
3 445b 0555743 9 



...... 

~. . - ._. . . . . ._ . . . 



ORNL/TM-6160 

Contract No. W-7405-eng-26 

METALS AND CERAMICS DIVISION 

DESIGN CALCULATIONS FOR EDDY-CURRENT DISPLACEMENT SENSORS 

FOR CHALK RIVER NUCLEAR LABORATORIES (AECL) 

C. V .  Dodd 

Date Published - February 1978 

NOTICE This document contains information of a preliminary nature. 
It is subject to revision or correction and therefore does not represent a 
final repori. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for t h e  
DEPARTMENT OF ENERGY 

3 445b 0555743 9 





CONTENTS 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 

I N T K O D U C T I O N  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

B I F I L A R  C O I L  E N C I R C L I N G  THE PRESSURE T U B E  . . . . . . . . . . . . . .  2 

B I F I L A R  C O I L  I N S I D E  THE PRESSURE TUBE . . . . . . . . . . . . . . . .  4 

E I G H T - C O I L  ARRAY I N S I D E  THE PRESSURE TUBE . . . . . . . . . . . . . .  6 

E I G H T - C O I L  ARMY U S I N G  A SPRINGLOADED FEELER . . . . . . . . . . . .  9 

I N S T R U P E N T A T I O N  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.0 

iii 





DESIGN CALCULATIONS FOR EDDY-CURRENT DISPLACEMZNT SENSORS 
FOR CHALK RIVER NUCLEAR LABORATORIES (ATCL) 

C .  V .  Dodd 

An a n a l y s i s  h a s  been made of f o u r  d i f f e r e n t  t y p e s  o f  
eddy-current  s e n s o r s  t o  measure t h e  d isp lacement  of a f u e l  
t u b e  c o n t a i n e d  c o a x i a l l y  i n  a p r e s s u r e  tube.  The f i r s t  
s e n s o r  c o n s i s t e d  of  a b i f i l a r  c o i l  e n c i r c l i n g  t h e  p r e s s u r e  
tube .  I ts  s e n s i t i v i t y  w a s  inadequate .  The second s e n s o r  
w a s  a b i f i l a r  c o i l  i n s i d e  t h e  p r e s s u r e  t u b e  2nd e n c i r c l i n g  
t h e  f u e l  tube.  T h i s  c o i l  had adequate  s e n s i t i v i t y  t o  t h e  
s w e l l i n g  of t h e  f u e l  c l a d d i n g  b u t  could  n o t  measure i t s  
bowing. The t h i r d  s e n s o r  c o n s i s t e d  of a n  a r r a y  of e i g h t  
pancake c o i l s  spaced around t h e  f u e l  c l a d d i n g  and i n s i d e  
t h e  p r e s s u r e  tube.  T h i s  s e n s o r  could  measure b o t h  bowing 
and s w e l l i n g  of  t h e  c l a d d i n g  independent ly ,  b u t  w a s  s u b j e c t  
t o  f a i r l y  l a r g e  d r i f t s .  The f o u r t h  s e n s o r  used e i g h t  pancake 
c o i l s  t h a t  measured t h e  d i s t a n c e  t o  spr ing- loaded  f e e l e r s  
t h a t  d i r e c t l y  c o n t a c t e d  t h e  f u e l  c ladding .  This  w a s  t h e  
most s e n s i t i v e  d e v i c e  and e x h i b i t e d  t h e  smallest d r i f t .  

None of  t h e  s e n s o r s  could  measure t h e  tempera ture  of 
t h e  f u e l  c l a d d i n g  because  t h e  tempera ture  was n o t  a s i n g l e  
va lued  f u n c t i o n  of t h e  r e s i s t i v i t y  over  t h e  s p e c i f i e d  r a n g e  
of 20 t o  1200°C. 

INTRODUCTION 

The d e s i g n  c a l c u l a t i o n s  w e r e  made by u s e  of t h e  eddy-current  

theory'-3 and computer programs"' developed a t  ORNL i n  t h e  l a t e  1960s 

'C.  V. Dodd, W. E. Deeds, J .  W. Luqui re ,  and W. C:. S p o e r i ,  ,Some 

*C.  C .  Cheng, C .  V .  Dodd, and W. E .  Deeds, "General Analys is  of 

EddpCurrent Problems and Their  In t egra l  So?,utions, ORNL-4384 ( A p r i l  1369) .  

Probe C o i l s  Near S t r a t i f i e d  Conductors ,"  Int. J .  Nondestru. Tes t .  3 ( 2 )  : 
109-30 (September 1971) .  

Coaxia l  w i t h  a n  A r b i t r a r y  Number of  C y l i n d r i c a l  Conductors, ' '  J .  
AppZ.  Phys.  4 5 ( 2 )  : 638-47 (February 1974) .  

J. H. Smith,  The A n a l y s i s  of R e f l e e t i o n  Type  Co i l s  for Eddy-Currant 
Testing, ORNL-TM-4107 ( A p r i l  1973).  

Design of Induction Probes foin Measurerisnt o f  Level of L i q u i d  Metals, 
ORNL-TM-4175 (May 1973) .  

3C.  V .  Dodd, C .  C.  Cheng, and W. E .  Deeds, "1nduc.tion C o i l s  

4C. V. Dodd, C .  C .  Cheng, W .  A .  Simpson, D.  A .  Deeds, and 

5C. V. Dodd, C.  C .  Cheng, C .  W. Nes tor ,  J r . ,  and R. B ,  l i o f s t r a ,  
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and e a r l y  1970s.  This  theory  and t h e  accompanying computer programs 

a l l o w  a c c u r a t e  c a l c u l a t i o n  of t h e  response  of v a r i o u s  t y p e s  of eddy- 

c u r r e n t  i n s t r u m e n t a t i o n  t o  d i f F e r e n t  t y p e s  o f  i n s p e c t i o n  problems. 

The problem as se t  f o r t h  i n  c o n v e r s a t i o n s  w i t h  AECL personnel  

xas : 

1. t o  measure t h e  d iameter  of  t h e  f u e l  c l a d d i n g  between 1 2 . 9 5  and 1 4 . 2 2  mm 

(0.510 and 0.560 i n . )  w i t h i n  k 0 - 1 3  mm (0.005 i n . )  and 

2 .  to measure t h e  tempera ture  of t h e  f u e l  c l a d d i n g  frvm 100 t o  1200OC 

w i t h i n  +5OoC (by measuring t h e  r e s i s t i v i t y  change w i t h  t e m p e r a t u r e ) .  

The second measurement was n o t  p o s s i b l e  above about  400°C 

because t h e  tempera ture  was n o t  a s ingle-va lued  f u n c t i o n  of t h e  resis- 

t i v i t y  ( t h e  curves  s u p p l i e d  by AECL showed t h a t  t h e  s l o p e  decreased  

above 400"C,  became f l a t ,  and may bend back o v e r ) .  The v a r i o u s  t y p e s  

of measurement techniques  t h a t  were analyzed and t h e  r e s u l t s  of each 

are now d i s c u s s e d .  

B I F I L A R  C O I L  E N C I R C L I N G  THE PRESSURE TUBE 

The f i r s t  c o n f i g u r a t i o n  cons idered  was a b i f i l a r  c o i l  e n c i r c l i n g  

t h e  p r e s s u r e  t u b e ,  as shown i n  F ig .  1. T h i s  c o n f i g u r a t i o n  h a s  t h e  

advantages t h a t  i t  o p e r a t e s  from o u t s i d e  t h e  p r e s s u r e  t u b e ,  w i l l  n o t  

i n f l u e n c e  t h e  c o o l a n t  f l o w ,  and r e q u i r e s  no e l e c t r i c a l  connec t ions  

through t h e  p r e s s u r e  tube .  The v a r i a t i o n s  i n  t h e  magnitude and phase 

as t h e  f u e l  c l a d d i n g  expands from 1 2 - 9 5  t o  1 4 . 2 2  mm (0.510 t o  0.560 in.) 

a r e  shown i n  F ig .  2 ,  N e i t h e r  t h e  magnitude nor  t h e  phase change was 

l a r g e  enough t o  permi t  a r e l i a b l e  measurement of the d iameter  of t h e  

f u e l  c l a d d i n g ,  even i f  t h e r e  were no changes i n  t h e  p r o p e r t i e s  of t h e  

p r e s s u r e  tube.  Unless  t h e  pressure t u b e  w e r e  c o n s i d e r a b l y  t h i n n e r  i n  

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

c i r c u i t  used f o r  t h i s  s e n s o r  and t h e  n e x t  one i s  shown i n  F i g .  3 .  
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FUEI. CLADDING 
051 cn OD K 0015 8 "  WALL 
ZIRCALOV - 4  
1200°C M A X ,  

PRESSURE TUBF 
1075 ,n OD x 0 CP5-1" WALL 
Z r - 2 5 %  Nb 

\ 

COIL 

Fig. 1. Bifilar Coil Encircling the Pressure Tube. Pressure 
tube is 27.30 mm OD by 2.16 mm wall. 
0.38  mm wall. 

Cladding is 13.0 mm OD by 

Fig. 2. Changes in the Magnitude and Phase of the Voltage from a 
Bifilar Coil Caused by Expansion of the Fuel Cladding from 12.95 to 
1 4 . 2 2  nun (0.510 to 0.560 in.) Plotted Against Frequency. 
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Vo DRIVING VOLTAGE 
Ro 
C, 
R6 

SERIES RESISTANCE IN THE DRIVING CIRCUIT 
SHUNT CAPACITANCE OF THE DRIVING CIRCUIT 
D.C. RESISTANCE OF THE DRIVER COIL 

Z D  IMPEDANCE OF THE DRIVER COIL 
M MUTUAL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP COIL 
Z,, IMPEDANCE OF THE PICK-UP COIL. 
R, 
C, 

D.C. RESISTANCE OF THE PICK--UP COIL 
SHUNT CAPACITANCE OF THE PICK-UP CIRCUIT 

Rg AMPLIFIER INPUT IMPEDANCE 
I LOOP CURRENT 

Fig .  3 .  E l - e c t r i c a l  C i r c u i t  o f  B i f i l a r  C o i l  Sensors .  

BIFILAR C O I L  INSIDE THE PRESSURE TUBE 

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

p r e s s u r e  t u b e ,  as shown i n  F ig .  4 .  This  s e n s o r  h a s  t h e  d i s a d v a n t a g e s  

t h a t  t h e  c o i l  connec t ions  must p e n e t r a t e  t h e  p r e s s u r e  t u b e  and t h e  

c o i l  i t s e l f  w i l l  res t r ic t  t h e  c o o l a n t  f low.  However, as can b e  seen 

from t h e  magnitude and phase p l o t s  i n  Fig.  5 ,  t h e  s e n s i t i v i t y  i s  much 

g r e a t e r ,  and e i t h e r  phase s h i f t  a t  200 kHz o r  r e l a t i v e  magnitude 

change a t  1 MHz can b e  used t o  measure. t h e  expansion of t h e  f u e l  

c l a d d i n g  tube .  Changes i n  t h e  p r o p e r t i e s  o f  t h e  p r e s s u r e  t u b e  

have only  a s m a l l  e f f e c t  on t h e  measurements. 

w i l l .  n o t  d e t e c t  bowing o r  o v a l i t y  i n  t h e  f u e l  c l a d d i n g ,  and i n  r e c e n t  

tests6 of s i m i l a r  f u e l  tubes  t h e  bowing and o v a l i t y  w e r e  s e v e r a l  t i m e s  

as g r e a t  a s  t h e  change i n  t h e  average  d i a m e t e r .  

However, t h i s  measurement 

6D. 0. Hobson, Qzar$eyZg Ln-rogress Repor t  on the  Cr6epdown and 
CoZZapse of Z i~eaZoy  Fuel C ~ a d d i n g ,  ( t o  b e  p u b l i s h e d ) .  



5 
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-in. WALL 

Fig .  4 .  Bifilar Coil Inside the Pressure Tube, Encircling the Fuel 
Cladding. 
13.0 mm OD by 0.38 mm w a l l .  

Pressure t u b e  is 27.30 mm OD by 2.16  mm wall. Cladding is 

W4Ni-W 71-17557 

Fig. 5. Changes i n  the Magnitude and Phase of the Voltage from a 
Bifilar Coil Caused by Expansion of the Fuel Cladding from 12.95 to 
14.22  mm (0.510 t o  0.560 in.) Plotted Against Frequency. 
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EIGHT-COIL ARRAY I N S I D E  THE PRESSURE TUBE 

The t h i r d  c o i l  and conductor  c o n f i g u r a t i o n  t h a t  w a s  analyzed 

i s  shown i n  Fig.  6 .  This  c o i l  c o n f i g u r a t i o n  all.ows t h e  o v a l i t y  and 

bowing of t h e  f u e l  c l a d d i n g  t o  b e  measured by s e n s i n g  t h e  c o i l - t o -  

conductor  s p a c i n g  a t  e i g h t  d i f f e r e n t :  l o c a t i o n s  around t h e  tube .  The 

e l e c - t r i c a l  c i r c u i t  used f o r  t h i s  s e n s o r  and t h e  n e x t  one i s  shown i n  

F i g .  7 .  By use  of  b o t h  t h e  magnitude and t h e  phase,  t h e  r e s i s t i v i t y  

and t h e  l i f t - o f f  can  b o t h  be c a l c u l a t e d .  We used t h e  followi.ng t y p e s  

o f  e q u a t i o n s  t o  de te rmine  t h e s e  p r o p e r t i e s :  

We used a leas t  s q u a r e s  f i t  t o  de te rmine  t h e  c o e f f i c i e n t s  a t  

each frequency t h a t  w e  t e s t e d .  The e r r o r s  due t o  t h e  l.ack of f i t  and 

t h e  e r r o r s  due t o  an i n s t r u m e n t  d r i f t  of 0.01' i n  t h e  phase  measurement 

( P h )  and 0.01% i n  t h e  magnitude measurement (M) are  summarized i n  

Table  1. The t y p e s  of e q u a t i o n s  used w e r e  determined by trial and 

e r r o r ,  and o t h e r  combinat ions o f  t h e  i n s t r u m e n t  r e a d i n g s  might g i v e  

a b e t t e r  f i t .  The t h r e e  f r e q u e n c i e s  500 kHz, 1 MHz, and 2 Mwz seem 

t o  g i v e  t h e  b e s t  r e s u l t s ,  so a d d i t i o n a l  c a l c d a t i o n s  w e r e  rrrade a t  

t h e s e  f r e q u e n c i e s .  The ins t rument  d r i f t s  r e p r e s e n t  t h e  e r r o r s  i n  

t h e  measurement of t h e  magnitude and phase i n  t h e  ins t rument  i t s e l f  

and do not  i n c l u d e  t h e  d r i f t  i n  t h e s e  r e a d i n g s  due t o  changes i n  t h e  

component v a l u e s  i n  t h e  b r i d g e  c i r c u i t ,  as shown i n  Fig.  7 .  The coi l .  

and p a r t s  of t h e  c i . r c u i t  are i n  a very  h o s t i l e  environment ,  and t h e i r  

v a l u e s  can vary  c o n s i d e r a b l y .  While some of t h e s e  v a r i a t i o n s  w i l l  tend 

t o  be c a n c e l l e d  o u t  because o f  t h e  symmetry of t h e  b r i d g e ,  t h e r e  w i l l  

n o t  be complete  c a n c e l l a t i o n ,  and t h e  component changes i n  t h e  d i f f e r e n t  

l e g s  of t h e  b r i d g e  w i l l  n o t  al-ways match. 'Ilhe l a r g e  amount of cable 

c a p a c i t a n c e  t h a t  r e s u l t s  from long  l e a d s  between t h e  c o i l  and t h e  i n s t r u -  

ment can degrade  t h e  s i g n a l  a t  t h e  h i g h e r  f r e q u e n c i e s .  1:n T a b l e  2 w e  have 

summarized t h e  major e r r o r s  due t o  t y p i c a l  d r i f t s  i n  t h e  b r i d g e  parameters .  
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\ PRESSURE TUBE 

INSULATING COIL H O L D E R  

COOLANT CHANNEL 

FUEL CLADDING 

F i g .  6. Top View of a n  Array of Eight  Pancake Coils I n s i d e  the 
P r e s s u r e  Tube. 

cc.d'.ii\. REFERENCE COIL TEST 

I- - 

Fig. 7. Electrical  C i r c u i t  f o r  Eddy-Current Bridge. 
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T a b l e  1. E r r o r s  Due t o  Lack of F i t  and Ins t rument  D r i F L :  

L i f t - O f f ,  pm (mils) R e s i s t i v i t y ,  nR rn 
xII-_l-__ll _II___. Frequency ... 

(kHz1 F i t  E r r o r  D r i f t  E r r o r  F i t  E r r o r  D r i f t  E r r o r  

100 4 4 . 7 ( 1 . 7 6 )  27 ,9 (1 .10 )  39 
200 40.9(1 .61)  12.7(0.50) 4 3  

5 00 38.  6 (1.52) 6 .9  (0.27) 42 

1000 3 5 . 8 ( 1 . 4 1 )  5.1(0.20) 40  

2000 34.3(1.3.5) 5.8(0.23) 48  

20 

1 4  

14 

18 

39 

T a b l e  2. E r r o r s  i n  L i f t - O f f  and  R e s i s t i v i t y  Due t o  T y p i c a l  
V a r i a t i o n s  i n  Key Br idge  Components 

..................................... .__.I 

Error a t  1 MHz ErrOK a t  2 MHZ Error a t  500 kliz 
. . .- . . ~ ~ V a r i a t i o n  L i f  t - O f  f 

P 
L i f  t-Of f L i f  t-Of f ~~ _...__._. L i f t - o f f  

(z)  Componenta (m) ( m i l s )  p 

(urn) (mils) (” m, (pin) (mils) (vin m, (urn) (mils) (u” m, 

I. 

10 

1 

10 

1 

10 

1 

10 

OK R 
Rc l  c2 

R and R 
C l  c2 

R o r  R 
si s2 

R and R 
S I  s2 

o r  C ‘cab1 cab2 

‘cab I 

C o r  C 

cab2 
and C 

s1 s2 

C and C 
s1 s 2  

1.0 
2 .5  

1 .0  
2.5  

1.0 
2.5 

1.0 
2.5 

1.0 
2.5 

1.0 
2.5  

1 .0  
2.5 

1 .0  
2 . 5  

40 
100 

4 0  
100 

40 
100 

40 
100 

40 
100 

4 0  
100 

40 
100 

40 
100 

560 22 1 .50  
1040 4 1  4 . 2 9  

180  7 0 .32  
860  34 1.00 

2 . 5  0 .1  0 .008  
2 3  0 . 9  0 . 0 2  

18 0 . 7  0 . 0 5  
86 3.4 0 . 1 6  

36 1 .4  9 . 3 7  
107 4 . 2  0 . 3 6  

430  17 0 . 4 5  
600 27 2.82 

5 0 . 2  0 .01 
25 1 0.04  

25 1 0 .06  
114  4 . 5  0.23 

112 4 . 4  0 . 5 6  
232 9 . 3  1 .84  

6 4  2 . 5  0 . 1 9  
409  1 6 . 1  0 . 6 0  

5 0 . 2  0 . 0 2  
28 1.1 0 . 0 9  

30 1 . 2  0.13 
10.4 4 . 1  0 . 4 9  

3 3  1 . 3  0 . 0 7  
2 . 5  0 . 1  0 . 4 1  

224 8 . 8  0 . 4 5  
10 .4  4 . 1  2 . 6 5  

2 .5  0 . 1  0 .01  
18 0 .7  0 .04  

56 2 .2  0 . 2 0  
114 4 . 5  0 . 8 7  

48  
165  

2 30 
1170 

a 
38 

51  
269 

6 4 0  
530 

5436 
2750 

2 . 5  
8 

22.9 
422 

1 . 9  0 . 2 9  
6 . 5  0 .97  

9 . 0  0 . 4 0  
46 1.17 

0 . 3  0 .07  
1 . 5  0 .28  

2 . 0  0 . 4 6  
10.6 1 . 6 6  

25 2 . 1 3  
2 1  6.S4  

214 2 1 . 9 1  
187 6 7 . 9  

0 . 1  0 . 0 3  
0.3 0 . 1 5  

9.0 1.65 
1 6 . 6  6 . 2 7  

a I d e n t i f i e d  on Fig .  7 .  
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The e r r o r s  are shown f o r  p = 0.65 )A2 m ,  a l though t h e y  are about  

same o v e r  t h e  e n t i r e  r e s i s t i v i t y  range .  The 500-kHz frequency ca lcu-  

l a t i o n s  were made w i t h  C = 3500 pF, and t h e  1 MHz and 2 MHz calcu- 

l a t i o n s  f o r  C = 900 pF. The e r r o r s  i n  b o t h  t h e  l i f t - o f f  and 

r e s i s t i v i t y  measurements exceed t h e  s t a t e d  l i m i t s .  The lift-off e r r o r  

i n c r e a s e s  as t h e  l i f t - o f f  i n c r e a s e s  and as t h e  r e s i s t i v i t y  i n c r e a s e s .  

The l a r g e  i n i t i a l  l i f t - o f f ,  which is  necessary  €or  t h e  c o o l a n t  f low,  

can be  e l i m i n a t e d  by u s i n g  t h e  n e x t  c o i l  c o n f i g u r a t i o n .  

cab 

cab 

EIGHT-COIL ARRAY U S I N G  A SPRING-LOADED FEELER 

The f i n a l  c o n f i g u r a t i o n  ana lyzed  c o n s i s t e d  of  a n  a r r a y  o f  e i g h t  pan- 

cake c o i l s  as shown i n  F ig .  8. 

which are s p r i n g  loaded a g a i n s t  t h e  f u e l  c l a d d i n g .  

d e c r e a s e s  t h e  measurement range  by about  40%.  

p l a t e d  w i t h  copper ,  which i s  a much b e t t e r  conductor  t h a n  Zr--2.5% Nb. 

The c o i l s  sense t h e  d i s t a n c e  t o  t h e  f e e l e r s ,  

This  c o n f i g u r a t i o n  

The t o p  of t h e  f e e l e r  can be  

t o  
F i g  

Sense 

ORNL-DWG 77-17553 

/ COIL 

SPRING LOAD 
PLUNGER 

. 
RING RETAINER 

FUEL CLADDING 

PRESSURE TUBE 

8 .  Top V i e w  of  a n  Eight-Coil  Array w i t h  Spring-Loaded 
t h e  Fuel  Cladding. 

F e e l e r s  
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These d e s i g n  changes c o n s i d e r a b l y  i n c r e a s e  t h e  s e n s i t i v i t y  and correspond- 

i n g l y  reduce  t h e  e r r o r s .  The l i f t - o f f  can b e  c a l c u l a t e d  by t h e  e q u a t i o n :  

The e r r o r  i n  f i t  i s  about  5 Um (0 .2  m i l s )  Eor a r a n g e  of 0 t o  

1 . 5  mm (60 m i l s ) .  The e r r o r s  due t o  t h e  v a r i a t i o n  i n  t h e  b r i d g e  

parameters and some o t h e r  t e s t  parameters  are summarized i n  Table  3 .  

This  c o n f i g u r a t i o n  and t h e  accompanying i n s t r u m e n t a t i o n  h a s  been  t e s t e d  

up t o  1 7  MPa (2300 p s i )  and 370°C, b u t  n o t  i n  a r e a ~ t o r . ~  

due t o  a 4lOOOC tempera ture  v a r i a t i o n  was about  k 2 5  pm ( 1 . 0  m i l ) ,  

and even t h i s  e r r o r  could b e  e l i m i n a t e d  by the use  of one r e f e r e n c e  

c o i l  and t h r e e  "s tandard" c o i l s .  T h i s  technique  is  q u i t e  a c c u r a t e ,  

b u t  i t  s t i l l  cannot  measure t h e  tempera ture ,  

'The e r r o r  

INSTRUMENTAT I O N  

I n s t r u m e n t a t i o n  t h a t  w i l l  d r i v e  e i t h e r  t h e  b i f i l a r  coi1.s o r  t h e  

a r r a y  of pancake c o i l s  h a s  been c o n s t r u c t e d  and t e s t e d  a t  ORNL,. The 

c i r c u i t  diagrams and p r i n t e d  c i r c u i t  l a y - o u t s  are a v a i l a b l e  on r e q u e s t  

from t h e  I n d u s t r i a l  Cooperat ion O f f i c e  a t  OWL.  

7D. 0. Hobson and C. V .  Dodd, i7zterim Report on the Creepdown of 
Zirca%oy Fue% Cladding, ORNL/NUREG/'rM-l03 (May 1977) . 



Table 3. Error in L i f t - o f f  Due to Variation of Test Parameters 

Fre- Capaci- E r r o r ,  F.cm (mils) f o r  Each L i f t - o f f  i n  mm ( m i l s )  

(mz) (PF) 0.25 (10) 0.51 (20) 0.76 (30) 1.02 (43) 1.27 (50) 

a P a r a m e t e r v a r i a t i o n  quency t ance  

p from 17.32 t o  30.8 
n%i, Rc,  from 3.0 
t o  3.3bI 

t o  3.0352 
from 3.00 RC 1 

RsI from 65.00 t o  
65.65fi 

RSi and K,, from 65.00 
t o  71.32 

Cc,bi and Cc,bz both 
i n c r e a s e  1 O X  

C,, from 90 pF t o  
90.9 pF 

c s  1 and C,, b o t h  from 
90 t o  99 pF 

V, i n c r e a s e d  0.1% 

2 
2 
1 

2 
2 
1 
3 
L 

2 
1 
> L 

2 
1 

2 
2 
1 

2 
2 
1 
3 
L 

2 
1 

2 
2 
1 
7 
L 

2 
1 

830 
3500 
3500 

8 30 
3500 
3500 

830 
3500 
3500 

530 
3 500 
3500 

8 30 
3500 
3500 

830 
3500 
3500 

830 
3500 
3500 

5 30 
3500 
3500 

8 30 
3500 
3500 

14.1(0.56) 
69.9( 2.75) 
19.4(0.76) 

0.6 ( 0.02) 
4.4(0.17) 
1 e L(0.05) 

0.7 (0.03) 

0.7 (0.03) 

0.5(0.02) 
O.g(O.04) 
0.1(0.00) 

-11.4(-0.45) 

O.O( 0.00) 

-2.6 (-0.10) 

-1.3 (-0.05) 

-1 3 . 7  (-0.7 4) 
-58.6(-2.31) 
-1 7.3 ( - 0 . 6 8 )  

0. S(0.02) 
-0.3(-0.01) 
0.7 (0.03) 

-1.2(-0.05) 
--0.3(-0.01) 
-0.3(-0.01) 

-0.6 ( 4 . 0  2 )  
-0.8(.03.Q3) 
-U .6 (-0.02) 

12.7 (0.50) 
68.2(2.69) 
17.6(0.69) 

0.7 (0.03) 
4.1(0.16) 
1.4(0.06) 

1.0( 0.04) 
0.2(0.01) 
0.9 (0.04) 

0.5(0.02) 
0.8(0.03) 
0.1(0. 00) 

-3.8 (-0.15) 
-17.5 (4.69) 
-1 .9 (-0 . 0 7 )  

-18.8 (-0 74) 
-57.0(-2.24) 
-17.5(-O.69) 

0.7(0.03) 
-0.6 (-0 .02) 
I. 0 (0.04) 

-1.3(-0.05) 
-0.4(-0.02) 
-0.3(-0.01> 

4.6(-0.02) 
-0.7 (-0.03) 
-0.6 (-0.02) 

11.4(0.45) 
62.3( 2.45) 
15.7 (0.62) 

0.7(0.03) 
3.7(0.15) 
1.4 ( 0 . 0 6 )  

1.3(9.05) 
-0.4(-0.02) 

1 . 3  (0.05) 

0.4(0.02) 
0.7 (0.03) 
0.1(0.00) 

-5.5 (-0.22) 
-25.5(-1.00) 
-2.9t-o. 11) 

-18.1(-0.71) 
-50.5(-1.99) 
-1 6.9 (-0 .6 7 1 

1 .0(0 .04) 

1.4 (0.06) 
-1.1 (4 .04) 

-1.2 (-0.05) 
-0.3(-0.01) 
-0.3(-0. 01) 

4. S ( - 0  .02)  
-0.6 (-4.02) 
-0.5 (-0.02) 

lO.O(O. 39) 
52.8(2.08) 
13.9 (0.55) 

0.7 (0.03) 
3.1(0.12) 
l.l(O.04) 

1.9(0.07) 
-0.7 (-0.03) 
2.0(0.08> 

0.4(0.02) 
0.6(0.02) 
0.1(0.00) 

--8.2(-0.32) 
-36.1(--1.42) 
-4.4(-0.17) 

-16.7 (-0.66) 

-15.7 (-0.6 2) 
-40.5(-1.59) 

1 .4 (0 .06 )  
-1.6 (-0.06) 
2.1(0.08) 

-1.2 (-0.0 5 )  
-0.2(4.01) 

-0.5(-0. 02) 

-0.3(-0.01> 

4 . 5  (-0.02) 
-0.5 (-3.02) 

8.9 (0.35) 
38.9(1.53) 
11.7(0.46) 

0.4(0.02) 
2.0 (0.08) 
l.l(O.04) 

3.0(0.12) 
-1.1(-0. 04) 
3 . O ( O .  12) 

0.3(0.01) 
0.4 (0.02) 
0 * l(O.00) 

P 
-12.8(-0.50) 1--1 

-49.7(--1.96) 
-7.3(-0.29) 

-14.6(-0.57) 
-2 8.4 (-1.1 2) 
-1 3 .8 (-0.5 4 1 
2.1(0.08> 

- 2 . 4  (-0.09) 
3.2 (0.13) 

-1 . 0 (-0.04) 
-0.1(-0. 00)  
*.2 (-0.01) 

-3.4 (-0.02) 
-0.4(-0.02) 
-0.4(-0.02) 

a C i r c u i t  components i d e n t i f i e d  i n  F i g .  7. 
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