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S e c t i o n  1 

Here  we p r e s e n t  a n  o v e r a l l  summary o f  t h e  p r i n c i p a l  a c h i e v e m e n t s  d u r -  
i n g  t h e  c o u r s e  of  t h e  i n v e s t i g a t i o n s  c a r r i e d  o u t  unde r  t h i s  p h a s e  of  t h e  
r e s e a r c , h  c o n t r a c t .  

I n  S e c t i o n  2 we g i v e  a n  o v e r a l l  summary o f  t h e  Non-Des t ruc t i ve  Methods 
t h a t  u t i l i z e  t h e  i n t e r a c t i o n  o f  e l e c t r o m a g n e t i c  f i e l d s  w i t h  t h e  s ample .  
Some s p e c i f i c  t o p i c s  a r e :  Some E a r l y  NUT Work i n  Eng land ,  The 1mportar . t  
E f f o r t s  by Semmelink i n  S o u t h  A f r i c a ,  More Recent  A p p l i c a t i o n s  and  P r a c t i c e s ,  
E a r l y  T h e o r e t i c a l  I n v e s t i g a t i o n s ,  R e l a t e d  I n v e s t i g a t i o n s  i n  G e o p h y s i c a l  
P r o s p e c t i n g ,  More Recent  A n a l y t i c a l  S t u d i e s ,  An A l t e r n a t i v e  F o r m u l a t i o n  f o r  
S o l e n o i d  E x c i t a t i o n ,  The Dual  Problem,  and  f i n a l l y  we i n t r o d u c e  The P r o l a t e  
S p h e r o i d a l  Void Model of H i l l  and Wai t  t h a t  i s  c o v e r e d  i n  more  d e t a i l  i n  
l a t e r  s e c t  i o n s .  

I n  S e c t l o n  3 we d e a l  w i t h  t h e  e l e c t r o m a g n e t i c  t h e o r y  o f  a n  i n f i n i t e l y  
l o n g  c y l i n d e r  f o r  t h e  c a s e  when t h e  e l e c t r i c a l  c o n d u c t i v i t y  and t h e  m a g n e t i c  
p e r m e a b i l i t y  a r c  u n i - a x i a l  t e n s o r s .  T h i s  i s  a n  i d e a l i z e d  y e t  r e l e v a n t  mo- 
d e l  f o r  a s t r a n d e d  w i r e  r o p e  or  c a b l e  t h a t  i s  t o  b e  e x c i t e d  b y  a n  e x t e r n a l  
a l t e r n a t i n g - c u r r e n t  s o u r c e .  The g e n e r a l  and s p e c i a l  f o rms  of  t h e  s o l u t i o n  
are  d i s c u s s e d  i n  t h e  c o n t e x t  of n o n - d e s t r u c t i v e  t e s t i n g  (NDT) o f  t h e  r o p e .  
The method of d e d u c i n g  t h e  e l e c t r o m a g n e t i c  r e s p o n s e  f o r  a f i n i t e  s o J r c e  i s  
d e s c r i b e d  i n  t h e  s p e c i a l  c a s e  where  a z i m u t h a l  symmetry p r e v a i l s .  

I n  S e c t i o n  4 a r e m a r k a b l y  s i m p l e  and n o v e l  s o l u t i o n  i s  o b t a i n e d  f o r  
t h e  f i e l d s  i n d u c e d  i n  a n  a n i s o t r o p i c  c y l i n d r i c a l  s h e l l  t h a t  i s  l o c a t e d  co-  
a x i a l l y  w i t h i n  a l o n g  s o l e n o i d .  T h i s  c o u l d  b e  t h e  b a s i s  o f  a n o n - d e s t r u c t i v e  
m e a s u r i n g  scheme f o r  s t r a n d e d  wire r o p e  when we have  a c t u a l l y  a c c o u n t e d  f o r  
t h e  w i n d i n g  geome t ry  i n  a r e l a t i v e l y  c r u d e  f a s h i o n .  

I n  S e c t i o n  5 we  e x t e n d  a  p r e v i o u s  a n a l y s i s  f o r  t h e  s e r i e s  impedance  of  
a l o n g  s o l e n o i d  t o  a l l o w  f o r  t h e  c y l i n d r i c a l  l a y e r i n g  of  t h e  e n c i r c l e d  con-  
d u c t o r .  The r e s u l t s  a r e  d i s c u s s e d  i n  t h e  c o n t e x t  of n o n - d e s t r u c t i v e  t e s t i n g  
o f  s t e c l  r o p e s  t h a t  may 1lC-ive e x t e r n a l  o r  i n t e r n a l  c o r r o s i o n .  I t  i s  shown 
t h a t  e v e n  a n  i n t e r n a l  l a y e r  of  r e d u c e d  c o n d u c t i v i t y  and  p e r m e a b i l i t y  w i l l  
b e  d e t e c t a b l e  i f  t h e  f r e q u e n c y  i s  s u f f i c i e n t l y  low t o  p e r m i t  p e n e t r a t i o n  o f  
t h e  p r i m a r y  f i e l d .  

I n  S e c t i o n  6 w e  p r e s e n t  a s e l f - c o n t a i n e d  a n a l y s i s  f o r  t h e  impedance o f  
a s o l e n o i d  t h a t  e n c i r c l e s  a c o n d u c t i n g  c y l i n d e r  t h a t  h a s  a n  i n t e r n a l  f l a w  
o r  anomaly  t h a t  i s  a l s o  c y l i n d r i c a l  i n  fo rm.  A p e r t u r b a t i o n  method i s  u s e d  
t o  o b t a i n  a n  e x p r e s s i o n  f o r  t h e  f r a c t i o n a l  change  of t h e  impedance  as a  
f u n c t i o n  o f  t h e  s i z e  and  l o c a t i o n  o f  t h e  anomaly .  

I n  S e c t i o n  7 we c o n s i d e r  t h e  e f f e c t  o f  a  t h i n  p r o l a t e  s p h e r o i d a l  v o i d  
i n  a n  i n f i n i t e  c o n d u c t i n g  c i r c u l a r  c y l i n d e r .  T h i s  i s  u s e d  a s  model  f o r  a  
b roken  s t r a n d  i n  a  w i r e  r o p e .  The r o p e  i s  e x c i t e d  by a n  a z i m u t h a l  m a g n e t i c  
l i n e  c u r r e n t  which i s  a  model  f o r  a  t h i n  t o r o i d a l  c o i l .  The anomalous  



e x t e r n a l  f i e l d s  a r e  computed from t h e  induced e l e c t r i c  and magnet ic  d i p o l e  
moments of t h e  v o i d .  

I n  S e c t i o n  8 we c o n s i d e r  a g a i n  t h e  t h i n  p r o l a t e  s p h e r o i d a l  v o i d  i n  an  
i n f i n i t e  c o n d u c t i n g  c i r c u l a r  c y l i n d e r .  But now t h e  r o p e  i s  e x c i t e d  by a n  
e l e c t r i c  r i n g  c u r r e n t  which i s  a  model f o r  a  t h i n  s o l e n o i d  o r  m u l t i - t u r n  
w i r e  l o o p .  The anomalous e x t e r n a l  f i e l d s  a r e  computed from t h e  induced  
e l e c t r i c  and magnet ic  d i p o l e  moments of t h e  v o i d ,  For t h i s  t y p e  of e x c i t a -  
t i o n ,  t h e  induced a x i a l  magnetic* d i p o l e  moment i s  t h e  dominant  c o n t r i b u t o r  
t o  t h e  s c a t t e r e d  f i e l d .  

I n  S e c t i o n  9 a s t r a n d e d  w i r e  r o p e  i s  a g a i n  i d e a l i z e d  a s  a  homogeneous 
c o n d u c t i n g  and permeable  c y l i n d e r  of c i r c r ~ l a r  c r o s s  s e c t i o n  and of i n f i n i t e  
l e n g t h .  The r o p e  i s  e x c i t e d  by a  c o a x i a l  s o l e n o i d  o r  f i n i t e  l e n g t h  m u l t i -  
t u r n  c o i l  t h a t  c a r r i e s  an  a z i m u t h a l l y  d i r e c t e d  a l t e r n a t i n g  c u r r e n t .  The 
n o v e l  f e a t u r e  h e r e  i s  t h a t  t h e  r o p e  and t h e  e n c l o s i n g  s o l e n o i d  may have  a  
un i fo rm v e l o c i t y  r e l a t i v e  t o  each  o t h e r .  Using a  n o n - r e l a t i v i s t i c  a n a l y s i s ,  
t h e  n a t u r e  of t h i s  dynamic i n t e r a c t i o n  i s  examined and n u m e r i c a l  r e s u l t s  
are p r e s e n t e d  f o r  p a r a m e t e r  v a l u e s  t h a t  a r e  r e l e v a n t  t o  b o t h  s t a t i c  and dy- 
namic c o n d i t i o n s  i n  n o n - d e s t r u c t i v e  t e s t i n g  of such c y l i n d r i c a l  c o n d u c t o r s .  
I t  i s  shown t h a t  t h e  dynamic i n t e r a c t i o n  w i t h  t h e  r o p e  specimen is  n o t  ap- 
p r e c i a b l y  mod i f i ed  from t h a t  f o r  t h e  s t a t i c  c o n d i t i o n  u n l e s s  t h e  m o t i o n a l  
v e l o c i t y  is  somewhat g r e a t e r  t h a n  a b o u t  1 0  m / s .  



INTRODUCTION 

Wire  r o p e s  are used  e x t e n s i v e l y  i n  many l i f e  s u s t a i n i n g  s i t u a t i o n s .  

E l e v a t o r  and mine  h o i s t  c a b l e s  a r e  two n o t a b l e  examples  b u t  we migh t  a l s o  

men t ion  t h e  s u p p o r t  c a b l e  f o r  a e r i a l  t'ramways, s k i  c h a i r l i f t s  and g o n d o l a s ,  

h e l i c o p t e r  and s u s p e n s i o n  c a b l e s .  I n  t h i s  r e v i e w ,  we w i l l  r e s t r i c t  a t t e n -  

t i o n  t o  w i r e  r o p e s  u s e d  i n  mine  h o i s t s .  The re  is  a n  o b v i o u s  need t o  p e r -  

form tests of t h e  i n t e g r i t y  of s u c h  r o p e s  w i t h o u t  i n  any way i m p a i r i n g  

t h e i r  f u n c t i o n .  Apar t  from c a r e f u l  v i s u a l  examina t ion  and measurements of 

t h e  e x t e r n a l  d i a m e t e r ,  t h e  n o n - d e s t r u c t i v e  t e s t  methods  a v a i l a b l e  u t i l i z e  

e l e c t r o m a g n e t i c  f i e l d s ,  x - r a y s  o r  m e c h a n i c a l  waves. Here  we w i l l  r e v i e w  

p r o g r e s s  i n  t h e  e l e c t r o m a g n e t i c  methods ,  

The e a r l y  h i s t o r y  of t h e  s u b j e c t  w i l l  be  d e s c r i b e d  b r i e f l y  s i n c e  t h i s  

p r o v i d e s  a  r emarkab ly  good i n t r o d u c t i o n  t o  t h e  working p r i n c i p l e s .  W e  w i l l  

t h e n  p r o g r e s s  r a t h e r  q u i c k l y  i n  t i m e  up t o  t h e  c u r r e n t l y  u s e d  t e c h n i q u e s  

and o p e r a t i n g  p r o c e d u r e s .  Next w e  d r o p  back  i n  t i m e  t o  summarize some of 

t h e  b a s i c  p a p e r s  t h a t  d e a l  w i t h  t h e  b a s i c  c o n c e p t s  and t h e  t e c h n i q u e s  for 

d e a l i n g  w i t h  t h e  t e s t i n g  of c y l i n d r i c a l  c o n d u c t o r s  by b o t h  e l e c t r i c  and 

m a g n e t i c  methods.  A t  t h i s  j u n c t u r e ,  w e  c a l l  a t t e n t i o n  t o  t h e  e x t e n s i v e  

r e l a t e d  work on e l e c t r o m a g n e t i c .  p r o b i n g  of g e o p h y s i c a l  t a r g e t s  s u c h  a s  o r e  

b o d i e s  and o t h e r  s u b - s u r f a c e  c o n d u c t o r s .  F i n a l l y ,  w e  t u r n  t o  t h e  v a r i o u s  

i n v e s t i g a t i o n s ,  p r i m a r i l y  of a  t h e o r e t i c a l  n a t u r e ,  t h a t  have  been  c a r r i e d  

o u t ;  wz i n c l u d e  h e r e  t h e  most  r e c e n t  work, i n  t h e  l a t e r  s e c t i o n s  of t h i s  

i l l(erirn stlnuniir-tr r e p o r t  w e  tltlal w i t 1 1  s l , e c i f i c  a s p e ( \ t s  i n  more d e t a i l .  



SOME EARLY NDT WORK I N  ENGLAND 

Wall  [ I ]  g i v e s  a n  e a r l y  accoun t  of t h e  d e s i g n  and o p e r a t i o n  of e l e c -  

t r o m a g n e t i c  r o p e  t e s t e r s .  The test r e s u l t s  were  g i v e n  f o r  s p e c i a l l y  con- 

s t r u c t e d  r o p e s .  Using b a s i c a l l y  a n  A.C .  t e c h n i q u e ,  h i s  method makes i t  

p o s s i b l e  t o  d e t e c t  broken wires w i t h i n  a  r o p e  t h a t  r e p r e s e n t  less t h a n  5% 

r e d u c t i o n  i n  t h e  t o t a l  c r o s s - s e c t i o n a l  a r e a .  A s  t h e  a u t h o r  i n d i c a t e s ,  t he  

i n v e s t i g a t i o n  was m o t i v a t e d  by t e s t i n g  of w i r e  r o p e s  used  i n  c o l l i e r i e s  i n  

England. But t h e  a u t h o r  a l s o  i n d i c a t e s  t h a t  o t h e r  i m p o r t a n t  a p p l i c a t i o n s  

a r e  t o  tram c a b l e s ,  a i r s h i p  mcoring r o p e s ,  and t o  s u s p e n s i o n  b r i d g e  r o p e s .  

Wall  i s  a n  e a r l y  p roponen t  of t h e  A . C .  method a s  opposed t o  D . C .  mag- 

n e t i c  t e s t i n g  f a v o r e d  i n  more r e c e n t  t imes .  He l i s t s  some of t h e  advan tages  

a s  Fol lows:  a )  t h e  r o p e  need n o t  c o n t i n u o u s l y  move th rough  t h e  magne t i c  

sys tem,  b )  t h e  A.C.  s i g n a l  i s  e a s y  t o  d e t e c t  and c )  any remnant magnetism 

d u e ,  s a y ,  t o  a  p r e v i o u s  t e s t  i s  wiped o u t .  

I!c i s  i n t e r e s t e d  i n  t e s t i n g  c o l l i e r y  r o p e s  of  t h e  locked  c o i l  t y p e  up 

t o  2% i n c h  d i a m e t e r .  I n  s u c h  locked  r o p e s ,  t h e  o u t e r  and one  o r  more of t h e  

i n n e r  l a y e r s  a r e  locked t o g e t h e r  t o  form f l e x i b l e  s h e a t h s .  T h i s  c o n s t r a i n s  

t h e  r o p e  t o  m a i n t a i n  i t s  c i r c u l a r  form a s  i t  p a s s e s  o v e r  t h e  winding drum. 

He t h e n  q u o t e s  a  c l a s s i c a l  s k i n  d e p t h  fo rmula  t h a t  g i v e s  a  g u i d e  t o  t h e  

p e n e t r a t i o n  of t h e  A . C .  c u r r e n t s  i n t o  t h e  c o r e  of t h e  rope .  H e  p o i n t s  o u t  

c o g e n t l y  t h a t ,  once  t h e  A . C .  energy  p e n e t r a t e s  th rough  t h e  o u t e r  locked  

c o i l  s h e a t h s ,  i t  w i l l  b e  " p r a c t i c a l l y "  u n i f o r m l y  d i s t r i b u t e d  th rough  t h e  

remainder  of t h e  c r o s s - s e c t i o n  s i n c e  t h e  w i r e s  a r e  s o  e f f e c t i v e l y  s t r a n d e d .  

The tests were  made by means of a  l amina ted  i r o n  yoke t h a t  h a s  pro-  

j e c t i n g  l i m b s  w i t h  machined t u n n e l l e d  h o l e s  a s  i n d i c a t e d  i n  F ig .  l a .  The 

sample  l e n g t h  of t h e  r o p e  was f i x e d  c o n c e n t r i c a l l y  i n  t h e  h o l e s .  A s e a r c h  



c o i l  of 20 t u r n s  was wound around t h e  c e n t e r  p o r t i o n  of t h e  rope  t h a t  i s  

midway between t h e  p r o j e c t i n g  l imbs.  The r e l a t i o n s h i p  between t h e  f l u x  

d e n s i t y  i n  t h e  r o p e  and t h e  peak v a l u e  of t h e  magnet iz ing e x c i t a t i o n  a t  

20 and 50 Hz was measured. Wall was a b l e  t o  a s c e r t a i n  t h a t  t h e  f l u x  pene- 

t r a t i o n  was a lmost  complete a t  20 Hz b u t  on ly  p a r t i a l l y  s o  a t  50 Hz. 

I n  t h e  same p i o n e e r i n g  p a p e r ,  Wall s t u d i e s  t h e  e f f e c t  of mechanical  

s t r a i n  on t h e  magnet ic  p e r m e a b i l i t y  w i t h  s p e c i a l  r e f e r e n c e  t o  A.C .  e x c i t a -  

t i o n .  He a l s o  examines t h e  change i n  t h e  r e l u c t a n c e  of t h e  a i r  space  due 

t o  t h e  e c c e n t r i c i t y  of t h e  rope i n  t h e  magnet system. 

He conc ludes  t h a t  " w h i l s t  a  f l a w  of abou t  3% of t h e  t o t a l  c r o s s  s e c t i o n  

i s  d e t e c t a b l e ,  a  f l a w  of abou t  5% produces  a  pronounced e f f e c t ,  w h i l s t  a  

f l a w  of abou t  18% g i v e s  a  v e r y  s t r i k i n g  d i s t u r b a n c e  of t h e  record".  Some 

of W a l l ' s  r e s u l t s  a r e  summarized i n  F i g .  l b .  

I n  a  follow-up s t u d y ,  Wall and Hainsworth [ 2 ]  i n v e s t i g a t e  t h e  way i n  

which t h e  f l u x  i s  d i s t r i b u t e d  w i t h i n  t h e  rope.  A s  t h e y  p o i n t  o u t ,  t h i s  

i n f o r m a t i o n  i s  r e l e v a n t  t o  t h e  e s t i m a t i o n  of t h e  d e p t h  of a  f l a w  i n  a  locked 

c o i l  o r  s i m i l a r  rope a s  used i n  c o l l i e r i e s .  They f e e l  a  mathemat ica l  approach 

t o  t h e  problem i s  i n t r a c t a b l e .  I n s t e a d ,  t h e y  b u i l d  up a  s p e c i a l  sample o r  

p h y s i c a l  model w i t h  embedded s e a r c h  c o i l s .  

The e x p e r i m e n t a l  c o n f i g u r a t i o n  was chosen t o  be  a  r e p l i c a  of a  locked 

c o i l  rope  excep t  t h a t  t h e  l a y e r s  of w i r e s  were n o t  s o  c l o s e  a s  i n  a c t u a l  

ropes .  S t r a i g h t  mi ld  s t e e l  w i r e  r o d s  of 118" d i a m e t e r  were employed; each 

rod was coa ted  w i t h  i n s u l a t i n g  enamel b e f o r e  assembly. A f i r s t  l a y e r  o r  

c e n t r a l  group of 7 w i r e s  was formed and a  s e a r c h  c o i l  (A) of 200 t u r n s  was 

a r ranged  t o  embrace t h i s  group. A second l a y e r  of 20 w i r e s  was t h e n  added 

and t h e  s e a r c h  c o i l  (B)  embraced t h i s  l a y e r .  Next came t h e  t h i r d  l a y e r  

w i t h  a  f u r t h e r  embracing s e a r c h  c o i l  ( C ) .  F i n a l l y ,  a  f o u r t h  l a y e r  of 44 



w i r e s  was formed and t h e  s e a r c h  c o i l  ( D )  embraced i t .  Each o f  t h e  f o u r  

s e a r c h  c o i l s  had 200 t u r n s .  Then, by c o n n e c t i n g  p a i r s  of c o n s e c u t i v e  

s e a r c h  c o i l s  i n  o p p o s i t i o n ,  i t  was p o s s i b l e  t o  measure  t h e  f l u x  magn i tude  

a s s o c i a t e d  w i t h  each  l a y e r .  

The d i f f e r e n c e s  between t h e  waveform of t h e  induced EMF'S  i n  t h e  

v a r i o u s  l a y e r s  a r e  v e r y  s t r i k i n g  a s  i n d i c a t e d  i n  F i g .  2 .  A l so ,  a s  i n d i c a -  

t e d  i n  P i g .  3 ,  t h e  B-H r e s p o n s e  c u r v e s  a r e  shown f o r  c e n t r a l  g roup  and t h e  

s u r f a c e  l a y e r .  Here t h e  s c r e e n i n g  e f f e c t  f o r  t h e  c e n t r a l  g roup  i s  v e r y  

a p p a r e n t .  For  t h e  s u r f a c e  l a y e r ,  t h e  s i t u a t i o n  i s  somewhat d i f f e r e n t  s i n c e  

a p p a r e n t l y  t h e  A.C. e x c i t a t i o n  h a s  t h e  e f f e c t  of i n c r e a s i n g  t h e  a p p a r e n t  

p e r m e a b i l i t y .  To some e x t e n t  t h i s  t e n d s  t o  c o u n t e r a c t  t h e  eddy c u r r e n t  

s c r e e n i n g .  

THE IMPORTANT EFFORTS BY SEMMELINK I N  SOUTH AFRICA 

Semmelink 131 g i v e s  a n  e x t r e m e l y  i n t e r e s t i n g  a c c o u n t  of t h e  e a r l y  

h i s t o r y  of  e l e c t r o ~ n a g n e t i c  t e s t i n g  of  w i r e  r o p e s  i n  South  A f r i c a .  He 

i n d i c a t e d  t h a t  i n  a  pape r  r e a d  t o  t h e  T r a n s v a a l  I n s t i t u t e  of Mechanica l  

E n g i n e e r i n g  i n  1906, M r .  C.  McCann proposed a n  " e l e c t r i c a l  a p p a r a t u s "  f o r  

a s c e r t a i n i n g  t h e  c r o s s  s e c t i o n a l  a r e a  of w i r e  r o p e s .  I n  t h i s  scheme, a  

d e t a c h a b l e  c o i l  around t h e  r o p e  was s u p p l i e d  th rough  a  stepdown t r a n s f o r m e r  

f r o m  t i le  mains s u p l ~ l y .  A lami-nated yoke completed t h e  magne t i c  c i r c u i t  and 

a n  ammeter was connec ted  i n  s e r i e s  w i t h  t h e  c o i l .  It was c l a imed  t h a t  

f I t h e  c u r r e n t  f a l l s  e x a c t l y  i n  p r o p o r t i o n  t o  t h e  s i z e  of t h e  rope" .  

Semmelink was a l s o  w e l l  aware  of T.F. W a l l ' s  [ I ]  work i n  England t h a t  we 

d e s c r i b e d  above.  He p o i n t s  o u t  t h a t  t h e  d i s a d v a n t a g e  of W a l l ' s  method i s  

t h a t  t h e  r o p e  speed must  be  v e r y  s l o w  d u e  t o  t h e  v e r y  low f r e q u e n c i e s  

b e i n g  a d o p t e d .  Fur the rmore ,  t h e  locked  t y p e  r o p e s  and t h e  u s e  of h i g h  



A . C .  f l u x  d e n s i t i e s  c a u s e s  s e v e r e  h e a t i n g  of t h e  rope .  

The f i r s t  e x p e r i m e n t s  d e s c r i b e d  by Semmelink were conducted  i n  1946. 

A m a g n e t i z i n g  c o i l  of twen ty  t u r n s  of  welding c a b l e  was used c a r r y i n g  a  

c u r r e n t  of 100 amps a t  50 Hz t o g e t h e r  w i t h  a  c o - a x i a l  s e a r c h  c o i l  of 

s e v e r a l  thousand t u r n s .  The r o p e  was passed  th rough  t h e  c e n t e r s  of  b o t h  

c o i l s .  It was found t h a t  a l l  v i s i b l e  c o r r o s i o n  and broken w i r e s  caused 

v o l t a g e  v a r i a t i o n s  i n  t h e  s e a r c h  c o i l  t h a t  were measured by a  peak r e a d i n g  

v o l t m e t e r  and a n   oscilloscope^ Semmelink [ 3 ]  then  t e s t e d  a b o u t  f i f t y  main 

winding ( h o i s t )  r o p e s .  The t e n s i l e  s t r e n g t h  of t h e  w i r e  was e i t h e r  1231134 

t o n s  (2000 l b . )  p e r  s q u a r e  i n c h  o r  128/140 t o n s  p e r  s q u a r e  i n c h .  The r o p e s  

have  s i x  s t r a n d s  of a p p r o x i m a t e l y  t h i r t y  w i r e s  l a i d  on a  s i s a l  c o r e  which 

i s  impregnated  w i t h  l u b r i c a n t .  The d i a m e t e r  of t h e  r o p e s  v a r i e d  from l a  

i n c h e s  t o  2  i n c h e s .  The r o p e s  were s i m i l a r  t o  t h e  t y p e  shown i n  F i g .  4. 

The s t e e l  was a s c e r t a i n e d  t o  have  t h e  f o l l o w i n g  magne t i c  p r o p e r t i e s :  r e l a -  

t i v e  p e r m e a b i l i t y  = 44 f o r  a  magne t i z ing  f o r c e  l e s s  t h a n  1  o e r s t e d ,  maximum 

p e r m e a b i l i t y  = 320 f o r  a  magne t i z ing  f o r c e  of 25 o e r s t e d s ,  maximum f l u x  

d e n s i t y  = 14000 g a u s s  f o r  a  m a g n e t i z i n g  f o r c e  of 200 o e r s t e d s ,  r e t e n t i v i t y  

= 9500 g a u s s ,  c o e r c i v e  f o r c e  = 20 o e r s t e d ,  h y s t e r e s i s  l o s s  = 0 .35  w a t t s  

p e r  c . c .  a t  50 Hz. He found ,  what i s  now g e n e r a l l y  known, t h a t  a n  i n c r e a s e  

of t e n s i l e  s t r e s s  i n  t h e  w i r e  c a u s e s  a n  i n c r e a s e  of p e r m e a b i l i t y .  For 

example,  a  s t r e s s  of 65 t o n s  p e r  s q u a r e  i n c h  c a u s e s  a n  a s s o c i a t e d  i n c r e a s e  

of p e r m e a b i l i t y  of  14% even f o r  a  m a g n e t i z i n g  f o r c e  of l e s s  than  1  o e r s t e d .  

He a l s o  no ted  t h a t  t w i s t i n g  of t h e  w i r e  caused a  d e c r e a s e  of 8% of perme- 

a b i l i t y  f o r  180" of t w i s t  p e r  f o o t  of  w i r e .  Semrnelink [ 3 ]  a l s o  measured 

t h e  chililge of D . C .  r e s i s t a n c e  of t h e  w i r e  r o p e  f o r  s t r e s s e s  v a r y i n g  from 

zero t o  70 t o n s l s q u a r e  i n c h .  Only 1 .1% i n c r e a s e  was no ted  over  t h i s  r a n g e  

t h a t  was i n  accord  w i t h  t h e  p e r c e n t a g e  i n c r e a s e  of l e n g t h  due  t o  e l a s t i c i t y .  



I n  d e c i d i n g  on a n  A.C .  method, Semmelink chose  t o  employ a  low mag- 

n e t i z i n g  c u r r e n t .  T h i s  h a s  two advantages:  i) i n t e r n a l  h e a t i n g  i s  mini-  

mized and b) b e t t e r  p e n e t r a t i o n  of t h e  r o p e  due  t o  t h e  r e l a t i v e l y  s m a l l  

i n i t i a l  p e r m e a b i l i t y  ( i . e .  he  is working on t h e  v i r g i n  p a r t  of t h e  R-H 

c u r v e ) .  A schemat ic  of h i s  measur ing scheme is  i n d i c a t e d  i n  F i g .  5. 

111 a l a t e r  paper ,  Semmelink [ 4 ]  d e s c r i b e s  a  more s o p h i s t i c a t e d  a ~ u r o a c h  

t o  t h e  eddy c u r r e n t  t e s t i n g  of w i r e  r o p e s .  The schemat ic  diagram of h i s  

measurement s e t  up is i l l u s t r a t e d  i n  F ig .  6. A s  i n d i c a t e d ,  t h e  rope  i s  

c x c i t e d  by spaced c o a x i a l  c o i l s  and t h e  p i c k  up c o i l  is l o c a t e d  c e n t r a l l y .  

The o u t p u t  of t h e  p i c k  up c o i l  is a m p l i f i e d  and d e t e c t e d  by a  phase  s e n s i -  

t i v e  d e t e c t o r .  

I n  t h e  absence  of eddv c u r r e n t s ,  t h e  p i c k  up o r  s e a r c h  c o i l  v o l t a g e  

l e a d s  t h e  magne t i z ing  c u r r e n t  by 90 d e g r e e s .  However, because  of t h e  eddy 

c u r r e n t  l o s s e s ,  t h e  phase  s h i f t  i s  modif ied  a s  i n d i c a t e d  i n  F i g .  6 .  Both 

t h e  r e a c t i v e  component E and t h e  r e s i s t i v e  component ER c a n  be balanced 
X 

o u t  i n  a n  a p p r o p r i a t e  ad jus tment  of t h e  p o t e n t i o m e t e r s .  Thus,  t h e  "output"  

f o r  a g i v e n  r o p e  can b e  i n d i c a t e d  on a d o u b l e  pen r e c o r d e r .  

The rope  speed d u r i n g  a t e s t  depends  on t h e  r e s p o n s e  of t h e  r e c o r d e r  

and of t h e  d e t e c t o r  c i r c u i t .  Fur the rmore ,  d u e  t o  t h e  c h o i c e  of a  low 

o p e r a t i n g  f requency  (e-g. 80 Hz), t h e  r e s p o n s e  of t h e  d e t e c t o r s  c a n  n o t  be 

f a s t  and Semmelink chooses  a t ime c o n s t a n t  of 0.1 second. Thus, i f  t h e  

s h o r t e s t  v a r i a t i o n  t o  be  d e t e c t e d  a long  t h e  r o p e  i s  10 cm, t h e  r o p e  speed 

should  n o t  exceed 10 cm i n  0.1 second ( i - e .  t h e  r o p e  speed should b e  l e s s  

t h a t  200 f e e t  p e r  m i n u t e ) .  

The c o i l s ,  wound on a bake l i . t e  fo rmer ,  a r e  6 i n c h e s  l o n g ,  5 i n c h e s  

o u t e r  d i a m e t e r  a n d  3 i n c h e s  i n n e r  d i a m e t e r .  The two magne t i z ing  c o i l s  have 

1 0  turns tvich. F o r  n magne t i z ing  c u r r e n t  of 1 amps, t h i s  g i v e s  a n  e x c i t i n g  



f i e l d  a t  t h e  c e n t e r  of 0 .43  o e r s t e d .  The p i c k  up o r  s e a r c h  c o i l  a l s o  h a s  

t e n  t u r n s .  The whole assembly  i s  hinged w i t h  s p r i n g  loaded  c o n t a c t s  t o  

m a i n t a i n  t h e  e l e c t r i c a l  i n t e g r i t y  needed when t h e  two h a l v e s  a r e  clamped 

around t h e  rope .  

A number of i n t e r e s t i n g  r e s u l t s  have  been o b t a i n e d  by Semmelink [ 4 ] .  

For  example ,  a  d e c r e a s e  of eddy c u r r e n t s  c a u s e s  a n  i n c r e a s e  of f l u x  w i t h  a  

r e s u l t i n g  i n c r e a s e  on t h e  E t r a c e  and a  c o r r e s p o n d i n g  d e c r e a s e  on t h e  
X 

ER t r a c e .  T h i s  o f t e n  i s  a s s o c i a t e d  w i t h  d e c r e a s e d  c o n t a c t  be tween t h e  

s t r a n d s .  The r e v e r s e  s i t u a t i o n  h a s  a l s o  been found when t h e r e  i s  i n c r e a s e d  

c o n t a c t  between t h e  s t r a n d s .  Sllch s t r e s s f u l  s i t u a t i o n s  o c c u r  a t  t h e  c r o s s -  

ove r  p o i n t s  where r o p e s  p a s s  from one  l a y e r  t o  a n o t h e r  on winding drums.  

S l i g h t  c o r r o s i o n  i n  t h e  r o p e  l e a d s  t o  a  d e p o s i t  of  non-conduct ing  

m a t e r i a l  between t h e  w i r e s  and t o  a  r e d u c t i o n  of  eddy c u r r e n t s .  T h i s  

u s u a l l y  means a  d e c r e a s e  of b o t h  E and ER t r a c e s .  Semmelink a l s o  
X 

i n d i c a t e s  t h a t  i n t e r n a l  c o r r o s i o n  a p p e a r s  t o  occur  u s u a l l y  ove r  r e l a t i v e l y  

s h o r t  l e n g t h s  o f t e n  a t  i n t e r v a l s  c o r r e s p o n d i n g  t o  t h e  c i r c u m f e r e n c e  of t h e  

cl rum. 

E x t e r n a l  c o r r o s i o n  m a n i f e s t s  i t s e l f  i n  a  l a r g e  r e d u c t i o n  of t h e  E 
X 

t r a c e  bu t  o n l y  a  s m a l l  r e d u c t i o n  i n  t h e  ER t r a c e .  Such c o r r o s i o n  can  

occur  ove r  1-ong l e n g t h s  of t h e  r o p e  ( e . g .  1000 f e e t ) .  

Semmelink [ 4 ]  found t h a t  i n a d v e r t e n t  J3.C. m a g n e t i z a t i o n  of t h e  r o p e  

( e . g .  from t h e  e a r t h ' s  magne t i c  f i e l d )  cou ld  l e a d  t o  v i - o l e n t  t r a n s i e n t s  i n  

t h e  E t r a c e  when t h e  r o p e  moves a t  h i g h  speed th rough  t h e  c o i l  assembly .  
X 

I n  one c a s e ,  t h e  r o p e  had remained a t  r e s t  f o r  l o n g  p e r i o d s  w i t h  one  s e c t i o n  

of  t h e  r o p e  e x t e n d i n g  from t h e  drum t o  t h e  headgea r  s h e a v e  i n  a n o r t h e r l y  

d i r e c t i o n .  



MORE RECENT APPLICATIONS AND PRACTICES 

H i l t b r u n n e r  [5] g i v e s  a good d e s c r i p t i o n  of what i s  known now a s  t h e  

D.C. magne t i c  t e s t i n g  method. T h i s  approach h a s  been h i g h l y  developed i n  

S w i t z e r l a n d  f o r  t h e  n o n - d e s t r u c t i v e  t e s t i n g  of tram-way w i r e  r o p e s .  Essen- 

t i a l l y  t h e  method is  based on imposing a s t r o n g  a x i a l  magne t i c  f i e l d  t o  t h e  

sample by e i t h e r  a  s o l e n o i d  c o i l  and /o r  or  permanent magnet. The  s e a r c h  

c o i l  i s  o r i e n t e d  i n  t h e  r a d i a l  t l i r e c t i o n  and p roduces  n v o l t a g e  r e s p o n s e  

on ly  wl~en t h e r e  is  some type  oT i a t e r a i  non-uniformity .  

Lang [ 6 ]  g i v e s  a n  extensive> d e s c r i p t i o n  oE an  A.C. t e s t i n g  d e v i c e  f o r  

w i r e  r o p e s .  Although he  d o e s  n o t  acknowledge t h e  f a c t ,  t h e  c o n c e p t ,  method, 

and o p e r a t i o n a l  p rocedure  s e e m  t o  be based on t h e  e a r l i e r  work of Semmelink 

[ 3 , 4 1 .  However, Lang uses o n l y  oncJ s i n g l e - t u r n  t r a n s m i t t i n g  c o i l  w i t h  a  

c o a x i a l  s e a r c h  c o i l .  ?lost of h i s  d a t a  a r e  shown f o r  a  f r equency  of 30 Hz. 

1,ang f o ~ m d  t h a t  i n  a l l  c a s e s  of broken w i r e s  d e t e c t e d ,  t h e  "X" t r a c e  shows 

a  s h a r p  r e d u c t i o n  presumably duch t o  n d e c r e a s e  i n  t h e  a x i a l  magnet ic  f l u x .  

I n  a  number of c a s e s ,  s e c t i o n s  of r o p e  w i t h  a p p a r e n t  miss ing  w i r e s  were 

found.  T h i s  was b e l i e v e d  t o  i n d i c a t e  a  w i r e  s e p a r a t i o n  a t  a f a u l t y  s p o t  

weld. It i s  u n f o r t u n a t e  t h a t  t h e  numerous t e s t  r e s u l t s  pub l i shed  by Lang 

a r e  n o t  accompanied by "ground t r u t h "  i n f o r m a t i o n  on t h e  a c t u a l  s t a t e  of 

t h e  rope.  H e  d o e s  show a few i n t c r e s t i n g  compar i s ions  between t h e  measured 

b reak ing  t e n s i l e  s t r c n g t h  and t h e  "K" and "X" r e a d i n g s  a t  10 Hz f o r  locked 

c o i l  ropcAs.  Sucli d a t a ,  howcver, wcrc not  provided for t h e  30 and 8 0  H z  

t e s t s  on t h e  s t r a n d e d  r o p e s .  

Larsen e t  a 1  [ 7 ]  d e s c r i b e s  v a r i o u s  d e v i c e s  f o r  b o t h  D.C. and A.C. r o p e  

t e s t i n g  t h a t  a r e  c u r r e n t l y  a v a i l a b l e .  They mention t h a t  t h e  Rotesco d e v i c e  

a s  d e s c r i b e d  by Lang [ 6 ]  h a s  been s u c c e s s f u l  i n  1970 i n  p r e d i c t i n g  t e n s i l e  



r e d u c t i o n s  of a b o u t  5%,  a l t h o u g h  t h e  e x t e n s i v e  compar isons  were  n o t  "quan- 

t i  t a t  i ve"  . 

Morgan [ 8 ]  p r e s e n t s  a  g e n e r a l  r e v i e w  of  e l e c t r o m a g n e t i c  n o n - d e s t r u c t i v e  

t e s t  methods  a p p l i e d  t o  w i r e  r o p e s .  The d i s c u s s i o n  i s  e n t i r e l y  q u a l i t a t i v e .  

He makes a  number of recommendations f o r  f u r t h e r  development  i n  A u s t r a l i a .  

Morgan and Symes [ 9 ]  t h e n  d e s c r i b e  t h e  a c t i v i t i e s  t h a t  l e d  t o  t h e  c r e a t i o n  

of a  government sponsored  p r o j e c t  a t  t h e  U n i v e r s i t y  of  New Sou th  Wales. 

They g i v e  a  l a r g e l y  q u a l i t a t i v e  d e s c r i p t i o n  of t h e i r  c u r r e n t  r e s e a r c h  on 

b o t h  methods of t e s t i n g  w i r e  r o p e s .  They a l s o  d e s c r i b e  some t e n t a t i v e  i d e a s  

a b o u t  an  A.C.  d e v i c e  t h a t  i s  t o  o p e r a t e  a t  a f r e q u e n c y  of 1 kHz. S u r p r i s -  

i n g l y ,  t h e y  make no men t ion  of  many A.C .  d e v i c e s  t h a t  h i t h e r t o  have  been 

used  e l s e w h e r e .  It i s  p o s s i b l e  t h e y  w i l l  f i n d  t h a t  1 kHz i s  r a t h e r  t o o  

h i g h  a  f r e q u e n c y  f o r  e f f e c t i v e  p e n e t r a t i o n  t o  t h e  c o r e  of most  mine h o i s t  

r o p e s .  

S t a c h u r s k i  [ l o ]  g i v e s  a  v e r y  u s e f u l  summary of  t h e  p h y s i c a l  c o n c e p t s  

employed i n  D . C .  magne t i c  t e s t i n g  f o r  f l a w s  i n  w i r e  r o p e s .  A number of 

i n t e r p r e t a t i v e  schemes a r e  o u t l i n e d  i n  a  q u a l i t a t i v e  manner. A l so ,  h e  u s e s  

p r e s c r i b e d  forms of f l a w s ,  b r e a k s ,  and c r a c k s  t o  c a l i b r a t e  t h e  d e v i c e .  Much 

r i s e f u l  d a t a  on t h e  d e s i g n  and implemen ta t ion  of t h e  d e f e c t o g r a p h  d e v i c e  a r e  

a l s o  g i v e n .  I t  i s  e v i d e n t  t h a t  t h i s  P o l i s h  g roup  have  h i g h l y  developed t h e  

D .  C. magne t i c  t e c h n i q u e .  

Egen and Benson [ l l ]  d e s c r i b e  some i n t e r e s t i n g  t e s t s  on  a  s p e c i a l  p r e -  

pa red  r o p e  w i t h  p r e s c r i b e d  t y p e s  of  i m p e r f e c t i o n s .  The re  were  seven t y p e s  

of f a u l t s :  1 )  s p l i c e ,  2) 2  t o  3 w i r e s  f i l e d  half-way t h r o u g h ,  o v e r  a  l e n g t h  

o f  a b o u t  $ i n c h ,  3) a n  added No. 18  AWG w i r e  l a i d  i n t o  g roove  of  c o r e ,  4 )  

s p i k e  i n s e r t e d  i n t o  c o r e  and w i r e s  were  s p r e a d  a p a r t ,  5 )  3 w i r e s  of 2  i n c h  



l e n g t h  were removed from t h e  c o r e ,  6 )  one w i r e  i n  c o r e  was c u t  and 7)  a  

two i n c h  l e n g t h  of c o r e  was removed. Using t h r e e  D . C .  d e v i c e s  ( t h e  P o l i s h  

MD-8 Def e c t o s c o p e ,  t h e  Swiss PMK-75 Kundig d e v i c e  and t h e  Canadian Rotesco 

d e v i c e ) .  None of t h e s e  d e v i c e s  d e t e c t e d  f a u l t  No. 6 and t h e  Fundig d e v i c e  

d i d  n o t  d e t e c t  f a u l t  No. 2. O the rwise ,  a l l  o t h e r  f a u l t s  were d e t e c t e d  by 

a l l  t h r e e  i n s t r u m e n t s .  The r e s u l t s  i n d i c a t e d  t h a t ,  f o r  t h e  r o p e  t e s t e d  

( i . e .  7 /8  i n c h  d i a m e t e r ,  6 x 2 5 ,  FW, RLL, FC, X I P S ) ,  each  i n s t r u m e n t  observed 

abou t  t h e  same magne t i c  f i e l d  v a r i a t i o n s .  The v e r y  s i m i l a r  performance of 

t h e s e  t h r e e  i n s t r u m e n t s  i s  p robab ly  a  consequence  of  t h e  b a s i c  s i m i l a r i t y  

of t h e  o p e r a t i n g  p r i n c i p l e  of each  of t h e s e  D . C .  d e v i c e s .  T t  i s  a  p i t y  

t h a t  t h e  A . C .  Kotesco d e v i c e  was n o t  t e s t e d  on t h e  same r o p e .  

Rergander [ I 2 1  I n t e r n a t i o n a l ,  I n c .  d e s c r i b e s  t h e  P o l i s h  D . C .  magnet ic  

d e v i c c  f o r  NDT of w i r e  r o p e s  known as  t h e  Defec tograph  MD-8 t h a t  he developed 

w i t h  D r .  J .  S t a c h u r s k i .  The r o p e  b e i n g  t e s t e d  moves t h r o u g h  t h e  permanent 

magnet wl~ic l i  i s  magnet ized t o  i t s  s a t u r a t i o n  p o i n t .  He c l a i m s  t h a t  a  0 . 2% 

change of t h e  r o p e  c r o s s - s e c t i o n  can b e  d e t e c t e d  v i a  a  measurement of t h e  

c lx ternal  magne t i c  l e a k a g e  f i e l d .  The c .m.f .  induced i n  t h e  s e a r c h  c o i l  

can  a i s o  b e  compensated f o r  changes  i n  t h e  r o p e  speed.  I J s i ~ q  a n  a n p i r i c a l  

approach  t h e  p robe  c o i l  r e s p o n s e  i s  r e l a t e d  t o  such  p a r a m e t e r s  a s  t h e  l o s s  

of c r o s s  s e c t i o n  of t h e  r o p e ,  t h e  l e n g t h  over  which t h e  l o s s  o c c u r s  and t h e  

r a d i a l  l o c a t i o n  of t h e  i n t e r n a l  f l a w .  

EARLY THEORETICAL INVESTIGATIONS 

~ o c h s c h i l d  [ 1 3 ]  g i v e s  a r ev iew of p a p e r s  h y  ~ E r s t e r  [14-181 and p re -  

s e n t s  sornc u s e f u l  p l o t s  of t h e  c u r r e n t  d e n s i t y  i n  c o n d u c t i n g  c y l i n d e r s  f o r  

A.C.  e x c i t a t i o n  by a  s o l e n o i d a l  c o i l .  He p o i n t s  o u t  t h a t  no m a t t e r  how 

c a r e f u l l y  t h e  test c o i l  sys tem i s  d e s i g n e d ,  s m a l l  d e f e c t s  w i l l  go unde tec ted  



u n l e s s  t h e  r e s p o n s e  t i m e  of t h e  i n s t r u m e n t  i s  l e s s  t h a n  t h e  t ime  t a k e n  from 

t h e  d e f e c t  t o  p a s s  t h r o u g h  t h e  e f f e c t i v e  r e g i o n  of t h e  c o i l s .  For  example,  

3 l o c a l i z e d  d e f e c t  p a s s i n g  th rough  a t  0 . 0 3  i n c h  wide d i f f e r e n t i a l  t e s t  c o i l  

a t  100 f e e t  p e r  m i n u t e  w i l l  n o t  b e  d e t e c t e d  u n l e s s  t h e  r e s p o n s e  e x t e n d s  up- 

wards  t o  a t  l e a s t  200 Hz. A common l i m i t a t i o n  on bandwidth  i s  t h e  ink-pen 

r e c o r d i n g  d e v i c e s ,  whose f r e q u e n c y  r e s p o n s e  seldom exceeds  200 Hz. 

McClurg [19]  a l s o  e x h i b i t s  some of t h e  r e s u l t s  of ~ o r s t e r  and c o l l e a g u e s  

i n  g r a p h i c a l  form.  I n  p a r t i c u l a r ,  h e  shows t h a t  t h e  impedance v a r i a t i o n s  of  

s o l e n o i d s  ( i . e .  f e e d  th rough  c o i l s )  e n c i r c l i n g  c y l i n d r i c a l  c o n d u c t o r s  t h a t  

have  s u r f a c e  and s u b - s u r f a c e  c r a c k s .  The e m p i r i c a l  d a t a  used  a r e  from 

~ o r s t e r ' s  p a p e r s .  McClurg d i s c u s s e s  t h e  a p p l i c a t i o n  of t h e s e  eddy c u r r e n t  

t e c h n i q u e s  t o  m e t a l  c u t t i n g  o p e r a t i o n s  where such  t h i n g s  a s  un i fo rmness  of 

t h e  h a r d n e s s  i s  d e s i r a b l e .  

Graneau [ 2 0 ]  i n t r o d u c e s  t h e  i n t e r e s t i n g  c o n c e p t  t h a t  induced c u r r e n t s  

i n  a  c o n d u c t o r ,  f l o w i n g  a l o n g  c l o s e d  c u r v e s ,  can  b e  r e p r e s e n t e d  by a  number 

of f i l a m e n t a r y  c i r c u i t s .  These c u r r e n t s  and t h e  e n e r g i z i n g  c u r r e n t  can 

ttlen be deduced i n  p r i n c i p l e  from a  s y s t e m  of c i r c u i t  e q u a t i o n s  w i t h  s e l f  

and m u t u a l  i n d u c t a n c e s  t h a t  a r e  p o s t u l a t e d  from t h e  p h y s i c s  of t h e  problem.  

l J s i n g  somewhat h e u r i s t i c  r e a s o n i n g ,  Graneau o b t a i n s  a n  e x p r e s s i o n  f o r  t h e  

c u r r e n t  anywhere i n  t h e  m e t a l l i c  o b j e c t  by i n f i n i t e  s e r i e s  of  i n c r e a s i n g  

powers of t h e  e n e r g i z i n g  f r e q u e n c y .  The c o e f f i c i e n t s  a r e  undetermined 

f u n c t i o n s  of  t h e  f i l a m e n t  c i r c u i t  r e s i s t a n c e ,  and m u t u a l  i n d u c t a n c e s  between 

t h e  f i l a m e n t s .  He c o n c l u d e s  t h a t  t h e r e  i s  a  c l e a r  d i - v i s i o n  between quan- 

t i t i e s  depending on geometry  and p r o p e r t i e s ,  A s  a consequence ,  t h e  induced 

c u r r e n t s  can  be e x p r e s s e d  a s  an  e x p l i c i t  f u n c t i o n  of f r e q u e n c y .  T h i s  i s  

r e a l l y  q u i t e  s t r a n g e  s i n c e  e x a c t  s o l u t i o n s  of  i d e a l i z e d  forms s u c h  a s  l a y e r e d  

c y l i n d e r s  w i t h  e x t e r n a l  d i p o l e  e x c i t a t i o n  do  n o t  e x h i b i t  t h i s  b e h a v i o r  r21-251. 



1 RELATED INVESTIGATIONS I N  GEOPHYSICAL PROSPECTING 

E l e c t r o m a g n e t i c  me thods  o f  n o n - d e s t r u c t i v e  t e s t i n g  o f  s o l i d  c o n d u c t o r s  

a r e  c l o s e l y  a k i n  t o  t e c h n i q u e s  t h a t  a r e  now used  i n  g e o p h y s i c a l  p r o s p e c t i n g  

f o r  m e t a l l i c  o r e  b o d i e s  [21-341. T t  i s  u n f o r t u n a t e  t h a t  t h e s e  two g r o u p s  

h a v e  had l i t t l e  i n t e r a c t i o n .  T h i s  w r i t e r  was i n v o l v e d  i n  t h e  t h e o r e t i c a l  

deve lopmen t s  i n  m u l t i - f r e q u e n c y  and t r a n s i e n t  e l e c t r o m a g n e t i c  methods  i n  

g e o p h y s i c a l  e x p l o r a t i o n .  Tn f a c t ,  as l o n g  ago  a s  1950 i t  was proposed  t h a t  

c o n d u c t i v i t y  and  p e r m e a b i l i t y  of a s p h e r i c a l  o r e  body c o u l d  b e  a s c e r t a i n e d  

f rom i t s  electromagnetic r e s p o n s e  i n  e i t h e r  t h e  f r e q u e n c y  o r  i t s  t i m e  domain.  

A s i m i l a r  a n a l y s i s  was c a r r i e d  o u t  f o r  a c y l i n d r i c a l  ore body w i t h  a s p c c i -  

f i e d  condr~c  t i v i t y  a n d  p e r m e a b i l i t y .  The b a s i c  c o n c e p t  was t h a t  geometr  i c a l  

c o n f i g u r a t i o n  of t h e  s o u r c e  and r e c e i , ~ e r  c o i l s  w i t h  r e s p e c t  t o  t h e  t a r g e t  

c o u l d  b e  a r r a n g e d  t o  have a n e g l i g i b l e  e f f e c t  of t h e  d e t e r m i n a t i o n  of o r e  

body s i z e ,  c o n d u c t i v i t y  and p e r m e a b i l i t y ,  The s u b j e c t  h a s  advanced  c o n s i d e r -  

a b l y  s i n c e  t h o s e  " e a r l y  days"' and modern accour l t s  a r e  p u b l i s h e d  r egu1a r i . y  

i n  Geophys i c s ,  t h e  j ou rna l .  of t l i e  ( U .  S .) S o c i e t y  of  E x p l o r a t i o n  Geophysicists 

and G e o p h y s i c a l  P r o s p e c t i n g ,  t h e  j o u r n a l  of t h e  European  S o c i e t y  of Geophv- 

s i c - a l  E x l ) l o r a t i o n .  

The work t h a t  i s  r e l e v a n t  t o  t h e  e l e c t r o m a g n e t i c  p r o b i n g  of  w i r e  r o p e s  

i s  t h e  a n a l y s i s  o f  '3 homogeneous c o n d u c t i v e  and pe rmeab le  c y l i n d e r  of  i n f i n i t e  

l e n g t h .  I n  a n  " e a r l y "  p a p e r  1221, a  g e n e r a l  s o l u t i o n  was g i v e n  f o r  t h e  t o t a l  

f i c l l d s  produced when a  l i n e  s o u r c e  o r  c u r r e n t - c a r r y i n g  c a b l e  was l o c a t e d  

p a r a l l e l  LC] t 0c  c*yl i n d e r .  AT\ o x , ~ c . t  ~ w o - c l  i rnc2ns i o n a l  s0111t i o n  w a s  o b t a i n e d  

u s i n g  a  wave impedance a p p r o a c h .  Tlie 'low f r e q u e n c y  v e r s i o n  of t h e  g e n e r a l  

s o l ~ ~ t i o n  was e x p r e s s e d  i n  a q u a s i - s t a t i c  form and n u m e r i c a l  r e s u l t s  f o r  t h e  

i nduced  d i p o l e  t e r m  were  g i v e n .  Some examples  a r e  shown i n  F i g s .  7 and 8 



f o r  t h e  induced magne t i c  d i p o l e  r e s p o n s e s  of s p h e r e s  and c y l i n d e r s .  I n  

each  c a s e  t h e  o r d i n a t e s  a r e  p r o p o r t i o n a l  t o  t h e  induced d i p o l e  moment. 

S t r i c t l y  speak ing ,  t h e  monopole term shou ld  a l s o  b e  c o n s i d e r e d  when d e a l i n g  

w i t h  c y l i n d e r s  t h a t  a r e  e f f e c t i v e l y  i n f i n i t e  i n  l e n g t h .  T h i s  t y p e  of a n a l y s i s  

was l a t e r  extended t o  d i p o l a r  e x c i t a t i o n  of t h e  i n f i n i t e  c y l i n d e r  when a g a i n  

t h e  monopole o r  a z i m u t h a l l y  independen t  induced c u r r e n t  was n o t  c o n s i d e r e d  

i n  t h e  n u m e r i c a l  examples [ 2 2 ] .  

F u r t h e r  work on t h i s  s u b j e c t  was c a r r i e d  o u t  by David A. H i l l  and t h e  

w r i t e r  [ 3 0 ]  where more r e a l i s t i c  s i t u a t i o n s  were t r e a t e d  s u c h  a s  t h e  e x c i t a -  

t i o n  of a  c o n d u c t i v e  c y l i n d e r  of f i n i t e  l e n g t h  by a n  e x t e r n a l  magne t i c  d i p o l e  

where a l l  s i g n i f i c a n t  induced monopole, d i p o l e ,  and m u l t i p o l e  c o n t r i b u t i o n s  

were r e t a i n e d  i n  t h e  c a l c u l a t i o n s .  The a n a l y t i c a l  and n u m e r i c a l  t e c h n i q u e s  

used i n  t h e s e  p a p e r s  would seem t o  be  a p p l i c a b l e  i n  a  q u a n t i t a t i v e  a n a l y s e s  

of e l e c t r o m a g n e t i c  n o n - d e s t r u c t i v e  t e s t i n g  of s o l i d  c o n d u c t o r s .  

MORE RECENT ANALYTICAL STUDIES 

Vein [ 3 5 ]  p o i n t s  o u t ,  what i s  u s u a l l y  a c c e p t e d ,  t h a t  t h e  mutua l  imped- 

ance  between two c l o s e d  c i r c u i t s  i s  dependen t  on c o n d u c t i n g  s o l i d s  i n  t h e  

immediate env i ronments .  He promotes t h e  concep t  of t r a n s f e r  impedance b u t  

f e e l s  ill a t  e a s e  i n  r e l a t i n g  t h i s  t o  t h e  r e c i p r o c i t y  theorem f o r  g e n e r a l l y  

c o n t i n ~ i o u s  media.  With t h i s  m o t i v a t i o n ,  h e  works t h r o u g h  t h e  a n a l y t i c a l  

d e t a i l s  of a  number of c l a s s i c a l  problems such  a s  t h e  m u t u a l  impedance be- 

tween c o a x i a l  c i r c u l a r  l o o p s  i n  t h e  p r e s e n c e  of p l a n a r ,  c y l i n d r i c a l ,  and 

s p h e r i c a l  c o n d u c t o r s .  He assumes,  w i t h o u t  r e a l l y  p r o v i d i n g  a  j u s t i f i c a t i o n ,  

t h a t  a z i m u t h a l  symmetry p r e v a i l s  i n  each  c a s e .  No r e a l  harm i s  done,  however, 

s i n c e  no  n u m e r i c a l  r e s u l t s  of any k ind  a r e  p rov ided .  The d e r i v a t i o n s  seem 

t o  be u n n e c e s s a r i l y  compl ica ted  a n d ,  even t h e n ,  r e l i a n c e  is made on fo rmulas  



quo ted  from e x e r c i s e s  i n  W . K .    my the's [ 3 6 ]  c l a s s i c  t e x t .  

Burrows [ 3 7 ] ,  i n  a  s i g n i f i c a n t  t h e s i s ,  e x p l o i t s  t h e  r e c i p r o c i t y  theorem 

1 i n  eddy-cur ren t  t e s t i n g  and t h e  s u b s e q u e n t  development of a  f  l a w - d e t e c t i o n  

t h e o r y .  He is  v e r y  q u i c k  t o  r e c o g n i z e  t h e  l i m i t a t i o n s  of q u a s i - s t a t i c  t h e o r y  

s u c h  a s  assumed by Vein [ 3 5 ] .  Rut i t  shou ld  b e  s t r e s s e d  immedia te ly  t h a t  

Burrows a c t u a l l y  assumes a z i m u t h a l  symmetry of h i s  d e t e c t i o n  c o i l s  even 

1 though t h e  " f laws"  may b e  a symmet r i ca l .  T h i s  i s  a  v a l i d  p r o c e d u r e  b u t  i t  

1 a p p e a r s  t h a t  some fundamenta l  i n f o r m a t i o n  i s  l o s t  when b o t h  t h e  s o u r c e  and I 
t h e  p robe  c o i l  f u l l y  e n c i r c l e  t h e  c y l i n d r i c a l  sample .  Burrows r e p r e s e n t s  

i n t e r n a l  Flaws i n  t e rms  of induced e l e c t r i c  and magne t i c  d i p o l e s  t h a t ,  i n  

t u r n ,  p roduces  t l le  s econdary  i n f  h e n c e .  He a l s o  p r o v i d e s  some v e r y  u s e f u l  

t a b u l a t i o n s  of t h e  i n f i n i t e  i n t e g r a l s  t h a t  d e s c r i b e  t h e  i n t e r n a l  f i e l d s  

w i t h i n  b o t h  s o l i d  c y l i n d r i c a l  and t u b u l a r  samples  of c i r c u l a r  c r o s s  s e c t i o n s  

f o r  a z i m u t l l a l l y  symmetric e x c i t a t i o n .  These  same i n t e g r a l s  c a n  b e  used t o  

p r e d i c t  t h e  r e s p o n s e  i n  a  c o r r e s p o n d i n g  a z i m u t h a l l y  symmetr ic  d e t e c t o r  c o i l  

due  t o  an i n t e r n a l  ( s m a l l )  f law.  A c t u a l l y ,  t h i s  same approach  h a s  been 

f o l l o w e d  up v e r y  r e c e n t l y  by H i l l  and Wait [ 3 8 ]  who d i d  n o t  r e s t r i c t  t h e  

r e s u l t s  t o  a z i m u t h a l  symmetry of t h e  p robe  c o i l .  

1 Dodd, Deeds and L u q u i r e  [ 3 9 ]  have  o b t a i n e d  i n t e g r a l  s o l u t i o n s  f o r  t h e  

v e c t o r  p o t e n t i a l  produced by a  c i r c u l a r  c o i l  f o r  a  number of d i f f e r e n t  geo- 

m e t r i c a l  c o n f i g u r a t i o n s .  The s o l u t i o n s  a r e  l i m i t e d  t o  a x i a l  symmetry. I n  

c a l c u l a t i n g  t h e  e x c i t i n g  f i e l d s  of a  r e c t a n g u l a r  c r o s s - s e c  t i o n  c i r c u l a r  

1 c o i l ,  t h e y  assume t h a t  a  s t r a i g h t - f  orward s u p e r p o s i t i o n  of c u r r e n t  ove r  t h e  I 
c r o s s - s e c t i o n  i s  v a l i d .  T h i s  i s  a  q u a s i - s t a t i c  a s sumpt ion  t h a t  p r o b a b l y  

n e e d s  t o  be i n v e s t i g a t e d ,  p a r t i c u l a r l y  when t h e  c o i l  of f i n i t e  w i d t h  and 

l e n g t h  e n c i r c l e s  a  h i g h l y  c o n d u c t i n g  c y l i n d e r .  



Dodds e t  a1 cinotc Burrows'  [ 3 7 ]  f o r m u l a t i o n  f o r  deduc ing  t h e  s e c o n d a r v  

induced v o l t a g e s  d u e  t o  a  d e f e c t  o r  f l a w  i n  an  a d j a c e n t  c o n d u c t o r .  Here 

t h e y  w r i t e  down a  f o r m u l a  f o r  t h e  de fec t -p roduced  v o l t a g e ,  induced i n  c o i l  

2 ,  by  a  c u r r e n t  i n  c o i l  1  i n  t e rms  o f  t h e  e l e c t r i c  and magne t i c  s c a t t e r i n g  

m a t r i c e s  f o r  a n  e l e c t r i c a l l y  s m a l l  d e f e c t .  

I n  t h e  same p a p e r ,  Dodds e t  a 1  g i v e  e x p l i c i t  s o l u t i o n s  i n  i n t e g r a l  

form f o r  t h e  r e c t a n g u l a r  c r o s s - s e c t i o n  c o i l  l o c a t e d  o v e r  a  two- layer  p l a n a r  

c o n d u c t o r .  A c t u a l l y ,  t h e  form of t h e s e  s o l u t i o n s  a r e  v e r y  s i m i l a r  t o  

e a r l i e r  i n v e s t i g a t i o n s  of e l e c t r o m a g n e t i c  i n d u c t i o n  i n  l a y e r e d  models  of 

t h e  e a r t h ' s  c r u s t .  The NDT community i s  a p p a r e n t l y  n o t  aware  of t h i s  ex- 

t c n s i v e  l i t e r a t u r e > .  An example i s  t h e  book by K e l l e r  and F r i s c h k n e c h t  [ 4 0 ]  

t h a t  r e v i e w s  t h e  c u r r e n t  s t a t u s  of such  problems a t  l e a s t  up t o  1965. Of 

c o u r s e ,  Dodds e t  a 1  g i v e  t h e  e x p l i c i t  form of t h e  f i e l d s  of a  c i r c u l a r  c o i l  

w i t h  r e c t a n g u l a r  c r o s s - s e c t i o n ,  w h i l e  t h e  g e o p h y s i c i s t s  r e s t r i c t  t h e i r  

a t t e n t i o n  t o  s m a l l  l o o p s .  Dodds e t  a 1  a l s o  g i v e s  s o l u t i o n s  f o r  v a r i o u s  

combina t ions  of  p ick-up c o i l s  and t h e  c o r r e s p o n d i n g  secondary  e f f e c t s  due  

t o  embedded d e f e c t s  t h a t  can  b e  c h a r a c t e r i z e d  by t h e  p o l a r i z a b i l i t y  m a t r i c e s  

ment ioned above.  

Cheng, Dodds and Deeds [ 4 1 ]  have  p r e s e n t e d  a  g e n e r a l  f o r m u l a t i o n  f o r  

t h e  time-harmonic eddy c u r r e n t s ,  produced by a  c i r c u l a r  c o i l  of r e c t a n g u l a r  

c r o s s - s e c t i o n ,  f o r  a u n d e r l y i n g  p l a n a r  c o n d u c t o r  of any  number of l a y e r s .  

The i n t e g r a l  s o l u t i o n s  o b t a i n e d  i n  a  s t r a i g h t - f o r w a r d  f a s h i o n  y i e l d  a l g e -  

b r a i c a l l y  compl i ca t ed  r e s u l t s .  A number of t h e s e  r e s u l t s  c o u l d  have  been 

o b t a i n e d  by u s i n g  impedance methods based  on a n a l o g i e s  w i t h  t r a n s m i s s i o n  

l i n e  t h e o r y  ( s e e  f o r  example [ 4 2 ]  and [ 4 3 ] ) .  



Dodd, Cheng and Deeds [ 4 4 ]  g i v e  a fo rmal  v e c t o r  p o t e n t i a l  s o l u t i o n  t o  

a  c o i l  c o a x i a l  w i t h  any number of c y l i n d r i c a l  c o n d u c t o r s .  While t h e y  s t a t e  

t h e  d e r i v a t i o n  i s  q u i t e  g e n e r a l ,  t h e  s o l u t i o n  i s  o n l y  c a r r i e d  through f o r  

comple te  symmetry a b o u t  t h e  common a x i s .  

Dodd and Deeds [ 4 5 ]  g i v e  t h e  same s o l u t i o r l s  f o r  a  uni form c o i l  w i t h  

uni form A.C.  c u r r e n t  e x c i t a t i o n  o v e r  a two l a y e r  p l a n a r  conduc to r .  They 

t h e n  r e p e a t  t h e  s o l u t i o n  f o r  t h e  c o i l  e n c i r c l i n g  a  two-layer c y l i n d r i c a l  

conduc to r  of  i n f i n i t e  l e n g t h .  A s i n g l e  n u m e r i c a l  example i s  g i v e n  f o r  t h e  

normal ized impedance of t h e  c o i l  a s  ove r  t h e  two-layer p l a n a r  s t r u c t u r e  

t h a t  e x h i b i t s  t h e  e f f e c t  of t h e  t h i c k n e s s  of t h e  upper  l a y e r .  

Kahn e t  a 1  [ 4 6 ]  p r e s e n t  a n  i n t e r e s t i n g  a n a l y s i s  of how eddy c u r r e n t s  

i n  a  s o l i d  conduc to r  a r e  d i v e r t e d  around a  s u r f a c e  c r a c k .  One of t h e  b a s i c  

a s sumpt ions  i s  t h a t  t h e  magne t i c  f i e l d  t a n g e n t  t o  t h e  s u r f a c e  i s  a  c o n s t a n t  

even i n  t h e  p r e s e n c e  of t h e  c r a c k .  They a l s o  p r e s e n t  s o l u t i o n s  f o r  d i f f r a c -  

t i o n  by a  s e m i - i n f i n i t e  c r a c k  (i . e ,  a  h a l f - p l a n e )  i n  an o t h e r w i s e  i n f i n i t e  

medium. N e i t h e r  of t h e s e  s o l u t i o n s  a r e  " r i g o r ~ u s ' ~  a s  c la imed by t h e  a u t h o r s  

b u t  t h e  r e s u l t s  d o  p r o v i d e  c o n s i d e r a b l e  i n s i g h t  i n t o  how d e f e c t s ,  of o t h e r  

t h a n  i n f i n i t e s i m a l  s i z e ,  w i l l  modify t o  e x t e r n a l  f i e l d s .  Kahn and Spa1 

[ 4 7 ]  have  a l s o  p r e s e n t e d  some r e s u l t s  f o r  t h e  c a l c u l a t i o n s  of  eddy c u r r e n t s  

i n  a  long c y l i n d e r  w i t h  a r a d i a l  c r a c k  a t  t h e  s u r f a c e .  D e t a i l s  of t h e  

a n a l y t i c a l  method a r e  n o t  y e t  a v a i l a b l e  b u t  presumably t h e  approach i s  

s i m i l a r  t o  t h a t  used i n  t r e a t i n g  t h e  s u r f a c e  c r a c k  i n  t h e  p l a n a r  conduc to r .  

It i s  a p p r o p r i a t e  t o  c a l l  a t t e n t i o n  t o  t h e  c l o s e  s i m i l a r i t y  of such problems 

t o  e a r l i e r  t h e o r e t i c a l  s t u d i e s  i n  g e o p h y s i c s  where one is  i n t e r e s t e d  i n  

t h e  p e r t u r b a t i o n  of t ime-varying geomagnetic f i e l d s  n e a r  c o a s t l i n e s  [ 4 8 ]  

and o t h e r  l a t e r a l l y  v a r y i n g  f e a t u r e s  i n  t h e  e a r t h ' s  c r u s t  [ 4 9 ] .  



AN ALTERNATIVE FORYULATION FOR SOLENOID EXCITATION 

As we have i n d i c a t e d ,  a  commmon method of non-destruct ive t e s t i n g  

(NDT) of meta l  rods  and tubes i s  t o  induce eddy c u r r e n t s  by means of an 

e n c i r c l i n g  so lenoid  ca r ry ing  an a l t e r n a t i n g  c u r r e n t .  The impedance of t h e  

so lenoid  i s  r e l a t e d  t o  t h e  c ros s - sec t iona l  a r e a  and t h e  e l e c t r i c a l  proper- 

t i e s  of t h e  sample. A formula f o r  t h i s  impedance was obtained by ~ ' d r s t e r  

and Stambke [16] on t h e  assumption t h a t  end e f f e c t s  could be ignored. Also, 

they assumed t h a t  t h e  c y l i n d r i c a l  sample was c e n t r a l l y  loca ted  wi th in  the  

so l eno id .  The same d e r i v a t i o n  was e s s e n t i a l l y  repeated by Hochschild [13] 

and L i b b y  [51 ] .  

A f e a t u r e  of t h e  ~ E r s t e r - ~ t a m b k e  d e r i v a t i o n  i s  t h a t  t h e  e f f e c t  of 

t h e  a i r  gap i s  in t roduced  i n  a somewhat h e u r i s t i c  f a s h i o n  wherein 

t h e  f i e l d  i n  t h i s  c o n c e n t r i c  r eg ion  is  assumed t o  b e  t h e  same a s  t h e  one 

f o r  t h e  empty so lenoid .  We f e e l  i t  is  worthwhile t o  provide  a more g e n e r a l  

d e r i v a t i o n  of t h e  impedance formula.  We a l s o  show i t  a p p l i e s  t o  t h e  c a s e  

of  a  non-concentr ic  a i r  gap. F i n a l l y ,  we mention t h e  re levance  of the  
4 

c u r r e n t  a n a l y s i s  t o  t h e  d u a l  problem where t h e  c y l i n d r i c a l  sample i s  ex- 

c i t e d  by a t o r o i d a l  c o i l :  

To s i m p l i f y  t h e  d i s c u s s i o n ,  we cons ide r  f i r s t  the  concen t r i c  a i r  gap 

model w i th  a homogeneous c y l i n d r i c a l  sample of r a d i u s  a  w i th  conduc t iv i t y  

a and magnet ic  pe rmeab i l i t y  y. The s i t u a t i o n  is ind i ca t ed  i n  F ig .  9 where 

t h e  so l eno id  of r a d i u s  b  enc loses  t h e  sample, bo th  of which a r e  assumed t o  

b e  i n f i n i t e  i n  length .  Our o b j e c t i v e  is  t o  f i n d  an  express ion  f o r  t h e  

impedance of t h e  so lenoid  p e r  u n i t  l e n g t h  s i n c e  t h i s  is t h e  b a s i s  of t h e  

NDT eddy c u r r e n t  methods t h a t  a r e  commonly used. 



I n  terms of c y l i n d r i c a l  coo rd ina t e s  ( p , , ) ,  t h e  only  component of 

t h e  magnet ic  f i e l d  is  HZ s i n c e  t h e  e x c i t i n g  c u r r e n t  i n  t h e  solenoid is  

uniform i n  both  t h e  a x i a l  and i n  t h e  azimuthal  d i r e c t i o n .  Within the 

sample, HZ s a t i s f i e s  t h e  Helmholtz equat ion  

where y2 = i w u  and where we have adopted a time f a c t o r  exp(iwt) .  Here 

u i s  t h e  angular  f requency t h a t  i s  s u f f i c i e n t l y  low t h a t  displacement cur- 

r e n t s  i n  t he  sample can be  neglected.  I f  n o t ,  w e  merely r e p l a c e  a by 

a + i & w  where E i s  t h e  p e n t i i t t i v i t y .  Also, i t  goes without  saying t h a t  

t h e  f i e l d  ampli tude i s  s u f f i c i e n t l y  smal l  t h a t  non-l inear  e f f e c t s  can be 

ignored.  

For t h e  h igh ly  i d e a l i z e d  s i t u a t i o n  desc r ibed ,  we can immediately w r i t e  

f o r  p < a  where I i s  a modified Bessel func t ion  of argument yp and 
0 

where A i s  a cons tan t .  From  axw well's equat ions  t h e  azimuthal  component 

of t h e  e l e c t r i c  f i e l d  i s  

a l s o  f o r  p < a. Now we can immediately form an  express ion  f o r  the 

"impedance" Zc of t h e  cy l inde r :  

where = y / ' ~  = (iL1w/o)' i s  t h e  i n t r i n s i c  o r  wave impedance of the  sample 

m a t e r i a l .  

Now, f o r  t h e  a i r  gap r eg ion  a  < p < b , we w r i t e  corresponding f i e l d  

exp res s ions  



and 

E = -BooI1 + CooK1(y0~) 
o@ 

( 6 )  

$ 
where B and C a r e  cons tan t s  and where 0, = ~ , / ( i ~ ~ ~ )  = P 1 2 m  

i n  terms of t h e  p e r m i t t i v i t y  c and pe rmeab i l i t y  p of the  a i r  region.  
0 0 

Here and i n  the  above, t h e  Bessel  f u n c t i o n  i d e n t i t i e s  310(x)/3x = I l (x )  

and aKo(x) /ax = -Kl(x) have been employed. 

Compatible wi th  t h e  requirement t h a t  t a n g e n t i a l  f i e l d s  must be con- 

t inuous  a t  p = a we can w r i t e  

+ Z H  ] = O  
CEO@ c o z  

p= a 

This  immediately t e l l s  u s  t h a t  

I n  t h e  e x t e r n a l  r eg ion  p > b , t h e  f i e l d  exprcss ions  must c l e a r l y  

have t h e  form: 

where D is another  cons tant .  

Now t h e  solenoid cu r ren t  i s  i d e a l i z e d  a s  a  continuous c u r r e n t  d i s t r i -  

bu t ion  j amps/m i n  t h e  azimuthal d i r e c t i o n  defined such t h a t  
0 

Appl ica t ion  of t hese  cond i t ions  immediately l e a d s  t o  

D = c - I1(y0b)B/K1(yob) 

and 



Among o t h e r  t h ings ,  t h i s  t e l l s  u s  t h a t  t h e  magnetic f i e l d  e x t e r n a l  t o  t h e  

so l eno id  ( i - e .  p > b) has  t h e  form 

H 0 2  = €-B[I~(Y,~) / K ~ ( Y ~ ~ ) I  + c ~ K ~ ( Y ~ P )  (15) 

The q u a n t i t y  of immediate i n t e r e s t  i s  t h e  impedance Z of t h e  so l eno id  

i t s e l f .  C lea r ly ,  w i th in  the  l i m i t s  of our  b a s i c  assumptions, 

Z = cons t .  x E ( p = b ) / j o  00 

The corresponding impedance of t h e  empty solenoid is denoted Z . Thus ,  
0 

i t  fo l lows  t h a t  

which is e x p l i c i t  s i n c e  C/B is  g iven  by (8). 

We now can s imp l i fy  t h e  impedance r a t i o  formula i f  we  invoke t h e  smal l  

argument approximations f o r  Besse l  f u n c t i o n s  of o rde r  y  a and yob. That 
0 

is, we u s e  I o ( x )  = 1, I1(x) ' x/2, Ko(x) " -1ogx and K (x) l / x .  This  
1 

e x e r c i s e  l e a d s  t o  

where no r e s t r i c t i o n  has been p laced  on the magnitude of ya. Here R and 

X deno te  t h e  r e s i s t a n c e  and r eac t ance ,  r e spec t ive ly .  

The fornlula f o r  z/z') given by (18) i s  i n  agreement w i th  ~ 6 r s t e r  and 

Stnmbke [16] ( i f  one remembers they used the  o3.d German des igna t ions  Jo 

and J1 f o r  modified Ressel func t ions ) .  ~ ' d r s t e r  and Stambke [ 1 6 ] ,  Hochschild 

[13] and Libby [51] present  ex tens ive  numerical d a t a  f o r  t h i s  q u a s i - s t a t i c  

approximation t o  %/z i n  Argand diagrams i n  t h e  complex plane f o r  va r ious  
0 

va lues  of lya 1 and . Two examples, using dimensionless  parameters,  



a r e  shown i n  F i g s .  10 and 11 when t h e  o r d i n a t e s  and a b s c i s s a e  a r e  no rma l i zed  

hy Xo which i s  t h e  r e a c t a n c e  of t h e  empty s o l e n o i d .  That  i s ,  we assume 

% 
i X o  

c o r r e s p o n d i n g  t o  n e g l i g i b l e  ohmic l o s s e s  i n  t h e  s o l e n o i d  i t s e l f .  
0 

I/ 
The r e a l  pa ramete r  a i s  d e f i n e d  by a = y a  exp(- i* /4)  = ( o ~ u )  2a. I n  F i g .  

10 t h e  sample  r a d i u s  b  i s  assumed t o  b e  t h e  same a s  t h e  sample  r a d i u s  a  

( i . e .  no  a i r  g a p ) .  D i f f e r e n t  v a l u e s  of t h e  m a g n e t i c  p e r m e a b i l i t y  a r e  

shown. Not s u r p r i s i n g l y ,  when a i s  s m a l l ,  R v a n i s h e s  and x / X o  

t e n d s  t o  p /pO.  However, i n  g e n e r a l ,  t h e  e d d y - c u r r e n t s  have  t h e  e f f e c t  

of r e d u c i n g  X / X ~  , which i s  t h e  e f f e c t i v e  f l u x ,  and t o  i n t r o d u c e  a  r e s i s -  

t i v e  p o r t i o n  R / X ~  I n  F i g .  11, t h e  r e l a t i v e  p e r m e a b i l i t y  of t h e  sample 

~ / ~ O .  = 1 b u t  t h e  f i l l i n g  f a c t o r  a 2 / b 2  assumes d i f f e r e n t  va lues .  The 

r e s u l t s  i n d i c a t e  t h a t  t h e  presence of  t he  a i r  gap  reduces  t h e  s e n s i t i v i t y  

of t h e  d e v i c e  f o r  probing t h e  conduc t iv i t y  b u t  t h e  e f f e c t  is p r e d i c t a b l e .  

Ac tua l ly ,  i f  a i s  s u f f i c i e n t l y  smal l  ( i . e .  lyal << l ) ,  (18) reduces  

t o  

Z / Z ~  = X / X ~  = 1 + (a2/b2)[u/uo - 11 ( 1 9 )  

which is  c o n s i s t e n t  w i t h  t h e  curves  i n  F igs .  10 and 11. I n  t h i s  D. C. limit 

t h e  r e s u l t s  o n l y  depend on t h e  magnet ic  pe rmeab i l i t y  of t h e  sample. 

The fo rma l  e x t e n s i o n  of t h e  t h e o r y  t o  t h e  c a s e  w h e r e  t h e  e x c i t i y ,  

s o l e n o i d  i s  no  l o n g e r  c o n c e n t r i c  w i t h  t h e  c y l i n d r i c a l  sample  can  a l s o  b e  

d e a l t  w i t h .  The s i t u a t i o n  is  i n d i c a t e d  i n  F i g .  1 2 ~  AS b e f o r e ,  c y l i n d r i c a l  

t - oo rd ina t r s  (p,$,z) a r e  chosen c o - a x i a l  w i t h  t h e  sample .  But now, t h e  

s t ~ i f t c t l  ~ . o n r ( l i ~ ~ n t r s  (p l ,@ ' , z )  a r e  chosen  t o  be  c o a x i a l  w i t h  t h e  e x c i t i n g  

s o l  eno i ti . 't'he s h i f t  i s  
po a s  i n d i c a t e d  i n  F i g .  1 2  where we d o  impose t h e  

r a t h e r  ohvior l s  p h y s i c a l  r e s t r i c t i o n  t h a t  b > po + a .  We may show t h a t  t h e  

f i e l d  i n  t h e  non-concen t r i c  a i r  gap  h a s  t h e  form [ 5 0 ]  



T h i s  is v a l i d  in t h e  non-concen t r i c  a i r  gap r e g i o n  ( i . e .  p > a and p '  < b ) .  

The needed a z i m u t h a l  component i s  o b t a i n e d  f rom 

The r e l e v a n t  q u a n t i t y  f o r  t h e  impedance c a l c u l a t i o n  is  t h e  "average"  f i e  Ld 

- 
E 

00' 
a t  t h e  s o l e n o i d .  Then i t  Eollows t h a t  t h e  impedance Z p e r  u n i t  

l e n g t h  of t h e  s o l e n o i d  w i t h  t h e  sample  d i v i d e d  by t h e  impedance Z of t h e  
0 

empty s o l e n o i d  i s  g i v e n  by 

where E = 1 and E = 2 f o r  m f 0 and where C,/B i s  known [ 5 0 ] .  
0 m 

Not s u r p r i s i n g l y ,  (22)  r e d u c e s  t o  (17)  f o r  t h e  c e n t r a l l y  l o c a t e d  sample ,  

i . e .  Im(yopo) = 0 f o r  po + O  when m # O .  

W e  a g a i n  may invoke  t h e  s m a l l  argument a p p r o x i m a t i o n s  f o r  B e s s e l  

f u n c t i o n s  of o r d e r  yea, yoh,  and yop0. Lo and beho ld ,  t h e s e  show t h a t  

2/Zo r e d u c e s  a g a i n  t o  t h e  fo rmula  g i v e n  by (18). T h i s  c o n f i r m s  t h e  con- 

j e c t u r e  of ~ E r s t e r  and Stambke [ 1 6 ]  who seemed t o  be  g i f t e d  w i t h  keen 

p h y s i c a l  i n s i g h t  i n t o  such  problems.  O f  c o u r s e ,  w e  d o  n o t  e x p e c t  t h e  

r e s u l t  t o  h o l d  i n  any s e n s e  when t h e  d imens ions  of t h e  s o l e n o i d  become 

comparable  w i t h  t h e  f r e e - s p a c e  wavelength .  I n  t h a t  c a s e ,  many o t h e r  com- 

p l i c a t i o n s  a r i s e  sctch a s  t h e  assumed u n i f o r m i t y  o f  t h e  s o l e n o i d  c u r r e n t .  

THE DUAL PROBLEM 

T h e r e  i s  an e x t r e m e l y  i n t e r e s t i n g  d u a l  t o  t h e  problem we h a v e  d i s -  

c u s s e d .  T h a t  is, r a t h e r  t h a n  e x c i t i n g  t h e  c y l i n d r i c a l  sample  w i t h  an 

azhthaZ electric current, w e  employ a n  azimuthaZ magnetic current. This 



is a n  i d e a l i z e d  r e p r e s e n t a t i o n  f o r  a t h i n  t o r o i d a l  c o i l  b u t ,  aga in ,  i t  

e f f e c t i v e l y  is  of i n f i n i t e  l e n g t h  i n  t h e  z o r  a x i a l  d i r e c t i o n .  The assumed 

sou rce  d i s c o n t i n u i t y  is  now i n  t h e  e l e c t r i c  f i e l d  a t  p = b which has  on ly  

a z component. The much more ccmplicated ca se  of t h e  t o r o i d a l  c o i l  of 

f i n i t e  a x i a l  e x t e n t  was analyzed r e c e n t l y  [ 5 3 ] .  

Under t h e  p r e s e n t  assumption of a x i a l  un i fo rmi ty ,  t h e  admit tance Y 

p e r  u n i t  l e n g t h  of t h e  t o r o i d  is  t h e  d u a l  of the impedance Z of t he  so lenoid  

d i s cus sed  above. Thus, a l l  t h e  e a r l i e r  equa t ions  apply  i f  we make t h e  

fo l lowing  t r ans fo rma t ions :  ipw + a, llo -b c0, n + TI-1 no + no1 ,  HZ + EZ, 

EO + -HQ, HoZ 'f EoZ, and E  -+ -H 04 00- 
Then t h e  dua l  of (18) i s  t h e  r a t i o  

of t h e  admi t tance  Y of t h e  t o r o i d a l  c o i l  w i t h  t h e  sample t o  t h e  admit tance 

Y without  t h e  sample. It i s  w r i t t e n  e x p l i c i t l y  
0 

f o r  t h e  c a s e  where lyobl 1. That is,  t h e  r a d i u s  of t h e  t o r o i d a l  c o i l  

should be  much sma l l e r  than  t h e  f ree-space  wavelength. Also, i n  f u l l  ana l -  

ogy t o  t h e  e a r l i e r  d i s c u s s i o n ,  t h e  q u a s i - s t a t i c  r e s u l t  ho lds  f o r  any loca-  

t i o n  of t h e  c y l i n d r i c a l  sample w i t h i n  t h e  t o r o i d .  Furthermore, i n  the  low 

f requency  l i m i t  where lyal = a << 1, we s e e  t h a t  

which depends on ly  on t h e  c o n d u c t i v i t y  of t h e  sample. Thus t h i s  type  of 

e x c i t a t i o n  should be p r e f e r r e d  w i t h  probing t h e  e f f e c t i v e  conduc t iv i t y  i n  

t h e  a x i a l  d i r e c t i o n  i n  t h e  sample. 



THE PROLATE SPHEROIDAL V O I D  MODEL OF HILL AND WAIT 

As we have  i n d i c a t e d ,  a n  a p p r o p r i a t e  s o u r c e  f o r  e x c i t a t i o n  of a x i a l  

e l e c t r i c  c u r r e n t s  i s  a t o r o i d a l  c o i l  which e n c i r c l e s  t h e  r o p e ,  and a mag- 

n e t i c  c u r r e n t  model  f o r  t h e  t o r o i d a l  s o u r c e  c o i l  h a s  been ana lyzed  [ 5 3 ] .  

E x p r e s s i o n s  f o r  b o t h  t h e  i n t e r i o r  and e x t e r i o r  f i e l d s  were  d e r i v e d  f o r  a 

homogeneous w i r e  rope .  As we s h a l l  o u t l i n e  h e r e ,  t h e  p r e s e n c e  of a  s m a l l  

s l e n d e r  v o i d  w i t h i n  t h e  r o p e  c a n  be  t r e a t e d .  Such a  v o i d  c a n  be  cor is idered  

a model  f o r  a  broken s t r a n d .  The v o i d  i s  a l s o  a l lowed  t o  b e  o r i e n t e d  a t  

any a r b i t r a r y  a n g l e  t o  t h e  r o p e  a x i s  t o  a c c o u n t  f o r  t h e  winding geometry 

of t h e  w i r e  r o p e .  The induced e l e c t r i c  and m a g n e t i c  d i p o l e  moments a r e  

computed f rom t h e  p r imary  f i e l d s  and t h e  e l e c t r i c  and m a g n e t i c  p o l a r i z a b i l i -  

t i e s  of t h e  v o i d .  We t h e n  o b t a i n  e x p r e s s s i o n s  f o r  t h e  e x t e r n a l  f i e l d s  of 

e l e c t r i c  and magne t i c  d i p o l e s  of  a r b i t r a r y  o r i e n t a t i o n .  Of c o u r s e ,  i t  i s  

t h e s e  e x t e r n a l  f i e l d s  which a r e  t h e  o b s e r v a b l e  q u a n t i t i e s  i n  any EM non- 

d e s t r u c t i v e  t e s t i n g  method. The p a r t i c u l a r  e x p r e s s i o n s ,  d e r i v e d  f o r  t h e  

e x t e r n a l  f i e l d s  of i n t e r n a l  e l - e c t r i c  and magne t i c  d i p o l e s ,  shou ld  b e  u s e f u l  

i n  f u t u r e  a n a l y s e s  of o t h e r  t y p e s  of s m a l l  i m p e r f e c t i o n s  i n  w i r e  r o p e s .  

Of co l i r se ,  i n  s u c h  c a s e s ,  t h e  e l e c t r i c  and magne t i c  p o l a r i z a b i l i t i e s  would 

b e  d i f f e r e n t .  

I n  a  p r e v i o u s  a n a l y s i s  [ 5 3 ] ,  we a n a l y z e d  a n  a z i m u t h a l  c u r r e n t  s h e e t  

s o u r c e  which e n c i r c l e d  t h e  r o p e ,  The c u r r e n t  s h e e t  was a l lowed  t o  have  

a r b i t r a r y  w i d t h  i n  t h e  z  Q r  a x i a l  d i r e c t i o n  and a r b i t r a r y  a z i m u t h a l  e x t e n t .  

T h i s  s o u r c e  r e s u l t s  i n  f a i r l y  compl i ca t ed  e x p r e s s i o n s  f o r  t h e  e l e c t r i c  and 

magne t i c  f i e l d s .  S i n c e ,  i n  t h i s  p a p e r ,  we a r e  p r i m a r i l y  concerned w i t h  t h e  

f i e l d s  s c a t t e r e d  by t h e  v o i d ,  we t a k e  t h e  s i m p l e r  s p e c i a l  c a s e  f o r  t h e  s o u r c e  

shown i n  F i g .  13, S p e c i f i c a l l y ,  a  magne t i c  c u r r e n t  r i n g  of  s t r e n g t h  K i s  



l o c a t e d  a t  a  r a d i u s  b  i n  t h e  p l a n e  z  = 0 .  T h i s  i s  a  model f o r  a  t h i n  

t o r o i d a l  c o i l  which comple te ly  e n c i r c l e s  t h e  rope .  The r o p e  i s  assumed 

t o  be  i n f i n i t e l y  long and h a s  r a d i u s  a .  It h a s  c o n d u c t i v i t y  pe r -  
W ' 

m i t t i v i t y  E and p e r m e a b i l i t y  p . The su r round ing  f r e e  s p a c e  h a s  per-  
W ' W 

m i t t i v i t y  E and p e r m e a b i l i t y  p . For now, we d e f e r  d i s c u s s i o n  of t h e  
0 0 

v o i d  p r o p e r t i e s  and c o n s i d e r  o n l y  t h e  homogeneous r o p e .  

Because of t h e  symmetry of t h e  s o u r c e  and t h e  r o p e ,  t h e  f i e l d s  a r e  TM 

( T r a n s v e r s e  Magnetic)  and independent  of . The magnet ic  f i e l d  h a s  o n l y  

a  nonzero  a z i m u t h a l  component H~~ , and t h e  e l e c t r i c  f i e l d  h a s  o n l y  non- 
@ 

z e r o  a x i a l  and r a d i a l  components lZPr and The s u p e r s c r i p t  p r  de- 
z  P 

n o t e s  t h e  f i e l d s  i n  t h e  absence  of t h e  v o i d .  These p r imary  f i e l d s  a r e  

d e r i v e d  e l s e w h e r e  [53] ,  and t h e  e x p l i c i t  forms b o t h  i n s i d e  and o u t s i d e  t h e  

r o p e  a r e  g i v e n  i n  Appendix A of a  r e c e n t  r e p o r t  [38] .  We n o t e  t h a t  EPr 
P  

and H~~ a r e  ze ro  f o r  p  = 0 .  On t h e  o t h e r  hand,  EPr i s  n e a r l y  inde, -  
0 z  

pendent  of i n s i d e  t h e  r o p e  f o r  s u f f i c i e n t l y  low f r e q u e n c i e s .  

We now s e l e c t  a  t h i n  p r o l a t e  s p h e r o i d  of c o n d u c t i v i t y  o p e r m i t t i -  
v '  

v i t y  E and p e r m e a b i l i t y  p i n o r d e r  t o m o d e l a b r o k e n s t r a n d .  The 
v '  v 

p r o l a t e  s p h e r o i d a l  shape  i s  a  conven ien t  one because  i t s  e l e c t r i c  and mag- 

n e t i c  p o l a r i z a b i l i t i e s  a r e  known, However, we would n o t  e x p e c t  a  s i g n i f i -  

c a n t  d i f f e r e n c e  f o r  a  t h i n  c i r c u l a r  c y l i n d e r  of t h e  same l e n g t h  and volume. 

To accoun t  f o r  t h e  winding geometry of t h e  r o p e ,  we a l l o w  a  r o t a t i o n  of t h e  

major a x i s  of t h e  s p h e r o i d  a b o u t  t h e  p '  a x i s  by a n  a n g l e  a .  Thus, t h e  

A 

major a x i s  i s  o r i e n t e d  a t  an a n g l e  a t o  t h e  u n i t  v e c t o r  z '  and an  a n g l e  

n /2  + a t o  t h e  u n i t  v e c t o r  ' a s  i n d i c a t e d  i n  F i g .  l c .  

S i n c e  t h e  vo id  h a s  a  c o n t r a s t  i n  b o t h  t h e  e l e c t r i c  and magnet ic  proper-  

t i e s ,  b o t h  e l e c t r i c  and magne t i c  d i p o l e  moments w i l l  be  induced [ 3 6 ] .  The 

e l e c t r i c  p o l a r i z a b i l i t i e s  f o r  t h e  i n c i d e n t  e l e c t r i c  f i e l d  a p p l i e d  a l o n g  t h e  



e 
major a x i s ,  a , o r  a l o n g  t h e  minor a x i s ,  ae , a r e  g i v e n  by 

ma j m i n  

e  a = -V(u -0 ) 
maj w v  

and 
-2V (n -ov) 

- - W a 
min 1 + CJ 10 9 

where V i s  t h e  volume of t h e  t h i n  p r o l a t e  s p h e r o i d .  S i n c e  we a n t i c i p a t e  

t h e  u s e  of v e r y  low f r e q u e n c i e s ,  we have  n e g l e c t e d  d i s p l a c e m e n t  c u r r e n t s .  

T o  i n c l u d e  them, n would b e  r e p l a c e d  by n + iwe and nv would b e  
W W W 

r e p l a c e d  by 0 + iwev i n  (25)  and ( 2 6 ) .  The magne t i c  p o l a r i z a b i l i t i e s  v 

f o r  t h e  i n c i d e n t  m a g n e t i c  f i e l d  a p p l i e d  a l o n g  t h e  major  a x i s ,  am 
ma j 9 o r  

m 
a l o n g  t h e  minor a x i s ,  a , a r e  s i m i l a r l y  g i v e n  by 

min 

and 
-2Viw (ljw-pv) 

- a" - 
min 1 + pv/pw (28)  

I n  o r d e r  t o  compute t h e  induced d i p o l e  moments, i t  i s  f i r s t  n e c e s s a r y  

t o  r e s o l v e  t h e  i n c i d e n t  e l e c t r i c  and m a g n e t i c  f i e l d s  i n t o  components a l o n g  

t h e  ma jo r  and minor a x e s .  The r e s u l t a n t  induced d i p o l e  moments can  t h e n  

be  r e s o l v e d  i n t o  t h e  more c o n v e n i e n t  , , and z components.  When t h i - s  

i s  done ,  t h e  induced e l e c t r i c  d i p o l e  moments a r e  found t o  be  

P= €2 = E~ (amaj c o s 2 a  + ae s i n 2 a )  , min 

P r  e e - a ) s i n a c o s a  , ( I d s ) ( )=  EZ (amin maj (30)  

( 1 ~ 1 s ) ~  = E~~ ae 
p min 

P r  I n  (29 ) - (31) ,  t h e  p r imary  e l e c t r i c  f i e l d  components E-  and lZPr a r e  
z P 

e v a l u a t e d  a t  p ' ,  Q', z ' .  S i m i l a r l y ,  t h e  induced m a g n e t i c  d i p o l e  moments 

a r e  found t o  be 



Note t h a t  t h e  u n i t s  of t h e  induced e l e c t r i c  d i p o l e  aomcn t s  i n  (29)- (31)  a r e  

ampere m e t e r s ,  and t h e  u n i t s  of  t h e  induced m a g n e t i c  d i p o l e  moments i n  (32 )  

t h r o u g h  (34) a r e  v o l t - m e t e r s .  These  induced d i p o l e  moments a r e  t h e  s o u r c e s  

of  t h e  s c a t t e r e d  f i e l d .  

The s c a t t e r e d  f i e l d  e x t e r n a l  t o  t h e  r o p e  is  t h e  o b s e r v a b l e  q u a n t i t y  

i n  any NDT sys tem.  S i n c e  we a n t i c i p a t e  t h e  u s e  of  c o i l s  f o r  s e n s o r s ,  we 

S C  have  c o n s i d e r e d  t h e  s c a t t e r e d  m a g n e t i c  f i e l d  components Hp  ( p , @ , z ) ,  

H i C ( p , $ , z ) ,  and HSC(p ,@,z )  [ 38 ] .  Each of  t h e s e  components can  b e  
Z 

w r i t t e n  a s  a  s u p e r p o s i t i o n  of t h e  c o n t r i b u t i o n s  fror,, e a c h  o f  t h e  s i x  i n -  

duced d i p o l e  s o u r c e s .  ( A c t u a l l y ,  t h e r e  a r e  o n l y  f i v e  nonze ro  s o u r c e s  s i n c e  

(Kdk) i s  z e r o  f o r  t h e  s p e c i f i c  c o n f i g u r a t i o n  c o n s i d e r e d  h e r e ) .  E x p l i c i t  

e x p r e s s i o n s  f o r  t h e  t h r e e  s c a t t e r e d  f i e l d  components a r e  g i v e n  e l s e w h e r e  

[381. 

The q u a n t i t i e s  of most  i n t e r e s t  i n  NDT a r e  t h e  e x t e r n a l  (p>a)  mag- 

n e t i c  f i e l d  components which a r e  obse rved  w i t h  t h e  s e n s i n g  c o i l s .  The 

p r imary  m a g n e t i c  f i e l d  h a s  o n l y  a  @ component HPr  b u t  t h e  s c a t t e r e d  
@ 

magne t i c  f i e l d  h a s  a l l  t h r e e  components.  For  t h e  n u m e r i c a l  r e s u l t s ,  t h e  

f o l l o w i n g  p a r a m e t r i c  v a l u e s  remain  f i x e d :  a  = 1 cm, o = 1.1 x 106mho/m, 
W 

- = 200 l l o ,  b = 2 c m ,  f r e q u e n c y  = 10 Hz, p = 2 cm, o = 0 ,  and pv - po. v  

For t h i s  low f r e q u e n c y ,  t h e  c o n d u c t i o n  c u r r e n t s  domina te ,  and t h e  p e r m i t t i -  

v i t i e s  E and cV a r e  u n i m p o r t a n t .  The above v a l u e s  of  
W Ow and Pw 



a r e  r o u g h l y  r e p r e s e n t a t i v e  of s t a i n l e s s  s t e e l ,  b u t  t h e  p e r m e a b i l i t y  of s t e e l  

i s  q u i t e  v a r i a b l e  [ 5 4 ] .  For  t h e  above  p a r a m e t e r s ,  t h e  r a d i u s  a  i s  a p p r o x i -  

m a t e l y  one  s k i n  d e p t h .  For  conven ience  h e r e ,  we a l s o  choose  z  = z '  = 0  

and 0 '  = 0 .  

I n  F i g s .  1 4 ,  1 5 ,  and 16 ,  we show t h e  magn i tude  of t h e  s c a t t e r e d  mag- 

n e t i c  f i e l d  components no rma l i zed  by VH" a s  a  f u n c t i o n  of . The r e a -  
0 

son f o r  showing t h e  dependence  i s  t h a t ,  a l t h o u g h  t h e  p r imary  f i e l d  i s  

i n d e p e n d e n t  of $ , t h e  s c a t t e r e d  f i e l d  v a r i e s  c o n s i d e r a b l y  i n  . T h i s  

v a r i a t i o n  might  d i c t a t e  t h e  u s e  of m u l t i p l e  s e n s i n g  c o i l s  spaced  i n  az imuth  

around t h e  r o p e .  The c u r v e s  a r e  no rma l i zed  by  t h e  p r imary  f i e l d  b e c a u s e  t h e  

anomalous s c a t t e r e d  f i e l d  i s  measured i n  t h e  p r e s e n c e  of t h e  p r imary  f i e l d  

and t h e i r  r a t i o  is  t h u s  of  i n t e r e s t .  We a l s o  n o r m a l i z e  t h e  r e s u l t s  t o  t h e  

volume V of t h e  v o i d  i n  o r d e r  t o  make t h e  c u r v e s  more g e n e r a l .  However, a  
I 

t y p i c a l  v a l u e  f o r  V might  b e  on t h e  o r d e r  of 10-'m3 (=I  cm x 1 mm x 1 mm) . 
A s  i n d i c a t e d  i n  F i g s .  14 and 1 5 ,  HSC and HSC a r e  of  a p p r o x i m a t e l y  t h e  

P  0 
same l e v e l ,  b u t  HSC i s  odd i n  $ w h i l e  HSC 

0 
i s  even .  We a l s o  may n o t e  

P  

t h e  d e c r e a s e  i n  s c a t t e r e d  f i e l d  a s  t h e  v o i d  i s  moved f rom t h e  o u t e r  r e g i o n  

( p ' / a  = 0 . 9 )  toward t h e  c e n t e r  (p '  / a  = 0 . 1 )  of  t h e  r o p e .  Because  a = 0' 

i n  F i g s .  14 and 15, o n l y  t h e  a x i a l  and r a d i a l  e l e c t r i c  d i p o l e  moments and t h e  

a z i m u t h a l  m a g n e t i c  d i p o l e  a r e  e x c i t e d .  Also ,  t h e  r a d i a l  e l e c t r i c  d i p o l e  i s  

v e r y  s m a l l  b e c a u s e  i t s  e x c i t i n g  f i e l d  E~~ is  s m a l l .  The c a l c u l a t i o n s  
P 

r e v e a l  t h a t  ( I d s )  and (KdR)@ c o n t r i b u t e  a p p r o x i m a t e l y  e q u a l l y  t o  t h e  
Z 

s c a t t e r e d  f i e l d .  I n  F i g .  16 ,  we have z  = z '  = 0  and p ' / a  = 0 . 5 ,  b u t  

w e  a l l o w  a t o  v a r y  from 0' t o  30'. Nonzero v a l u e s  of a a l l o w  two a d d i -  

t i o n a l  d i p o l e  moments ( t h e  a z i m u t h a l  e l e c t r i c  and t h e  a x i a l  magne t i c  d i p o l e s )  

S C  
t o  b e  induced .  The r e s u l t  i s  a d e c r e a s e  i n  t h e  l e v e l  of  H and HSC 

0 P  



and. an i n c r e a s e  i n  t h e  l e v e l  of H". These new r e s u l t s  a r e  d e s c r i b e d  
z  

e l sewhere  [ 3 8 ]  . 
The phase of t h e  s c a t t e r e d  f i e l d  was a l s o  computed, bu t  was found t o  

be  of l e s s  i n t e r e s t .  Also,  t h e  i n d i v i d u a l  d i p o l e  c o n t r i b u t i o n s  were com- 

puted,  and t h e y  a r e  of i n d i v i d u a l  i n t e r e s t  s i n c e  t h e y  w i l l  be e x c i t e d  

d i f f e r e n t l y  f o r  o t h e r  s o u r c e s  o r  o t h e r  vo id  c o n f i g u r a t i o n s .  

Although we have genera ted  numer ica l  r e s u l t s  f o r  t h e  s p e c i f i c  c a s e  of 

a  t h i n  p r o l a t e  s p h e r o i d a l  v o i d ,  t h e  f o r m u l a t i o n  g iven  h e r e  a c t u a l l y  y i e l d s  

t h e  e x t e r n a l  f i e l d s  f o r  a r b i t r a r y  induced e l e c t r i c  and magnet ic  d i p o l e  

moments. Thus t h e  f o r m u l a t i o n  i s  u s e f u l  f o r  any t y p e  of rope  i m p e r f e c t i o n  

t h a t  can  b e  c h a r a c t e r i z e d  by induced e l e c t r i c  and magnet ic  d i p o l e  moments. 

T h i s  r e q u i r e s  o n l y  t h a t , t h e  r o p e  i m p e r f e c t i o n  b e  s m a l l  i n  terms of t h e  rope  

r a d i u s  and t h e  rope  s k i n  d e p t h .  Larger  i m p e r f e c t i o n s  shou ld  have a  s i m i l a r  

q u a l i t a t i v e  b e h a v i o r ,  b u t  could  p robab ly  be r i g o r o u s l y  analyzed on ly  by 

s o l v i n g  an i n t e g r a l  e q u a t i o n  f o r  t h e  f i e l d s  i n  t h e  i m p e r f e c t i o n .  Also,  

i t  would be a  s imple  m a t t e r  t o  perform s i m i l a r  c a l c u l a t i o n s  f o r  a  s o l e n o i d a l  

c o i l  of t h e  t y p e  used i n  p r e s e n t  NDT systems.  The s c a t t e r e d  f i e l d  c a l c u -  

l a t i o n  remains  unchanged, b u t  t h e  pr imary f i e l d  would be  T E ( E ' ~  = 0)  
z  

r a t h e r  than  T M ( H ~ ~  = 0 ) .  Some c a l c u l a t i o n s  f o r  t h i s  c a s e  have been c a r r i e d  
z  

o u t  by Burrows [ 3 7 ]  f o r  t h e  s p e c i a l  c a s e  where bo th  e x c i t i n g  and s e n s i n g  

c o i l s  a r e  c o a x i a l  w i t h  t h e  t u b u l a r  specimen. 

CONCLUDING REMARKS 

We have a t t empted  t o  g i v e  an o v e r a l l  v iew of NDT e l e c t r o m a g n e t i c  

methods. A s  i n d i c a t e d ,  t h e  i n v e s t i g a t i o n s  have proceeded a l o n g  d i f f e r e n t  

l i n e s .  The v e r y  p r a c t i c a l  and perhaps  most u s e f u l  work t o  d a t e  h a s  been 

e m p i r i c a l  i n  n a t u r e .  There h a s  been no a t t e m p t  made t o  deduce t h e  magni- 



t ude  of t h e  secondary f i e l d s  due t o  t h e  i n t e r n a l  f law;  i n s t e a d  a  l a r g e  

number of a c t u a l  r opes  a r e  t e s t e d  and t h e  r e s u l t s  p r e sen t ed .  On t h e  

o t h e r  hand, t h e  a n a l y t i c a l  approaches have cons idered  on ly  h igh ly  i d e a l i z e d  

s i t u a t i o n s .  Never the less ,  some impor tan t  p r i n c i p l e s  a r e  d i s c l o s e d  t h a t  may 

have an impor tan t  bear ing  on o p e r a t i n g  procedures .  For example, t h e  

t o r o i d a l  c o i l  e x c i t e r  could be u t i l i z e d  i n  p r a c t i c a l  schemes i n  c o ~ j u n c -  

t i o n  w i t h  l o c a l i z e d  sensor  c o i l s  t h a t  can c h a r a c t e r i z e  t h e  three-dimensional  

f i e l d  c o n f i g u r a t i o n  i n  an adequa te  f a s h i o n .  

A b a s i c  t h e o r e t i c a l  a s p e c t  of t h e  NDT problem t h a t  we have n o t  r e a l l y  

addressed i s  t o  account  f o r  t h e  a n i s o t r o p i c  n a t u r e  of t h e  e f f e c t i v e  con- 

d u c t i v i t y  and t h e  pe rmeab i l i t y  of t h e  w i r e  rope.  The s p i r a l  c o n s t r u c t i o n  

of s t r anded  w i r e  r opes  sometimes descr ibed  a s  a  " twis ted  bunch of s p a g h e t t i "  

d e f i e s  any s imple  microscopic  d e s c r i p t i o n .  However, from a  macroscopic 

p o i n t ,  we might  d e s c r i b e  t h e  e f f e c t i v e  an i so t ropy  by c o n d u c t i v i t y  and 

pe rmeab i l i t y  t e n s o r s .  Some p r e l im ina ry  e f f o r t s  i n  t h i s  d i r e c t i o n  have 

begun [55 ] -  I t  i s  obvious t h a t  much remains t o  be done and we have ad- 

d ressed  some of t h c s c  t o p i c s  i n  t h e  subsequent s e c t i o n s .  
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g r e e  of r e s o l u t i o n .  

The genera l  c e s t  p rocedure  i s  t o  i r r a d i a t e  t h e  sample w i t h  micro- 
wave energy and t o  moni tor  t h e  t r a n s m i t t e d  o r  r e f l e c t e d  energy 
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m a t e r i a l ,  i.c., Ehe d i e l e c t r i c  c o n s t a n t ,  t he  p e r m e a b i l i t y ,  t h e  
c o n d u c t i v i t y ,  and t h e  l o s s  a n g l e .  Special .  a t  t e n t i o n  i s  devoted 
t o  a n  e v a l u a t i o n  of t h e  e f f e c t  of rhe s p h e r e ' s  d i e l e c t r i c  con- 
s t a n t  on s i g n a l  magnitude.)  

V .V. Klyuev, G .(; . Kapel i n ,  !?:-!.,i:r.~.i'vi;!~: !.I;? alzd 7 '7~: r )~e !.%cn!. 1irsearc.h %Q ,'.'c~cl/i- 
'1'hrn:~~jh I/"r~~zqr,.ll!c.i~,,:: fc?r Mc,)rl i l:o?ai 8 :; :::O,'i i?!7 nfi;ic:c f-s, - Def'ekt - oskopiya  - , Vol . 
6, pp. 701-, 1969. 

V.V.  Klyuev, PI.1 , .  Faingoi  z ,  and (; .(:. Kapel i n ,  . '!~~~crcrnt of a Current- 
f1oncj!cr*l ' , 1 ; 1  ;'/(I t c  > il,rb.clZ l c  7 ,!(i l !?r /'/,-it:,- of a ?r,:vy-'r!/~)~c Traansducer, 
Defek toskop iya ,  Val .  6 ,  pp. 425-432, .July/August 1970. - -- 

(The emf of  a s q u a r e  s t r i d i n g - t y p e  t r a n s d u c e r  l o c a t e d  over  a  par-  
a l l e l  moving p l a t e  i s  de te rmined .  The v o l t a g e  hodographs ob- 
t a i n e d  a n a l y t i c a l l y  a r e  conf i rmed e x p e r i m e n t a l l y .  Recommenda- 
t i o n s  a r e  g iven f o r  t u n i n g  o u t  t h e  e f f e c t  of t h e  t r a v e l  speed of 
t h e  o b j c c t  being i n s p e c t e d . )  

(A g e n e r a l  e x p r e s s i o n  is ana lyzed  f o r  t h e  i n s e r t i o n  cmf of  a  p m e -  
t r a t i n g  pickup w i t h  a b i m e t a l l i c  ferromagnetic:  c y l i n d e r  whose 
s u r f a c e  l a y e r  h a s  a thickness equal  t o  0.01-0.06 of  t h e  o u t e r  
r a d i u s .  S i m p l i f i e d  e q u a t i o n s  a r e  formd f o r  d e s i g n i n g  pickups .  
Cases  a r e  cons ide red  i n  which t h e r e  a r e  v a r i o u s  r e l a t i o n s  



V .V .  Vlasov and V .A. Konlarov, BZectromagnctic Phenomena Which Occur Mhen 
a Transvsrsc Uniform Alternating Magnetic Field Acts on a Conducting 
C ~ j l i n d ~ r ,  -.- Defektosko_~iya,  Vol. 7, No. 2, pp. 128-133, 1971. 

(The r e s u l t s  of a n a l y t i c a l  and experimental  i n v e s t i g a t i o n s  of 
t h e  e lec t romagnet ic  phenomena which a r i s e  when an  e x t e r n a l  t r ans -  
v e r s e  uniform a l t e r n a t i n g  magnetic f i e l d  a c t s  on an e l e c t r i c a l l y  
conduct ing (magnetic and nonmagnetic) c y l i n d e r  a r e  presen ted .  
The r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  a s  they apply t o  t h e  non- 
d e s t r u c t i v e  monitor ing of c y l i n d r i c a l  s t e e l  a r t i c l e s  us ing  eddy 
c u r r e n t s  a r e  analyzed.)  

Yu. N. Russkevich, Estnhlishmc~nt o f  t ho  ~Z~ctromaqnet ic:  Fiol(! of n Trrrn 
Over a ~orrtlwc:t i n g -  ~onfc~rroma~7ric tic- Id! /cr ,  ~ e f e k t o s k o ~ i ~ a ,  Vol . 7, No. 3 ,  
pp. 264-269, 1971. 

(The s o l u t i o n  t o  t h e  problem of determining t h e  vec to r  p o t e n t i a l  
of t h e  nons t a t i ona ry  f i e l d  of eddy c u r r e n t s  induced i n  a conduct- 
i n g  l a y e r  of a r b i t r a r y  t h i cknes s  by a jump i n  t h e  e x t e r n a l  annu- 
l a r  c u r r e n t  is  presented.  The s o l u t i o n  i s  obta ined  f o r  t h e  zone 
s i t u a t e d  over t h e  s u r f a c e  of s e p a r a t i o n  of t h e  media; i t  cons t i -  
t u t e s  t he  b a s i s  of a model f o r  t h e  a t t e n u a t i o n  of a f i e l d  of 
eddy c u r r e n t s ,  g iv ing  a c l e a r  r e p r e s e n t a t i o n  of t h e  c h a r a c t e r  of 
t h i s  p rocess . )  

Yu. M .  Shka r l e t  and N.N. Lokshina, Edd?] Current Density During Pulse Ex- 
c i t a t i on  of nn Applied Transducer, Defektoskopiya, Vol 7, No. 3 ,  pp. 281- 
285, 1971. 

(This  a r t i c l e  cons ide r s  t h e  problem of determining t h e  nons ta t ion-  
a r y  d e n s i t y  of eddy c u r r e n t s  i n  a conduct ive magnetic ha l f - space  
e x c i t i n g  an app l i ed  t ransducer  powered by c u r r e n t  i n  t h e  form 
of a s i n g l e  s t e p .  The r e s u l t a n t  formula i s  used t o  compute t h e  
r e l a t i v e  d e n s i t y  of eddy c u r r e n t s  dur ing  a c o n t i n ~ ~ o u s  change of 
t h e  t i m e  of the  t r a n s i e n t  p rocess  f o r  c e r t a i n  f i xed  d i s t a n c e s  
from t h e  su r f ace  i n t o  t h e  depth  of a m e t a l l i c  medium. The d i s -  
t r i b u t i o n  of c u r r e n t  d e n s i t y  i s  computed wi th  r e s p e c t  t o  t h e  
depth of a m e t a l l i c  half-space f o r  va r ious  i n s t a n t s  of t ime.)  

M . M .  She l ,  lim~nonic Structure of the Secondary EMF of a Deposited Sensor, 
Defektoskopiya, Vol. 7 ,  No. 4,  pp. 378-382, 1971. 

(An approximate express ion  i s  obtained which can be used t o  ca l -  
c u l a t e  t h e  h igher  harmonics of t h e  secondary emf of a depos i ted  
sensor  i n  checking ferromagnet ic  p a r t s .  The r e l a t i o n s h i p  between 
t h e  harmonic s t r u c t u r e  and t h e  shape of t h e  h y s t e r e s i s  loop of 
t h e  specimen being inves t i ga t ed  i s  determined. Experimental re- 
s u l t s  a r e  c i t e d  which confirm t h e  co r r ec tnes s  of t h e  b a s i c  theo- 
r e t i c a l  premises .  ) 

V . V .  Vlasov and V.A. Komarov, The Magnetic F i ~ l d  of Eddy Currants Above 
A Surface Crack i n  MetaZ With Excitation of nzem b y  an Applied Inductor, 
Defektoskopiya, Vol 7, No. 6, pp. 665-675, 1971. 



( A  method is  proposed f u r  a q u a l i t a t i v e  e s t i m a t e  of t h e  magnet ic  
f i e l d  of eddy c u r r e n t s  o c c u r r i n g  a l o n g  t h e  w a l l s  of c r a c k s  s p r e a d  
on t he  s u r f a c e  i n  m e t a l  w i t h  a  c o m p a r a t i v e l y  h i g h l y  developed 
s k i n  e f f e c t . )  

A.L. Zelenkov and V.N .  Kudakov. Df!;cction o f  Local Defects i n  Diclcctrirs 
With a Radiodefectoscoy~? b?or,?irzg i n  the  "Reflection" Mode, Defektoskopiya ,  
No. 5, pp. 5-10, ~ e p t e m b e r / O c t o b e r ,  1971. 

(A  c a l c u l a t i o n  of t h e  d i f f r a c t i o n  f i e l d s  formed i n  t h e  s c a t t e r i n g  
of e l e c t r o ~ n a g n e t i c  waves by a l o c a l  d e f e c t  i n  a d i e l e c t r i c  s h e e t  
when t h e  r a d i n d e f e c t o s c o p e  w i t h  mechanical  scann ing  employed f o r  
d e t e c t i n g  t h e  d e f e c t  is  o p e r a t i n g  i n  t h e  " r e f l e c t i o n "  mode is 
p r e s e n t e d .  The ca lcu l . a t ion  a l l o w s  f o r  t h e  d i r e c t i o n a l  cha rac -  
t e r i s t i c s  of t h e  p robes .  The e x p e r i m e n t a l  d a t a  o b t a i n e d  a g r e e  
c l o s e l y  w i t h  c a l c u l a t i o n s . )  

D .  L. Waldel ich ,  i :~ .s~)onsr  o.f Fulsed n i p 0  Zes i n  Concluetors, I n t e r n a t i o n a l  
Symposium on Antennas & --- Propaga t ion ,  pp. 5-6, Sep t .  1971. 

V . V .  Klyuev and M .  I,. F a i n g o i z ,  Nond~structioe T~s t i r l p  of Movin~r Art ic les  
I)!j  i"ic+rzns t q  Szcpcra irr~r r,qs~d ar:d :;z~perirnp:xed Screen Converters Using the  
('onrtnnt !vlagcl?~ctir Ficld Method, -- Defektosko-a, Vol 8 ,  No. 1, pp. 100- 
106,  1972. 

(The d i s t o r t i o n  of t h e  f i e l d  H i s  determined f o r  superimposed z 
and superimposed s c r e e n  c o n v e r t e r s  of  r e c t a n g u l a r  form and ex- 
c i t e d  w i t h  a d i r e c t  c u r r e n t  d u r i n g  t h e  motion of  t h e  t e s t  o b j e c t .  
A n a l y s i s  is  c a r r i e d  o u t  on t h e  b a s i s  of a c c u r a t e  computat ions  of 
imporper i n t e g r a l s  d e f i n i n g  t h e  c a s e s  c o n s i d e r e d . )  

V . A.  Sandovsk i i ,  Fie Zd of t i r ~  V ~ c t , ~ r - i ) o t ~ n f r i  i v  n Cond7~ct-ive Scmispacc 
I~i~uliny Its Movement Rc.ht.l:7?e to  a Wall fkv ing cx C ~ r r r ~ n t ,  Def e k t o s k o p i y a ,  
Vol.  8 ,  No. 1, pp. 75-80, January /February  1972. 

(The problem of t h e  s t e a d y - s t a t e  f i e l d  of t h e  v e c t o r - p o t e n t i a l  
i n  a  c o n d u c t i v e  semispace  is s o l v e d  f o r  i t s  movement r e l a t i v e  
t o  a  w a l l  having a  c u r r e n t .  The r i g o r o u s  s o l u t i o n  w i t h  g e n e r a l -  
l y  a c c e p t e d  a s s i ~ m p t i o n s  f o r  problems of  such  a c l a s s  i s  p r e s e n t e d  
i n  q u n d r a t u r e s .  T h i s  s o l u t i o n  is ana lyzed  f o r  t h e  c a s e  of  a 
moving semispace  of magne t i c  and nonmagnetic m a t e r i a l s  and is ex- 
tended t o  a n y  sollrce of a c o n s t a n t  magnet ic  f i e l d . )  

V . V .  Vlasnv and 13.2. Volkov, il,np/Csd Edd!r-Current S3stem Hnz?inp a Hall 
Element ns t h ~  :;en~~~~Jrrr rrntl' i:cwcl in? t o  thc Tan?entini! Compovent of t h e  
nc-.fert i 7 i r / d ,  Defektoskopiya ,  -- Vol. 8 ,  No. 1, pp. 84-89, January /February ,  
1972. 

V.V. Klyuev and M. I.. F a i n g o i z ,  N(?~zcfcst~~catiuc Tc..;ting of Movirq C u ~ ~ r v - n l -  
( : n d u c t i r ~ ~  .4r Lic2o.s 713 ~Yearzs of Pass-Snhr*qu,:rh Conucr fers flninp the Co?ls t (In l - 
fl'?'~Zd Afel hod, Defektoskoyiya ,  Vol. 8 ,  No. 2 ,  pp. 27-31, March/Apri l ,  1 9 7 2 .  

( A  d e t e r m i n a t i o n  is made of t h e  induced v e c t o r  p o t e n t i a l  of o u t e r  
and i n n e r  c y l i n d r i c a l  pass- through c o n v e r t e r s  e x c i t e d  by a  con- 
s tan  t c u r r e n t  in t h e  moni to r ing  of moving current-conduc t i n g  



articles. An analysis is made on the basis of accurate computa- 
tions of improper integrals.) 

V.A. Sandovskii, CnZcz~lati.ng the Tangential Component of t h e  h!(?c7nrfica ! 
Intensi ty  Pue t n  E d d j  Crrrl?rnt..: Generated by  an Inductive Transducer, 
Defektoskopiya, Vol. 8 ,  No. 3, pp. 90-93, %y-June 1972. 

V .V. Vlasov and V. A. Komarov, Tntc7mrtion of thr !.lrtgnetic 17i~ld PS a r,o?i" 
Sing %r-Turn  T,no)) 7'71: tlz a i'on(luc-l,7Znc Fcrramtptn,-i if+ f ! c  7 iwlcr, De f ektoskopiya, .- 

Val. 8, No. 4, pp. 64-73, July/August 1972. 

C .A. Burtsev, .~~rnig?zi.-Tl~~r~ouq3z L?~(?~~-I:uP~'cJ'I~,  Convcrtcrs for Moni t,or;ng 
Fcrrmqnct<c! Art-kZr.5 nJ F?Inite Length, -- Defektoskopiya, Vol. 9, No. 4, 
pp. 110-117, July/August, 1973. 

N.L. Bondarenko, Yu. M. Shkarlet, and A.F. Chub, RcfZection and Scrrr?nin17 
o f  thc  Nonstationarlj PZc%d of  a Turn b!i a Conductive Mediwn, Defektoskopiya, - - 

Vol. 9, No. 4, pp. 118-124, J U ~ Y / A U ~ U S ~ ,  1975. 

A. A. Kabasheva and V .K. Popov, CaZcul,ztion oJ' Mu7 ti Za?]er Trrtnnforr~cr Rdc1'g 
Current Sensors, Defektoskop*, Vol. 9 ,  No. 5, p p .  17-23, September/ 
October, 1973. 

Y u .  M. Shkar l  ~t , T; ! rorc  i--i'irn?. Pr>ir!r*;p%c:: 01 K7ectrm1n.~r:/:! r::' r t r . : !  .67.~ctr,~- 
cxco ld : :  kit- !!Io?rt%c?:: l r ~ r w - t  i 7~ ( -~  'i", -::I, iCr~L/!rl.!::, Def - ektoskop-, -.- -- Vol 10, No. 1, 
pp. 11-17, January/February, 1974. 

V .V. Klyuev and M. L. Faingoiz, Insp,lc:tincg ~Vol,?:ng Parts with App??:ed rtnd 
2 ? - z  d -  Tr~rznsduccu~s, Def ektoskopiya, Vol. 10, No. 1, 
pp. 18-24, JanuarylFebruary, 1974. 

V.V. Klyuev and M.L. Faingoiz, Inspection of Movin(g, Ferromagnetic Com- 
ponents I J ~  th Through Bdd;! Currant Converters, Defektoskopiya, Vol . 10, 
No. 2, pp. 106-110, MarchIApril, 1974. 

P ? 

G . A .  Bur tsev and E. E. Fedorishcheva, ,7imp7e ~ , p p r o x h a t i o n  for th& i!apnc- 
t o s t n t i c  F i e l : !~  c f Surface Defects and Inhomo.~cncities, Def ektoskopiya, 
Vol. 10, No. 2, pp. 111-118, March/April, 1974. 

V .V. Klyuev and ?I .L .  Faingoiz, Inspection of a Moving Metal ; ? t r i p  w i th  an 
?j ' f -Axb[7 Sh?:cZ&ci Co~ltact Transducer, Defektoskopiya, Vol. 10, No. 3, 
pp. 24-29, ~ay/June, 1974. 

V.F. Avduevskii, CaZcuZating the Response o f  Eddy-Current Transducers, 
Defektoskopiya, Vol. 11, No. 5, pp. 27-30, September/October, 1975. 

V . P . Zuev and V .N. Novikov, I?Zcc*f~ostat?:c i)s?bfcctoscopy o-? f'j! Lirdrieaz 
S[,tl'?imcns u i t h  Axioi! Duct.7, Defektoskopiya, Vol. 11, No. 5, pp. 31-36, 
September/October, 1975. 

V.P. Kurozaev, Yu. I. Steblev, and V.E. Shaternikov, Influencr I ) $  Part 
Geometry on the  Results of Their Inspection b?y Eddy-Current Tranaducerr;, 



Defektoskopiya ,  Vol. 12,  No. 1, pp.  115-123, ~ a n u a r y l ~ e b r u a r y ,  1976. 

( C o n s i d e r a t i o n  i s  g i v e n  t o  t h e  e f f e c t  of p a r t  geometry 
["boundary e f f e c t " ]  on t h e  e f f e c t i v e n e s s  of  e l e c t r o m a g n e t i c  
i n s p e c t i o n  o f  t h i c k n e s s ,  s p e c i f i c  e l c a c t r i c a l  c o n d u c t i v i t y ,  
and gaps .  Recommendations a r e  g lvcu  For s ~ l p p r e s s i n g  t h e  boun- 
d a r y  e f f e c t  i n  measur ing t h e s e  v a l u e s .  An a n a l y s i s  i s  made 
on t h e  b a s i s  of a  s o l u t i o n  of  t h e  e lec t rodynamic  boundary 
problem f o r  a n  a p p l i e d  eddy-current  t r a n s d u c e r  l o c a t e d  above 
a n  e l e c t r i c a l l v  conduc t ing  e l l i p s e  of r c j t a t i o n . )  

N.P. R t i shcheva  and V.V.  Sukhorukov, S7:rni~ZaLiq $he Operating Conditions 
of a Through-Djpe li:aldj-Czcrent Transduwr  blhcn Inspecting Ferromagnetic 
fr'otin, Defektoskopiya ,  Vol. 12 ,  N o .  1, pp. 109-114, JanuaryIFebruary ,  
1.9 76. 

(By means of a  n o n l i n e a r  network model of t h e  RC-type v o l t a g e -  
v a r i a b l e  c a p a c i t o r s  ( v a r i c a p s )  t o g e t h e r  w i t h  exper iments  a  
s t u d y  w a s  made of t h e  c o n d i t i o n s  d u r i n g  eddy-current  f l a w  
d e t e c t i o n  i n  f e r r o ~ n a g n e t i c  r o d s  which a r e  s u b j e c t e d  s i m u l t a n -  
e o u s l y  t o  a l t e r n a t i n g  and c o n s t a n t  magnet ic  f i e l d s  from a 
through-type t r a n s d u c e r .  The e f f e c t  on t h e  s i g n a l - t o - n o i s e  
r a t i o  of a  c o n s t a n t  magnet ic  b i a s i n g  f i e l d  is  shown and r e -  
commendations a r e  made f o r  choos ing  t h e  o p t i m a l  c o n d i t i o n s  
when i n s p e c t i n g  s t r u c t u r a l  s t e e l s . )  

B.N. Domashevskii and A .  1. Geise r .  PnZclr7:;<tx t ion  o r  Crack.? F.%3zcn ~,!nclnct,incd 
i r ~  a T,ongitudi~~nZ LIZ  t c r r i r x t i r ~ ~ ~  J'ie7Q Vol . 12,  No. 2, pp. 
89-94, March /Apr i l ,  1976.  

(The f i e l d  due t o  a c r a c k  i n  m e t a l  can  b e  l i k e n e d  t o  a r i b b o n  
d i p o l e  w i t h  a  d e n s i t y  of s u r f a c e  magnet ic  c h a r g e s  which f a l l s  
o f f  e x p o n e n t i a l l y  w i t h  d e p t h  i n t o  t h e  sample.  The t h e o r e t i -  
c a l  c a l c u l a t i o n s  a r e  compared w i t h  e x p e r i m e n t a l  d a t a . )  

V . A .  Sandovsk i i ,  CaZcuZtzti~g the Resistance Introduced by  Cracks i n  an 
A p p l i e d  Transducer, Vol  12 ,  No. 2, pp. 95-101, MarchIApri l  
1976. 

(The impedance i n j e c t e d  i n t o  a n  a p p l i e d  t r a n s d u c e r  by a  c r a c k  
is found by approx imat ion  i n  t h e  form of t h e  p roduc t  of 
t h r e e  f u n c t i o n s  depending on a  g e n e r a l i z e d  eddy-cur ren t  pa ra -  
meter .  11 holograph  is  p l o t t e d  f o r  s m a l l  and l a r g e  openings  
of  c r a c k s . )  

B . I .  K o l o d i i  and A. Ya. T e t e r k o ,  Determination of the Transverse Magne- 
tos t a t i c  Fie Id of a Cylinder with an Eccentric C!j l indrical  Tnc Z7~sion, 
Defek toskop iya ,  Vol.  12 ,  N o .  3, pp. 44-50, May/June 1976. 

(Using t h e  method of t h e  v e c t o r  p o t e n t i a l  i n  b i p o l a r  coord in -  
a t e s ,  t h e  m a g n e t o s t a t i c  f i e l d  of an  i n f i n i t e  c y l i n d e r  w i t h  
an  e c c e n t r i c  c y l i n d r i c a l  i n c l u s i o n  s i t u a t e d  i n  a  t r a n s v e r s e  
f i e l d  i s  de te rmined .  S p e c i a l  a t t e n t i o n  is  pa id  t o  t h e  f i e l d  
of a semi-inf i n i t e  s o l i d  w i t h  a  c y l i n d r i c a l  i ~ l c l u s i o n  pa ra -  
l e l l  t o  t h e  s u r f a c e .  For t h e  c a s e  of a n  e c c e n t r i c  c a v i t y  



a q u a n t i t a t i v e  a n a l y s i s  i s  made of t h e  f i e l d  i n  r e l a t i o n  t o  
t h e  s i z e  and dep th  of t h e  c a v i t y  and t h e  magnetic p e r m e a b i l i t y  
of t h e  p a r e n t  m a t e r i a l . )  

V . V .  Panasyuk, B .  I .  Kolod t i ,  and A.A. O r l o v s k i i ,  Flectr(n;ragns t f r  Cont,ro/ 
of ElectricaZIy Conduc?t?:n~~ Sph~ricai!  Spccirnens, Defektoskopiya,  Vol. 12,  
No. 5, pp. 129-130, September/October,  1976. 

A.S.  Popov and I.. I .  Trakhtenberg,  BJ f f r c t  of thc Sm-tinn Shupc o f  a Non- 
rnagnc t.ic Blccr 1 ricnZ I!j Conc?~~cLi.ng i h r l  on the  Prrrrvrte t ~ r s  o f  mi Edd;~-Cz/r.:~r~: L 
ITransduccr u i t h  (z llnifom FicZd, Defektoskopiya,  Vol. 12 ,  No. 5 ,  pp. 94- 
101,  September/October 1976. 

(Express ions  f o r  b o t h  t h e  r e s i s t i v e  and t h e  r e a c t i v e  v o l t a g e  
induced i n  t h e  measur ing c o i l  of a n  eddy-current  t r a n s d u c e r  
by a  nonmagnetic conduc t ing  l o n g  r e c t a n g u l a r  p r i s m a t i c  rod i n  
a  uniform l o n g i t u d i n a l  f i e l d  a r e  d e r i v e d  h e r e  from t h e  wel l -  
known s o l u t i o n  t o  t h e  problem concern ing  t h e  d i s t r i b u t i o n  of 
t h e  magnet ic  f i e l d  i n t e n s i t y  over  t h e  c r o s s  s e c t i o n  of such a  
r o d .  The e f f e c t s  which r o d s  i n  t h e  shapes  of a  r e g u l a r  tri- 
a n g u l a r  pr ism,  a  r e g u l a r  hexagonal pr ism,  and a  c i r c u l a r  c y l i n -  
d e r  c u t  by two p l a n e s  p a r a l l e l  t o  and e q u i d i s t a n t  from i ts  
a x i s  have on t h e  t r a n s d u c e r  o u t p u t  s i g n a l  have been s t u d i e d  ex- 
p e r i m e n t a l l y .  It i s  e s t i m a t e d  h e r e ,  on t h e  b a s i s  of t h e  r e s u l t s ,  
how t h e  pa ramete rs  of t.he t r a n s d u c e r  o u t p u t  s i g n a l  a r e  a f f e c t e d  
by changes  i n  t h e  shape of t h e  rod c r o s s  s e c t i o n . )  

Yu. K.  Fedosenko, A Metallic CiyZinder i n  the  Field o f  n ?loncnmial Cn<Z, 
Defektoskopiya,  Vol. 1 2 ,  No. 6, pp. 43-52, ~ovember/December,  1976. 

(The problem of c a l c u l a t i n g  t h e  e l e c t r o m a g n e t i c  f i e l d  of a c o i l ,  
c a r r y i n g  a n  a l t e r n a t i n g  c u r r e n t ,  t h a t  e n c l o s e s  a  m e t a l l i c  i n -  
f i n i t e l y  l o n g  c y l i n d e r  a r ranged  n o n c o a x i a l l y  w i t h  r e s p e c t  t o  
t h e  c o i l  i s  c o n s i d e r e d .  The problem is s o l v e d  by u s i n g  s c a l a r  
f u n c t i o n s  t h a t  e n a b l e  s e p a r a t i o n  o f  v a r i a b l e s  i n  c y l i n d r i c a l  
f u n c t i o n s .  The problem is reduced t o  f i n i t e  e x p r e s s i o n s  de- 
f i n i n g  t h e  induced emf of a  feed through  t r a n s d u c e r .  The e f f e c t  
of d i sp lacement  p on t h e  induced emf i s  ana lyzed .  The a u t h o r  

0 
shows t h a t  t h e  ampl i tude-phase  method can be  used t o  compensate 
f o r  t h e  i n f l u e n c e  of po when moni to r ing  any of t h e  pa ramete rs  
u ,  0,  o r  R.  The a t t e n u a t i o n  of t h e  p is n o t  measured i n  t h e  

0 
d i f f e r e n t i a l  method.) 

V .E .  S h c h e r b i n i n  and M.L. Shur,  Calculating the E f fec t  of the Roundar.l:~s 
o f  a Product on the  Field of  a Cylindrical Defect, r jefektoskopiya,  - V o l .  
1 2 ,  No. 6,  p p .  30-35, November/December, 1976. 

( C a l c u l a t i o n s  a r e  made of t h e  d e f e c t  f i e l d  i n  t h e  form of an  
i n f i n i t e  c y l i n d e r ,  t a k i n g  magnet ic  r e f l e c t i o n s  from t h e  spa-  
t i a l  boundar ies  and t h e  boundar ies  of t h e  d e f e c t  i n t o  cons i -  
d e r a t i o n .  The a u t h o r s  show t h a t  t a k i n g  t h e  l a s t  f a c t o r  i n t o  
account  l e a d s  t o  a  q u a n t i t a t i v e  and q u a l i t a t i v e  change i n  t h e  
c a l c u l a t e d  v a l u e s  of t h e  d e f e c t  f i e l d . )  



V .F.  Khreb t i shchev  and N.  S. S a v o r o v s k i i ,  R.TTect o f  Szcr.~ace F ~ m s  i n  Thin- 
WaZZcd C!ylirzders, Defektoskopi>ya, -- . - - . - . - Vol. 13, No. 2 ,  pp. 154-157, MarchIApr i l ,  1977. 

V .  E. S h a t e r n i k o v ,  I Y L ~  rrrrcat,.ic)n 01 I : ' l ( v  1 r~o~nnptc? t i.c~-~l'mnnL/?4rer F1:c l d s  with 
Conduc t iq  Bi)d<cs (~f Cnvplcn: Shnpe, -- l ) c i c ~ k t o ~ k ~ ~ p i ~ ~ ,  - - . . - - - - - Vol. 1 3 ,  No. 2 ,  pp. 162- 
167,  MarchIApri l ,  1977. 

M.L. Shur and V.E. S h c h e r b i n i n ,  Ma~jrtcio,?tatic C1:eZd of a L)~.f?ct Inside a 
Plane-ParaZZeZ Pla te ,  - D e f e k t o s k o p i l ,  -- - .- - - - - - - Vol. l ' j ,  No. 3, pp. 92-96, ~ a ~ / ~ u n e ,  1977. 

V . A .  Sandovsk i i  and M . Ya . Khal ikov,  'l'wo-Chnnne l Ed&{ ('urr~cnt Ivspect;~.on 
1 J r z i t  for  Tnspecting CgZincIrictri!  ?.irt::, I )efektoskopiya ,  - -- - - Vol. 1 3 ,  No. 4 ,  pp .  
94-98, . J U ~ ~ / A U ~ U S ~ ,  1977. 

D . O .  Thompson, AliI'A /ilF'hYT, ~ i r i , ~ s ' c ~ w  (I-'' Fr~cl:~rc;:i: 1:n CJunrit:'Pai;i~>c NLIE, (Rockwell 
T n t e r o a t i o n a l )  S e p t e m b ~ r  1977 .  

K.F. Bainton,  ( , ' : l n ~ ~ c ~ r * i , o v j r : i r ~ ! ~  flr.fr,.fr: iy D~+rrrn?:nin~? IIJa(~nctic Lenkage 
F'iclcls, NDT -- I n t e r n a t i o n a l ,  pp. 253-257, October  1977. 

( l l a r w e l l ' s  computer ised n d t  l i t e r a t u r e  s t o r e  was used t o  iden-  
t i f y  p a p e r s  d i s c u s s i n g  magnet ic  f l u x  l e a k a g e  d e t e c t i o n  of  
d e f e c t s .  The f o l l o w i n g  su rvey  d e a l s  w i t h  t h o s e  papers  which 
d e a l  a t  l e a s t  -in p a r t  w i t h  t h e  c h a r a c t e r i z a t i o n  of d e f e c t s  
r a t h e r  than  p u r e l y  d e f e c t  d e t e c t i o n .  The p a p e r s  covered used 
magnet ic  p a r t i c - l e ,  magnetographic o r  magnetometric d e t e c t i o n  
t e c h n i q u e s  and v a r i o u s  t h e o r e t i c a l  models were proposed.  I t  
would appear  t h a t  t h e r e  is  a measure of agreement between 
t h e o r e t i c a l  models and e x p e r i m e n t a l  d a t a  i f  one chooses  t o  
work w i t h  s p e c i f i c  f l a w  forms and m a t e r i a l s ,  t e s t i n g  of  mater- 
i a l  i n  a u t o m a t i c  p l a n t  b e i n g  a  p r a c t i c a l  consequence.  I t  i s  
i m p o r t a n t  t o  know t h e  magnet ic  h i s t o r y  of  some m a t e r i a l s  i n  
o r d e r  t o  work a t  a s u i t a b l e  m a g n e t i z a t i o n  l e v e l .  For  t h e  gen- 
eral c a s e  i t  has  been sugges ted  t h a t  one may be a b l e  t o  char -  
a c t e r i z e  s u r f a c e  open ing  c r a c k s ,  b u t  n o t  sub-sur face  f l a w s ,  
by an e q u i v a l e n t  d e p t h  w i d t h  and a n g l e .  Exper imenta l ly  i m -  
provements i n  t a p e s ,  microprobes ,  methods of m a g n e t i z a t i o n ,  
l i f t  o f f  c o n t r o l  and u s e  of e l e c t r o n i c  t a i l o r i n g  have l e d  t o  
imporved s i g n a l - t o - n o i s e ,  s e n s i t i v i t y  and r e s o l u t i o n . )  

Il . A .  H i l l  and J .R , Wait,  i l ~ ~ n % ! j : : i s  oJ A lternatirrg Currcnf; F:xc<takion o f  n 
Wfre Rope by i z  'Fcro-i&'l ( ' c ~ i f ,  J o u r n a l  of  &plied P h y s i c s ,  -- Vol. 48, No. 12,  
pp.  489 3-4897, December, 1 9  77. 

(An i d e a l i z e d  magnet ic  s h e e t  c u r r e n t  model f o r  a t o r o i d a l  c o i l  
which e n c i r c l e s  a conduc t ing  f e r r o m a g n e t i c  r o p e  i s  ana lyzed .  
T h i s  c o n f i g u r a t i o n  i s  s u i t a b l e  f o r  t h e  n o n d e s t r u c t i v e  t e s t i n g  
of w i r e  r o p e s  and c a b l e s .  Numerical  r e s u l t s  f o r  t h e  a x i a l  
e l e c t r i c  c u r r e n t  d e n s i t y  induced i n  t h ?  r o p e  r e v e a l  t h a t  low 
f r e q u e n c i e s  on t h e  o r d e r  of 10  Hz a r e  r e q u i r e d  t o  produce a  
uniform c u r r e n t  i n  a t y p i c a l  rope .  For  a  t o r o i d a l  c o i l  which 
d o e s  n o t  comple te ly  e n c i r c l e  t h e  r o p e ,  t h e  a z i m u t h a l  symmetry 
i s  l o s t  and harmonics i n  @ are produced.  These harmonics  a r e  
l a r g e  b u t  decay r a p i d l y  away from t h e  s o u r c e . )  



James R .  Wait, KZnr trcxnn!r~z(~!. ;P Tnrluction i n  an Anisotropic L'!gZinder, Pre- 
l im ina ry  Report t o  U.S. Bureau of Mines on Cont rac t  No. H0155008, pp. 1- - - - - -A -. -- --- - - - -- -- - -- - 
14,  8  February, 1978. 

(The e lec t romagnet ic  theory of an i n f i n i t e l y  long c y l i n d e r  is  
presen ted  f o r  t he  case  when t h e  e l e c t r i c a l  conduc t iv i t y  and 
t h e  magnetic permeabi l i ty  a r e  uni-axial  t e n s o r s .  This  i s  an 
i d e a l i z e d  ye t  r e l e v a n t  model f o r  a  s t randed  wire  rope o r  cab l e  
t h a t  i s  t o  be exc i t ed  by an e x t e r n a l  a l t e r n a t i n g - c u r r e n t  source .  
The gene ra l  and s p e c i a l  forms of t h e  s o l u t i o n  a r e  d i scussed  i n  
t h e  contex t  of non-des t ruc t ive  t e s t i n g  (NDT) of t h e  rope. The 
method of deducing t h e  e lec t romagnet ic  response f o r  a  f i n i t e  
source  is  descr ibed  i n  t he  s p e c i a l  case  where azimuthal symmetry 
p r e v a i l s . )  

1 l .A .  H i l l  and J . R .  Wait, Scattering by a Slender V ~ i d  i n  a Homoge~eous Con- 
ducting Wire Rope, Applied Physics ,  Vol. 16, pp. 391-398, 1978. 

(A t h i n  p r o l a t e  sphe ro ida l  void i n  an i n f i n i t e  conducting c i r cu -  
l a r  c y l i n d e r  i s  used t o  model a  broken s t r a n d  i n  a  w i r e  rope. 
The rope i s  exc i t ed  by an azimuthal  magnetic l i n e  c u r r e n t  which 
i s  a  model f o r  a  t h i n  t o r o i d a l  c o i l .  The anomalous e x t e r n a l  
f i e l d s  a r e  computed from t h e  induced e l e c t r i c  and magnetic d i -  
po le  moments of t h e  vo id .  The r e s u l t s  have a p p l i c a t i o n s  t o  
nondes t ruc t ive  t e s t i n g  of w i r e  ropes.)  

Jean-Luc Bo~ l lno i s  and Jean-Luc Giovachini ,  Thp FundamentaZ Solution i n  the 
Thcory of I;:ddy C u ~ ~ e n t s  and Forc~s  for Condut:tors i n  Steady Motion, Journa l  
of Applied Phys ics ,  Vol. 49, No. 4, pp. 2241-2249, Apr i l ,  1978. - - 

(A closed-form s o l u t i o n  t o  t h e  c e n t r a l  problem of t h e  s t eady  l i n -  
e a r  motion of an a r b i t r a r y  c u r r e n t  d i s t r i b u t i o n  p a s t  m a t e r i a l s  
of cons t an t  pe rmeab i l i t y  i s  presen ted .  The a p p l i c a t i o n  of t h e  
Green 's  func t ion  technique t o  t he  f i e l d  equa t ions  y i e l d s  i n t e -  
g r a l  r e p r e s e n t a t i o n s  of t h e  induc t ion ,  eddy c u r r e n t s ,  and e l ec -  
t romagnet ic  fo rces .  Due t o  i n t e r f a c e  coupl ing  of t he  boundary 
cond i t i ons  a long  the  su r f ace  of t h e  conductor,  Green 's  func t ions  
a r e  shown t o  s a t i s f y  i n t e g r a l  equa t ions .  I n  t he  case  of a  con- 
duc t ing  s l a b ,  e x p l i c i t  s o l u t i o n s  f o r  t he  Green ' s  func t ions  a r e  
de r ived .  Appl ica t ion  t o  magnetic l e v i t a t i o n  and the  ca lcu la -  
t i o n s  of f o r c e s  on moving c o i l s  a r e  developed. Resu l t s  a r e  
compared wi th  experimental  d r ag  measurements.) 

D.A. H i l l  and J . R .  Wait, EZectromagnetC~ P i ~ % d  Pcrtmhntion by nn Intern07 
Void i n  a L'orduct;ng CyZinder Pkcited by a Wire Loop, -. Pre l iminary  R e p o r t  
t o  U.S. Bureau of Vines on Cont rac t  No. H0155008, pp. 1-55, 14 ~ u i ~ ,  1978. - 

(A t h i n  p r o l a t e  sphe ro ida l  void i n  an i n f i n i t e  conducting c i r -  
c u l a r  c y l i n d e r  i s  used t o  model an i n t e r n a l  f law i n  a w i r e  rope.  
The rope i s  exc i t ed  by an e l e c t r i c  r i n g  c u r r e n t  which i s  a model 
f o r  a  t h i n  so lenoid  o r  mul t i - tu rn  w i r e  loop. The anomalous ex- 
t e r n a l  f i e l d s  a r e  computed from the  induced e l e c t r i c  and magne- 
t i c  d ipo l e  moments of t h e  void.  Computer p l o t s  of t he  s c a t t e r e d  
f i e l d s  a r e  generated t o  i l l u s t r a t e  t h e  e f f e c t s  of var ious  



paramete rs .  The r e s u l t s  have a p p l i c a t i o n  t o  n o n d e s t r u c t i v e  
t e s t i n g  o f  w i r e  ropes . )  

David A. H i l l  and James K. Wait,  Theory o f  Electromagnetic Methods for 
Nondestructive Testing cl)f Wire Ropes, Proceed ings  -- of t h e  F o u r t h  West 
V i r g i n i a  U n i v e r s i t y  Conference on Coal Mine Electrotechnology-,  pp. 16-1 t o  - ----- -- 
16-13, August 2-4, 1978. 

( P a s t  and c u r r e n t  t e c h n i q u e s  f o r  e l e c t r o m a g n e t i c  nondes t ruc -  
t i v e  t e s t i n g  of w i r e  r o p e s  a r e  b r i e f l y  reviewed. Recent 
t h e o r e t i c a l  work i s  a l s o  d i s c u s s e d .  I n  p a r t i c u l a r ,  we men- 
t i o n  p r o l a t e  s p h e r o i d a l  v o i d  model f o r  a broken s t r a n d  o r  
i n d i v i d u a l  wi re .  Here we assume t h e  w i r e  rope  is  e x c i t e d  by 
an  e l e c t r i c  c u r r e n t  loop .  T h i s  pr imary f i e l d ,  jn  t u r n ,  i n -  
duces  b o t h  e l e c t r i c  and magnet ic  d i p o l e  moments i n  t h e  s m a l l  
vo id .  The r e s u l t i n g  e x t e r n a l  s c a t t e r e d  f i e l d  i s  then d e r i v e d  
and numerical  r e s u l t s  a r e  p r e s e n t e d  which s u g g e s t  an e f f e c -  
t i v e  c o n f i g u r a t i o n  of s e n s i n g  c o i l s .  The d u a l  s o u r c e  of a  
magnetic c u r r e n t  loop  which i s  a  model f o r  a t o r o i d a l  c o i l  
is  a l s o  cons idered . )  

B.G. Marchent,  An I~~strjrmcnf; ; f o r  t;hc Non-ll~~:;f;r~i~ci:,~~?c~ 'I1cs/,ing of Wire 
Ropes, %stems Technology, No. 29, pp. 26-32, August ,  1978. 

(The s a f e t y  and s e c u r i t y  of a number of mechanical  s y s t e n s  
and equipment depends on t h e  s t r e n g t h  of a  w i r e  rope.  T h i s  
a r t i c l e  d e s c r i b e s  an ins t rument  developed by P l e s s e y ,  under 
t h e  terms of a  c o n t r a c t  p laced  by t h e  S a f e t y  i n  Mines R e -  
s e a r c h  Es tab l i shment ,  t o  t e s t  w i r e  r o p e s  i n  s i t u  and t o  pro- 
v i d e  a n  i n d i c a t i o n  of any d e t e r i o r a t i o n  i n  t h e  rope .  A mag- 
n e t i c  method of  n o n - d e s t r u c t i v e  t e s t i n g  ( n . d . t . )  i s  used i n  
which t h e  rope  is magnetized by means o f  e i t h e r  a n  e l e c t r o -  
magnet o r  permanent magnet and magnet ic  s e n s o r s  a r e  used t o  
d e t e c t  anomaious magnetic f i e l d s  due t o  wear, c o r r o s i o n  o r  
broken w i r e s  i n  t h e  r o p e .  A p r o t o t y p e  ins t rument  has  been 
produced f o r  t e s t i n g  s t r a n d e d  hau lage  r o p e s  used i n  mines 
and t h e  t e c h n i q u e  can ,  i n  p r i n c i p l e ,  be extended t o  t e s t  
o t h e r  t y p e s  of w i r e  r o p e s ,  f o r  example g e n e r a l  s t r a n d e d  r o p e s  
of any d i a m e t e r ,  locked c o i l  h o i s t i n g  r o p e s ,  and l a r g e  moor- 
i n g  c a b l e s  f o r  o f f s h o r e  s t r u c t u r e s . )  

James R.  Wait, The Electromagnetic Basis for Nondestructive Testing o f  
CgZindricaZ Conductors, IEEE T r a n s a c t i o n s  on I n s t r u m e n t a t i o n  and Measure- 
ment, Vol. IM-27, No. 3, pp. 235-238, September 1978. 

(Using an  i d e a l i z e d  model, we deduce t h e  impedance p e r  u n i t  
l e n g t h  of l o n g  s o l e n o i d  of many t u r n s  t h a t  c o n t a i n s  a c y l i n -  
d r i c a l  sample. The sample w i t h  a  s p e c i f i e d  c o n d u c t i v i t y  and 
magnetic p e r m e a b i l i t y  need n o t  be c e n t r a l l y  l o c a t e d  w i t h i n  
t h e  s o l e n o i d  provided a l l  t r a n s v e r s e  dimensions  a r e  s m a l l  com- 
pared w i t h  t h e  f r e e - s p a c e  wavelength.  The d e r i v a t i o n  is  rela- 
t i v e l y  s t r a i g h t f o r w a r d  and i t  p r o v i d e s  a  j u s t i f i c a t i o n  f o r  
e a r l i e r  u s e  of t h e  impedhnce formula.  The d u a l  problem, where 
t h e  s o l e n o i d  i s  r e p l a c e d  by a  t o r o i d a l  c o i l  is  a l s o  considered.  



It i s  shown t h a t  b o t h  e x c i t a t i o n  methods have m e r i t  i n  non- 
d e s t r u c t i v e  t e s t i n g  p rocedures . )  

Rober t  I,. Gardner, Late S'imt? lipsponse of a C~ylindricaZ W<re Ropc? Model 
t o  a Solenoid, P r e l i m i n a r y  Report  t o  U.S. Bureau of Mines on C o n t r a c t  
No. H0155008, pp. 1-12, 19 December 1978. 

(Using an  i d e a l i z e d  model we c o n s i d e r  t h e  t r a n s i e n t  r e s p o n s e  
when a s t e p  f u n c t i o n  v o l t a g e  i s  a p p l i e d  t o  a n  i n f i n i t e  s o l e -  
no id  e n c i r c l i n g  a homogeneous c y l i n d e r .  P rev ious  e a r l y  t ime  
r e s u l t s  a r e  extended t o  l a t e  t ime. The d a t a  showing t h e  sen-  
s i t i v i t y  of t h e  r e s p o n s e  t o  changes i n  c o n d u c t i v i t y  and perm- 
e a b i l i t y  can be used i n  n o n - d e s t r u c t i v e  t e s t i n g  of w i r e  r o p e s  
and o t h e r  c y l i n d r i c a l  s t r u c t u r e s . )  

James R .  Wait, Blectrornagnctic Response of an Anisotropic Conducting Cy- 
l inder  t o  an External Source, Radio Sc ience ,  - Vol. 13 ,  No. 5 ,  pp. 789- 
792, September/October 1978. 

(A nove l  a n a l y t i c a l  s o l u t i o n  i s  o b t a i n e d  f o r  t h e  boundary v a l u e  
problem of a c i r c u l a r  c y l i n d e r  of i n f i n i t e  l e n g t h  t h a t  is ex- 
c i t e d  by a p r e s c r i b e d  e x t e r n a l  f i e l d .  The c y l i n d e r  i s  a n i s o -  
t r o p i c  i n  t h e  s e n s e  t h a t  t h e  complex c o n d u c t i v i t y  and magnet ic  
p e r m e a b i l i t y  a r e  d i a g o n a l  u n i a x i a l  t e n s o r s  w i t h  g e n e r a l l y  un- 
e q u a l  e lements .  The s o l u t i o n  i n v o l v e s  B e s s e l  f u n c t i o n s  of non- 
i n t e g r a l  o r d e r .  Known s p e c i a l  c a s e s  a r e  recovered . )  

James R.  Wait and David A.  H i l l .  Electromaonetic In-teraction Fctween a 
Cond~rrtinq Cy lindnr and u Solenoid i n  Re 2at i . i )~  ?do t ion,  P r e l i m i n a r y  Report  
t o  U.S. Bureau of Mines on C o n t r a c t  No. H0155008, pp. 1-17, ~ a n u a r ~  9,  1979 .  ----------- 

(An a n a l y s i s  i s  presen ted  f o r  t h e  mutual impedance between two 
s o l e n o i d s  t h a t  a r e  c o a x i a l  w i t h  a conduc t ing  c y l i n d e r  i n  rela- 
t i v e  motion.  The f o r m u l a t i o n  i s  based on t h e  f i r s t  o r d e r  Loren tz  
t r a n s f o r m a t i o n  and t h e  r e s u l t s  ob ta ined  a r e  s u f f i c i e n t l y  gener-  
a l  t o  encompass any such s i t u a t i o n  t h a t  could  a r i s e  i n  nondest ruc-  
t i v e  t e s t i n g  schemes. A numer ica l  example, r e l e v a n t  t o  s t e e l  w i r e  
r o p e s  of 2 cm r a d i u s  used i n  mine h o i s t s  i n d i c a t e s  t h a t ,  even w i t h  
r e l a t i v e  v e l o c i t i e s  a s  h i g h  a s  1 0  m / s ,  t h e  mutual impedance a t  1 0  
Hz d i f f e r s  l i t t l e  from t h a t  c a l c u l a t e d  f o r  z e r o  v e l o c i t y .  However, 
t h e  non- rec ip roca l  e f f e c t s  could  be s i g n i f i c a n t  f o r  h igher  ve lo -  
c i t i e s  and /or  f o r  more h i g h l y  conduc t ing  and l a r g e r  r o p e s . )  



SECTION 3 --- 

.JAMES K. WAIT 

Abst ract -The e lec t romagnet i c  t heo ry  o f  an i n f i n i t e l y  l onq  

c y l i n d e r  i s  presented f o r  t h e  case when t h e  e l e c t r i c a l  conduc- 

t i v i t y  and t h e  magnet ic permeabi l  i t y  a r e  u n i - a x i a l  tensors .  

Th i s  i s  an i d e a l i z e d  y e t  r e l e v a n t  model f o r  a  s t randed w i r e  

rope o r  cab le  t h a t  i s  t o  be e x c i t e d  by an e x t e r n a l  a l t e r n a t i n g -  

c u r r e n t  source. The genera l  and spec ia l  forms o f  t he  s o l u t i o n  

a r e  d iscussed i n  t he  c o n t e x t  o f  non -des t ruc t i ve  t e s t i n g  (NDT) 

of t h e  rope.  The method o f  deducing t h e  e lec t romagnet i c  r e -  

sponse f o r  a  f i n i t e  source i s  descr ibed  i n  t h e  spec ia l  case 

where az imutha l  symmetry p r e v a i l s .  

I N T R O D U C T I O N  

There  i s  a r a p i d l y  growing i n t e r e s t  i n  t h e  n o n - d e s t r u c t i v e  t e s t i n g  

of m a t e r i a l s  u s i n g  e l e c t r o m a g n e t i c  f i e l d s  [ I ] .  The b a s i c  i d e a  i s  t o  

induce  c u r r e n t s  i n t o  t h e  t a r g e t  and t h e n  o b s e r v e  t h e  secondary  re sponse .  

The m a t e r i a l  p r o p e r t i e s  a r e  t h e n  deduced from t h e  measured d a t a .  A t  

l e a s t  t h i s  i s  t h e  o b j e c t i v e  which is  seldom a t t a i n e d .  

A p a r  titularly i m p o r t a n t  example of non-des t ruc  t i v e  t e s t i n g  d e a l s  

w i t h  t h e  examina t ion  of m e t a l l i c  c a b l e s  o r  s t r a n d e d  w i r e  r o p e s  [Z]. Both 

t h e  e l e c t r i c  and magne t i c  p r o p e r t i e s  may b e  an i n d i c a t o r  of t h e  mechani- 

c a l  c o n d i t i o n  of t h e  m a t e r i a l .  F o r  example,  i n t e r n a l  b r e a k s  i n  t h e  



s t r a n d s  w i l l  d e c r e a s e  t h e  l o n g i t u d i n a l  component of b o t h  t h e  e f f e c t i v e  

c o n d u c t i v i t y  and p e r m e a b i l i t y  of t h e  c a b l e .  Also,  i n t e r n a l  c o r r o s i o n  

w i l l  tend t o  i n h i b i t  az imutha l  and r a d i a l  c u r r e n t  f l o w  s o  t h e  e f f e c t i v e  

t r a n s v e r s e  component of t h e  c o n d u c t i v i t y  would be mainly  a f f e c t e d .  

STATEMENT OF PROBLEM 

Our purpose  h e r e  i s  t o  s e t  f o r t h  a  g e n e r a l  a n a l y s i s  f o r  t h e  e l e c t r o -  

magnet ic  f i e l d s  t h a t  can be induced i n  a n  a n i s o t r o p i c  c y l i n d r i c a l  s t r u c -  

t u r e  of i n f i n i t e  l e n g t h  w i t h  a  c i r c u l a r  c r o s s  s e c t i o n .  The p rocedure  t o  

be employed b e a r s  some s i m i l a r i t y  t o  t h e  a n a l y s e s  of i s o t r o p i c  c y l i n d r i -  

c a l  s t r u c t u r e s  [ 3 ] .  We s i m p l i f y  t h e  problem t o  some e x t e n t  by choosing 

u n i - a x i a l  forms f o r  t h e  c o n d u c t i v i t y  and p e r m e a b i l i t y  t e n s o r s  w i t h  t h e i r  

p r i n c i p a l  a x e s  t o  be t aken  p a r a l l e l  t o  t h e  a x i s  of t h e  c y l i n d e r .  I n  

s p i t e  of t h e  seemingly s i m p l i f i e d  d e s c r i p t i o n ,  t h e  r e s u l t i n g  f i e l d  so lu -  

t i o n  does  n o t  seem t o  be a v a i l a b l e .  

FORMULATION 

To be  s p e c i f i c ,  we chose a  c y l i n d r i c a l  c o o r d i n a t e  system (p,@,z) 

such t h a t  t h e  s u r f a c e  of t h e  c y l i n d e r  is  p = a  where a  is  t h e  r a d i u s .  

The e x t e r n a l  r e g i o n  p > a  w i l l  c o n t a i n  t h e  s o u r c e s  bu t  f o r  t h e  t ime 

being we w i l l  r e s t r i c t  our a t t e n t i o n  t o  t h e  i n t e r n a l  r e g i o n  p < a .  

Maxwell 's e q u a t i o n s  f o r  t h e  i n t e r n a l  r e g i o n ,  f o r  a  t ime  f a c t o r  

exp ( i w t )  , a r e  

-+ -+ 
f a ) E  = c u r l  H (1) 

+ -+ 
-iw(p)H = c u r l  E  (2) 

-+ -+ 
where E and H a r e  t h e  v e c t o r  e l e c t r i c  and magnet ic  f i e l d s  r e s p e c t i v e l y ,  

and (0) and ( y )  a r e  t h e  t e n s o r  c o n d u c t i v i t y  and p e r m e a b i l i t y ,  r e s p e c t -  

ive1.y. In  view of our  s t a t e d  assumptions ,  we may w r i t e  



and 

L a  

Here i t  should  b e  no ted  t h a t  op, a@ and a a r e  s c a l a r  complex con- 
Z 

d u c t i v i t i e s ;  t h u s ,  f o r  example,  a = gP +  WE: where 
g~ 

and E a r e  
P  P P 

t h e  r e a l  c o n d u c t i v i t y  and t h e  r e a l  p e r m i t t i v i t y ,  r e s p e c t i v e l y ,  i n  t h e  p 

d i r e c t i o n .  S i m i l a r l y ,  we could  w r i t e  
l1 Y, 

- - 1 - i where p  and p i  
P 

a r e  b o t h  p o s i t i v e  r e a l .  However, f o r  v i r t u a l l y  a l l  a p p l i c a t i o n s  i n  NDT, 

t h e  e lements  of ( a )  and (p)  can  b e  regarded  a s  r e a l  s i n c e  t h e  imagin- 

a r y  p a r t s  a r e  e n t i r e l y  n e g l i g i b l e .  A more impor tan t  l i m i t a t i o n  i s  t h a t  

we r e s t r i c t  a t t e n t i o n  t o  t i m e  harmonic f i e l d s  of s u f f i c i e n t l y  s m a l l  mag- 

n i t u d e  t h a t  t h e  e lements  of ( a )  and ( )  d o  n o t  v a r y  w i t h  t h e  f i e l d  

magnitude ( i . e .  w e  a r e  w i t h i n  t h e  l i n e a r  regime) .  

Equa t ions  (1 )  and ( 2 ) ,  e x p r e s s e d  i n  c y l i n d r i c a l  c o o r d i n a t e s ,  a r e  

Leading up t o  l a t e r  developments ,  w e  now assume t h a t  t h e  f i e l d  components 

v a r y  accord ing  t o  exp (-im@)exp ( - ihz )  . For  s i n g l e - v a l u e d n e s s ,  m i s  r e -  

s t r i c t e d  t o  p o s i t i v e  o r  n e g a t i v e  i n t e g e r s  i n c l u d i n g  z e r o .  The parameter  



A, a s  y e t ,  i s  u n r e s t r i c t e d .  Maxwell 's equa t i ons  a r e  now s i m p l i f i e d  t o  

T o  proceed f u r t h e r ,  we can now deconipose o r  decouple  t h e  above s e t  

of equa t i ons  i n t o  two ca se s .  I n  t h e  f i r s t  c a se ,  we s e t  H = 0 whence 
Z 

i t  i s  a  s imple  m a t t e r  t o  deduce t h a t  E s a t i s f i e s  
Z 

The o t h e r  c a se  i s  when w e ' s e t  E = 0 whence H i s  found t o  s a t i s f y  
Z Z 

Now c l e a r l y  t h e  t o t a l  f i e l d  i s  t h e  s u p e r p o s i t i o n  of t h e s e  two ca se s .  

In  f a c t ,  i t  is  n o t  d i f f i c u l t  t o  show t h a t  



GENERAL SOLUTION AND I T S  PROPERTIES 

S o l u t i o n s  of (17)  and (1.8) a r e  m o d i f i e d  Bessel f u n c t i o n s .  I n  f a c t ,  

f o r  f i e l d s  t h a t  a r e  f i n i t e  a t  r, = 0 ,  we c a n  v e r i f y  t h a t  

where 

and where f  (A) and f  (A) are u n s p e c i f i e d  f u n c t i o n s  of X and 
y m  h  ,m 

Without  a c t u a l l y  s o l v i n g  a n y t h i n g ,  we can  a t  t h i s  s t a g e  draw a  num- 

b e r  of i m p o r t a n t  i n f e r e n c e s  a b o u t  t h e  eddy c u r r e n t  t e s t i n g  of w i r e  r o p e s  

and c a b l e s .  When we i m p r e s s  a n  a x i a l  e l e c t r i c  c u r r e n t ,  we e x p e c t ,  of 

c o u r s e ,  t h a t  t h e  a x i a l  e l e c t r i c  f i e l d  i n  t h e  c a b l e  w i l l  be  dominant .  I n  

f a c t ,  i f  t h e  a x i a l  v a r i a t i o n  of t h e  f i e l d  i s  s m a l l  ( i .  e .  A i s  s m a l l ) ,  t h e  

fo rms  of t h e  s o l u t i o n s  s i m p l i f y .  Then 

1 .. 

where fi = ( i o  1~  and 6 = m / ) Fur the rmore ,  s i n c e  
2 0  P 

HZ i s  n e g l i -  

g i b l e  i n  s u c h  c a s e s ,  E  and E4 a r e  a l s o  s m a l l .  The induced c u r r e n t s  
P 

and t h e  secondary  e x t e r n a l  f i e l d s  a r e  t h u s  p redominan t ly  a  f u n c t i o n  of t h e  

a x i a l  e l e c t r i c a l  c o n d u c t i v i t y  oz and t h e  a z i m u t h a l  m a g n e t i c  p e r m e a b i l i t y  



p@ 
. However, t h e  h i g h e r - o r d e r  harmonics  ( i .  e .  m > 0 )  a r e  i n f l u e n c e d  t o  

some e x t e n t  by t h e  r a d i a l  m a g n e t i c  p e r m e a b i l i t y  p . 
P 

Another  comparable  s i t u a t i o n  i s  when t h e  impressed  m a g n e t i c  f i e l d  i s  

a x i a l  and un i fo rm.  Then 

1, . k.; 
where ; ~ ( i p  o w) and I = m(n / o  ) -. Now t h e  s i g n i f i c a n t  i nduced  cu r -  

z ( P  0 P 

r e n t s  a r e  a z i m u t h a l  and d r i v e n  by t h e  a z i m u t h a l  e l e c t r i c  f i e l d  

C l e a r l y ,  i n  t h i s  c a s e ,  t h e  secondary  f i e l d s  a r e  m a i n l y  a  f u n c t i o n  of t h e  

a x i a l  magne t i c  p e r m e a b i l i t y  p and t h e  a z i m u t h a l  e l e c t r i c  c o n d u c t i v i t y  z 

Analogous ly ,  t h e  h i g h e r  o r d e r  harmonics  a r e  i n f l u e n c e d  by t h e  r a d i a l  

e l e c t r i c  c o n d u c t i v i t y  o '. 
P 

The two c a s e s  c o n s i d e r e d  above can  b e  d e s c r i b e d  a s  t h e  E- f i e ld  o r  

t h e  H- f i e ld  method o f  e x c i t a t i o n .  A c t u a l l y ,  i t  i s  t h e  l a t t e r  H- f i e ld  

c o n f i g u r a t i o n  t h a t  i s  t h e  b a s i s  f o r  n e a r l y  a l l  e x i s t i n g  methods of  eddy 

c u r r e n t  t e s t i n g  of c a b l e s  and w i r e  r o p e s .  I n  t h e  c a s e  of t h e  s o - c a l l e d  

D C  t e c h n i q u e ,  t h e  e x t e r n a l  e x c i t a t i o n  i s  a  s o l e n o i d  t h a t  c a r r i e s  a  l a r g e  

a z i m u t h a l  c u r r e n t .  The secondary  H- f i e ld  i s  t h e n  h e a v i l y  i n f l u e n c e d  by 

t h e  a x i a l  m a g n e t i c  p e r m e a b i l i t y .  On t h e  o t h e r  hand,  i n  t h e  s o - c a l l e d  AC 

method,  t h e  secondary  f i e l d  r e s u l t s  from t h e  induced eddy c u r r e n t s  i n  t h e  

c a b l e .  These a r e  p r i m a r i l y  a  f u n c t i o n  o f  t h e  a z i m u t h a l  c o n d u c t i v i t y  
O@ 

i n  a d d i t i o n  t o  t h e  a x i a l  m a g n e t i c  p e r m e a b i l i t y  p . 
z  

The E - f i e l d  c o n f i g u r a t i o n  would a r i s e  i f  t h e  c a b l e  were  e x c i t e d  by 

a  t o r o i d a l  o r  doughnut  shaped c o i l  [ 4 ] .  The r e s u l t i n g  induced c u r r e n t s  

now f l o w  p r i n c i p a l l y  i n  t h e  a x i a l  d i r e c t i o n .  I n  g e n e r a l ,  i n  t h i s  c a s e ,  

t h e  f i n i t e  v a l u e  of X n e e d s  t o  be c o n s i d e r e d .  N e v e r t h e l e s s ,  t h e  



s e c o n d a r y  f i e l d s  a r e  now m a i n l y  a  f u n c t i o n  of t h e  a x i a l  c o n d u c t i v i t y  c~ 
Z 

and t h e  a z i m u t h a l  p e r m e a b i l i t y  . 

The s i t u a t i o n  g e n e r a l l y  becomes q u i t e  compl i ca t ed  when t h e  e f f e c t s  

of t h e  non-zero v a l u e s  of X and In a r e  c o n s i d e r e d .  The r e s u l t i n g  

f i e l d s  t h e n  become h y b r i d  [ 3 ]  b e i n 2  n e i t h e r  p u r e l y  E o r  H. I n  such  c a s e s ,  

t h e  s e c o n d a r y  f i e l d s  w i l l  depend,  i n  g e n e r a l ,  on a l l  t e n s o r  e l e m e n t s  of 

t h e  c o n d u c t i v i t y  and p e r m e a b i l i t y .  Then i t  a p p e a r s  t h a t  q u a n t i t a t i v e  

c a l c u l a t i o n s  must  b e  r e s o r t e d  t o  i n  o r d e r  t o  g a t h e r  f u r t h e r  i n s i g h t .  

CASE OF AXIAL SY-WqETRY 

I n  t h e  f o l l o w i n g  d i s c u s s i o n  we w i l l  r e s t r i c t  a t t e n t i o n  t o  a z i m u t h a l l y  

un i fo rm e x c i t a t i o n  s u c h  t h a t  a l l  t h e  harmonics  f o r  m $ 0 may b e  d i s -  

c a r d e d .  We w i l l  c o n s i d e r ,  however,  f i e l d s  t h a t  have  a  s i g n i f i c a n t  v a r i a -  

t i o n  i n  t h e  a x i a l  d i r e c t i o n .  Now t h e  f i e l d  components a r e  decomposed i n t o  

two sets. For  t h e  E - f i e l d  t y p e ,  

and 

E = ( iX /o  )H 
F  P 4) 

F o r  t h e  H- f i e ld  t y p e ,  we would have  

- i X  z 
I3 z  = f h ( A ) l o ( v ~ ) e  

and 

-imp vf (A) 
E = -  I1(vp)e  -iAz 

x 2  + imp 4 
F  4) 



Two i m p o r t a n t  p h y s i c a l  p a r a m e t e r s  a r e  t h e  a x i a l  series impedance 

Z (A) and t h e  a x i a l  series a d m i t t a n c e  Ys(A) of  t h e  c a b l e .  These  a r e  
S 

d e f i n e d  and g i v e n  as f o l l o w s :  

E (A' + iwci kr ) I  (ua )  
z ( A )  = ---- - - P L o  
s 2naH 2nao u I l ( u a )  

P 

and 

(A2 + imp ) I  ( v a )  
Ys(A) = - - - - P O  0 

2n aE 2naiuv v I  ( v a )  
P 1 

Two l i m i t i n g  c a s e s  f o l l o w  immedia te ly :  ( I ) ,  lua l  and l v a /  << 1, 

t h e n  w e  o b t a i n  t h e  s t a t i c  f o r m s  

and 

z (A) 1 / ( n a 2 0  ) 
S Z 

Y (A) l / ( n a 2 i w p z )  
S 

(2 )  , 1 ua  1 and lva  1 >> 1, t h e n  we o b t a i n  t h e  a s y m p t o t i c  h i g h  f r e q u e n c y  

and 

These l i m i t i n g  c a s e s  have  t h e  e x p e c t e d  d e p e n d e n c i e s  on  t h e  e l e c t r i c  

p r o p e r t i e s .  Not s u r p r i s i n g l y ,  t h e  s t a t i c  impedance ( i . e .  r e s i s t a n c e )  

depends  o n l y  on t h e  a x i a l  c o n d u c t i v i t y .  The a n a l o g u e  a d m i t t a n c e  depends  

i n  t h e  same on t h e  a x i a l  p e r m e a b i l i t y .  



THE EXCITATION PROBLEM 

We now c o n s i d e r  t h e  e x c i t a t i o n  problem. The e x t e r n a l  sousce  i s  

t a k e n  t o  be a s o l e n o i d  of r a d i u s  b  of f i n i t e  a x i a l  e x t e n t  t h a t  i s  con- 

c e n t r i c  w i t h  t h e  c a b l e .  The s i t u a t i o n  i s  i l l u s t r a t e d  i n  Fig .  1. The 

s u r f a c e  e l e c t r i c  c u r r e n t  d e n s i t y  i n  t h e  s o l e n o i d ,  i n  t h e  p r e s e n t  i d e a l i -  

z a t i o n ,  h a s  bo th  an a x i a l  and an a z i m u t h a l  c u r r e n t  d e n s i t y  d e f i n e d  by 

and 

j ( z )  = j s i n $  \ 
Z 0 

R 
f o r  - -  R 

< Z < -  
2 2 

j $ ( z )  = j cos$ 
0 

where i s  a  p i t c h  a n g l e  of t h e  c u r r e n t  f low. Here one should n o t e  t h a t  

$ = 0 cor responds  t o  p u r e l y  az imutha l  c u r r e n t  f low which i s  t h e  c o n d i t i o n  

approached i n  a  s o l e n o i d  of many t u r n s .  I n  g e n e r a l ,  f o r  a  p i t c h e d  winding,  

t h e  a x i a l  component of t h e  c u r r e n t  f l o w  should a l s o  be  accounted f o r .  The 

cor responding  boundary o r  i n i t i a l  c o n d i t i o n s  f o r  t h e  t a n g e n t i a l  magnet ic  

f i e l d s ,  accord ing  t o  Ampere's law, must be 

-I- 
where b-- = l i m i t  of b  t n when t h e  p o s i t i v e  q u a n t i t y  n t e n d s  t o  zero.  

For t h e  same e x c i t a t i o n ,  we a l s o  have c o n t i n u i t y  of t h e  t a n g e n t i a l  

e l e c t r i c  f i e l d .  Thus 



W e  now u s e  t h e  F o u r i e r  i n t e g r a l  r e p r e s e n t a t i o n  

where i t  f o l l o w s  t h a t  

The d e s i r e d  r e p r e s e n t a t i o n s  a r e  t h u s  

and 

I n  t h e  f r e e  s p a c e  r e g i o n  p > a ,  i t  i s  c o n v e n i e n t  t o  d e r i v e  t h e  

f i e l d s  from e l e c t r i c  and m a g n e t i c  H e r t z  v e c t o r s  [ 3 ]  t h a t  have  o n l y  z 

components U and V ,  r e s p e c t i v e l y .  The f i e l d s  a r e  t h u s  o b t a i n e d  from 

where k2 = E IJ u2.  
0 0 0 

To be  c o m p a t i b l e  w i t h  t h e  s e l e c t e d  s o u r c e  f i e l d s ,  we assume t h e  

r e s p e c t i v e  forms,  f o r  a  < p < b ,  



where R 2  = h 2  - k 2  and Ae and Ah a r e  f u n c t i o n  of X y e t  t o  be  
0 

determined.  Now t h e  f u n c t i o n s  6  and 6h can  be  determined immediate ly  
e 

by imposing t h e  impedance and a d m i t t a n c e  c o n d i t i o n s  a t  p = a  t h a t  a r e  

s p e c i f i e d  by (38) and (39) .  Then, u s i n g  ( 5 6 ) ,  (57) ,  ( 5 8 ) ,  and ( 5 9 ) ,  i t  

i s  e a s y  t o  show t h a t  

and 

Now i n  t h e  o u t e r  r e g i o n  p > b  t h e  a p p r o p r i a t e  forms f o r  t h e  H e r t z  

p o t e n t i a l s  a r e  
+a2 

and 

because  t h e  f i e l d s  must be  non-inf i n i t e  a s  p + m. 

The s o u r c e  c o n d i t i o n s  s p e c i f i e d  by ( 4 6 )  and (47) can now be a p p l i e d  

t o  y i e l d  

and 

where 

h  
-(~jo/nA)cosl(l s in(A, t /2)  

A (A) = 

P'[' 0 +(fill-Rh)Kol 



h  
R = c ~ / A ~  = '(I1 - 6hK1)/K1 ( 6 9 )  

I n  t h e  above f o u r  equa t i ons ,  t h e  i nd i ca t ed  modified Bes se l  f u n c t i o n s  a r e  

a l l  f u n c t i o n s  of Pb. 

CONCLUDING REMARKS 

I n  p r i n c i p l e ,  we have now solved t h e  problem s i n c e  t h e  r e s u l t a n t  

f i e l d s  a r e  now g iven  i n  terms of t h e  source  c u r r e n t .  The nex t  s t e p  would 

be t o  deduce t h e  p i c k  up v o l t a g e  i n  a  sensor  such a s  a  sma l l  loop o r  e l e c -  

t r i c  probe. Th i s  is  a  s t r a i g h t  forward p roce s s  once we have s p e c i f i e d  

t h e  sou rce  and sensor  con f igu ra t i on .  

The method of ob t a in ing  t h e  f i e l d  exp re s s ions  f o r  t h e  c o n c e n t r i c  

c u r r e n t  s h e e t  is  i l l u s t r a t i v e  of t h e  procedure  t o  u s e  i n  more g e n e r a l  

s i t u a t i o n s .  For example, i f  t h e  e x c i t i n g  c u r r e n t  d i s t r i b u t i o n  i s  no 

longer  a z imu tha l l y  symmetric, we would r e q u i r e  t h a t  h ighe r  harmonics 

of o rde r  m be  included.  This  would tend t o  complicate  t h e  c a l c u l a t i o n  

f o r  a n i s o t r o p i c  c y l i n d e r s  because t h e  modif ied Bes se l  f u n c t i o n s  a r e  no t  

of i n t e g e r  o rder .  Never t h e l e s s ,  t h i s  would be wor thwl-iile. 

A p a r t i c u l a r l y  impor tan t  ex t ens ion  would be t o  cons ide r  t h e  un i -  

a x i a l  t e n s o r s  (3) and (4 )  t o  be d i r e c t e d  a long equi-angular  s p i r a l s .  

Th is  would correspond t o  t h e  b a s i c  s t r u c t u r e  pf s t r anded  w i r e  ropes .  

A n a l y t i c a l l y ,  t h i s  does  no t  seem t o  be  a  t r i v i a l  ex t ens ion ,  s i n c e  t h e  

a x i a l  E and H f i e l d s  would then be s o l u t i o n s  of coupled second o rde r  

equa t ions .  

F u r t h e r  work on t h i s  s u b j e c t  is underway. The p r e s e n t  p r e l im ina ry  

r e p o r t  i s  in tended  a s  a  gu ide  t o  t h e  a n a l y t i c a l  procedure  t h a t  w i l l  be  

needed. 
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CABLE EXCITED BY A CONCENTRIC 
CURRENT SHEET OF FINITE AXIAL 
EXTENT. 



S e c t i o n  4 
- - -. . - . - -- - 

A remarkably  s i m p l e  and n o v e l  s o l u t i o n  i s  o b t a i n e d  f o r  t h e  

f i e l d s  induced i n  a n  a n i s o t r o p i c  c y l i n d r i c a l  s h e l l  t h a t  i s  

l o c a t e d  c o a x i a l l y  w i t h i n  a  l o n g  s o l e n o i d .  T h i s  c o u l d  b e  

t h e  b a s i s  of a n o n - d e s t r u c t i v e  measur ing  scheme f o r  s t r a n d e d  

w i r e  rope .  

The n o n - d e s t r u c t i v e  t e s t i n g  of w i r e  r o p e s  and c a b l e s  e x p l o i t s  t h e  e l e c -  

t r o m a g n e t i c  r e s p o n s e  c h a r a c t e r i s t i c s  of  c y l i n d r i c a l  c o n d u c t o r s .  T 1  t h e  

o p e r a t i n g  f r e q u e n c y  i s  s u f f i c i e n t l y  low, t h e  p r imary  f i e l d  c a n  p e n e t r a t e  

e f f e c t i v e l y  t o  t h e  i n t e r i o r  of  t h e  sample  and r e spond  t o  i n t e r n a l  imper- 

f e c t i o n s  s u c h  a s  f i s s u r e s  and v o i d s .  A s t r a i g h t - f o r w a r d  scheme t o  a c h i e v e  

t h i s  o b j e c t i v e  i s  t o  i n s e r t  t h e  sample i n t o  a  l o n g  s o l e n o i d  and measure 

t h e  s e r i e s  impedance of  t h e  l a t t e r  a t  a number of  f r e q u e n c i e s 1 , ' .  The 

e l e c t r o m a g n e t i c  b a s i s  of  t h i s  method was d i s c u s s e d  i n  a n  e a r l i e r  p a p e r "  

where t h e  sample  was i d e a l i z e d  a s  a  homogeneous c y l i n d e r  w i t h ' a  s p e c i f i e d  

c o n d u c t i v i t y  and p e r m e a b i l i t y .  

I t  cou ld  be  a rgued  t h a t  a  s t r a n d e d  w i r e  r o p e  i s  a  c y l i n d r i c a l  con- 

d u c t o r  b u t ,  because  of t h e  coinpl ica ted  s p i r a l  s t r u c t u r e ,  i t  w o i ~ l d  n o t  be 

i s o t r o p i c .  To shed some l i g h t  on t h i s  problem, we examined t he  rc>sponsc 

of c y l i n d r i c a l  c o n d u c t o r s  t h a t  were c h a r a c t e r i z e d  by u n i - a x i a l  c o n d u c t i -  

v i t y  and p e r m e a b i l i t y  t e n s o r s 4 .  To f a c i l i t a t e  t h e  boundary v a l u e  s o l u t i o n ,  

t h e  axcbs of t h e s e  t e n s o r s  were  t a k e n  t o  b e  c o a x i a l  w i t h  t h e  c y l i n d e r .  A 



r i g o r o u s  s o l u t i o n  f o r  gene ra l  an i so t ropy  would be worthwhile b u t  i t  

appea r s  t h i s  l e a d s  t o  couplet1 second o r d e r  equa t i ons  f o r  t h e  wave func- 

t i o n s  t h a t  a r e  n o t  immediately s o l v a b l e  by a n a l y t i c a l  methods5. A s  an 

i n t e r i m  approach,  we adopt  h e r e  a  very  s imple  model t h a t  c o n s i s t s  of a  

t h i n  s h e l l  whose c o n d u c t i v i t y  a l ong  or thogona l  s p i r a l s  i s  d i f f e r e n t .  

The remarkable  s i m p l i c i t y  of t h e  q u a s i - s t a t i c  form of t h e  s o l u t i o n  i s  

j u s t i f i c a t i o n  f o r  s t udy ing  t h i s  problem i n  i t s  own r i g h t .  

We cons ide r  a  t h i n  c y l i n d r i c a l  s h e l l  of t h i cknes s  d  and r a d i u s  a  

t h a t  i s  e n c i r c l e d  by a  so l eno id  of r a d i u s  b .  The s h e l l  i s  c h a r a c t e r i z e d  

by a  c o n d u c t i v i t y  a a long  s p i r a l s  w i t h  a  p i t c h  a n g l e  of I); t h e  conduct i -  
S 

v i t y  i n  t h e  t r a n s v e r s e  d i r e c t i o n  i s  a The n a t u r e  of t h e  i d e a l i z a t i o n s  
t '  

w i l l  be ev iden t  i n  t h e  fo rmu la t i on  of t h e  problem. The o b j e c t i v e  i s  t o  

o b t a i n  a n  exp re s s ion  f o r  t h e  s e r i e s  impedance of t h e  so l eno id .  

To be more s p e c i f i c ,  a  c y l i n d r i c a l  coo rd ina t e  system ( p , @ , z )  i s  

chosen and t h e  s h e l l  of assumed i n f i n i t e  l e n g t h  is  de f i ned  by p = a .  

The e n c i r c l i n g  so l eno id  of n e g l i g i b l e  t h i c k n e s s  is  a t  p = b. The i m -  

p ressed  az imutha l  c u r r e n t  d e n s i t y  i n  t h e  so leno id  is  j amps./m. The 

r e g i o n  i n s i d e  and o u t s i d e  t h e  c y l i n d r i c a l  s h e l l  i s  homogeneous w i t h  

i n t r i n s i c  p ropaga t ion  c o n s t a n t  y and i n t r i n s i c  c h a r a c t e r i s t i c  impedance 

112 . For f r e e  space  c o n d i t i o n s ,  of course ,  'y = i ( ~  p  )ll'w and I') = (pO/c0) 
0 0 

f o r  a  harmonic t ime f a c t o r  exp ( iw t ) .  

Leaving a s i d e  many elementary d e t a i l s ,  we can  now w r i t e  down appro- 

p r i a t e  exp re s s ions  f o r  t h e  a x i a l  f i e l d s  and c i r c u m f e r e n t i a l  f i e l d s  i n  

t h e  v a r i o u s  r eg ions :  



,-, < a -- - . - : I<{ )<  - -- - h - -- [I:. 5 

Here 1 3 K and K are modified C e s s e l  f u n c t i o n s  i n  conventi:~na! 
0' 1' O a  1. 

k .L 

n o t a t i o n  whi le  A, A*,  B ,  B , c", D, and D" a r e  unknown c o e f f i c i e n t s .  

By Ampere's law we  can mite I! (bS-0) - H -  (b-0) = -j which  is mcrply 
Z Z 

a  statement t-hat t h c  t a n g e n t i a l  magnet ic  f i e l d  i s  d i s c o n t i n u o u s  a t  tile 

s o l e n o i d  by t h e  nl~iount of c u r r e n t  i t  c a r r i e s .  Also ,  w i t h  t h e  same idea i i -  

z a t i o n ,  E , E and 11 a r e  con t inuous  a+ (1 = 1). T h i s  c e l l s  u s  t h s t  , j  = T{ 
Z ~h (I> 

and c".= ybK ( y b ) * j  where w e  have made u s e  of t h e  I k o n s k i a n  1 (x)K ( x )  
1 0 1 

+ 1 ( x ) K 0 (  1 .  T h u s  w e  t h i n k  of C* a s  t h e  d r i v i n g  term. 

Now we must d e a l  with boundary c o n d i t i o n s  a t  t h e  s u r f a c e  of the 

a n i s o t r o p i c  s h e l l .  A d i r e c t  a p p l i c a t i o n  of Ampere's l a w  r e q u i r e s  

L11;i t 

H (a+Oj - H - (a-0)  = -n dl< ( a )  
S b t t 

an  tl 

H t  (a-tO) - Ht(a-0) = ( J - ~ E  ( a )  
s :; 

w t l e ~ t ~  t h e  s l rbscr i l l t  s o:. t c tes igna tes  t h a t  fi.eJ.d component i s  i n  t h e  

d i r e c t i o n  o f  t h e  s p i r a l  o r  t r a n s v e r s e  t o  i t .  Also ,  f o r  t h i s  model ,  r 
% 

and E a r e  con t inuous  t h r o ~ g h  t h e  s h e l l  so we do n o t  need t o  d i s t i 1 lg : r i sh  
t 

between rrlle t w o  v n l u e s  on each sicle. Kcw w e  no te  t h a t  

H (a?-0) = H Jato) - C  - H ( a t O ) * S  
z s n t o (6)  

and 

I1 (n.0) = H (a+O) * S o  + H (at-0) *Ct, 
@ S t 

C 7) 



where C = cos$ and S  = s i n $  i n  terms of t h e  p i t c h  a n g l e  $. I t  is now 
0 0 

a  s imple  m a t t e r  t o  r e w r i t e  ( 4 )  and (5) i n  t h e  form 

HZ(a+O) - HZ(a-0) = otd(EZSo-E Co)Co - ~ s d ( ~ Z C o + ~  So)So 
0 0 

and 

H (a+O) 
0 - HO(a-O) z 0  0 z 0  0 

= btd(E S  -E Co) So + osd(E C +E So)co 

where i t  i s  unders tood t h a t  t h e  E  and t h e  E  components a r e  eva lua ted  Q, Z 

a t  p = a .  

We can app ly  (8) and ( 9 )  t o  gene ra l  forms g iven  by ( I ) ,  ( 2 ) ,  and 

( 3 ) .  Then, b e a r i n g  i n  mind t h a t  E  (a+O) = E (a-0) and EZ(a+O) = EZ(a-0),  
0 0 

we can deduce t h a t  

where a l l  t h e  Besse l  f u n c t i o n s  i n  t h e  e lements  of t h e  de te rminan ts  have 

common argument ya.  

The s e r i e s  impedance Z p e r  u n i t  l e n g t h  of t h e  so l eno id  can be ob- 

t a i ned  from i t s  b a s i c  d e f i n i t i o n  Z = E$(p=b)/ j .  But what i s  most mean- 

i n g f u l  i s  t h e  r a t i o  Z / Z ~  where Z i s  t h e  corresponding s e r i e s  impedance 
0 

of t h e  so l eno id  i n  t h e  absence of t h e  c o r e  sample. I t  e a s i l y  fo l lows  

t h a t  

z /zo  = 1 - ( B ~ / C * ) K , ( ~ ~ ) / I , ( ~ ~ )  

A l g e b r a i c a l l y ,  t h i s  seems r a t h e r  complicated b u t  a  g r e a t  s i m p l i f i c a t i o n  

ensues  i f  we invoke t h e  q ~ ~ a s i - s t a t i c  approximat ion where 1 yb 1 << 1. Then, 

us ing  t h e  smal l  argument approximat ion f o r  a l l  t h e  modified Ressel  



f u n c t i o n s ,  i t  f o l l o w s  t h a t  

2 -I 
Z / Z  = 1 - ( a / b )  i q ( l + i q )  

0 

where 

.iq = (yn/2) (G (:'+cr  id 
t o  s o  

When t i le  ambient  medium 1s f r e e  space ,  t h e n  'f = i l ~ r / X  where X .E L; i.ilc 
0 G 

f r e e  s p a c e  wavelength  and rl - 120!!. Then  wc- r i n d  th:lt ci = ? 4 0 1 ~ 2 ( 3 / ' 1  ) X 
0 

( 0  C7+tr s') c l .  l 'hi s shows t h a t  tile t>F  frtt-tlve concli~ctrincr~ of I hc. she, l is  
t o  s o  

(U C'+O s 2 j d  w h i c h  is ' 3  remarkably simple r e s u l t .  h i s o ,  a t  . ,uffic. jent_l .  
t o  s o  

0 

low f r e q u e n c i e s  ( i . e .  q << l), Z I E  2 1 - i q ( a / b ) '  w h i c h  i n d l r a t c s  t n a t  
0 

t h e  inducL3nc.e of t h e  s o l e n o i d  i s  n o t  modified h y  t h e  p resence  of t h e  

sample. However, at r e l a t i v e l y  h i g h  f r e q u e n c i e s  (i.e. q .> I), wiA see 

3 
t h a t  % / Z  - 1 - (a/b)-  which shows  t h a t  t h e  s o l e n o i d  i n d u c t a n c e  is r e -  

0 

duccd .  

The p i t c h  a n g l e  !Ll c i l t c r s  i n t o  t h e  g e n e r a l  e x p r e s s i o n s  v i a  S and  
0 

Co. 
I E L I I ~  s p i r a l  1s wow~d :.n t h a t  t h e  w i r e s  a r e  n e a r l y  a x i a l  ( i  .e .  

S = s i n $  << 1) , we see t h a t  t h e  e f f e c t i v e  coiiduc t a n c e  of  t h e  s h e l l  -is 
o  

~ + d .  Conversely ,  i f  t he  p i t c h  a n g l e  1 )  i s  n e a r  90" ( i . e .  w i r e s  a lmos t  

c i r c u m f e r e n t i a l  s o  t h a t  C = cosq  << 1 ) .  t h e  e f f e c t i v e  conductance  is 
O 

0 d .  
S 

More compl icated rnodels  c o u l d  be c o n s t r u c t e d  by employing s e v e r a l  

c o n c e n t r i c  she7 13 p o s s i b l y  i n  combinat ion w i t h  i n t e r m e d i a t e  r e g i o n s  of 

f i n i t e  i soLrop ic  p r o p e r t i e s .  T h i s  c o ~ l l d  ?e.id L O  . I  more f l e x i b l e  yet 

s t i l l  t r a c t a b l e  ~ o o d e l  t o  desc-r ibe  t h e  s a l i e n t  c l l r r e n t  f low p a r t e r n  ir: 

a s t r a n d e d  w i  rc. rope .  Work or1 t h e  s u b j c c  t c o n t i n u e s .  
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/Il)sLr,tcL-We ex tend  a  p r e v i o u s  a n a l y s i s  f o r  t h e  s e r i e s  

impedance of a Long s o l e n o i d  t o  a l l o w  f o r  t h e  c y l i n d r i c a l  

i a y e r i r ~ g  of ttie encircled conduc to r .  'Che r e s u l t s  a r e  3is- 

cussed  i n  t h e  c o n t e x t  o f  n o n - d e s t r u c t i v e  L e s t i n g  of s t e e l  

ropes  t h a t  may have e x t e r n a l  o r  i n t e r n a l  c o r r o s i o n .  It i s  

show11 t l ~ a t  even an internaj l a y e r  o f  reduced c o n d u c t i v i t y  

and p e r m e a b i l i t y  will be d e t e c t a b l e  i f  t h e  f requency i s  

s i ~ f f i c i e n t l y  low t o  pe rmi t  pene ' i r a t ion  of t h e  pr imary f i e l d .  

:NTRODU(:TION AND FCRMULATION 

I n  a n  e a r l i e r  paper  [ I ] ,  we had d e s c r i b e d  t h e  e l e c t r o m a g n e t i c  b a s i s  

f o r  t h e  non- -des t ruc t ive  t e s t i n g  of c ; r l incl r ica l  conductor..;. T h e  model vas 

h i g l i l y  i d e a l i z e d ;  i t  c o n s i s t e d  of a l o n g  s o l e n o i d  t h a t  e n c i r c l e d  t h e  hono- 

geneous c y l i n d r i c a l  sample. Here w e  w ~ s h  t o  g e n e r a l i z e  the t h e o r y  t o  accounl  

f o r  c o n c e n t r i c  l a y e r i n g  w i t h i n  the  sample. T h i s  is  a p o s s i b l e  model LL) account 

f o r  t h e  e f f e c t  o f  i n t e r n a l  and e x t e r n a l  c o r r o s i o n  t h a t  can occur  i n  cabies 

o r  w i r e  ropes .  

The d e r i v a t i o n  is given i n  o u t l i n e  o n l y  s i n c e  t h e  method i s  w e l l  <1ocu- 

mented e l sewhere  [ 2 ,  3 1 .  IJe d e a l  s p e c i f i c a l l y  wlth a  cvPi n d r i c a l  ~arny.1~2 tila: 

has  an o u t e r  r a d i u s  a and  a c o r e  of  r a d i u s  a There  i s  a n  i n t e r m e d i d t e  
1 3 - 

a n n u l a r  r e g i o n  bonndrd by c y l i n d r i c a l  s u r f a c e s  o f  r a d i i  a and d 
2 3-  The t h r e e  



r e g i o n s  have e l e c t r i c a l  p r o p e r t i e s  a E and p  where j = 1 '2 '3 .  For 
j' j '  j 

example, t h e  o u t e r  l a y e r  h a s  c o n d u c t i v i t y  a p e r m i t t i v i t y  e  and permeabil-  1' 1 

i t y  pl, t h e  i n t e rmed ia t e  l a y e r  ha s  p r o p e r t i e s  0 2 ' e2 and p2 and t h e  co r e  ha s  

p r o p e r t i e s  a3, E* and p  
3' 

The sample i s  l o c a t e d  w i t h i n  a  so l eno id  of r a d i u s  b bu t  i t  need n o t  be 

c e n t r a l l y  l o c a t e d  provided t h e  f ree-space wavelength is  much g r e a t e r  than b.  

Then, proceeding i n  t h e  same manner a s  i n  t h e  p rev ious  paper  [ I ] ,  we can 

d e r i v e  an exp re s s ion  f o r  t h e  s e r i e s  impedance Z of t h e  so l eno id  per  u n i t  

l e n g t h  i n  t h e  form 

where Z i s  t h e  s e r i e s  impedance when t h e  so l eno id  i s  f r e e  of t h e  sample. 
0 

Here Z i s  t h e  inwards l ook ing  wave impedance a t  t h e  sample. For  example, 
C 

i f  t h e  l a t t e r  were homogeneous w i th  e l e c t r i c a l  p r o p e r t i e s  a E and p  1' 1' 1' 

we would have 

where y = [iplw(0 +iclw)11'2 i s  t h e  i n t r i n s i c  p ropaga t ion  c o n s t a n t  o f  t h e  
I 1 

sample. Here I and I a r e  modif ied Besse l  f u n c t i o n s  of  t h e  f i r s t  k ind .  
0 1 

This  s p e c i a l  c a s e  was de r i ved  i n  d e t a i l  i n  t h e  e a r l i e r  paper [ I ] .  

THE GENERAL WAVE IMPEDANCE 

To account  f o r  t h e  c o n c e n t r i c  l a y e r i n g  of t h e  sample, we need t o  employ 

t h e  a p p r o p r i a t e  exp re s s ion  f o r  t h e  r a d i a l  wave impedance Z . This  can be 
C 

obta ined i n  a  r a t h e r  p r o s a i c  manner by s e t t i n g  up wave f u n c t i o n  i n  each of t h e  

homogeneous r e g i o n s  and de te rmin ing  t h e  unknown c o e f f i c i e n t s  by matching 

t a n g e n t i a l  f i e l d s  a t  t h e  c o n c e n t r i c  i n t e r f a c e s .  A more p h y s i c a l l y  meaning- 

f u l  approach is  t o  employ non-uniform t r ansmi s s ion  l i n e  t h e a r y  a s  s o  e l e g a n t l y  



promulaterl by Serge: Sche l lkunof f  [ 2 ] .  The method h a s  been a p p l i e d  t o  

c y l i n d r i c a l l y  l a y e r e d  plasma r e g i o n s  [3] so  we can,  i n  e f f e c t ,  w r i t e  down 

t h e  answer h e r e  i n  terms o f  wave impedances, t r ansn i i s s ion  f a c t o r s ,  and re -  

f l e c t i o n  c o e f f i c i e n t s .  Thus, we f i n d  t h a t  

and 

!ic.re K and  K a r e  modif ied B e s s e l  f u n c t i o n s  o f  t h e  second type and -- 
0 1 I 

A 

i . The inward l o o k i n g  wave impedance Z a t  t h e  c y l i n d r i c a l  i n t e r f a c e  
1 1  c 

of r a d i u ~  3,  i s  g iven  by a n  analogous form: 
L 

w h e r e  

and  

w h e r e  y = i p . w ( n . + i r . ~ ) ~ ~ ~ ~  and n = iU.w/y_ f o r  j = 1 , 2 , 3 .  
i [ :I 1 1 j 3 1 

A c t \ i s ? l y ,  s u b j c c c  t o  such assumptions  a s  a x i a l  and az imutha l  uniEormity,  

t h e  e x p r e s s i o n s  f o r  Z :and Z a r e  e x a c t .  For computation,  however, we can 
C C 



n e g l e c t  d i sp lacement  c u r r e n t s  i n  t h e  v a r i o u s  l a y e r s .  Thus, i f  E.U << a . ,  
J J 

w e  s e e  t h a t  y = ( i o .  y .w) 'I2 = ly j  I e x p ( i n l 4 )  whence a l l  t h e  modif ied B e s s e l  
j 3 3  

f u n c t i o n s  have arguments w i t h  phase a n g l e s  of 45". The f i n a l  r e s u l t s  can  

t h e n  be  w r i t t e n  i n  t e rms  of t h e  t a b u l a t e d  Kelv in  f u n c t i o n s  [ 4 ]  v i a  

ro(ai112) = b c r ( a )  + i b e i ( a )  

K o  (ai1I2) = kc r (a )  + ikei (a )  

112 - i K  ( a i  ) = ksr (a)  + i kc? :  ( a )  
1 1 1 

where a is a r e a l  parameter .  

NUMERICAL EXAMPLES 

Computations have been c a r r i e d  o u t  f o r  t h e  complex q u a n t i t y  Z / Z  f o r  
0 

s e v e r a l  s p e c i f i c  c o n d i t i o n s  of p r a c t i c a l  i n t e r e s t .  F i r s t  o f  a l l ,  t o  pro- 

vi.de a  r e f e r e n c e  c a s e ,  we l e t  t h e  sample b e  homogeneous w i t h  p r o p e r t i e s  a 1 

and u1 and r a d i u s  a  T h i s ,  of  course ,  cor responds  t o  t h e  g e n e r a l  c a s e  
1' 

under t h e  c o n d i t i o n  a  - 
2  

- a3 = 0. A s  i n d i c a t e d  i n  t h e  i n s e t  i n  F i g .  1, t h e  

sample is a l s o  l o c a t e d  c e n t r a l l y  w i t h i n  t h e  s o l e n o i d  of r a d i u s  b. To be  

d e f i n i t e ,  we a l s o  choose t h e  sample r a d i u s  a t o  be 2  cm which i s  k e p t  f i x e d  
1 

i.n a l l  t h a t  f o l l o w s .  Also,  t h e  c o n d u c t i v i t y  of t h e  (uncorroded) sample is 

taken t o  be 1.1 x l o 6  mhoslm and i t s  r e l a t i v e  p e r m e a b i l i t y  11 = pl/uo = 200. r e 1  

These a r e  t y p i c a l  v a l u e s  f o r  s t e e l .  The cor responding  s e r i e s  impedance 

Z = R + i X  of t h e  s o l e n o i d  i s  shown p l o t t e d  i n  F ig .  1 i n  a n  Argand diagram. 

T h e  a b s c i s s a  and o r d i n a t e  a r e  a c t u a l l y  R/Xoprel and X/Xourel,  r e s p e c t i v e l y ,  

where w e  have assumed t h a t  t h e  impedance of t h e  same empty s o l e n o i d  i s  

Z = i X  be ing  p u r e l y  i n d u c t i v e .  Var ious  f i l l  f a c t o r s  F = a 2 / b 2  a r e  shown and 
0 1 

t h e  o p e r a t i n g  f r e q u e n c i e s  a r e  i n d i c a t e d .  A s  expec ted ,  a t  s u f f i c i e n t l y  low 



f r e q u e n c i e s ,  R t e n d s  t o  z e r o  and X approaches  X x yrel X F.  Not s u r p r i s i n g l y ,  
0 

t h e  s e r i e s  impedance o f  t h e  s o l e n o i d  i s  s e n s i t i v e  t o  t h e  d i a m e t e r  of t h e  

sample .  

We now c o n s i d e r  a n  e x t e r n a l  r u s t  o r  c o r r o s i o n  l a y e r  of  t h i c k n e s s  R a t  

t h e  o u t s i d e  of  t h e  sample a s  i n d i c a t e d  i n  t h e  i n s e t  i n  F i g .  2 .  T h i s  i s  a 

s p e c i a l  c a s e  o f  t h e  g e n e r a l  a n a l y s i s  when a  = 0.  The uncorroded r e g i o n  of  
3  

r a d i u s  a  h a s  t h e  same p r o p e r t i e s  a s  b e f o r e  ( i . e .  o2 = 1.1 x l o 6  mhos/m and 
2  

- 
' r e1  

- p2/y0 = 200) b u t  t h e  e x t e r n a l  l a y e r  now assumes t h e  v a l u e s  o = 1 1 

mfio/m and = yo.  
1 

The r e s u l t s  a re ,  shown i n  F i g .  2  where we have  t a k e n  t h e  

f i l l  f a c t o r  F t o  b e  1 ( i . e .  a l  = b ) .  D i f f e r e n t  v a l u e s  of  R ,  t h e  t h i c k n e s s  

of  t h e  r u s t  l a y e r ,  a r e  shown. Not s u r p r i s i n g l y ,  t h e  e f f e c t  of  a n  e x t e r n a l  

r u s t  l a y e r  i s  t o  r e d u c e  t h e  e f f e c t i v e  r a d i u s  of  t h e  c y l i n d r i c a l  s t e e l  sample .  

F i n a l l y ,  we c o n s i d e r  a n  i n t e r n a l  c .o r ros ion  l a y e r .  A s  i n d i c a t e d  i n  F ig .  

3, t h i s  c o r r e s p o n d s  t o  t h e  c a s e  where  t h e  f u l l  formula  f o r  Z a s  g i v e n  by  c' 

( 3 ) ,  i s  needed b u t  we s e t  o = tr = 1.1 mhos/m and 11 /p = y3/p0 - - - -. 
1 3 1 0  ' re1 

200 which a r e  t h e  "uncorroded" r e g i o n s .  I n  t h e  c e n t r a l  a n n u l a r  "corroded"  

r e g i o n ,  we choose  p = y  and  o = 1 . 0  mho/m. For  t h e  r e s u l t s  shown i n  F i g .  2 0 2  

3 ,  we have  a l s o  chosen  t h e  r a d i u s  a  of  t h e  c o r e  t o  be  0.3a b u t  t h e  v a l u e  
3  1 

of R r a n g e s  f rom b e i n g  z e r o  ( i . e .  no  r u s t  l a y e r )  t o  a  v a l u e  of 0 .3a  A s  1' 

s e e n  i n  F i g .  3, t h e  s e r i e s  impedance of  t h e  s o l e n o i d  i s  s t i l l  markedly  

a f f e c t e d  by t h e  p r e s e n c e  of  t h e  c o r r o s i o n  l a y e r ,  even though i t  would n o t  

b e  v i s i b l e  t o  a n  o u t s i d e  o b s e r v e r .  Of c o u r s e ,  t h e  f r e q u e n c y  must b e  s u f f i -  

c i e n t l y  low s o  t h a t  t h e  p r imary  f i e l d s  of  t h e  s o l e n o i d  can  p e n e t r a t e  t o  t h e  

i n t e r i o r  o f  t h e  sample  w i t h o u t  s i g n i f i c a n t  d i s s i p a t i o n .  



CONCLUDING REMARKS 

The p r e s e n t  c a l c u l a t i o n s ,  w h i l e  based  on a  h i g h l y  i d e a l i z e d  model, 

i n d i c a t e  t h e  p o t e n t i a l  of  n o n - d e s t r u c t i v e  schemes u s i n g  e l e c t r o m a g n e t i c  

waves [ 5 ] .  More s o p h i s t i c a t e d  models  based  on t h e  l a y e r e d  c y l i n d e r  formu- 

l a t i o n s  c a n  e a s i l y  b e  implemented.  A c t u a l l y ,  t h r e e  d i m e n s i o n a l  models  t h a t  

a l l o w  f o r  t h e  f i n i t e  e x t e n t  of  t h e  p r i m a r y  f i e l d  and t h e  i n t e r n a l  anomaly 

have  been examined e l s e w h e r e  [ 6 , 7 1 .  

C e r t a i n l y ,  t h e  s e n s i t i v i t y  of  s u c h  d e v i c e s  t o  t h e  e l e c t r i c a l ,  magne t i c ,  

and g e o m e t r i c a l  p r o p e r t i e s  n e e d s  f u r t h e r  s t u d y .  Here  we have  o n l y  i n d i c a t e d  

a few examples  t h a t  might  promote f u r t h e r  developments  i n  t h i s  a r e a .  
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FIGURE CAPTIONS 

F i g .  1. Normalized s e r i e s  impedance of  s o l e n o i d  of  r a d i u s  b f o r  a  c o n c e n t r i c  

homogeneous c y l i n d r i c a l  sample of r a d i u s  a  f o r  v a r i o u s  f i l l  f a c t o r s  
1 

F i g .  2 .  Normalized s e r i e s  impedance o f  s o l e n o i d  of r a d i u s  b = a  f o r  a  
1 

sample  w i t h  a n  e x t e r n a l .  r u s t  l a y e r  of t h i c k n e s s  R .  

F i g .  3. Normalized s e r i e s  impedance of s o l e n o i d  of r a d i u s  b = a  f o r  a  
1 

sample  o f  a n  i n t e r i o r  r u s t  l a y e r  of t h i c k n e s s  R .  



RESISTANCE .. R 

Fig. 1. Normalized series impedance of solenoid of radius b 
for a concentric homogeneous cylindrical sample of 
radius a for various fill factors F = avb'. 

1 I 
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Fig. 2.  Normalized s e r i e s  impedance of  s o l e n o i d  of r a d i u s  b = a 
1 

f o r  a  sample w i t h  a n  e x t e r n a l  r u s t  l a y e r  of t h i c k n e s s  R .  



RESISTANCE . . R 

F i g .  3. N o r m a l i z e d  se r ies  impedance  of s o l e n o i d  of radius t = :i 

f o r  a s a m p l e  of a n  i n t e r i o r  r u s t  l a y e r  of t h i c k n e s s  Y. 



S e c t i o n  6 

JAMES R .  WAIT 

and 

Rober t  I,. Gardner  

~ b s t r a c t - A  s e l f  con ta ined  a n a l y s i  s  i s presented f o r  the  

impedance o f  a  so leno id  t h a t  e n c i r c l e s  a  conduct ing c y l  i nde r  

t h a t  has an i n t e r n a l  f l a w  o r  anomaly t h a t  i s  a l s o  c y l i n d r i c a l  

i n  form. A p e r t u r b a t i o n  method i s  used t o  o b t a i n  an express ion 

f o r  the  f r a c t i o n a l  change o f  t he  impedance as a  f u n c t i o n  o f  t h e  

s i z e  and l o c a t i o n  o f  t he  anomaly. 

INTRODUCTI ON 

There  i s  a  need t o  e v a l u a t e  t h e  i n t e r n a l  s t r u c t u r e  of w i r e  r o p e s  and 

s i m i l a r  c y l i n d r i c a l  c o n d u c t o r s .  T h i s  h a s  l e d  t o  a n  e x t e n s i v e  t echno logy  

c a l l e d  n o n - d e s t r u c t u v e  t e s t i n g  (NDT) . A  good s u r v e y  of t h e  e l e c t r o m a g n e t i c  

methods a r e  g i v e n  by Libby [ I ] .  One of t h e  b a s i c  c o n f i g u r a t i o n s  i s  a  s o l e n -  

o i d a l  c o i l  t h a t  t i g h t l y  e n c i r c l e s  t h e  w i r e  r o p e  specimen.  A s  i n d i c a t e d  i n  

a  two-dimensional  a n a l y s i s  [ 2 ] ,  t h e  impedance of t h e  s o l e n o i d  c a n  b e  r e l a t e d  

u n i q u e l y  t o  t h e  c o n d u c t i v i t y  and p e r m e a b i l i t y  of  t h e  w i r e  r o p e  i f  i t  c a n  be  

assumed homogeneous. It i s  t h e  pu rpose  of t h e  p r e s e n t  a n a l y s i s  t o  examine 

t h e  e f f e c t  of a n  i n t e r n a l  f l aw.  While more compl i ca t ed  c a s e s  [ 3 ]  c a n  be  

t r e a t e d  , w e  c o n s i d e r  h e r e  a n  i d e a l i z e d  two-dimensional  anomaly o r  c y l i n d r i -  

c a l  f l a w  of r a d i u s  c  t h a t  i s  c o n t a i n e d  w i t h i n  t h e  o t h e r w i s e  homogeneous 

c y l i n d e r  of r a d i u s  a .  The s i t u a t i o n  i s  i l l u s t r a t e d  i n  F i g .  1 which we w i l l  

d e s c r i b e  i n  more d e t a i l  below. 



Even f o r  t h e  assumed two-dimensional i ty ,  a r i g o r o u s  s o l u t i o n  i s  com- 

p l  i c a t c d .  However, s i n c e  we a r e  i n t e r e s t e d  i n  t h e  t h r e s h o l d  of t h e  d e t e c t -  

a b i l i t y  of a n  i n t e r n a l  anomaly, a p e r t u r b a t i o n  approach i s  q u i t e  p e r m i s s i b l e .  

Here t h e  anomaly i s  assumed t o  be  "exc i t ed"  by t h e  f i e l d  t h a t  would e x i s t  i f  

t h e  anomaly o r  f l a w  were no t  p r e s e n t .  T h i s  primary F i e l d  a c t u a l l y  ind : lces  

a rnonopol~ ,  d i p o l e ,  and 'nigher o r d e r  m u l t i p o l e s .  I n  t h e  c a s e  where the w l r e  

rope  is cnc i r c l e d  by an i d e a l i z e d  uniform s o l e n o i d  [ l ,  21, t h e  p r  irnary m:i):- 

n e t i c  FieJd h a s  o n l y  a n  a x i a l  component and the  pr imary e l e c t r i c  i i e l d  i:, 

e n t i r e l y  a z i m u t h a l .  TIlese e x c i t e ,  r e s p e c t i v e l y ,  a l i n e  magnet ic  motlopol 

,ind ii l i l ie  e l e c t r i c  d i p o l e  w i t h i n  t h e  anomaly. Tf t h e  t r a n s v e r s e  d imensions  

of t h e  c y l i n d r i c a l  f l a w  a r e  s m a l l  ( i n  terms of s k i n  d e p t h  of t h e  wi re  r o p e  

m a t e r i a l ) ,  t h e  h igher  o r d e r  m u l t i p o l e s  a r e  n e g l - i g i b l e .  The secondary f ii:ids 

o l  t h e  induced monopole and t h e  d i p o l e  a r e  t h e  e x t e r n a l  o b s e r v a b l e s .  11: t h e  

s i m p l e s t  c a s e ,  they  m a n i f e s t  themselves  as a m o d i f i c a t i o n  of t h e  imL.edattce 

of t h e  e n c i r c l i n g  s o l e n o i d  . 
A p r e l i m i n a r y  problem t h a t  we need t o  c o n s i d e r  i s  t h e  e x c i t a t i o r i  o i  a  

c y l i n d r i c a l  f l a w  by zr known form o i  pr imary f i e l d .  I n  t h i s  manner, t h e  

p o l a r i z a b i l i t i e s  o r  s t r e n g r h s  of t h e  induced monopole and d i p o l e  can be 

a s c e r t a i n e d .  We the11 u s e  t h e s e  r e s u l t s  i n  t h e  composi te  problem where t.he 

e x c i t i n g  f i e l d  is  produced by t h e  e n c i r c l i n g  s o l e n o i d .  F i n a l l y ,  some nurnrri- 

L-a1 r e s u l t s  a r e  presencecl t o  i l l u s t r a t e  t h e  f r a c t i o n a l  change of t h e  s o l e n -  

o i d  impedance a s  a  f u n c t i o n  of t h e  d imens ions  and l o c a t i o n  of t h e  anomaly 

PROTOTYPE PROBLEM 

A s  indicat -ed  above,  i t  i s  u s e f u l  t o  c o n s i d e r  t h e  f o l l o w i n g  p r o t o t y p e  

s o l u t i o n .  A c i r c u l a r  c y l i n d e r  of c o n d u c t i v i t y  0 and p e r m e a b i l i t y  11 with  
a a  

r a d i u s  c i s  e x c i t e d  by a n  e l e c t r i c  l i n e  s o u r c e  of s t r e n g t h  M a t  a  r a d i a l  



s e p a r a t i o n  p  The s i t u a t i o n  i s  i l l u s t r a t e d  i n  F i g .  2 w i t h  r e s p e c t  t o  
1 ' 

c y l i n d r i c a l  c o o r d i n a t e s  (p,$,z) c e n t e r e d  a t  t h e  e x t e r n a l  l i n e  s o u r c e  and 

( ~ , , @ ~ , z )  c e n t e r e d  a t  t h e  c y l i n d e r .  The medium e x t e r n a l  t o  t h e  c y l i n d e r  

h a s  c o n d u c t i v i t y  rr and p e r m e a b i l i t y  y. I n  a l l  c a s e s ,  d i s p l a c e m e n t  c u r r e n t s  

itr.. i g n o r e d .  T h e i r  e f f e c t  c a n  be i n c l u d e d  by m e r e l y  r e p l a c i n g  a hv  :I + icw 

where  c i s  t h e  p e r m i t  t i v i t v ;  t h c  t i m e  f a c t o r  exp ( i w t )  b e i n g  u n d e r s t o o d .  

The p r imary  f i e l d  of t h e  l i n e  s o u r c e  c a n  be  w r i t t e n  a s  

HZ = - (0M/2n)K~(yp)  (1 )  

where y  = (iouw)' and K i s  t h e  m o d i f i e d  B e s s e l  f u n c t i o n  of  t h e  second 
0 

k ind  of o r d e r  zero. T h i s  c a n  be checked by n o t i n g  t h a t  

As p + 0 we s e e  t h a t  -t M / ( ~ I T ~ )  which  h a s  t h e  r e q u i r e d  form. 

Using  a n  a d d i t i o n  theorem [ 4 ] ,  w e  know t h a t  

where t h e  m o d i f i e d  B e s s e l  f u n c t i o n s  on t h e  r i g h t  hand s i d e  a r e  of  o r d e r  m.  

I t  i s  t h e n  a  s i m p l e  m a t t e r  [ 5 ]  t o  show t h a t  t h e  r e s u l t a n t  f i e l d  e x t e r n a l  t o  

the> c y l i n d e r  is 

where 

4 Il = i W / y  , va = illaw/ya and ya = ( ipaoaw) . 



Prom ( 4 )  we s e e  t h a t  t h e  f i r s t  two terms of t h e  secondary  f i e l d  can be 

w r i t t e n  

wlicr c! 

and 

Here i t  is u s e f u l  t o  obse rve  t h a t  t h e  terms p r o p o r t i o n a l  t o  HaPP and 
z 

( H ~ ~ ~ } ~  a r e  t h e  induced monopole and l i n e  d i p o l e ,  r e s p e c t i v e l y .  By invok- 
2 

i.ng t h e  s m a l l  argument approx imat ions ,  we r e a d i l y  v e r i f y  t h a t  

a ncl 

and 

or  

COMPOSITE PROBLEM 

Now i n  t h e  composi te  problem i n d i c a t e d  i n  F i g .  1 ,  we have 

w h i c l ~  w n u l ~ !  bc the f i e l d s  i~i:iiclt\ tile l~omogenrous c y l i n d e r  ( i . e .  p<a )  i f  t h e r e  

wiis  no i n t e r n a l  anom;-llp t)r €Law. These a p p l i e d  f i e l d s  e x c i t e  o r  induce  t h e  

n~i)nol~olc.,  t lLl~olc ,  ant1 r n u l t i p o l c s  w i t h i n  t h e  c y l i n d r i c a l  f law.  These i n  t u r n  

produce secondary f i e l d s  t h a t  arc. o b s e r v a b l e  o u t s i d e  t h e  main c y l i n d r i c a l  

conduc to r .  I n  what f o l l o w s ,  we a c t u a l l y  assume t h a t  a  - p, >> C .  



I n  o r d e r  t o  d e a l  w i t h  t h e  i n t e r a c t i o n  of t h e  above secondary  f i e l d s  

w i t h  t h e  w a l l  boundary a t  p  = a  , we need t o  t r a n s l a t e  back t o  t h e  ( p , @ ,  z) 

c o o r d i n a t e s .  F i r s t  of a l l ,  we may employ t h e  same a d d i t i o n  theorem a s  used 

i n  t h e  p r o t o t y p e  problem: 

-P 

?'he o t h e r  a d d i t i o n  needed is  o b t a i n e d  s t r a i g h t - f o r w a r d l y  by d i f f e r e n t i a t i n g  

b o t h s i d e s o f  (15)  w i t h r e s p e c t  t o p  Thus 
1 '  

wilere we n o t e  t h a t  

T t  i s  now a s i m p l e  m a t t e r  t o  d e a l  w i t h  t h e  w a l l  i n t e r a c t i o n .  T h i s  

nomin t s  t o  r e p l a c i n g  Kn(yp) i n  b o t h  (15)  and (17)  by Zn(yp) where 

where 

a 11ci 

' I ' l ~ i s  s o l l ~ t  i o n  i s  c i l t i r e l y  a n a l o g o u s  t o  t h e  e a r l i e r  r e s u l t  b u t  now t h e  equ i -  

v ; l l c . n t  1 i n c .  s o u r c e  is  i n s i d e  t h e  c y l i n d e r .  Here z i s  t h e  r a d i a l  wave 
a n  

i n i l ~ e d a ~ ~ ~ c  l o o k i n g  ou twards  a t  p  = a  i n t o  t h e  e x t e r n a l  f r e e  s p a c e  r e g i o n .  

Now w e  can  w r i t e  down t h e  d e s i r e d  form f o r  t h e  secondary  f i e l d .  

C l e a r l y  i t  is  g i v e n  by 



A c t u a l l y ,  a q u a n t i t y  of  s p e c i a l  i n t e r e s t  i s  t h e  f r a c t i o n a l  change A of t h e  

impedance p e r  u n i t  l e n g t h  of a n  e n c i r c l i n g  s o l e n o i d  a t  p = a .  Under t h e  

usua.1 assumpt ions  [ I ,  21, t h i s  can be  oh ta ined  from 

where 

The i n t e g r a t i o n  over  4 removes a l l  e x c e p t  t h e  n  = 0 term i n  t h e  e x p r e s s -  

i o n s  f o r  t h e  secondary f i e l d .  l 'hus we f i n d  t h a t  

If l ya l  << 1 , t h i s  r educes  t o  t h e  v e r y  s i m p l e  r e s u l t  t h a t  

A = (L: -ll)c2/(bln2) 
a (26) 

which is  compat ib le  wiLh p h y s i c a l  i n t u i t i o n .  Here t h e  c o n t r i b u t i o n  From t h e  

induced e l e c t r i c  d i p o l e  t e r m  i s  of  second o r d e r .  

NUMERICAL RESULTS AND DISCUSSION 

Some ~ ~ u m e r i c a l  r e s u l t s  f o r  t h e  f r a c t i o n a l  impedance change / A  / of  t h e  

s o l e n o i d  o r  s e n s o r  were o h t a i n e d  from (25) f o r  t h e  c a s e  where t h e  w i r e  r o p e  

c o n d u c t i v i t y  cr = 10%ho/m and t h e  r e l a t i v e  p e r m e a b i l i t y  p / p  = 44. The 
0 

wire, ro[rt. r~ t i l i i l s  ;I was  2. 54~111 ( i . e .  2 i n c h  d iamete r  r o p e ) .  The f l a w  o r  

anomaly i tst'lf was ; t s s~ imed  t o  be a n  a i r - f i l l e d  vo id  w i t h  f r e e  s p a c e  proper-  

t ies  ( i .c .  
L' 0 

=  IT x 10-'henries/m, = 0 and E~ = 8.854 x 10-12farada/m) 



The magni tude of A is  shown p l o t t e d  i n  F i g s .  3 ,  4,  5 ,  and 6  a s  a  f u n c t i o n  

of c / a  where c  i s  t h e  r a d i u s  of t h e  anomaly. I n  e a c h  c a s e  t h e  o p e r a t i n g  

f r e q ~ ~ e n c y  is  i n d i c a t e d .  I n  F i g .  4 ,  t h e  anomaly i s  a t  t h e  c e n t e r  of t h e  main 

c y l i n d e r  and ,  a s  i n d i c a t e d ,  t h e  r e s p o n s e  f o r  F requenc ies  up t o  10 Hz i s  

c l s s e n t f a l l y  t h e  same a s  t h a t  of  DC o r  z e r o  f requency .  However, t h e  100 Hz 

response  is reduced s i g n i f i c a n t l y  due  t o  t h e  i n a b i l i t y  of t h e  e x c i t i n g  f i e l d  

t o  p e n e t r a t e  t o  t h e  c e n t e r  of  t h e  c y l i n d e r  o r  w i r e  rope .  The cnr respond ing  

r e s p o n s e  f o r  1000 Hz i s  o f f  t h e  s c a l e  f o r  t h i s  example. 

The e f f e c t  of i n c r e a s i n g  t h e  o f f s e t  of t h e  anomaly is i l l u s t r a t e d  i n  

F i g s .  5 and h where p, = 0. 5 ~ 1  and 0.8a ,  r c s p t x t i v c l y .  Ti le  D . C .  

l i m i t  and t h e  lower Frequency r e s p o n s e  a r e  n o t  modi f i ed  by changing t h e  

o f f  s e t  
p1 b u t  f o r  100 Hz, and p a r t i c u l a r l y  f o r  1000 Hz,  t h e r e  i s  a marked 

change.  P h y s i c a l l y ,  t h i s  is  n o t  s u r p r i s i n g  s i n c e  t h e  energy  even a t  1000 

flx w i l l  p e n e t r a t e  t o  t h e  o u t e r  r e g i o n  of t h e  c y l i n d e r  o r  w i r e  r o p e  w i t h  

nc:gl ig ihIe  a t t e n u a t i o n .  

Most of t h e  c u r v e s  shown i n  F i g s .  3 ,  4 ,  5, and 6 ,  on a log- log p l o t ,  

d i f f e r  imperceptibly from s t r a i g h t  l i n e s  w i t h  a  s l o p e  of two. I n  f a c t ,  f o r  

2 the  I1.C. l i m i t ,  (26) t e l l s  us t h a t  A ( c / a )  . However, f o r  t h e  h igher  

f r e q u e n c i e s ,  t h e  d i p o l e  t e r m  h a s  a  n o n - n e g l i g i b l e  c o n t r i b u t i o n  and t h e  r e -  

s u l t  i s  t h a t  t h e  c u r v e s  tend t o  be somewhat s t e e p e r .  
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F1'6, 1 : T h e  c o m p o s i t e  p r o b l e m  
1, 

I ' r o t o t y p e  p r o b l e m  



Ratlio of  Arlomaly D . i a i n e t e r  t o  C y l i n d e r  D i a m e t e r  

I Figure 3 : F r a c t i o n a l  Inipec.lance (:tinnge f o r  S e n s o r  a s  a F u n c t i o n  
of Anomaly S i z e .  The A r l o i n a l y  i s  i n  t h e  C e n t e r  of  
the  Cylinder. 



10-3 10 -L 
R a t i o  of  Anom:lly Diamete r  t o  C y l i n d e r  Diamete r  

F i . g u r c l 4  : F r a c t i o n a l  Impedance Change f o r  S e n s o r  a s  a F u n c t i o n  
of  Arlomaly S i z e .  The Anomaly i s  S l i g h t l y  O f f s e t  f rom 
t h e  C e n t e r  of t h e  C y l i n d e r  (f', = . l a ) .  



' !  
r'! 5 

, ;  : , 1  6; * *.. 

! 

.? ., . ' ;.,... 11, i:ii ;;!\c.r,~;~:Ly Diameter t o  Cyl.'incicr Diamete r  

' ' : F r . 2 ~  ion31 Impedailce Change f o r  a h ~ n s o r  as a k'uncl ioii 

o f  ,\ilc.~ns L y S i z e .  The Ano~nal y is O f  Esei one--11al.r t lic: 

( .v  7 i citicbr X,~dius  (q = .5a) . 



Rn t i o of A n o m l  y  D i a m e t e r  t o  C y l i n d e r  Diameter 

L , ! : r ac t ionn l  Impedance Change f o r  a Sensor  as  a 17unction 
o f  hnonialy S i z e .  The Anomaly is  Near t h e  C y l i n d e r  
S u r  Face. ( e, = .8a) 



Sc3c.t i o n  7 

1)AVIT) A .  H I L L  

a n d  

JAMES R .  WAIT 

Abst rac t .  A t h i n  p r o l a t e  s p h e r o i d a l  v o i d  i n  a n  i n f i n i t e  con- 

d u c t i n g  c i r c u l a r  c y l i n d e r  is  used t o  model a broken s t r a n d  i n  a  

w i r e  rope.  The r o p e  i s  e x c i t e d  by a n  a z i m u t h a l  magne t ic  l i n e  

c u r r e n t  which is  a model f o r  a t h i n  t o r o i d a l  c o i l .  The anomal.ous 

e x t e r n a l  f i e l d s  a r e  computed from t h e  induced e l e c t r i c  and mag- 

n e t i c  d i p o l e  rnments  of t h e  vo id .  The r e s u l t s  have a p p l i c a t i o n s  

t o  n o n d e s t r u c t i v e  t e s t i n g  of w i r e  ropes .  

E l e c t r o m a g n e t i c  n o n d e s t r u c t i v e  t e s t i n g  i s  wide ly  used i n  t h e  m e t a l s  

i n d u s t r y  t o  i n s p e c t  and e v a l u a t e  m a t e r i a l s  [ I ] .  Both d c  ( d i r e c t  c u r r e n t )  and 

a c  ( a l t e r n a t i n g  c u r r e n t )  methods [ 2 , 3 ]  a r e  c u r r e n t l y  used f o r  i n s p e c t i o n  of 

w f r e  r o p e s  [ 4  which a r e  made of e l e c t r i c a l l y  conduct ing f e r r m a g n e t i c  m a t e r i a l .  

I n  bo th  met'lmods, t h e  magnetic. f i e l d  is  a p p l i e d  a long  t h e  a x i s  of t h e  r o p e ,  and 

r o p e  i r r e g u l a r i t i e s  produce magne t ic  f i e l d  changes  which induce  v o l t a g e s  i n  

t h e  s e n s i n g  coi1.s. 

An a l t e r n a t i v e  ac method would e x c i t e  t h e  r o p e  w i t h  a n  a x i a l  e l e c t r i c  f i e l d  

rather rllarl ;.ill ax ia l  niagrletic f i e l d .  S i n c e  a x i a l  e l e c t r i c  c u r r e n t s  would be 

f n t l u c ~ * t l ,  t h i s  rncrhotl might b e  nlore s c n s i t i v c  t o  broken s t r a n d s  t h a n  t h e  p r e s e n t  

ac me cllod wh iclk i r lc luccs  0111 y a z  i l n r ~  t - I ~ i l  c u r r e n t s  which tend t o  f low normal ly  t o  

the s t ra r lds .  S11c:h a rriethod c o u l d  a l so  h e  used on e l e c t r i c a l  c o n d u c t o r s  which 

are not f e r r m a g n e t i c .  
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An a p p r o p r i a t e  s o u r c e  f o r  e x c i t i l t i o n  of a x i a l  e l e c t r i c  c u r r e n t s  i s  a  t o r i d a l  

c o i l  which  e n c i r c l e s  t h e  r o p e ,  and a m a g n e t i c  c u r r e n t  model  f o r  t h e  t o r o i d a l  

s o u r c e  c o i l  h a s  been  a n a l y z e d  [ 5 ] .  E x p r e s s i o n s  f o r  b o t h  t h e  i n t e r i o r  and e x t e r i o r  

f i e l d s  were  d e r i v e d  f o r  a homogeneous w i r e  rope .  

I n  t h i s  p a p e r  we wish  t o  a l l o w  f o r  t h e  p r e s e n c e  of  a  s m a l l  s l e n d e r  v o i d  

w i t h i n  t h e  r o p e .  Such a  v o i d  c a n  b e  c o n s i d e r e d  a  model  f o r  a  b roken  s t r a n d .  

The v o i d  is  a l s o  a l l o w e d  t o  b e  o r i e n t e d  a t  any a r b i t r a r y  a n g l e  t o  t h e  r o p e  a x i s  

t o  a c c o u n t  f o r  t h e  wind ing  geomet ry  of t h e  w i r e  r o p e .  The induced  e l e c t r i c  and 

m a g n e t i c  d i - p o l e  moments a r e  compr~ted from t h e  p r i m a r y  f i e l d s  and t h e  e l e c t r i c  

and m a g n e t i c  p o l a r j z a b i l i t i e s  of t l le  v o i d .  We t h e n  o b t a i n  e x p r e s s i o n s  f o r  t h e  

e x t e r n a l  f i c l d s  of e l e c t r i c  and m a g n e t i c  d i p o l e s  of a r b i t r a r y  o r i e n t a t i o n .  I t  

- 
is  t h e s e  e x t e r n a l  f i e l d s  which  a r e  t h e  o b s e r v a b l e  q u a n t i t i e s  i n  any Dl n o n d e s t r u c -  

t i v e  t e s t i n g  method.  The p a r t i c u l a r  e x p r e s s i o n s ,  d e r i v e d  f o r  t h e  e x t e r n a l  f i e l d s  

of  i n t e r n a l  e l e c t r i c  and m a g n e t i c  d i p o l e s ,  s h o u l d  b e  u s e f u l  i n  f u t u r e  a n a l y s e s  

of o t h e r  t y p e s  of s m a l l  i m p e r f e c t i o n s  i n  w i r e  r o p e s .  Of c o u r s e ,  i n  such  c a s e s ,  

t h ~  electric a n d  mapnetic n o l a r i z a h i l  i t i e s  wor~ld  he  d i f f e r e n t .  

Primary Field E x c i t a t i o n  

I n  a p r e v i o u s  a n a l y s i s  [ 5 ] ,  we a n a l y z e d  a n  a z i m u t h a l  c u r r e n t  s h e e t  s o u r c e  

which e n c i r c l e d  t h e  rope .  The c u r r e n t  s h e e t  was a l l o w e d  t o  have  a r b i t r a r y  w i d t h  

in t h e  I. o r  a x i a l  d i r e c t i o n  and a r b i t r a r y  a z i m u t h a l  e x t e n t .  T h i s  s o u r c e  r e s u l t s  

in f a i r l y  c o m p l i c a t e d  e x p r e s s i o n s  f o r  t h e  e l e c t r i c  and m a g n e t i c  f i e l d s .  S i n c e ,  

in t h i s  p a p e r ,  we a r e  p r i m a r i l y  conce rned  w i t h  t h e  f i e l d s  s c a t t e r e d  by t h e  v o i d ,  

w e  t a k e  t h e  s i m p l e r  s p e c i a l  c a s e  f o r  t h e  s o u r c e  shown i n  F ig .  1. S p e c i f i c a l l y ,  

a  m a g n e t i c  c u r r e n t  r i n g  of  s t r e n g t h  K i s  l o c a t e d  a t  a  r a d i u s  b  i n  t h e  p l a n e  

z 0. T h i s  is  a model  f o r  a t h i n  t o r o i d a l  c o i l  which c o m p l e t e l y  e n c i r c l e s  t h e  

rope. T h e  a d o p t e d  t i m e  dependence  i s  exp ( i w t )  f o r  a l l  s o u r c e  and f i e l d  q u a n t i -  

t ies. 



The rope  i s  assumed t o  be  i n f i n i t e l y  long and has  r a d i u s  a. It has conduc- 

t i v i t y  a p e n n i t t i v j  t y  E: ant1 pe rmeab i l i t y  \r . The surrounding f r e e  space  has 
w ' w ' W 

pertnittivLLy L and pcrnic::ibility ;I . For now, we d e f e r  d i s c u s s i o n  of the  void 
0 0 

p r o p e r t i e s  and cons ide r  on ly  t h e  homogcneoris rope. 

Because of  t h e  symmetry of t h e  source  and the  rope ,  the  f i e l d s  a r e  TM ( t r ans -  

v e r v e  magnet ic)  and independent  of @. The magnetic f i e l d  has  on ly  a nonzero 

azi luuthal  component H~~ and t h e  e1ect:ric f i e l d  has on ly  nonzero a x i a l  and 
4 '  

radial conlpone~-bts and The s u p e r s c r i p t  p r  deno te s  t h e  f i e l d s  i n  t he  
L P 

absence of t he  vo id .  These primary f i e l d s  have been der ived  p rev ious ly  151, and 

t1.e c x p l i c i t  forms both  i n s i d e  and  o u t s i d c  t h c  rope a re  g iven  h e r e  i n  Appendix 

A.  .We n o t e  t h a t  E a n d  IIPr are  zcro  f o r  p = 0. On t h e  o t h e r  hand, lZPr 
P 0 z 

i s  n c a r l y  independent of p i n s i d e  t h e  rope f o r  suf F i c i c n t l y  low f requenc ies .  

Induced Dip01 e Moments 
- 

W e  s e l e c t  a t h i n  p r o l a t e  sphero id  of conduc t iv i t y  0 p e r m i t t l v i t y  E and 
v  ' v ' 

p e n n e n b i l i ~ y  \J i n  o r d e r  t o  model n  broken s t r and .  The ~ j r o l a t e  sphero ida l  shape v 

i s  a convenient  one because i ts  e l e c t r i c  and magnet ic  p o l a r i z a b i l i t i e s  a r e  known. 

However, w e  would n o t  expec t  a s i g n i f i c a n t  d i f f e r e n c e  f o r  a  t h i n  c i r c u l a r  c y l i n -  

d e l  of t h e  same l e r ~ g t l i  and volume. To account  fo r  t h e  winding geometry of t h e  

rope ,  we a3low a ro t aL ion  of t h e  major a x i s  of t h e  spheroid about  t h e  p' a x i s  by 

A 

an a n g l e  a. Th11r; t h e  rnajor a x i s  is  o r i e n t e d  a t  an ang le  a t o  t h e  u n i t  v e c t o r  z' 

and an a n g l e  n /2  -t a t o  t h e  u n i t  v e c t o r  ;' a s  i nd i ca t ed  i n  Fig.  l c .  

S ince  the vo id  has a c v n t r a s t  i n  bo th  t h e  e l e c t r i c  and magnet ic  p r o p e r t i e s ,  

both e l e c t r i c  and magnet ic  d i p o l e  moments w i l l  be  induced 161. The e l e c t r i c  po- 

e l a r i x a b i  l i t  ies  f o r  the i t i c i J e n t  e l e c t r i c  f i e l d  appl ied  along t h e  major a x i s ,  ci 
maj' 

e 
or along the minor ax i s ,  a are g iven  by 

min ' 



e a = -v(oW-ov) 
m a j  

and 
- 2v (ow-ov) 

a - - 
min l + o ; / a w  9 

where V i s  t h e  volume of t h e  t h i n  p r o l a t e  s p h e r o i d .  S i n c e  we a n t i c i p a t e  t h e  

u s e  of v e r y  low f r e q u e n c i e s ,  we have n e g l e c t e d  d i sp lacement  c u r r e n t s .  To i n c l u d e  

them, ow would be  r e p l a c e d  by a + i w ~  and oV would b e  r e p l a c e d  by 
W W 

0 +  WE i n  (1) and (2) .  The magne t ic  p o l a r i z a b i l i t i e s  f o r  t h e  i n c i d e n t  mag- 
v  V 

m m 
n e t i c  f i e l d  a p p l i e d  a long  t h e  major  a x i s ,  a o r  a long  t h e  minor a x i s ,  

maj '  amin 7 

a r e  s i m i l a r l y  g i v e n  by 

o;" = - V i a  (pw-pv) 
maj ( 3 )  

and 

a--- - - 
min 1 + p V h w  

I n  o r d e r  t o  compute t h e  induced d i p o l e  moments, i t  i s  f i r s t  n e c e s s a r y  t o  

r e s o l v e  t h e  i n c i d e n t  e l e c t r i c  and magne t ic  f i e l d s  i n t o  components a long  t h e  

major  and minor  axes .  The r e s u l t a n t  induced d i p o l e  momen'ts can  then  b e  r e s o l v e d  

i n t o  t h e  more c o n v e n i e n t  , , and z components. When t h i s  i s  done,  t h e  

induced e l e c t r i c  d i p o l e  moments a r e  found t o  b e  

( I d s )  = pr e  - a ) s i n a c o s a  , 
E ~ ( a m i n  maj ( 6 )  

( I d s ) p  = E~~ ae 
p min 

I n  (5)- (7) ,  t h e  p r imary  e l e c t r i c  f i e l d  components Epr and EPr a r e  e v a l u a t e d  
Z P 

at p' ,@' , z '  . S i m i l a r l y ,  t h e  induced magne t ic  d i p o l e  moments a r e  found t o  b e  



Note that the  nits of rile induced e l e c t r i c  d i p o l e  moments i n  (5)-(7) are ampere 

ulct ers, and t%re u n k e s  o f  t h e  induced magnetic d i p o l e  moments i n  (8)-(10) a r e  

10; f : - i l k e l - ~ Y S .  

'~'tlcq;c Inducrxl dlp,>le  moments a r c  t h e  sources  of t h e  s c a t t e r e d  f l e l d .  I n  

S l ~ e  t.ul.lowiilg sect-l  on, the s p e c i f i c  express ions  f o r  t he  s c a t t e r e d  f i e l d  a r e  

J1 scusscd. 

External Scattered Fields 

The s c a t t e r e d  f i e l d  ex t e rna l  t o  t h e  rope i s  t h e  observable  q u a n t i t y  i n  any 

NDT sy:;iem. S ince  we a n t i c i p a t e  t h e  u s e  of c o i l s  f o r  s enso r s ,  we w i l l  cons ider  

S C  
p r   in,.^? i l  y r i ~ r  scat. lcrcd magnetic f i e l d  components H ; ~ ( ~ , @ ,  z) , H+ (p,$, z )  , and 

, . Lnch of' t h e s e  components can be w r i t t e n  a s  a superposi t i -on of t h e  

~ c ~ n t r . i b u t i o n s  from each of t h e  s i x  induced d i p o l e  sources.  (Actua l ly ,  t h e r e  a r e  

rln:fy f i v c  nonzero sources  s i n c e  (KdR) i s  ze ro  f o r  t he  s p e c i f i c  conf igura t ion  
P - 

consj~derctl  here). 

The till-ee sca t t e red  f i e l d  components can be  compactly w r i t t e n  i n  the  fo.Llow- 



I n  t h e  f i r s t  3 by 3 mat r ix .  G~ i s  t h e  p  component of H a t  ( p . 4 , ~ )  pro-  
PP 

duced by a  u n i t  p -d i rec ted  e l e c t r i c  d i p o l e  a t  p  4 )  , )  , ce i s  t h e  p  com- 
~ 4 )  

ponent  of H produced by a  u n i t  $ -d i rec ted  e l e c t r i c  d i p o l e  a t  ( p ' , @ ' , z l ) ,  e t c .  

The second 3 by 3 m a t r i x  is  s i m i l a r  excep t  t h a t  t h e  G~ e lements  correspond t o  

u n i t  magne t ic  dipo1e.s. We choose t h e  above m a t r i x  no ta t io r l  r a t h e r  than t h e  e l e -  

g a n t  d y a d i c  Green ' s  f u n c t i o n  n o t a t i o n  [ 7 ]  because we a r e  i n t e r e s t e d  i n  t h e  r e l a -  

t i v e  irrlportance of each  sou rce  and G term. Also,  f o r  t h e  c y l i n d r i c a l  geometry 

encounte red  h e r e ,  a l l  of t h e  m a t r i x  e lements  can be  de r i ved  i n  a  s y s t e m a t i c  

manner f rain z components of e l e c t r i c  and magne t ic  He r t z  v e c t o r s  [ B ] .  The s p e c i f i c  

e x p r e s s i o n s  f o r  t h e  m a t r i x  e lements  a r e  de r i ved  i n  Appendix B. 

Numerical Results 

The q u a n t i t i e s  of most i n t e r e s t  i n  NDT a r e  t h e  e x t e r n a l  (p>a)  magnet ic  

f i e l d  components which a r e  observed w i t h  t h e  s ens ing  c o i l s .  The pr imary magne t ic  

f i e l d  h a s  on ly  a  4) component H~~ which i s  g i v e n  by (A-7) f o r  a  < p  < b  o r  
$ 

by (A-1.1) f o r  p  > b. The s c a t t e r e d  magnet ic  f i e l d  ha s  a l l  t h r e e  components a s  

g iven  by (11) .  A computer program h a s  been wr i - t t en  t o  compute t h e  e x t e r n a l  p r i -  

nlary and s c a t t e r e d  magnet ic  f i e l d  components. 

There  a r e  t o o  many paramete rs  t o  p r e s e n t  a  thorough pa r ame t r i c  s t u d y  h e r e .  

For a l l  nrimel-ical r e s u l t s  shown t h e  fo l l owing  pa r ame t r i c  v a l u e s  remain f i x e d :  

a - 1 cm, a = 1.1 x 106mho/m, pw = 200 po, b  = 2  cm, f requency  = 1 0  Hz, p  = 2  
W 

cm, o = 0,  and pv - - 1 .  For  t h i s  low f requency ,  t h e  conduct ion c u r r e n t s  
v  

dominate ,  and t h e  p e r m i t t i v i t i e s  E and cV a r e  unimportant .  The above v a l u e s  
W 

of Ow and p  a r e  roughly  r e p r e s e n t a t i v e  of s t a i n l e s s  s t e e l  [ 9 ] ,  b u t  t h e  perme- 
W 

a b i l i t y  of s t e e l  i s  q u i t e  v a r i a b l e  [ l o ] .  For  t h e  above paramete rs ,  t h e  r a d i u s  

a  i s  approx imate ly  one s k i n  dep th .  



In Figs. 2-9, w e  show the magnitude of t h e  s c a t t e r e d  magnetic f i e l d  com- 

porkerits norlnalizetl by as n f u n c t i o n  of 4 - ' The reason f o r  showing 
9 

Llie QI -- 4 '  dcperldence is  t h d t ,  a l though t h e  primary f i e l d  is  independent of 

, t h e  s c a t t e r e d  f i e l d  var.Les cons ide rab ly  i n  . This  v a r i a t i o n  might d i c t a t e  

the u s e  of m u l t i j > l e  s ens ing  c o i l s  spaced i n  aziinuth around t h e  rope. Ti:? curves  

are nonnzl ized by t h e  primary f i e l d  because t h e  anomalous s c a t t e r e d  f i e l d  i s  

measured i n  t h e  presence  of t h e  primary f i e l d  and t h e i r  r a t i o  i s  thus  of i n t e r e s t .  

We also aormal ize  t h e  r e s u l - t s  t o  t h e  volume V of t h e  void i n  o rde r  t o  make t h e  

cu rves  more ge l~er r t l .  liowrver, a  t y p i c a l  v a l u e  f o r  V might be  on the  o rde r  of 

10"m3 ( 2  1 cm x I Imn x 1 ir~~,). 

111 F igs .  2 alld 3 ,  we set z = z' = 5a and a = 0". By symmetry, liZc 2 0 

o r  t i  I S .  1isC and llSc are of approxinlately t h e  same l e v e l ,  bu t  fiSC 
Q 

is 
P P 

odd i n  - ' whi l e  FlSC 
cb 

i s  even. Note t he  dec rease  i n  s c a t t e r e d  f i e l d  a s  

t he  vo id  is  mover! from t h e  o u t e r  reg ion  (p ' / a  = 0.9) toward the  cen t e r  

( p ' f a  = 0.1.) of t h e  rope. 

T i 1  F ig s .  4 ,  5 ,  and 6,  w e  r e t a i n  z  = 5a and a = 0" bu t  a l l ow  z' t o  vary .  

A l s o ,  we s e t  p' / a  = 0.5. Note t h a t  t h e  l eve l  of H" and H"' i n c r e a s e s  a s  
P - cb 

z ' appl-oac11e.c: Z.  o ow ever, liSC is  v e r y  sma l l  f o r  z' = z, and i t s  peak l e v e l  
z 

is  ai: about- z '  /a = 3.75. S ince  a - 0"  i n  F igs .  2-6, only t h e  a x i a l  and rad ia l .  

e l e c t r i c  d i p o l e  moments, ( i d s )  and ( T d s )  and the  azimuthal  magnetic d i p o l e ,  
z P' 

(KdR) are induced. Also ,  ( I d s )  i s  very  sma l l  because i ts  e x c i t i n g  f i e l d  
9 ' P 

E"' i s  soull. The cn l c t~ l r l f  i ons  r e v e a l  t h a t  ( I d s ) Z  and (Kd&)+ c o n t r i b u t e  
P 

approximately e q u a l l y  t o  t h e  s c a t t e r e d  f i e l d .  

I n  Fib;s. 7-9, w e  have z = z' = 521 and p ' / a  = 0.5,  b u t  we a l low (3 t o  

vary from O 0  t o  30". Nonzero v a l u e s  of a a l l o w  two n d d l t i o n a l  d i p o l e  mornects, 

( I d s )  and (KdY!)z t o  be induced. The r e s u l t  i s  a decrease  i n  t he  l e v e l  OF 
9 

H~~ and H: and an  i n c r e a s e  i n  t h e  l e v e l  of H~'. 
@ z 



The phase  of t h e  s c a t t e r e d  f i e l d  was a l s o  computed, bu t  was found t o  be  of 

less i n t e r e s t .  Also,  t h e  i n d i v i d u a l  d i p o l e  c o n t r i b u t i o n s  were computed, and 

they  a r e  of i n d i v i d u a l  i n t e r e s t  s i n c e  t hey  w i l l  be  e x c i t e d  d i f f e r e n t l y  f o r  o t h e r  

s o u r c e s  on o t h e r  vo id  c o n f i g u r a t i o n s .  

Concluding Remarks 

An idea l - i zed  model f o r  a  w i r e  b r eak  i n  an  i n f i n i t e  conduct ing rope  h a s  been 

ana lyzed .  The t h i n  p r o l a t e  s p h e r o i d a l  vo id  h a s  been shown t o  produce a  s i g n i f i -  

c a n t  anomaly i n  t h e  e x t e r n a l  magne t ic  f i e l d  when t h e  rope  i s  e x c i t e d  by a  t h i n  

t o r o l - d a l  c o i l .  I n  g e n e r a l ,  a l l  t h r e e  components of t he  s c a t t e r e d  magnet ic  f i e l d  

a r e  nonzero,  bu t  t h e  az imu tha l  dependence i s  f a i r l y  complicated and c o n t a i n s  

some deep  n u l l s .  T h i s  s u g g e s t s  t h a t  l n u l t i p l e  s ens ing  c o i l s  of v a r i o u s  l o c a t i o n s  

and o r i e n t a t i o n s  might  bc  worthwhile .  

A l t f i o ~ ~ g l ~  w e  have gene ra t ed  numer ica l  r e s u l t s  f o r  t h e  s p e c i f i c  c a s e  of a  

t h i n  p r o l a t e  s p h e r o i d a l  vo id ,  t h e  fo rmu la t i on  give:i h e r e  a c t u a l l y  y i e l d s  t h e  

e x t e r n a l  f i e l d s  f o r  a r b i t r a r y  induced e l e c t r i c  and magnet ic  d i p o l e  nioments. 

Thus t h e  f o r m u l a t i o n  i s  u s e f u l  f o r  any t y p e  of r ope  impe r f ec t i on  t h a t  can be  

c h a r a c t e r i z c d  by induced e l e c t r i c  and magnet ic  d i p o l e  moments. Th i s  r e q u i r e s  - 
o n l y  t h a t  t h e  rope  i -mperfect ion be sma l l  i n  t e rms  of t h e  rope  r a d i u s  and t h e  

rope  s k i n  dep th .  Larger  impe r f ec t i ons  should have a  s i m i l a r  q u a l i t a t i v e  be- 

h a v i o r ,  bu t  could probably be  r i g o r o u s l y  analyzed on ly  by s o l v i r ~ g  an  in tc lg rn l  

ecluat i on  f o r  t h e  f i e l d s  i n  t h e  imper fec t ion .  

Also,  i t  i s  a s imple  m a t t e r  t o  perform s i m i l a r  c a l c u l a t i o n s  f o r  a  s o l e n o i d a l  

c o i l  of t h e  t ype  used i n  p r e s e n t  NDT systems [ 3 ] .  The s c a t t e r e d  f i e l d  c a l c u l a t i o n  

remains unchanged, b u t  t h e  pr imary f i e l d  would be  T E ( E ' ~  = 0)  r a t h e r  than  
z 

TM(H:~ = 0 ) .  Some c a l c u l a t i o n s  f o r  t h i s  c a s e  have been c a r r i e d  o u t  by Eurrows 

[ 1 1 ]  f o r  t h e  s p e c i a l  c a s e  where bo th  e x c i t i n g  and s ens ing  c o i l s  a rc  c o a x i a l  w i t h  

t h e  t u b u l a r  specimen. 



APPtNUIX A - Pril~tdr,y F i e l d s  

, , 
i 11:. prt-~ui  our; ilnalysi:;  f o r  t h e  hoa~ogcneous rope e x c i t a t i o n  [ 5 1 can be  reduced 

to  the pre!iunrt, ~ 1 1 i r 1  currelrt r i n g  source by l e t t i n g  t h e  thickness 9, of t h e  mag- 

n e t i c  current. suurcc approach zero and by s e t t i n g  t h e  azimuthal e x t e n t  of t he  

~ c r r ~ i r f c c  ~';;ri,i"i to 2rr.  'i'he resultant f i e l d  express ions  take  d i f f e r e n t  forms i n  

inslde the rope p a ,  we f i n d  

h 

~i B i c P = 1% = iup (02i.u~~) , iucW = CI +  WE 
w ) yw 

and I and I1 
W W w ' 0 

a r e  scro and f i r s t  order  modi f i ed  B e s s e l  func t ions .  The f a c t o r  a. is given 

K .I,-; iht. :;t.rcngch of I Ile n1it~:nt5cic c u r r e n t  ri~il:, 
KO 

i s  n zero order  modified - 
i l t . : i : . r a i  f u ~ r t  L J o t l *  i i l~( l  131- i ~ t l c b  ' C I C I ~ C > ~ ~ \ > ~  tl-Lf 1 c~ cnLiaLion with rcspcr t  t o  the argument.  

d r ;  ti.e region bet.ween the. rope and t h e  source (a < p < b ) ,  we f i n d  
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where 

O u t s i d e  t h e  s o u r c e  (p  > b ) ,  we f i n d  

Epr = - 
z 

u2hoKo (up) exp (- ihz)dh , 
-0 

lip' = / ~ W C ~ U A ~ K ~  (up) enp ( - ihz)dh , 
4) 

-w 

where 



APPENDIX I3 - Dipole Fields 

'l'lrt? tlt+r lv'it i o n  of t 1 i t ~ l c i : ;  [)rod\rc:ild by  a clipol ch source: wi t l ~ i n  :I c i r c u l a r  

wire rope  i :i al)alogoc1.~ to t l l i i t  f o r  ;1 d ipo1.c source  i n  a c: i r c u l a r  t unne l  [8 ,9 ] ,  

and some of t h e  dctcz-i.1~ are  excluded here. The f i e l d s  w i th in  t h e  wi re  r o p e  f o r  

p' < p < a can be  ob ta ined  from Uw and V which a r e  t h e  z components of 
W 

e l e c t r d c  and magnet ic  He r t z  v e c t o r s .  

where 

,[ -, = p c [ ,e-im($-mt 1,-'"("-"'I dX 03-31 

-CO 
-03 

A , ( h )  and  H ( A )  a re  f u n c t i o n s  of t h e  source  d i p o l e  and w i l l  l a t e r  be  g i v e n  f o r  
111 

t h e  s i x  d:lpol.e types .  Pm a n d  \ are  determined from t h e  boundary c o n d i t i o n s  

a t  p = a and are g iven  by 

h 

i w r  

m 
w w a  

wher c-1 



-iwc K;(ua) 
- 0 y - - ------ 

m u Km(ua) 

'I'hc n r g i ~ r n e n  t of tilth n r o d  i I I cbd 13cbr;sel f u n c  t i  011:; IIn and Km is  wa u n l e s s  

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

The e x t e r n a l  f i e l d s  (p > a )  c a n  b e  o b t a i n e d  f rom 

U = r[um] and V = r[vm] 

w h e r e  

and  

vm = Tm(X)Km(up) 

C o n t i n u i t y  of  E a n d  HZ a t  p = a y i e l d s  
Z 

and 

The e x t e r n a l  m a g n e t i c  f i e l d  components  c a n  b e  w r i t t e n  

H = I'[R ] , 1 = T [ H ~ ~ ]  , a n d  HZ = r [ ~ ~ ~ ]  
P pm @ 

w h e r e  

OE m 
0 =-iXuT K' ( u p )  + 

m m P S m K , ( u ~ )  , 

- - - -mX T R (up) - iwe U S  K '  ( up )  , 
P m m  o m m  

HZm = -u2vm = - u 2 ~  K (up )  . 
m m 



Similar exprcasione are a v a i l a b l e  f o r  t h e  e l e c t r i c  f i e l d  components. 

I :qunt ions  (8-1)- (11-12) y i e l r l  the c-xtcrnnl .  mngne t ic  f i e l d  components  i n  

terms of 
Am 

and I3 whi.clr are f u n c t i o n s  of t h e  s o u r c e  d i p o l e .  We now t a b u l a t e  
m 

Am and Bm f o r  t h e  s i x  d l p o l e  t y p e s  [ 8 ] .  

For  a r a d i a l  e l e c t r i c  d i p o l e  ( I d s )  w e  have 
P ' 

and 

and 

and 

and 

- i X  
A = ( 'Ids) -- 

n1 I;(wP') 
4 r r 2 i w 6 w  

W 

For  an a z i m u t h a l  e l e c t r i c  d i p o l e  ( I d s )  , w e  have 
4 

F o r  an  a x i a l  e1.ectr l .c  d i p o l e  ( I d s )  w e  have  
1 , '  

B = O .  
1n 

F o r  a radial magnetic d i p o l e  (KdR) w e  have 
P '  

For an azimut.hal magnetic dipole (KdK)$ , we have 



-1 
A = (KdR) ' ---- 

m I;(wP') 
@ 4rr2w2 

and 

and 

For a n  a x i a l  mange t ic  d i p o l e  (KdR)z , we have 

We a r e  now a b l e  t o  d e f i n e  t h e  m a t r i x  e l e m e n t s  r e q u i r e d  i n  (11) i n  terms of 

H , , and H Z  g i v e n  i n  (3-9). For each  of t h e  six d i p o l e  t y p e s ,  we can 
P 

d e f i n e  t h e  r e q u i r e d  t h r e e  e lements  

For a  r a d i a l  e l e c t r i c  d i p o l e  

i n  a  column m a t r i x  

( I d s )  
P '  

we have 

For  a n  a z i m u t h a l  e l e c t r i c  d i p o l e  ( I d s ) $  , we have 

a s  f o l l o w s .  

For  a n  a x i a l  e l e c t r i c  d i p o l e  ( I d s ) Z  , we have 



For u etad la  1 rnngtlet f r -  d lpo lr?  (Kri K )  w c  It i ivr? 
I' ' 

For  an  az imu tha l  magne t ic  d i p o l e  (Kdll)$ , we have 

have 

I n  o r d e r  t o  numer i ca l l y  e v a l u a t e  t h e  G e lements ,  w e  encounte r  t h e  i n f i n i t e  

summation and i n t e g r a t i o n  of t h e  1' o p e r a t o r  as i n d i c a t e d  by (B-9). However, 

a l l  of t h e  G e l emen t s  are e i t h e r  even o r  odd i n  m and , and t h e  summation 

and i n t e g r a t i o n  can be t aken  over  p o s i t i v e  v a l u e s  of m and 1 t o  reduce  t h e  

computat ion t ime by a f a c t o r  of 4. Also,  a l l  G e lements  a r e  c a l c u l a t e d  i n  

p a r a l . l e 1  which means t h a t  t he  r e q u i r e d  modif ied Bes se l  a r e  c a l c u l a t e d  o n l y  once 

r e s u l t i n g  i n  a l a r g c  t . i m e  sav ings .  I n  cva lua t i l l g  t h e  X i n t e g r a t i o n ,  a  v a r i a b l e  

s t e p  s i z e  i n t c g r a t  -ion is  used t o  d e a l  effectively w i t h  tt.lrt r a p i d  v a r i a t i o n  f o r  

small A and tile s lower  v a r i a t i o n  f o r  l a r g c  A. Thus the sub rou t i ne  which 

comp~ites  a l l  18 element:; ninlics u s e  of a l l  t h e s e  t ime s av ing  f e a t u r e s  and i s  
- 

q u i t e  f a s t .  
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S e c t i o n  8 

DAVID A .  H I L L  

and 

JAMES R .  WAIT 

A b s t r a c t .  A t h i n  p r o l a t e  s p h e r o i d a l  v o i d  i n  a n  i n f i n i t e  

conduc t ing  c i r c u l a r  c y l i n d e r  i s  used t o  model a n  i n t e r n a l  f l a w  

i n  a  w i r e  rope .  T h e  r o p e  i s  e x c i t e d  by a n  e l e c t r i c  r i n g  c u r r e n t  

which i s  a model f o r  a t h i n  s o l e n o i d  o r  m u l t i - t u r n  w i r e  loop.  

The anomalous e x t e r n a l  f i e l d s  a r e  computed from t h e  induced 

e l e c t r i c  and magne t ic  d i p o l e  moments of t h e  v o i d .  For t h i s  t y p e  

of e x c i t a t i o n ,  t h e  induced a x i a l  magnet ic  d i p o l e  moment i s  t h e  

dominant c o n t r i . b u t o r  t o  t h e  s c a t t e r e d  f i e l d .  T h e  r c s l l l t s  have 

a p p l i c a t i o n  t o  n o n d e s t r u c t i v e  t e s t i n g  of w i r e  ropes .  

Introduction 

E l e c t r o m a g n e t i c  NUT ( N o n d e s t r u c t i v e  T e s t i n g )  i s  wide ly  used f o r  inspec-  

t i o n  and e v a l u a t i o n  of m e t a l s  [ I ] ,  and e l e c t r o m a g n e t i c  methods i n  NDT of  

w i r e  r o p e s  121 have r e c e n t l y  been reviewed 131. Both DC and AC methods 

[ 4 , 5 ]  a r e  c u r r e n t l y  i.n use. I n  b o t h  methods, t h e  magnet ic  f i e l d  i s  a p p l i e d  

a l o n g  t h e  a x i s  of  t h e  r o p e ,  and r o p e  i r r e g u l a r i t i e s  produce magne t ic  f i e l d  

changes  which induce  vol tages  i n  t h e  s e n s i n g  c o i l s .  A two-dimensional model 

of  s o l e n o i d a l  ( e l e c t r i c  c u r r e n t  r i n g )  e x c i t a t i o n  of a homogeneous w i r e  r o p e  

has  now been a n a l y z e d  f u l l y  [ 6 ] .  The t o r o i d a l  c o i l  (magnet ic  c u r r e n t  r i n g )  



131 

e x c i t a t i o n  w a s  a l s o  t r e a t e d  by invoking t h e  p r i n c i p l e  of d u a l i t y .  A f u r t h e r  

a n a l y s i s  d e a l s  w i t h  a  two-dimensional model f o r  a  w i r e  rope  w i t h  an i n t e r n a l  

anomaly [ 7 ] ,  and t h e  r e s u l t i n g  change i n  t h e  i n p u t  impedance of t h e  surround- 

i n g  sol.enoid . 

Here we cons ide r  a  three-dimensional  model i n  which an  e l e c t r i c  cur-  

r e n t  r i n g  i s  used t o  model a  t h i n  so l eno id  o r  mu l t i - t u rn  w i r e  loop.  The 

analogous problem of a  magnetic c u r r e n t  r i n g  ha s  a l r e a d y  been solved [8 ]  ; 

t h u s  t h e  needed primary f i e l d  exp re s s ions  can  be ob ta ined  from t h e  magnetic 

r i n g  c u r r e n t  s o l u t i o n  by d u a l i t y ,  We a l l o w  f o r  t h e  presence  of a smal l  

s l e n d e r  vo id  w i t h i n  t h e  o the rwi se  homogeneous rope .  Such a  vo id  can  be 

cons idered  a  model f o r  a broken w i r e  w i t h i n  t h e  r o p e  o r  s i a i l a r  i n t e r n a l  

f l aw ,  The vo id  i s  allowed t o  be  o r i e n t e d  a t  any a r b i t r a r y  a n g l e  t o  t h e  

r o p e  a x i s  t o  account  f o r  t h e  winding geometry. Following a  p r ev ious  

a n a l y s i s  (91,  we compute t h e  induced e l e c t r i c  and magnetic d i p o l e  moments 

from t h e  pr imary f i e l d s  and t h e  e l e c t r i c  and magnet ic  p o l a r i z a b i l i t i e s  of 

t h e  vo id .  The e x t e r n a l  f i e l d s  of t h e  induced d i p o l e  moments a r e  then c a l -  

c u l a t e d  u s ing  t h e  p r ev ious  fo rmu la t i on  f o r  d i p o l e s  of a r b i t r a r y  o r i e n t a t i o n  

[ 9 ] .  Thesc e x t e r n a l  f i e l d s  a r e  t h e  observable  q u a n t i t i e s  i n  any non- 

d e s t r u c t i v e  t e s t i n g  method.. 

The most common methods of w i r e  rope  t e s t i n g  d e t e c t  t h e  ave rage  o r  

i n t e g r a t e d  v a l u e  of t h e  c i r c u m f e r e n t i a l  e l e c t r i c  f i e l d  w i th  a  r e c e i v i n g  

s o l e n o i d  which comple te ly  e n c i r c l e s  t h e  rope.  Usua l ly  t h i s  i s  done by 

making and measuring t he  change i n  t h e  mutual i m p e d s ~ ~ c e  of two c o a x i a l  

l oops  o r  s i m i l a r  arrangement.  But, i n  a d d i t i o n ,  one should be a b l e  t o  

probe t h e  d e t a i l e d  s t r u c t u r e  of t h e  e x t e r n a l  magnetic f i e l d  components 

w i t h  sma l l  s ens ing  c o i l s ' .  Because t h i s  p o s s i b i l i t y  has  n o t  been w e l l  

exp lo red ,  we p r e s e n t  he r e ,  i n  g r a p h i c a l  form, t h e  az imutha l  dependence 



of t h e  t h r e e  components of t h e  e x t e r n a l  magnet ic  f i e l d  f o r  a s i g n i f i c a n t  

r a n g e  of t h e  r e l e v a n t  pa ramete rs .  These p l o t s  are i n t e n d e d  t o  b e  an a i d  

t o  t h e  d e s i g n  of a n  e f f e c t i v e  c o n f i g u r a t i o n  of s e n s i n g  c o i l s .  Although 

t h e  a n a l y s i s  i s  c a r r i e d  o u t  f o r  t h e  AC c a s e ,  DC e x c i t a t i o n  i s  inc luded  as  

a s p e c i a l  c a s e .  

Pr imary  F i e l d  E x c i t a t i o n  

The geometry of t h e  r o p e  and t h e  s o u r c e  a r e  shown i n  F i g .  1. The r o p e  

is i n f i n i t e l y  l o n g  and h a s  r a d i u s  a ,  c o n d u c t i v i t y  0 p e r m i t t i v i t y  E and 
w ' w' 

(magnet ic)  p e r m e a b i l i t y  p The s u r r o u n d i n g  f r e e  s p a c e  h a s  p e r m i t t i v i t y  w* 

and p e r m e a b i l i t y  11 . For now, we d e f e r  d i s c u s s i o n  of t h e  v o i d  proper-  
0 0 

t i e s  and c o n s i d e r  o n l y  t h e  homogeneoiis rope .  

The soi l rce  Is a n  e l e c t r i c  c u r r e n t  r i n g  of s t r e n g t h  I l o c a t e d  a t  p = b 

i n  t h e  p l a n e  a = 0 .  T h i s  is a  model f o r  a t h i n  and  narrow s o l e n o i d  which 

c o m p l e t e l y  e n c i r c l e s  t h e  rope .  T h i s  s o u r c e  is  t h e  dual. of t h e  magnet ic  

c u r r e n t  r i n g  o r  t h i n  t o r o i d a l  c o i l  which was c o n s i d e r e d  p r e v i o u s l y  [ 9 ] .  

The t ime  dependence i s  exp( iwt )  f o r  a l l  s o u r c e  and f i e l d  q u a n t i t i e s .  

Due t o  the symmetry of t h e  s o u r c e  and t h e  r o p e ,  t h e  f i e l d s  a r e  TE t o  z 

(Transverse  E l e c t r i c )  and independen t  of 4 .  The e l e c t r i c  f i e l d  h a s  on ly  

a nonzero  a z i m u t h a l  component E ' ~ ,  and t h e  magne t ic  f i e l d  h a s  o n l y  nonzero 
@ 

Pr a x i a l  and r a d i a l  components H" a n d  11 . The s u p e r s c r i p t  p r  d e n o t e s  t h e  
2 P 

f i c l c l k ;  .in the absznce of t hc  v o i d .  S i r l c e  t h e  d u a l  problem o f  the magnetic 

r i n g  s o u r c e  h a s  a l r e a d y  been s o l v e d  [ 9 ] ,  t h e  f i e l d s  of t h e  e l e c t r i c  r i n g  

s o u r c e  c a n  be o b t a i n e d  by d u a l i t y  [ l o ] .  The r e s u l t a n t  e x p r e s s i o n s  f o r  t h e  

p r imary  f i e l d s  b o t h  i n s i d e  and o u t s i d e  t h e  r o p e  a r e  g i v e n  i n  Appendix A .  

The a x i a l  magnet ic  f i e l d  H~~ i s  n e a r l y  independent  of p i n s i d e  t h e  rope  
z  

f o r  s u f f i c i e n t l y  low Frequenc ies .  On t h e  o t h e r  hand, H~~ and E~~ a r e  z e r o  
P 0 

a t  the rope  c e n t e r  p = 0. For  t h e  D.C. l i m i t  (wO), E~~ is z e r o  everywhere. 
0 



Induced Dipole Mornen ts 

To a l l o w  comparison between t h e  t o r o i d  191 and s o l e n o i d  e x c i t a t i o n ,  we 

a g a i n  s e l e c t  a  t h i n  p r o l a t e  s p h e r o i d  i n  o r d e r  t o  model a  broken s t r a n d .  A s  

i n d i c a t e d  i n  Fig. l c ,  t h e  s p h e r o i d  h a s  c o n d u c t i v i t y  a p e r m i t t i v i t y  E 
v '  v ' 

and p e r m e a b i l i t y  pv. We a l s o  a l l o w  a r o t a t i o n  of t h e  major  a x i s  of t h e  

s p h e r o i d  a b o u t  t h e  p' a x i s  by an a n g l e  a i n  o r d e r  t o  a c c o u n t  f o r  t h e  winding 

b* geometry  of t h e  rope .  Consequen t l f i  t h e  major  a x i s  is o r i e n t e d  a t  a n  a n g l e  

h h 

a t o  t h e  u n i r  v e c t o r  z '  and a n  a n g l e  ~ r / 2  + a t o  t h e  u n i t  v e c t o r  Q'. 

The p r o l a t e  s p h e r o i d a l  v o i d  model is a c o n v e n i e n t  one because  t h e  e l e c -  

t r i c  and magne t ic  p o l a r i z a b i l i t i e s  a r e  known [ l l ] .  The e l e c t r i c  p o l a r i z a b i l -  

e  
i t i e s  f o r  t h e  i n c i d e n t  e l e c t r i c  f i e l d  a p p l i e d  a l o n g  t h e  major a x i s ,  a o r  

maj ' 
e 

a long  t h e  minor  a x i s ,  a a r e  g i v e n  by 
min' 

and 
-2v (ow-a,) 

a - - 
min 1 + ov/ow ' 

where V i s  t h e  volume of t h e  t h i n  p r o l a t e  s p h e r o i d .  Displacement  c u r r e n t s  

have been n e g l e c t e d  i n  (1) and (2), b u t  they  can be inc luded  mere ly  by r e -  

p l a c i n g  o by aw + iwe and o hy fi + i w ~  . The magnet ic  p o l a r i z a b i l i t i ~ s  
W W v v  v  

m 
f o r  t h e  i n c i d e n t  magne t ic  f i e l d  a p p l i e d  a l o n g  t h e  major  a x i s ,  a o r  a long  

m a j '  
m 

t h e  minor a x i s ,  a a r e  g i v e n  by 
min' 

and 
- 2 ~ i m ( p ~ - ~ ~ )  

- am - 
min 1 + p V h w  

Although t h e  p o l a r i z a b i l i t i e s  i n  ( 1 ) - ( 4 )  a r e  d e r i v e d  f o r  a t h i n  p r o l a t e  

s p h e r o i d ,  we would n o t  e x p e c t  a s i g n i f i c a n t  d i f f e r e n c e  f o r  a t h i n  c i r c u l a r  

c y l i n d e r  of t h e  same l e n g t h  and volume. 



I n  o r d e r  t o  compute t h e  induced d i p o l e  moments, i t  i s  n e c e s s a r y  t o  

f i r s t  r e s o l v e  t h e  i n c i d e n t  e l e c t r i c  and magnet ic  f i e l d s  i n t o  components 

a l o n g  t h e  major  and minor axes. The r e s u l t a n t  d i p o l e  moments c a n  t h e n  b e  

r e s o l v e d  i n t o  t h e m o r e  c o n v e n i e n t  p, @ ,  and z components. When t h i s  i s  

done,  t h e  induced e l e c t r i c  d i p o l e  moments a r e  found t o  be  

Pr  e e  ( I d s ) =  = - a  ) s i n a  c o s a  , E@ (amin m a j  

The induced magne t ic  d i p o l e  moments a r e  found t o  be  

(Kdll)z =: pr 
m 

Hz (amaj ? o s 2 a  + a min s i n 2 a )  , 

- P r  m rn ( ~ d l l ) ~  - tlz (amin - a ) s i n a  c o s a  , 
ma j (9)  

I n  ( 5 ) - ( 7 ) ,  t h e  p r imary  f i e l d  components E~~ HPr ,  and H~~ a r e  eva lua ted  
$ '  2 P  

a t  p ' ,  $ ' ,  2'. 

External Scattered F i e l d  

The t o t a l  s c a t t e r e d  f i e l d  c a n  be w r i t t e n  a s  a s u p e r p o s i t i o n  of t h e  

c o n t r i b u t i o n s  from each of t h e  s i x  induced d i p o l e  s o u r c e s  g i v e n  i n  (5)-(10).  

( A c t u a l l y ,  t h e r e  are o n l y  f i v e  nonzero s o u r c e s  s i n c e  ( I d s )  i s  z e r o  f o r  the  
P 

s p e c i f i c :  c o n f i g u r a t i o n  c o n s i d e r e d  h e r e . )  The s c a t t e r e d  magnet ic  f i e l d  com- 

p o n e n t s  IlSC (p, Q,  z )  , (p ,$ ,  z )  , and H:' (P,Q, z )  a r e  of p a r t i c u l a r  i n t e r e s t  
P 

when s m a l l  c o i l s  a r e  used a s  s e n s o r s .  However, t h e  s c a t t e r e d  e l e c t r i c  

f i e l d  components E " ( ~ , $ , Z ) ,  E; ' (~,Q,Z),  and E " ( ~ , $ ,  z )  can  a l s o  b e  corn- 
P  z 

puted  w i t h  l i t t l e  a d d i t i o n a l  e f f o r t .  The $-averaged v a l u e  of 



i n t e r e s t  when a so lenoid  which completely e n c i r c l e s  t h e  rope  is used a s  a  

sensor .  

Both t h e  magnetic and e l e c t r i c  s c a t t e r e d  f i e l d s  can be compactly 

w r i t t e n  i n  t h e  fo l lowing  ma t r ix  form: 

and 

I n  t h e  f i r s t  3  by 3  ma t r ix ,  G~ i s  t h e  p  component of H a t  (p ,$ ,z )  produced 
PP 

by a  u n i t  p-directed e l e c t r i c  d i p o l e  a t  ( p V , $ ' , z ' ) ,  Ge i s  t h e  p  component 
PO 

of H produced by a  u n i t  $-directed e l e c t r i c  d i p o l e  a t  ( p ' , $ ' , z V ) ,  e t c .  The 

second 3  by 3 m a t r i x  i s  s i m i l a r  except  t h a t  t h e  Gm elements  correspond t o  

u n i t  magnet ic  d i p o l e  sou rces .  For t h e  c y l i n d r i c a l  geometry encountered 

he re ,  a l l  t h e  ma t r ix  e lements  can be der ived  from z components of e l e c t r i c  

and magnet ic  Her tz  v e c t o r s  [12] ,  and t h e  s p e c i f i c  express ions  f o r  t h e  G e lements  

have been g iven  p rev ious ly  [ 9 ] .  The exp re s s ions  f o r  t h e  ma t r ix  e lements  

i n  (12) a r e  de r ived  i n  Appendix B. The $-averaged v a l u e  of E" which i s  
$ 

of i n t e r e s t  f o r  so lenoid  r e c e p t i o n  i s  def ined  a s  

The s p e c i f i c  form of E"" i s  a l s o  g iven  i n  Appendix B. Of course ,  i n s t e a d  0 - 
of (13) ,  one could a l s o  o b t a i n  E~~ by i n t e g r a t i n g  t h e  f l u x  over  t h e  a r e a  of 

0 
t h e  w i r e  loop,  b u t  t h e  p re sen t  approach is s impler  and more convenient .  



1 3 6  

Numerical Results 

Numerically e f f i c i e n t  computer programs have been w r i t t e n  t o  eva lua t e  

t h e  s c a t t e r e d  f i e l d s  a s  g iven  by (11) and (12) and t h e  primary f i e l d s  a s  

g iven  by (A-5)-(A-7) f o r  a < p < b  and by (A-9)-(A-11) f o r  p > b. 

I n  F i g s .  2, 3 ,  and 4 t h e  magnitudes of t h e  t h r e e  s c a t t e r e d  magnetic 

f i e l d  components H~~ S C  , and HZ a r e  shown p l o t t e d  a s  a  f u n c t i o n  of 4  f o r  

a s e l e c t e d  set of t h e  parameters .  The v e r t i c a l  s c a l e  i s  i n  per  c e n t  of t h e  

pr imary a x i a l  magnetic f i e l d  IIir running  from t o  1%. The volume of 

t h e  smal l  s l e n d e r  void V i s  taken  t o  be lo-* rn3 (= lmm x lmrn x lcm) and t h e  

void i t s e l f  is  o r i e n t e d  i n  t h e  a x i a l  d i r e c t i o n  ( i . e .  a=OO). S ince  t he  s c a t -  

t e r ed  f i e l d s  a r e  p ropor t i ona l  t o  V, t h e  cu rves  a r e  e a s i l y  sca led  t o  o ther  

v a l u e s  of V .  Also, t h e  c o n s t i t u t i v e  parameters  of t h e  void a r e  taken t o  be 

t hose  of f r e e  space: E = co,  ov = 0,  and 11 = po. I n  t h e s e  c a s e s ,  4 '  i s  
v  v 

taken t o  be zero ,  bu t  f o r  4 '  no t  equa l  t o  zero ,  t h e  h o r i z o n t a l  a x i s  can 

simply be rep laced  by 4  - $' .  Other s e l e c t e d  v a l u e s  of t h e  parameters  a r e :  

a = 1  cm, o = 1.1 x l o 6  mho/m, pW/pO = 200, b/a = 2, p ' / a  = 0.5, z ' / a  = 
W 

3.75, p/a = 2, z / a  = 5, f  = 10  Hz. 

The magnitudes of t h e  i n d i v i d u a l  d i p o l e  c o n t r i b u t i o n s  t o  t h e  t o t a l  

s c a t t e r e d  f i e l d  a r e  a l s o  shown f o r  each  component of H i n  F igs .  2 ,  3 ,  and 4. 

S ince  a is  ze ro ,  t h e r e  a r e  on ly  t h r e e  induced d i p o l e  moments (KdR) (Kdll)p, 
2' 

and ( I d s )  A s e x p e c t e d ,  (Kdf,) i s  t h e m a j o r  c o n t r i b u t o r .  ( K d f , ) p i s s m a l l  
4. Z 

because H~~ i s  v e r y  smal l  i n s i d e  t h e  rope. 
0 

SC Actua l ly ,  f o r  so lenoid  r e c e p t i o n ,  t h e  v a l u e  of E i s  of primary impor- 
4 

t ance .  I n  Fig.  5 ,  we a l s o  show t h e  @ dependence of E" f o r  t h r e e  va lues  of 
0 

p ' / a  f o r  z ' / a  = 5. Of course ,  t h e  g r e a t e s t  4 v a r i a t i o n  occurs  f o r  t h e  void 

near  t h e  s u r f a c e  (p ' /a  = 0 . 9 ) .  I n  Table  I t h e  normalized averaged s c a t t e r e d  
- 

az imutha l  e l e c t r i c  f i e l d  I E ~ ~ / E ~ ~ ~  i s  shown f o r  t h e  same parameters  which were 
4 4 



used i n  F igs .  2-4. T h i s  i s  t h e  q u a n t i t y  which i n d i c a t e s  t h e  s e n s i t i v i t y  of 
- 

t h e  so lenoid  sensor  used i n  p r e s e n t  systems. The v a l u e s  of IESC/EPr 1 a r e  t yp i -  
@ @ 

c a l l y  r a t h e r  smal l  ( 2  .01%).  Note i n  Fig.  5 t h a t  I E ~ ~ / E ~ ~  1 h a s  a  comparable 0 0 
l e v e l  f o r  p l / a  = 0.1, bu t  a  much l a r g e r  l e v e l  f o r  p ' / a  = 0.5  o r  0.9. This  

- 
is  due t o  t h e  h igher  0 harmonics i n  ESC which do no t  c o n t r i b u t e  t o  E". @ 0 
It i s  a l s o  t h e  c a s e  t h a t  t h e  normalized s c a t t e r e d  magnet ic  f i e l d  components 

have a  h ighe r  l e v e l  because of t h e  h igher  o rde r  harmonics i n  0 f o r  p' /a $ 0. 

Concluding Remarks 

E x c i t a t i o n  of a  wi re  rope  con ta in ing  a  s l e n d e r  vo id  has  been analyzed 

f o r  a t h i n  so l eno id  source .  The p r o l a t e  sphe ro ida l  v o i d  has  been shown t o  

p r o d ~ ~ c e  an anomaly i n  t h e  e x t e r n a l  f i e l d s  which i s  t y p i c a l l y  l a r g e r  than 

t h a t  produced f o r  t h e  c a s e  of t o r o i d a l  e x c i t a t i o n  [ 9 ] .  Again, t h e  e x t e r n a l  

s c a t t e r e d  magnetic f i e l d  components (no t  shown here)  have a  r a t h e r  compli- 

c a t ed  az imu tha l  dependence con ta in ing  some peaks and n u l l s .  T h i s  sugges t s  

t h a t  m u l t i p l e  s e n s i n g  c o i l s  of v a r i o u s  l o c a t i o n s  and o r i e n t a t i o n s  rni-ght be 

worthwhile.  
- 

S C  The @-averaged v a l u e  of t h e  s c a t t e r e d  az imutha l  e l e c t r i c  f i e l d  E 
@ 

has  a l s o  been examined. Th i s  i s  t h e  q u a n t i t y  which i s  sensed by a  s o l e n o i d a l  

s enso r  which e n c i r c l e s  t h e  rope ,  and Burrows [15]  h a s  a l s o  examined t h i s  

q u a n t i t y .  Th i s  s c a t t e r e d  f i e l d  i s  t y p i c a l l y  q u i t e  small compared t o  t h e  

pr imary f i e l d  a s  i nd i ca t ed  i n  Table 1 .  O f  course ,  t h e  so l eno id  s enso r  does 

n o t  make any use  of t h e  h ighe r  harmonics i n  @ which can  be cons ide rab ly  

l a r g e r  than  t h e  $-averaged va lue .  However, a  p o s s i b l e  advantage of t h e  

so l eno id  s enso r  i s  t h a t  ESC i s  no t  h igh ly  dependent on t h e  vo id  l o c a t i o n .  
@ 

Thus t h e  anomaly i s  r e l a t e d  more t o  t h e  v o i d ' s  volume than l o c a t i o n .  A 

system which s e n s e s  t h e  s c a t t e r e d  f i e l d  d i r e c t l y  w i thou t  any @ averag ing  



w i l l  d e t e c t  a g r e a t e r  anomaly ;;hen t h e  voicl i s  l o c a t e d  nea r  t h e  s u r f a c e  of 

t h e  rope .  

On t h e  b a s i s  of c a l c u l a t i o n s  a t  o t h e r  f r e q u e n c i e s ,  one g e n e r a l  con- 

c l u s i o n  i s  t h a t  10 Hz i s  a good cho ice .  Higher f r e q u e n c i e s  s u f f e r  from 

poor p e n e t r a t i o n  of t h e  rope .  Also,  t h e  e x c i t i n g  s o l e n o i d  and t h e  s e n s o r s  

should be l o c a t e d  a s  c l o s e  t o  t h e  r o p e  a s  p o s s i b l e  t o  maximize t h e  r e l a t i v e  

s c a t t e r e d  f i e l d .  

The i n d i v i d u a l  c o n t r i b u t i o n s  of t h e  v a r i o u s  induced d i p o l e  moments t o  

t h e  s c a t t e r e d  f i e l d  a r e  i l l u s t r a t e d  i n  F igs .  2-4. As expected f o r  s o l e n o i d a l  

e x c i t a t i o n ,  t h e  induced a x i a l  magnet ic  d i p o l e  moment i s  t h e  dominant con- 

t r i b u t o r  t o  t h e  s c a t t e r e d  f i e l d .  Ac tua l l y ,  t h i s  d i p o l e  moment r e q u i r e s  

t h a t  t h e  magnet ic  p e r m e a b i l i t y  of t h e  rope  h e  d i f f e r e n t  from t h a t  of t h e  

vo id .  I n  f a c t ,  c a l c u l a t i o n s  show t h a t  i f  t h e  r ope  is  nonmagnetic,  t h e  

e f f e c t  of t h e  anomaly i s  q u i t e  small because o n l y  a n  e l e c t r i c  d i p o l e  moment 

i s  induced.  

A f u r t h e r  worthwhile  s t u d y  would be t o  examine t h e  response  a s  a  func-  

t i o n  of vo id  l o c a t i o n  f o r  a  f i x e d  geometry of t h e  s e n s o r .  Some a d d i t i o n a l  

ca lc : i l l a t ions ,  i n  a co~nputc r  p r i n t - o u t  format ,  t h a t  can g i v e  such  i n fo rma t ion ,  

may be  ob t a ined  from t h e  a u t h o r s  on r e q u e s t .  

Although we have o n l y  examined t h e  t h i n  p r o l a t e  s p h e r o i d a l  vo id ,  we 

have d e r i v e d  e x p r e s s i o n s  which a r e  u s e f u l  f o r  o t h e r  shapes .  The on ly  re- 

qu i rement  i s  t h a t  t h e  impe r f ec t i on  b e  s u f f i c i e n t l y  s m a l l  t h a t  i t s  s c a t t e r e d  

f i e l d s  can b e  r e p r e s e n t e d  by induced e l e c t r i c  and magnet ic  d i p o l e  moments. 

Another convenien t  impe r f ec t i on  t o  t r e a t  would b e  a n  o b l a t e  s p h e r o i d a l  i m -  

p e r f e c t i o n  which cou ld  model a  r e g i o n  of c o r r o s i o n .  Also ,  i t  might  be 

p o s s i b l e  t o  t r e a t  a  rope  model where t h e  c o n d u c t i v i t y  and  p e r m e a b i l i t y  a r e  

t e n s o r s .  T h i s  a n i s o t r o p i c  f e a t u r e  of r opes  i s  expec ted  because  of  t h e  

winding geometry; t h e  s u b j e c t  ha s  been examined by Wait  [ 16 ] .  



Appendix  A - P r i m a r y  F i e l d s  

T h e  p r i m a r y  f i e l d s  f o r  cxcitat icrr~ by a 1nagrIeti.c c u r r e n t  r i n g  of 

s t r e n g t h  K have been de r ived  p rev ious ly  [ 9 ] .  By d u a l i t y  [ l o ] ,  t h e  p r e -  

v i o u s  r e s u l t s  hold f o r  e l e c t r i c  c u r r e n t  r i n g  e x c i t a t i o n  i f  we make t h e  

fo l l owing  t r ans fo rma t ions :  K -t I, H~~ -+ E ; ~ ,  E~~ -+ -H '~ ,  E~~ -+ -H Pr -F 

4 z  Z P p ' 
Eo, c0 + pO. i upw-+  Ow + iocw, and a + i w ~ ~  -+ iiwpw. The r e s u l t a n t  pr imary 

W 

f i e l d  e x p r e s s i o n s  t a k e  d i f f e r e n t  forms i n  t h e  t h r e e  r eg ions ,  p < a ,  a < p 

< b, and p > b. 

I n s i d e  t h e  rope  (p  < a ) ,  we f i n d  

w 

H~~ = - I ~ X W ~ ~ I ~  (wp) exp(-ihz)dX , 
P -00 

00 

E P ~  = iwp, 
4 

waoI1 (wp) exp (-iXz)dX , 
-00 

where w = (X2+y;)li = ~ w ~ ~ ( o ~ + ~ w E ~ )  and I. and I1 are ze ro  and f i r s t  
Yw 

o r d e r  modif ied Bessel f u n c t i o n s .  The f a c t o r  a. i s  given by 

where 

-1 
-YoBo 

a = 
0 

w2alo (wa) K~ (ua)  

K i s  a ze ro  o rde r  modif:ied Besse l  f u n c t i o n ,  and prime ' deno te s  d i f f e r e n -  
0 

t i a t i o n  w i t h  r e s p e c t  t o  t h e  argument.  ( I n  t h e  p r ev ious  paper [ 9 ] ,  t h e  



e x p r e s s i o n  f o r  B s h o u l d  a c t u a l l y  read Bo = -~b~;(ub)/(Zru)). 
0 

I n  t h e  r e g i o n  be tween t h e  rope  and t h e  source  (a < p < b) , we find 

where 

where 

O u t s i d e  t h e  s o u r c e  (p  > b) ,  we f i n d  

E~~ = iw,Jo 
4 

/ uAoKl (up) exp (-iXz) , 
-00 



Appendix B - Scattered Electric Fields 

Tlie d e r i v a t i o n  f o r  t h e  e l e c t r i c  f i e l d s  produced by a d i p o l e  source 

w i t h i n  a  w i r e  r ope  i s  a d i r e c t  e x t e n s i o n  of t h e  d e r i v a t i o n  of t h e  magnetic 

f i e l d  d e r i v a t i o n  g iven  p r e v i o u s l y  [ 9 ] ,  and some of t h e  d e t a i l s  a r e  excluded 

he r e .  The e x t e r n a l  f i e l d s  c an  be  ob t a ined  from U and V which a r e  t h e  z 

components of e l e c t r i c  and magnet ic  He r t z  v e c t o r s  

U = r [ u ]  and V = r [ v m ]  , 
m 

where 

and 
00 00 

r E l =  [ 1. -im($-$' ) .-iX (z-z ' ) 
dX . 0 - 3 )  

-m -00 

The e x p r e s s i o n s  f o r  S and Tm have been g iven  f o r  e ach  of the s i x  d i p o l e  
m 

t y p e s  [91. 

The e l e c t r i c  f i e l d  components can  be  w r i t t e n  

where 

w o n  'i , 
= -ihuS K' (up) - - 

m m P TmK,(uP) 9 

arid 



k
 
0
 

Erc 



For an  a x i a l  magne t ic  d i p o l e  (KdR) we  have 
z ' 

The $-averaged v a l u e  of E a s  given by (B-4) can be w r i t t e n  
4 

(B- 12) 

(B- 13) 

where 

and 

E = iop  T K1(up) . 
40 0 0 0 

As expected, only t h e  m = 0 term of t h e  e l e c t r i c  Hertz  v e c t o r  c o n t r i b u t e s  

t o  5. 
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Table 1 - Normalized E'' 

@ 
Parameters* 

Same a s  Fig.  5 

p ' / a  = 0.1 

* 
Parameters fo r  each  entry are t h e  same as  F i g .  5 except where noted . 



Void location 

p=a (€09 PO) 

p = b  

(infinite length) 

Fig. la 
P e r s p e c t i v e  V i e w  

Fig. Ib 
Top View 

(a;, E,,, ,XV) 

FIG,  1c 
P r o l a t e  s p h e r o i d a l  v o i d  

F i g .  1. Thin  s o l e n o i d  s u r r o u n d i n g  a  m e t a l  r o p e  of  i n f i n i t e  l e n g t h .  



Fig .  2. C o n t r i b u t i o n  of t h e  i n d i v i d u a l  
d i p o l e  moments t o  H;' f o r  an  
a x i a l l y  o r i e n t e d  v o i d .  





Fig. 4. Contribution of the individual 
dipole moments to H ~ ~ .  

z 



Fig. 5. Normalized magnitude of the 
scattered azimuthal electric field 
for various values of the void 
location pV/a for z V / a  = 5. 



S e c t i o n  9 -- 

DAVID A .  H I L L  

and 

JAMES R .  WAIT 

Abaaact -A s t randed w i r e  rope i s  i d e a l i z e d  as a  homogeneous 

conduc t ing  and permeable c y l  i n d e r  o f  c i r c u l a r  c ross  s e c t i o n  and 

o f  i n f i n i t e  l e n g t h .  The rope  i s  e x c i t e d  by a c o a x i a l  so leno id  o r  

f i n i t e  l e n g t h  mu1 t i - t u r n  c o i l  t h a t  c a r r i e s  an a z i m u t h a l l y  d i r e c -  

t ed  a1 t e r n a t i n g  c u r r e n t .  The rope and the  enc los ing  so leno id  may 

have a  un i f o rm  v e l o c i t y  r e l a t i v e  t o  each o ther .  Using a  non- 

r e l a t i v i s t i c  ana l ys i s ,  t h e  na tu re  o f  t h i s  dynamic i n t e r a c t i o n  i s  

examined and numerical  r e s u l t s  a r e  presented f o r  parameter va lues  

t h a t  a r e  r e l e v a n t  t o  bo th  s t a t i c  and dynamic c o n d i t i o n s  i n  non- 

d e s t r u c t i v e  t e s t i n g  o f  such c y l  i n d r i c a l  conductors.  I t  i s  shown 

t h a t  even f o r  mot iona l  v e l o c i t i e s  v  as  h igh  as  10 m/s t h e  dyna- 

mic i n t e r a c t i o n  w i t h  t he  rope  specimen i s  n o t  app rec iab l y  m o d i f i e d  

f r om t h a t  f o r  t he  s t a t i c  c o n d i t i o n  ( i .e . ,  f o r  v  = 0 ) .  

INTRODUCTION 

The  n o n d e s t r u c t i v e  t e s t i n g  of m e t a l l i c  s t r u c t u r e s  o f t e n  u t i l i z e s  t h e  i n -  

t e r a c t i o n  of e l e c t r o m a g n e t i c  f i e l d s  w i t h  t h e  specimen [ 1 , 2 ] .  A p a r t i c u l a r l y  

good example  i s  a s t e e l  s t r a n d e d  w i r e  r o p e  s u c h  a s  i.s used i n  mine h o i s t s .  I n  

t h i s  ca se  i t  may be desirable t o  tes t  t h e  rope  under dynamic c o n d i t i o n s  s u c h  



I t h a t  t h e  s enso r  and t h e  rope  have a uniform v e l o c i t y  r e l a t i v e  t o  each o t h e r .  

11t i s  t h e  purpose of t h e  p r e s e n t  psper  t o  examine t h e  e f f e c t  of t h e  mot iona l  1 
( v e l o c i t y  o n  t h e  n a t u r e  o f  t h e  e l ec t romagne t i c  f i e l d s  e x c i t e d  by a  c o a x i a l  1 
J s o l e n o i d  o r  f i n i t e  l e n a t h  c o i l  t h a t  c a r r i e s  an  a l t e r n a t i n g  c u r r e n t .  We a l s o  

( c o n s i d e r  t h e  mutual  impedance be tween two s o l e n o i d s  t h a t  a r e  bo th  c o a x i a l  w i th  

1 t h e  rope .  Such a c o n f i g u r a t i o n  i s  q u i t e  common i n  t e s t i n g  bo th  s o l i d  and tu- 

1 b u l a r  conduc tors .  

FORMULATION 

I W e  cons ide r  a  s imple  model; t h e  rope is t r e a t e d  a s  a  uniform c y l i n d r i c a l  

I s t r u c t u r e  of r a d i u s  a .  I t  i s  e x c i t e d  by a  cu r r en t - ca r ry ing  c o n c e n t r i c  s o l e -  

( noid  of r a d i u s  b as i n d i c a t e d  i n  F ig .  1. C y l i n d r i c a l  c o o r d i n a t e s  (p,$, z) 

f i x e d  w i t h i n  t h e  rope  a r e  chosen such t h a t  t h e  s u r f a c e  of t h e  c y l i n d r i c a l  con- 

I d uc to r  i s  p  = a wh i l e  t h e  so l eno id  is  i d e a l i z e d  a s  a n  az imutha l  c u r r e n t  s h e e t  of 

I a x i a l  l e n g t h  l o c a t e d  a t  p = b. The so l eno id  i s  taken t o  be moving w i t h  a  uni- I 
I form v e l o c i t y  v i n  t h e  pos i t i - ve  z d i r e c t i o n  r e l a t i v e  t o  t h e  rope  frame. 

I ( p , $ , z ) .  Azimuthal v a r i a t i o n s  of t h e  f i e l d s  a r e  assumed t o  b e  n e g l i g i b l e  I 
1 which is  t h e  c a s e  when t h e  az imutha l  c u r r e n t  i s  c o n s t a n t  and t h e  rope  i s  lo -  I 

1 ca t ed  c o n c e n t r i c a l l y  w i t h i n  t h e  so l eno id .  

The so l eno id  c u r r e n t  s u r f a c e  d e n s i t y  i n  amperes/meter a t  p = b  i s  spec i -  

f i e d  t o  be  

j g ( z ,  t )  = Real  p a r t  of ( ~ I / e ) e x p ( i w t )  

f o r  ( l / 2 )  + v t  > z  > ( - l /2 )  + v t  and ze ro  o u t s i d e  t h i s  i n t e r v a l .  Here N i s  

t h e  t o t a l  number of t u r n s  t h a t  a r e  wound uniformly throughout t h e  a x i a l  l e n g t h  

4 of t h e  so l eno id .  I i s  t h e  magnitude of t h e  c u r r e n t .  The angu la r  f requency 

is w and t i s  t h e  t ime. Now i t  i s  no t  d i f f i c u l t  t o  show t h a t  



where i t  i s  unders tood h e r e  and i n  what f o l l ows  t h a t  w e  t a k e  t h e  r e a l  p a r t  

of t h e  i n d i c a t e d  complex q u a n t i t y .  

W e  a r e  now i n t e r e s t e d  i n  t h e  i n t e r a c t i o n  of t h e  f i e l d s  from t h i s  pr imary 

c u r r e n t  w i t h  t h e  conduc t ing  c y l i n d e r .  While t h e  a n a l y s i s  can b e  c a r r i e d  

th rough  q u i t e  r i g o r o u s l y  by u s i n g  t h e  ful l -blown Loren tz  t r an s fo rma t ion  [ 3 , 5 ] ,  

h e r e  we w i l l  u s e  a  n o n r e l a t i v i s t i c  approach [ 6 ]  t h a t  i s  j u s t i f i e d  when terms 

c o n t a i n i n g  v2 / c2  are n e g l i g i b l y  small. Th i s  w i l l  c e r t a i n l y  be  t h e  c a s e  i n  

any p r a c t i c a l l y  r e a l i z a b l e  remote s e n s i n g  scheme [ e . g . ,  even f o r  a motional  

v e l o c i t y  v = 100 m/s, v2/c2  2 10-l3 where c = 3 x lo8 m / s ] .  Also we w i l l  

assume t h a t  t h e  f i e l d s  i n  t h e  r eg ion  e x t e r n a l  t o  t h e  rope  a r e  q u a s i - s t a t i c  

i n  n a t u r e .  T h i s  i s  j u s t i f i e d  when t h e  s i g n i f i c a n t  dimensions  of  t h e  s enso r  

and t h e  rope  d iamete r  a r e  s m a l l  compared w i t h  t h e  o p e r a t i n g  f ree -space  wave- 

7 
l e n g t h  Ao[e.g . ,a t  a t y p i c a l  o p e r a t i n g  f requency of 1 0  Hz t h e  A = 3 x 1 0  m]. 

0 

-1 
I n  t h i s  c o n t e x t  i t  i s  worth p o i n t i n g  ou t  t h a t  1 h  1 , where A is t h e  a x i a l  

wave number, should  a l s o  b e  s m a l l  compared w i t h  A. over  t h e  s i g n i f i c a n t  range  

of  t h e  i n t e g r a t i o n  v a r i a b l e  A .  

EXTERNAL FIELDS 

I n  view of  our  assumpt ions  t h e  f i e l d s  i n  t h e  r e g i o n  p > a can be ob- 

t a i n e d  from a magnet ic  t y p e  H e r t z  v e c t o r  t h a t  ha s  o n l y  a z component 

Il (p,  z ,  t) which s a t i s f i e s  ~ a p l a c e ' s  equa t i on  
0 

T a k i n g  a  cue from (2) v e  c o n s t r u c t  t h e  fo l l owing  a p p r o p r i a t e  i n t e g r a l  form 

f o r  TI a s :  



-iXz i (w -+ Xv) t 
e  d  X 

h 

where , in  view of (31 ,  must s a t i s f y  
0 * 

S u i t a b l e  s o l u t i o n s  a r e  
A 

n o  = B(A)Io( l X  IP) +&(A)Ko( l A  lp) f o r  a  < p < b (6) 

and 
h 

n o = D ( X ) K ~ ( I X ~ ~ )  f o r  p  > b. 

when? I and K a r e  modified Besse l  f u n c t i o n s  . The p a r t i c u l a r  form KO( 11 1 p) 
0 0 

i s  d i c t a t e d  i n  t h e  r eg ion  p > b s i n s w i t  vanishes  e x p o n e n t i a l l y  f o r  a l l  posi-  

t i v e  and n e g a t i v e  r e a l  va lues  of X when p  -+ 0.. . Then,to a s s u r e  f i e l d  matching 

f o r  a l l  X,the o t h e r  Bessel  f u n c t i o n s  i n  t he  a i r  r eg ion  m u s t  have t h e  same 

argument. The f u n c t i o n s  B, C and D a r e  yet - t o  be determined. 

The f i e l d  components i n  t h e  r q M n  p > b can be  ob ta ined  from 

and 
H = a2n /az  2 

0 2 0 

The corresponding i n t e g r a l  r e p r e s e n t a t i o n s  a r e  

where 



1 and 

IJe a r e  now i n  t h e  p o s i t i o n  t o  app ly  t h e  sou rce  c o n d i t i o n s  

Ho,(b - 0 )  - Ho,(b + 0 )  = j e ( z . t )  

and t h e  impedance c o n d i t i o n  

where Z(X) is  d i s c u s s e d  below. Thus w e  deduce t h a t  

B(X) = 
N I b  sin(XR/2) 

- -[ - (h%/2)  ~ < ~ ( l X l b )  

1 and 

D(X) = c(X) - B ( X ) I , ( I X ~ ~ ) / K ~ ( I X I ~ )  

Here w e  have made u s e  of t h e  Wronskian r e l a t i o n  

S O L U T I O N  F O R  INTERNAL F I E L D  

I Now we must s p e c i f y  t h e  i n t e r n a l  s t r u c t u r e  of t h e  c y l i n d e r  i n  o rde r  t o  I 
( o b t a i n  an e x p l i c i t  exp re s s ion  f o r  z(X).  For  p r e s e n t  purposes  we w i l l  assume I 

homogeneity w i t h  a conduc t iv i ty  0 and magnet ic  p e r m e a b i l i t y  1-1. Displace-  

ment c u r r e n t s  i n  t h e  c y l i n d e r  a r e  a l s o  neg l ec t ed .  

The f i e l d s  w i t h i n  t h e  c y l i n d e r  ( i . e .  p < a)  can a l s o  be ob ta ined  from 

an az imu tha l l y  independent  magnetic Her tz  v e c t o r  t h a t  h a s  o n l y  an a x i a l  corn- 

Iponent TI. I n  t h e  rope  frame (p,$, z )  , i t  s a t i s f i e s  t h e  t ime dependent wave I 



The cor responding  i n t e g r a l  form i s  

h 

where fl s a t i s f i e s  

where 
2 

w = [X -1- i w ( w  -t- Xv)] 
3 

The f i e l d  components i n  t h e  region p < a a r e  ob ta ined  from 

2 
H = a w a p a z  

P 
2 

E = pa r r / a t a p  @ 
and 

The cor responding  exp re s s ions  f o r  t h e  f i e l d  components a r e  then  

' = = A  [:! ] { ['l:::] e -iXz e i ( w  + Xv) t dA 

-03 
H Z  (A) 

where 

The a p p r o p r i a t e  s o l u t i o n  of (24) t h a t  i s  f i n i t e  a t  p  = 0 i s  c l e a r l y  

where A(A) i s  determined below. 



Thus ,  w e  r e a d i l y  deduce t h a t  

T h i s  completes  t h e  s p e c i f i c a t i o n  of t h e  r a t i o  R(X)/C(X) a s  given by (19) .  

A 

Also s i n c e  fI and A a r e  con t inuous  a t  p = a p e  a s c e r t a i n  from (4) and (31) 
0 2  z 

t h a t  

The f i e l d s  everywhere i n  t h e  (p,@,z)  frame are now given i n  terms of t h e  

known parameters  o f  t h e  proble,m. 

To e x p r e s s  t h e  f i e l d s  and f;:, i n  t h e  ( p , )  c o o r d i n a t e s  i n  t h e  frame 

o f  t h e  so l eno id  w e  need t o  app ly  t h e  t r ans fo rma t ion  l a w  

and 

-+ 
where i is  a u n i t  v e c t o r  i n  t h e  p o s i t i v e  z d i r e c t i o n .  These forms a r e  v a l i d  

z 

f o r  t h e  e x t e r n a l  r e g i o n  p > a;  t h e  cor responding  forms f o r  p < a  a r e  s'milar. 

The impor tan t  p o i n t  i s  t h a t  t h e  a x i a l  magnetic f i e l d  i s  no t  changed a s  a r e -  

s u l t  of t h e  uniform a x i a l  motion. 

RESULTS FOR INTERNAL FIELD 

I n  any non -des t ruc t i ve  t e s t i n g  scheme t h e  i n t e r n a l  f i e l d  of t he  sample 

i n t e r a c t s  w i t h  t h e  m a t e r i a l  p r o p e r t i e s  and, i n  t u r n ,  produces  a  secondary 

f i e l d  t h a t  is d e t e c t e d  i n  t he  e x t e r n a l  r eg ion  173. Thus, i t  i s  of i n t e r e s t  

t o  exarnirle t h e  i n t e r r l a l  a x i a l  magnetic I1 a t  some f i x e d  d i s t a n c e  z '  from t h e  
z 

so l eno id  a s  i n d i c a t e d  i n  F ig .  1. 

The f i e l d  i n  q u e s t i o n  i s  given by 
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Now z = z '  + v t  if t h e  s o l e n o i d  i s  l o c a t e d  a t  z = 0 a t  t = 0 .  Thus w e  have 

s imply  t h a t  

The v  dependence is c o n t a i n e d  e n t i r e l y  i n  A ( X )  t h a t  i s  d e f i n e d  by (34) where 

B(X) and C(X) a r e  g i v e n  e x p l i c i t l y  by (18) and (19) .  

The i n t e g r a t i o n  over  X i n d i c a t e d  by (38) is performed numer ica l ly  u s i n g  

a v a r i a b l e  s t e p  s i z e  i n  o r d e r  t o  d e a l  e f f e c t i v e l y  w i t h  t h e  r e l a t i v e l y  r a p i d  

v a r i a t i o n  f o r  small v a l u e s  of IX I .  I n  g e n e r a l ,  a t  l e a s t  f o r  t h e  c a s e  v  $ 0, 

t h e  i n t e g r a n d  i s  n o t  a n  even  f u n c t i o n  of X s o  t h e  j - n t e g r a t i o n  must b e  c a r r i e d  

o u t  o v e r  t h e  f u l l  r a n g e  of  X from -rn t o  +. Kere we r r a i n t a i n  t h e  requirement  

t h a t  R e .  w > 0  o r  t h a t  w  t e n d s  t o  IX I a s  X t e n d s  t o  + OJ. Some r e s u l t s  f o r  

I p l o t t e d  a s  a  f u n c t i o n  of z ' a r e  shown i n  F i g s .  2 through 9 where t h e  curves  

a r e  normal ized  by choos ing  N I  = I. ampere a s  t h e  t o t a l  c u r r e n t  i n  t h e  s o l e -  

no id .  P o s i t i v e  v a l u e s  of z '  cor respond  t o  p o i n t s  t h a t  a r e  ahead of  t h e  s o l e -  

n o i d  i n  t h e  s e n s e  t h a t  t h e  s o l e n o i d  i s  moving w i t h  a  uniform v e l o c i t y  v  i n  

t h e  p o s i t i v e  z d i r e c t i o n  ----- r e l a t i v e  t o  t h e  rope.  Of c o u r s e  t h e  r e s u l t s  

a p p l y  t o  t h e  s p e c t a l  c a s e  when t h e  s o l e n o i d  i s  f i x e d  and t h e  r o p e  moves w i t h  

a r e l a t i v e  v e l o c i t y  v  i n  t h e  n e g a t i v e  z d i r e c t i o n .  

I n  each  of t h e  c u r v e s  f o r  I H  I shown i n  F i g s .  2 through 9 ,  t h e  rope  r a d i u s  
Z 

- - - 2 c m ,  t h e  s o l e n o i d  r a d i u s  b = 2.5 cm,and t h e  s o l e n o i d  l e n g t h  R = 2 cm. 

We t h e n  choose v a r i o u s  v a l u e s  and combina t ions  of t h e  f o l l o w i n g  parameters :  

o p e r a t i n g  f requency  w/2n, r o p e  c o n d u c t i v i t y  U, r o p e  magnet ic  p e r m e a b i l i t y  

( r e l a t i v e  t o  f r e e  s p a c e )  v/p and t h e  v e l o c i t y  v .  
0 

I n  F i g .  2 w e  c o n s i d e r  t h e  c a s e  of a  s o l e n o i d  t h a t  i s  s t a t i o n a r y  w i t h  

r e s p e c t  t o  t h e  r o p e  ( i . e ,  v = 0) and i l l u s t r a t e  t h e  e f f e c t  of f requency on 

t11c f i e l d  I H -  I a t  t h e  s u r f a c e  of t h e  r o p e ,  p = a .  Here p /po  = 200 and 
L 
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6 

U = 10 mho/m. A s  expected t h e  cu rve s  are synunetricnl a b o u t  z '  = 0 .  I n  

each  t h e r e  i s  a pronounced peak w i t h i n  t h e  region of t h e  s o l e n o i d  which aga in  

i s  n o t  s u r p r i s i n g .  IIowever, t h e r e  i s  a n  enhancement of t h e  peak f o r  t h e  A . C .  

c a s e s  ( i - e , ,  f  = 1 0  and 100 Hz) ove r  t h a t  f o r  t h e  D.C, case ( i . e . ,  f = 0) .  

A t  100 Hz t h i s  is p a r t i c u l a r l y  n o t i c e a b l e  s i n c e  t h e  magnet ic  f l u x  i s  be ing  

excludcd from t h e  i n t e r i o r  oL t h e  rope.  I n  F i g .  3 t h e  co r r e spond ing  curves  

a r e  shown f o r  I B  1 a t  t h e  c e n t e r  of t h e  rope ,  p - 0. Here w e  can see t h a t ,  
z 

p a r t i c u l a r l y  a t  100 Hz, t h e  f i e l d  magnitude i s  much reduced which is  cons i s -  

t e n t  w i t h  our s t a t e m e n t  above. 

I n  F i g .  4 we now i l l u s t r a t e  t h e  i n f l u e n c e  of tlre mo t iona l  v e l o c i t y  on t h e  

f i e l d  H a t  t h e  surface  9 = a f o r  f requency f - w / 2 n  == 1 0  Hz, r o p e  conduc t i -  
z 

6 
v i t y  0 = 1 0  mho/m and a r e l - a t i v e  p e r m e a b i l i t y  p /p  - 200. The t h r e e  c a s e s  

0 

shown a re  f o r  rope v e l o c i t i e s  v  - 0,  1 0  and 50 m / s .  The co r r e spond ing  r e s u l t s  

a r e  showm i n  F i g .  5 f a r  t h e  i n t e r n a l  f i e l d  a t  t h e  rope  c e n t e r  p = 0 where 

t h e r c  is  a dec ided  "delayu of t h e  bu i l dup  of t h e  f i e l d  magni tude;  t h i s  e f f e c t  

becomes q u i t e  apprec i -ab le  a t  v = 50 mi::. 

I n  F i g .  6 we show t h e  influence of t h e  r e l a t i v e  p e r m e a b i l i t y  p/po £or  

6 
t h e  c a s e  p = 0, f - 10  Hz, v  = 0, and f o r  a = 1 0  mho/m. The cu rves  a r e  

p a r t i c u l a r l y  peaked when p/p0 = 1 cor r e spand ing  t o  a nonmagnetic me t a l  b u t  

t h e  maxima became smoothed ou t  a s  u /p  i n c r e a s e s .  Cor responding  r e s u l t s  a r e  
o 

shown i n  Fig.  7 f o r  v  = 50 m / s .  Again  t h e s e  show t h e  pronounced "delay" of 

t h e  maximum which w e  s i g h t :  d e s c r i b e  a s  a hy&omagn~tic drug. 

I n  F ig .  8 w e  i l l u s t r a t e  t h e  i n f l u e n c e  of t h e  rope  c o n d u c t i v i t y  CJ on t h e  

i n t e r n a l  E i e l d  f o r  t h e  c a s e  where v = 0,  f = 1 0  Hz and p/p, = 200. Not s u r -  

p r i s i n g l y  there i s  a p rog re s s ive  decrease of t h e  f i e l d  magni tude a s  u i n -  

5 6 7 
c r e a s e s  from 10  , t o  10 , t o  10 mho/m. I n  t h e  l a t t e r  c a s e  t h e  a t t e n u a t i o n  

i s  q u i t e  severe.  The corresponi l ing curves are shown i n  F i g .  9 f o r  a mot-iunal 
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v e l o c i t y  v  = 50 m/s. Again we have a good i l l u s t r a t i o n  of t h e  hydromagnetic 

6 
d r ag  e f f e c t  t h a t  is  p a r t i c u l a r l y  ev iden t  f o r  = 10 mho/m. 

MUTUAL IMPEDANCE FOR COAXIAL SOLENOIDS 

I n  v a r i o u s  nondes t ruc t i ve  t e s t i n g  schemes f o r  w i r e  ropes  and s i m i l a r  

t u b u l a r  me ta l  specimens t h e  mutual impedance between two c o a x i a l  so l eno ids  

is  measured. Such a  c o n f i g u r a t i o n  i s  d e p i c t e d  i n  F i g .  10  where w e  can spe- 

c i f y  t h a t  t h e  bot tom so l eno id  i s  e x c i t e d  by a c u r r e n t  I and the induced 

v o l t a g e  V '  is  measured i n  t h e  upper so l eno id .  Both s o l e n o i d s  have a  f i x e d  

s e p a r a t i o n  s and they move i n  t h e  upward d i r e c t i o n  w i t h  a v e l o c i t y  v  r e l a -  

t i v e  t o  t h e  c y l i n d r i c a l  rope .  For convenience we s e l e c t  both so l eno ids  t o  

have N t u r n s  uniformly spaced over  a l e n g t h  R .  C l e a r l y  t h e  v o l t a g e  V' is 

t o  be  ob t a ined  from 

where 

Then i f  we d e f i n e  t h e  mutual impedance Z '  accord ing  t o  
m 

iw t )  
Z' = V1/(1e  
m 

i t  fo l l ows  r e a d i l y  t h a t  
+cx, 

s i n  (hR/2) z 1  m = ipow3N2 J [ -iis 

-03 

[ ~ ~ ( I i l b )  - ( ~ / ~ ) ~ ~ ( I h l b ) l d ~  

where C / B  is  g iven  e x p l i c i t l y  by (19) .  I n  t h e  l i m i t i n g  ca se  where t h e  rope 

is absen t  we have t h e  s impler  formula 

2 

m 0 
K ( i b )  1 ( i b )  coshs  d h  1.' = iXo = 2 i p  wb N 

(Xk/2) 1 
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Here X o  i s  t h e  f ree-space  mutual r e a c t a n c e  between t h e  two so l eno ids .  

The q u a n t i t y  we cons ide r  f o r  t h e  f i n a l  numerical  examples i s  t h e  nor-  --- 

rnalized r e sponse  de f ined  by t h e  complex r a t i o  ( 2 '  - iXo) /Xo.  I n  F ig .  11 t h e  - m 

r e a l  and imaginary p a r t s  a r e  p l o t t e d  a s  a f u n c t i o n  of f requency from 1 t o  

1000 Hz f o r  t h e  foll-owing parameters :  v  = 0 ,  a rope  r a d i u s  a = 2 c m ,  r a -  

6 
d i u s  of bo th  s o l e n o i d s  b  = 2 .5  c m ,  rope  c o n d u c t i v i t y  CI = 10 mho/m, rope  

pe rmeab i l i t y  p/p = 200. The two s e t s  of cu rves in  F ig .  11 correspond t o  
0 

s = 0  and s = 4 cm. Xn t h e  f i r s t  c a s e  of z e ro  s e p a r a t i o n  we a r e  d e a l i n g  w i t h  

t h e  s e l f  impedance of one so l eno id  whereas i n  t h e  second c a s e  t h e  s o l e n o i d s  

a r e  d i s t i n c t l y  s e p a r a t e d .  I n  bo th  s i t u a t i o n s  i t  i s  ev iden t  t h a t  t h e  imaginary  

p a r t  c o n s i d e r a b l y  exceeds t h e  r e a l  p a r t  a t  t h e  lowermost f r equenc i e s .  The 

cor responding  r e s u l t s  f o r  a motional  v e l o c i t y  of v = 50 m / s  a r e  shown i n  

F ig .  12.  Now w e  must d i s t i n g u i s h  between p o s i t i v e  and n e g a t i v e  v a l u e s  of s 

acco rd ing  t o  whether t h e  :"receivingv so l eno id  i s  above o r  below t h e  " t r ans -  

m i t t i ng"  s o l e n o i d ,  r e s p e c t i v e l y .  The marked changes between t h e  cu rves  i n  

F i g s - 1 1  and 12 a r e  e n t i r e l y  d u e  t o  t h e  d i f f e r e n c e  between mot iona l  v e l o c i t y  

of z e r o  and 50 m / s .  I t  is p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  i n  t h e  l a t t e r  c a s e  

t h e  r e c i p r o c i t y  theorern i s  v i o l a t e d  b u t  such an e f f e c t  i s  r e a l l y  no t  unexpected 

because of t h e  l a c k  of symrnetry i n  t h e  problem. 

F i n a l l y ,  i n  F i g .  13,  t h e  no rva l i zed  response  a t  1 0  Hz i s  p l o t t e d  as a 

f u n c t i o n  of t h e  motional  v e l o c i t y  v  from 1 t o  1000 m / s  f o r  t h e  t h r ee  cond i t i ons  

s = 0,  +4 and -4 cm. Otherwise  t h e  parameters  a r e  t h e  same a s  b e f o r e .  These 

cu rves  show v e r y  c l e a r l y  tha t ,  f o r  v  somewhat l e s s  than 10 m/s , the  i n f l u e n c e  

of t h e  r e l a t i v e  motion i s  n e g l i g i b l e .  I n  f a c t  i f  v  = 1 m / s  t h e  cu rves  have 

reached t h e  v  = 0 asymptotes .  



The e l ec t romagne t i c  f i e l d s  induced i n  t h e  c y l i n d r i c a l  specimen o r  rope 

a r e  seen t o  be i n f l uenced  by t h e  r e l a t i v e  motion of t h e  s e n s o r .  However, 

t h e  e f f e c t  is  q u i t e  small u n l e s s  t h e  mot iona l  v e l o c i t y  i s  on t h e  o rde r  of 

10  m/s o r  h ighe r .  The same conc lus ion  would apply  t o  more complicated rope 

models i f  t h e  ave rage  p r o p e r t i e s  and geome t r i ca l  dimensions a r e  of  t h e  same 

o r d e r .  
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F i g .  1. C y l i n d r i c a l  Conductor o f  r a d i u s  a  e x c i t e d  
by a c o n c e n t r i c  s o l e n o i d  of r a d i u s  b  t h a t  
h a s  a v e l o c i t y  v  r e l a t i v e  t o  c o n d u c t o r .  I n  
examples  t h a t  f o l l o w ,  a  = 2 cm, b = 2.5  cm 
and R = 2 cm. 





Z' (cm) 
Fig .  3. A x i a l  magne t i c  f i e l d  a t  a x i s ,  p = 0, f o r  s a m e  condi-  

t i o n s  as  i n  F i g .  2.  



Fig. 4. Field at surface = a, for velocities v = 0, i O  
i tr id 50 m/s, f o r  f = 1 0  Hz rnd other conditions as 
abovth . 



Fig. 5. Field at axis p = 0, for conditions as in Fig. 4. 







Fig. 8. Field at axis p = 0  f o r  v = 0 ,  f = 10 Hz, 
p /pO = 200 and CJ = l o 5 ,  l o 6  and 107 mho/m. 





Fig .  10. Coax ia l  s o l e n o i d  ar rangement  t h a t  
moves w i t h  v e l o c i t y  v (upwards 
i n  f i g u r e )  r e l a t i v e  t o  c y l i n d r i c a l  
conduc to r  o r  rope.  





Fig. 12. Normalized response for v = 50 m / s  and o t : ~ e r  conditions as in Fig. 11. 



F i g .  13. Normalized r e s p o n s e  f o r  c o a x i a l  s e n s o r  a f u n c t i o n  of v f o r  
f = 1 0  Hz, o = l o 6  rnho/m and p/po = 200, s = 0, -4 and +4 cm. 




