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RADIOGRAPHIC INSPECTION 

AND DENSITOMETRIC EVALUATION OF 

CP-5 REACTOR FUEL 

3. F. S taroba  and T. W. Knoerzer 

ABSTRACT 

This  r e p o r t  covers  t h e  rad iographic  and dens i tome t r i c  techniques used 

a s  p a r t  of a q u a l i t y  v e r i f i c a t i o n  program f o r  CP-5 r e a c t o r  f u e l  by t h e  Non- 

d e s t r u c t i v e  Assay Sec t ion  of t h e  S p e c i a l  Ma te r i a l s  Div is ion .  Other nonde- 

s t r u c t i v e  t e s t s  used were u l t r a s o n i c  and gamma-ray spectrometry.  The main 

o b j e c t i v e s  were t o  perform a  one-hundred percent  rad iographic  i n spec t ion  

of t h e  f u e l  tubes  and t o  d e r i v e  a  q u a n t i t a t i v e  r e l a t i o n s h i p  between f u e l  

th ickness  a n d , f i l m  d e n s i t y  w i t h  t h e  use  of f a b r i c a t e d  f u e l  s t e p  wedges. 

By t h e  u s e  of t a n g e n t i a l  X-ray techniques ,  measurements were made of f u e l  

peaks o r  "hot spo t s "  t h a t  protruded above t h e  main f u e l  l i n e .  Other gen- 

e r a l  problems i n  rad iographic  i n s p e c t i o n  and s o l u t i o n s  f o r  t h e  upgrading 

of t h e  t o t a l  rad iographic  i n s p e c t i o n  program a r e  a l s o  d iscussed .  

I. INTRODUCTION 

The CP-5 f u e l  elements1 a r e  t u b u l a r ,  and each con ta ins  t h r e e  concen t r i c  

f u e l  tubes.  Table I g ives  s p e c i f i c a t i o n s  f o r  dimensions and 2 3 5 ~ ~  content  

f o r  each s i z e  f u e l  tube. 

Previous ly ,  CP-5 f  uel- tube r ad iog raph ic  i n spec t ions2  had been l i m i t e d  

t o  a  s p o t  check on one of every s i x  f u e l  tubes  f o r  aluminum end-cap and 

fue l - length  v e r i f i c a t i o n .  In  a d d i t i o n ,  a n  X-ray on po la ro id  f i l m  was taken 

of t h e  marked ends of  a l l  o u t e r  fu 'e l  tubes  t o  ensure  t h a t  t h e  top  end had 



Table  1. Dimensions and 2 3 5 ~  Content of ~ u e i  Tubes 
. . . .  

' . I n n e r  ' In t e rmed ia t e  'Outer  

Cladding th i ckness ,  
i n .  0.015 - + 0.003 0.015 - + 0.003 0.015 - + 0.003 

Core t h i c k n e s s ,  i n .  
+ 0.004 

0*032 - 0.003 

Wall t h i ckness ,  in .  0.062 -- + 0.003 0.062 - + 0.003 0.050 - + 0.003 

Avg o u t s i d e  dia., i n  2.236 - + 0.005 2.640 - + 0.005 3.000 d + 0.005 

Avg i n s i d e  d i a ,  i n .  2.112 - + 0.005 2.516 - + .0.005 2.900 - + 0.005 

Roundness, i n .  
(max. O.D. - min. O.D.) 0.010 

Bow, ma.x., i n .  

Core l e n g t h  
1 )  Minimum th i ckness  
2) Maximum th i ckness  

Tube l e n g t h ,  i n .  

End f i l l e r  l e n g t h ,  
min., in.. . 

2 3 5 ~  con ten t ,  grams 

2 3 5 ~  con ten t  of a 
matched s e t ,  grams 

1-318 Top', 
3-718, Bottom 

( 1  in .  = 2.54 cili; 0.0397 In. = 1 mm) 



been proper ly  i d e n t i f i e d .  These po la ro id  s h o t s  a l s o  ensured t h a t  t h e  mini- 

mum aluminum end-cap l e n g t h s  f o r  t h e  o u t e r  f u e l  tubes  were no t  l e s s  than  t h e  

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

Measurement of t h e  fue l -core  l e n g t h  of any fuel. tube  had bccn done by 

x-raying a  p o r t i o n  of each end of t h e  f u e l  tube  and then  computing t h e  f u e l  

l e n g t h  by s u b t r a c t i n g  t h e  sum of t h e  l e n g t h s  of t h e  ends from t h e  o v e r a l l  

fue l - tube  length .  F u l l  r ad iog raph ic  examination of t h e  e n t i r e  l e n g t h  of 

t h e  f u e l  tube  and c o r e  th i ckness ldens i ty  measurement was n o t  done. 

The rad iographic  program was designed t o  ga the r  more meaningful d a t a  

concerning: (1) c o r e  t h i ckness  over  t h e  e n t i r e  l eng th  of t h e  f u e l ;  (2 )  

uranium-aluminum a l l o y  seg rega t ion  s i z e s ,  t h i ckness ,  and l o c a t i o n ;  (3)  char- 

a c t e r i s t i c  bu i ldup  of f u e l  i n  t h e  t r a n s i t i o n  zone from f u e l  t o  aluminum 

a t  t h e  tube  ends ("dog-bone" e f f e c t s ) ;  (4 )  a c c u r a t e  fue l - length  measurement. 

11. HANDLING PROCEDURES 

Handling procedures  f o r  fue l - tube  radiography r equ i r ed  t h a t  c l ean ,  

l i n t l e s s  g loves  b e  worn, and t h a t  a l l  con tac t ing  s u r f a c e s  be  f r e e  from o i l ,  

d i r t ,  and g r i t .  I n  a d d i t i o n ,  extreme c a r e  was taken dur ing  both  s e t u p  and 

radiography t h a t  t h e r e  should b e  no p o s s i b l e  d i r e c t  con tac t  of t h e  f u e l  

tubes  w i th  t h e  l e a d  s h i e l d i n g  o r  w i t h  t h e  l ead  i d e n t i f i c a t i o n  l e t t e r s .  

Because t h e  aluminum o u t e r  c ladding  could e a s i l y  b e  damaged by c a r e l e s s  

handl ing  o r  by bumping, a l l  sha rp  co rne r s  and edges of surrounding and/or  

neighboring appara tus  were padded w i t h  f l e x i b l e ,  lead-impregnated rubber  

medical s h i e l d i n g  t o  e l i m i n a t e  a c c i d e n t a l  marring of t h e  fuel- tube su r f aces .  

The f u e l  tubes  were paper-wrapped f o r  added p r o t e c t i o n  and were s to red  

i n  an  ad jacen t  bu i ld ing .  Ind iv idua l  tubes  i n  t h e i r  paper wrappings were 

. , c a r e f u l l y  t r anspor t ed  from t h e  s t o r a g e  a r e a  t o  t h e  r ad iog raph ic  i n s p e c t i o n  

. a r e a ,  and t h e  paper was removed only  a f t e r  a l l  s e t u p  had been accomplished. 

b. 



111. RADIOGRAPHIC PROCEDURE 

For  t h e  o v e r a l l  s t a t i c  exposures ,  f o u r  36" l e n g t h s  ol: Kvdak Type M 

i n d u s t r i a l  X-ray f i l m ,  2-314" wide, were used on each f u e l  tube. The 36" 

l e n g t h  ensured ample s p a c e  f o r  s t e p  wedge placement on t h e  f i l m  o f f  t h e  end 

of  t h e  f u e l  tube a t  i t s  t o p ,  and f o r  coverage of  i t s  bottom end. The 2-114" 

w id th  provided s u f f i c i e n t  o v e r l a p  from f i l m  t o  f i l m ,  r e g a r d l e s s  of fue l - tube  

s i z e .  For t h e  o u t e r ,  o r  l a r g e s t ,  s i z e  f u e l  t ube ,  t h e  f i l m  overlapped about  

114" on each  s i d e ,  and f o r  t h e  smallest, o r  i n n e r ,  f u e l  tube ,  t h e  f i l m  over- 

l apped  about  112" on each  s i d e .  

The exposure parameters  were a s  fo l lows:  

P i cke r  150 X-Ray Machine 0.3 mm f o c a l  s p o t  

Targe t  t o  f i l m  d i s t a n c e  7  7" 

K i lovo l  t age .  9 0  

Mi l l iamperes  5 

Time ( o u t e r  tubes)  9 5  seconds 

Time ( i n n e r  and in t e rmed ia t e )  175 seconds 

Kodak X-OMAT Proces se r  81" F  

The f u e l  t u b e s  were backed by f l a t  l e ad  s h i e l d i n g  t o  e l i m i n a t e  r ad i a -  

t i o n  back - sca t t e r .  I n  a d d i t i o n ,  t h e  c o l l i m a t o r  on t h e  P i cke r  150 X-Ray.unit 

was a d j u s t e d  t o  d e f i n e  n beam (Fig.  1 )  j u s t  somewhat l a r g e r  than t h e  f u e l  

e lement  and t h e  f i l m  t o  reduce s c a t t e r e d  r a d i a t i o n .  The f i l m  was he ld  

t i g h t l y  i n  p l a c e  a g a i n s t  t h e  i n n e r  s u r f a c e  of the f u e l  tube  by s o f t  sponge- 

rubbe r  'segments. The a p p r o p r i a t e  s t e p  wedge and i d e n t i f i c a t i o n  were placed 

on t h e  p o r t i o n  o f  t h e  f i l m  which protruded from t h e  t op  (numbered) end of  

t h e  f u e l  tube, and which w a s  backed d i r e c t l y  by a  formed c y l i n d e r  of medical  

s h i e l d i n g  t o  r educe  X-ray s c a t t e r i n g  e f f e c t s  t o  t h e  s t anda rd  s t e p  wedge 

(Fig.  2). 

Another impor tan t  c o n s i d e r a t i o n  was t h e  p l a c i n g  of t h e  f u e l  tube  and 

t h e  f i l m  pe rpend icu l a r  t o  t h e  X-ray tube  a x i s  ( t h a t  i s ,  t h e  fue l - tube  a x i s  

was p laced  a long  t h e  0" l i n e )  t o  minimize t h e  " toe  and hee l"  e f f e c t  of t h e  

X-ray tube  (Fig.  3 ) .  Never the less ,  geometr ic  f a c t o r s ,  due t o  t h e  spread  



CATHODE I 
F i g .  1 .  Diagram of exposure setup. 
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Fig. 2. Equipment and setup. 
ANL Neg. No. 150-575. 



of t h e  X-ray beam from i t s  c e n t r a l  a x i s  t o  each end of t h e  f u e l  tube,  

y i e lded  a  decreas ing  d e n s i t y  t h a t  a l s o  had t o  b e  considered.  A p l a i n  f i l m  

was exposed wi thout  u s ing  a  specimen; t h e  v a r i a t i o n  i n  d e n s i t y  on t h e  f i l m  

was measured, and t h i s  measurement was used t o  o b t a i n  a  normalized dens i ty  

f o r  a c t u a l  tube  radiographs (Fig.  4). I n  p r a c t i c e ,  i t  was assumed t h a t  

t h e r e  was no v a r i a t i o n  i n  d e n s i t y  over  t h e  middle 8" of f u e l .  The remaining 

l eng th  of f u e l  on each s i d e ,  and t h e  f a b r i c a t e d  f u e l  s t e p  wedge s tandard  

a t  t h e  top  end of t h e  f u e l  tube  r equ i r ed  an a d d i t i o n ,  depending on t h e  loca-  

t i o n  of t h e  measurement, of up t o  0.10 d e n s i t y  u n i t s  t o  t h e  a c t u a l  dens i ty  

measurement. 

The f i l m s  were developed i n  a  Kodak Model B X-OMAT automat ic  p roces so r .  

a t  81° F. Development t ime (dry  t o  dry)  was 11 minutes. The 36" l e n g t h s  

of f i l m  could b e  fed  d i r e c t l y  i n t o  t h e  processor  wi thout  be ing  a t t ached  

t o  a  l eade r .  

I V .  FUEL LENGTH MEASUREMENT 

One g r e a t  advantage of radiographing on one p i ece  of f i l m  is t h a t  both 

maximum and minimum f u e l  l eng ths  and minimum aluminum end-cap l eng ths  can 

be a c c u r a t e l y  determined by measurement. Previous ly ,  a  p o r t i o n  of both. 

ends of each f u e l  tube  was radiographed,  and t h e  f u e l  l eng th  computed by 

s u b t r a c t i n g  t h e  sum of t h e  two ends from t h e  t o t a l  tube  length .  Under t h e  

new f u e l  i n s p e c t i o n  program, fou r  f i lms  taken of ad j acen t  a r e a s  of each 

tube  can b e  a l i g n e d ,  a t t ached  t o  each o t h e r ,  and viewed toge the r  so  t h a t  

t h e  e n t i r e  tube  can b e  seen  a t  once. 

The maximum c o r e  l e n g t h  w a s  def ined  , and was determined on t h e  rad io-  

graphs a s  t h e  d i s t a n c e  between t h e  extreme l o c a t i o n s  of c o r e  m a t e r i a l  mea- 

sured  p a r a l l e l  t o  t h e  tube. The minimum core  l eng th  was def ined ,  and a l s o  

determined on t h e  radiographs a s  t h e  a x i a l  d i s t a n c e  between p o i n t s  where 

t h e  rad iographic  d e n s i t y  i s  equal  t o  t h a t  of t h e  proper  s t e p  of t h e  s tandard  

s t e p  wedge. This  was s p e c i f i e d  a s  t h e  0.029" s t e p  f o r  t h e  inne r  and t h e  

in t e rmed ia t e  f u e l  tubes ,  and a s  t h e  0.017'' s t e p  f o r  t h e  o u t e r  f u e l  tubes.  



ANGLE FROM 
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Fig .  3 .  Diagram showing v a r i a t i d n  i n  i n t e n s i t y  
of t h e  x-ray beam a long  t h e  l o n g i t u d i n a l  
a x i s  of t h e  ,:-.ray tube .  

C E N T R A L  X-RAY 

Fig .  4 .  O p t i c a l  d e n s i t y  v s  d i s t a n c e  from c e n t r a l  a x i s  of x-ray beam. 



The CP-5 fue l - tube  i n s p e c t i o n  s h e e t  No. 2 (Fig. 5 ' )  end-cap measurement 

columns r e f e r  on ly  t o  minimum aluminum end-cap l eng ths .  Another important  

c o n s i d e r a t i o n  i n  t h e  minimum end-cap l e n g t h  measurements was t h e  assurance  

t h a t  t h e r e  must b e  enough pure  aluminum m a t e r i a l  f o r  welding purposes .  

Adequate guaran tees  had t o  be  pr&ided t h a t  no welding would b e  done through 
11 11 a  p o r t i o n  of t h e  f u e l  core .  I n  Fig.  6 ,  A and ',Xu a r e  regarded a s  minimum 

end-cap ' l eng ths  on a  r e p r e s e n t a t i v e  f u e l  tube. 

I n  a c t u a l  p r a c t i c e ,  t h e  de t e rmina t ion  of t h e  minimum c o r e  l e n g t h  in-  

volved a  s e a r c h  and neasu re  o p e r a t i o n  us ing  t h e  dens i tometer  a t  bo th  f u e l  

ends. The f u e l  c o r e  c h a r a c t e r i s t i c s  were such t h a t ,  a t  each t r a n s i t i o n  

zone, t h e r e  were, sometimes abrupt  changes from f u e l  c o r e  t o  pure  aluminum, 

wh i l e  o t h e r  ad j acen t  a r e a s  d i sp l ayed  gradua l  changes from f u e l  c o r e  t o  pure 

aluminum. There were u s u a l l y  s e v e r a l  a r e a s  t h a t  could q u a l i f y  a s  p o i n t s  

of measurement, and, consequent ly ,  a l l  p o i n t s  were measured and compared 

b e f o r e  a  f i n a l  d e c i s i o n  could b e  made. 

I n  many c a s e s ,  t h e  maximum f u e l  l e n g t h  "peaks" d i d  n o t  l i n e  up a x i a l l y  

(Fig.  6 ) .  Th i s  was a l s o  t r u e  f o r  a  number of "val leys" ,  i n  t h e  s e a r c h  

f o r  t h e  minimum f u e l  l eng th .  Both of  t h e s e  ca se s  r equ i r ed  a  c a r e f u l  a x i a l  

measurement on each of t h e  fou r  f i l m s  f o r  every f u e l  tube ,  and then ' t he  

l o n g e s t  and t h e  s h o r t e s t  f u e l  l e n g t h s  from t h e  f o u r  f i l m s  were s e l e c t e d  

and repor ted .  

A s  a  m a t t e r  of  i n t e r e s t ,  and f o r  v e r i f i c a t i o n ,  t h e  maximum and minimum 

f u e l  l e n g t h s  were a l s o  computed by t h e  " d i f f e r e n c e  method"; t h a t  is ,  t h e  

s u b t r a c t i o n  of  t h e  sum of bo th  maximum end-cap l e n g t h s  from t h e  known over- 

a l l  fue l - tube  l e n g t h  y i e lded  t h e  minimum f u e l  l ength .  Conversely,  sub t rac-  

t i o n  of  bo th  minimum end-cap l e n g t h s  y i e l d e d  t h e  maximum f u e l  l ength .  

Th i s  was done on each of  t h e  f o u r  f i l m s  r equ i r ed  f o r  each f u e l  tube ,  and 

on ly  t h e  s m a l l e s t  and t h e  l a r g e s t  measurements from t h e  f o u r  f i lms  were 

recorded. 'I'he r e s u l t s  from t h i s  s u b t r a c t i o n  method y i e lded  a  somewhat d i f -  

f e r e n t  conclusion.  I n  e f f e c t ,  t h e  minimum e f f e c t i v e  f u e l  l e n g t h  was def ined  

by t h e  c y l i n d e r  c r e a t e d  when t h e  d i s t a n c e  between t h e  maximum top  and bottom 

p o i n t s  of t h e  aluminum end caps was swept o u t  a long  t h e  circumference of 

t h e  t ube ;  t h a t  i s ,  between t h e s e  extreme p o i n t s ,  f u e l  e x i s t s  over  t h e  e n t i r e  



CP-5 FUEL TUBE INSPECTION SHEET NO. 2 
NON-DESTRUCTIVE EXAMINATION 

Fuel Tube Identification: Fuel Tube Type: 

1. CORE CHARACTERISTICS AS DETERMINED.BY RADIOGRAPHY 

A. Core and End cap-~ength 

Fuel core length as specified: (yes or no) 
Fuel tube marked as specified: (yes or no), Type 3 only 

' 

Aluminum End Cap Length. Numbered End . 

Aluminum End Cap Length, Opposite End 

Fuel Length, Maximum 

Fuel Length. Minimum . . 

Fuel Length. Mean (completed by RRO)  

Remarks: . . 

Date: 
Ins~ector: 

SPEC LIMIT 

Type1&2-112  
Type - 1-3,8 

Type 1 & 2 - 112 
Type 3 -. 3.718 

26-5/16 , 

21-13/16 

23-13/16 

B. Core Thickness and Homogeneity (visual) 

Does core thickness appear uniform: (yes or no) 
Does core need full length densitometry: (yes or no) 
Are there signs of U:Al segregation: (yes or ;lo) 
Remarks (note signs of "dog-boning" and approximate size and location of U-A1 segregation): 

, , . 

ANL VALUE 

. ' ? 

- 

C. Core Thickness as Determined by Densitometry 

MFG VALUE 

. . 

Date: 
Inspector: 
RRO Rep: --.- . 

Date: 
Inspcctor: 

Remarks: 
- -. - 
- - 

RRO Approval: 

F i g .  5 .  Fuel tube r a d i o g r a p h i c  i n s p e c  t i o n  r e p o r t .  



I-. MAXIMUM FUEL CURE LENGTH -4 

MINIMUM FUEL CORE LENGTH 3 

LEGEND: ALUMINUM CORE A l -U FUEL 

A =  MINIMUM END CA'P LENGTH (TOP END) 
B =  MAXIMUM END CAP LENGTH (TOP END) 
X =  M I N I M U M  END CAP LENGTH ( BOTTOM END) 
Y =  MAXIMUM END CAP LENGTH (BOTTOM END) 

Fig. 6. Fuel-length determination diagram. 



a r e a  of  t h e  core.  

Never the less ,  t h e s e  r e s u l t s  done by "d i f fe rence"  compared remarkably 

w e l l  w i t h  measurements done s t r i c t l y  a x i a l l y .  This  was a t t r i b u t e d  t o  t h e  

f a c t  t h a t  t h e  r a t i o  of f u e l  l e n g t h  (% 24") t o  film-viewing width (% 1.75") 

was l a r g e ,  making t h e  non-axial  measurements approach r e a l .  a x i a l  dimensions. 

V. STANDARD STEP-WEDGE FABRICATION AND ANALYSIS 

I n  o r d e r  t o  o b t a i n  q u a n t i t a t i v e  informat ion  about o p t i c a l  f i l m  d e n s i t y  

as a  f u n c t i o n  of  fue l -core  t h i ckness ,  f i v e  fue l -core  s t c p  wedges were f a b r i -  

c a t e d  a s  s t anda rds  f o r  each type  of f u e l  tube. 

A s l a b  of uranium-aluminum a l l o y  was c a r e f u l l y  machined t o  form a  

s t e p  wedge and was mated t o  a n  equa l ly  c a r e f u l l y  machined aluminum o u t e r  

and i n n e r  s leeve .  The ends were then  welded, and t h e  aluminum s i d e  i n s e r t s  

were p u t  i n  and bonded. F igu re  7  shows f a b r i c a t i o n  and assembly d e t a i l s .  

Tables  I1 and 111 d e p i c t  dimensions and c o r e  c h a r a c t e r i s t i c s .  The f i n i s h e d  

s t a n d a r d s  measured % 1" x 1-3/4", w i th  t h e  r a d i u s  of cu rva tu re  equal  t o  . . 

t h a t  o f  a n  an  a c t u a l  f u e l  tube  a long  t h e  1" dimension. 

A l l  s t anda rds  were c a r e f u l l y  x-rayed and compared t o  each o the r .  One 

s t anda rd  s t e p  wedge was s e l e c t e d  f o r  each fue l - tube  type  on t h e  b a s i s  of 

1. f u e i  c o r e  homogeneity and uni formi ty ,  

2. c o n s i s t e n t  average  d e n s i t y  readings ,  and 

3 ,  h i g h e s t  AD/AT,  

where 

AD = change i n  f i l m  d e n s i t y ,  and 

AT = change i n  f u e l  c o r e  th ickness .  

. Figure  8 shows ' a  p l o t  of fue l -core  t h i ckness  ve r sus  t h e  o p t i c a l  f i l m  dens i ty  

of s t anda rd  s t e p  wedge lI3~42-5, which was s e l e c t e d  a s  t h e  s tandard  f o r  

u s e  w i t h  a l l  o u t e r  f u e l  tubes.  Ind ica t ed  i s  a  f 10% change, o r  + 0.002", 



PURE ALUMINUM 

URANIUM /ALUMINUM ALLOY 

Fig. 7. Standard step-wedge assembly details. 



T a b l e  11. Standard  S t e p  Wedge f o r  
CP-5 F u e l  X-radiography 

S t e p  Wedge No. ,3E42-5 
.- 

Uranium-Aluminum Core Al loy  

Width Net A l l o y  W / %  U - S S I$/% Enr. - 2 3 5u 

1.020" ' 2.037 g  16.18 0.329 g  93.14 0.306 g  

Dimensions o f  A l l o y  and Cladding 

S t e p  # A l l o y  I . D .  Clad O.D. Clad T o t a l  Th ickness  

*From l e f t  t o  r i g h t  when r e a d i n g  i d e n t i f i c a t i o n .  

M a t e r i a l :  

C lad  = 606IT6 Aluminum 
Bond = S h e l l  epon ' r e s i n  /I820 - c u r i n g  a g e n t  "A" 

(0.0397 i n .  = 1 mm) 



T a b l e  111. Standard  S t e p  Wedge f o r  
CP-5 F u e l  X-radiography 

S t e p  Wedge No. 1B33-4 

Uranium-Aluminum Core Al loy 

Width N e t  A l l o y  W/% U - S S W/% Enr. 

1.010~~ 2 . 6 3 7 g  23.35 0.615 g 9 3 . i ~  

Dimensions o f  Al loy  and Cladding 

S t e p  /I Al loy  I . D .  Clad O.D. Clad T o t a l  Th ickness  

*From l e f t  t o  r i g h t  when r e a d i n g  i d e n t i f i c a t i o n .  

M a t e r i a l  : 

Clad = 6061T6 Aluminum 
Bond = S h e l l  epon r e s i n  /I820 - c u r i n g  a g e n t  "A" 



CORE THICKNESS,  inches 
'40.0397 in.= 1.0 mm) 

F i g .  8. Fue l -core  t h i c k n e s s  v s  o p t i c a l  d e n s i t y .  . 
.. S t a n d a r d  S t e p  Wedge il3E42-5. 



d e v i a t i o n  from t h e  nominal 0.020" fue l - co re  t h i cknes s ,  wi th  t h e  a t t e n d a n t  

change of 0.24 d e n s i t y  u n i t s .  Thus, an  0.001" change i n  f u e l  c o r e  y i e l d s  

an 0.06 change i n  dens i ty .  

S i m i l a r l y ,  Fig.  9 shows a ploC of fue l -core  t h i cknes s  ve r sus  t h e  o p t i c a l  

f i l m  d e n s i t y  of  s t anda rd  s t e p  wedge #1B33-4, s e l e c t e d  f o r  u se  w i th  a l l  i n n e r  

and in t e rmed ia t e  f u e l  tubes.  Here,  a  change o f  $ l o % ,  o r  + 0.0032", devia-  

t i o n  from t h e  nominal 0.032" fue l - co re  t h i c k n e s s  gave a  n e t  change of 0.32 

d e n s i t y  u n i t s .  I n  t h i s  ca se ,  a  change of  0.001'' i n  f u e l  c o r e  gave an  0.05 

change i n  d e n s i t y .  

These d e n s i t y  d i f f e r e n c e s  a r e  n o t  ve ry  l a r g e ,  b u t  they a r e  s u f f i c i e n t  

f o r  monitor ing a t  l e a s t  a  10% change i n  c o r e  th ickness .  A s  t h e  densi tometer  

employed was a c c u r a t e  t o  + 0.02 d e n s i t y  u n i t s  over  t h e  e n t i r e  range of 

measurable d e n s i t i e s ,  t h e  a c t u a l  de te rminable  lower l i m i t  of change i n  c o r e  

t h i cknes s  was probably on t h e  o r d e r  of 4  o r  5  percent .  Good averag ing  o f .  

r ead ings  i n  t h e  measurement a r e a  on bo th  t h e  s t anda rd  s t e p  wedge and t h e  

f u e l  tube  was necessary  t o  average o u t  g r a n u l a r i t y  and nonhomogeneity of 

the f u e l .  

Because t h e s e  s t e p  wedges could on ly  b e  p laced  d i r e c t l y  on t h e  f i l m  

o f f  t h e  end of  each f u e l  tube ,  c a r e f u l  d e n s i t o m e t r i c  c o r r e c t i o n s  f o r  t h e  

x-ray beam sp read  had t o  b e  made, a s  d i s cus sed  i n  Sec t ions  I11 and V I I .  

V I .  URANIUM SPOT MEASUREMENT 

'The c h a r a c t e r i s t i c s  o f  t h i s  p a r t i c u l a r  coex t rus ion  manufacturing pro- 

c e s s  f o r  CP-5 f u e l  became q u i t e  ev iden t  a f t e r  t h e  f i r s t  few f u l l - l e n g t h  

fue l - tube  rad iographs  were taken. The g r a i n i n e s s  of t h e  uranium-aluminum 

c o r e  was s een  t o  v a r y  g r e a t l y  from tube  t o  tube. Also encountered were 

fue l - co re  s t r i a t i o n s ,  s t r i n g e r s ,  and i n d i v i d u a l  unal loyed uranium s p o t s  

of v a r i o u s  l e n g t h s  and s i z e s .  

Many of  t h e s e  a r e a s  could n o t  b e  measured d e n s i t o m e t r i c a l l y ,  because:  

(1) when t h e  uranium s p o t  o r  s t r i n g e r  was s m a l l e r  than  t h e  5/32" a p e r t u r e  



CORE THICKNESS, inches 
- (0.0397 in.= 1.0mm) 

F i g .  9. Fuel-core  t h i c k n e s s  vs o p t i c ' a l . d e n s i t y .  
S tandard  S t e p  Wedge #1B33-4. 



of  t h e  dens i tometer ,  v a r i o u s  neighboring d e n s i t i e s  con t r ibu t ed  unevenly 

t o  t h e  o v e r a l l  measurement; and (2) when t h e  uranium s p o t  o r  s t r i n g e r  was 

l a r g c r  than  t h e  5/32'' a p e r t u r e  of t h e  dens i tometer  and i t s  apparen t  t h i ck -  

nes s  was cons iderab ly  more than  t h e  t h i cknes s  of t h e  t h i c k e s t  s t e p  of t h e  

s t anda rd  s t e p  wedge, t h e  o p t i c a l  d e n s i t y  approached t h e  o rd ina ry  background 

d e n s i t y  of  a  developed unexposed f i lm.  

The t o t a l  a r e a s  of  t h e  v a r i o u s  uranium s p o t s  and s t r i n g e r s  were never- 

t h e l e s s  measurable by us ing  a n  X-ray f i l m  comparator w i t h  graduated c i r c l e s .  

The l a r g e r  uranium s p o t s  and s t r i n g e r s  were measured by us ing  a  r u l e r  and 

then  computing t h e  a r ea .  Many i r r e g u l a r l y  shaped s t r i n g e r s  were desc r ibed  

by number, l e n g t h  and l a r g e s t  w i d c l l .  Reactor  o p e r a t i o n s  personnel  inspec ted  

v i s u a l l y  t h e  f i l m s  of  t h e  most s e v e r e  s t r i n g e r s  and t h e  l a r g e  uranium-alloy 

seg rega t ion  a r ea s .  

Being a b l e  t o  have an  o v e r a l l  view of t h e  complete f u e l  c o r e  i n  one 

radiograph inc reased  conf idence  i n  r e j e c t i n g  o r  accep t ing  f u e l  tubes  t h a t  

d i sp l ayed  any i r r e g u l a r i t i e s ,  e s p e c i a l l y  when t h i s  view was c o r r e l a t e d  wi th  

t h e  r e s u l t s  from t h e  ult l .rasonic,  nonbond in spec t ion .  

V I I .  DENSITOMETER OPERATION AND MEASUREMENTS 

Readings were done w i t h  a  MacBeth-Ansco Model 12-A dens i tometer ;  t h e  

a p e r t u r e  used was 5/32". A f t e r  a  p roper  warm-up (45 minutes ) ,  t h e  i n s t r u -  

ment was c a l i b r a t e d  a g a i n s t  an  NBS f i l m  s t r i p  s tandard .  Three density 

read ings  w e r e  t aken  on each s t e p  o f  t h e  s t anda rd  s t e p  wedge and averaged. 

Three d e n s i t y  r ead ings  were then taken  a t  p o i n t s  6", 12", and 18" from 

t h e  t o p  end of  each tube  and averaged. Readings were a l s o  taken  a t  each 

end of t h e  f u e l  i n  t h e  t r a n s i t i o n  zone, a t  p o i n t s  of  maximum f u e l  bu i ldup ,  

i n  ~ e s r c h  of minimum c o r e  lengt l is .  Mi~liluurn fue l -core  l e n g t h s  r equ i r ed  dens i -  
? 

t o m e t r i c  measurement, whereas maximum c o r e  l e n g t h  was de te rminable  v i s ~ i a l l y ,  

m because even t h e  s m a l l e s t  speck of uranium c o n t r a s t e d  g r e a t l y  a g a i n s t  a  

pure  aluminum background. 

Before the averaged d e n s i t y  r ead ings  were recorded on t h e  i n s p e c t i o n  



s h e e t  (Fig.  5), adjus tments  were made t o  r e f l e c t  t h e  changing i n t e n s i t y  

of t h e  x-ray beam a t  t h e  o u t e r  edgcs, a s  determined hy p r i o r  measurement 

(Fig.  4 ) .  Adjustments were a l s o  made t o  t h e  s tandard  s t e p  wedge readings .  

Then, s t r a i g h t f o r w a r d  comparison y i e lded  d a t a  by which t h e  d e c i s i o n  could 

b e  made whether t o  a c c e p t  o r  t o  r e j e c t  a  fuel- tube c o r e  th ickness .  

A f t e r  a s h o r t  f a m i l i a r i z a t i o n  per iod ,  d e n s i t y  measurements became easy,  

r a p i d ,  accu ra t e ,  and somewhat rou t ine .  

Some of  t h e  f u e l  tubes  e x h i b i t e d  heav ie r  bu i ldup  of c o r e  m a t e r i a l  i n  

c e r t a i n  a r e a s ,  o r  of  segrega ted  uranium i n  very  small a reas .  These a reas ,  

i n  most ca ses ,  were sma l l e r  than  t h e  5/32" a p e r t u r e  on t h e  densi tometer  

and appeared q u i t e  dense. Consequently, some i n d i c a t i o n  was needed of how 

c l o s e  t h e s e  p o t e n t i a l  "hot spots"  came t o  t h e  o u t e r  sur face .  

Approximate l o c a t i o n  o f  such an  a r e a  o r  peak was f i r s t  determined from 

t h e  core- thickness  radiographs.  Then, w i t h  c a r e f u l  alignment of t h e  c e n t r a l  

r a y  over  t h e  edge of t h e  f u e l  t ube  (Fig. l o ) ,  and wi t11  a  low X-ray dosage 

(5-10 s e c ) ,  a  t a n g e n t i a l  radiograph was obta ined  of t h e  bui ldup  a r e a  showing 

t h e  e x t e r i o r  o f  t h e  main f u e l  l i n e  and t h e  al.uminum c ladding  (Fig. 11) .  

Low exposure was necessary  f o r  t h e  aluminum c ladding  s u r f a c e  t o  be  

d i s t i n g u i s h e d  from f i l m  exposed d i r e c t l y  t o  X-rays--in o t h e r  words, c o n t r o l  

of exposure t o  show c o n t r a s t  on t h e  f i l m  between t h e  i n f i n i t e l y  t h i n  alumi- 

num a t  t h e  tube  s u r f a c e  and t h e  b a r e  f.ilm. The uranium, be ing  very  opaque 

t o  low energy x-rays,  showed g r e a t  c o n t r a s t  a g a i n s t  aluminum a t  most ex- 

posures .  

The d i s t a n c e  between t h e  f u e l  peak above t h e  main f u e l  l i n e  and t h e  

remaining aluminum c l add ing  was measured by two equa l ly  a c c u r a t e  methods. 

One method employed a  s imple ,  s c a l e d  o p t i c a l  comparator which coiild be 

p laced  i n  a c t u a l  c o n t a c t  w i c h  t h e  f i l m ,  ~imuLtaneoi is ly  en l a rg ing  t h e  images 

of  t h e  s c a l e  and of t h e  measured o b j e c t s .  Measurements could be  made t o  



Fig. 10. Tangential alignment diagram. 



F i g .  11. Magnif ied  f u e l - p e a k  d e t a i l s .  



an accuracy of  0.0005" wi th  t h i s  instrument .  Severa l  f u e l  tubes  were re- 

j e c t e d  when t h i s  a n a l y s i s  showed some a r e a s  of f u e l  bui ldup came t o  w i t h i n  

0.002" of  the.  o u t e r  sur facc .  

The o t h e r  method employed a  p r o f i l e  p r o j e c t o r  wi th  a  magni f ica t ion  . I 

. of 50X. Accuracy obta ined  wi th  t h i s  ins t rument  was a l s o  0.0005". A s  t h i s  
! 

-, method requi red  more t ime,  owing t o  alignment and focus ing  procedures ,  most 

measurements were done by us ing  t h e  o p t i c a l  comparator r o u t i n e l y ,  w i th  

occas iona l  u se  of t h e  p r o f i l e  p r o j e c t o r  a s  a  check. 

Encountered occas iona l ly  were i n d i c a t i o n s  of heav ie r  f u e l b u i l d u p  t h a t  

could n o t  b e  loca t ed  and measured by t h i s  t a n g e n t i a l  technique. This  was 

because t h e  f u e l  bu i ldup  p ro j ec t ed  toward t h e  i n n e r  s u r f a c e ,  w i th  no.pro-  

j e c t i o n  toward t h e  o u t e r  su r f ace ,  and t h e r e f o r e  could n o t  be  seen  o r  mea- 

sured  because of  t h e  masking of t h i s  fuel-bui ldup a r e a  on t h e  f i l m  by t h e  

r a p i d l y  inc reas ing  th i ckness  of t h e  f u e l  cor'e due t o  t h e  cu rva tu re  of t h e  

f u e l  tube. 

I X .  CONCLUSION 

Through t h i s  improved rad iographic  i n s p e c t i o n  program, s u b s t a n t i a l  

a d d i t i o n a l  in format ion  was obta ined  t h a t  helped i n  dec id ing  t h e  accepta-  

b i l i t y  of CP-5 f u e l  tubes.  Information on CP-5 fue l -core  t h i ckness ,  on 

f u e l  l eng th ,  and on uranium-aluminum s e g r a t i o n  s i z e s  and t h e i r  l o c a t i o n s  

can now b e  r o u t i n e l y  obta ined  wi th  v e r y . l i t t l e  added t o  t h e  o v e r a l l  c o s t  

of X-ray in spec t ion .  
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