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

W. E. Deedst and C. V. Dodd 

ABSTRACT 

A computer program is p resen ted  and explained which w i l l  so lve  

a x i a l l y  symmetric eddy-current problems, i nc lud ing  those  w i t h  permeable 

media p re sen t .  An unusual f e a t u r e  is t h e  combination of c o a r s e  and f i n e  

la t t ices ,  which permit  r a p i d  r e l a x a t i o n  of coa r se  l a t t i c e s  i n  homogeneous 

r eg ions  t o  be combined wi th  more a c c u r a t e  c a l c u l a t i o n s  using a f i n e  

l a t t i c e  i n  t h e  t r a n s i t i o n  r eg ions  where t h e  pe rmeab i l i t y  is  varying.  

Although t h e  a c t u a l  program l i s t e d  is  r e s t r i c t e d  t o  c o i l s  e n c i r c l i n g  a 

coaxial metal rod, t h e  program can be modified t o  include. any a x i a l l y  

symmetric conf igu ra t ion .  

INTRODUCTION 

Relaxat ion methods have been used f o r  s o l v i n g  many t y p e s  of problems 

f o r  many y e a r s .  They have been used i n  eddy-current c a l c u l a t i o n s  a t  Oak 

Ridge Na t iona l  Laboratory s i n c e  1963. 9 '9 The earlier c a l c u l a t i o n s  

gave good r e s u l t s ,  except  when ferromagnet ic  materials w e r e  p r e s e n t ,  i n  

which case t h e  l a r g e  pe rmeab i l i t y  changes a t  t h e  boundaries  gave unre- 

l i a b l e  r e s u l t s .  

* 
Funding provided by the Superconducting Magnet Development Program, 
Thermonuclear D iv i s ion ,  Oak Ridge Na t iona l  Laboratory.  

'Consultant from t h e  Un ive r s i ty  of Tennessee, Knoxville. 
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There are two p o s s i b l e  ways of t r e a t i n g  such l a r g e  permeabi l i ty  

changes. One way i s  t o  t rea t  t h e  boundary p o i n t s  as a separate set, 

s a t i s f y i n g  cond i t ions  d i f f e r e n t  from t h e  p o i n t s  i n s i d e  t h e  homogeneous 

reg ions .  The o t h e r  way i s  t o  in t roduce  an e x t r a f i n e  l a t t i c e  i n  t h e  

t r a n s i t i o n  reg ion ,  s o  t h a t  t h e  change of t h e  permeabi l i ty  i n  one l a t t i c e  

spac ing  remains s m a l l .  The former method appears  s i m p l e r  a t  f i r s t ,  bu t  

t h e  boundary conditions become q u i t e  compI.ic.ated i n  t h r e e  dimensions,  

s ince  t h e  normal and t a n g e n t i a l  components of the f i e l d s  are t r e a t e d  

d i . f f e r e n t l y ,  and t h e  s l o p e  of t h e  boundary is  important .  S ince  three-  

dimensional c a l c u l a t i o n s  were a f u r t h e r  o b j e c t i v e ,  t he  second approach 

seemed b e t t e r .  The e x t r a f  i n e  l a t t i c e  i n  t h e  t r a n s i t i o n  r eg ions  must 

sa t i . s€y  t h e  equat ions  f o r  an inhomogeneous ltlediuln, whi le  t h e  va r ious  

homogeneous r eg ions  can use  t h e  equat ions  f o r  homogeneous media and have 

r e l a t i v e l y  coa r se  l a t t i c e s .  

The coa r se  l a t t i c e s  i n  t h e  homogeneous r eg ions  must over l ap  t h e  

f i n e  l a t t i c e s  s u f f i c i e n t l y  t o  a l low them t o  a f f e c t  each o t h e r  as they 

are re laxed  a l t e r n a t e l y ,  us ing  as boundary cond i t ions  t h e  va lues  computed 

f o r  t h e  o t h e r  l a t t i c e  i n  t h e  prev ious  i - t e r a t i o n .  A t  p o i n t s  i.n t h e  f i n e  

l a t t i c e  boundary which are loca ted  between t h e  coa r se  l a t t i c e  boundary 

p o i n t s ,  i n t e r p o l a t e d  va lues  of t h e  vec to r  p o t e n t i a l  can be  used,  

In  o rde r  t o  conserve memory s t o r a g e  capac i ty  i n  t h e  computer, a 

r e l a x a t i o n  procedure was used i n  which t h e  newly computed va lue  of t h e  

v e c t o r  po ten t ia l .  a t  a po in t  immediately rep laced  the value. from t h e  

prev ious  i t e r a t i o n  and w a s  used i n  subsequent c a l c u l a t i o n s  i n  t h e  c u r r e n t  

stage of the  i t e r a t i o n .  This  made i.t unnecessary t o  s t o r e  two complete 

sets of va lues  f o r  t h e  l a t t i c e s ,  one f o r  t h e  previous  i t e r a t i o n  and one 

f o r  the presen t  i t e r a t i o n .  This  method g ives  an unsymmetrical approach 

to  t h e  converged va lues ,  bu t  it converges a t  l eas t  as f a s t  as t h e  (not  

over re laxed)  convent iona l  system, and i t  does not  appear t o  cause any 

i n s t a b i l i t y  o r  o s c i l l a t i o n .  

Another change i n  t h e  p re sen t  program from those  previous ly  used a t  

Oak. Ridge Nat iona l  Laboratory is  i n  t h e  use  of "symmetrical" d e r i v a t i v e s  

i n  t h e  f i . n i t e  d i f f e r e n c e  approximations,  r a t h e r  than t h e  unsymmetrical 

ones used previous ly .  This  d i d  no t  appear to make any d i f f e r e n c e  i n  t h e  

speed of convergence o r  i n  any of  t h e  r e s u l t s ,  bu t  t h e  equat ions  are 

more symmetrical. 
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The r e s u l t s  ob ta ined  us ing  t h i s  program €or  a c o i l  e n c i r c l i n g  a 

rod,  as shown i n  Fig.  1, have been compared w i t h  t h e  r e s u l t s  of an 
a n a l y t i c a l  s o l u t i o n  which has  been expe r imen ta l ly  v e r i f i e d  to  w i t h i n  

about 1%. Using a moderately f i n e  mesh, the program runs  f o r  about 5 
min on an IBM 360 model 91 ,  is  w i t h i n  about 10% of t h e  a n a l y t i c a l  s o l u t i o n  

when t h e  rod h a s  u n i t  pe rmeab i l i t y ,  and i s  w i t h i n  about 30% when t h e  rod 

h a s  a pe rmeab i l i t y  o f  4 .  

THEORY 

The v e c t o r  Helmholtz equa t ion  for t h e  v e c t o r  p o t e n t i a l  i n  t h e  
3 

Coulomb gauge ( V * A  = 0) is 

If w e  n e g l e c t  t h e  displacement c u r r e n t  term a t  induc t ion  f r equenc ie s  and 

assume s i n u s o i d a l  time-dependence of t h e  d r f v i n g  c u r r e n t  and v e c t o r  

p o t e n t i a l ,  then (1) reduces t o  

-f 
I f  t h e  d r i v i n g  c u r r e n t  d e n s i t y  J e x t  
c o o r d i n a t e s  and a l l  conductors are symmetrical about t h e  axis, then  A 

a l s o  has only a single component, A@ f A ,  which s a t i s f i e s  t h e  scalar 

equa t ion  

h a s  only a 0 component i n  c y l i n d r i c a l  
4- 

The f i n i t e  d i f f e r e n c e  approximations to the v a r i o u s  d e r i v a t i v e s  are as 

follows: 
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Fig, 1. Relaxation lattice f o r  encircling coil. 
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When these approximations are put into Eq. (3) and the result is solved 

f o r  A at ( r ,z) ,  we get the relaxation algorithm for an inhomogeneous 

medium: 
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I n  a homogeneous m e d i u m ,  t h e  p e r m e a b i l i t i e s  are al.1 the same, and E q .  

(11) reduces t o  

1 t i s  ev iden t  from Eq .  (12)  that: a2pJ  must have the same dimensions 

as t h e  v e c t o r  p o t e n t i a l ,  A. Since  a i s  t h e  lattice spacing and J i s  

t h e  d r i v i n g  current d e n s i t y ,  we see that a2J i s  Ltke  d r i v i n g  c u r r e n t  

through one square of the l a t t i c e .  1.f IV i s  the  number of t:urtzs i n  t h e  

c o i l  and 1 i s  the c u r r e n t  i n  each t u r n ,  then  
Q 

4 

1, = N I = t o t a l  c u r r e n t  i n  t h e  c o i l .  
4 4  

.- 

If ?a i s  the  number of l a t t i c e  spacings i n  t h e  mean c o i l  r a d i u s ,  K ,  

then n = X / U .  
- 

If R2 - R1 = ( r 2  - r l ) / H  = normali.zed r a d i a l  dimension of 
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t h e  c o i l ,  and i f  L2 - L1 = ( a 2  - %i)/F = normalized a x i a l  l e n g t h  o f  the 

c o i 1, then  

= number of l a t t i c e  p o i n t s  i n  c o i l  c r o s s  s e c t i o n  . 

Theref ore  

Equation (13) i s  t h e  r e l a t i o n s h i p  by which t h e  v e c t o r  p o t e n t i a l  v a r i e s  

w i th  t h e  v a r i o u s  s c a l i n g  parameters:  pe rmeab i l i t y  u ,  c o i l  t u r n s  A 
c o i l  c u r r e n t  I c o i l  mean r a d i u s  i n  l a t t i c e  spac ings  n, and t h e  normal- 

i z e d  c r o s s - s e c t i o n a l  area (R2 - K 1 ) ( L 2  - L 1 ) .  

Y' 
4' 

The o t h e r  q u a n t i t i e s ,  such as f o r c e s ,  h e a t i n g ,  etc. ,  which depend 

upon t h e  v e c t o r  p o t e n t i a l ,  have t h e i r  s c a l i n g  f a c t o r s  given elsewhere.  

Equations ( 4 ) - ( 1 0 )  are c a l l e d  symmetrical d e r i v a t i v e s ,  because they 

are cen te red  a t  t h e  p o i n t  ( r , z ) ,  i n  c o n t r a s t  t o  a one-sided d e r i v a t i v e ,  

such as 

- - AY4a> z - 
a 9 

one-sided 

which g i v e s  s l i g h t l y  d i f f e r e n t  equa t ions  i n  p l a c e  of (11) and (12) .  The 

d i f f e r e n c e s  are g e n e r a l l y  s m a l l ,  except  near t h e  axis o r  a t  boundaries 

where A changes r a p i d l y .  

4 
C. V .  Dodd and W. E. Deeds, Scaling Relations for Eddy L'ument Phe- 
nomena, OWL-5077 (November 1975).  
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T h e  computer program uses Eq. (12)  f o r  t h e  coa r se  l a t t i c e  i n  t h e  

homogeneous r eg ions ,  such as t h e  m e t a l s ,  c o i l s ,  and a i r ,  and uses  E q .  

(II) f o r  t h e  f i n e  1 - a t t i c e s  a t  t h e  boundaries between homogeneous r eg ions  , 
where t h e  v a l u e s  of 1-1 and CT are. changing. The program a l t e r n a t e l y  s t e p s  

through t h e  c o a r s e  and f i n e  ls t r ices ,  using t h e  v a l u e s  just computed f o r  

t h e  o t h e r  l a t t i c e .  as boundary va lues  i n  t h e  r e l a x a t i o n  of t h e  l a t t i c e  

being computed e 

With mod i f i ca t ions ,  t h e  program can be. used f o r  any a x i a l l y  s y m m e t r i c  

d i s t r i b u t i o n  of coi.J.s and conductors.  'fie running t i m e  i s  of t h e  order 

of a few minutes on an IBM 360 model 9 1  f o r  an a r r a y  of about 10,000 

l a t t i c e  p o i n t s ,  roughly h a l f  i n  t h e  coa r se  l a t t i c e  and h a l f  i n  t h e  f i n e  

l a t t i c e .  Th'e l ayou t  of t h e  coa r se  and f i n e  l a t t i c e s  i s  shown i n  F ig .  2 ;  

the  v a r i a t i o n  of t h e  conduc t iv i ty  wi th  the r a d i u s  i s  shown a t  t h e  bottom. 

The q u a n t i t y  SUM i s  t h e  sum of t h e  a b s o l u t e  v a l u e s  of t h e  changes 

of v e c t o r  po te .n t i a l  from one i t e r a t i o n  t o  t h e  nex t  and thus i s  a measure 

of t h e  convergence of t h e  v e c t o r  potent ia l .  t o  t h e  l i m i t i n g  va lues .  

However, t h e  va lue  of t h e  v e c t o r  p o t e n t i a l  a t  each po in t  may o s c i l l . a t e  

b e f o r e  s e t t l i n g  down t o  a monotonic approach. I n  F i g s .  3 and 4 are 

shown curves of t h e  v a r i a t i o n  w i t h  t h e  nuniber of i t e r a t t o n s  of t h e  

magnitude and phase of t h e  v e c t o r  p o t e n t i a l  a t  t h e  coa r se  l a t t i c e  p o i n t s  

marked wi th  circles i n  F i g .  2. Note t h a t  t h e  p o i n t s  n e a r e r  t;he c o i l  

source r e c e i v e  t h e  s i g n a l  sooner and converge f a s t e r .  The s i g n a l  w i l l  

propagate through t h e  l a t t i c e  at t h e  rate of one l a t t i c e  spacing pe r  

i t e r a t i o n .  Hence, i t  w i l l  t a k e  of t h e  o r d e r  oE 150 i t e r a t i o n s  f o r  t h e  

si.gna1 t o  reach t h e  boundaries  and start back. S ince  a number of r e f l e c -  

t i o n s  back and f o r t h  are r equ i r ed  t o  reach a s t eady  s-tat:e, w e  see t h a t  

i t  i s  n o t  s u r p r i s i n g  t h a t  the number of i t e r a t i o n s  r equ i r ed  is  l a r g e .  

DESCRIPTION OF THE PROGRAM 

There i s  a main c o n t r o l  program, which d e f i n e s  and i n i t i a l i z e s  

s e v e r a l  q u a n t i t i e s  used i n  t h e  c a l c u l a t i o n s  and c o n t r o l s  the  switching 

From c o a r s e  t o  f i n e  la t t ices  and back, as w e l l  as t o  t h e  ou tpu t  sub-- 

r o u t i n e .  The f i r s t  sub rou t ine ,  c a l l e d  on ly  once, i s  named LATT. It 

sets up t h e  c o a r s e  and f i n e  l a t t i c e s  and i n i t i a l i z e s  the va lues  of  the 

v e c t o r  p o t e n t i a l  a t  a l l  l a t t i c e  p o i n t s  t o  zero. 
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The COARSE sub rou t ine  sets t h e  va lues  of t h e  v e c t o r  p o t e n t i a l  a t  

p o i n t s  which are one coa r se  l a t t i c e  spacing i n s i d e  t h e  t r a n s i t i o n  r eg ions  

( i n  t h e  f i n e  l a t t i c e )  equal  t u  t h e  val.ue of t h e  v e c t o r  p o t e n t i a l  obtained 

a t  t h a t  p o i n t  i n  t h e  previous r e l a x a t i o n  of t h e  f i n e  l a t t i ce .  This i s  

zero at t h e  s tar t ,  of course,  b u t  g radua l ly  b u i l d s  up through success ive  

i t e r a t i o n s .  Using t h e s e  i n i t i a l i z e d  val-ues as f i x e d  boundary v a l u e s  f o r  

t h e  coa r se  l a t t i c e  r e l axa t io r i ,  p l u s  zero v a l u e s  of t h e  v e c t o r  p o t e n t i a l  

on t h e  symmetry a x i s  and around t h e  o u t s i d e  of t h e  whole l a t t i c e ,  t h e  

coa r se  l a t t i c e  i s  relaxed.  Each r eg ion  with d i f f e r e n t  p r o p e r t i e s ,  such 

as t h e  m e t a l ,  t h e  c o i l ,  or a i r ,  is  t r e a t e d  s e p a r a t e l y ,  of course.  The 

q u a n t i t y  c a l l e d  CUR = p / ( c r o s s - s e c t i o n a l  area of t h e  c o i l  i n  l a t t i c e  

spacings)  can b e  seen t o  be  equal  t o  t h e  f a c t o r  va2J i n  Eq .  (13 )  i f  t h e  

d r i v i n g  c u r r e n t  1 i s  1 A .  F i r s t  w e  n o t e  t h a t  H i n  t h e  program has  t h e  

same l a t t i c e  spacing as t h e  n in Eq.  ( 1 3 ) ,  Then 

which becomes CUR when 1 = 1. '13e actual. d r i v i n g  c u r r e n t  T has been 

f a c t o r e d  o u t  as one of t h e  s c a l i n g  parameters.  The coa r se  l a t t i c e  

po i .n t s  on t h e  i n i t i a l i z e d  boundary p o i n t s  are no t  changed. They are 

f o u r  f i n e  l a t t i c e  s t e p s  i n s i d e  t h e  f i n e  l a t t i ce .  A t  t h e  end of each 

r e l a x a t i o n  c a l c u l a t i o n ,  the. changes are c a l c u l a t e d  i n  t h e  v a l u e s  of t h e  

real  and imaginary p a r t s  of t h e  v e c t o r  p o t e n t i a l  from t h e  previous 

i t e r a t i o n ,  t h e  v a l u e s  are "over-relaxed" by t h e  cons t an t  CC, and t h e  

changes are added to  t h e  "SUM," which measures t h e  progress  toward 

convergence 

Then t h e  main c o n t r o l  program switches t o  t h e  FINE sub rou t ine ,  i n  

which t h e  f i n e  l a t t i c e  boundaries  are i n i t i a l i z e d ,  and then t h e  rest of 

t h e  f i n e  l a t t i c e  i s  relaxed.  The va lues  of  t h e  v e c t o r  p o t e n t i a l  a t  t h e  

boiindaries are set  equa l  t o  t h e  v a l u e s  ob ta ined  €or  t h e  c o a r s e  l a t t i c e  

i n  t h e  previous sti3ge. 'This i s  done d i r e c t l y  f o r  t hose  f i n e  l a t t i c e  

p o i n t s  which co inc ide  wi th  coa r se  l a t t i c e  p o i n t s ,  b u t  va lues  f o r  f i n e  

J-attice p o i n t s  between t h e  coa r se  l a t t i c e  poi-nts are obtained by a 

l i n e a r  i n t e r p o l a t i o n .  Then the rea l  and imaginary p a r t s  of t h e  v e c t o r  
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p o t e n t i a l  are r e l axed  and overrelaxed a t  each p o i n t  i n  r h e  f i n e  l a t t i ce ,  

except  a t  t h e  f i x e d  boundary v a l u e s ,  which ove r l ap  i n t o  t h e  c o a r s e  

l a t t i c e  two c o a r s e  l a t t i c e  s t e p s .  

When t h e  p rocess  has  converged s u f f i c i e n t l y ,  as determined by t h e  

dec rease  i n  t h e  va lue  of SUM o r  by t h e  l i m i t  imposed on t h e  number of 

i t e r a t i o n s ,  t h e  program swi t ches  t o  t h e  OUTPUT sub rou t ine ,  which p r i n t s  

o u t  t h e  real and imaginary p a r t s  of t h e  v e c t o r  p o t e n t i a l  a t  v a r i o u s  

p o i n t s  i n  t h e  c o a r s e  and f i n e  l a t t i ce s ,  nea r  t h e  r eg ion  of t h e  d r i v i n g  

c o i l .  

DETAILED DESCRIPTION OF THE RELAX.F4 PROGRAM 

Main Control  Routine 

The COMMON b lock  s p e c i f i c a t i o n s  may need t o  be changed f o r  d i f f e r e n t  

problems. A t  p r e s e n t  t h e  program i s  w r i t t e n  f o r  a c y l i n d r i c a l  m e t a l  rod 

e n c i r c l e d  by a r e c t a n g u l a r  c ros s - sec t ion  c o i l  i n  a i r ,  as shown in Fig. 1. 

A ( M , N )  and B ( M , N )  are t h e  real and imaginary p a r t s  of t h e  v e c t o r  p o t e n t i a l  

i n  t h e  c o a r s e  l a t t i ce ,  wi th  60 l a t t i c e  i n d i c e s  a long t h e  r a d i a l  d i r e c t i o n  

i n  c y l i n d r i c a l  coord ina te s  and 101 l a t t i ce  i n d i c e s  a long  t h e  ax ia l  

d i r e c t i o n .  AF(M,IV) and BF(M, N )  are the  corresponding q u a n t i t i e s  €o r  t h e  

f i n e  l a t t i c e ,  which a t  p re sen t  has  13  r a d i a l  s t e p s  and 301 a x i a l  s t e p s  

( t h r e e  times as f i n e  as t h e  coa r se  l a t t i c e ) .  MAZ'(M,N) and MATF(M,N) 

are matrices whose elements denote  t h e  type of material a t  t h e  p o i n t  

(M,N)  i n  t h e  c o a r s e  and f i n e  l a t t i c e s  r e s p e c t i v e l y .  PERR(N), P E R Z ( N ) ,  

and C O N D ( N )  s p e c i f y  combinations of t h e  pe rmeab i l i t y  a long r a d i a l  and z 

d i r e c t i o n s  and c o n d u c t i v i t y  v a l u e s  a t  v a r i o u s  p o i n t s  in t h e  f i n e  l a t t i ce .  

One may a l s o  want t o  change t h e  d a t a  given i n  l i n e  1300, i n  o r d e r  

t o  keep t r a c k  of t h e  problem being solved. 

The r a d i u s  i n  t h e  c o a r s e  l a t t i c e  is  r = (14 - l ) a ,  where M goes from 

1 t o  60 and a i s  t h e  l a t t i ce  spacing.  

w i thou t  t h e  a t o  expres s  r a d i a l  d i s t a n c e s .  

We s h a l l  u s e  j u s t  t h e  index M 

Various c o n s t a n t s  are de f ined  as fol lows:  
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IB = boundary r a d i u s  3. 1 ( i n  number of l a t t i c e  spac ings)  

CT = convergence test cons tan t  f o r  "SUM" 

F .-- frequency i n  h e r t z  

w = p o u  = (4-rr x x (2,iiF) 

UM = permeab i l i t y  of t h e  m e t a l  

CONM :-  conduc t iv i ty  of t h e  metal  

CC = -7eu-relaxation cons t an t  (1 CC 2)  

RBA3 mean c o i l  r a d i u s  i n  meters 

I R  = number of l a t t i c e  spacings i n  RBAR +- 1 
RIVS = mean c o i l  r a d i u s  i n  l a t t i c e  spac ings  

H = l a t t i c e  spac ing  i n  m e t e r s  

COILPT = number of l a t t i c e  p o i n t s  i n  t h e  c o i l  

L2  = normalized z-coordinate  of one end of c o i l  

L l  -- normal.ized z -coord ina te  of o t h e r  end of c o i l  

X1 = normalized inne r  c o i l  r a d i u s  

H2 -I n o - m a l i z e d  o u t e r  coil .  r a d i u s  

CUR = uO/cross-sec t iona l  area of c o i l  ( i n  l a t t i c e  squares)  

IZ 1= z coord ina te  of c o i l  c e n t e r  

IT = number of i t e r a t i o n s  

N W  = number of i t e r a t i o n s  s i n c e  I .as t  p r i n t o u t  

I M I N  = minimum number of i t e r a t i o n s  

PO = f a c t o r  used i n  three-dimensional  c a l c u l a t i o n s  only 

X2 = wucrH2 

The. program then  produces a p r i n t o u t  of some of t h e  inpu t  parameters .  

LAT'I' Subrout ine 

The T A J ' ~  subroiiLine (lincs 27,000 through 35,500) f i r s t  a s s i g n s  

numbers t o  t h e  v a r i o u s  r eg ions  i n  t h e  problem i n  t h e  form of a ma t r ix  

M 4 Y 7 ( M , N )  : 0 r e p r e s e n t s  t h e  axis and t h e  o u t e r  boundaries  (which are 

never  changed from zero  v e c t o r  p o t e n t i a l ) ;  1 r e p r e s e n t s  t h e  t r a n s i t i o n  

r eg ion  ( F r o m  m e t a l  t o  a i r ) ;  2 r e p r e s e n t s  t h e  a i r  r eg ion ;  3 r e p r e s e n t s  

t h e  c o i l  reg ion;  and 4 r e p r e s e n t s  t h e  c e n t r a l  metal rod. A ~nnp of t h e  

coa r se  1-attice i s  then p r i n t e d  ( l i n e s  31,600-32,400). 
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'The f i n e  l a t t i ce ,  desc r ibed  by MATF(M,liJ), i s  set up i n  a similar 

manner and i s  p r i n t e d  o u t  i n  l i n e s  34,300-35,100. 

from M = 1 t o  1 3 ,  o r  1 2  l a t t i ce  spac ings ,  wh i l e  t h e  axial e x t e n t  is  f r o m  

N = 1 t o  301, s o  t h a t  t h e  f i n e  l a t t i c e  spacings are one-third t h e  s i z e  

o f  t h e  c o a r s e  l a t t i c e  spacings.  

The r a d i a l  e x t e n t  i s  

F"xR (MI = ( iM/ ufe1 - Pr4/  try_ I ) / 4  is a func t ion  used i n  t h e  r e l a x a t i o n  

COND(M) = ( 1 ) p u ( H / 3 ) ~ ,  where N f 3  i s  t h e  f i n e  l a t t i ce  spacing and 

c a l c u l a t i o n s  f o r  a r eg ion  wi th  inhomogeneous pe rmeab i l i t y .  

u = u(M) is a f u n c t i o n  o f  t h e  r a d i u s  M. 

COARSE Subroutine 

The convergence measure, "SUM," i s  f i r s t  i n i t i a l i z e d  t o  zero;  then 

t h e r e  i s  a DO loop which s t e p s  through t h e  coa r se  l a t t i c e  i n  t h e  r a d i a l  

d i r e c t i o n  f o r  all point:; i n s i d e  t h e  o u t e r  boundaries ,  which are l e f t  a t  

zero v e c t o r  p o t e n t i a l .  

used i n  t h e  r e l a x a t i o n  c a l c u l a t i o n s :  

Then several q u a n t i t i e s  are def ined which are 

RI = a i r  = i n v e r s e  of r a d i u s  i n  l a t t i ce  spac ings  

RH = R L / 2  

XI = 4 + 
X3 = 1 -4- ( ~ 1 2 2 2 )  

X4 = 1 - ( a / 2 r )  

61 = radial index i n  t h e  f i n e  l a t t i c e  which corresponds t o  t h e  va lue  of 

M i n  the c o a r s e  l a t t i c e  

I2 = 4 = va lue  of t h e  a x i a l  index i n  t h e  f i n e  la t t ice  where t h e  i n i t i a l -  

i z a t i o n  p rocess  starts, corresponding t o  t h e  value N = 2 i n  t h e  

c o a r s e  la t t ice;  t h i s  is j u s t  i n s i d e  t h e  lower boundary, which 

is  never  changed from zero v e c t o r  p o t e n t i a l  

The DO loop i n  l ine 11,600 causes t h e  program t o  step through the 

c o a r s e  l a t t i c e  i n  the axial d i r e c t i o n  f o r  a l l  p o i n t s  i n s i d e  t h e  boundary. 

I f  t h e  p o i n t  is i n  t h e  t r a n s i t i o n  r eg ion  [MAT(M,N) = 13, according 

t o  t h e  tes t  i n  l i n e  11,800, t h e  r e l a x a t i o n  p rocess  is  bypassed, and t h e  
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v a l u e s  of the RZ and Tm p a r t s  are i n i t i a l i z e d  from t h e  f i n e  l a t t i c e  i n  

l i n e s  13,500 and 13,600. 

Otherwise,  t h e  RZ and im p a r t s  of A ( R , Z )  are c a l c u l a t e d  by t h e  

r e l a x a t i o n  a lgor i thm,  us ing  t h e  express ions  f o r  X5 and X6. Lines 14,200- 

14,400 make Lhe c a l c u l a t i o n  f o r  a i r ;  l i n e s  14,800-15,000 f o r  the c o i l  

Kegion; and l i n e s  15,400-15,600 f o r  the m e t a l .  'i'he v a l u e s  found are 

over re laxed  i n  b ines  16,200-16,500, and t h e  convergence measure "SUM" i s  

c a l c u l a t e d  i n  l i n e s  16,600-16,700. 

FINE Subrout ine 

The f i n e  l a t t i c e  boundary v a l u e s  are  i n % t i a l i z e d  i n  lines 1.9,500- 

20,800. The va lues  a t  p o i n t s  coincidi-ng w i t h  coarse l a t t i c e  p o i n t s  are 

c a l c u l a t e d  i n  l i n e s  19,500-20,100. T h e  RZ and Im p a r t s  a t  f i n e  l a t t i c e  

p o i n t s  between tiis. c o a r s e  l a t t i c e  boundary p o i n t s  are set equal. t o  

va lues  l i n e a r l y  i n t e r p o l a t e d  between t h e  val.ues a t  t h e  neighbori.ng 

c o a r s e  l a t t i c e  p o i n t s .  

I n  l i n e s  22,600-23,200 t h e  r e l a x a t i o n  formu1.a~ f o r  a n  inhomogeneous 

medium are app l i ed  and over re laxed ,  The v a r i o u s  quant i . t i es  used i n  t h e  

r e l a x a t i o n  are def ined  i n  l i n e s  21,100-22,200. The on1.y one r e q u i r i n g  

f u r t h e r  explana t ion  i s  AOR, which i s  t h e  r e c i p r o c a l  of t h e  r a d i u s  i n  

f i n e  l a t t i c e  spac ings .  The r a d i u s  m i s t  be  measured f r o m  t h e  central  

a x i s  of t h e  problem, iiot from M = 1 i n  t h e  f i n e  l a t t i c e ,  and t:'nerefore P 

i s  a f a i r l y  l a r g e  number i n  terns of f i n e  l a t t i c e  spac ings .  

OUTPUT Subrout ine 

In l i n e s  25,000-25,400 are i n s t r u c t i o n s  t o  p r i n t  t h e  v e c t o r  p o t e n t i a l  

i n  t h e  coa r se  l a t t i c e  f o r  r a d i i  OUI. to  M = 30 and  f o r  2 v a l u e s  from t h e  

c e n t e r  of  t h e  c o i l  (whcrc N = 51) down to  N = (40. It  i s  understood t h a t  

t he  converged va lues  are symmetrical aboutl t h e  c o i l  c e n t e r  i n  this 

p a r t i c u l a r  problem, 

I n  l i n e s  26,000-26,400 are i n s t r u r t i o n s  t o  p r i n t  the corresponding 

Ri? and IIR p a r t s  a t  f i n e  l a t t i c e  p o i n t s  from t h e  c o i l  midpos i t ion  (K = 151) 

t o  K = 140 f o r  a l l  va lues  of t h e  r a d i a l  index  J (which goes f rom J = 1 

t o  13 ) .  
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DISCUSSION OF MODIFICATIONS TO THE PROGRAM 

Seve ra l  v e r s i o n s  o f  t h e  program have been t r i e d  with d i f f e r e n t  

v a l u e s  of t h e  pe rmeab i l i t y  of t h e  c e n t r a l  m e t a l  conductor,  from 11 = 1 

t o  Ll = 200. 

A comparison of t h e  a c c u r a t e  ENDFTL p o t e n t i a l s  and t h e  RELAX r e s u l t s  

€ o r  a m e t a l  of u n i t  pe rmeab i l i t y  is  shown i n  Table 1. The magnitudes 

are w i t h i n  10% and t h e  phases are wi th in  I" of t h e  c o r r e c t  va lues  a t  the 

l a t t i ce  p o i n t s  w i th  v a l u e s  of M = 7,  11, 15, 19  and N = 4 1 ,  45, 49. 

Some of t h e  disagreement may b e  caused by inexac t  matching of t h e  ENDFTL 

and RELAX p o i n t s  of eva lua t ion .  

An e x t r a f i n e  l a t t i ce ,  t w i c e  as f i n e  as t h e  usua l  f i n e  l a t t i c e ,  has  

a l so  been t r i e d  f o r  t h e  case when t h e  metal pe rmeab i l i t y  is  11 = 4 .  ldheri 

compared w i t h  t h e  "exact" v a l u e s  of t h e  v e c t o r  p o t e n t i a l  obtained from 

t h e  EWDFTL program, t h e  r e s u l t s  are as shown i n  Table 2. The e x t r a f i n e  

l a t t i ce  gave magnitude e r r o r s  only about one-third as l a r g e  as those f o r  

t h e  r e g u l a r  f i n e  l a t t i ce ,  and t h e  phases w e r e  about 7" c l o s e r  t o  t h e  

ENDFTL va lues .  Thus i t  i s  ev iden t  t h a t  t h e  e x t r a f i n e  l a t t i c e  i s  a 

cons ide rab le  improvement, and t h e  l a t t i c e  should perhaps be even f i n e r .  

However, t h i s  i s  somewhat d i scourag ing ,  s i n c e  t h e r e  are a l r eady  almost 

as many p o i n t s  i n  t h e  f i n e  l a t t i ce  as i n  t h e  c o a r s e  l a t t i ce ,  and 1-1 = 4 

i s  a r a t h e r  s m a l l  pe rmeab i l i t y  f o r  a ferromagnet ic  medium. Presumably, 

f o r  a l a r g e r  pe rmeab i l i t y ,  an excess ive ly  f i n e  l a t t i c e  would h e  r equ i r ed  

t o  make t h e  d e r i v a t i v e s  remain s u f f i c i e n t l y  s m a l l .  From t h i s  s t andpo in t ,  

i t  now s e e m s  p r e f e r a b l e  t o  have only one l a y e r  of boundary p o i n t s  between 

media and u s e  a s e p a r a t e  set of boundary c o n d i t i o n s  f o r  them, r a t h e r  

t han  us ing  a "smooth" t r a n s i t i o n  l a y e r  of inhomogeneous material t o  keep 

t h e  d e r i v a t i v e s  s m a l l .  The reason we used t h e  t r a n s i t i o n  l a y e r  approach 

h e r e  w a s  t h a t  w e  had t h e  u l t i m a t e  aim of making three-dimensional re- 

l a x a t i o n s ,  i n  which t h e  boundary cond i t ions  are coupled and q u i t e  complex, 

so t h a t  i t  s t i l l  seems t h a t  t h e  inhomogeneous t r a n s i t i o n  laycr tipproach 

would b e  p r e f e r a b l e  f o r  t h a t  s o r t  of problem. 

Probably some of t h e  PRINT s t a t emen t s  could be nmifrted. Amor~g 

t h e s e  are t h e  ones f o r  p r i n t i n g  t h e  map of t h e  f i n e  l a t t i ce .  And t h e  

ones €o r  p r i n t i n g  I T  and SUM could be moved from l i n e s  7000-7500 to  



T a b l e  1. Comparison of ENDFTL and RXLAX r e s u l t s  f o r  metal of anit p e r m e a b i l i t y  

( A l l  magnitudes s h o u l d  b e  m u l t i p l i e d  by phases a re  in d e g r e e s )  

7 11 1 5  19 

ENDFTL RELAX E r r o r  ENDFTL RELAX Error ENDFTL R E L U  Error ENDFTL RELAX E r r o r  
Z R 

4 1  Mag. 5 .816 5 .234  -10% 9 .783  8.815 -9.89% 13.822 12 .424  -10.11% 17.737 15.964 - l G . O O %  
-9.02 -8.:8 4-6.84" PI1 . -15.33 -14.38 +0.95" -13.87 -12.98 +0.89" -11.75 -10.93 M . 8 5 "  

45 Mag. 6.678 6 . 0 8 5  -8.58% 1 1 . 4 2 5  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 M . 7 8 "  

49 Mag. 7.1955 6 . 6 0 2  -8.26% 12.456 11..444 -8 .13% 18.589 17 .135  -7.82% 26.477 24 .655  -6.88% 

Ph . -14.33 -13.41 +0.89" -12.66 -11.85 i-G.81" -10.24 -9 .51  M . 7 3 "  -7.12 -6.43 +0.69" 

T ~ ~ I ~  2 .  ~ ~ ~ ~ ~ r i ~ ~ n  o f  v e c t o r  p o t e n t i a l  o l l t a i n r d  w i t ) ,  ENDFTL and with RELAX 

( F i n e  l a t l ~ r r  v r r s i o n  i i f  4 Hov. 1975  a n d  e x t r a f i n e  l a t t i c e  v e r s i o n  o f  1 3  Kov. 1975)  

( A l l  m a g n i t u d e s  s i m u l d  h r  m u l t l p l l e d  b v  lo- ' :  I, = 4 ;  phases are ,n deerres )  
~ ~ . 

7 11 1 5  1 9  

RELAX Extra- :w LAX Extra- RELAX Excra- RELAX Extra- 

~~~~ ~. 
~ ~~~~~~~~~~~ ~~ 

Z h  

ENDFTL f i n e  E r r o r  f i n e  F r r o r  EN:IFlL f i n e  Lrror flne L r r O r  ENDSTL fine &KrOr f loe  ErrOK ENDFTI. f :ne E r r o r  f i n e  Er ror  

4 1  Yag. 6.L5 1 1 . 4 2  +85.Y: 1 .90  + 2 8 2  1 0 . 2 2  1 9 . 3 1  +R9.2; 3 .37 7 0 . 8 1  .4 .23  27.66 +9 13. i8  36.66 +101.7>. 25 .45  +4, j .O% 

~~ 

P h .  -4 .19 -94.89 -40.70" - 3 7 . 9 6  -33 .77"  -3 .81  - j Y , ; 2  -i1.il0 - J 2 . 3 2  - 2 8 . 5 1 "  - 3 . 2 6  -33 .64  -27.36 '  - 2 < . 8 5  -20.59 '  -2 .52 - 1 9 . 7 7  -17.25" -12.97 -10 .45"  

45 Hag. 8 . 4 5  1 3 . 0 1  + 5 3 . 9 i  9 . 3 4  +10 .5?  :4 .10  22.32 +26.17. 16 .20  t14 .9 :  1 9 . 7 0  3 2 . 8 5  +66.72 24 .12  12L.4/ .  2 5 . 3 4  45.57 +79.8% 33 .70  +35.0Z 

Pi , .  - 3 .87  -43.54 -39.67" - 3 6 . 8 5  -JZ.98"  -3 .54  -37.54 -34 .00 '  - 3 0 . 9 0  -27.36 '  -0 .29  -2R.75 -28 .46"  -22 .40  -22 .11"  -2 .22  -17.76 -15.54" -11.13 -9.51' 

49 Mag. 6 . I b  14 .00  +127.2% 10 .22  +65.9: 17 .70  24.16 +L4.5L 1 7 . 9 3  + 1 . 3 2  21 .02  36.4)  +45.7/, 1 7 . 4 3  +Y.bX 32.67 52 .82  +61.71 40.72 +24 .6% 

P h .  -4 .19 -42 .53  -36.44" -36 .24  -32 .05"  -3 .30  -36 .59  -33 .29 '  -30 .20  - 2 6 . 9 "  -3.27 -27 .62  -27 .55"  - 2 1 . 6 1  -21.34 '  -1 .98  -16.27 -14.29" -10.77 -8.79' 
- -____ __ -~ ~ ~ ~~~~~ 
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l i n e s  24,725-24,750,  wi th  t h e  p r i n t  number changed from 60, so t h a t  t h e  

number of  i t e r a t i o n s  and t h e  SUMwould only b e  p r i n t e d  a t  t h e  end of 

every 500 i t e r a t i o n s .  

In  o r d e r  t o  produce more r a p i d  convergence, t h e  o v e r r e l a x a t i o n  

c o n s t a n t ,  CC, could b e  inc reased  f rom 1.0 t o  1.5 o r  1 - 7 5 .  However, care 

must b e  e x e r c i s e d ,  since t h e  immediate replacement of t h e  o l d  va lue  wi th  

t h e  new, r e l axed  va lue  makes i n s t a b i l i t y  and o s c i l l a t i o n  somewhat more 

l i k e l y  than  wi th  t h e  usua l  r e l a x a t i o n  procedure. 

I f  a d i f f e r e n t  geometry i s  d e s i r e d ,  t h e  COMMON b lock  s t a t emen t s  

will need t o  be changed, as  w e l l  as t h e  LATT subrou t ine ,  t h e  i n i t i a l -  

l z a t i o n s  i n  t h e  COARSE and FINE s u b r o u t i n e s ,  and t h e  PRINT ranges i n  

t h e  OUTPUT subrou t ine .  I n  E act , only t h e  relaxat ion  and o v e r r e l a x a t i o n  

a lgo r i thms  can b e  c a r r i e d  over  w i th  any confidence,  a l though t h e  method 

of s h i f t i n g  back and f o r t h  t o  t h e  f i n e  l a t t i c e  w i l l  s t i l l  be  v a l i d  and 

al though i t  might be changed t o  s h i f t i n g  between boundary and nonboundary 

p o i n t s .  

USZNG THE PROGRAM ON A TLME-SHARING COMPUTER 

The R E M . F 4  f i l e  may be  read o f f  t h e  magnetic t ape  i n  t h e  MONITOR 

mode wi th  t h e  command 

FILE R, D622, RELLY.F4 

I f  d e s i r e d ,  i t  can then  be  l e f t  s t o r e d  on t h e  user 's  d i s k  f i l e .  When 

s u f f i c i e n t  t i m e  h a s  e l apsed  f o r  copying t h e  f i l e  from t h e  t ape ,  t hen  t h e  

commands 

EDIT KELAX.F4 

.P100:5500 

will cause the f i r s t  55 lines to be p r i n t e d .  

The i n p u t  parameters are mostly l o c a t e d  in t h e  M A I N  c o n t r o l  r o u t i n e  

and are explained i n  t h e  comment l i n e  j u s t  preceding t h e  parameter 

i npu t .  I n  t h e  EDIT mode, one can j u s t  r e p l a c e  t h e  d a t a  l i n e  by typing 

. R ( l i n e  number) ( c a r r i a g e  r e t u r n )  
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and then  r e typ ing  t h e  l i n e  wi th  the c o r r e c t  d a t a  a f t e r  the ' re le type  

r e p r i n t s  t h e  l i n e  number. Remember t h a t  t h e r e  are s i x  spaces  a f t e r  the 

l i n e  number be fo re  t h e  parameter i s  given. 

The d a t e s  i n  l i n e s  200 and 1300 should probably be  changed, s o  as 

t o  keep t r a c k  of  t h e  v e r s i o n  hei-ng. run. 

I f  t h e  m e t a l  perii ieabil i ty,  UM, i s  changed i n  l i n e  2400,  t h e  DATA 

statement i n  line 27,900 should a l s o  b e  changed, It  shotild s ta r t  w i t h  

f o u r  va lues  equal  t o  UM and end wi th  four  val:ues of  1 . 0 ,  w i th  f i v e  

in t e rmed ia t e  v a l u e s  i n  between, For example, i f  UM = 4 . ,  t h e  DATA 

s ta tement  might b e  
% *  

DATA V / 4 * 4 . ,  3.5,  3 . ,  2.5,  2,, 1.5, 4*1../ 

I f  t h e  f i n e  l a t t i c e  spacing i s  chatlged from i ts  p resen t  one-third coa r se  

l a t t i c e  va lue ,  t h e  riuniber of i n t e rmed ia t e  d a t a  va lues  must be  inc reased .  

For example, i f  an e x t r a f i n e  l a t t i c e ,  twice as f i n e  as air p r e s e n t ,  i s  

used,  t h e r e  should b e  7 values equal t o  UM, fol-lowed by 11 intermediatt :  

va lues ,  and ending wi.th 7 va lues  equal  t o  1. making a t o t a l  of 25 d a t a  

v a l u e s  i-nstead o f  t h e  p re sen t  13. 

S i m i l a r l y ,  i f  the. conduc t iv i ty  of the  m e t a l  i s  changed from CONM = 

2.8E6 i n  l i n e  2600, t h e  conduc t iv i ty  d a t a  i n  l i n e  28,000 should a l s o  be  

changed, s t a r t i n g  wi th  4 values equal  to CONM, followed t y  5 in t e rmed ia t e  

val.ues, and ending wi th  4 va lues  of zero.  A s  befo re ,  i f  a di-Eferent 

f i n e  l a t t i c e  spac ing  i s  used,  a d i f f e r e n t  nuniber of d a t a  va lues  w i l l  be  

r equ i r ed .  

P f  i-t i s  no t  d e s i r e d  t o  have p r i n t o u t s  eve ry  500 i t e r a t i o n s ,  b u t  

on ly  a t  t h e  end, t hen  t h e  NW s ta ten ien ts  can be  d e l e t e d  ( l i n e s  5300, 

7500, 7600, 7700, 7800) with t h e  commands 

D7.500: 7800 

The number of i t e r a t i o n s  can be  changed by a l t e r i n g  IMIN i n  l i n e  

5500. It should probably be  a t  l ea s t  2500 ( s e e  F i g s .  3 and 4 ) ,  u n l e s s  

CC i s  g r e a t e r  than 1. 
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I f  one wants t h e  r e s u l t s  t o  be p r i n t e d  ou t  on t h e  Teletype t e rmina l ,  

i n s t e a d  of  t h e  l i n e  p r i n t e r ,  one can change a l l  t h e  PRINT s t a t emen t s  t o  

TYPE. Th i s  i s  most e a s i l y  done wi th  TECO. 

The program is set up f o r  a r e c t a n g u l a r  c o i l  centered a t  

[ ( I R - l ) a ,  IZa] e n c i r c l i n g  a metal rod of r a d i u s  ( ~ B - ~ ) L Z ,  r e l a t i v e  p e r -  

m e a b i l i t y  UM, and conduc t iv i ty  CONM. For any o t h e r  geometry, ex tens ive  

mod i f i ca t ions  t o  t h e  LATT s u b r o u t i n e ,  t h e  COMMON b locks ,  and t h e  i n i t i a l -  

i z a t i o n  procedures  w i l l  be  necessary.  

Given i n  t h e  appendix is  a p r i n t o u t  of a sample  run f o r  a c e n t r a l  rod 

of r e l a t i v e  pe rmeab i l i t y  U!4 = 4 ,  c o n d u c t i v i t y  CONM = 2.8 x l o 6  m h o s / m ,  and 

r a d i u s  of 20 l a t t i c e  spac ings ,  e n c i r c l e d  by a c o i l  of square c r o s s  

s e c t i o n  ( t h r e e  l a t t i c e  numbers on a s i d e ) ,  cen te red  a t  a r a d i u s  of 25 

l a t t i ce  spac ings  ( r a d i a l  index = 26) .  The rest of t h e  r eg ion  is  assumed 

t o  b e  a i r ;  t h e  t r a n s i t i o n  r eg ion  extends from r a d i a l  index 19 t o  21,  and 

t h e  f i n e  l a t t i ce  h a s  spac ings  one-third as large as t h e  c o a r s e  l a t t i ce .  

The c o a r s e  and f i n e  l a t t i c e  m a p s  are p r i n t e d  o u t  immediately a f t e r  t h e  

program, followed by t h e  v a l u e s  of SUM a t  v a r i o u s  i t e r a t i o n s .  

The R1! and Trfi p a r t s  of t h e  v e c t o r  p o t e n t i a l  i n  t h e  c o a r s e  and f i n e  

l a t t i c e s  nea r  t h e  c o i l  are a l s o  p r i n t e d  o u t  a f t e r  every 500 i t e r a t i o n s .  

The v a l u e s  of M, t h e  radial .  index, are given a t  t h e  l e f t  s i d e  and i n c r e a s e  

downward, while  t h e  a x i a l  index, N ,  i s  given a t  t h e  top and i n c r e a s e s  t o  

t h e  r i g h t .  The c o i l  i s  cen te red  a t  M = 27, N = 51 i n  t h e  c o a r s e  la t t ice .  

The p o i n t s  i n  t h e  c o a r s e  l a t t i c e  which are compared wi th  t h e  ENDFTL 

va lues  are l o c a t e d  a t  (M,N)  = (7 ,41) ,  (7 ,45) ,  ( 7 , 4 9 ) ,  ( 1 1 , 4 1 ) $  {11,45) ,  
(11,49) , (15,41) , (15,45) , (15,49),  (19 , 4 1 ) ,  ( 1 9 , 4 5 ) ,  (19,49) . The 

f i r s t  p o i n t  i s  t h e  one f a r t h e s t  from t h e  c o i l ;  t h e  l a s t  is  n e a r e s t  t h e  

c o i l ;  t h e s e  are the p o i n t s  f o r  which d a t a  are p l o t t e d  i n  F i g s .  3 and 4 .  

A t  each of t h e  p o i n t s ,  t h e  upper number i s  t h e  real  p a r t  of t h e  vec to r  

p o t e n t i a l ,  and t h e  lower number is t h e  imaginary p a r t ,  i n  mksA u n i t s .  

For determining eddy-current h e a t i n g ,  f o r c e s ,  e tc . ,  only t h e  v a l u e s  

i n s i d e  t h e  m e t a l  are important ,  and they can be used t o  c a l c u l a t e  o t h e r  

e l ec t romagne t i c  q u a n t i t i e s  of i n t e r e s t ,  as exp la ined  i n  an earlier 

r e p o r t .  5 

5C. V. Dodd and W. E. Deeds, ScaZ'klg ReZat*ions for Eddy Current Phe- 
nomena, OWL-5077 (November 1975) a 
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As s t a t e d  p rev ious ly ,  t h e  purpose of 

r e l a x a t i o n  program w a s  t o  test t h e  method 

and f i n o  l a t t i c e  r e l a x a t i o n s  f o r  use  i n  a 

w r i t i n g  t h i s  two-dimensional 

of a l t e r n a t i n g  between coa r se  

three-dimensional unsymmetrical 

s i t u a t i o n .  In  o r d e r  t o  test  t h e  method, t h e  program w a s  wr i . t t en  t o  

d u p l i c a t e  a symmetrical confi-gurat ion whose s o l u t i o n  w a s  a c c u r a t e l y  

known. Therefore ,  t h e  program has  been s p e c i a l i z e d  t o  t h e  c y l i n d r i c a l l y  

symmetric e n c i r c l i n g  c o i l .  I f  a more complicated,  b u t  s t i l l  a x i a l l y  

syrmet r ic ,  problem i s  t o  be  sol.ved, almost the e n t i r e  program needs 60 

be  r e w r i t t e n .  The r e l a x a t i o n  calculali:i.ons i n  t h e  coa r se  and f i n e  

l a t t i c e s  w i l l  s t i l l  be  v a l i d ,  bu t  a11 of t h e  i n i t i a l i z i n g  r o u t i n e s  w i l l  

probably need modi f ica t ion ,  and i t  i s  impossib1.e t o  say i n  gene ra l  

whether i t  wou1.d be  easier t o  init iali .zt .2 i n d i v i d u a l  l a t t i ce  p o i n t s  o r  t o  

w r i t e  sub rou t ines  t o  i n i t i a l i z e  v a r i o u s  groups of p o i n t s ,  as has been 

done here .  

A f t e r  al l .  e d i t i n g  changes have been made, one can save them by 

typing  

Q 

and a c a r r i a g e  r e t u r n .  Then one  can e x i t  and remove the l i n e  nuruibers by 

typ ing  

B 

fol.l.owed by a c a r r i a g e  ret:urn. 

To run  t h e  program on t h e  360/91 from a Tele type  re rmina l ,  ocie 

needs t o  type  a j o b  card ,  say JOB-JCL a s  fo l lows:  

/ / ( j o b  name) (space)  J O B  (space)  (charge No.), ' ( b i n  des igna t ion )  ' 
/"ROUTE (25 spaces)  PRINT (space)  T,OCAL 

//'/"CLASS (space)  CPU91 = 10M, REGION = 3 6 Q K  

/ / ( space )  EXEC (space) E'ORTHCLG, PARM.FORT = "XKEF," PARM.GO = 

'13IIMp = I' 

//FORT.SYSIN (space)  DD (spaLce)9; = RELAX. F/t 
/ k 

/ /  
ENDTNPUT 

%R: JOB. JCL 
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A f t e r  t h e  computer r e t u r n s  wi th  an  EXIT and a pe r iod ,  t hen  type  

IBH (space) JOB.  JCL 

A f t e r  t h e  t e rmina l  s t o p s  responding t o  t h i s ,  t ype  

TO (space) DISPATCHER 

Then t h e  computer w i l l  come back with a number of ques t ions  t o  which you 

should t y p e  t h e  answers, such as 

J O B  N M :  D 

REGION SIZE: 360 
PHONE NUMBER: 

SEND I T :  YES 

Now you can f i n a l l y  s i g n  o f f ,  i f  you wish. 
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C R = L A X * F 4 .  A 2 - 0  A X I  S Y M M t T C ; l C  R E L A X A T I O N  PHClGClAM 
C V t R S I O N  O F  1 1  D t C F W a E R  1974 
c 
C * * *  M A I N  C O N T R O L  ROUTINE 
c 

RFAL L l r L 2  
C UN M O N f I A  ( 6 9 1 f? 1 8 e H ( 6 0 F 1 0 I. J e A F  t 1.3 * 30 1 1 * UF < 1 3 e 313 1 t 

~ A A P  AAFw AC ri353r TJLJFeBC 9 I E ) r W e  I R  s I L s  SISUHI J s W M * C O N M s  C C * F *  
Z N Y I C U R I X ~  s P F R R ( 2 9 1  . P T R L ( Z C 1  9 

3CONDi 20) 9 M A T (  60 s 1 C l  8 M A T F  ( 1 3 . 3 C  1 )  
C 

P R I N T  2 
2 F U R M A T (  R E L A X  11 OECEHHEF '1975 * )  

C IU=l+(dQUNOARY R A D I U S  I N  L A T T I C E  S P A C I N G S )  

c CT=CONVERGENCF T E S T  C O N S T A N T  F O R  

c F = F R E Q U F N C Y  I N  H E R T Z  

I0=2 1 

C T = ) . O @ *  

F = l  *E3  
P I = 3 *  1415926536 

C *=MU Z F U C l * O M E G A = $ 4 P X * E - 7 )  + ( E P I * F )  

C U M = P E R W E 4 B I L I T Y  OF THE METAL 

(3 C O N M = C O N D U C T I V X T Y  OF T W F  M E T A L  

C t C = O V € H - R F L A X A l I O N  C O N S T A N T (  I < C C < 2  t 

W=8.*PI*PI* P.E-f*F 

uM= 1 0  

CDNM=2. E 6  

C C =  1 c 

R 3 A R s . O  1 
C H d A R = U E A Y  C O I L  R A O I U S  Ih Y t T t R S  

C I f ~ = I + ( N U M O E R  OF L A T T I C E  SPACI  h G 5  I N  HUAR) 
I Q = 2 7  

c RNIS=MEAIU C O I L  R A D I U S  IN L P T T I C E  SPACINGS 
R N S Z F L O A T  I H -  1 B 

C H Z L A T T I C f  S P A C I N G  I N WETEf.5 

C C i l i C P T = W M 3 C R  O F  L A T T I C E  F C I N T S  I N  THE C O I L .  

C LL=NUHMALIZtD 2-COORDINATk UF Q h E  END O F  C O I L  

H =H H AR /RN S 

C O I  L P T 2 9 r  3 

L 2= e 1 1 538 

L t = P * l )  

R 1 ~ ~ 9 4 2 3 1  

R 2= 1 CS76g 

C U 9 = 1 . 2 5 6 6 4 E - 6 / 1  RNS*RNS*(F2-R1) * t L 2 - L 1 )  B 

I z=51 

C CI=NORHALIZEO Z-COORDINATE OF a n - i f ; R  ENO OF c u r k  
C R l = N O R N A L I L E D  INNER C C I L  F A D l U S  

C R 2 = N O R M A L f Z E D  CUTER C C I L  F A O i U S  

C C W = M U  L E m / c R n s s - s E c r .  A F E A  GF C C I L  IN LATTICE SOUARES 

C I . z = z - C u w o r N ~ T ~  at= C O ~ L  C t h r E G  
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C 
5C C A L L  COARSE 

c 
55  C A L L  F P N f  

C 
c 

c 
C 

c 
c 
c 

C 
C 
C 

c 

c 
C 

c. 
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131 
132 (3C 
1 33 30 
134 r)Q 
1 759c 
1 IS 30 
IZ7W 
138 Cr 
1 3 9 C 3  
1.40 oc 
141 CC 
142 00 
I 43 OP 
1 44 O@ 
14500 
146 OC 

148w 
1 4990 
1 50 nc 

i w c c  

C 
C 

C 

C 

c 
C 

C 

c 

C 
C 
C 
C 
c 

t 
C 
C 

c 
C 
c 

c 
C 
C 

C 
c 
C 

STEP T H G 3 U G H  L A T T I C E  I N  H E 2 DiHtCTlOMS R E S P E C T I V E L Y  

P O I N T  I N  F I N E  L A T T I C k : V A t U E  T R A N S F E R R E D  T O  CnAHSE L A 7 T  

10 CONTINUE 
A I M  * N ) = A F {  I 1  r $ 2 )  
t%IH1N)=bF(Ilr121 
I z= I2+3 
GO TI1 55 

I N  A I R  

20 A C = X J / X I  
BC= X 6 / X  1 
G O  T O  56 

IN THE COIL: CU'X=NIZ*U*J C Q N D U C T I Y I T Y  A S S U M E 0  0 

3 P  A C = ( C U Q + X S ) / X l  
BC= X 6 / X  1 
GO TO 5C 



151 
152 
15300 
1 5400 
15500 
15606 
1 57 BO 
155 
1% 
1 eo rn 
161 CO 
162 OCi 
1-W 
164 Q0 
165CK' 
1 66 08 
167 00 
168m 
1 6 9 0 C  
178 00 
171 oe 
17200 
1 73 00 
17460 
17508 
176QO 
17780 
1 P8 00 
179 00 
1 8 O C C  
181 O@ 
182 CCI 
1 83 (9c 
1 84 oe 
1 @6 OC 
187m 

1 8QOC 
190 OC 
151 BO 
1 92 00 
19300 
194 QO 
195 eo 
1 9 6 O C  
197oc 

1 99 00 
200 60 

i a500 

1 aaoe 

igam 

t 
c 
C 

C 
c 
c. 
c 

t 

c 
C 
C 

c 

c 
c 
c 

c 
c 
C 

C 
C 
C 

c 

C 

4 0  

50 

55 
60 

I N  THE M E T A L  

DEN=I  * / ( X l * x I * X 2 * x 2 B  
A&=(  X 5 * x l + X d * X 2 )  *DEN 
B C= ( X 6 *  X 1 -  X SQ! X 2 ) *DE N 

O V E R - R E L A X A T I  C N  IS P E R F O R  WED AND CHANGE I N  L A T T I C E  
V A L U F S  F?BH P R E W L W S  R E L A X A T I O N  LS C A L C U L A T E D .  
CON VERGENCE MEASURE 'SUMw IS INCREMENTED 

A C = A C - A < H e N )  
BG=Bt-B1.M . M I  
A 6 M  e N ) = A (  M *N)  +CC*AC 
BdMmN)=B(  MrN) +CC*@C 
S = A B S ( A C ) * A B S ( B C I  
SUM=§UM+S 
C O N T i N U E  
CONTINUE 

RETURN 
E NQ 

* ** * f ** * * *t ** ****** 4 **+ S(r4 *I o *  ** 4* at* ** **** *a ** *L 
S W R O U T I M E  FINE 

C O N M U N / / A  60 r 101 3 .A I b 01 10 1) . A F (  13 9 301 1 e f3F 1.13 . 30 1 )  e 
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D O  50 fl=l I 3  
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I F ~ M A T F ~ M * ~ ) * E Q S O ) G O  TO 1 0  
OTHERWI SE c PERFORM R E L A X A T I  G N  
GO ra 30 
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I T = < b 4 + 2 ) / 3  
I l = C O A R S E  L A T T I C E  R C a R R E S P * T C  F I N E  L A T T I C E  M 
1 1 ~ ( I 6 + 6 M - 7 ) / 3 )  
AF1. M r N) =A < I 1 r I 2 1 
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