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On page 4 . 9 ,  t h e  c a p t i o n  o f  F i g u r e  4 . 4  s h o u l d  r e a d :  

Measured A x i a l  Power P r o f i l e  i n  a  TREAT 
C a l i b r a t i o n  Capsule  (MDF-1) Which Conta ined  
an 0 .10  i n ,  Th ick  Hafnium Absorber  D i s c  a t  
Each End o f  t h e  5 . 5  i n .  Long Enr i ched  U02 
Fue l  Column 

The c a p t i o n  f o r  F i g u r e  4 , 4  a s  l i s t e d  i n  t h e  L i s t  o f  
F i g u r e s  on page v i i i  s h o u l d  a l s o  be  changed.  
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P L U T O N I U M  U T I L I Z A T I O N  PROGRAM 

T E C H N I C A L  A C T I V I T I E S  Q U A R T E R L Y  REPORT 

J U N E ,  J U L Y ,  AUGUST 1 9 6 9  

FOREWARD 

The Plu tonium U t i l i z a t i o n  Program i s  conducted  by t h e  

P a c i f i c  Northwest  Labora to ry  f o r  t h e  USAEC. The o b j e c t i v e  o f  

t h e  T e c h n i c a l  A c t i v i t i e s  Q u a r t e r l y  Repor t  i s  t o  inform t h e  , 
s c i e n t i f i c  community i n  a  t i m e l y  manner o f  t h e  t e c h n i c a l  

rn p r o g r e s s  made on t h e  program. The r e p o r t  c o n t a i n s  b r i e f  
B 

t e c h n i c a l  d i s c u s s i o n s  o f  accomplishments  i n  a l l  a r e a s  where 

C s i g n i f i c a n t  p r o g r e s s  h a s  been  made d u r i n g  t h e  q u a r t e r .  The 
r e s u l t s  p r e s e n t e d  s h o u l d  be  c o n s i d e r e d  p r e l i m i n a r y  and do n o t  

c o n s t i t u t e  f i n a l  p u b l i c a t i o n  o f  t h e  work. A l i s t  of p u b l i c a -  

t i o n s  and p a p e r s  i s  g i v e n  i n  t h e  r e p o r t .  Anyone w i s h i n g  t o  

o b t a i n  a d d i t i o n a l  i n f o r m a t i o n  on t h e  work p r e s e n t e d  i s  e n c o u r -  

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

S i n c e  t h e  l a s t  q u a r t e r l y  r e p o r t ,  ma jo r  changes have 

o c c u r r e d  i n  t h e  P lu tonium U t i l i z a t i o n  Program. Because o f  

f u n d i n g  l i m i t a t i o n s ,  t h e  P lu tonium Recycle  T e s t  Reac to r  (PRTR) 

w i l l  no l o n g e r  o p e r a t e .  I t  i s  p r e s e n t l y  b e i n g  p u t  i n  a  s t a n d -  

by c o n d i t i o n .  The Batch Core Experiment  and some f u e l  e x p e r i -  

ments  t h a t  were  b e i n g  conducted  i n  t h e  PRTR w i l l  be  a n a l y z e d  

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

exposures  were n o t  o b t a i n e d .  O the r  f u e l  expe r imen t s  i n c l u d i n g  

d e f e c t  t e s t s ,  f i s s i o n  g a s  r e l e a s e  t e s t s  and f u e l  s t r u c t u r e  

c h a r a c t e r i z a t i o n  t e s t s  w i l l  be  r e d e s i g n e d  and w i l l  b e  per formed 

i n  t h e  ETR and ATR.  F u t u r e  work under  t h e  program w i l l  

emphasize deve lop ing  t h e  t echno logy  on r e a c t o r  o p e r a t i o n a l  and 

s a f e t y  c h a r a c t e r i s t i c s  f o r  l i g h t  w a t e r  r e a c t o r s  t o  t h e  e x t e n t  

t h e y  a r e  a l t e r e d  o r  i n f l u e n c e d  by t h e  a d d i t i o n  o f  r e c y c l e  . * 
p lu ton ium.  
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1 . 0  SUMMARY 

REACTOR N E U T R O N I C S  

Improvements have been  made i n  t h e  l e a s t  s q u a r e s  D U B L I K  

code used  f o r  t h e  a n a l y s i s  of  burnup d a t a .  The improved code 

has  been  named BUFIT. 

. . An a n a l y t i c a l  s t u d y  was made t o  d e t e r m i n e  t h e  s e n s i t i v i t y  

of  c a l c u l a t e d  v a l u e s  o f  kef f  t o  t h e  amount o f  ene rgy  and a n g u l a r  

d e t a i l  u sed  i n  a  t r a n s p o r t  t h e o r y  s o l u t i o n  f o r  a  the rma l  

problem. The r e s u l t s  show t h a t  a  10- g roup  S - 8  s o l u t i o n  i s  

a c c u r a t e  t o  w i t h i n  - + 0 . 2 %  k e f f .  

C a l c u l a t i o n s  o f  t h e  f a s t  e f f e c t  f o r  uranium fue led -H20  

l a t t i c e s  have shown t h a t  t h e  e r r o r  i n c u r r e d  i n  assuming a  

homogeneous c e l l  i s  l e s s  t h a n  0 . 5 %  i n  k e f f .  Thus,  i f  a l l  

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

we s h o u l d  c a l c u l a t e  ke f f  1 .005 f o r  t h e  U 0 2  and t h e  U02 - Pu02 

f u e l e d  w a t e r  l a t t i c e s .  

An e q u i v a l e n c e  approx ima t ion  has  been  developed f o r  u s e  

i n  a p p l y i n g  t h e  Dunn f l u x  peak ing  o r  d i p p i n g  c o r r e c t i o n  t o  

p i n  a c t i v a t i o n s .  

D e s t r u c t i v e  a n a l y s i s  d a t a  from samples  c u t  from PRTR rods  

have  b e e n  r e c e i v e d ,  p l o t t e d  f o r  c o n s i s t e n c y  checks ,  and p r o c e s s e d  

through t h e  I S O D I L  burnup a n a l y s i s  code .  

The f o u r t h  i n t e r i m  c r i t i c a l  t e s t s  were conducted  on t h e  

55 f u e l  e lement  Batch  Core l o a d i n g  a t  t h e  PRTR a t  an  ave rage  

c o r e  burnup o f  5330 MWd/MTM. T e s t s  were a l s o  conducted  on two 

s m a l l e r  l o a d i n g s  o f  31 and 39 f u e l  e l e m e n t s .  



F U E L S  T E C H N O L O G Y  

F o u r t e e n  rods  from f i v e  e l emen t s  i r r a d i a t e d  i n  t h e  PRTR 

c o r e  (11,000 MWd/MTM peak)  have been  s e l e c t e d  f o r  d e t a i l e d  

e x a m i n a t i o n .  S i x  rods  i r r a d i a t e d  under  t h e  same c o n d i t i o n s  

i n  t h e  FERTF w i l l  a l s o  be examined. V i s u a l  e x a m i n a t i o n  of 

t h r e e  o f  t h e  e l emen t s  i n  t h e  b a s i n  was completed.  

F o u r t e e n  rods  from n i n e  d i f f e r e n t  t y p e  e l emen t s  i r r a d i a t e d  

i n  f r i n g e  p o s i t i o n s  o f  t h e  PRTR c o r e  (18,500 MWd/MTM peak)  

have b e e n  s e l e c t e d  f o r  d e t a i l e d  examina t ion .  V i s u a l  examina- 

t i o n  o f  s i x  of  t h e  e l emen t s  was completed i n  t h e  b a s i n .  

S u r f a c e  dose  r a t e  measurements on Yankee (PWR) and 

Dresden (BWR) h i g h  exposure  p lu ton ium samples  a r e  c o n t i n u i n g .  

C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  dose  r a t e  from f i r s t  g e n e r a -  

t i o n  power r e a c t o r  p lu ton ium r e p r e s e n t s  a  " wors t  case"  

s i t u a t i o n  and t h e  dose  r a t e  from plu tonium g e n e r a t e d  i n  

p r e s e n t  and p l a n n e d  r e a c t o r s  w i l l  b e  l e s s  s e v e r e .  

A d e f e c t  t e s t i n g  program w i l l  be  conducted  i n  t h e  ETR 

M-3 l o o p  f a c i l i t y  a t  peak l i n e a r  r o d  power g e n e r a t i o n s  o f  20 

and 2 4  kW/ft .  

A f u e l  e lement  assembly  i n s t r u m e n t e d  t o  m o n i t o r  i n t e r n a l  

gas  p r e s s u r e  w i t h i n  t h e  p e l l e t - c o n t a i n i n g  and v i b r a t i o n a l l y  

compacted r o d s  d u r i n g  i r r a d i a t i o n  w i l l  b e  per formed i n  t h e  ATR. 

Another  f u e l  assembly i n s t r u m e n t e d  w i t h  thermocouples  i n  t h e  

f u e l  w i l l  be  i r r a d i a t e d  i n  t h e  ETR M-3 l o o p  f a c i l i t y  t o  s t u d y  

i n - r e a c t o r  s i n t e r i n g  and g r a i n  growth k i n e t i c s  i n  p e l l e t e d  

and v i b r a t i o n a l l y  compacted f u e l .  

REACTOR S A F E T Y  

A comparison was made between t h e  r e s u l t s  o f  burnup c a l -  

c u l a t i o n s  o b t a i n e d  u s i n g  t h e  ZODIAC G and ALTHAEA codes .  A s  

a  r e s u l t  o f  t h i s  comparison i t  i s  concluded t h a t  t h e  ALTHAEA 

code can  b e  used  i n  s t u d i e s  o f  r e a c t o r  o p e r a t i o n  and b e h a v i o r  

f o r  p lu ton ium f u e l e d  c o r e s  a s  w e l l  a s  uranium f u e l e d  c o r e s .  



Plutonium l o a d i n g s  f o r  an O y s t e r  Creek assembly have been  

chosen  s o  t h a t  t h e  rod  p e a k - t o - a v e r a g e  power i s  l e s s  t h a n  t h a t  

i n  t h e  o r i g i n a l  uranium-only  f u e l .  Using t h i s  r e f e r e n c e  

assembly ,  t h e  change i n  r e a c t i v i t y  w i t h  v o i d  f r a c t i o n  was 

de te rmined  f o r  no c o n t r o l ,  o p e r a t i n g  t e m p e r a t u r e  c o n d i t i o n s .  

A j o i n t  PNL/GE/INC t r a n s i e n t  t e s t i n g  program i s  SPERT h a s  

been  i n i t i a t e d  t o  s t u d y  t h e  p o s s i b l e  e f f e c t s  o f  adding  PuOZ 

enr i chmen t  t o  U 0 2  t h e r m a l  r e a c t o r  f u e l s  i n  d i f f e r e n t  ways. 

A l so ,  t r a n s i e n t  expe r imen t s  w i t h  c o l d - p r e s s e d - s i n t e r e d  

p e l l e t  and v i b r a t i o n a l l y  compacted powder f u e l s  w i l l  b e  con- 

d u c t e d  i n  t h e  t r a n s p a r e n t  v e s s e l  i n  TREAT t o  conf i rm t h e  . 
1 r e s u l t s  o f  p r e v i o u s  t e s t s  w i t h  t h e  d i f f e r e n t  f u e l  t y p e s .  

P R T R  

During J u n e ,  t h e  p r imary  sys tem was f i l l e d  w i t h  heavy 

w a t e r  and h y d r o s t a t i c a l l y  p r e s s u r e  t e s t e d  a t  1 8 7 5  p s i g .  

The P-4 v a l v e  a c c e p t a n c e  t e s t s  were comple ted  and t h e  

r e a c t o r  was l o a d e d  w i t h  f i f t y - f i v e  2 w t %  Pu02 i n  U 0 2  f u e l  

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

w e r e -c o n d u c t e d  w i t h  c o n s e c u t i v e  t e s t s  o f  f i f t y - f i v e ,  t h i r t y -  

one and n i n e t e e n  f u e l  e l emen t s  i n  a  c e n t r a l  c o r e  a r r a y .  

A t  t h e  comple t ion  of t h e  c r i t i c a l  t e s t s ,  t h e  r e a c t o r  was 

d e - f u e l e d  and p r e p a r a t i o n s  begun t o  d r a i n  t h e  sys t ems  c o n t a i n -  

i n g  heavy w a t e r .  

On J u n e  2 5 ,  1 9 6 9 ,  t h e  AEC-RDT approved t h e  p r e l i m i n a r y  

p l a n s  f o r  d e a c t i v a t i n g  t h e  PRTR. Work c o n t i n u e d  t h r o u g h o u t  

t h e  b a l a n c e  o f  t h e  q u a r t e r  i n  d r a i n i n g  and d r y i n g  t h e  c o o l a n t  

sys t ems  and d e a c t i v a t i n g  t h e  r e a c t o r  equipment .  



2 . 0  R E A C T O R  N E U T R O N I C S  

PROGRAM B U F I T :  A  L E A S T  S Q U A R E S  CODE FOR T H E  A N A L Y S I S  O F  

B U R N U P  D A T A  

R .  P .  M a t s e n  

Major changes have been  made t o  t h e  l e a s t  s q u a r e s  code 

which i s  used  t o  e x t r a c t  one group c r o s s  s e c t i o n  i n f o r m a t i o n  

from i s o t o p i c  c o n c e n t r a t i o n  burnup d a t a .  The r e s u l t i n g  new 

programs a r e  c a l l e d  BUFIT (burnup - - - f i t t i n g  code)  and DBUFIT, 

a  doub le  p r e c i s i o n  v e r s i o n .  They r e p l a c e  t h e  D U B L I K  code (1)  

which was p r e v i o u s l y  used  t o  pe r fo rm t h i s  t y p e  o f  a n a l y s i s .  

Both t h e  DUBLIK and BUFIT codes  a r e  framed around t h e  L I K E L Y  (2) . 
g e n e r a l  l e a s t  s q u a r e s  code.  The changes f a l l  i n t o  f o u r  

c a t e g o r i e s :  

1. An e r r o r  i n  s u b r o u t i n e  CHANCE h a s  been  c o r r e c t e d .  T h i s  

s u b r o u t i n e  which i s  used  t o  form t h e  f i r s t  and second 

d e r i v a t i v e s  o f  t h e  l e a s t  s q u a r e  m i s f i t  was i n c o r r e c t l y  

programmed i n  t h e  D U B L I K  code .  

2 .  Improvements have been  made i n  s u b r o u t i n e  THEORY which 

c a u s e  t h e  i t e r a t i v e  p r o c e d u r e  used  i n  BUFIT t o  approach 

t h e  l e a s t  s q u a r e s  minimum i n  a  more d i r e c t  f a s h i o n .  The 

p r o c e d u r e  i s  now l e s s  l i k e l y  t o  s t o p  a t  a  f a l s e  s a d d l e  

t y p e  s o l u t i o n .  T h i s  i s  b rough t  abou t  by c a s t i n g  t h e  

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

b e i n g  lumped t o g e t h e r  w i t h  t h e  c r o s s - s e c t i o n  r a t i o s  a s  

c o n s t a n t s  o f  i n t e g r a t i o n  which were p r e v i o u s l y  used  a s  

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

between t h e  p a r a m e t e r s  t h a t  a r e  used  i n  t h e  THEORY equa-  

t i o n s .  The n e t  r e s u l t  seems t o  be a  more r e l i a b l e  

i t e r a t i v e  p a t h  t o  t h e  s o l u t i o n  o f  t h e  l e a s t  s q u a r e s  

burnup problem. 

An a d d i t i o n a l  e q u a t i o n  t h a t  d e s c r i b e s  t h e  2 3 9 ~ ~  f i s s i o n s  

h a s  been  i n c l u d e d  i n  t h e  THEORY s u b r o u t i n e  f o r  U-Pu 



systems. This extra equation provides a better determina- 

tion of the capture-to-fission ratio for 239~u, and again, 

reduces the effort required to arrive at the least squares 

best fit. Experimental data for 2 3 9 ~ ~  fissions is 

required by the BUFIT program; however, these can be 

obtained from burnup measurements of the total fissions. 

3. The iterative scheme used to arrive at the least squares 

best fit solution has been altered. The new scheme will 

not proceed to the next iteration unless it has a lower 

misfit (Q-value) than does the current iteration. Several 

step types ( 3 )  are used in an attempt to obtain a lower 

misfit. The parameter changes predicted by a given step 

type are used to generate a new Q-value. If this Q-value 

is lower than that of the current iteration, the parame- 

ters predicted by the step type are used for the next 

iteration. If the new Q-value is larger than or equal to 

the current Q-value, the next type of step is tried. The 

iterative process continues until either the change in 

the Q-value is less than one part in 10' and the parame- 

ter variance-covariance matrix is positive definite, or 

none of the step types yield a lower Q-value. 

If the change in Q estimated from the matrix step is 

negative, the sequence of steps that are tried is 

(1) matrix step, (2) half matrix step, (3) gradient step, 

(4) one fifth of the gradient step, and (5) one twentieth 

of the matrix step. If the change in Q that is estimated 
from the matrix step is positive, it is assumed that the 

parameter changes indicated by the matrix step are in the 

wrong direction. Therefore, the parameter changes esti- 

mated for the half matrix step are reversed and the 

resulting Q-value computed. If this reversed half matrix 

step fails, the gradient and succeeding steps are tried. 



T h i s  s e r i e s  o f  s t e p  t y p e s  h a s  per formed w e l l  i n  t h e  p r o b -  

lems t h a t  it h a s  been t e s t e d  on.  I n  g e n e r a l ,  t h e  m a t r i x  

h a l f  s t e p  and t h e  g r a d i e n t  s t e p  (and o c c a s i o n a l l y  t h e  

r e v e r s e d  m a t r i x  h a l f  s t e p )  a r e  prominent  i n  b r i n g i n g  t h e  

i t e r a t i v e  p r o c e s s  under  t h e  i n f l u e n c e  o f  t h e  minimum on 

t h e  Q-value  s u r f a c e  where t h e  m a t r i x  s t e p  becomes domi- 

n a n t .  The g u a r a n t e e d  d r o p  i n  Q-value  from one i t e r a t i o n  

t o  t h e  n e x t  t e n d s  t o  save  t ime  by r e d u c i n g  t h e  numbers 

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

4 .  A new s u b r o u t i n e  h a s  been i n c l u d e d  i n  t h e  BUFIT program. 

I t  c a l c u l a t e s  t h e  c r o s s  s e c t i o n  r a t i o s  and t h e i r  one 

s t a n d a r d  d e v i a t i o n  e r r o r s  from t h e  f i t t e d  p a r a m e t e r s  and 

t h e i r  v a r i a n c e - c o v a r i a n c e  ' m a t r i x .  

The s i n g l e  p r e c i s i o n  BUFIT i s  a  l i t t l e  f a s t e r  and a  l i t t l e  

l e s s  r e l i a b l e  t h a n  t h e  double  p r e c i s i o n  DBUFIT code .  The 

DBUFIT code t y p i c a l l y  r e q c i r c s  3 seconds  p e r  i t e r a t i o n  

f o r  a  uranium-plu tonium c a s e  i n c l u d i n g  d a t a  from s i x  

s p e n t  f u e l  s amples .  S t a r t i n g  w i t h  rough i n i t i a l  parame- 

t e r  e s t i m a t e s ,  i t  converges  t o  t h e  b e s t  f i t  p a r a m e t e r s  

i n  from 10 t o  25 i t e r a t i o n s .  The BUFIT and DBUFIT codes  

have been  encoded i n  FORTRAN V language  f o r  u s e  on t h e  

UNIVAC-1108 computer .  These codes  a r e  a v a i l a b l e  upon 

r e q u e s t .  
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M U L T I P L I C A T I O N  DEPENDENCE ON ENERGY AND ANGULAR D E T A I L  I N  

TRANSPORT THEORY C A L C U L A T I O N S  

S.  R .  D w i v e d i *  

P r e d i c t i n g  t h e  l e a k a g e  from c l e a n ,  c r i t i c a l  a s s e m b l i e s  i s  

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

The r e s u l t s  o f  p r e v i o u s  a n a l y t i c a l  s t u d i e s  on s e l e c t e d  

t h e r m a l  r e a c t o r  sys t ems  ( ' j 2 )  show t h a t  a  s y s t e m a t i c  d i f f e r e n c e  

i n  c a l c u l a t e d  v a l u e s  o f  ke f f  o c c u r s  u s i n g  d i f f u s i o n  t h e o r y  and 

t r a n s p o r t  t h e o r y .  A prior;, i t  i s  expec ted  t h a t  t r a n s p o r t  

t h e o r y  i s  more a c c u r a t e  and t h a t  any d i f f e r e n c e s  o c c u r r i n g  

between d i f f u s i o n  and t r a n s p o r t  t h e o r y  r e s u l t s  i s  a t t r i b u t a b l e  

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

The o b j e c t  o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  s e n s i t i v i t y  

o f  c a l c u l a t e d  v a l u e s  o f  ke f f  t o  t h e  amount o f  ene rgy  and 

a n g u l a r  d e t a i l  u sed  i n  a  t r a n s p o r t  t h e o r y  s o l u t i o n  f o r  a  

t h e r m a l  r e a c t o r  problem. Two homogeneous s p h e r i c a l ,  c r i t i c a l  

r e a c t o r s  (3) were s e l e c t e d  f o r  t h e  s t u d y  t o :  (1)  minimize t h e  

approx ima t ions  a s s o c i a t e d  w i t h  r e a c t o r  geometry,  and ( 2 )  have 

a  h i g h  l e a k a g e  sys t em.  The sys t ems  were aqueous p l u t o n i u m  

n i t r a t e  s o l u t i o n s  c o n t a i n e d  i n  a  s t a i n l e s s  s t e e l  vesse l '  w i t h  

one r e a c t o r  b a r e  and t h e  o t h e r  r e f l e c t e d  w i t h  H 2 0  A b r i e f  

d e s c r i p t i o n  o f  t h e  sys t ems  a r e  g i v e n  i n  T a b l e  2 . 1 .  

TABLE 2.1. Description of the ~eactors'l' 

Plutonium N i t r a t e  
Bare Sphere  

P lu tonium N i t r a t e  
R e f l e c t e d  Sphere  
( R e f l e c t o r  t h i c k  
n e s s  = 31.5 cm) 

C r i t i c a l  H/Pu, S o l u t i o n  Diamete r ,  
Mass, kg atom r a t i o  ID, cm 

1 . 1 8  668 38.608 

* Visiting Scientist from Bhabha Atomic Research Centre, 
Bombay, India. 



The calculations were performed using the HRG (4) and 
BATTELLE-REVISED THERMOS codes to compute the multigroup 

spectra and group constants along with DTF-IV (6) code to cal- 

culate the system leakage and multiplication, keff. 

The dependence of keff on energy group detail was calcu- 

lated using the S-4 approximation in DTF-IV with different 

multigroup structures, and the results are presented in 

Table 2.2. The number of groups was varied from four to 

twenty with varying group boundaries. The group structures 

used are shown in Table 2.3. 

TABLE 2.2. CalcuZated Values of k 
eff 

for Different Multi-Group 
Structures 

Total No. 
of Groups 

20 

in the Energy Aange, 
10 to 0.1 MeV 

la> 
keff 

Bare Sphere Reflected Sphere 

1.0179 1.0334 

a. Experimental k 
eff 

= 1 . 0 0 0  

Since the maximum number of groups at high energies is 

limited by the minimum lethargy width of 0.25 in HRG, the 

value of keff obtained from the 20-group calculation can be 

assumed to be the most accurate. Relative to this value of 

keff. it is seen that the multiplication is sensitive to both 

the number of energy groups and the group structure. From a 



p r a c t i c a l  s t a n d p o i n t ,  10-group model w i t h  s i x  h i g h  ene rgy  

groups  i s  s u f f i c i e n t ,  i n  t h a t  kef f  i s  a c c u r a t e  t o  w i t h i n  

2 0 . 2 % .  The 10-group model was o b t a i n e d  by a r r a n g i n g  t h e  

l e v e l s  i n  t h e  ene rgy  range  0 . 1  t o  10 MeV, such t h a t  n e a r l y  

e q u a l  number of  f i s s i o n  n e u t r o n s  a r e  g e n e r a t e d  i n  each  g roup ,  

i . e . ,  t h e  f i s s i o n  spect rum i s  a lmos t  c o n s t a n t .  I t  i s  a l s o  

s e e n  from t h e  r e s u l t s  i n  Tab le  2 .3  t h a t  t h e  m u l t i p l i c a t i o n  i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  energy d e t a i l  below t h i s  r ange  

( i . e . ,  ~ 0 . 1  MeV). 

TABLE 2.3. 

2 0  
Groups 

Group Structure (Lower Energy Boundaries in e V )  

18  1 2  10 8  6 4 
Groups Groups Groups Groups Groups Groups 



The e f f e c t s  o f  h i g h e r  o r d e r  Sn approx ima t ions  on t h e  

c a l c u l a t e d  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  2 . 4 .  These r e s u l t s  

show a '0.04% e f f e c t  on k e f f  i n  going  from S-16 t o  S -8  and a  
< 
= 0 . 2 %  e f f e c t  i n  go ing  from S - 8  t o  S-4 independen t  of  number 

o f  g roups .  Thus,  i t  i s  concluded t h a t  a 10-g roup  S - 8  c a l c u l a -  

t i o n  i s  s u f f i c i e n t  i n  a c c u r a c y .  

T A B L E  2 . 4 .  E f f e c t s  o f  Us ing  Higher  Order  Sn Approx ima t ion  

T o t a l  No. k e f f  
o f  Groups S n - o r d e r  Bare Sphere  R e f l e c t e d  Sphere  

A comparison between v a l u e s  of  k  
e f f  o b t a i n e d  u s i n g  d i f -  

f u s i o n  t h e o r y  (HTN) (" and t r a n s p o r t  t h e o r y  i s  made i n  

Tab le  2 .5 .  The t a b l e  shows t h a t  d i f f u s i o n  t h e o r y  g i v e s  

r e s u l t s  which a r e  i n s e n s i t i v e  t o  number of  groups  whereas  

t r a n s p o r t  t h e o r y  r e s u l t s  a r e  s e n s i t i v e .  A l s o ,  t h e  d i f f u s i o n  

t l - ~ o r y  r e s u l t s  a g r e e  b e t t e r  w i t h  expe r imen t .  T h i s  c o n c l u s i o n  

does  n o t  i n d i c a t e  t h a t  t h e  lower  o r d e r  d i f f u s i o n  t h e o r y  i s  

=ore  a c c u r a t e ,  b u t  p r o b a b l y  t h a t  compensa t ing  e r r o r s  e x i s t  i n  

t h e  c a l c u l a t i o n a l  modei.  I t  w i l l  be  i n t e r e s t i n g  t o  p i n p o i n t  

t h o s e  e r r o r s  and t o  i n v e s t i g a t e  t h e  r e g i o n  where d i f f u s i o n  

t h e o r y  w i l l  n o t  be a b l e  t o  compensate t h o s e  e r r o r s .  

TABLE 2 . 5 .  Comparison Between R e s u l t s  o f  T r a n s p o r t  Theory  and 
D i f f u s i o n  Theory  C a l c u l a t i o n s  

C a l c u l a t i o n a l  k e f f  
No, o f  Groups Mode Bare Sphere  R e f l e c t e d  Sphere  

T r a n s p o r t  1 .0211  1 .0373  
D i f f u s i o n  1.0140 1.0194 
T r a n s p o r t  1 .0839 1 .1059 
D i f f u s i o n  1 .0133 1.0192 



Based upon t h e  r e s u l t s  p r e s e n t e d  h e r e  t h e  f o l l o w i n g  con-  

c l u s i o n s  can  be  drawn: 

a T r a n s p o r t  t h e o r y  r e s u l t s  a r e  v e r y  s e n s i t i v e  t o  t h e  number 

o f  m u l t i g r o u p s  used  t o  d e s c r i b e  t h e  f i s s i o n  s p e c t r u m ,  and 

t h e  b e s t  e s t i m a t e  o f  k e f f  can  be  o b t a i n e d  when t h e  f i s s i o n  

spec t rum i s  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  f a s t  e n e r g y  

g roups .  

a Using t h e  10- g roup  s t r u c t u r e  a s  d e s c r i b e d  i n  T a b l e  2 .3 ,  

t h e  v a l u e  o f  k e f f  can  be  c a l c u l a t e d  w i t h i n  t h e  a c c u r a c y  

o f  0 . 2 %  ( i n  comparison t o  20-group model ) .  

a For  h i g h  l e a k a g e  sys t ems  a s  d e s c r i b e d  above ,  t h e  S - 8  

approx ima t ion  i s  s u f f i c i e n t .  S-4 t h e o r y  o v e r e s t i m a t e s  

t h e  e i g e n v a l u e  by 0 . 2 % .  

a D i f f u s i o n  t h e o r y  i s  i n s e n s i t i v e  t o  t h e  number o f  m u l t i -  

groups  used  i n  t h e  h i g h  ene rgy  r e g i o n .  Compensating 

e r r o r s  must e x i s t  i n  t h e  d i f f u s i o n  t h e o r y  c a l c u l a t i o n s  

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

t r a n s p o r t  t h e o r y .  These compensatory e r r o r s  a r e  d i f f e r e n t  

from t h e  one c u s t o m a r i l y  e n c o u n t e r e d ,  i . e . ,  compensa tory  

e r r o r s  due t o  b a s i c  c r o s s - s e c t i o n s  and spec t rum model. 

The most e l a b o r a t e  t r a n s p o r t  t h e o r y  c a l c u l a t i o n s  o v e r -  

e s t i m a t e  k e f f  by abou t  1 . 5 %  f o r  t h e  b a r e  sys t em and a b o u t  

3% f o r  r e f l e c t e d  sys t ems .  The r e a s o n s  f o r  t h e s e  e r r o r s  

a r e  n o t  known; however,  t h e  f i r s t  a r e a  t o  a t t a c k  seems t o  

be t h e  s p a t i a l - s p e c t r a l  model ( e . g . ,  p e r h a p s  t h e  r e f l e c t e d  

s p h e r e  needs  t o  be  d e s c r i b e d  by m u l t i p l e  c o r e  and r e f l e c -  

t o r  r e g i o n s  w i t h  d i f f e r e n t  group c o n s t a n t s ) .  
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* H E T E R O G E N E I T Y  C O R R E C T I O N  T O  F A S T - F I S S I O N S  

S.  R. D w i v e d i *  

I n  t h e  a n a l y s i s  o f  l i g h t - w a t e r  modera ted ,  e n r i c h e d  

uranium o r  p lu ton ium l a t t i c e s ,  t h e  f a s t  f i s s i o n  i n  2 3 8 ~  i s  

u s u a l l y  o b t a i n e d  from m u l t i g r o u p  c a l c u l a t i o n s  o f  t h e  f a s t  

n e u t r o n  spec t rum o f  t h e  f i n i t e  homogenized l a t t i c e .  I n  t h i s  

u s u a l  approach  one n e g l e c t s  a  h e t e r o g e n e i t y  c o r r e c t i o n  

( s p a t i a l  e f f e c t )  i n  t h e  f a s t  ene rgy  r a n g e .  T h i s  e f f e c t  i s  

r e l a t i v e l y  s m a l l  because  of t h e  long  mean f r e e  p a t h  f o r  neu-  

t r o n s ,  b u t  i t  i s  n o t  n e g l i g i b l e .  The o b j e c t  of  t h i s  s t u d y  

was t o  d e t e r m i n e  how l a r g e  an e r r o r  i s  i n t r o d u c e d  i n  t h e  c a l -  

c u l a t e d  kef f  of  t y p i c a l  e n r i c h e d  U02 l a t t i c e s  by n e g l e c t i n g  

t h e  s p a t i a l  d e t a i l .  Mul t ig roup  c a l c u l a t i o n s  f o r  t h e  homo- 

geneous c e l l s  were c a l c u l a t e d  u s i n g  t h e  HRG code .  (1)  

The u n i t  c e l l  was assumed t o  c o n s i s t  o f  t h e  f u e l  r e g i o n  

and modera tor  r e g i o n ,  and t h e  c o l l i s i o n  e q u a t i o n s  were s o l v e d  

u s i n g  a  c o n s t a n t  f i s s i o n  s o u r c e  i n  t h e  f u e l  r e g i o n .  The 

. s * V i s i t i n g  S c i e n t i s t  from Bhabha A tomic  R e s e a r c h  C e n t r e ,  
Bombay, I n d i a .  



reaction rate in 2 3 8 ~  nuclei was obtained using a well known 

variational principle. The calculations were performed only 

for neutrons having energies greater than 1.35 MeV. 

The neutron balance equation can be written as 

where 

i = 1, 2 

j = all the nuclei in region i 
th Vi = volume fraction of i region 

a ? =  microscopic scattering cross-section with neutron 
J 

energy remaining above 1.35 MeV after scattering 

N = nuclei density 
j 
B = fraction of fission neutrons generated above 

1.35 MeV 

v.uf = number of neutrons generated due to fast fissions 
1 i 

in nuclei j 

rem zt = zi S 
i + zi 

rem 
,Yrem = vi ,Y N. ui 

j J 

rem 
0 

j 
= removal cross-section of j th nuclei 

S = uniformly distributed source in region 1 

j = probability of a neutron generated uniformly in 

region i to have its first collision in region j. 



Equation (1) can be written in a matrix form as 

where 

z; PZ2 - 1; I 
We are interested in the reaction rate in 2 3 8 ~  due to the 

f fission source S. If zu is the fission cross section of 238u 
9 

then the required quantity is 

The variational principle which can be used to calculate this 

quantity is given by 

where the superscript T represents the transpose of the matrix 

and [ $ * I  is the solution of the adjoint equation 

where 

I f t f 
[H*]  = (Bvzl + Z:) Pll - L1, (BvZl + z:) P12 " p21 z; P22 - z; I 



The first order approximation to the direct and adjoint 

fluxes to be used in equation (2) can be obtained from the 

solution for the corresponding homogeneous l'attice cell. The 

stationary behavior of the variational principle will cause a 

second order error in the uranium reaction rate. The neutron 

balance equation for a homogeneous cell can be formed by sub- 
0 stituting Pij (the collision probabilities in homogeneous mix- 

ture) in place of Pij in equations (1) and (3). The solutions 

to these equations will be given by 

and 

where the superscript o represents the homogeneous solution. 

Using these values of direct and adjoint fluxes in the 

variational principle (2) the ratio of reaction rates in 238u 

nuclei in heterogeneous to the homogeneous case can be given by 

where 6Pc is the difference in first flight collisions in 

uranium due to the heterogeneity of the lattice. 



Using the Glasstone and Edlund definition of E (the 

fast-fission factor), the heterogeneity contribution to the 

eigenvalue can be given by 

where vZ8 = average v for 2 3 8 ~  above 1.35 MeV. The following 

equations were used in deriving equation (6) 

28 
- - - -  'he t 

(E - 1 28 - Y 
. )horn &horn 

628 = fast-fission ratio of 238u 

The error in keff caused by neglecting heterogeneity in 

the calculation of fast fission in 2 3 8 ~  was calculated for 

five enriched uranium lattices with different moderator-to-fuel 

volume ratios. The macroscopic cross sections were obtained 

from HRG, and pZet, the first flight collision probability 
with uranium nuclei, was calculated from the following relation 

given by Nordheim (3) 



In this equation, C is the Dancoff correction factor calculated 

with the code DASQHE; (4) i is the mean chord length in the rod; 

Co is the macroscopic total cross-section of U02; and Po is the 

escape probability given by Case, deHoffman and Placzek: (5 

Po (x) = x {2x [lXl(x) Il(x) + Ko(x) ~ ~ ( x ) ]  

where x = r.Co, r = radius of the rod. The results of the cal- 

culations are presented in Table 2.6. The error in k, due to 

neglecting heterogeneity in the calculation of fast fissions 

in 2 3 8 ~  is always less than 5 mk. 

TABLE 2 .  6 .  

Lattice, 
Enrichment 

(2.734%) 

H e t e r o g e n e i t y  C o r r e c t i o n s  

Rod Radius, vm/vf, 
cm Vol. Ratio 

0.389 1.048 

t o  F a s t - F i s s i o n s  
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A N  E Q U I V A L E N C E  A P P R O X I M A T I O N  FOR U S E  I N  A P P L Y I N G  THE DUNN F L U X  

P E A K I N G  OR D I P P I N G  C O R R E C T I O N  T O  P I N  A C T I V I T I E S  

C.  L .  B e n n e t t  a n d  D .  R .  O d e n  

I n  pe r fo rming  l a t t i c e  pa ramete r  measurements by f o i l  

a c t i v a t i o n  t e c h n i q u e s ,  i t  i s  i m p o r t a n t  t o  c o r r e c t  f o r  t h e  

peak ing  o r  d i p p i n g  o f  t h e  f l u x  i n  t h e  f o i l  w i t h  r e s p e c t  t o  

t h e  s u r r o u n d i n g  media,  e s p e c i a l l y  i n  t h e  the rmal  ene rgy  range .  

One such method t h a t  i s  b o t h  r e a s o n a b l y  a c c u r a t e  and s i m p l e  

t o  app ly  i s  t h e  Dunn approx imat ion .  ( I )  T h i s  method h a s  been 

r o u t i n e l y  a p p l i e d  t o  f o i l  (most ly  round and s q u a r e  shaped)  

a c t i v i t i e s  i n  t h e  a n a l y s i s  of  PCTR exper imen t s  s i n c e  about  . 
1967. I n  a d d i t i o n  t o  t h e  s t a n d a r d  f o i l  d a t a  i n  such  

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

o b t a i n e d  a l s o .  The u s u a l  p rocedure  i n  t h e  p a s t  h a s  been t o  

on ly  u s e  t h e  p i n  d a t a  ( u n c o r r e c t e d )  f o r  i n f e r r i n g  c e l l  s p a c i a l  

shape  d e t a i l  and a s  backup f o r  $he s t a n d a r d  f o i l  d a t a .  There-  

f o r e ,  i n  o r d e r  t o  i n c r e a s e  t h e  u s e f u l n e s s  o f  t h i s  d a t a ,  some 

s o r t  o f  a f o i l  peak ing  o r  d e p r e s s i o n  c o r r e c t i o n  method was 

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

We dec ided  f i r s t  t o  d i r e c t l y  app ly  t h e  Dunn approximat ion  

by o b t a i n i n g  an approximate  e q u i v a l e n c e  r e l a t i o n s h i p  between 

f i n i t e  s l a b s  and c y l i n d e r s  and t h e n  p o s s i b l y  a t  some l a t e r  

d a t e ,  e i t h e r  t a k e  t h e  more obvious  d i r e c t  approach of  

e x p l i c i t l y  d e r i v i n g  a f i r s t  o r d e r  p i n  c o r r e c t i o n  o r  u s e  some 

o t h e r  more a c c u r a t e  c o r r e c t i o n  method. 

F i r s t ,  t h i s  n o t e  b r i e f l y  o u t l i n e s  t h e  Dunn approx imat ion ,  

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

r e l a t i o n s h i p s  ( a c t u a l l y  two a r e  invo lved)  r e q u i r e d  t o  app ly  

t h e  c o r r e c t i o n  t o  p i n s ,  and f i n a l l y  i t  summarizes t h e  r e s u l t i n g  

p rocedure  f o r  a c t u a l l y  u s i n g  t h i s  method. 



The Dunn Approximation 

If A is the activation of a square or round foil of 

thickness t and A. is the activation that would occur if the 

flux in the foil were the same as in the surrounding medium 

then Dunnls approximation can be written as 

A. med. - = 1 - (za B 
A - zioil) t ln -, t 

L(width) , square foils 
B = {  

D(diameter) , round foils 

where edge effects have been neglected. 

Equivalence Relationships 

As previously mentioned, two equivalence relationships 

are needed to directly apply the Dunn approximation to pin 

activities. The first, establishing a cylindrical equivalent 

to ~ / t ,  is obtained using mean chord length arguments; the 

second, obtaining explicitly the cylindrical equivalent to 

the slab thickness t, is obtained primarily using self- 

shielding arguments. 

B/t Equivalence 

The mean chord lengths for infinite slabs and cylinders 

are, respectively: 

- w 
'slab = 2t 

and iW 
CY 1 

= 2r. 

If the ratio of these mean chord lengths is defined as Cw, 

then 
- w 

C E 'slab - - - t 
w - w 

R 
r 

CY 1 



Keeping t h i s  d e f i n i t i o n  i n  mind, we w i l l  c o n s i d e r  bo th  round 

and square  f o i l s ,  s i n c e  B can r e f e r  t o  e i t h e r .  

Square F o i l s  

The mean chord  l e n g t h s  f o r  f i n i t e  s l a b s  ( square  f o i l s )  

and c y l i n d e r s  ( p i n s )  a r e ,  r e s p e c t i v e l y :  

- - - 4 t  L~ - - 2 t 
' s l ab  2 t 2 L~ + 4 L t  1 + - L 

where L i s  t h e  wid th  and t t h e  t h i c k n e s s ,  

and a - - 4~ r'h - - 2 r  
Cyl 2 ~ r h + 2 1 ~ r  2 r 1 ~+ Ji 

where h  i s  t h e  h e i g h t  and r t h e  r a d i u s .  

I f  t h e  r a t i o  of  t h e  f i n i t e  mean chord  l e n g t h s  i s  now 

de f ined  a s  C ,  t hen  

I n  t h e  l i m i t  a s  h  and L go t o  i n f i n i t y ,  C becomes C m .  I f  r / h  

and 2 t / L  a r e  bo th  s m a l l ,  C m  can be used as a  r e a sonab l e  

approximat ion t o  C .  T h e r e f o r e ,  r e p l a c i n g  C by C m  i n  Equa- 

t i o n  ( 7 )  and s o l v i n g  f o r  L / t  r e s u l t s  i n  

Round F o i l s  

The mean chord l e n g t h  f o r  a  d i s k  o f  d iamete r  D and t h i c k -  

ne s s  t i s  
-l 



If idisk is used instead of islab in an expression similar to 
Equation ( 7 ) ,  i.e., 

and if, as before, C '  is approximated by Cm (Cm remains 
- - 00 

unchanged since idisk - 'slab ) ,  the resulting equation can be 

solved for D/t, giving 

The RHS of Equation (11) is the same as the RHS of 

Equation (8), so for a given thickness, D is equivalent to L. 
This is the same assumption Dunn used. Therefore, the first 

equivalence says 

Foil Thickness Equivalence 

For small r ( r  - im zt/2), the self-shielding factors for 
infinite slabs and cylinders emersed in an isotropic flux can 

be approximated (neglecting scattering effects) as follows: ( 3 )  

f E l - - '  
CY 1 : CY~[! - 'cyl + 1.365191)) (13) 

1 
fslab " ' - 2 'slab .922784 - In rslab slab + - '  

where = and r 
CY 1 

= r O .  Therefore, given an 

infinite cylinder of radius r, the equivalent thickness, t, of 

an infinite slab of the same material, which gives the same 

self shielding factor as the cylinder, can be found by simply 

equating Equations (13) and (14). The resulting expression 



= T s l a b  .922784 - I n  + - T 
3  s l a b  1 

a l s o  h o l d s  t r u e  i f  t h e  u s u a l  s c a t t e r i n g  c o r r e c t i o n ( 4 )  i s  made 

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

I 

f  - - 0 

c o r r  1 - C ( 1  - f o )  

where C = (zs/Ct)  Equa t ing  t h e  c o r r e c t e d  s e l f  - s h i e l d i n g  

f a c t o r s ,  i . e . ,  

and u s i n g  Equa t ions  (13) and ( 1 4 ) ,  r e s p e c t i v e l y ,  f o r  f 
CY 1 

and 

f s l a b 9  r e s u l t s  i d e n t i c a l l y  i n  Equa t ion  ( 1 5 ) .  Equa t ion  (15) 

c o u l d  be  s o l v e d  by i t e r a t i o n  f o r  T~~~~ and hence t e x c e p t  

t h a t  t h e  r e s u l t i n g  t h i c k n e s s  would r e f e r  t o  an e q u i v a l e n t  

i n f i n i t e  s l a b  i n s t e a d  o f  a  f i n i t e  one .  For  t h i s  r e a s o n  a  

s l i g h t l y  d i f f e r e n t  approach  i s  used .  Equa t ions  (13) and (14) 

a r e  assumed t o  a l s o  h o l d  f o r  f i n i t e  s l a b s  and c y l i n d e r s ,  which 

i s  i n  keep ing  w i t h  o u r  p r e v i o u s  a s sumpt ions  o f  s m a l l  r / h  and 

2 t / L .  E q u a t i o n s  (13) t h r o u g h  (15) a r e ,  t h e r e f o r e ,  unchanged 

e x c e p t  f o r  t h e  d e f i n i t i o n  o f  T which would be 



More specifically, 

pin 
t C *  

- - L 

and 'slab 2 t 1 + -  
B 

Substituting our first equivalence, Equation (12) into Equa- 

tion (20) gives 

- t q n  
T --  
slab r (21) 

l + I i  

Solving Equation (21) for t results in our second equivalence 

expression 

Pin Activitv Correction 

The desired result (an approximate flux peaking or dipping 

correction for pin shaped foils) is obtained by substituting 

Equations (12) and (22) into Equation ( I ) ,  which then becomes 

slab 

Finally, the following summarizes the simple procedure leading 

1. Determine C med pin Cpin, and za . a ' t  

2. Calculate T 
CY 1 

from Equation (19). 



3. C a l c u l a t e  t h e  LHS o f  Equa t ion  (15) and t h e n  s o l v e  f o r  

T s l a b  by i t e r a t i o n .  

4 .  C a l c u l a t e  (Ao/A)pin from Equa t ion  ( 2 3 ) .  

5 .  C o r r e c t  t h e  measured a c t i v i t y  v i a  A 
c o r r  - - meas. 
p i n  Ap i n  

Added Comments 

S i n c e  t h e  r e s u l t s  h e r e  a r e  based  on monoenerget ic  con-  

s i d e r a t i o n s ,  Equa t ion  (23) a c t u a l l y  e x p r e s s e s  t h e  ene rgy  

dependent  r a t i o  o f  t h e  u n p e r t u r b e d  t o  t h e  p e r t u r b e d  f l u x ,  

mo(E)/m(E). The p r o p e r  spec t rum weighted  form o f  Equa- 

t i o n  (23) can be shown t o  be  

1 - 1 
A. a c t  = 

- (1 + i) I n  ($)BiE)) ] 
where 1 

(1 - 1 + ) 1, ($)B[E) 

- / [I - (1 + 
1n ( f )B(E) ] - I  m m e d  ( E )  zp in  ( E)  dE 

- a c t  

pin ( E )  d~  
(25) pmed (El P a c t  

T 

and 6 (E) E ( E l  - L a  pin (E)) .  
zpin (E) t 

For e s t i m a t i n g  p u r p o s e s ,  t h e  s imple  f i v e  s t e p  p rocedure  

can  be r e t a i n e d  by u s i n g  u n p e r t u r b e d  spect rum average  c r o s s  

s e c t i o n s .  
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B A T C H  C O R E  B U R N U P  D A T A  

R .  P .  M a t s e n  

D e s t r u c t i v e  a n a l y s i s  d a t a  from samples  c u t  f rom PRTR r o d s  

have been r e c e i v e d ,  p l o t t e d  f o r  c o n s i s t e n c y  c h e c k s ,  and p r o -  

c e s s e d  th rough  t h e  ISODIL burnup a n a l y s i s  code .  Twenty- four  

samples  were c u t  from r o d s  e x t r a c t e d  from t h e  r e a c t o r  d u r i n g  

t h e  f i r s t ,  s e c o n d ,  and t h i r d  i n t e r i m  shutdowns.  When t h e  

b a s i c  d a t a  were r e c e i v e d  from a n a l y t i c a l  c h e m i s t r y ,  i t  was 

p l o t t e d  i n  o r d e r  t o  d i s c o v e r  i n a c c u r a t e  measurements .  .A much 

lower p e r c e n t a g e  o f  t h e s e  i n a c c u r a t e  measurements e x i s t s  among 

t h i s  d a t a  t h a n  f o r  any s e t  r e c e i v e d  t o  d a t e .  The few q u e s t i o n -  

a b l e  r e s u l t s  were s u b m i t t e d  f o r  r e a n a l y s i s .  I n  a d d i t i o n ,  

s e v e r a l  samples  of  u n i r r a d i a t e d  f u e l  have been  s u b m i t t e d  f o r  

a n a l y s i s  i n .  o r d e r  t o  e n s u r e  t h a t  t h e  d a t a  f o r  t h e  z e r o  burnup 

p o i n t  i s  a s  r e l i a b l e  a s  t h a t  from t h e  o t h e r  samples .  

R e s u l t s  from t h e  ISODIL code r e v e a l  t h a t  t h e  maximum 

sample exposure  was approx ima te ly  9 0 0 0  MWdIMTM f o r  ( a s  e x p e c t e d )  

a  sample c u t  f rom t h e  middle  of  a  r e p l a c e a b l e  rod  t a k e n  from a  

r i n g - o n e  e l emen t  d u r i n g  t h e  t h i r d  i n t e r i m  shutdown. I n p u t  * 
d a t a  f o r  a  l e a s t  s q u a r e s  burnup a n a l y s i s  code BUFIT was 

* See R. P. Matsenrs "Program BUFIT: A Least Squares Code for 
the Analysis of Burnup DataN in this report. 



punched v i a  t h e  ISODIL code f o r  f o u r t e e n  samples  t a k e n  from 

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

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

e x t r a c t  c r o s s  s e c t i o n  r a t i o  i n f o r m a t i o n ,  h a s  begun. 

PRTR BATCH C O R E  - C R I T I C A L  TEST N O .  4 

J .  H .  L a u b y  a n d  L. D.  W i l l i a m s  

The f o u r t h  i n t e r i m  c r i t i c a l  t e s t s  were conducted  on t h e  

55 f u e l - e l e m e n t  Batch Core l o a d i n g  a t  t h e  PRTR a t  an ave rage  

c o r e  burnup of 5330 MWd/MTM. T e s t s  were a l s o  conducted  on two 

s m a l l e r  l o a d i n g s  o f  31 and 19 f u e l  e l e m e n t s .  Modera tor  l e v e l  

wor th  measurements were made u s i n g  c r i t i c a l  approach  and 

p o s i t i v e  p e r i o d  t e c h n i q u e s .  Data  were o b t a i n e d  a t  t h r e e  d i f -  

f e r e n t  modera to r  l e v e l s  (100,  95 ,  and 9 0  i n . )  f o r  each  o f  t h e  

l o a d i n g s .  R e a c t o r  o s c i l l a t o r  measurements were a l s o  made f o r  

each  c o n f i g u r a t i o n  a t  t h e  h i g h  modera to r  l e v e l .  

The ' O B  c o n c e n t r a t i o n s  f o r  each  c r i t i c a l  c o n f i g u r a t i o n  

were de te rmined  by r e a c t i v i t y  comparisons made i n  t h e  Thermal 

T e s t  R e a c t o r  (TTR) u s i n g  s t a n d a r d  samples .  A n a l y s i s  o f  t h e  

1 ° B  c o n c e n t r a t i o n  measurements i s  i n  p r o g r e s s .  

Moderator  l e v e l  r e a c t i v i t y  c o e f f i c i e n t s  f o r  each  l o a d i n g  

and boron  c o n c e n t r a t i o n  were c o n s i s t e n t  w i t h  p r e v i o u s  measure-  

ments .  C r i t i c a l  modera to r  h e i g h t  and o n e - s t a n d a r d  d e v i a t i o n  

u n c e r t a i n t i e s  f o r  each  c r i t i c a l  l o a d i n g  were de te rmined  from 

t h e  p o s i t i v e  p e r i o d  measurements u s i n g  program LEARN. F i n a l  

a n a l y s i s  o f  t h e  modera to r  l e v e l  r e a c t i v i t y  c o e f f i c i e n t s  and 

c r i t i c a l  modera to r  h e i g h t  i s  a w a i t i n g  t h e  1 ° B  r e s u l t s .  

A n a l y s i s  o f  t h e  r e a c t o r  o s c i l l a t o r  expe r imen t s  i s  com- 

p l e t e .  The r e s u l t s  o f  measurements of  @ / a ,  t h e  r a t i o  o f  t h e  

d e l a y e d  n e u t r o n  f r a c t i o n  t o  t h e  prompt n e u t r o n  l i f e t i m e ,  a r e  

summarized i n  T a b l e  2 . 7  a s  a  f u n c t i o n  of  burnup f o r  t h e  Batch 

Core expe r imen t .  



T A B L E  2 . 7 .  The R e s u l t s  o f  Measurements  of B / R  

Average Core Burnup, Core Size, 'OB ~ o n c .  , 
M W d / M T M  Fuel Elements wppm 'OB B / L ,  sec-I 

55 20.4 17.9 + 0.5 
77 (250 watt) 21.8 20 + 1 
77 (1 MW) 22.5 18.1 + 0.9 
55 13.8 15.1 + 0.6 
55 10 .'6 14.3 + 0.3 
31 5.9 10.4 + 0.5 
19 2.3 8.0 + 0.2 



F U E L S  TECHNOLOGY 

P R T R  H I G H  POWER D E N S I T Y  F U E L  E V A L U A T I O N S  

M.  D .  F r e s h l e y  a n d  T .  B .  Bu r l ey  

Mixed-oxide f u e l s  have been i r r a d i a t e d  i n  PRTR a s  p a r t  

of  t h e  ~ a t c h  Core Experiment  (BCE) t o  s i g n i f i c a n t  burnups a t  

power g e n e r a t i o n s  g r e a t e r  t h a n  t h o s e  employed i n  commercial  

power r e a c t o r s .  A c t u a l  peak l i n e a r  power g e n e r a t i o n s  were 

approx ima te ly  20 kW/ft w i t h  maximum f u e l  t e m p e r a t u r e s  ( abou t  

2600 O C )  n e a r  m e l t i n g .  Peak burnups a r e  approx ima te ly  

11,000 MWd/MTM. Although t h e  m a j o r i t y  o f  t h e  66 High Power 

D e n s i t y  n i n e t e e n - r o d  c l u s t e r  f u e l  e l emen t s  i n c l u d e d  i n  t h e  

Batch Core Experiment  were v i b r a t i o n a l l y  compacted powder 

f u e l ,  p e l l e t  f u e l  f a b r i c a t e d  by b o t h  t h e  h o t - p r e s s e d  and t h e  

c o l d - p r e s s e d - s i n t e r e d  p r o c e s s e s  was i n c l u d e d .  D e t a i l e d  p o s t -  

i r r a d i a t i o n  examina t ion  o f  s e l e c t e d  e l emen t s  and r o d s  from 

t h e  BCE i s  b e i n g  conducted  t o  e v a l u a t e  t h e  i r r a d i a t i o n  p e r f o r -  

mance o f  t h e  d i f f e r e n t  f u e l  t y p e s .  A summary o f  t h e  e l emen t s  

and rods  from t h e  BCE s e l e c t e d  f o r  d e t a i l e d  examina t ion  i s  

p r o v i d e d  i n  T a b l e  3 . 1 .  

Three  e l emen t s  (Fe-6065,  6520, and 6700) a s  i n d i c a t e d  i n  

Tab le  3 . 1  were t h o r o u g h l y  examined i n  t h e  PRTR b a s i n  t o  a s s e s s  

t h e i r  c o n d i t i o n .  I n  g e n e r a l ,  t h e  v i s u a l  examina t ion  i n d i c a t e s  

t h a t  t h e  c o n d i t i o n  o f  t h e  e l emen t s  i s  e x c e l l e n t  ( F i g u r e s  3 . 1  

th rough  3 .9 )  . 
Varying  amounts o f  a  l o o s e l y  a d h e r i n g  o r  f l a k e y ,  r e d d i s h -  

brown a p p e a r i n g  c r u d  h a s  formed on t h e  s u r f a c e s  of  t h e  e l emen t s  

a s  a  r e s u l t  o f  o p e r a t i o n  i n  t h e  n e u t r a l  pH c o o l a n t  i n  PRTR. 

The c r u d  d e p o s i t s ,  which were h e a v i e s t  on t h e  h e a t  t r a n s f e r  

s u r f a c e s  of  t h e  r o d s ,  had a  s p o t t y  appea rance  i n  some i n s t a n c e s  

( F i g u r e  3 .2 )  whereas t h e  t h i c k e r  a p p e a r i n g  d e p o s i t s  were more 

un i fo rm ( F i g u r e  3 . 5 ) .  T h i c k e r ,  n.on-uniform d e p o s i t s  a r e  a s s o -  

c i a t e d  w i t h  l o c a l i z e d  t u r b u l e n c e  on n o n- h e a t  t r a n s f e r  s u r f a c e s  



TABLE 3 .1 .  Summary o f  Elements  and Rods from t h e  Batch Core Experiment  
S e l e c t e d  for  D e t a i l e d  P o s t i r r a d i a t i o n  E v a l u a t i o n  

Estimated 
Peak Burnup, 
MWd/MTM 

10,000 

Element Rod Profilometer 
' ' S'ca'n 

X 
X 
X 

C; amma 
Scan 

X 
X 
X 

Number No. 

6065(~) FE-74 

Fuel Type 

VP,(d) U02-2 wt% Pu02 
I 

VP, U02-2 wt% Pu02 

4 
6520'~) #8(~) 

FR- 78 
# 7 (c) 

VP, U02-2 wt% Pu02 

1 
HP, uo - 2  wt% Pu02 
CPS,(~) ~ 6 2 - 2  wt% PuO2 
CPS, U02-2 wt% Pu02 

HP, U02-2 wt% Pu02 
HP, U02-2 wt% Pu02 

VP, U0,-2 wt% PuO, Low 

a .  Elements  s e l e c t e d  for  underwater  e x a m i n a t i o n  b e f o r e  d i s a s s e m b l y .  
b .  Rods i r r a d i a t e d  t o  low burnup under i d e n t i c a l  c o n d i t i o n s  i n  t h e  Fuel 

Element  Rupture  T e s t  F a c i l i t y  i n  PRTR. 
c .  Rods i n s t r u m e n t e d  t o  moni tor  i n t e r n a l  gas p r e s s u r e  and plenum gas 

t e m p e r a t u r e  d u r i n g  i r r a d i a t i o n .  
d .  V P  r e f e r s  t o  v i b r a t i o n a l l y  compacted. 
e .  UP r e f e r s  t o  h o t - p r e s s e d  p e l l e t  f u e l .  
f .  CPS r e f e r s  t o  c o l d - p r e s s e d - s i n t e r e d  p e l l e t  f u e l .  



F I G U R E  3 . 1 .  Top End Bracke t  Region o f  PRTR FE-6065 Showing t h e  
P o s i t i o n  o f  One RepZaceabZe Rod and SmaZZ Amounts 
o f  Whi te  Z irconium Oxide Corros ion  A s s o c i a t e d  w i t h  
t h e  F i s s i o n  Welds on t h e  S p i r a l  Wire Wraps and t h e  
Rod P in  Weld on t h e  End Bracke t  

FIGURE 3 . 2 .  Fuel  Rod Region o f  PRTR FE-6065 Showing S p o t t y  
Crud Depos i t  and a  C i rcumferen t iaZ  S t r i p  Band 



FIGURE 3 . 3 .  Top End B r a c k e t  R e g i o n  o f  PRTR FE-6520 Showing 
t h e  P i p i n g  A s s o c i a t e d  w i t h  t h e  I n s t r u m e n t e d  Rods  
and a  k m a i ~  Amount o f  W h i t e  Z i r c o n i u m  Ox ide  
C o r r o s i o n  on  t h e  Rod P i n  F i s s i o n  We lds  

FIGURE 3 . 4 .  Bo t t om  End B r a c k e t  R e g i o n  o f  PRTR FE-6520 



FIGURE 3 . 5 .  Fuel Rod Region  o f  PRTR FE-6520 Showing Appearance 
o f  Uni form Crud Depos i t  (Whi t e  a r e a s  a r e  s c u f f  
marks.  1 

F I G U R E  3 . 6 .  Top End B r a c k e t  Region  o f  PRTR FE-6700 Showing 
A x i a l  Abras ion  Marks on t h e  Wear Pads 



F I G U R E  3.7.  Bot tom End Bracke t  Region  o f  PRTR FE-6700 Showing 
t h e  Broken S p i r a l  Wire Wrap t h a t  Was S p l i c e d  
Remote ly  i n  t h e  Bas in  f ~ h e - w i r e  f r a c t u r e d  a t  t h e  
bend i n  t h e  end pZug.3 

FIGURE 3 . 8 .  Fuel  Rod Region  o f  PRTR FE-6700 Showing a Loose 
S p i r a l  Wire Wrap 



FIGURE 3.9. Fuel Rod Region of PRTR FE-6700 Showing TypicaZ 
Damage to a CircumferentiaZ Strip Band Caused by 
Snagging During Charge-Discharge 

such a s  end b r a c k e t s .  The gene ra l  amount of  crud d e p o s i t i o n  

on i n d i v i d u a l  elements v a r i e d  depending upon t h e  p o s i t i o n  of 

t h e  element i n  t h e  c o r e ,  i . e . ,  heav i e r  c rud  d e p o s i t s  appeared 

t o  have formed on elements t h a t  were l o c a t e d  i n  t h e  lower f l u x  

reg ions  of t h e  co re .  Crud d e p o s i t i o n  was a l s o  h e a v i e r  i n  t h e  

lower f l u x  reg ions  nea r  t h e  ends of  i n d i v i d u a l  e lements .  On 

some elements ,  t h e  crud was n o t i c e a b l y  heav ie r  on t h e  s i d e  of  

t h e  element t h a t  probably  faced  away from t h e  c e n t e r  of t h e  

r e a c t o r .  The t h i c k n e s s  and type of crud d e p o s i t s  ev iden t  on 

PRTR f u e l  element s u r f a c e s  a r e  n o t  s i m i l a r  t o  d e p o s i t s  t h a t  

have been a s s o c i a t e d  w i th  measurable e f f e c t s  on f u e l  c ladd ing  

h e a t  t r a n s f e r  o r  f u e l  channel  p r e s s u r e  drop.  The p o s s i b l e  

e f f e c t s  of t h e  c rud  d e p o s i t s  on f u e l  performance w i l l  be 

i n v e s t i g a t e d  more thoroughly dur ing  t h e  d e t a i l e d  d e s t r u c t i v e  

examination of t h e  rods .  



Small  amounts of  w h i t e  z i r con ium o x i d e  c o r r o s i o n  were 

a s s o c i a t e d  w i t h  t h e  s p o t  f u s i o n  welds  where t h e  s p i r a l  w i r e  

wraps a r e  a t t a c h e d  t o  t h e  end p l u g s  and where t h e  f u e l  r o d  

p i n s  a r e  a t t a c h e d  t o  t h e  end b r a c k e t s  ( F i g u r e s  3 . 1  and 3 . 3 ) .  

The s m a l l  amount o f  a c c e l e r a t e d  c o r r o s i o n  i n  t h e s e  l o c a l i z e d  

a r e a s ,  which was p r o b a b l y  caused  by impure c o v e r  gas  d u r i n g  

w e l d i n g ,  d i d  n o t  a f f e c t  f u e l  pe r fo rmance .  

F r a c t u r e d  s p i r a l  w i r e  wraps which were s p l i c e d  r e m o t e l y  

per formed s a t i s f a c t o r i l y  d u r i n g  c o n t i n u e d  i r r a d i a t i o n  

( F i g u r e  3 .7)  . 
Damaged c i r c u m f e r e n t i a l  s t r i p  bands caused  by s n a g g i n g  

d u r i n g  c h a r g e - d i s c h a r g e  o p e r a t i o n s  were obse rved  on some e l e -  

ments ( F i g u r e  3 . 9 ) .  I t  was n e c e s s a r y  t o  p e r i o d i c a l l y  r e p l a c e  

broken s t r i p  bands t o  p e r m i t  c o n t i n u e d  i r r a d i a t i o n  o f  t h e  

e l emen t s  i n  PRTR. 

Some o f  t h e  s p i r a l  wound s p a c e r  w i r e s  loosened  on e l emen t  

FE-6700 which c o n t a i n e d  h o t - p r e s s e d  p e l l e t  f u e l  ( F i g u r e  3 . 8 ) .  

No l o o s e  w i r e s  were obse rved  on v i b r a t i o n a l l y  compacted f u e l  

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

caused  by c o r e - c l a d  i n t e r a c t i o n  o r  c r e e p  induced by d i f f e r e n -  

t i a l  t h e r m a l  e x p a n s i o n  between t h e  w i r e  and t h e  f u e l  r o d s .  

There  was no e v i d e n c e  of f r e t t i n g  c o r r o s i o n  o r  c r u d  removal 

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

a r e  p r o b a b l y  t i g h t  d u r i n g  o p e r a t i o n .  

The s e l e c t e d  f u e l  r o d s  a r e  now b e i n g  removed from t h e  

e l e m e n t s  f o r  gamma and p r o f i l o m e t e r  s c a n n i n g  p r i o r  t o  commencing 

t h e  d e t a i l e d  d e s t r u c t i v e  examina t ion  i n  R a d i o m e t a l l u r g y .  

The d e t a i l e d  p o s t i r r a d i a t i o n  examina t ion  o f  s e v e n t e e n  

ceramographic  specimens from seven  v i b r a t i o n a l l y  compacted 

U02-Pu02 f u e l  r o d s  removed from t h e  PRTR c o r e  f o l l o w i n g  

I n t e r i m  C r i t i c a l  T e s t  No. 6 was comple ted  and t h e  r e s u l t s  a r e  

b e i n g  a n a l y z e d .  Peak burnups on t h e  r o d s  ranged from 3000 t o  



9000 MWd/MTM and peak linear rod power generations ranged from 

5 to 18 kW/ft. Preliminary evaluation of the data indicates 

good correlations between fission gas release fraction and 

fuel temperature and between the fuel structures formed during 

irradiation and rod power. None of the apparent anomalies in 

the fuel structure-rod power relationship, such as those which 

have been observed in low burnup vibrationally compacted fuel 

rods, were indicated in these higher burnup rods. This indi- 

cates that time-temperature dependent diffusion processes pro- 

vide more uniform and consistent structural features in 

vibrationally compacted U02-Pu02 fuels during extended 

irradiation. Comparison of the burnup data as determined by 

the Nd and Cs methods shows thqt Cs burnup values are lower 

than the Nd values in the central regions of the high power 

rods and higher than the Nd values in the end regions. These 

results illustrate the axial migration of Cs from the higher 

to the lower fuel temperature regions within a rod. 

PRTR E X T E N D E D  BURNUP FUEL EVALUATIONS 

M. D .  F r e s h l e y  and T .  B .  B u r l e y  

A variety of experimental U02 and U02-PuO elements con- 2 
taining 0.5, 1.0, and 2.0 wt% Pu02 were irradiated in PRTR 

fringe positions during the Batch Core Experiment. The purpose 

of these irradiations was to obtain information on the per- 

formance of selected pre-Batch Core vintage elements subjected 

to extended burnup. Some of the fringe elements have been 

undergoing irradiation in the PRTR since startup of the reactor 

in 1961 and have operated at advanced linear rod power genera- 

tions projected for light water reactors now being committed. 

A summary of representative elements and rods selected for 

detailed postirradiation evaluation of fuel performance is 

presented in Table 3.2. 



TABLE 3 . 2 .  Summary o f  Extended Burnup Elements  and Rods from Fringe  P o s i t i o n s  
o f  t h e  PRTR S e l e c t e d  f o r  D e t a i l e d  P o s t i r r a d i a t i o n  E v a l u a t i o n  

Element 
Number 

1037(a) 

Rod 
No. 

( ? I  
(3 

DB-63 
DA-48 

Fuel T v ~ e  

SW , U02 
sw, (d) U02 

VP, MM, ( f )  UO2-0.5 wt% Pu02 
vp,(e) MM,(f) U0,-0.5 wt% PuO, 

t 
SW, MM, U02-0.5 wt% Pu02 

SW, MM, U0,-0.5 wt% PuO, 
L L. 

VP,  PI,(^) U02-1.0 wt% Pu02 
VP, PI, U02-2 wt% Pu02 

SW, PI, U02-2 wt% Pu02 

VP, PI, Tho2-5 wt% Pu02 

VP, SC, U02-2 wt% Pu02 

Estimated 
Peak Burnup, Profilometer Gamma 

MWd/MTM Scan Scan 

14,500 x 

13,500 

11,500 

13,000 

8,000 

Low 

1,800 

Elements  s e l e c t e d  f o r  underwater  e x a m i n a t i o n  b e f o r e  d i s a s s e m b l y .  
Two r o d s  c o n t a i n i n g  s a l t  c y c l e  r e p r o c e s s e d  f u e l  m a t e r i a l  a r e  i n c l u d e d  i n  t h i s  
e  l e m e n t .  
T h i s  rod  was i n s t r u m e n t e d  t o  mon i tor  i n t e r n a l  gas p r e s s u r e  and plenum gas 
p r e s s u r e  d u r i n g  i r r a d i a t i o n .  
SW r e f e r s  t o  swage compacted f u e l  r o d s .  
V P  r e f e r s  t o  v i b r a t i o n a l l y  comp'acted f u e l  r o d s .  
M M  r e f e r s  t o  h e t e r o g e n e o u s l y  e n r i c h e d  o r  i n c r e m e n t a l l y  loaded f u e l  m a t e r i a l .  
CPS r e f e r s  t o  c o l d - p r e s s e d - s i n t e r e d  p e l l e t  f u e l .  
PI r e f e r s  t o  h igh- energy- ra te  p n e u m a t i c a l l y  impacted  f u e l .  



Six  elements (FE-1037, 5118, 5224, 5226, 6003, and. 6005),  

a s  i n d i c a t e d  i n  Table 3 .2 ,  were examined i n  t h e  PRTR b a s i n  t o  

a s s e s s  t h e i r  cond i t i on  be fo re  disassembly ope ra t i ons  commenced. 

In  g e n e r a l ,  t h e  v i s u a l  examination i n d i c a t e d  t h a t  t h e  cond i t i on  

of t h e  elements was e x c e l l e n t  (F igures  3.10 through 3 .22) .  The 

obse rva t ions  made on p a r t i c u l a r  a spec t s  of t h e  cond i t i on  of t h e  

elements were s i m i l a r  t o  those  made on t h e  Batch Core Exper i -  

ment elements examined. 

Crud d e p o s i t i o n  was gene ra l l y  heav i e r  on t h e s e  e lements ,  

which were l oca t ed  i n  t h e  lower f l u x  f r i n g e  p o s i t i o n s  of t h e  

c o r e ,  a s  i l l u s t r a t e d  i n  t h e  f i g u r e s .  However, t h e  t h i c k n e s s  

of t h e  c rud  was no t  judged s u f f i c i e n t  t o  a f f e c t  f u e l  c ladd ing  

hea t  t r a n s f e r  o r  f u e l  channel  p r e s s u r e  drop.  

F r e t t i n g  co r ros ion  occurred because t h e  i n i t i a l  PRTR f u e l  

element des ign  d i d  no t  provide  extended s u r f a c e  c o n t a c t  a r e a s  

between t h e  end b racke t s  and t h e  p r e s s u r e  t ubes .  Cl ip-on  

extended s u r f a c e  a r e a  wear pads were remotely a t t ached  t o  t h e  

end b racke t s  of elements of t h i s  des ign  (Figures  3.13 and 3 .14) .  

These c l i p - o n  pads have performed s a t i s f a c t o r i l y  and process  

tube wear was e l imina t ed .  

PRTR primary coo lan t  was i n i t i a l l y  c o n t r o l l e d  a t  pH-9 

wi th  L i O H .  A s  power gene ra t i on  and s u r f a c e  hea t  f l u x  was 

i nc rea sed ,  c r e v i c e  co r ros ion  a t  t h e  con tac t  p o i n t s  between t h e  

f u e l  rods  and t h e  c i r c u m f e r e n t i a l  s t r i p  bands occurred (F ig-  

u r e  3 .16) .  The maximum depth  of c ladd ing  p e n e t r a t i o n  measured 

i n  t h e  peak h e a t  f l u x  reg ion  of a  rod was 4 .5  m i l s  o r  16% of 

t h e  w a l l  t h i c k n e s s .  Since  i t  was recognized t h a t  t h e  co r ros ion  

r a t e  would i n c r e a s e  i n  t h e  c r e v i c e s  as  s u r f a c e  h e a t  f l u x  was 

i nc rea sed ,  t h e  coo lan t  was opera ted  a t  n e u t r a l  pH t o  avoid t h e  

co r ros ion  problem and t h e  o l d  c i r c u m f e r e n t i a l  s t r i p  bands on t h e  

elements were r ep l aced .  Although t h e  c r e v i c e  co r ros ion  occurred 

e a r l y  i n  t h e  i r r a d i a t i o n  of t h e  elements and d i d  no t  con t inue  i n  

n e u t r a l  pH coo lan t ,  evidence of t h e  l o c a l i z e d  a t t a c k  remains on 

t h e  rod s u r f a c e s  of some elements .  



F I G U R E  3.10.  Top End Bracke t  Region o f  PRTR FE-1037 

F I G U R E  3 . 1 1 .  Top End Bracke t  Region o f  PRTR FE-1037 Showing 
At tachment  o f  S p i r a l  Spacing  Wires  and Crud - - D e p o s i t i o n .  Crud d e p o s i t  has been  removed by 
c o n t a c t  w i t h  t h e  r o l l e r s  on t h e  Fuel Examinat ion  
T r a y .  . 



F I G U R E  3.12.  Bottom End Bracke t  Region o f  PRTR F E - 2 0 3 7  Showing 
Heavy Crud D e p o s i t .  Crud i s  e a s i l y  removed by 
s c u f f i n g  d u r i n g  f u e l  h a n d l i n g .  

F I G U R E  3 . 2 3 .  Top End Bracke t  Region o f  PRTR FE-5118 Heavy Crud 
Depos i t  and Cl ip- on  Extended S u r f a c e  Area Wear 
Pads t h a t  Were Remotely  A t tached  t o  t h e  End 
Bracke t  During t h e  Ear ly  Par t  o f  t h e  I r r a d i a t i o n  



FIGURE 3.14. Bottom End Bracket  Region o f  PRTR FE-5118 Showing 
Heavy Crud Deposi t  and Cl ip- on  Extended S u r f a c e  
Wear Pads 

FIGURE 3.25.  Top End Bracket  o f  PRTR F E- 5 2 2 4  Showing V a r i a t i o n s  
i n  Crud Depos i t ion  A s s o c i a t e d  w i t h  End Bracke t  
Turbulence  



F I G U R E  3.16. FueZ Rod Region o f  PRTR FE-5224 Showing Uqiforrn 
Crud D e p o s i t i o n  and t h e  C r e v i c e  Corros ion  on t h e  
Rod S u r f a c e s  A s s o c i a t e d  w i t h  t h e  Circurnferent iaZ 
S t r i p  Bands t h a t  Occurred During Opera t ion  w i t h  
LiOH-ControZZed pH-9 CooZant 

FIGURE 3.17. Fuel  Rod Region Near t h e  Bottom o f  PRTR FE-5224 
.. . Showing S p o t t y  o r  Speck led  Crud D e p o s i t i o n  i n  t h e  

T r a n s i t i o n  Region from a  L i g h t  t o  Heavier  Depos i t  



F I G U R E  3.18.  Top End Bracke t  Region  o f  PRTR FE-5226 Showing 
V a r i a t i o n s  i n  Crud D e p o s i t i o n  A s s o c i a t e d  w i t h  
End Bracke t  Turbu lence  

FIGURE 3.19.  Top End Bracke t  Region o f  PRTR FE-6003 Showing 
Change i n  t h e  Appearance o f  t h e  Crud Depos i t  on 
t h e  Rod S u r f a c e s  a t  t h e  End Plug- to- Fuel  I n t e r f a c e  



FIGURE 3 . 2 0 .  F u e l  Rod R e g i o n  o f  PRTR FE- 6003 S h o w i n g  S p o t t y  
Crud  D e p o s i t i o n  

6 0 0 5- 4  

FIGURE 3 . 2 1 .  T o p  End B r a c k e t  R e g i o n  o f  PRTR FE- 6005  



FIGURE 3 . 2 2 .  Bot tom End Bracke t  Reg ion  o f  PRTR FE-6005 Showing 
S p o t t y  Crud D e p o s i t s .  The l o o s e  crud  d e p o s i t  has  
b e e n  removed by c o n t a c t  w i t h  t h e  r o l l e r s  on t h e  
Fuel  Examina t ion  T r a y .  

HIGH E X P O S U R E  P L U T O N I U M  S T U D I E S  
R .  C. S m i t h ,  L. G. F a u s t ,  a n d  H. H. V a n  T u y l  

Measurement of the electromagnetic radiations from a 

Yankee high exposure PuOZ fuel sample is continuing. This 

sample represents a "worse case" situation for surface dose 

rate from currently available commercial power reactor plu- 

tonium. The sample is the highest exposure plutonium specimen 

obtained to date in sufficient quantity to permit extensive 

surface dose rate measurements. The dose rate, as measured 

through 33 mils of plastic on the 36,000 MWd/MTM burnup sample, 

is summarized in Table 3.3. The greatest rate of increase, 

which occurred during the first 60 days, was caused by the for- 

mation of short half life 2 3 7 ~  as it built up to an equilibrium 

concentration. The major contributor to the reduced rate of 

increase after considerable time following separation is the 

241~m formation. 



TABLE 3 . 3 .  Measured S u r f a c e  Dose R a t e  Through  3 3  M i l s  o f  
P l a s t i c  from a  Yankee  High Exposure  Pu02 Sample 
(36 ,000  MWd/MTM) 

Days S i n c e  S e p a r a t i o n  S u r f a c e  Dose R a t e ,  r a d / h r  

1 4.8 

58 5 .9  

116 6 . 1  

160 6 . 5  

3 6 ~ ' ~ )  7 .  9 ( a )  

a .  Ca l cuZa ted  V a l u e  

Data  i s  a l s o  b e i n g  o b t a i n e d  on a  h i g h  exposure  Dresden 

sample w i t h  a  burnup o f  approx ima te ly  30,000 MWd/MTM. The 

dose  r a t e  f o r  t h i s  sample ,  a s  c a l c u l a t e d  by PUSHLD, i s  sum- 

mar ized  i n  T a b l e  3 .4 .  The c a l c u l a t e d  dose  r a t e  f o r  t h e  Yankee 

sample a f t e r  1 y e a r  i s  approx ima te ly  7 .9  r a d / h r .  

TABLE 3 . 4 .  C a l c u l a t e d  S u r f a c e  Dose R a t e  from a  Dresden High 
Exposure  P l u t o n i u m  Sample (30 ,000  MWd/MTM) 

Days S i n c e  S e p a r a t i o n  S u r f a c e  Dose R a t e ,  r a d / h r  

1 3 .5  

100 5 .2  

365 7 .5  

Dose r a t e s  f o r  t h e  v a r i o u s  p lu ton ium samples  a r e  s e n s i -  

t i v e  t o  t h e  i s o t o p i c  c o n t e n t s  which a r e  compared i n  T a b l e  3 .5 .  

The i s o t o p i c  c o n t e n t  o f  t h e s e  samples  i s  n o t  e n t i r e l y  r e p r e -  

s e n t a t i v e  o f  what would be formed i n  c u r r e n t  d e s i g n  PWR1s and 

B W R ' s .  Al though t h e  Yankee sample ,  w i t h  t h e  h i g h e r  2 3 8 ~ u  con-  

t e n t ,  h a s  t h e  h i g h e r  dose  r a t e  f o r  t h e  f i r s t  few y e a r s ,  c a l c u -  

l a t i o n s  i n d i c a t e  t h a t  t h e  s u r f a c e  dose  r a t e  f o r  t h e  two samples  

approaches  t h e  same v a l u e  of  18 .4  r a d / h r  5  y e a r s  a f t e r  chemica l  

s e p a r a t i o n .  



T A B L E  3 . 5 .  Comparison o f  I s o t o p i c  C o m p o s i t i o n s  o f  Yankee  and 
Dresden PZutonium 

Burnup, I s o t o p i c  C o n t e n t ,  w t %  

PU Source  M W ~ / M T M  2 3 8 ~ u  2 3 9 ~ u  2 4 0 ~ u  2 4 1 ~ u  2 4 2 ~ u  

Yankee 36,000 1 .92  63 .3  19 .2  11 .68  3 .88  

Dresden 30,000 1 . 4 4  52.9 2 7 . 7  12 .10  5 .77  

A computer s t u d y  now underway i n d i c a t e s  t h a t  t h e  e a r l y  

Yankee r e a c t o r  p a r a m e t e r s  may p r o v i d e  a  " wors t  case"  s i t u a t i o n  

from t h e  s t a n d p o i n t  o f  r a d i a t i o n  from s i n g l e  r e c y c l e  p lu ton ium.  

P r e l i m i n a r y  d a t a  from t h e  s t u d y  a l s o  i n d i c a t e s  t h a t  t h e  i s o -  

t o p i c  compos i t ion  o f  p lu ton ium from p r e s e n t  and p l a n n e d  PWR's 

and BWR's  w i l l  be  more n e a r l y  t h e  same and t h e  gamma s u r f a c e  

dose  r a t e  w i l l  be  l e s s  s e v e r e .  

DEFECT T E S T I N G  

M.  D .  F r e s h l e y  and T .  B. B u r l e y  

A s  f u e l  o p e r a t i n g  c o n d i t i o n s  approach  i n h e r e n t  p e r f o r -  

mance l i m i t s ,  d e f e c t  b e h a v i o r  becomes i n c r e a s i n g l y  i m p o r t a n t  

and may u l t i m a t e l y  p rove  t o  be  t h e  l i m i t i n g  per formance  f a c t o r .  

Because r e a c t o r s  canno t  o p e r a t e  economica l ly  w i t h o u t  accommo- 

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

b e  demons t ra t ed  under  h i g h  per formance  c o n d i t i o n s  b e f o r e  wide-  

s p r e a d  a c c e p t a n c e  o f  mixed o x i d e  f u e l s  can  be  e x p e c t e d .  I t  i s  

t h e r e f o r e  i m p o r t a n t  t o  d e t e r m i n e  t h e  b e h a v i o r  c h a r a c t e r i s t i c s  

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

t h e  e f f e c t s  o f  s p e c i f i c  power,  bu rnup ,  and f u e l  form on d e f e c -  

t i v e  f u e l  b e h a v i o r .  

I r r a d i a t i o n  t e s t s  o f  d e f e c t e d  and n o n d e f e c t e d  o x i d e  f u e l s  

w i l l  be  per formed under  h i g h  per formance  c o n d i t i o n s  i n  t h e  ETR 

M-3 l o o p  f a c i l i t y .  The d e f e c t  t e s t i n g  program i n c l u d e s  v a r i a -  

t i o n s  of  t h r e e  i m p o r t a n t  p a r a m e t e r s :  1 )  f u e l  form ( s o l i d  

p e l l e t ,  c o r e d  p e l l e t ) ;  2) power g e n e r a t i o n  (22 t o  2 7  kW/f t ) ;  

and 3) burnup.  



D e f e c t  t e s t s  w i l l  be  per formed a t  nominal  peak  l i n e a r  r o d  

power g e n e r a t i o n s  of  2 2  and 2 7  kW/ft .  T e s t i n g  a t  abou t  2 2  kW/ft 

i s  e x p e c t e d  t o  produce  maximum f u e l  t e m p e r a t u r e s  (2600 t o  

2800 ' 6 )  n e a r  m e l t i n g  i n  p e l l e t  c o n t a i n i n g  r o d s ,  and t e s t s  a t  

27 kW/ft w i l l  p roduce  modera te  f u e l  m e l t i n g .  Most of  t h e  

t e s t s  w i l l  be per formed a t  about  2 2  kW/ft because  t h e  c o n d i -  

t i o n s  a r e  s i m i l a r  t o  t h e  maximum c o n d i t i o n s  p r o j e c t e d  f o r  

l i g h t  w a t e r  r e a c t o r s  now b e i n g  committed and a r e  c o n s i d e r e d  t o  
2 be i n  a  c r i t i c a l  s u r f a c e  h e a t  f l u x  r e g i o n  (500,000 B t u / h r - f t  ) 

f o r  d e f e c t  f u e l  per formance .  

The per formance  d a t a  t o  be  d e r i v e d  i n c l u d e  r o d  d imens iona l  

changes ,  f u e l  washout ,  w a t e r l o g g i n g ,  f i s s i o n  gas  and f i s s i o n  

p r o d u c t  r e l e a s e ,  f u e l  r o d  s w e l l i n g ,  s t o i c h i o m e t r y  changes and 

t h e i r  e f f e c t  on f u e l  per formance .  

M o d i f i c a t i o n  o f  t h e  ETR M-3 l o o p  f a c i l i t y  t o  accommodate 

d e f e c t  t e s t s  i s  i n  p r o g r e s s  and t h e  t e s t  e lement  d e s i g n  i s  

b e i n g  scoped.  The t e s t  e l emen t  w i l l  p r o b a b l y  be  a  n i n e t e e n -  

rod  c l u s t e r  d e s i g n  w i t h  t h e  d e f e c t e d  r o d s  l o c a t e d  i n  r e p l a c e -  

a b l e  p o s i t i o n s  i n  t h e  o u t e r  t w e l v e - r o d  r i n g .  A s l e e v e  w i l l  

s u r r o u n d  t h e  e lement  t o  p r o t e c t  t h e  p r e s s u r e  t u b e  from p o s s i b l e  

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

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

e v a l u a t i o n  such  a s :  s o l i d  p e l l e t  f u e l ,  c o r e d  p e l l e t  f u e l ,  

d i f f e r e n t  d i a m e t r a l  g a p s ,  and d i f f e r e n t  c l a d d i n g  s u r f a c e  

t r e a t m e n t s .  T e s t s  a r e  e x p e c t e d  t o  commence d u r i n g  t h e  f i r s t  

p a r t  of  n e x t  y e a r .  

I N S T R U M E N T E D  F U E L  T E S T S  

M .  D .  F r e s h l e y ,  T .  B .  B u r l e y ,  a n d  F .  E .  P a n i s k o  

V i b r a t i o n a l l y  compacted U02-Pu02 f u e l  r o d s  i n s t r u m e n t e d  

t o  mon i to r  i n t e r n a l  g a s  p r e s s u r e  d u r i n g  i r r a d i a t i o n  were s u c -  

c e s s f u l l y  i r r a d i a t e d  i n  PRTR t o  d e t e r m i n e  t h e  e f f e c t s  o f  f u e l  

t e m p e r a t u r e  and burnup on b o t h  s o r b e d  and f i s s i o n  gas  r e l e a s e .  



Although some information was obtained on the fission gas 

release mechanisms involved, the experiments were not speci- 

fically designed for this purpose. An experiment more suitably 

designed to study gas release mechanisms for cold-pressed- 

sintered pellet and vibrationally compacted U02-Pu02 fuel 

during irradiation to extended burnup is being scoped for 

irradiation in the ATR. 

Temperatures normally associated with specific structural 

features in U02-Pu02 fuels during irradiation are used in the 

postirradiation evaluation of fuel performance. An assembly 

composed of rods containing cold-pressed-sintered and vibra- 

tionally compacted U02-Pu02 fuel will be instrumented with 

thermocouples to monitor fuel temperatures during programmed 

power increases and during steady-state operation in the ETR 

M-3 loop. The thermal characteristics to be studied include 

in-reactor sintering and grain growth kinetics, grain growth 

temperatures, comparative effective thermal conductivities of 

the different fuel types, and fuel-to-clad heat transfer coef- 

ficients. These experimentally determined parameters obtained 

by direct measurement will aid in understanding fuel behavior. 



4 . 0  R E A C T O R  S A F E T Y  

Z O D I A C - A L T H A E A  C O M P A R I S O N  W I T H  P U  E N R I C H E D  F U E L S  

E .  T .  M e r r i l l ,  E .  A .  S c h n a i b l e  

A comparison was made between t h e  r e s u l t s  o f  burnup c a l -  - 

c u l a t i o n s  ob t a ined  u s i n g  t h e  ZODIAC G and ALTHAEA(') codes.  

The ALTHAEA code u s e s  a  s i m p l i f i e d  model f o r  s p e c t r a l  averag ing  

c r o s s  s e c t i o n s  and a s  a  r e s u l t  uses  only  about  1/400 of  t h e  

computing t ime r e q u i r e d  f o r  a  cor responding  ZODIAC G s o l u t i o n .  

There a r e  numerous burnup c a l c u l a t i o n s  r e q u i r e d  i n  t h e  s t u d i e s  

of  u s ing  plutonium i n  a  t y p i c a l  b o i l i n g  wa t e r  r e a c t o r  (Oyster  

Creek).  Thus, t h e r e  i s  a  c o n s i d e r a b l e  s av ings  r e a l i z e d  i n  

u s ing  ALTHAEA r a t h e r  t h a n  ZODIAC G f o r  t h e s e  s t u d i e s .  

A comparison of  ZODIAC and ALTHAEA c a l c u l a t i o n s  cover ing  

t h r e e  d i f f e r e n t  p lu tonium en r i ched  f u e l s  i s  shown i n  Tab le  4 . 1 .  

For each f u e l  t h e  r e a c t i v i t y  and c o n c e n t r a t i o n s  of uranium and 

plutonium i s o t o p e s  a r e  compared a t  t h r e e  f u e l  exposures .  The 

a d j u s t a b l e  parameters  i n  t h e  ALTHAEA code were s e t  a t  t h e  same 

va lue s  f o r  a l l  f u e l s .  The comparison showed t h a t  i s o t o p i c  con- 

c e n t r a t i o n s  agreed  w i t h i n  1% w i t h  t h e  excep t i on  of t h e  2 4 2 ~ u  

c o n c e n t r a t i o n  i n  t h e  low d e n s i t y  f u e l .  Values of  km checked 

w i t h i n  0 . 5 %  f o r  a l l  exposures and a l l  f u e l s  c a l c u l a t e d .  A s  a  

r e s u l t  of  t h i s  comparison, we have concluded t h a t  t h e  ALTHAEA 

code can be used i n  s t u d i e s  o f  r e a c t o r  o p e r a t i o n  and behav ior  

f o r  p lu ton ium- fue led  c o r e s  a s  w e l l  a s  u ran ium- fue led  c o r e s .  

POWER D I S T R I B U T I O N  C A L C U L A T I O N S  I N  O Y S T E R  C R E E K  F U E L  A S S E M B L I E S  

U S I N G  U R A N I U M  AND P L U T O N I U M  

J. N. M o r g a n ,  R. E .  S h a v e r  

Plutonium load ings  f o r  an Oys te r  Creek assembly have been 

chosen s o  t h a t  t h e  rod  peak- to- average  power i s  l e s s  t han  t h a t  

i n  t h e  o r i g i n a l  uranium-only f u e l .  The plutonium load ings  u se  

t h e  same uranium enr ichments  a s  i n  t h e  i n i t i a l  Oyster  Creek 

f u e l  assembly p l u s  two plutonium f u e l  enr ichments .  I n  t h e  p l u -  

tonium fue l  assembly 50% of t h e  rods  c o n t a i n  n a t u r a l  uranium 



TABLE 4 . 1 .  Zod iac-AZthaea  Comparison 

Enrichment 
3.6 wt % 

Enrichment 
2.7 wt % 

Enrichment 
4.3 wt % 

Low fuel 
density 

Isotope Concentration, g/MT 
Exposure 

MWD/MT K- 2 3 5 ~  '18u Total Pu 293pu 24OpU 241pu 242pu 

ZODIAC 4,000 

% Variation 

ZODIAC 8,000 

% Variation 

ZODIAC 10,786 

% Variation 

ZODIAC 4,000 

% Variation 

ZODIAC 8,000 

% Variation 

ZODIAC 10,777 

% Variation 

ZODIAC 4,000 

% Variation 

ZODIAC 8,000 

ZODIAC 10,748 

% Variation 

enriched with plutonium. This represents approximately twice 

as much plutonium per assembly as would normally be discharged 

in a spent uranium assembly. 

The power distribution and enrichment patterns are shown 

in Figure 4.1 for the reference Oyster Creek fuel assembly. The 

enrichments and power distribution for the plutonium loading 

fuel assembly is noted in Figure 4 . 2 .  The maximum rod power 

is 1.18 in the plutonium-enriched assemblies, whereas the maxi- 

mum rod peak in the uranium assembly is 1.19. Using this refer- 

ence assembly, the change in reactivity with void fraction was 

determined for no control, operating temperature conditions. 

FLARE calculations will be carried out for the plutonium 

assembly and results compared with those from the previous ura- 

nium-only first core analysis to assist in determining any dif- 

ferences that may have safety implications. 



Enrichment Distribution 

1.19 w/o uranium 

IP] 1.67 w/o uranium 

2.42 w/o uranium 

Average fissile/rod 

2.10 w/o 

Power ~istribution'~) (32% voids) 

( a ) . 4 v e r a g e  power per  r o d  i n  f u e l  assemb l y  e q u a l s  I .  00. 

F I G U R E  4 . 2 .  I n i t i a l  O y s t e r  Creek  Uranium Loading 



Enrichment Distribution 

Power ~istribution'~) (32% voids) 

1.19 w/o uranium 

1.67 w/o uranium 

2.42 w/o uranium 

1.06 w/o Pu 
fissile in nat. U 

1.385 w/o Pu 
fissile in nat. U 

Average fissile/Rod 

1.91 w/o 

Pu Composition, w/o 

( a ) ~ v e r a g e  power per rod i n  f u e l  assembly  e q u a l s  1 . 0 0 .  

FIGURE 4 . 2 .  I n i t i a l  O y s t e r  C r e e k  PZutonium-Uranium Loading  





T R A N S I E N T  T E S T I N G  

M:D. F r e s h l e y  and  T .  B. B u r l e y  

A knowledge of the behavior of reactor fuels subjected to 

high energy, short duration power excursions is essential to 

permit a complete appraisal of fuel performance and reactor 

safety. The transient behavior of mixed-oxide fuels is being 

investigated to determine if there are special considerations 

associated with adding Pu02 enrichment to U02 fuels that would 

influence power reactor operation. Some of the specific objec- 

tives of the transient testing program are to: 

Compare the transient behavior of pelleted and 

vibrationally compacted U02 and U02-Pu02 fuels 

Establish fuel failure thresholds, modes of failure, 

and possible failure consequences 

Investigate the extent of metal-water reaction, 

the magnitude and nature of pressure pulses generated, 

the fraction of thermal energy converted to mechanical 

energy, the chemical reactivity of the dispersed fuel, 

and the extent of fission gas release 

Investigate the effects of Pu02 particle size 

Investigate the effects of different transient 

conditions 

Investigate the effects of various preirradiation 

conditions. 

A joint program involving Pacific Northwest Laboratory, 

General Electric Company, and Idaho Nuclear Corporation designed 

to investigate the transient behavior of mixed-oxide thermal 

reactor fuels in SPERT is being formulated. The purpose of the 

cooperative PNL/GE/INC effort is to investigate the possible 

effects of adding Pu02 enrichment to U02 fuels in different 

ways. Although a complete program designed to study PuOe 

particle size effects in U02-Pu02 cold-pressed-sintered pellet 

fuel involving approximately 25 transient irradiations was * *  



outlined, the first test series involves 4 or 5 irradiations 

to investigate the possible effect of single 500 pm diam. Pu02 

particles strategically positioned in enriched U02 pellets. 

The Zircaloy-clad pins will be tested at three different energy 

levels in SPERT. These irradiation tests will be supported by 

detailed preirradiation characterization and postirradiation 

evaluation of the fuel pins. Subsequent test series will involve 

investigation of the transient behavior of pins containing 

multiple Pu02 particles and pins preirradiated under different 

conditions. 

A joint program involving Pacific Northwest Laboratory and 

Argonne National Laboratory is being conducted to compare the 

transient behavior of pelleted and vibrationally compacted fuels 

by irradiations in the transparent vessel in TREAT. Detailed 

evaluation of high speed motion pictures permit studies of the 

failure modes and failure thresholds of the different fuel types. 

A few experiments will be conducted in the transparent 
vessel in TREAT with pins designed to eliminate power peaking 

at the ends of the fuel column. The purpose of these tests is 

to confirm previous comparative results with cold-pressed- 

sintered pellet and vibrationally compacted fuel pins in which 

there was considerable power peaking in the end regions. 

Seven Zircaloy-clad pins containing UO fuel (4.79% 235~) 2 
are being fabricated for these confirmative experiments. Two 

of the seven pins which contain cold-pressed-sintered pellet 

fuel, will be used for calibration purposes to determine the 

axial power profile. Three of the remaining five pins will 

contain pellet fuel and two, vibrationally compacted powder fuel. 

Hafnium wafers (0.100-in. thick) were placed at each end 

of the 5.5-in. fuel column in the first calibration capsule to 

suppress power peaking in the end regions and provide a more 

prototypic axial power distribution during transient irradia- 

tion. Gamma activity measurements made on individual pellets 



a f t e r  i r r a d i a t i o n  i n  TREAT i n d i c a t e  t h a t  t h e  power peaking was 

reduced b u t  t h a t  t h e  power i n  t h e  end r eg ions  was s t i l l  approx i -  

mate ly  5 and 7 %  h i g h e r  t han  t h e  average  a c t i v a t i o n  of t h e  f u e l  

column (F igure  4 .4 ) .  

Another  c a l i b r a t i o n  capsu l e  was f a b r i c a t e d  w i t h  a d d i t i o n a l  

hafnium abso rbe r  m a t e r i a l  (0 .200- in .  t h i c k )  a t  each end of t h e  

f u e l  column and i s  awa i t i ng  i r r a d i a t i o n  i n  TREAT. 
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5 . 0  P L U T O N I U M  R E C Y C L E  T E S T  R E A C T O R  

R E A C T O R  O P E R A T I O N S  

R .  F. Warnick 

During t h e  e a r l y  p a r t  of t h e  r e p o r t  pe r iod ,  e f f o r t s  were 

d i r e c t e d  toward resuming r e a c t o r  ope ra t i on .  The primary coo l -  

a n t  system was f i l l e d  w i th  heavy wate r  and h y d r o s t a t i c a l l y  

p r e s s u r e  t e s t e d  t o  1875 p s i g .  The r e a c t o r  was f u e l e d  w i th  t h e  

55-element ba tch  co re  and t h e  f o u r t h  s e r i e s  of i n t e r i m  c r i t i c a l  

t e s t s  was completed. Then, t h e  d e c i s i o n  was made t o  d e a c t i v a t e  

t he  PRTR. The ba lance  of t h e  r e p o r t  pe r iod  was spen t  d r a i n i n g  

and drying t h e  coo lan t  systems and d e a c t i v a t i n g  t h e  r e a c t o r  

equipment. 

A l l  t h e  heavy wate r  has  been dra ined  from t h e  primary and 

moderator c o o l a n t  systems and t h e  primary system has been d r i e d .  

The o u t - o f - r e a c t o r  p o r t i o n  of t h e  moderator coo lan t  system has  

been d r i e d .  The fo l lowing  have been d ra ined  and d r i e d :  t h e  

r e f l e c t o r  coo lan t  system, t h e  r o t a t i n g  s h i e l d  coo lan t  system, 

t he  lower access  space coo l ing  l i n e s ,  t h e  primary p r e s s u r i z a t i o n  

p o r t i o n  of t h e  helium system, t h e  FERTF makeup system, t h e  

FERTF l i g h t  water  i n j e c t i o n  system, t h e  f i l t e r e d  water  l i n e ,  

t h e  s a n i t a r y  water  l i n e s  i n s i d e  t h e  containment v e s s e l ,  t h e  

emergency water  l i n e s  and t h e  process  water  l i n e s  i n s i d e  t he  

containment v e s s e l .  Draining and dry ing  of a l l  o t h e r  coo lan t  

systems a r e  i n  p rog re s s .  

P R O C E S S  T E C H N O L O G Y  

R .  H .  Purcell 

The f o u r t h  i n t e r i m  c r i t i c a l  t e s t s  were s u c c e s s f u l l y  com- 

p l e t e d  f o r  t he  55 f u e l  element ba t ch  core  and two, sma l l e r  

l oad ings ;  31 and 19 f u e l  elements.  Moderator l e v e l  worth 

measurements were made us ing  s u b c r i t i c a l  approach and p o s i t i v e  

pe r iod  techniques .  Data were ob ta ined  a t  t h r e e  d i f f e r e n t  modera- 

t o r  l e v e l s  (100 i n . ,  95 i n . ,  and 90 i n . )  f o r  each load ing .  Reactor 



oscillator measurements were also made for each configuration 

at the higher moderator level. Moderator archive samples were 

taken for each critical configuration such that the boron con- 

centrations can be determined at a later date. 

The PRTR Annual Safety Report for CY1968 was approved and 

issued. 
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