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DESIGN AND COPJSTRUCTION OF EDDY-C-BIT 
C O Q M ~ ' - C X N N E L  SPACING PROBES 

C. V. Dodd. 

ABSTRACT 

The eo?L.znt-channel spacing between t w o  P l a t  f u e l  p l a t e s  

may be measured using an eddy-current in&uction c o i l .  The 

range and s e n s i t f v i t y  of these spacing measixements a r e  

funct ions of' the  c o i l  geometry, t he  mater ia l  surraunding 

t h e  coi 1, and the operating frequency. Experimental curves 

are given sh9wing h3w the  c o i l  impedance varies as a function 

of geometry, frequency, and the  material sur'rmnding the c o i l .  

A deslgn problem i s  solved showing the cmpromises made 

between range and s e n s i t i v i t y  which determine the c o i l  ge'3m- 

e t r y .  The wire size and hence the  proper number of t u rns  

a re  selected t o  match the  c o i l  t o  a n  a l t e r n a t i n g  current  

b r i  age. 

Probe construct ion techniques are given t o  help the 

user  construct  both t h e  c o i l  and the appamtus t o  pos i t ion  

the c o i l  i n  the coolant channel. This report  provides  the  

necessary data  f o r  the design of sphcing probes f o r  many 

similar problems. 



The fuel.. elements i n  today' s react,sm a r e  f requent ly  constructed- by 

s tacking  fuel.-bearing p l a t e s  with spaces between pls-tes for coolant ?low. 

'The p l a t e  spacing, which may vary from seve ra l  m i l s  Lo seve ra l  hundred 

m i l s ,  g r ea t ly  s f f e c t s  the pLste temperature and r eac to r  efficiency. This 

p l a t e  spacing mus-L be iiiaintained within c lose  tolerances t o  insure  high 

e f f i c i ency  without, p l a t e  f a i l u r e .  One p re requ i s i t e  t o  control.ling . this  

spacing i s  being ab le  to measure it. It has been demons-Lr'ated that  I t  i c ;  

possible t o  roeaswe t h i s  spacing s a t i s f a c t o r i l y  using eddy-current tech- 

niques.' m e  c o i l  design. ana  operating frequency play a, m.jor part i n  

t h e  rsnge and s e n s i t i v i t y  of t h i s  t y y e  OB measurement. The purpose of 

t h i s  paper i s  t o  he lp  optimize t h e  c o i l  design and. frequency of operation 

f o r  any p r t i . c u l a r  inspec,l;ion problem using empirical c u ~ v e s .  

TECHNIQUE OF MWL"7Rmm 

8.1). a l t e r n a t i n g  cun-ent i s  applied t o  a c o i l  of wire, t h e  c o i l  

will produce an a l t e r n a t i n g  magnetic fie1.d which determines tile ccd.1 

impedance, The introduction o f  a metal i n t o  t h i s  a l t e r n a t i n g  field. 

changes t h e  f i e l d  and heme t h e  c o i l  impedance. 

t h e  c o i l  impedance are c o i l  geometry; frequency of t h e  a l t e r n a t i n g  current; 

conductivity, permeability, and shape and o r i en ta t ion  of t h e  m e t a l ;  and 

dis-tance from t he  c o i l  t o  t h e  metal (lift-off). Figure 1 shows how tine 

normalized impedance v a r i e s  8,s a functi.on of some of t h e s e  variables. The 

impedance is  normalized t o  t h e  impedance o f  t h e  coi.1. i n  a i r  by subt rac t ing  

the r e s i s t ance  of t h e  c o i l  i n  a i r  and d lv ld ing  both coordinates by t h e  

The proper t ies  a f f e c t i n g  

'C. V. Dodd and R. W. McClung, Fuel. Element Coolant Channel and Othei- .-...- 
Spacing Measurements Using --- Mdy-Current Techniques, ORNL-'34 129 (Mmch 20, 
1962 ) . 
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magnitude of t h e  c o i l  reactance i n  air. 

l i f t - o f f  (coil--io-specimen spaci-ng) has a pronounced e f f e c t  on t h e  c o i l  

impedance. 

between fuel. p l a t e s  9s shown i n  Fig. 2. T‘ne c o i l  i s  placed on a conducting 

piece of metal d . i rec t ly  beneath a spring. The t r a v e l  of t h e  spring i s  

li-mi-te. by t h e  upper fuel p l s t e ,  and t h e  spring acti-on keeps the metal 

beneath the  c o i l  snugly agains.i; t h e  bottom p la t e .  The c o i l  impedsnce i s  

a function of .Lhe co i l - to-spr ing  spacing and thus  9 func”iioi1 of t h e  coolant- 

channel spacing. By choosing t h i s  configuration, severa l  geometrical- va r i -  

ables I r e  eliminated. The other va r i ab le s  can be optimized by proper de- 

sign of t h e  probe c o i l  and choice of cperatj~ng frequency. 

It may be seen from Fig. I t,hat 

This e f fec t  is used. t o  m-zke i n d i r e c t  measurements of spacing 

IMPEDANCE STUDIES 

An experimental study w a s  performed t o  determine empirical..ly t h e  

imped.ance assoc ia ted  wi th  various t e s t  conditions. 

of various dimensions w a s  used t o  generate curves of normalized impedance 

by placing the  c o i l s  on one plane and varying t h e  dis-tzncc t o  anather 

pl.ane for d i f f e r e n t  frequencies,  Thus, t h e  probe geometry (shown i n  

Fig, 2)  w a s  simulated. 

coil. diameter ( the  average of i n s i d e  diarneter and outside diameter). 

u r e  3 shows how t h z  r e l s . t i ve  amplitude of t h e  normalized impedance varies 

with spacing for a number of c o i l s  8.t d i f f e r e n t  frequencies. Differences 

between t h e  curves nay be due to  experimental errors. Since t h e  impedance 

ri s approximately t h e  s m e  nonl.inear function of spacing, t h e  only -two 

values of normalized impedance necessary t o  be given a r e  those f o r  zero 

and i n f i n i t e  spacing, Figure 4 shows the  v a r i a t i o n  i n  impedance with 

A family of 13 c o i l s  

A l l  t h e  dimensions a r e  expressed i n  terms of mean 

Fig- 
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e ight  d i f f e r e n t  c o i l  geometries f o r  var ious frequencies with i n f i n i t e  

spacing between t h e  c o i l  and spying, 

zero spacing- ( l * e . ,  t h e  conducting p lmes  were i n  contact with e i t h e r  

side of the c o i l ) .  I n  both cases, t h e  conductor w a s  2024. aluminum with 

p ( r e l a t i v e  permeabili ty) = 1. Figure 6 shows t h e  vayizbions with 

i n f i n i t e  spacing from t o o l  s t e e l  ( r e l a t i v e  pexmeability == 200). 

shows the  s m e  va r i a i ions  with zero spacing. The total .  impedsnce change 

for any given s e t  0% conditions may be obtai-ned by vector subtract ion of 

t h e  impedance for zero s p a c i w  Y r c m  t h e  i-rapedance f o r  i n f i n i t e  spacing. 

The im.pedance d i f fe rence  should be la rge  i n  order t o  make sens i t i ve  m e a -  

surements. 

s p n  and accuracy and t h e  entrcy access ib i l i l y ,  w i l l  l i m i t  t he  choice of 

c o i l  geometry. 

3 through 7. 'The r s rge  (span) i s  d i r e c t l y  proportion.a.1. t o  'ihe c o i l  

diameter, and the  s e n s i t i v i t y  i s  inversely proport ional  to t h e  c o i l  d i m -  

e t e ~ ,  The s e n s i t i v i t y  increases  with a high pe-rmeability materisl. wi - t i l  

short  and th i ck  co i l s .  The sens i t i -v i ty  decreases s l i g h t l y  with incrcssing 

frequency, but with higher frequencies,  t h e r e  i s  l e s s  e f f e c t  from changes 

i n  t h e  a i r  res i s t i -ve  component due t o  va r i a t ion  in c o i l  and metal 

t emperatuse. 

Fig~11.e 5 shows t h e  va.t-iation fo r  

r 
Figure 7 

Factors pecul ia r  t o  an inspect ion problem, such as t h e  desired 

However, some general  observations may be made from Figs. 

With these  general  observa-tions, a compromise m2y be made between 

range, s ens i t i v i ty ,  arid d i f f i c u l t y  of fabr icat ion.  Grice a conipromise has 

been reached and R. c o i l  seometry and frequency have been deber-mined f o r  a 

par t i cu la r  inspect ion problem, .the number of t u r n s  of wire (and thus  the  

wire s i z e )  may be adjusted bo match impedance with t h e  bridge c i r c u i t  w e d  

t o  mensm'e the  impedance. 
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A sample design problem w i l l  be solved f'w t h ?  c o i l  i n  t h e  probe 

used t o  messure coolant channel spacing i n  ihe Advsnce-i l e s t  Reacto-i. f u e l  

elements, 

c o i l  dimensions (see Fie. 8 for sketch) ,  

The following nomenclaiwe w i l l  be  used LO def ine the  various 

d = mean c o i l  d i m e t e r  

t = thickness 

R = length 

Carbon s t ee l  was chosen for t he  probe nateyial  due t o  i t s  good mechsnicsl 

p roper t ies  and high permeability. High p e m e a b i l i t y  mater ia l  j iicresnes 

t h e  t o t a l  impedance change and a c t s  as a good e l e c t r i c a l  sh ie ld  t o r  t h e  

co i l .  The spacing range WRS from 6% t o  88 m i i s ,  and t h e  desired sccwacy 

w a s  t- 0.5 mi.]., The c o i l  diameter may be approximat,el.y chosen wi - t i l  he lp  

from Fig. 3. 

meen c o i l  diameter) between 0.01 and 0. I., and t h e  s e n s i t i v i t y  i s low 

The range i s  sml l  f o r  normalized spacing values (spa,cing/ 

above about 0.2; therefore ,  c o i l  diameLers corresponding t o  the 0-1 t o  

0.2 values are used. The recomrilendcd s p c i i i g  range would be from 0 .1  t o  

0.2 mean c o i l  diameters thus giving ii span of 0.1. times t h e  mean c o i l  

diameter. Thus, f o r  a spacing range of' 20 mils a mean c o i l  diameter of 

200 m i l s  would be required. However, a mean diameter of 250 m i l s  w a s  

chosen i n  order t o  extend t h e  range t o  25 m i l s  t o  allox~7 f o r  b e t t e r  quanti-  

t s t i v e  results beyond t h e  to le rances  and because it was eas i e r  t o  construct.  

The s e n s i t i v i t y  increases  with iucreasirtg thickness  and decreasing length. 

The maximum thickness t o  mean diameter r a t i o  woiiid be I, but  t h i s  would 

not leave soon for a form on which t h e  c o i l  could be wound and would make 

the  outs ide diameter of the c o i l  equal t o  1/2 in.  The 1/2-in. c o l l  outside 
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diameter would requi re  a 3/4-in.-wide probe head s ince  t h e  head should 

extend approximately one c o i l  radi.us on e i t h e r  s i d e  of t h e  c o i l  f o r  proper 

shieldj.ng, 

diameter. The length of t h e  c o i l  should be shor t  as reasonable f o r  high 

sensi.tl.vity and t o  f i . L  i n t o  the  mri.ni.mum probe spacing. The len@’n i s  a 

hard d.imension t o  con t ro l  i n  t h e  winding process, and extremely t h i n  c0iI.s 

show l a r g e  var ia t io i i s  i.n s e n s i t i v i t y  f o r  s m a l l  length var i a t ions ,  The 

length was chosen t o  be one-tenth (or 0.025 in.  ) t h e  rnesii c o i l  diameter. 

A frequency of 100 kc w a s  chosen becairse it placed the zero-to-infini-Le 

spacing impedance change on a f a i r l y  s e n s i t i v e  por t ion  of t h e  normalized 

impedance curves, and i 1; w a s  read-i.ly ava i l ab le  i n  comnierlcal. instrwnents. 

As a compromise, t h e  thickness w a s  chosen t o  be ha l f  t h e  mean 

The r e l a t i v e  positi-on (value of c o i l  impedance) i r i  t h e  impedance 

plane i n  Pigs. 1, 4- ,  5 ,  6, and 7 i s  p a r t l y  determined by -the r e l a t i o n  

d G  , where d = mean c o i l  diameter, u = angi.l.ar frequency, 

p = permeability, and (r = conductivity. 

For t he  Advanced Test Reactor probe, 

d = 0,250 in.  = 0.00636 m, 

= 2nf -- 2n x 105 = G .  28 x 2 0 5 ~  

p = 200 PO = 200 (1.26 X IOe6) h = 2.52 X l o m 4  h, 

1 
p = - = 15 X loa6 ucm = 15 X l o m 8  wm, and 

6.28 x .7.05)(2.52 x 
Q 

1.5 X K-”‘ dfiL2 = 6.36 X IOm3 m 

The f a c t o r  a,/;$- f o r  carbon steel may be calciilated more e a s i l y  by 

t h e  rel.ationship: dfiz = 

and f i s  the frequency i n  ki1ocyc.l-es. The normalized lmpedance f o r  

i n f i n i t e  spacinz may now be estimated from t h e  curves i n  Ftg. 6. The 

curve of d f i G  ::: 213 vou.ld f a l l  between t h e  98.8 and ,221 curves, being 

g$idf i ,  whei-e d is now the dime-Ler i n  inches 
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I 

very close t o  t h e  221 curve. 

but t h i s  curve would be near t / d  = l/6 and Q/d = 1/12. 

i n t e r s e c t  a t  approximately 0.2 -t- 1.4 j ;  from Fig. 7 (curves far zero 

spacing) t h e  impedance i s  l ikewise e s t i  :iated t o  be 0.9 + 2.1 j. The 

There i s  no curve f o r  t /d  =: 0.5 and J/d = 0.1, 

These c w e s  would 

t o t a l  impedsnce change from zero- to- i r s in i te  spacing i s  0.7 t O.'? j. From 

Fig. 3 ,  t h i s  would give a chmge of approximately 0.2(0.7 + 0.7 J >  or 

(0.14 + 0.14 j> over t h e  25-mil spacing range 01% approximately 

' * I 4  + j = 0.0028 + 0.0028-j impedance change per 0.5 m i l .  
50 

Fig. 3 t h e  impedance for nominal s p c i n g  (78 mils or  0.15 coil. diameters) 

may be approximated by subtracttrig t h e  f r a c t i o n a l  impedance change 

0.6(G.7 and 0.7 j )  from the  impedance for zero spacing. 

nominal impedance (no-malized) o f  0.5 .t l . '7 j. A t-0,5-mil variat,ion 

(&[0.0028 4- 0.0028 j 1 = +0.004) represents  a va r i a t ion  i n  t h e  sbsolute 

value of t h e  nominal impedance ( 10.5 + 1.7 j I = 1.77) Qf approximately 

0.22%. 

From 

This gives a 

This i s  a rsther large perceritage deviation and i s  easily measured 

by almost any impedance bridge. The nominal c o i l  impedznce should be made 

t o  match t h e  bridge impedance f o r  maxlmum sens i t i v j ty .  

expressed: Z bridge = Z nominal, where %; bridge i s  t h e  impedance needed 

Thls m y  be 

t o  balance t h e  bridge. Unfortunately, t h e  nominal inipedsnce czrinot be 

calculated d i r e c t l y  from nomalized impedance curves. 

t h e  r i g h t  s ide  o f  t h e  equation by - 1, a i r  e lves :  Z br idge = Z %it= ( Z nominal 

Z nominal, m2y be obtained from the  riomnalized imrjcdsrice and t h e  r a t i o  of ( 

cu rves .  Solving f o r  Z a i r  gives: I Z  a i r  I = I Z  bridge 1 (' I s ' nomin~ l  I . Tkie 

absolute value s igns are uscd s ince  only t h e  magnitude of t h e  a i r  impedawe 

i s  needed. Since I Z  air 1 = w L aj r, t h e  a i r  Inductance m%y be expreswd: 

However, multiplying 

1 7, a i r  Z a i r  

Z air  

. The commercial instrument which was I Z  bridge I f" air [ L a i r  = 
0 z nomina;/' 
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used required. an  i-nductance of 175 ph i n  i t s  bridge, so t h e  des i red  a i r  

inductance j .s  

1175 ph) 12; air[ L sir I-L! w J Z  nominal. [ 

1 Z air I i s  1 on t h e  normslized impedance p l o t s  and 1 Z nominal 1 i s 

10.5 4- 1.7 j I = 1.77. Therefore, t h e  a i r  inductance of t h e  c o i l  ( L  a i r )  

1 
1.77 should. be made equal t o  175 ph - == 98 yhe 

fixed, t h e  uunber of t u rns  may be cs lcu la ted  from Fig. 8. The value 

of K f b r  Q/d = 0 . 1  and -t/d = 0.5 i s  2.3 X lo-'. 

With the c o i l  geome-try 

Solving for n, 

= 129 turns.  98 X (0.025) 
(2.3 X 10-9) (0 .250 )  

T'ne x i r e  s i z e  i s  'Lhen estimated from t l i ~  following data. 

Number of Turns per 0.01 sq in. 
--.___ly________ 

Wire Size --__ 

30 67 

32 90 

34 150 

36 250 

38 3 1.0 

40 598 

42 1100 

44 1550 

The above information g ives  t h e  nmber  of t u r n s  of wire (wet with coil 

dope) which wiJ.1- f i l l  0.01--sy-in. cross secbion. For t h e  ATR co i l ,  t h e  

cross sec t ion  i s  0.125 x 0.025 '= 0.003125 sq i n .  Therefore, t h e  des i red  

niimbzr of t u n s  per O.Ol--sq-in. cross sec t ion  i s  435. Nunber 38 wlire 

2H. 13. Dwight, "Se1.f Inductance of Short Reactance Coi l s , "  
E l e c t r i c a l  -----.-., World 1079 (May 25, 1.918). --- 



was chosen a s  a compromise. The measured value of induction was 119 ph 

because the 3s-built c o i l  dimensions were grea te r  than those calculated.  

The c o i l  s t i l l  worked very well giving the des i red  range and sens i t i v i ty .  

It i s  recognized tha t  both ca lcu la t ions  and curves a r e  ypproxirnate, hut 

t h e  r e s u l t s  adre reasonably accurate  and  qui t e  useful.  

PROBE CONSTRUCTION 

Once t h e  coil design has been detemiineil, it must be b u i l t  and 

at tached -to a spring, wires,  and handle t o  foini a probe. The following 

technique has been successful ly  used at  t h e  Oak Ridge National Iaboratoiy. 

The coil may be wound by first bui lding a removable Teflon fora as shown 

i n  Fig. 9a wLth t h e  a i r  dimensions of the  form equal t o  the  c o i l  fiimensions 

needed. 

lubr ica ted  rod, The c o i l  i s  wound t o  f i 3 . 1  the space with t h e  desl.red 

number of tu rns  of t h e  proper s i z e  'wire. A s  previously noted, t h e  wire 

s i z e  required for t h e  des i red  number of turns t o  fill the desired space 

may be estimated i n  t h e  above t i bu la t ion .  

applied t o  t h e  wire during vind.ing. 

One lead i s  passed outside thrcmgh t h e  gap between t h e  fo-rm and 

Coil  dope i s  continuous.l_y 

If the t ens ion  on -the wire 5s t o o  p e a t  as t h e  c o i l  i s  wound, it may 

tend t o  deform t h e  Teflon. Fken t h e  coil has dried,  %he form i s  removed. 

The c o i l  i s  then glued t o  t h e  probe head beneath the spring. 

of probe heads hzve 'been constructed, one of which i s  shown i n  Fig. 9b. 

The head width is generab.2.y e q m 1  t o  o r  g rea t e r  than two c o i l  diameters 

so  va r i a t ions  i n  t h e  cond.uctivity o f  t h e  p l a t e  being measiaed wi.11 not be 

detected.  For bes t  results, -the eomliined thicknesses  of probe head, coil, 

and spring should be only  lightly l e s s  than t h a t  of t h e  min imum spacing. 

The t i p  above and below t h e  c o i l  l i m i t  t h e  spacing being measured -to a 

s m a l l  area.  

Several types 
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UNCL ASS IF IED 
ORNL- DWG 63-1090 

PROPER COIL 1-ENGTH 

( 0 )  ADJUSTABLE COIL FORM 

( b )  PROBE HEAD 

Fig, 9. C o i l  and R o b e  Head Constmetion. 
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. 

The lriandle holding t h e  probe head and carrying t h e  c o i l  leads back 

-to t h e  instrument mus-t satisf-y th ree  requirements: (1) it m i l s t  pos i t ion  

t h e  pro’oe head properly; (2)  it must provide e l .ec t r ica1  shielding f o r  t h e  

c o i l  leads; snd (3) it m u s t  be s t rong and f l e x i b l e  enough not t o  break 

under repeated use i n  f u e l  elements. One type of hsndle has been con- 

s-tructed from r o l l e d  steel tubing containing lead  wires or  from r o l l e d  

thermocouple tubing as shown i n  Fig. loa. The probe head m8y ’oe glued or 

otherwise at tached t o  t2ie handle. The handle may be soldered to 3. con- 

venient holder (Fig. 10b) and a plug at tached t o  car ry  t h e  leads t o  t h e  

instrument used. 

Several types of instruments may be used. One .type i s  a balanced-. 

br idge 3rnpli.tude -sensitive instrxment which w i l l  measure t b e  d i f fe rences  

i n  magnitude of impedance. These instruments a r e  simple, cheap, and 

accurate  enough f o r  m o s t  uses. Commercial ones ava i lab le  include t h e  

Derrnitron3 and the  Magnatest FM-100 and FM-102,4 

balanced-bridge amplitude-sensit ive instmments  which measu-c vector  

d i f fe rences  i n  impedance. These are more expensive but have a g rea t e r  

inheren”i s ens i t i v i ty .  

Check.5 

probably be used i f  proper consideration i s  given t o  impedance matching. 

Other- instruments are 

Commercial u n i t s  include t h e  RADAC5 arid t h e  Heat 

Other instruments capable of measuring the  c o i l  impedance can 

3Unit Process Assemblies, 53-15 37th Avenue, Woodside 77, New York. 

‘Magnaflwc Corporation, 7300 West Lawrence Avenue, Chicago 31, I l l i n o i s .  

51nstruments Division, Budd Company, P. 0. Box 245, Phoenixville, Pa. 



23 

IJNCL A S S I F I ED 
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H 

CONDUCTORS STEEL SHEATH 
ROLLED FLAT 

CERAMIC INSULATOR 
\/ 

( CI) ROLLED THERMOCOUP1.-E TUBING 

SET SCREWS 

COMMERCIAL PLUG 

( 6 )  HOLDER ASSEMBLY 

Fig. 2-0- Handle and Holder Construction. 
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CONCLUSIONS 

Coolant-channel spacing may be measured us ing  eddy techniques. The 

e f f e c t s  of t h e  lai-ge number of va r i ab le s  which inf luence eddy-current 

s p x i n g  measurements may be graphicslly presented. 

optimum c o i l  prameters may be chosen for partj c u l m  appl icat ions.  

these  methods, successful spacing probes have been designed 2nd constructed 

a t  Gak Ridge f o r  several appl icat ions.  

From these graphs, 

Using 

? 
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