. The reason we used the transition layer approach
here was that we had the ultimate aim of making three-dimensional re-
laxations, in which the boundary conditions are coupled and quite complex,
so that it still seems that the inhomogeneous transition layer approach
would be preferable for that sort of problem.

Probably some of the PRINT statements could be omitted. Among
these are the ones for printing the map of the fine lattice. And the

ones for printing IT and SUM could be moved from lines 7000~7100 to



Table 1. Comparicson of ENDFTL and RELAX results for metal of unit permeability

(A1l magnitudes should be multiplied by 1078, phases are in degrees)

8T

7 11 15 19
R
ENDFTL RELAX Error ENDFTL RELAX Error ENDFTL RELAX Error ENDFTL RELAX Error
Mag. 5.816 5.234 -10% 9.783 8.815 ~-9.897% 13.822 12.424 -10.11% 17.737 15.964 -10.00%
Ph, -15.33 -14.38 +0.95° -13.87 -12.98 +0.89° -11.75 -10.90 +0.85° -9.02 -8.18 +3.84°
Mag. 6.678 6.085 -8.88%7 11.425 10.437 -~8.65% 16.648  15.232 -8.50% 22.513 20.761 -7.78%
Ph. -14.66 -13.,79 +0.87° -13.10 -12.23 +0.87° -10.81 -10.02 +0.79° -7.89 -7.11 +0.78°
Mag. 7.1955  6.602 -8.267%  12.456 11.444  -8,137% 18.589 17.135 -7.82% 26.477 24,655  -5.38%
Ph. -14.30 -i3.41 +0.89° -12.66 -11.85 +0.81° -10.24 -9.51 +0.73° -7.12 -6.43 +0.69°
Table 2. Comparison of vector potential obtained with ENDFTL and with RELAX
(Fine lattice version of 4 Nov. 1975 and extrafine lattice version of 13 Nov. 1975)
(Al: magnitudes should be multiplied by 107%; | = 4; phases are in degrees)
T 7 11 135 19
i RELAX Extra- ' - RELAX Extra- RELAX Extra- RELAX Extra-
ENDFTL fine Error fine Frror ENOFTL fine Error fine Yrror ENDFTL fine Error fine Error ENDFTL fine Error fine Error
Mag. 6.15 11,42 +85.9% 7.90 +28% 10.22 19.33 +89.2% 13.37 30.8% 16.23 27.66 +94.47% 19.24 +35.2% 18.18 36.66 +101.7%  25.45 B +43.0%
Ph. -4.19 -44.8%  -40.70°  -37.96  -33.77° -3.81 -39.12  -35.31°  -32.32 -28.5i° -3.26 -30.64  -27.38° -23.85 -20.59° -2.52 -19.77  -17.25° -12.97 -10.45°
Mag. 8.45 13.01 +53.94 9.34 +10.5% 14.10 2z.32 +26.17% 16.20 +14.9% 1%.70 32.85 +66.7% 24,12 +22.47% 25.34 45.57 +79.8% 33.70 +33.0%
Ph. -3.87 -43.54  -39.67° -36.85 -32.98° -3.5& -37.54  -34.00° -30.90 -27.36° -0.29 ~28.75 -28.46°  -22.40  -22.11° -2.22 -17.76  -15.54° -11.73 -9.51°
Mag. 6.16 14.00 +127.2% 10.22 +65.97% i7.70 24,16 +24.,5% 17.93 +1.3% 25.02 36.45 +45.77 27.43 +9.6% 32.67 52.82 +61.7% 40.72 +24.67

Ph. -4.19 42,63  =35.44° -36.24 -32.05° -3.30 -36.59 -33.29° -30.20 -26.9° -0.27 -27.62  -27.35° -21.61 -21.34° -1.98 -16.27 -14,29° -10.77 ~-8.79°
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lines 24,725~24,750, with the print number changed from 60, so that the
number of iterations and the SUM would only be printed at the end of
every 500 iterations.

In order to produce more rapid convergence, the overrelaxation
constant, CC, could be increased from 1.0 to 1.5 or 1.75. However, care
must be exercised, since the immediate replacement of the old value with
the new, relaxed value makes instability and oscillation somewhat more
likely than with the usual relaxation procedure.

If a different geometry is desired, the COMMON block statements
will need to be changed, as well as the LATT subroutine, the initial-
izations in the COARSE and FINE subroutines, and the PRINT ranges in
the OUTPUT subroutine. In fact, only the relaxation and overrelaxation
algorithms can be carried over with any confidence, although the method
of shifting back and forth to the fine lattice will still be valid and
although it might be changed to shifting between boundary and nonboundary

points.

USING THE PROGRAM ON A TIME~SHARING COMPUTER

The RELAX.F4 file may be read off the magnetic tape in the MONITOR

mode with the command
FILE R, D622, RELAX.F4

If desired, it can then be left stored on the user's disk file. When
sufficient time has elapsed for copying the file from the tape, then the

commands

EDIT RELAX.F4
.P100:5500
will cause the first 55 lines to be printed.
The input parameters are mostly located in the MAIN control routine

and are explained in the comment line just preceding the parameter

input. In the EDIT mode, one can just replace the data line by typing

.R(line number) (carriage return)
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and then retyping the line with the correct data after the Teletype
reprints the line number. Remember that there are six spaces after the
line number before the parameter is given.

The dates in lines 200 and 1300 should probably be changed, so as
to keep track of the version being run.

If the metal permeability, UM, is changed in line 2400, the DATA
statement in line 27,900 should also be changed. It should start with
four values equal to UM and end with four values of 1.0, with five
intermediate values in betweegérﬁfor example, if UM = 4., the DATA

statement might be
DATA V/4*%4,, 3.5, 3., 2.5, 2., 1.5, 4%1./

If the fine lattice spacing is changed from its present one-third coarse
lattice value, the number of intermediate data values must be increased.
For example, if an extrafine lattice, twice as fine as at present, is
used, there should be 7 values equal to UM, followed by 11 intermediate
values, and ending with 7 values equal to 1., making a total of 25 data
values instead of the present 13.

Similarly, if the conductivity of the metal is changed from CONM =
2.886 in line 2600, the conductivity data in line 28,000 should also be
changed, starting with 4 values equal to CONM, followed by 5 intermediate
values, and ending with 4 values of zero. As before, if a different
fine lattice spacing is used, a different number of data values will be
required,

If it is not desired to have printouts every 500 iterations, but
only at the end, then the VW statements can be deleted (lines 5300,
7500, 7600, 7700, 7800) with the commands

D5300
D7500:7800
The number of iterations can be changed by altering IMIN in line

5500. It should probably be at least 2500 (see Figs. 3 and 4), unless

CC is greater than 1.
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1f one wants the results to be printed out on the Teletype terminal,
instead of the line printer, one can change all the PRINT statements to
TYPE. This is most easily done with TECO.

The program is set up for a rectangular coil centered at
{(IR-1)a, IZa]l encircling a metal rod of radius (IB-1)a, relative per-
meability UM, and conductivity CONM. For any other geometry, extensive
modifications to the LATT subroutine, the COMMON blocks, and the initial-~
ization procedures will be necessary,

Given in the appendix is a printout of a sample run for a central rod
of relative permeability UM = 4, conductivity CONM = 2.8 x 10° mhos/m, and
radius of 20 lattice spacings, encircled by a coil of square cross
section (three lattice numbers on a side), centered at a radius of 25
latticée spacings (radial index = 26). The rest of the region is assumed
te be air; the transition region extends from radial index 19 to 21, and
the fine lattice has spacings one-third as large as the coarse lattice.
The coarse and fine lattice maps are printed out immediately after the
program, followed by the values of SUM at various iterations.

The R1 and Im parts of the vector potential in the coarse and fine
lattices near the coil are also printed out after every 500 iterations.
The values of M, the radial index, are given at the left side and increase
downward, while the axial index, N, is given at the top and increases to
the right. The coil is centered at M = 27, N = 51 in the coarse lattice.
The points in the coarse lattice which are compared with.the ENDFTL
values are located at (M,N) = (7,41), (7,45, (7,49), (11,41), (11,45),
(11,49), (15,41), (15,45), (15,49), (19,41), (19,45), (19,49). The
first point is the one farthest from the coil; the last is nearest the
coil; these are the points for which data are plotted in Figs. 3 and 4.
At each of the points, the upper number is the real part of the vector
potential, and the lower number is the imaginary part, in mksA units.

For determining eddy-current heating, forces, etc., only the values
inside the metal are important, and they can be used to calculate other
electromagnetic quantities of interest, as explained in an earlier

.
report. >

5¢. V. Dodd and W. E. Deeds, Scaling Relations for Eddy Current Phe-
nomena, ORNL-5077 (November 1975).
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As stated previously, the purpose of writing this two-dimensional
relaxation program was to test the method of alternating between coarse
and fine lattice relaxations for use in a three-dimensional unsymmetrical
situation. In order to test the method, the program was written to
duplicate a symmetrical configuration whose solution was accurately
known. Therefore, the program has been specialized to the cylindrically
symmetric encircling coil. If a more complicated, but still axially
symmetric, problem is to be solved, almost the entire program needs io
be rewritten. The relaxation calculations in the coarse and fine
lattices will still be valid, but all of the initializing routines will
probably need modification, and it is impossible to say in general
whether it would be easier to initialize individual lattice points or to
write subroutines to initialize various groups of points, as has been
done here.

After all editing changes have been made, one can save them by
typing

Q
and a carriage return. Theon one can exit and remove the line numbers by
typing

B

followed by a carriage retura.
To run the program on the 360/91 from a Teletype terminal, oue

needs to type a job card, say JOB.JCL as follows:

//(job name) (space) JOB (space) (charge No.), '(bin designation)'
/*ROUTE (25 spaces) PRINT (space) LOCAL
//*CLASS (space) CPU91 = 10M, REGION = 360K

//{(space) EXEC (space) FORTHCLG, PARM.FORT = "XREF," PARM.GO =
‘DuMP = 17

//FORT.SYSIN (space) DD (space)* = RELAX.F4

IE:

/]

ENDINPUT

#BR:JOB.JCL
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After the computer returns with an EXIT and a period, then type

I18M (space) JOB.JCL
After the terminal stops responding to this, type
TO (space) DISPATCHER

Then the computer will come back with a number of questions to which you

should type the answers, such as

JOB NAME: D
REGION SIZE: 360
PHONE NUMBER:

SEND IT: YES

Now you can finally sign off, if you wish.
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RELAXWF4, A 2~D AXISYMMETHRIC RELAXATION PROGRAM
VERSION OF 11 DCLCEMBER 1975

*kx MAIN CONTROL RQUTINE

REAL Lil.,L2

COMMONI/ZAL{AD:101) 8(60:101) 2 AF(13,3011,8FC13,3013,
1AAs AAF, AC ’BB.BBFOBCQ!B,H. IRsI Z+5:5UM, "QUM'CONMQ CC'FC
2NN CUR 4 X2 +PERR{ 20} +PERZ(2CY» =
JCONDI20) s MAT(G60,1CL) s MATF (13, 301)

PRINT 2

2 FORMAT(* RELAX 11 DECEMBER 1975 *)
IU=14+(B0UNDARY RADIUS IN LATT ICE SPACINGS)
In=21 )
CT=CONVERGENCE TESYT CONSTANY FOR fSyUMre

FREQUENCY IN HMERTZ

1.63

WMy ZEROD*OMEGA={4PI*E~-T) #{ 2P [ *%F)

W=B 2P *P [k | ,E~T7*F

UM=PERMEABILITY OF THE ME TAL

UmM=1.,

CONM=CONDUCTIVITY OF THE w~ETAL

CONM=2, 826

CC=0VER-RELAXATION CONSTANT(1LCCL2)

CC=1.,

HBAR=MEAN COIL RADIUS IN NMETERS

RBAR=,.01

IR:I;(NUMBER OF LATTICE SPACINGS IN R3AR)
[R=2

RNS=MEAN COIL RADIUS IN LLATYTICE SPACINGS
RNS=FLOAT{IR~-1}

HELATTICE SPACING IN METERS

H=RBAR/RNS )

COILPY=NUMIER OF LATTICE FOINTS IN THE COIL
COILPT=9,9

L2=NDRMALIZED Z-COORDINATE OF ORE END OF COIL
L2=e11538

LI=NDORMALIZED Z-COORD INAYE OF QTHER END OF COIL
Liz=0a0

RI=NORMALTZED INNER CCIL FADIUS

Rl=.942 31 ;

R2=NORMALIZED CUTER CCIL RADLUS

CUR=MU ZERO/CROSS~SECTs AREA CF CCIL IN LATTICE SGUARES
CUR =1 4256648 -6 /U RNS*RNSA(R2-R1) *{(L2~-L 1))
1Z=Z-CUOOROINATE OF COIL CENTER

1Z=51
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051 0C < IT=NUMBER OF TTERATIONS, INITIALIZED TO 1

CE200 IT=%

ge3060 Nw=1

Q5400 C IMIN=MINIMUM NUMBER OF ITERATIONS

455060 I HMIN=3000

€56 10 C X2=0OMEGAXMUXST GMA*H |2

Cs7GC0 X2=WE UM ONM# M w4

05800 C

c52C0 PRINT S ¢UM,CONMCC,fF

asRo¢ S FORMAT( MU ' s F 0420 o CONDT 3 FB 02 9 ? pCCx P 5F4 220 2 0F='gFBe 1)
61 Co C

€62 00 C INITIALIZING VARIABLES

0€34G™ C

C&ES PO CALL LATT

ce6500 C

C66 10 CALL COARSE

LY Al C

c6800 55 CALL FINZ

CE2 20 C

Q7CH0 PRINT 60, IT,5UM

C71 ¢o 60 FORMAT( ! [TER=',1545X 3 'SUM=?,E1(.4)

072 C0o C

e73C0 C NUMBER OF [TERATION IS INCREASED 8Y ONE

37400 I1T=1T+#1

7500 Nw=N&+l

076 00 IFINW.LT.500)G0 7O 50

J77 00 CAlLL, QUTPUT

c78al Nw:=Q

C7e 00 C

380Ce C IF LESS THAN IMIN ITERATIONSs DCES NOT TESY CCNVEERGENCE
Q81 0C IF{IT . TLIMINIGO TO 50

¢820¢C C

€ a3nn C IF NOT CONVERGED.REITERATE

C8aln IFI{SUMLGT CTIGO YO 59

€8s o0 C

ce6Co SToP

car7oe END

€8800 C

¢8a 00 C AR ARG R R EE B RN R TR RE R Dkl Fd X kR PR A AR E ok p ok ok
09000 C

€3100 SUBROUTINE COARSE

9200 C

Ce930C COMMON/Z/Z7A{G604101)983{60:101)sAF{13+,301).8F(13,301),
Q9400 TAASAAF JAC +sBB +BBF ¢BCal BeHo IR 125 SeSUM; WoUMeCONM, CCoF
Q9500 SNW sCUR 3 X2 +PERR(20) 4PERZ(21D) »

45600 ACONDL2G I MAT{O60+101 )+ MATF {(13,301)

CRT L0 C

€Ca8 e C SUM 1S INITIALIZED

€98 00 SUM=0.0

100 00 C
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1%1C€ C STEP THRIUSH LATYTTICE IN R & Z DIRECTIONMS RESPECTIVELY
1ez2n C

10300 DG 60 M=2 ,59G

10400 C RI=INVERSE OF RADIUS 1IN LATTICE SPACINGS

105CC RI=1+/FLIAT(M~1) }

1cenn RH=RI ¥+ 5

i1g7oc C X1eX3AND X4 ARE QUANTITIFS USED IN CALCULATICN
16800 X1=4 e +R1*R] ‘

10990 X3=1etRH

Licor K&= 1 o ~RH :

it oo C Ti=FINE LATTICE RADIUS CORRESPF.TO ¥ IN COARSE LATVICE
112460 11=3%x(M~123)+7

11302 C (2=Z-COORDINATE IN FINE LATTICELINITIALIZED AT &
11490 12=4

11500 C

11500 DO 55 N=2,100

117 00 C TESY 70 OETERMINE REGION

11870 IF(MAT{M,N) EQ 1)GO TO 1 ¢

11900 C

12000 C XSEXS6 ARE 2L & IM PARTYS OF A{&.Z) AVERAGED QOVER
i2100 C THE FOUR NZAREST NEIGHBCRES. THIS FACTOR APPEARS IN
12200 C ALL REGIONS.

12300 C

12400 X5z X3 *ALMEL ¢ NI #X4HA{M-1 NILAL ML NEL ) 4AIM,N~1)
12500 XOE=X3%BLA ML yNMIFXEG*B{M~1 +NIFTBIMeNe 1 ) +BIMN~1 )
126¢C0C C

127 00 C TESTS [F IN METAL,AIRCCCIL, OR EQUNDARY

12300 C

12900 MGO=MAT (M N)

13000 GO TO(10,20+30440).MGC

13100 . .

1320¢C C POINT IN FINE LATTICE IVALUE TRANSFERRED TO COARSE LATTY
13300 C

13400 10 CONTINUE

12500 ALMAaNI=AF{I1,12)

13650 Bi{M,NI=BF(11,12)

127¢0 I2=1242

138ce GO T 55

133C0 C

14000 C IN AR

14100 ;

142 C0 20 AC=X5/X1

14300 8C=X6/X1

14400 GO T 50

1450C0 C

146 0C C IN THE COIL: CUR=M|P2%Ukxy CONDUCTIVITY ASSUMED 0
14700

1480C 3¢ AC={CUR+XS) /X1

14900 BC=X6/X1

15¢ 00 GO YO 50C
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IN THE METAL

DEN=1 /(X 1%X]1+X2%X2}
AC={ XS X1 +X6&X2) #DEN
BC={ X6% X1 - XS®X2)%DEN

OVER-RELAXATICN IS PERFORBED AND CHANGE IN LATYTTICE
VALUES FROM PREVIOUS RELAXATION IS CALCULATED.
CONVERGENCE MEASURE ®SuUM® 1S INCREMENTED

ACTAC—A(MN)
BC=BC-BI{MsN)
AlMN)=A( M N)+CC*AC
B{MN)=B( M¢N) +CC*BC
S=ABS(AC) +ABS{(RC)
SUM=SUM+S

CONTINUE

CONTINUE

RETURN
END

FEMKE AR ERER AR R REI AR AT EREE Sk KR e pF R IR kR B h® wk o
SUBROUTINE FINE

COMMON/Z/7A(604101)+8BI{60:101)+sAF{13+3C1)eBF(13,301),»
1AAGAAF yAC +BB+88F 4BC eI BoeHe IR [ Z4 5, SUNM Mo UM CONMs CCefF
2N s CUR;; X2 s PERR(23) 4PERZ(2C) o

JCOND{20 )+ MATU 60 +101) e MATF {1 3,301)

DATA Wl¥W2 ' /e6666667¢43333333/

STEPPING THROUGH FINE LATTICE
DO 50 M=1 413

IF ON FINE LATTICE ODOUNDARIES ZINITIALIZE FROM COARSE LATT
IF(MATF{Mo2) «EQ.0)GO TO 10

OTHERWI SEs PERFORM RELAXATICN

GO TO 30

INITIALIZE FROM COARSE LATTICE

DO 2C N=1 +298,3

[2=COARSE LATYICE Z CORRESP.TC FINE LAYTTICE N

I2={N+2}/3

CDARSE LATTICE R CORRESP.TGC FINE LATTICE M
IB+(M~T7)/3)

Il=
I1={(
AF(MNY=A(I1,12)
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CONTINUE
GO TN sC
CONTINUE
AURZ 1 /R IN FINF LATTICE SFACINGS FROM THE AXIS
ADR= 1 4 /FLOAT( 3%[RA~-]1"T+M)
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X1 X3,X4sDENF ARE PARAMETERS USED IN RELAXATICN CALC,

X1=4 s +A0R®ADR

X3=1e+an®«A0RF{ 1, +A0NR) *PERK( M)

X4z ] a=se 5S* AN~ (1 ,~AUR) XPLRE( M)

DFNF =127 X1 *X14COND{MI*CCHMI{M))

X 1= X1 *DENF

CF=CONLD{M) *DL NF

N BN N=2 4,300

XGZX3®AF{ M+ Lo NI+ X4xAF (M1 NI+ AF (M NEL Y+ AF (M, N~
XO6E=X3*BF(MEL NI+ Xax3F {Me1 ¢N)AF (Mo N$+1 ) +3F (M, N=

FINE LATTICE RELAXATION [ S PERFORMED

AAF =X5% X{ +X5%CF
HB3F=X6%X1~X5%CF

OVER~-RFLAXATICN IS PLRFCRWMD

AF(M.N)=AF(M.N)+CC*(AAF—AF(M;RD)
BFEOMyN) =3F( My NI +CC* (BBF-BF(MeN))

CONTINUL

RETURN
£ ND

1)
1)

e ik e s oo o e ko ok ar ol ok K K deob o KW Sk sk b K Rk ok ko ook Wi ki ko Rl

SUBROUTINE OQUTPUTY

CUMMONZ/A(SE T, 101 ) +B{6C»10 1) JAF(134301)+8F (13,30
LAASAAF 3 AT 531 eB33F o 3C o I BeHs IR, 1 2y SsSUMs WoyUMCUNM
CNWs CUR ¢ X2 4PERRI{Z2D) JPLERLL(2C)
ACOND(Z22) e MATUET L 101 ) s MATE (13, 301)

CUOARSE LATYTICE VALUES ANFAK CQIL ARE PRINTED

PRINT 1 .(NsN=4n1,51)

13,

2 CCs



281 00
2g200
2530¢
254 N0
2E5C0
25600
25700
23800
22900
260 0N
201 oC
26200
2639C
264 04
2€5C0
266 00
267 10
2€8 G0
26900
270 0C
27100
272¢H
273¢C0
274 Dy
27500
27600
277 6O
27800
279 L0
28000
28100
28290
28300
284 00
28519C
28600
28700
23890
239 NC
29C 00
291 60
292 ¢0
29300
294 Q0
29500
29600
29700
29800
299 ol
30000

[aXake!

0

O 00N

[aNelakakakaialel

[o 35 IR
DOD

25

26

32

FORMATI(2X,12119)
D0 3¢ M=2,3C

PRINT 10sMe(ALIMIN) S NTAD o5 1) y ( E{ Ny N) s N=40551 )
FORMAT( *N 4 I242Xal2(E9e341X)/5X 312063 a3451X))
CONTINUE
CONTINUE

FINE LATYICE VALUES NEAR COIL ARE PRINTED

PRINT 1 4s{KeK=14C5151)

DO 60 J=1,13

PRINT 400 Js {AF{ JsK) 2+ K=14D
FORMAT('03,]24+2X»12({E9a3s
CONTINUE

CONTINUE

21
1X

RETURN
END

Aok g o g ok R S0 o R dOK e ROk ok & MO e R dORok K dORE R R R R Ak Rk
SUBROUT INE LATT

COMMON//7A(OET 41010 93¢

1AA S AAF JAC o O3 +BBF +8C

2NWesCUR L X2 ,PERR(20) 4PERZ(20C) »

3COND{2C I+ MAT{( 60 »101) s ®ATF {13,301)

DIMENSION U(13),CON{13)

DATA U/Z13%1 e/

DATA CON/A%2,8E6¢20 34E0 4] o871 61456, 23E504 e85 4%Na/

6D 10 1) yAF(13+301)+8BF (134,301,
IBsHe IP I Zs Sy SUMs W UMCIONM;CCoF,
&=

SET UP COARSE LATTICE

MATIMIN) HAS THE VALUE O TN THE AXIS AND ARQUNMND THE
CUTER BOUNDARIES, WHERE THE VECTOR POTENTIAL IS ALWAYS
KEPT ZERDO; MAT(M,N)=1 FOR THE TRANSITION RIGIGN;
MAT{M,,N}=2 IN THE AIR REGICN;: MAT({M,N)=4 IN THE CCIL
REGION; AND MAT{M,N)=4 IN THE CENTRAL METAL RCD

DO 20 M=1,50
00 2T N=1.+,1171
MAT{M N)=0C
CONTINUE

D0 30 N=2.10C
DD 25 M=2,19
MAT{MINYI=4
CONTINUE

DO 2¢€ M=20,22
MAT{MN)=1
CONTINUE

00 30 M=23.,60

n
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30100 MAT{MN)=2

30200 30 CONTINUE

3030 MAT({2€,50)1=3

304 00 MAT(27.,52)=3

30500 MAT{2b8+52)=3

3o 0n MAT (26451 )1=3

crne MAT(27+51)=23

3¢c8 OGN MAT{28,51)=3

30900 MAT( 2€,52)=3

3ionc MAT{27,52)=3

31100 MAT{(28,52)=3

21200 C

21300 C SEYT COARSE L TVICE VALUES TO 0 AND PRINT CJIARSL MAP
21400 C SET UP FINE ATTICE

315¢Co C

21600 PRINT 60, (MeM=1] .6@)

2179¢ DO 40 N=1,101

Jiaan PRINT SCsNs {MAT{M,N) yMz1,€60)

219nC DO 40 M=x=1 4617

3a¢c 00 A{MNI=O,

32100 B{MMNY=C,

3z2a0 47 CONTENUE

32300 5L FORMAT{1IX 13,6712}

3z2aap 60 FORMAT(4X.6012)

2500 C

azeng C SET UP FINE LATTICE

3270 C

az2a¢0 DU 1NC N=1,301

32940n M=

2360 MATF (M aNY) =N

33160 M=l 2

232200 MATF { MyN) =2

3339¢C DO 1°C M=2.+12

2340 MATF ( MyN) =M

33500 1002 CONTINUE

3360C DO 1117 M=2,12

337N C PERR(M) =PERMIABILITY FACYTIR (& PELAXATION FORMULA
2384°C DERR(M)=( UL M) 7UMEL)=U(M) 7U{M~1)) x,25
33900 C CONDIM) =DOMIGAXMURSTI GMAR{F INE LATT I CE SPACING SQUARED)
34C N7 CONDIM) =W RCNON(M) YU M) X [(Hx ;333 3333) «x2
34100 110 CONTINUE

342020 C

343 0¢ CSET FINE LATTICE VALUES TU © AND PRINT FINE MApR
34400 C

34500 PRINT 60, {(MeM=1,13)

346 00 DO 127 N=xl,301

34700 PRINT SO,N, (MATF (M, N) sM=1 ,1 3}

348 Ce DG 120 M=14,13

24900 AF{ M yN) =

aseco BE(MN) =D,

35140 120 CONTINUT

je20n C

3c30n C

28400 RETURN

38500 END
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