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C. V. Dodd and R. W. McClung 

ABSTRACT 

The problem of making measurements of restricted spaces is presented 

and eddy-current techniques are proposed as a possible solution. Very 

elementary theory is presented for orientation of those who are unfamiliar 

with eddy currents. The design philosophy of test probes is discussed. 

Several probe styles are described and their application to inspection 

problems is shown. 

INTRODUCTION 

In the nuclear industry, as in the aircraft and missile industries, 

the solutions to design problems are often realized by operating materials 

and components only marginally below their ultimate capabilities. Fre- 

quently, the attainment of such high performance is dependent upon very 

close dimensional control of the various components and assemblies. For 

instance, in most nuclear reactors, the fuel assemblies are arrays of 

fuel-bearing plates or rods with coolant channels between each member. 

A constant flow of coolant through the reactive core maintains a dynamic 

balance of heat production and removal. It is evident that too little 

coolant flow could cause excessive temperatures and subject structural 

materials to conditions beyond design limits. Excessive channel spacing 

could be cumulative and prevent the maintenance of overall dimensional 

requirements. Similarly, there are many applications in which tubing 

diameters must be very carefully controlled. Obviously, the imposition 

of close tolerances demands accurate methods for measuring these various 

dimensions. 

Recent developments at the Oak Ridge National Laboratory (ORNL) have 

demonstrated that eddy currents can be used to provide rapid and accurate 

techniques for performing such measurements. This report gives a brief 

introduction into the problems of measuring restricted spaces by non- 

destructive means. Included is the elementary eddy-current theory from 



an empirical viewpoint and a description of the  methods and applications 

of eddy-current spacing methods a t  ORNL. This report  was prepared as  

an introduction f o r  those who a re  unfamiliar with nondestructive t e s t i n g  

and, i n  par t i cu la r ,  eddy-current phenomena. 

GENERAL THEORY 

Basic pr inciples  of physics reveal  two phenomena r e l a t i ve  t o  the  

flow of an a l te rna t ing  e l e c t r i c a l  current through a c o i l  of wire. 

1. The current w i l l  produce a magnetic f i e l d  which w i l l  induce 

e l e c t r i c a l  currents i n to  any conductor within i t s  influence. The induced 

currents,  b e t t e r  known a s  eddy currents,  a re  influenced by the  geometry, 

magnetic permeability, e l e c t r i c a l  conductivity and discont inui t ies  of 

the  conduct05 and the  frequency and in t ens i t y  of the a l te rna t ing  f i e l d .  

The eddy currents w i l l ,  of course, es tab l i sh  a magnetic f i e l d  i n  

opposition t o  the  primary f i e l d .  

2.  The c o i l  i t s e l f  w i l l  exer t  an influence on the  a l te rna t ing  

voltage which i s  driving the  co i l .  This influence i s  known a s  the  i m -  

pedance of the  co i l .  

These two e f f ec t s  are  re la ted  i n  t h a t  the  secondary magnetic f i e l d  

which w i l l  be established by the  eddy-current flow w i l l  a l t e r  the  i m -  

pedance of the  co i l .  Therefore, the  c o i l  impedance w i l l  be a function 

of the aforementioned proper t ies  of the  conductor, the  frequency and 

in t ens i t y  of the  driving voltage, and the distance o r  l i f t - o f f  between 

the  c o i l  and the conductor. 

Impedance can be expressed as  the  vector sum of a r e s i s t i ve  com- 

ponent which r e s i s t s  the  current flow and a reactive component which 

s tores  the  current allowing it t o  flow a t  a s l i g h t l y  d i f fe ren t  time. 

Ohm's law provides the expression 
- 
V = I Z  

where 
- 
V i s  the  voltage, 

I i s  the current,  and 
- 
Z i s  the  impedance. 

Thus it can be readi ly  seen t h a t  f o r  constant current the  voltage 

i s  proportional t o  the  impedance. From t h i s ,  it follows t h a t  measurements 



of c o i l  impedance may be made by placing a l a rge  r e s i s t o r  i n  s e r i e s  with 

the  c o i l  t o  provide constant current  and then monitoring the  amplitude 

and phase of the  c o i l  voltage. This information may be p lo t ted  with the  

amplitude of the  voltage representing t he  length of the  impedance vec- 

t o r  and the phase representing the  angular displacement (o r  storage 

time) from the  pos i t ive  r e a l  ax i s  (phase of the  dr iving vol tage) .  

Figure 1 shows a general p lo t  of c o i l  impedance as  the  frequency 

conductivity and coil-to-conductor spacing o r  l i f t - o f f  vary. The curve 

has been normalized by subtracting the  res is tance of the c o i l  i n  a i r  

and dividing both the  coordinates by the  reactance of the  c o i l  i n  a i r .  

A major problem i n  the  u t i l i z a t i o n  of eddy-currents i s  t o  f i x  the  

other  variables and t o  measure only the  one of i n t e r e s t .  One of the  

parameters which i s  d i f f i c u l t  t o  hold constant when measuring con- 

duc t iv i ty  o r  clad thickness i s  t h a t  of l i f t - o f f  on coil-to-metal 

spacing. However, f o r  spacing measurements, the  proper frequency and 

c o i l  design a r e  chosen t o  give a large  r a t i o  of impedance change t o  

spacing change and the variables other  than l i f t - o f f  must be f ixed.  

INSTRUMENTATION 

Figure 2 i s  a block diagram of a bas ic  eddy-current instrument. 

It incorporates an o s c i l l a t o r ,  a power amplif ier ,  and an impedance 

bridge. The t e s t  c o i l  i s  placed i n  one l eg  of the  bridge and the  other  

l e g  of the bridge may be e l e c t r i c a l l y  balanced f o r  a n u l l  output. This 

impedance change i n  the  t e s t  c o i l  w i l l  unbalance the  system and can be 

detected a s  voltage changes. A number of commercial instruments a r e  

avai lable  using t h i s  and other  c i r c u i t r y  by which impedance var ia t ions  

can be measured. Two such instruments used a t  ORNL f o r  spacing meas- 

urements a r e  the  ~ e r m i t r o n l  and the  Iaminagage . * 
PROBE DESIGN 

Probably the  most important element i n  successful  spacing measure- 

ment by eddy-current techniques i s  the t e s t  probe. The t e s t  probe 

'Manufactured by Unit Process Assemblies of 61 E. 4 th  S t . ,  
New York, New York. 

* ~ i c e n s e d  f o r  manufacture by General Motors Corporation, Detroit ,  
Michigan. 
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cons i s t s  of t h e  c o i l  and t h e  mechanical f e a t u r e s  t o  p o s i t i o n  t h e  c o i l  

and f i x  t h e  o the r  va r i ab les .  A number of d i f f e r e n t  t e s t  probes have 

been designed and constructed f o r  seve ra l  d i f f e r e n t  app l i ca t ions  and a 

v a r i e t y  of d i f f e r e n t  c o i l s  have been wound. 

Probes f o r  F l a t - P l a t e  Fuel  Elements 

I n  order  t o  keep the  va r i ab les  i n  t h e  f u e l  p l a t e  from inf luencing 

t h e  c o i l  impedance, an i n d i r e c t  method of measuring t h e  spacing i s  used. 

The type of probe- shown i n  Fig. 3 has been employed t o  measure t h e  

spacing between r e l a t i v e l y  f l a t  f u e l  p l a t e s .  The c o i l  i s  mounted on a 

long, t h i n  handle and i s  shielded by a l e a f  spr ing  which overhangs t h e  

c o i l .  Thus, a s  t h e  probe i s  i n s e r t e d  between t h e  p l a t e s ,  t h e  spr ing  

ac t ion  presses  t h e  c o i l  and spr ing  aga ins t  opposi te  s i d e s  of t h e  channel. 

The changes i n  c o i l  impedance a r e  a funct ion  of t h e  coi l - to-spr ing  

spacing, and, of course, t h e  p l a t e  spacing determines t h e  spr ing  spacing. 

When minimum spacing permits ,  small  p ro jec t ions  may be placed on top  of 

t h e  spr ing  and on t h e  bottom of t h e  holder  t o  measure t h e  spacing 

d i r e c t l y  over t h e  c o i l  and allow more l o c a l i z e d  v a r i a t i o n s  t o  be detec ted .  

Ferromagnetic s t e e l  which i s  used f o r  these  probes has been chosen 

because it e f f e c t i v e l y  s h i e l d s  t h e  c o i l  from t h e  surrounding media, g ives  

an e f f e c t i v e  s i g n a l  increase ,  and i s  durable.  The design of t h e  t e s t  

c o i l  i t s e l f  p lays  an important r o l e  i n  successful  spacing measurements. 

For example, Fig.  4 shows t h e  normalized f i e l d s  of two genera l  c o i l s  

p l o t t e d  along t h e  a x i s  of t h e  c o i l .  One c o i l  i s  a s h o r t  solenoid i n  a 

f e r r i t e  cup and t h e  o the r  i s  a f l a t  c o i l ,  s p i r a l l y  wound with f l a t  wire. 

It can be r e a d i l y  seen t h a t  t h e  c o i l  i n  t h e  f e r r i t e  cup w i l l  have t h e  

l a r g e s t  range of spacing measurements due t o  i t s  extended f i e l d .  However, 

t h e  f l a t  c o i l  w i l l  f i t  i n t o  smaller  spaces and can be more s e n s i t i v e  

over a narrow range. Figure 5 shows how t h e  impedance va r i e s  with l i f t -  

o f f .  The t e s t  c o i l  was placed d i r e c t l y  on a f l a t  p iece  of ferromagnetic 

mater ia l ,  and t h e  spacing var ied  t o  a second piece  of i d e n t i c a l  ma te r i a l .  

This was done over a range of frequencies.  Thus it simulates t h e  b a s i c  

probe-coil  design. It i s  evident  t h a t  t h e  impedance i s  a nonlinear  

funct ion  of t h e  l i f t - o f f ,  and t h a t  t h e  amount of impedance change v a r i e s  
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with t h e  frequency. Whzn t h e  frequency i s  too  low, the  ferromagnetic 

ma te r i a l  bzcomes a poor s h i e l d  and thz o v e r a l l  c o i l  impedance i s  small 

compared t o  t h e  r e s idua l  c o i l  r e s i s t ance .  

Probes f o r  Tubular Fuel  Elements 

A probe designed and constructed t o  measure t h e  spacing between 

tubu la r  f u e l  elements i s  shown i n  Fig. 6. This probe measures t h e  

spacing between t h e  f u e l  elements d i r e c t l y .  Ear ly  at tempts t o  u t i l i z e  

a l ea f - sp r ing  probe were somewhat unsuccessful  f o r  seve ra l  reasons, 

including d i f f i c u l t i e s  i n  pos i t ion ing  t h e  probe between t h e  rods and 

t h e  f a c t  t h a t  long, f l e x i b l e  rods tended t o  move s l i g h t l y  with the  sp r ing  

i n s e r t i o n .  As with p la te- type  elements, t h e  impedance changes a r e  not  

l i n e a r l y  r e l a t e d  t o  coil-to-specimen spacings. Thus the  c o i l  cannot be 

allowed t o  move f r e e l y  across t h e  measured space. The modified V shape 

of t h e  probe shown i n  Fig.  6 holds t h e  c o i l  equ id i s t an t  from t h e  measured 

rods and con t ro l s  the  amount of c o i l  i n s e r t i o n  between t h e  rods a s  a 

funct ion  of rod spacing. This l a t t e r  movement w i l l  cause an impedance 

change which can be ca l ib ra ted  i n  terms of in te r - rod  spacing. 

Probes f o r  Inside-Diameter Measurement 

Figure 7 shows a type of probe designed t o  measure the  inner  

diameter of tubing.  The probe head i s  i n s e r t e d  i n t o  t h e  tubing by 

means of a long handle. A s  the  probe i s  moved long i tud ina l ly  o r  c i r -  

cumferential ly through t h e  tube,  inner-diameter v a r i a t i o n s  w i l l  cause 

l a t e r a l  movement of t h e  spring-loaded ferromagnetic f e e l e r .  The shank 

of t h i s  f e e l e r  i s  surrounded by a solenoid c o i l .  The f e e l e r  v a r i a t i o n s  

w i l l  be r e f l e c t e d  a s  impedance changes i n  the  solenoid c o i l .  A m e t a l l i c  

s h i e l d  surrounds t h e  c o i l  and i s o l a t e s  it from changes i n  t h e  tube o the r  

than t h e  diameter.  Probes of t h i s  type have been constructed t o  make 

measurements i n  tubing with boxes a s  small a s  0.4 i n .  

APPLICATIONS 

These spacing measuring devices have been used i n  severa l  p r o j e c t s  

a t  ORNL. A t y p i c a l  example i s  t h e  High Flux Isotope Reactor (HFIR) f u e l  

element. This i s  a c y l i n d r i c a l  assembly composed of 0.050-in. - th ick  
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aluminum-base f u e l  p l a t e s  with a l t e r n a t e  coolant channels nominally 

0.050 in .  wide. The p l a t e s  a r e  curved i n t o  an involute  shape. Figure 8 

shows t h e  probe used t o  measure t h e  spacings i n  t h e  H F I R  f u e l  element. 

It cons i s t s  of a c o i l  placed on a s t e e l  tape  with a l e a f  spring which 

has been spot  welded t o  hang over t h e  c o i l .  Because of the  very r e s t r i c t e d  

space, the  c o i l  was a s ing le  l ayer ,  spiral-wound c o i l  1/4 i n .  i n  diameter. 

The curved tape  was chosen because i t s  radius of curvature was smaller 

than t h a t  of the  smallest  radius i n  a coolant channel. This, of course, 

prevents "wedgingn t h e  probe i n  t h e  narrow curved channel. Also, t h e  

d is tance  of i n s e r t i o n  i n t o  t h e  element could be read d i r e c t l y  from the  

probe. This probe was used with t h e  Laminagage. Figure 9 shows how t h e  

probe was i n s e r t e d  i n t o  t h e  H F I R  f u e l  element. The p a r t i c u l a r  system 

has a range of spacings from 0.030 t o  0.070 i n .  and an accuracy of 

f 0.001 i n .  This type of probe has been used t o  make thousands of 

measurements i n  t h e  f a b r i c a t i o n  development of the  HFIR f u e l  element. 

A very s imi la r  type of probe was used t o  measure the  coolant 

channel spacings i n  an Enrico Fermi Reactor Core B f u e l  element con- 

s t ruc ted  with s t a i n l e s s  s t e e l .  This probe i s  used with t h e  Dermitron 

and has a range of 0.050 t o  0.060 i n .  with an accuracy of 0.000 5 i n .  

This system with the  Fermi element i s  shown i n  Fig.  10. The spacing 

was wide enough t o  permit sh ie ld ing t o  be used on t h e  leads .  A l a rge  

number of these  measurements was made and Fig.  11 i s  a t y p i c a l  p l o t  of 

t h e  data  obtained on a prototype element. This i s  a Gaussian 

(bell-shaped) d i s t r i b u t i o n  around a mean which would be expected. 

These measurements were checked a month l a t e r  and agreed t o  within 

f 0.0005 i n .  

Measurements of the  type described lend themselves very wel l  t o  

mechanization, recording, and even remote operat ion.  Such measurements 

have been made on an i r r a d i a t e d  Army Package Power Reactor f u e l  element 

which i s  somewhat s imi la r  t o  the  F e m i  element except t h a t  t h e  spacing 

range was 0.110 t o  0.160 in .  These measurements were made under ho t -ce l l  

conditions. It was suspected t h a t  there  were permeabil i ty va r ia t ions  

throughout t h e  element due t o  rad ia t ion  e f f e c t s ,  so th icker  l e a f  springs 

were used t o  provide e x t r a  shie ld ing f o r  t h e  c o i l .  Also, t h i s  space was 
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' ig. 9. High Flux Isotope Reactor Fuel Element with Probe Inserted.  
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Fig. 11. Fermi Core B Duwny Element No. 2 Dermitron Data of Channel 
Spacing. 



wide enough t o  permit small f e e l e r  projections above and below the c o i l  

t o  permit measurement of very local ized var ia t ions .  The element was 

clamped t o  the  bed of a mill ing machine i n  the  c e l l  and driven mechani- 

ca l l y  past  the  f ixed co i l .  The output of the Dermitron was f ed  t o  a 

s t r ip-char t  recorder. I n  t h i s  way, a continuous contour of the channel 

spacing was recorded. A block diagram of t h i s  system i s  shown i n  Fig. 12. 

The channel spacings were measured within ' 0.003 in .  with eddy currents 

and were checked with a mechanical device with an accuracy of ' 0.005 in .  

The readings checked within the  l i m i t s  of e r ror .  

CONCLUSIONS 

The eddy-current method of spacing measurements has proven t o  be 

very successful  with plate-type f u e l  elements. Some of the problems 

such a s  durab i l i ty  of the probes have been overcome. Others, such a s  

construction and maintenance of good standards and manual e r rors  near 

the  ends of the  element, s t i l l  ex i s t .  The use of eddy currents f o r  

in ter-rod and tubing inside-diameter measurements has not ye t  been 

developed t o  the  same extent a s  f o r  f l a t - p l a t e  f u e l  elements, but 

ea r ly  s tudies  a r e  very promising. The eddy-current methods are  rapid, 

accurate, can be readi ly  automated f o r  a permanent recording, and can 

be used i n  areas  of l imited access. While other methods may be used 

t o  make these measurements, it i s  believed t h a t  eddy-current methods, 

because of t h e i r  v e r s a t i l i t y ,  w i l l  be more widely employed i n  c r i t i c a l  

applications.  
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