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T E C H N I C A L  A C T 1  V I T I E S  Q U A R T E R L Y  REPORT 
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FOREWORD 

This r e p o r t  covers  a l l  programs excep t  t he  Waste S tud i e s  

Program conducted by t h e  P a c i f i c  Northwest Laboratory f o r  t h e  

U .  S .  Atomic Energy Commission's Reactor Development and 

Technology Div is ion .  The o b j e c t i v e  of t he  Technica l  A c t i v i t i e s  

Qua r t e r ly  Report i s  t o  inform t h e  s c i e n t i f i c  community i n  a  

t imely  manner of  t he  t e c h n i c a l  p rog re s s  made on the  programs. 

The r e p o r t  con t a in s  b r i e f  t e c h n i c a l  d i s cus s  ions  of accomplish- 

ments i n  a l l  a r ea s  where s i g n i f i c a n t  p rog re s s  has been made 

dur ing t h e  q u a r t e r .  The r d s u l t s  p r e sen t ed  should  be cons idered  

p re l imina ry  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  of t he  

work. A l i s t  of p u b l i c a t i o n s  and papers  i s  given i n  t he  r e p o r t .  

Anyone wishing t o  o b t a i n  a d d i t i o n a l  in format ion  on t h e  work 

p re sen t ed  i s  encouraged t o  c o n t a c t  the  au tho r  d i r e c t l y .  
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1 . 0  S U M M A R Y  

P L U T O N I U M  U T I L I Z A T I O N  P R O G R A M  

Examinat ion  of h o t - p r e s s  and c o l d - p r e s s - s i n t e r  f u e l  i r r a -  

d i a t e d  i n  PRTR shows s i g n i f i c a n t l y  more r e s t r u c t u r i n g  i n  

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

T r a n s i e n t  t e s t s  conduc ted  i n  SPERT show t h a t  a l t h o u g h  t h e  

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

of  l a r g e  Pu02 p a r t i c l e s  i n  mixed-oxide  f u e l s ,  t h e  ene rgy  

r e q u i r e d  f o r  prompt f u e l  d i s p e r s a l ,  which i s  t h e  p r imary  s a f e t y  

c o n s i d e r a t i o n ,  does n o t  a p p e a r  t o  b e  a f f e c t e d .  

E l e c t r o n  microprobe  i n v e s t i g a t i o n s  show t h a t  p lu ton ium 

m i g r a t e s  toward t h e  c e n t e r  of  mixed-oxide  f u e l s  d u r i n g  i r r a -  

d i a t i o n  and t h a t  uranium p o s s i b l y  moves outward toward t h e  

p e r i p h e r y  o f  t h e  r o d .  

Neutron y i e l d s  and n e u t r o n  and gamma dose r a t e s  o f  f u e l  

a s s e m b l i e s  s c h e d u l e d  f o r  i r r a d i a t i o n  i n  San Onofre R e a c t o r  

were measured a t  t h e  r e a c t o r  s i t e .  Agreement between measured 

and c a l c u l a t e d  n e u t r o n  y i e l d s  i s  e x c e l l e n t .  Gamma dose  r a t e s  

a r e  h i g h e r  t h a n  t h o s e  measured f o r  a  t y p i c a l  BWR f u e l  assembly ,  

b u t  t h e  d i f f e r e n c e s  a r e  e x p e c t e d .  Neutron dose r a t e s  a r e  

undergoing  a d d i t i o n a l  r e f i n e m e n t .  

D i s c o n t i n u i t i e s  o c c u r r e d  i n  a x i a l  gamma s c a n s  of  non-  

d e f e c t e d  and d e f e c t e d  U02-Pu02 c o l d - p r e s s - s i n t e r  r o d s .  P r e -  

and p o s t i r r a d i a t i o n  d i a m e t e r  p r o f i l e  measurements show t h a t  

t h e  c l a d d i n g  has  p l a s t i c a l l y  deformed and become o v a l  shaped .  

P r o f i l o m e t e r  d a t a  on mixed-oxide  f u e l  rods  i r r a d i a t e d  i n  

Sax ton  Core I1 show t h a t  maximum o v a l i t y  of  0.0035 i n c h  formed 

d u r i n g  i r r a d i a t i o n .  



A model f o r  the rmal  neu t ron  s c a t t e r i n g  i n  w a t e r  was deve l -  

oped f o r  use i n  t h e  BMC-1 Monte Ca r lo  code. I n i t i a l  r e s u l t s  

show promise b u t  t h e r e  a r e  s e v e r a l  problem a r e a s  i n  t h e  model 

which need c o r r e c t i n g .  The model i s  based  on the  d a t a  from 

ENDF/B f i l e  7 f o r  w a t e r .  

The i s o t o p i c  d a t a  ob t a ined  by Westinghouse from t h e  d e s t r u c -  

t i v e  a n a l y s i s  of  U02-6 .6 w t %  Pu02 rods i r r a d i a t e d  i n  SAXTON 

CORE-I1 have been used t o  d e r i v e  r a t i o s  of  e f f e c t i v e  c r o s s  

s e c t i o n s .  Cross s e c t i o n  r a t i o s  f o r  samples from two r eg ions  

of  t h e  co r e  w i t h  d i f f e r e n t  n e u t r o n  energy spect rums a r e  

p r e s e n t e d .  

A s e r i e s  of exper iments  w i t h  a  1 . 0 - i nch  s q u a r e  l i g h t  w a t e r  

moderated l a t t i c e  c o n t a i n i n g  U02-PuOZ f u e l  rods  have been con- 

duc t ed  i n  t h e  P h y s i c a l  Constants  T e s t i n g  Reac to r  (PCTR). These 

exper iments  p rov ide  r e a c t i v i t y  d a t a  a s  a  f u n c t i o n  of PuOZ 

p a r t i c l e  s i z e  d i s t r i b u t e d  th roughout  t h e  n a t u r a l  U02 d i l u e n t  

i n  1 / 2 - i n c h  d i a m e t e r ,  z i r c a l l o y  c l a d ,  f u e l  r o d s .  The concen t r a -  

t i o n  of n a t u r a l  boron ,  d i s s o l v e d  i n  t h e  wa t e r  modera to r ,  c o r r e s -  

ponding t o  km of  u n i t y  was measured a s  a  f u n c t i o n  of Pu02 

p a r t i c l e  s i z e .  

A s p e c i a l  v e r s i o n  o f  t h e  computer code THERMOS, c a l l e d  

GRANIT, ha s  been completed and i s  i n  r o u t i n e  u se .  P o s i t i o n  

dependent  the rmal  neu t ron  s p e c t r a  can be c a l c u l a t e d  f o r  doubly 

he te rogeneous  s y s  terns u s ing  t he  GRANIT code.  

H I G H  TEMPERATURE REACTOR P H Y S I C S  PROGRAM 

The a n a l y s i s  of t h e  f i r s t  High Temperature Gas-Cooled 

Reac to r  (HTGR) exper iment  performed i n  t h e  High Temperature 

L a t t i c e  T e s t  Reactor  (HTLTR) has  been completed and a  r e p o r t  

of  t h e  work i s  i n  f i n a l  form. 



The a n a l y s i s  of t he  second HTGR experiment performed i n  

t h e  HTLTR has been completed and t h e  r e p o r t  i s  i n  d r a f t  form. 

S u i t a b l e  f u e l  i s  be ing  ob t a ined  f o r  an HTLTR experiment 

u s ing  ThoZ and PuOZ i n  an HTGR l a t t i c e .  

A s e r i e s  of  r e a c t o r  l a t t i c e  phys ics  experiments a r e  t o  be 

conducted i n  t he  HTLTR i n  suppor t  of t he  Molten S a l t  Breeder 

Reactor  Program. 

The experiments i n  mul t izone c r i t i c a l  assembl ies  (such 

as  t h e  HTLTR and PCTR) r e q u i r e  a de t e rmina t ion  of neu t ron  l i f e -  

time f o r  i n t e r p r e t a t i o n  of r e a c t i v i t y  measurements f o r  t he  

composite load ing .  An exper imenta l  method has  been dev ised  f o r  

t h i s  de t e rmina t ion  which uses  a s e r i e s  of  c o n s t a n t  r e a c t i v i t y  

d i f f e r e n c e s  ob ta ined  from va r ious  p a i r s  of r i s i n g  r e a c t o r  p e r i o d s .  

A procedure  has been e s t a b l i s h e d  t o  i n s p e c t  r o u t i n e l y  t h e  

v e r t i c a l  rods of t h e  HTLTR t o  d e t e c t  abnormal deformations 

dur ing  exper imenta l  programs a t  h igh  tempera tures .  

A p r o j e c t  t o  determine t he  f e a s i b i l i t y  of u s ing  t h e  F a s t  

Neutron Cavi ty  i n  t he  Phys i ca l  Constants  Tes t  Reactor f o r  c r o s s -  

s e c t i o n  e v a l u a t i o n  has  been completed. The r e s u l t s  i n d i c a t e  

t h a t  t h e  F N C  can be used s u c c e s s f u l l y  f o r  t h i s  purpose 

S T E A D Y  S T A T E  AND T R A N S I E N T  S U B C H A N N E L  CODE D E V E L O P M E N T  

AND D A T A  A N A L Y S I S  

COBRA-I11 has a l l  t h e  a n a l y s i s  c a p a b i l i t y  of COBRA-I1 and 

can cons ide r  t r a n s i e n t s  up t o ,  b u t  n o t  i n c l u d i n g ,  s o n i c  

v e l o c i t y  p ropaga t ion  e f f e c t s .  The numerical  scheme performs 

a boundary va lue  s o l u t i o n  t o  more p rope r ly  i nc lude  t h e  e f f e c t s  

of c ross f low r e s i s t a n c e ,  and t h e  numer ica l  s o l u t i o n  i s  s t a b l e  

f o r  a l l  t ime s t e p s .  

Design of t h e  exper imenta l  appara tus  t h a t  w i l l  be  used t o  

i n v e s t i g a t e  t h e  t u r b u l e n t  flow s t r u c t u r e  of  s i ng l e -phase  flow 

i n  rod-bundles  i s  i n  p r o g r e s s .  A common flow channel  w i l l  be 

used t o  accommodate a v a r i e t y  of subchannel  s i z e s  and shapes .  



P L U T O N I U M  C R I T I C A L I T Y  S T U D I E S  

C r i t i c a l  E x ~ e r i m e n t s  w i t h  Unmoderated PuO, - 
The r e s u l t s  and ana lyses  a r e  p r e s e n t e d  from t h e  l a t e s t  

s e r i e s  of exper iments  i n  a  con t inu ing  program f o r  de te rmin ing  

the  c r i t i c a l  pa ramete rs  of plutonium mixtures  having concen t ra -  

t i o n s  t h a t  a r e  t y p i c a l  of wet powders, p r e c i p i t a t e s ,  s l u r r i e s  

and polymers.  Previous  measurements i n  t h i s  program were made 

on 1 5  H/Pu f u e l  having 2 4 0 ~ u  i s o t o p i c  concen t r a t i ons  of 2 . 2  

and 8.08 w t %  and on 5  H/Pu f u e l  having a  2 4 0 ~ ~  i s o t o p i c  concen- 

t r a t i o n  of 11.46 w t %  . This  l a t e s t  s e r i e s  of  exper iments  were 

conducted w i t h  f u e l  i n  which t h e  2 4 0 ~ u  i s o t o p i c  con ten t  has  

been i n c r e a s e d  t o  18.35 w t %  and t h e  H/Pu atomic r a t i o  decreased  

t o  e s s e n t i a l l y  ze ro .  

I n  t h i s  f a s t  neu t ron  spectrum t h e  p e r c e n t  change i n  

s p h e r i c a l  c r i t i c a l  mass p e r  p e r c e n t  change i n  2 4 0 ~ u  c o n t e n t  

was determined t o  be 2 . 0 7  f o r  t he  r e f l e c t e d  case  and 1 .88  f o r  

t he  b a r e  ca se .  I n  g e n e r a l ,  t h e  r e s u l t s  from t h e s e  exper iments  

i n d i c a t e  t h a t  t h e  va lues  f o r  t h e  c r i t i c a l  s i z e s  and masses of 

plutonium given i n  such r e f e r e n c e s  a s  TID-7028 shou ld  be 

i n c r e a s e d  f o r  t h e  h i g h l y  concen t r a t ed  sys tems.  Although t h i s  

completes t h e  d a t a  needed f o r  e s t a b l i s h i n g  the  c r i t i c a l i t y  

curves  i n  t h e  f a s t  r eg ion  of t h e  neu t ron  spectrum,  d a t a  a r e  

s t i l l  needed i n  t h e  i n t e rmed ia t e  reg ion  corresponding t o  

plutonium concen t r a t i ons  between about 500 and 1500 g / l i t e r .  

N U C L E A R  G R A P H I T E  

In -Reac tor  Creep 

A s e r i e s  of g r a p h i t e  samples have been i r r a d i a t e d  under a  

compressive s t r e s s  of 1000 t o  3000 p s i .  Dimensional changes 

a r e  r e p o r t e d  f o r  t he se  samples a f t e r  an exposure of about 

1 .5  x 10" n/cm2. No meaningful  c reep  cons t an t s  can be c a l c u -  

l a t e d  u n t i l  completion of t h e  second i r r a d i a t i o n  p e r i o d .  



R a d i o l y t i c  Reactions i n  Graphi te  Moderated Reactors  

The temperature  c o e f f i c i e n t  was determined f o r  t h e  

r a d i o l y t i c  r e a c t i o n  of carbon d iox ide  w i t h  hydrogen i n  a  helium 

c a r r i e r  gas .  Those mixtures  d i l u t e d  w i t h  helium showed a  much 

lower temperature  c o e f f i c i e n t  t han  the  mixtures  w i thou t  any 

helium p r e s e n t .  These d a t a  permi t  an accu ra t e  e x t r a p o l a t i o n  

of r a d i o l y t i c  r e a c t i o n s  t o  HTGR t empera tures .  

E f f e c t  of S a m ~ l e  S i ze  on Dimensional S t a b i l i t v  

A s e r i e s  of g r a p h i t e  samples which had p rev ious ly  been 

i r r a d i a t e d  a t  low tempera tures  were i r r a d i a t e d  a t  h igh  tempera- 

t u r e  t o  about 1 x l o z 1  n/cm2 (E > 0.18 MeV) . This low exposure 

d a t a  s u g g e s t s  t h a t  co ld  seeded samples c o n t r a c t  a t  a  g r e a t e r  

r a t e  than  samples i r r a d i a t e d  t o t a l l y  a t  t h e  high tempera ture .  

However, f u r t h e r  exposure i s  r e q u i r e d  be fo re  d e f i n i t e  conclu- 

s i o n s  can be drawn. 

Hinh-Temverature I r r a d i a t i o n s  

The capsule  f o r  i r r a d i a t i o n  of g r a p h i t e  samples a t  tem- 

p e r a t u r e s  from 900 t o  1600 O C  has  been recharged i n t o  t h e  ETR.  

This capsule  con ta in s  bo th  p r e v i o u s l y  i r r a d i a t e d  samples and 
( 1  new" samples.  

Analys is  of Coolant-Graphi te  Reactions 

The code f o r  c a l c u l a t i n g  g r a p h i t e  ox ida t ion  i n  a  h igh  tem- 

p e r a t u r e  gas cooled r e a c t o r  (GOP) has  been improved t o  i nc lude  

t he  g r e a t e r  f l e x i b i l i t y  r e q u i r e d  f o r  e v a l u a t i o n  of t h e  

1100 MWe HTGR. 

Mechanism of I r r a d i a t i o n  Damage 

A s t u d y  i s  underway t o  i n v e s t i g a t e  t h e  mechanism of r a d i a -  

t i o n  damage t o  g r a p h i t e .  P a r t i c u l a r  emphasis w i l l  be p l aced  on 

c o e f f i c i e n t  of  thermal  expansion measurements t o  c o r r e l a t e  w i t h  

r a d i a t i o n  damage. 



C O R R O S I O N  P R O D U C T  T R A N S P O R T  S T U D Y  

A ten-day  t e s t  of an i n - l i n e ,  e l e c t r i c a l l y  a c t i v a t e d  

c rud  g e n e r a t o r  dev ice  i n d i c a t e d  t h a t  c rud  r e l e a s e  r a t e s  from 

mild  s t e e 1  s u r f a c e s  were n o t  i n c r e a s e d  s i g n i f i c a n t l y  by v a r i a -  

t i o n s  i n  e l e c t r i c a l  p o t e n t i a l .  A c o l o r i m e t r i c  procedure  t h a t  

uses  Fe r roz ine  as  t h e  i n d i c a t o r  appears  adequate f o r  measure- 

ment o f  i r o n  c o n c e n t r a t i o n  i n  t h e  1 t o  2 ppm range w i thou t  

p r e c o n c e n t r a t i o n  of t h e  samples.  



2 .  P L U T O N I U M  U T I L I Z A T I O N  PROGRAM 

P R T R  F U E L  E V A L U A T I O N S  

D .  G .  Carter and M .  D. Freshley 

With the  shutdown of PRTR,  t h e  i r r a d i a t i o n  performance 

of s e l e c t e d  mixed-oxide rods i r r a d i a t e d  i n  t h e  r e a c t o r  i s  

be ing  e v a l u a t e d  by means of d e s t r u c t i v e  p o s t i r r a d i a t i o n  examina- 

t i o n .  Recent adjus tments  i n  t h e  scope of t h e  program r e s u l t e d  

i n  reducing t h e  e x t e n t  of p lanned f u e l  e v a l u a t i o n s  as  de sc r ibed  

i n  p rev ious  q u a r t e r l y  r e p o r t s .  The PRTR f u e l  e v a l u a t i o n s  a r e  

d iv ided  i n t o  two groups as fo l l ows .  

High Power Density Fuel  Eva lua t ion  

Extended Burnup Fuel Eva lua t ion  

Hieh Power Densitv Fuel  Eva lua t ion  

P o s t i r r a d i a t i o n  examination of s e l e c t e d  PRTR High Power 

Densi ty  f u e l  rods which were i r r a d i a t e d  as p a r t  of t h e  Batch 

Core Experiment (BCE) i s  con t inu ing  and t h e  c u r r e n t  s t a t u s  

of t h e  examination i s  summarized i n  Table 2 . 1 .  Most of t h e  

66  High Power Densi ty  19- rod  c l u s t e r  elements i r r a d i a t e d  i n  

the  BCE were v i b r a t i o n a l l y  compacted p a r t i c l e  f u e l ,  a l though 

p e l l e t  f u e l  f a b r i c a t e d  by both  t he  h o t - p r e s s  and co ld -p re s s -  

s i n t e r  p roces se s  was i nc luded .  

Revised f i s s i o n  gas r e l e a s e  va lues  f o r  f i v e  p e l l e t -  

con t a in ing  f u e l  rods based upon a n a l y t i c a l l y  determined burnup 

va lues  us ing  t h e  1 4 8 ~ d  i s o t o p i c  d i l u t i o n  technique a r e  

summarized i n  Table 2 . 2 .  Hot -press  p e l l e t  f u e l  r e l e a s e s  s i g n i -  

f i c a n t l y  more f i s s i o n  gas t han  c o l d - p r e s s - s i n t e r  p e l l e t  f u e l  

t h a t  opera ted  under comparable c o n d i t i o n s .  The h i g h e r  gas 

r e l e a s e  i s  a t t r i b u t e d  t o  h i g h e r  f u e l  temperatures  which e x i s t  

i n  h o t - p r e s s  p e l l e t  f u e l  because of i t s  h igh  s to i ch iome t ry  

(O/M = ' ~ 2 . 1 5 )  and r e s u l t i n g  lower thermal  c o n d u c t i v i t y  . 



TABLE 2.1. Summary of PRTR High Power Densi ty  Fue l  Rod - 
p o s t i r r a d i a t i o n  Examination S t a t u s  

1 4 8 ~ d  P e a k  P r o f i -  F i s s i o n  
E l e m e n t  Rod B u r n u p  , Gamma l o m e t e r  Gas B u r n u p  Ceramog-  
Number No. F u e l  Type MWd/MTM S c a n  S c a n  A n a l y s i s  A n a l y s i s  r a p h y  - -  

6 0 6 5  FE- 74 U02-2  w t %  Pu02 (VP) 4 , 8 6 3  X Z X X D e l e t e d  

FO- 1 7  (VP > 5 , 8 3 7  X Z X X Y 

FS-07 ( v p >  9 , 1 7 6  X Y X X D e l e t e d  

6519 FR- 72 (VP > 5 , 2 4 0  X Y X X Y 

FN- 86 (VP) 3 , 2 9 7  X Z X X X 

FE-69 (vp  > 2 , 8 8 4  X Z X X X 

6520 FR- 78  (VP) 9 , 6 3 0  X Y X X Y 

6  700 A- 1 4  (HP ) 8 , 1 5 0  X Y X X X 

A- 10  3  (CPS) 3 , 2 9 0  Z Y X X X 

A- 102  (CPS) 3 , 2 2 0  X Y X X X 

6 7 0 1  A - 2 3  (HP) 3 , 4 3 0  X Y X X X 

A- 1 2  (HP ) 3 , 8 0 0 "  Z Y X D e l e t e d  X 

---- 
( V P )  = V i b r a t i o n a Z Z y  compacted,  pneumaticaZZy i m p a c t e d  Sue Z r o d  

( C P S )  = C o l d - p r e s s - s i n t e r  pe ZZet fue Z rod  

( H P )  = H o t - p r e s s  p e l l e t  f u e l  rod  

X = E x a m i n a t i o n  compZeted 

Y = E x a m i n a t i o n  i n  p r o g r e s s  

Z = E x a m i n a t i o n  n o t  s c h e d u l e d  

E s t i m a t e d  burnup 



TABLE 2.2. Summary of P o s t i r r a d i a t i o n  Examination Resu l t s  
f o r  Pe l l e t -Con ta in ing  U 0 2 - 2  w t %  Pu02 F u e l  Rods 
I r r a d i a t e d  i n  t h e  PRTR 

E s t i m a t e d  E s t i m a t e d  l4 8 ~ d  
Peak Power ,  Peak Burnup ,  Peak  Burnup ,  F i s s i o n  Gas 

Rod No. Rod Type kW/f t  MWd/MTM MWd/MTM R e l e a s e s  , % 

A- 10 2 CPS (a )  16-  1 8  3 ,650  3 ,220  1 9 . 3  

A-103 CPS 16-  1 8  3 , 6 5 0  3 ,290  1 7 . 9  

A- 1 4  HP (b ) 16-  1 8  9 , 6 0 0  8 ,150  6 0 . 9  

A -  1 2  HP 1 0 - 1 4  3 ,800 - - -  3 6 . 7  

A- 23 HP 10-  1 4  3 ,800  3 ,430  37.9 

-- 
a .  CPS r e f e r s  t o  c o l d - p r e s s - ~ i n t e r  p e l l e t  f u e l  
b .  HP r e f e r s  t o  h o t - p r e s s  p e l l e t  f u e l  

Ceramographic examination of c o l d - p r e s s - s i n t e r  p e l l e t  

f u e l  rods (A-102 and A-103) i r r a d i a t e d  i n  PRTR shows f i s s i o n  

product  i n c l u s i o n s  and l e n t i c u l a r  shaped pores  i n  t h e  columnar 

g r a i n  growth reg ion  n e a r  t he  c e n t r a l  vo id  (Figure  2.1) . A 

nonuniform oxide l a y e r  formed on t h e  i n n e r  s u r f a c e  of t he  

Z i rca loy-4  c ladd ing  (Figure 2.2) and what appears  t o  be a  

r e a c t i o n  between the  contiguous oxide l a y e r  and t h e  f u e l  occur red  

i n  some r eg ions  of t h e  fue l - c l add ing  i n t e r f a c e  (Figure  2 .3 ) .  

Ex tens ive  r e s t r u c t u r i n g  occur red  i n  h o t - p r e s s  p e l l e t  f u e l  

dur ing i r r a d i a t i o n  i n  PRTR (Figure  2.4) . I n  a d d i t i o n  t o  t h e  

normal f i s s i o n  produc t  mig ra t i on ,  which occurs i n  oxide f u e l s  

dur ing i r r a d i a t i o n ,  t h e  beta-gamma au torad iographs  i n d i c a t e  

t he  presence of h igh  f i s s i o n  product  concen t r a t i ons  a s s o c i a t e d  

w i th  c racks  i n  t he  f u e l  a t  the  f u e l - c l a d d i n g  i n t e r f a c e .  Again, 

a  uniform r e a c t i o n  occur red  between t h e  contiguous oxide l a y e r  

on t he  i n n e r  s u r f a c e  of t h e  c ladd ing  and t h e  f u e l  (Figure  2 . 5 ) .  



Neg F4060 250X 

FIGURE 2.1. Transverse  S e c t i o n  of  a  U02-2 w t %  Pu02 
Cold-Press-Sinter  P e l l e t  Fue l  Rod (A-103) 
I r r a d i a t e d  i n  PRTR Showing F i s s i o n  Prod- 
u c t  I n c l u s i o n s  and L e n t i c u l a r  Shaped 
Po re s  Near the C e n t r a l  Void 

Z I  R C A L O Y  
C L A D D I N G  

ZrOq L A Y E R  

U02-Pu02 F U E L  

Neg F3806 750X 
FIGURE 2.2. Fuel-Cladding I n t e r f a c e  from a U02-2 w t %  Pu02 

Cold-Press-Sinter  P e l l e t  Fuel  Rod (A-103) Show- 
i n g  I n t e r m i t t e n t  Fuel-Cladding React ion 
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FIGURE 2.3.  Fuel-Cladding I n t e r f a c e  from a U02-2 w t %  Pu02 Cold- 
P re s s -S in t e r  P e l l e t  Fue l  Rod (A-103) Showing 
Contiguous Fuel-Clad I n t e r a c t i o n  .. 

I n  a d d i t i o n ,  what appears  t o  be s eve re  l o c a l i z e d  o x i d a t i o n  

occur red  i n  some reg ions  of  t h e  i n n e r  s u r f a c e  o f  t h e  c ladd ing  

i n  t he se  h o t - p r e s s  p e l l e t  f u e l  rods (F igures  2.6 and 2 .7 ) .  

The s eve re  r e a c t i o n  i s  probably  t h e  r e s u l t  of  t h e  excess  

oxygen (O/M - 2.15) i n  t h i s  type of  f u e l .  

Extended Burnup Fuel  Eva lua t ion  

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  of s e l e c t e d  f u e l  rods i r r a d i a t e d  

t o  extended burnups i n  PRTR f r i n g e  p o s i t i o n s  cont inued.  The 

s t a t u s  of  t h e  examinat ion of t h e s e  rods i s  summarized i n  

Table 2 . 3 .  
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FIGURE 2 .4 .  Transverse Sect ions from the  Peak Power P o s i t i o n  of U02-Pu02 Hot- 
I 
P 

Press  P e l l e t  Fuel Rods I r r a d i a t e d  i n  PRTR. The es t imated  peak 
hea t  r a t i n g  i n  Rod A-12 ( top)  ranged from 10 t o  1 4  kW/ft and from 
16 t o  18 kW/ft i n  Rod A-14 (bottom). 
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FIGURE 2.5. Fuel-Cladding I n t e r f a c e  from a U02-2 w t %  Pu02 
Hot-Press P e l l e t  Fuel  Rod (A-14) Showing 
Contiguous Fue 1-Clad Reaction 

The f u e l  s t r u c t u r e  i n  a v i b r a t i o n a l l y  compacted U02-2 wt% 

Pu02 rod shows no evidence of f u e l  mel t ing  al though i r r a d i a t i o n  

a t  a peak l i n e a r  h e a t  r a t i n g  g r e a t e r  than  20 kW/ft dur ing  t h e  

f i r s t  p a r t  of t h e  i r r a d i a t i o n  should  have produced a mel t ing 

cond i t i on  (Figure  2 .8 )  . Vapor phase t r a n s p o r t  phenomena 

e r a d i c a t e d  evidence of  the  once-molten s t r u c t u r e  dur ing  subse-  

quent  ope ra t ion  a t  an e s t ima ted  h e a t  r a t i n g  of 1 0  kW/ft t o  a 

burnup of  about 13,000 MWd/MTM. This phenomenon has  been 

observed dur ing t h e  examination of o t h e r  mixed-oxide f u e l  rods .  

The beta-gamma autoradiographs  show an unexpected heterogeneous 

f i s s i o n  produc t  d i s t r i b u t i o n  i n  t he  homogenized reg ion  of t h i s  

mechanically-mixed h igh  burnup f u e l .  
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FIGURE 2.6 .  F u e l - C l a d d i n g  I n t e r f a c e  f rom A U02-2 w t %  Pu02 
H o t - P r e s s  P e l l e t  F u e l  Rod (A-14) Showing S e v e r e  
L o c a l i z e d  A t t a c k  
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FIGURE 2 .7 .  F u e l - C l a d d i n g  I n t e r f a c e  f rom a U02-2 w t %  Pu02 

H o t - P r e s s  P e l l e t  F u e l  Rod (A-14) Showing S e v e r e  
L o c a l i z e d  A t t a c k  



TABLE 2 . 3 .  Summary of t h e  P o s t i r r a d i a t i o n  ~ x a m i n a t i o n  S t a t u s  
f o r  Fuel  Rods I r r a d i a t e d  t o  Extended Burnup i n  
PRTR Fr inge P o s i t i o n s  

F i s s i o n  
Gas 

A n a l y s i s  

X 

X 

X 

X 

X 

X 

X 

X 

X 

L o s t  

X 

X 

X 

X 

X 

X 

L o s t  

E s t i m a t e d  P r o f i -  
E l e m e n t  Rod P e a k  B u r n u p ,  Gamma l o m e t e r  
Number No. -- -- F u e l  T y p e  MWd/MTM S c a n  S c a n  -- 

1 0 3 7  A-1330 U 0 2  1 2  , O  75" X Z 4 1 's[' 1 2 , 0 3 3 "  X Z 

1 5 , 3 6  8" X Z 

A-1325 - - -  z z 
5 1 1 8  DB-63 U02-0 .5  w t %  Pu02  (VP) (MM) 1 8 , 5 0 0  X Z 

B u r n u p  
A n a l y s i s  

DA-48 

5 1 8 6  ZZ-17 

z z - 7  

ZZ-12 

C N -  5  

C N -  7 

CM-85 
D e l e t e , d  

D e l e t e d  

(VP)(MM) 1 8 , 5 0 0  Z Z 

(CPS) X Z - - -  

(CPS) - - -  X z 
( c p s )  1 2 , 5 0 0  X Z 

(SW) (MM) 1 2 , 5 0 0  X Z 

(VP)(MM) 1 2 , 5 0 0  Z Z 

(VP) (MM) 1 2 , 5 0 0  Z Z 

D e l e t e d  

X 

z 

5 2 2 4  CS-27 U 0 2 - 1  !t% Pu02  (SW) ( P I )  1 3 , 5 0 0  X Z 

5226  DF-80 (VP) ( P I )  1 1 , 5 0 0  X Z I 
6 0 0 3  5C-27  U02-2 w t %  Pu02  (VP) ( P I )  1 3 , 0 0 0  X Z 

6 0 0 5  SF- 36 (sw) ( P I  8 , 0 0 0  X Z 1 
6 5 2 1  No. 6  T h o 2 - 5  w t %  Pu02  (VP) ( P I )  Low X Z 

(VP)  = V i b r a t i o n a l l y  compacted f u e l  r o d  
(SW) = Swage compacted f u e l  rod  

(CPSI = C o l d - p r e s s - s i n t e r  pe Z l e t  f u e l  r o d  
(MM) = Heterogeneous  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 fue  Z m a t e r i a l  
( P I )  = High-energy-ra te  p n e u m a t i c a l l y  i m p a c t e d  f u e l  

X = Examina t ion  comple ted  
Y = Examina t ion  i n  p r o g r e s s  
Z = Examina t ion  n o t  s c h e d u l e d  
* = Burnup v a l u e s  d e t e r m i n e d  by 1 4 8 ~ d  a n a l y s i s  

Ceramog-  
x b -  

X 

X 

X 

D e l e t e d  

Y 

D e l e t e d  

D e l e t e d  

D e l e t e d  

Y 

X 

z 
Z 

X 

Y 

X 

Y 

X 
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FIGURE 2.8. T ransve r se  S e c t i o n  of  a  Vipac U02-2 w t %  ~ u 0 2  
Fue l  Rod I r r a d i a t e d  i n  PRTR t o  an Es t ima t ed  
Peak Burnup of  13,000 MWd/MTM 



TRANSIENT TESTING 
M. D. Freshley, E .  A .  A i  tken ,* a n d  R.  L .  Johnson** 

A knowledge of t h e  behavior  of r e a c t o r  f u e l s  when s u b j e c t e d  

t o  h igh  energy ,  s h o r t  d u r a t i o n  power excurs ions  i s  e s s e n t i a l  t o  

permi t  a  complete e v a l u a t i o n  of t h e  e f f e c t  of f u e l  performance 

under a c c i d e n t  cond i t i ons  on r e a c t o r  s a f e t y .  A j o i n t  program 

invo lv ing  P a c i f i c  Northwest Laboratory ,  General  E l e c t r i c  

Company, and Idaho Nuclear Corporat ion was conducted i n  SPERT 

t o  determine whether s p e c i a l  cons ide ra t i ons  a s s o c i a t e d  w i th  

adding PuOZ enrichment t o  U02 f u e l s  a f f e c t  t r a n s i e n t  behav io r .  

Emphasis was d i r e c t e d  toward i n v e s t i g a t i n g  t h e  p o s s i b l e  e f f e c t s  

of l a r g e  Pu02 p a r t i c l e s  o r  agglomerates which may be inadver -  

t e n t l y  i n t roduced  i n  mixed- oxide f u e l s  when u t i l i z i n g  s t a n d a r d  

c o l d - p r e s s - s i n t e r  p e l l e t  f a b r i c a t i o n  techniques .  T r a n s i e n t  

behav ior  of t h e  f u e l  i s  an impor tan t  c o n s i d e r a t i o n  when e v a l u a t -  

i n g  t h e  des ign  b a s i s  a c c i d e n t  f o r  a  g iven r e a c t o r  system. 

Four f u e l  p i n s  con ta in ing  0 .272- iach diameter  e n r i c h e d  

(7% 2 3 5 ~ )  U02 p e l l e t s  w i t h  a  s i n g l e  Pu02 microsphere embedded 

i n  a l t e r n a t e  p e l l e t s  i n  t h e  5 .1 - inch  long f u e l  column were 

assembled i n  0.020-inch t h i c k  Zi rca loy-2  c ladd ing  w i t h  a  

nominal 0 .004- inch d i a m e t r a l  gap. The Pu02 microspheres were 

s t r a t e g i c a l l y  l o c a t e d  w i t h i n  t h e  p e l l e t s  ranging from the  

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

o f  d i f f e r e n t  s p a t i a l  p o s i t i o n s  r e l a t i v e  t o  t he  c ladd ing .  A 

nominal PuOZ p a r t i c l e  s i z e  of  500 u m  was s e l e c t e d  f o r  t h e  

i n i t i a l  t e s t s  because i t  i s  a  s i z e  t h a t  can be r e a d i l y  d e t e c t e d  

by neu t ron  radiography and because i t  i s  cons idered  t o  be n e a r  

t h e  upper s i z e  l i m i t  f o r  p a r t i c l e s  t h a t  could be i n a d v e r t e n t l y  

i n t roduced  i n  t h e  f a b r i c a t i o n  p roces s .  A s t a n d a r d  p i n  des ign 

was used t o  permi t  a  comparison of t h e  r e s u l t s  from these  t e s t s  

wi th  t h e  r e s u l t s  of o t h e r  t e s t s  i nvo lv ing  d i f f e r e n t  f u e l  t ypes .  

* Genera l  E l e c t r i c  Company 
**  Idaho Nuc lear  Corpora t ion  



T e s t  c a p s u l e  i n s t r u m e n t a t i o n  i n  SPERT p e r m i t t e d  measure-  

ment of  t h e  f o l l o w i n g  dynamic r e s p o n s e s  d u r i n g  i r r a d i a t i o n :  

f u e l  column a x i a l  d i s p l a c e m e n t ,  f u e l  r o d  c l a d d i n g  a x i a l  d i s p l a c e -  

ment ,  c a p s u l e  p r e s s u r e ,  w a t e r  column v e l o c i t y ,  and c l a d d i n g  

s u r f a c e  t e m p e r a t u r e  r i s e .  Pos t i r r a d i a t i o n  measurements i n c l u d e d  

hydrogen gas  e v o l u t i o n  and f l u x  w i r e  measurements.  

Each of  t h e  f o u r  f u e l  p i n s  was s u b j e c t e d  t o  a  s i n g l e  

power b u r s t  t h a t  r e s u l t e d  i n  a d i a b a t i c  ene rgy  d e p o s i t i o n s  o f  

189 ,  200,  213, and 237 c a l / g  of U02. The t e s t  c o n d i t i o n s  and 

r e s u l t s  o f  t h e  t r a n s i e n t  t e s t s  a r e  summarized i n  Table  2 .4 .  

TABLE 2 . 4 .  Summary of  T e s t  C o n d i t i o n s  and R e s u l t s  
o f  T r a n s i e n t  T e s t s  w i t h  P i n s  C o n t a i n i n g  
D i s c r e t e  Pu02 P a r t i c l e s  i n  P e l l e t  F u e l  

Energy Reac to r  Max. Meas. R e s i d u a l  
T e s t  D e p o s i t i o n ,  P e r i o d ,  Cladding Rod Growth, 
No. c a l / g  U02 msec Temp, " C  i n .  R e s u l t s  

1 189 6 .78  1450 0.026 No e x t e r n a l  
damage 

2 2 0 0  6 .22 1600 0.013 No e x t e r n a l  
damage 

3  2 13 5.79 1725 0.007 Two c l a d  pene-  
t r a t i o n s  by 
Pu02 p a r t i c l e s  

4 237 5.32 1825 - - - Four c l a d  pene-  
t r a t i o n s  by 
Pu02 p a r t i c l e s ,  
c l a d  s e v e r e l y  
w r i n k l e d  

No c l a d d i n g  p e n e t r a t i o n s  o c c u r r e d  i n  t h e  two f u e l  p i n s  i r r a -  

d i a t e d  a t  189 and 200 c a l / g  U02. The most n o t i c e a b l e  e f f e c t s  

of  i r r a d i a t i o n  were a  s l i g h t  bowing o f  t h e  p i n s  and t h e  forma- 

t i o n  of  a  da rk  z i rconium ox ide  l a y e r  o v e r  t h e  a c t i v e  f u e l  l e n g t h .  

Smal l  d i s c o l o r e d  a r e a s  may be e v i d e n c e  o f  l o c a l i z e d  o v e r h e a t i n g  

a s s o c i a t e d  w i t h  Pu02 p a r t i c l e s  n e a r  t h e  s u r f a c e  o f  t h e  p e l l e t s .  



Cladding p e n e t r a t i o n s  approximately 600 t o  1 2 0 0  pm i n  

diameter  developed i n  t he  two p i n s  i r r a d i a t e d  a t  e n e r g i e s  

above 213 c a l / g  U02 a t  some of t h e  l o c a t i o n s  where Pu02 micro- 

sphe re s  were p o s i t i o n e d  w i t h i n  1 0 0  pm of t he  c ladd ing .  

Although the  gene ra l  cond i t i on  of t he  p i n  i r r a d i a t e d  a t  an 

energy inpu t  of 213 c a l / g  U02 was n o t  adverse ly  a f f e c t e d  by 

t h e  i r r a d i a t i o n ,  t h e  c ladd ing  was p e n e t r a t e d  by two smal l  h o l e s  

a s s o c i a t e d  wi th  Pu02 p a r t i c l e s  n e a r  t he  s u r f a c e .  Severe c l a d -  

d ing d i s t o r t i o n  and wr ink l ing  i n d i c a t i v e  of mel t ing  occur red  

i n  t h e  p i n  i r r a d i a t e d  a t  an energy i n p u t  of 237 c a l / g  U02 and 

f o u r  sma l l  p e n e t r a t i o n s  a s s o c i a t e d  wi th  Pu02 p a r t i c l e s  occur red  

(Figure  2.9) . I n  a d d i t i o n ,  t h e r e  were numerous o t h e r  sma l l  

cracks  and p e n e t r a t i o n s  i n  the  c ladd ing  t h a t  were n o t  d i r e c t l y  

a s s o c i a t e d  wi th  Pu02 p a r t i c l e s .  

The d e t a i l e d  pos t i r r a d i a t i o n  examinat ion of t h e s e  p in s  i s  

i n  p r o g r e s s .  P re l iminary  r e s u l t s  show t h a t  even i n  t h e  p ins  

s u b j e c t e d  t o  t h e  lower energy i n p u t s ,  microspheres f u r t h e r  

removed from the  c ladd ing  expanded by a  f a c t o r  of approximately 

2 w i t h i n  t h e  surrounding U02 ma t r ix  and developed a  c a v i t y  i n  

t h e  c e n t e r  of t h e  microsphere (Figure  2.10) . Molten Pu02 

ex t ruded  f o r  d i s t a n c e s  g r e a t e r  than  1000 pm i n t o  p r e - e x i s t i n g  

cracks  i n  t he  U02. 

I t  i s  p o s t u l a t e d  t h a t  c ladd ing  p e n e t r a t i o n s  were caused 

by l o c a l i z e d  mel t ing  as  t h e  molten Pu02 p a r t i c l e s  were e j e c t e d  

from the  f u e l  s u r f a c e  by the  f o r c e  c r e a t e d  by t h e i r  vapor p r e s -  

s u r e  a t  ve ry  h igh  tempera tures .  The amount of f u e l  r e l e a s e d  

was l i m i t e d  p r i m a r i l y  t o  the  Pu02 microspheres .  

The prompt c ladd ing  f a i l u r e  t h r e s h o l d  f o r  f r e s h  homogeneous 

mixed-oxide f u e l  i s  above 225 c a l / g  UOZ Based upon the  r e s u l t s  

of t he se  exper iments ,  t h e  c ladd ing  f a i l u r e  t h r e s h o l d  f o r  thermal 

r ecyc l e  f u e l  con t a in ing  500 v m  d iameter  Pu02 agglomerates i s  
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FIGURE 2.9. Posttransient Appearance of a Zircaloy-Clad Pellet Containing Pin 
(n N 

Irradiated at an Energy Input of 237 cal/g U O 2 .  (Small cladding p3 

penetrations were caused by the expulsion of discrete PuOZ parti- 
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cles placed near the surface of the pellets.) 
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FIGURE 2.10. A 500 pm Pu02 P a r t i c l e  i n  a U02 Matrix 
Af ter  Trans ient  I r r a d i a t i o n  i n  SPERT. 
(The diameter of t h e  p a r t i c l e  increased  
t o  800 urn and a c e n t r a l  c a v i t y  formed.) 

only s l i g h t l y  lower a t  213 ca l /g  U02 although no s i g n i f i c a n t  

f u e l  d i s p e r s a l  was associa ted  with cladding pene t ra t ions .  The 

threshold  energy f o r  prompt f u e l  d i s p e r s a l ,  which i s  accom- 

panied by a de tec tab le  conversion of thermal t o  mechanical 

energy, commences a t  about 325 ca l /g  U02. A primary s a f e t y  

cons idera t ion ,  which i s  prompt f u e l  d i s p e r s a l  accompanied by 

a s i g n i f i c a n t  conversion of thermal t o  mechanical energy, 

occurs a t  approximately 425 ca l /g  U02 and does no t  appear t o  

be s i g n i f i c a n t l y  a f f e c t e d  by the  presence of a 5 0 0  u m  diameter 

PuOZ agglomerate. 



P L U T O N I U M  A N D  F I S S I O N  P R O D U C T  M I G R A T I O N  I N  M I X E D - O X 1  DE F U E L S  

D U R I N G  I RRADIATION 

M. D .  F r e s h l e y  a n d  J .  K .  B a h l *  

Plutonium and f i s s i o n  p roduc t  m ig ra t i on  i n  mixed-oxide 

f u e l s  du r ing  i r r a d i a t i o n  a r e  impor t an t  c o n s i d e r a t i o n s  when 

a s s e s s i n g  f u e l  performance.  Q u a n t i t a t i v e  s t u d i e s  u t i l i z i n g  

t he  s h i e l d e d  e l ec t ron -mic rop robe  show t h a t  s i g n i f i c a n t  p lu ton ium 

r e d i s t r i b u t i o n  occurs  i n  h i g h  performance mixed-oxide f u e l s  

dur ing  i r r a d i a t i o n .  Q u a l i t a t i v e  e v a l u a t i o n s  of  f i s s i o n  p roduc t  

m i g r a t i o n  u t i l i z i n g  au to rad iography  i n d i c a t e  t h a t  t h i s  t e chn ique  

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

i n  i r r a d i a t e d  f u e l s  and t h a t  m i g r a t i o n  of some s p e c i e s  i s  c o i n -  

c i d e n t  w i t h  t h e  f u e l  r e s t r u c t u r i n g  phenomenon and occurs  

r a p i d l y  du r ing  i r r a d i a t i o n .  

S t u d i e s  were performed on v i b r a t i o n a l l y  compacted 

U02-2 w t %  PU02 f u e l  p i n  i r r a d i a t e d  f o r  approximate ly  230 hours  

i n  PRTR a t  a  maximum l i n e a r  h e a t  r a t i n g  of 2 0  kW/ft which 

produced f u e l  m e l t i n g  a t  t h e  t ime of  shutdown. The 86% of  

t h e o r e t i c a l  d e n s i t y  f u e l  w i t h  an O/M r a t i o  of  2.015 was c l a d  

i n  Z i r c a l o y - 4  w i t h  an 0 .565- inch  o u t s i d e  d iamete r  and a  

nominal  0 .030- inch w a l l  t h i c k n e s s .  

P lu tonium,  uranium and f i s s i o n  p roduc t  c o n c e n t r a t i o n s  were 

e v a l u a t e d  by s cann ing  a long d i f f e r e n t  r a d i i  on t h e  specimen 

w i t h  a  1 pm x 10 u m  beam i n  5  o r  1 0  pm i n t e r v a l s .  The 10 pm 

dimension was p e r p e n d i c u l a r  t o  t h e  r a d i a l  d i r e c t i o n  of t r a v e l .  

The r e s u l t s  of  f i v e  r a d i a l  s cans  show t h a t  t h e  p lu tonium 

c o n c e n t r a t i o n  i s  uniform i n  t h e  once-molten f u e l  r e g i o n  and i s  

18% h i g h e r  t h a n  t h e  nominal v a l u e .  The d i s c o n t i n u i t y  i n  t h e  

p lu tonium c o n c e n t r a t i o n  occurs  a t  t h e  maximum me l t  r a d i u s  which 

cor responds  t o  t h e  o u t e r  boundary of t h e  p o r e - f r e e  band 

* Exchange s c i e n t i s t  from Bhabha A t o m i c  R e s e a r c h  C e n t e r ,  
Bombay, I n d i a  



sur rounding  the  c e n t r a l  subg ra in  s t r u c t u r e  reg ion  (F igure  2.11) . 
The un i formi ty  of the  plutonium concen t r a t i on  i n  t h i s  r eg ion  

i s  a t t r i b u t e d  t o  a  convect ion mixing phenomenon. (1) 

Plutonium mig ra t i on  towards t h e  thermal  c e n t e r  occur red  

beyond t h e  molten boundary i n  t h e  columnar g r a i n  growth r eg ion .  

A minimum plutonium concen t r a t i on  e q u a l  t o  t h e  nominal va lue  

occur red  a t  44% of t h e  r ad ius  from the  thermal  c e n t e r  where 

t h e  f u e l  temperature  was e s t ima ted  t o  have been 2500 O C .  

Plutonium r e d i s t r i b u t i o n  i n  t h e  columnar g r a i n  reg ion  i s  

a t t r i b u t e d  t o  p r e f e r e n t i a l  evapora t ion  of uranium oxide i n  t he  

hypers t o i c h i o m e t r i c  f u e l  dur ing  t h e  c o n t i n u a l  movement of 

voids up t h e  thermal  g r a d i e n t  by a  vapor t r a n s p o r t  mecha- 

nism. (2  93 )  A l i m i t e d  amount of plutonium mig ra t i on  up t h e  

thermal  g r a d i e n t  by a  thermal  d i f f u s i o n  mechanism i s  a l s o  

l i k e l y  t o  have occur red  i n  t h i s  r eg ion .  (2) 

Beyond t h e  reg ion  where homogeneous s o l i d  s  o l u t i o n  formed 

dur ing i r r a d i a t i o n ,  t h e  plutonium concen t r a t i on  i s  e r r a t i c  

because of  t he  n a t u r e  of t he  mechanically-mixed mixed- oxide 

f u e l .  The average plutonium concen t r a t i on  i n  t h e  f u e l  reg ion  

where r e l o c a t i o n  phenomena occur red  i s  1 2 %  g r e a t e r  than t h e  

nominal concen t r a t i on  i n  t h e  as - f a b r i c a t e d  f u e l .  This may 

be t h e  r e s u l t  of p r e f e r e n t i a l  evapora t i on  of g ross  amounts 

of uranium from t h e  h o t t e r  c e n t r a l  r eg ion  of the  rod  t o  t h e  

coo le r  p e r i p h e r a l  reg ion  n e a r  t h e  c l add ing .  (293) 

Autoradiography i n d i c a t e d  t h e  presence of s h o r t -  l i v e d  

a - a c t i v i t y  a s s o c i a t e d  w i t h  t h e  molten r eg ion  as  d e l i n e a t e d  by 

the  o u t e r  boundary of the  p o r e - f r e e  band t h a t  d i sappeared  

w i t h i n  8 months decay. 8-y  au torad iographs  show the  normal 

f i s s i o n  product  a c t i v i t y  d i s t r i b u t i o n s  a s s o c i a t e d  w i th  once- 

molten f u e l  (Figure  2.11) a l though t h e  f i s s i o n  produc t  concen- 

t r a t i o n  i n  t h i s  low burnup sample was n o t  s u f f i c i e n t  t o  be 

d e t e c t e d  by t h e  e l e c t r o n  microprobe which has  an e s t i m a t e d  

d e t e c t a b l e  l i m i t  of 500 ppm. 
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FIGURE 2 .11 .  Radial Plutonium Concentration i n  an I r r a d i a t e d  U02-2 w t %  
Pu02 Fuel Rod That Operated with Limited Fuel  Melting. 
(Photo shows e l e c t r o n  microprobe scan l o c a t i o n s  and 
autoradiographs . ) 
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H I G H  E X P O S U R E  P L U T O N I U M  S T U D I E S  

L .  G .  F a u s t  and R.  L .  G u l l e y  

Neutron y i e l d s  and neu t ron  and gamma dose r a t e s  from mixed- 

oxide f u e l  assembl ies  scheduled  f o r  i r r a d i a t i o n  i n  t h e  San 

Onofre Reactor  were measured a t  t h e  r e a c t o r  s i t e .  The measure- 

ments were made w i t h  f o u r  assembl ies  s t o r e d  i n  a  s i n g l e  row 

w i t h  12- inch  edge- to-edge spac ing  between assembl ies  

(Figure  2.12) . 
Each of t h e  assembl ies  con ta in  180 plutonium-bear ing f u e l  

rods and 16 nonfue led  rods i n  a  14 x 1 4  a r r a y .  Each assembly 

i s  8  i nches  square  by 135 inches  long and c o n t a i n  a  t o t a l  of 

1 1 . 2 5  kg of  plutonium w i t h  t h e  fo l lowing  i s o t o p i c  composit ion:  

I so tope  w t %  

2 3 8 ~ u  0.34 
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FIGURE 2.12. San Onofre Fuel Assembly Arrangement 

The Pu02 c o n c e n t r a t i o n  i n  the  rods i nc luded  i n  each assembly i s  

as fo l l ows :  

PuO Enrichment -2 Number of  Rods 

3.34 w t %  2 4 

Gamma dose r a t e s  were measured wi th  a  thermal  luminescence 

dosimeter  (TLD) . The r e s u l t s  of t h e s e  measurements a r e  con- 

s i d e r a b l y  h i g h e r  t han  s i m i l a r  measurements made w i t h  BWR 

p lu ton ium-bear ing  assembl ies .  However, t h i s  i s  t o  be expec ted  

because t h e  t o t a l  plutonium con ta ined  i n  t h e s e  assembl ies  i s  

n e a r l y  twice  the  amount con ta ined  i n  t h e  most h i g h l y  plutonium 

e n r i c h e d  BWR assembly measured t o  d a t e  ( i  . e .  11.25 kg ve r sus  

6 kg plutonium p e r  assembly).  I n  a d d i t i o n ,  PWR f u e l  c ladd ing  

i s  t y p i c a l l y  t h i n n e r  t h a n  BWR f u e l  rod  c ladd ing  ( i  . e .  2 4  m i l s  

ve rsus  30 m i l s ) ,  and p o s s i b l e  d i f f e r e n c e s  i n  t he  ages of t he  



plutonium could  s i g n i f i c a n t l y  a f f e c t  t h e  measurements. Gamma 

dose r a t e s  measured a t  d i f f e r e n t  d i s t a n c e s  from t h e  end 

assembly (Figure 2.12) a r e  p r e s e n t e d  below. Dose r a t e  measure- 

ments of a  BWR assembly con ta in ing  a  t o t a l  of 6 kg of 

plutonium a r e  i nc luded  f o r  comparison. 

Gamma Dose Rates 

Dis tance ,  Pu02-UO Fuel  Assemblies 
i n .  D O S ~  Rate,  mR/hr 

PWR B WR 

0.75 3 6 1 2  

Neutron y i e l d s  from t h e  f o u r  asserrtblies were measured 

w i th  a  p r e c i s i o n  long counte r  l o c a t e d  from 4 t o  18.75 f e e t  

from t h e  end assembly (Figure  2.12) . The e f f e c t  of neu t ron  

s c a t t e r  from sur rounding  concre te  w a l l s  i n  t h e  assembly 

s t o r a g e  a r e a  was cons idered  and exper imenta l  c o r r e c t i o n  f a c t o r s  

were determined i n  a  low l e v e l  f l u x  room be fo re  t h e  f i n a l  

measurements were made. Using the  c o r r e c t i o n  f a c t o r s ,  t h e  

measured neu t ron  y i e l d  ( f o u r  assembl ies)  was 1 . 1 2  x l o 7  neu t rons  

p e r  second.  A c a l c u l a t e d  y i e l d  of 1 .08 x l o 7  neu t rons  p e r  

second,  which i s  f  lux-weighted f o r  t he  geometr ic  c o n f i g u r a t i o n ,  

compares favorab ly  wi th  t he  measured y i e l d .  The c a l c u l a t e d  

neu t ron  y i e l d  f o r  an i n d i v i d u a l  assembly i s  3.56 x l o 6  neu t rons  

p e r  second.  

Neutron dose r a t e  measurements were made w i t h  a  Tissue 

Equiva len t  P r o p o r t i o n a l  Counter (TEPC) . Pre l imina ry  a n a l y s i s  

of t h i s  d a t a  i n d i c a t e s  a  neu t ron  dose r a t e  of about 25 mrem/hr 

a t  about 2 inches  and about 1 4  mrem/hr a t  25 inches  from the  

end assembly (Figure  2.12) . These va lues  i n c l u d e  a  Qua l i t y  

Fac tor  of 10 and 8.4 r e s p e c t i v e l y .  Both t h e  dose r a t e  and t h e  

Qua l i t y  Fac to r s  a r e  s u b j e c t  t o  ref inement  upon completion of 

t h e  d a t a  a n a l y s i s .  



Reference 

I .  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  R e p o r t ,  March, A p r i l ,  and May 1970,  BNWL-1442, 
pp. 3 .14-3 .15 ,  B a t t e l l e - N o r t h w e s t .  June  1970.  

DEFECT TESTING 

M. D. Freshley and D. G. Carter 

The performance of i n t e n t i o n a l l y  d e f e c t e d  and nondefec ted  

mixed-oxide f u e l s  was i n v e s t i g a t e d  by performing i r r a d i a t i o n s  

i n  the  ETR M-3 Loop f a c i l i t y .  This program was t e rmina t ed  

a f t e r  performance of t he  f i r s t  d e f e c t  t e s t .  

Mixed-oxide f u e l  rods i n c o r p o r a t i n g  d i f f e r e n t  c o l d - p r e s s -  

s i n t e r  p e l l e t  des igns  were i r r a d i a t e d  i n  a 12- rod  c l u s t e r  

assembly as p a r t  of t h e  d e f e c t  t e s t i n g  exper iment .  The des ign  

parameters  a s s o c i a t e d  wi th  t h e  d i f f e r e n t  f u e l  rod des igns  

t e s t e d  a r e  summarized i n  Table 2 .5 .  

TABLE 2 .5 .  Design Parameters f o r  Mixed-Oxide Fuel Rods 
I r r a d i a t e d  During t h e  Defect  Tes t ing  
Experiment 

Rod Diametra l  Gap, Weight % 
Type P e l l e t  Design i n .  Pu02 

S o l i d  

S o l i d  

~ i s h e d ( ~ )  

Dished 

Cored (b 1 

a .  Dish  vo lume  i s  3% o f  p e l l e t  v o l u m e .  
b .  Core vo lume  i s  10% o f  p e l l e t  vo lume .  



Each p e l l e t -  c o n t a i n i n g  rod i s  nominal ly  0 .565- inch  O D  c l a d  

i n  0 .O3O-inch t h i c k  Z i r c a l o y - 4  c l add ing  w i t h  a  26 .8 - inch  a c t i v e  

f u e l  l e n g t h .  The i r r a d i a t i o n s  were conducted a t  peak h e a t  

r a t i n g s  rang ing  from 14 t o  23 kW/ft w i t h  maximum f u e l  tempera-  

t u r e s  n e a r  me l t i ng  i n  t he  s o l i d  p e l l e t  rods  and approximate ly  

2100 O C  i n  t h e  cored  p e l l e t  r ods .  Peak burnups of approximate ly  

3000 MWd/MTM were ach ieved  b e f o r e  t h e  t e s t s  were t e rmina t ed .  

The sys tem p r e s s u r e  was 2000 p s i  a t  an average  c o o l a n t  tempera- 

t u r e  of  490 O F .  

A Type 2 rod  was i n t e n t i o n a l l y  d e f e c t e d  by d r i l l i n g  a  

0 .020- inch  d iamete r  h o l e  through t h e  c l add ing  i n  t he  peak power 

r eg ion  a f t e r  t h e  rod was i r r a d i a t e d  t o  a  peak burnup of  about  

1 2 0 0  MWd/MTM. The d e f e c t e d  rod was subsequen t ly  i r r a d i a t e d  

f o r  1 7 . 3  e f f e c t i v e  f u l l  power days a t  a  l i n e a r  h e a t  r a t i n g  of 

about  13 .5  kW/ft which produced maximum f u e l  t empera tu res  of  

approximate ly  1650 O C .  R o t a t i o n  of  t h e  e lement  i n c r e a s e d  t he  

h e a t  r a t i n g  a t  t h e  d e f e c t  t o  about  2 0  kW/ft w i t h  a s s o c i a t e d  

maximum f u e l  t empera tu res  of 2400 O C  f o r  an a d d i t i o n a l  1 4 . 1  

e f f e c t i v e  f u l l  power days .  

Gross gamma a c t i v i t y  l e v e l s  moni tored  i n  t h e  loop p i p i n g  

system i n c r e a s e d  i n  p r o p o r t i o n  w i t h  t h e  power b u t  remained w e l l  

w i t h i n  a c c e p t a b l e  l i m i t s .  There were no i n d i c a t i o n s  of  p a r t i c u -  

l a t e  f u e l  r e l e a s e  and t h e r e  were no a c t i v i t y  b u r s t s  a s s o c i a t e d  

w i t h  changes i n  r e a c t o r  power l e v e l ,  some of  which were s e v e r e ,  

t h a t  c h a r a c t e r i z e  t he  d e f e c t  behav io r  of p a r t i c l e  f u e l .  

Ax i a l  gamma scann ing  and d iamete r  p r o f i l e  measurements 

were made on two nondefec ted  Type 1 rods w i t h  a  peak burnup 

of approximate ly  1 2 0 0  MWd/MTM and t h e  d e f e c t e d  Type 2 rod  w i t h  

a  peak burnup of  3000 MWd/MTM. The g ro s s  gamma s c a n  of  non- 

d e f e c t e d  F-10 shows a  smooth f i s s i o n  p roduc t  a c t i v i t y  d i s t r i b u -  

t i o n  t h a t  i s  r e l a t e d  t o  t h e  a x i a l  power p r o f i l e  (F igure  2 .13 ) .  
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FIGURE 2 . 1 3 .  A x i a l  Gamma S c a n  f o r  N o n d e f e c t e d  C o l d - P r e s s - S i n t e r  
P e l l e t  F u e l  Rod F-10 
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A d i s c o n t i n u i t y  i n  t h e  gamma s c a n  o c c u r r e d  above t h e  peak power 

p o s i t i o n  i n  r o d  F-11 ( F i g u r e  2.14)  . The d i s c o n t i n u i t y  i s  

p o s s i b l y  t h e  r e s u l t  o f  a x i a l  movement of  t h e  p e l l e t  f u e l  

column. 

The gamma s c a n  o f  d e f e c t e d  r o d  F-12 shows two l o c a l i z e d  

v a r i a t i o n s  i n  t h e  f i s s i o n  p r o d u c t  a c t i v i t y  curve  a t  and above 

t h e  peak  power p o s i t i o n  ( F i g u r e  2.15) . The p e r t u r b a t i o n s ,  

which a r e  p o s s i b l y  t h e  r e s u l t  o f  a x i a l  f u e l  r e l o c a t i o n  o r  slump- 

i n g ,  do n o t  a p p e a r  t o  b e  r e l a t e d  t o  t h e  p o s i t i o n  of  t h e  d e f e c t .  

P r e -  and pos t i r r a d i a t i o n  d i a m e t e r  p r o f i l e  measurements on 

t h e  rods  show t h a t  t h e  c l a d d i n g  has  p l a s t i c a l l y  deformed and 

become o v a l  shaped  d u r i n g  i r r a d i a t i o n  i n  t h e  p r e s s u r i z e d  loop  

( F i g u r e s  2.16 t h r o u g h  2.18)  . The maximum o v a l i t y  i n c r e a s e  i n  

n o n d e f e c t e d  rods  F-10 and F-11 ,  which were assembled  w i t h  a  

c o l d  d i a m e t r a l  gap of  0.006 i n c h ,  i s  0.004 i n c h  and 0.009 i n c h ,  

r e s p e c t i v e l y .  The r e l a t i v e l y  l a r g e  maximum o v a l i t y  i n  r o d  F-11  

i s  l o c a l i z e d .  The maximum o v a l i t y  i n c r e a s e  i n  d e f e c t e d  r o d  F - 1 2 ,  

which was assembled  w i t h  a  nominal  0 .010- inch  d i a m e t r a l  gap ,  i s  

0.006 i n c h .  Cladding  c o l l a p s e  on t h e  d e f e c t e d  r o d  must have 

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

of  35 e f f e c t i v e  f u l l  power days because  no  c o l l a p s e  t y p e  

d e f o r m a t i o n  i s  e x p e c t e d  t o  o c c u r  a f t e r  d e f e c t i n g .  There was 

no  e v i d e n c e  o f  c l a d  r i d g i n g  a t  p e l l e t  i n t e r f a c e s  i n  any o f  t h e  

r o d s .  These r e s u l t s  show t h a t  c l a d  d e f o r m a t i o n ,  even i n  

c l a d d i n g  t h a t  i s  c a l c u l a t e d  t o  be f r e e - s  t a n d i n g ,  commences 

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



P O I N T  OF M A X I M U M  
O V A L I T Y  

FIGURE 2.14. Axial  Gamma Scan f o r  Nondefected Cold-Press-Sinter  
P e l l e t  Fuel  Rod F-11 



P O I N T  O F  D E F E C T  

FIGURE 2.15. A x i a l  Gamma Scan  f o r  D e f e c t e d  C o l d - P r e s s - S i n t e r  
P e l l e t  F u e l  Rod F-12 



DISTANCE FROM BOTTOM OF ROD (INCHES) 

FIGURE 2.16. P r e i r r a d i a t i o n  (Top) and P o s t i r r a d i a t i o n  (Bottom) 
Diameter P r o f i l e  Scans of Nondefected Fue l  Rod F-10 
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FIGURE 2.17. P r e i r r a d i a t i o n  (Top) and P o s t i r r a d i a t i o n  ( ~ o t t o m )  
Diameter P r o f i l e  Scans of Nondefected F u e l  Rod F-11 
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FIGURE 2.18. Preirradiation (Top) and Pos tirradiation (Bottom) 
Diameter Profile Scans of Defected Fuel Rod F-12 



SAXTON FUEL EXAMINATION 

D. G. C a r t e r  a n d  M. D. Freshley 

The dimensional  s t a b i l i t y  of  f o u r  Z i r ca loy -  4  c l a d  

U02-6 .6 w t %  Pu02 f u e l  rods  i r r a d i a t e d  i n  t h e  PWR environment 

of  Saxton Core I1 was e v a l u a t e d  by cont inuous  p r o f i l o m e t e r  

scann ing  t h e  o u t s i d e  d iamete r  o f  each rod  a long i t s  f u l l  l e n g t h .  

Three o f  t h e  rods  examined con t a ined  94 + 2 %  TD c o l d -  

p r e s s - s i n t e r  p e l l e t  f u e l  and one con t a ined  87 ? 1% TD v i p a c  

p a r t i c l e  f u e l .  The p e l l e t  rods  were assembled w i t h  a  nominal 

0 .007- inch d i a m e t r a l  gap i n  t h e  0 .391- inch OD t ub ing  which had 

an 0 .023- inch w a l l  t h i c k n e s s .  The o v e r a l l  l e n g t h  of each r o d  

i s  41 i nches  w i t h  an a c t i v e  f u e l  l e n g t h  of  36.6 i n c h e s .  The 

rods  were exposed f o r  6350 e f f e c t i v e  f u l l  power hours  t o  a  

c o o l a n t  p r e s s u r e  of  2000 p s i  a t  an average i n l e t  t empera tu re  

of 503 O F  and subsequen t ly  f o r  9387 e f f e c t i v e  f u l l  power hours  

t o  a  c o o l a n t  p r e s s u r e  of  2200 p s i  a t  an average  t empera tu re  of  

483 OF. A summary o f  t h e  i r r a d i a t i o n  h i s t o r y  and p r o f i l o m e t e r  

d a t a  f o r  each rod  i s  p r e s e n t e d  i n  Table 2.6. 

TABLE 2 . 6 .  I r r ad i a t i on  History and Profilometer Data 
f o r  Saxton Core I1 Rods 

Maximum 
Rod Rod Es t imated  Peak Es t imated  Peak O v a l i t y ,  

Number Type Rod Power, kW/ft Burnup, MWd/MTM i n .  

F-2 (HG)  P e l l e t  14.0 

F-3(AQ) P e l l e t  8.5 

D-5 (KF) P e l l e t  9.5 

A-3(S3) Vipac 14.5 



Ten u n i r r a d i a t e d  Saxton rods were p rof  i l o m e t e r  scanned t o  

ob t a in  d a t a  on t h e  p r e i r r a d i a t i o n  c o n d i t i o n  of t h e  rods .  This 

d a t a  shows a  minimum amount o f  o v a l i  t y  , i . e .  , l e s s  than  

0.0005-inch (F igure  2.19).  P o s t i r r a d i a t i o n  p r o f i l o m e t e r  d a t a  

on t h e  t h r e e  p e l l e t - c o n t a i n i n g  rods  show maximum o v a l i t y  of 

about 0.0035 inches  (Figures  2.20 through 2 .22) .  There was no 

evidence of r i d g i n g  a t  p e l l e t  i n t e r f a c e s .  The s m a l l e r  o v a l i t y  

measured on t h e  v i p a c  rod (maximum 0.0020 inch)  i s  a  r e s u l t  

of t he  improved c ladd ing  suppor t  p rov ided  by t h i s  f u e l  type 

(Figure 23 ) .  These d a t a  a r e  i n  b a s i c  agreement wi th  p r o f i -  

lometer  d a t a  ob t a ined  by Wes t inghouse E l e c t r i c  Corpora t ion  on 

s i m i l a r  r o d s .  (1) 
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house E Z e c t r i c  C o r p o r a t i o n ,  P i t t s b u r g h ,  Pennsy Zvania .  
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F I G U R E  2 .19 .  D i a m e t e r  P r o f i l e  Scan of T y p i c a l  U n i r r a d i a t e d  
V i b r a t i o n a l l y  C o m p a c t e d  Saxton F u e l  R o d  
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F I G U R E  2.20. Postirradiation Diameter Profile Scan of Pellet- 
Containing Saxton Fuel Rod F3-8 (AQ) 
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FIGURE 2.21. P o s t i r r a d i a t i o n  Diameter P r o f i l e  Scan of  P e l l e t -  
Containing Saxton Fue l  Rod D5-4(kF) 
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FIGURE 2 . 2 2 .  P o s t i r r a d i a t i o n  D i a m e t e r  P r o f i l e  S c a n  o f  P e l l e t -  
C o n t a i n i n g  S a x t o n  Fuel Rod F2-9 ( H Q )  
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Compacted S a x t o n  F u e l  Rod A3- l (S3 )  
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MONTE C A R L 0  T H E R M A L  N E U T R O N  S A M P L I N G  M O D E L  FOR WATER 

D.  H .  Thomsen 

An e f f o r t  t o  p rov ide  a  b e t t e r  the rmal  n e u t r o n  s c a t t e r i n g  

model f o r  use  i n  t h e  BMC Monte Ca r lo  code has  begun. 

Development work was done on a  s c a t t e r i n g  model f o r  296  O K  

w a t e r .  Th i s  model i s  based  on t h e  S(a ,B)  r e p r e s e n t a t i o n  of  

the rmal  neu t ron  s c a t t e r i n g .  P r e s e n t l y ,  i d e a l  gas  s c a t t e r i n g  

i s  used t o  p rov ide  f o r  energy changes.  For many c a l c u l a t i o n s  

t h i s  r e s u l t s  i n  a  t oo  s o f t  the rmal  spect rum.  The new model 

shou ld  g i v e  more c o r r e c t  energy d i s t r i b u t i o n  a long w i t h  a  

b e t t e r  a n g u l a r  d i s t r i b u t i o n .  

The double d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  f o r  a  

chemica l ly  bound subs t ance  i s  g iven  by t h e  e q u a t i o n .  

E - Eo  
where f3 = - i s  t h e  d imens ion less  energy change and 

E o  + E - 2p EE . 
a =  aXT f i  i s  t h e  d imens ion less  momentum change. 

I t  would r e q u i r e  a  t h r ee -d imens iona l  a r r a y  t o  s e l e c t  

random samples d i r e c t l y  from t h e  double d i f f e r e n t i a l  c r o s s  

s e c t i o n .  Th i s  would r e q u i r e  t o o  much memory space  f o r  many 

computer a p p l i c a t i o n s .  However, a  space  s av ing  method 

independen t ly  sugges t ed  by C .  W .  Lindenmier and 

M .  H .  Kalos (3 )  and p a r t i a l l y  developed by K .  B .  Cady ( 4 )  and 

Frank G .  Bischof f  was used.  Th i s  method a l lows sampl ing 

u s i n g  s e v e r a l  two- d imens iona l  a r r a y s  and hence g r e a t l y  

reduces  t h e  r e q u i r e d  computer memory space .  
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The i d e a  i s  t o  f i r s t  o b t a i n  an energy change and then  t o  

use a  sampling d i s t r i b u t i o n  i n  t he  v a r i a b l e s  a and 6 t o  o b t a i n  

t he  s c a t t e r i n g  ang le .  Memory space i s  a l s o  reduced by t r e a t -  

i n g  u p s c a t t e r i n g  and downscat ter ing s e p a r a t e l y .  

The main problem i n  implementat ion of t h i s  method i s  

p roces s ing  and f i t t i n g  t h e  d a t a .  Data was ob t a ined  from 

ENDF/B-file 7 f o r  wa te r .  The neces sa ry  d a t a  was p rocessed  by 

us ing  a  modif ied  v e r s i o n  of t h e  FLANGE-I1  ( 7 )  code. The d a t a  

was f i t  and a  FORTRAN sub rou t ine  was w r i t t e n  t o  sample from 

t h e  f i t t e d  d a t a .  

Very l i t t l e  t e s t i n g  of t h i s  r o u t i n e  has  been done. How- 

e v e r ,  what has  been done i n d i c a t e s  t h a t  i t  works f a i r l y  w e l l  

over most of t h e  energy range,  b u t  t h e r e  i s  a  p a r t  of t h e  

energy range which e i t h e r  ha s  an e r r o r  i n  t h e  r o u t i n e  o r  has  

an inadequate  f i t  t o  t h e  d a t a .  I t  i s  expec ted  t h a t  f u r t h e r  

development and t e s t i n g  of t h i s  model must be postponed due t o  

reduced funding and o t h e r  h i g h e r  p r i o r i t y  work. 
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T H E  D E T E R M I N A T I O N  OF R A T I O S  OF  E F F E C T I V E  CROSS S E C T I O N S  FROM 

B U R N U P  D A T A  FROM T H E  S A X T O N  P L U T O N I U M  PROGRAM 

P .  E .  C o u d r o n  a n d  R .  P .  M a t s e n  

The i s o t o p i c  d a t a  ob t a ined  by Westinghouse from t h e  

d e s t r u c t i v e  a n a l y s i s  of  U02-6.6 w t %  Pu02 rods i r r a d i a t e d  i n  

SAXTON Core I I ( l )  have been used t o  de r ive  p r e l i m i n a r y  v a l u e s  

of  r a t i o s  o f  e f f e c t i v e  c ros s  s e c t i o n s .  The i n fo rma t ion  was 

ob t a ined  by f i t t i n g  t h e  a p p r o p r i a t e  t r ansmuta t i on  equa t ions  

t o  t h e s e  d a t a  v i a  t h e  DBUFIT-I ( 2 )  l e a s t  squares  a n a l y s i s  code. 

The d a t a  have been s e p a r a t e d  i n t o  two groups according t o  t h e  

t ype  of neu t ron  energy spectrum i n  which t h e  sample was i r r a -  

d i a t e d .  Data from each of t he se  groups have been analyzed 

s e p a r a t e l y  f o r  c ro s s  s e c t i o n  r a t i o s .  Samples from t h e  i n t e r i o r  

rods of a  Saxton f u e l  bundle a r e  from t h e  "asymptotic" r eg ion  

which comprises t he  l a r g e s t  p o r t i o n  of t h e  f u e l .  Samples from 

t h e  edge of  a  bundle a r e  i n f l u e n c e d  by e x t r a  w a t e r  moderator 

r e s u l t i n g  i n  a  d i f f e r e n t  neu t ron  spectrum than  e x i s t s  i n  t h e  

i n t e r i o r  o f  t h e  bundle and a r e  des igna t ed  as be ing  from t h e  

"water s l o t "  r e g i o n .  

The d a t a  from t h e  asymptot ic  reg ion  of t h e  core  and t h e  

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

i n  F igure  2 . 2 4 .  One-s tandard-dev ia t ion  u n c e r t a i n t i e s  a r e  

a t t a c h e d  t o  t h e  p l o t t e d  d a t a  p o i n t s .  The b e s t  l e a s t  squares  

f i t  f o r  each i s o t o p e  i s  a l s o  shown bounded by i t s  one 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 y .  The f i t  was f o r c e d  through t h e  ze ro  

exposure d a t a  p o i n t  as i s  e v i d e n t  from t h e  accompanying f i g u r e .  

The c ros s  s e c t i o n  r a t i o s  ob t a ined  from t h e  l e a s t  squa re s  ana lyse s  

of both  s e t s  of d a t a  a r e  g iven i n  Table 2 . 7 .  
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F I G U R E  2 . 2 4 .  Plutonium I s o t o p e s  Versus "'u f o r  Saxton Asymptotic  Data 



TABLE 2 . 7 .  C r o s s  Sec t ion  R a t i o s  D e r i v e d  
f r o m  the  SAXTON C o r e  I1 
B u r n u p  D a t a  

Cross  S e c t i o n  R a t i o  A s y m p t o t i c  Da ta  Water  S l o t  Da ta  - 

The s u p e r s c r i p t s  a re  25 = 2 3 5 ~ ,  28 = 2 3 8 ~ ,  4 9  = 239 pu, 
40 = 240pu and 42 = 2 4 2 P ~ .  

* 4 9  and N~~ a re  t h e  i s o t o p i c  c o n c e n t r a t i o n s  o f  2 3 9 P ~  and 
' ~ O P U ,  r e s p e c t i v e l y ,  i n  u n i t s  o f  a toms/g  U+PU.  
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PuO, P A R T I C L E  S I Z E  R E A C T I V I T Y  E F F E C T  
b 

D. F.  Newrnan and  C. R .  Gordon  

Fuel element development f o r  plutonium r e c y c l e  has  l e d  t o  

f u e l s  composed of t h e  mixed oxides  of p lutonium and uranium. 

These f u e l  elements a r e  p r e s e n t l y  f a b r i c a t e d  by d i s t r i b u t i n g  

t h e  plutonium throughout t he  uranium as p a r t i c l e s .  Due t o  s e l f -  

s h i e l d i n g  p r o p e r t i e s  of t h e  p a r t i c l e ,  t h e  r e a c t i v i t y  of  t h e  

f u e l  i s  a  f u n c t i o n  of p a r t i c l e  s i z e .  S ince  a  change i n  p a r t i c l e  

s i z e  i s  probable  e i t h e r  i n  t he  even t  of a  r e a c t o r  t r a n s i e n t  o r  

dur ing  normal f u e l  i r r a d i a t i o n  and burn-up,  knowledge of t h e  

e f f e c t  t h a t  plutonium p a r t i c l e  s i z e  has  on t h e  r e a c t i v i t y  of a  

r e a c t o r  system i s  impor tan t  f o r  r e a c t o r  s a f e t y  and t h e  economic 

u t i l i z a t i o n  of plutonium. 

A s e r i e s  o f  experiments w i th  a  1 .0 - inch  square  l i g h t  w a t e r  

moderated l a t t i c e  con ta in ing  U02-Pu02 f u e l  rods have been con- 

ducted i n  t he  Phys i ca l  Constants  Tes t ing  Reactor (PCTR) . These 

experiments p rov ide  r e a c t i v i t y  d a t a  as a  f u n c t i o n  of PuOZ 

p a r t i c l e  s i z e  d i s t r i b u t e d  throughout  t h e  n a t u r a l  U02 d i l u e n t  

i n  0 .5 - inch  d iamete r ,  z i r c a l l o y  c l a d ,  f u e l  rods .  The concen- 

t r a t i o n  of n a t u r a l  boron ,  d i s s o l v e d  i n  t h e  wa te r  moderator,  

corresponding t o  km of u n i t y  was measured as a f u n c t i o n  of 

Pu02 p a r t i c l e  s i z e .  

PCTR Water Tank E x ~ e r i m e n t  

The PCTR wa te r  t ank ,  con t a in ing  0 .5 - inch  diameter  f u e l  

rods i n  a  l i g h t  wa te r  moderated 1 .0 - inch  square  l a t t i c e  p i t c h  

was i n s t a l l e d  i n  t he  c e n t r a l  PCTR t e s t  c a v i t y  as shown i n  

Figure  2.25. The c e n t r a l  l a t t i c e  assembly, shown i n  Fig- 

u re  2 .26,  was i n s e r t e d  i n  t h e  innermost  r eg ion  of t he  wa te r  

t ank .  A 20- inch long c e n t e r  c e l l ,  c o n s i s t i n g  of a  s e t  of f o u r  

rods ,  cou ld  be removed from t h e  c e n t r a l  l a t t i c e  assembly and 

r ep l aced  w i t h  an aluminum void  can. The c e n t r a l  reg ion  end 
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FIGURE 2 .25 ,  Water M o d e r a t e d  U02-Pu02 L a t t i c e  
I n s t a l l e d  i n  t h e  PCTR 

Neg 704918-1 

FIGURE 2 .26 .  C e n t r a l  L a t t i c e  Assembly  w i t h  Removable C e n t e r  
C e l l  a n d  Aluminum V o i d  Can 



b u f f e r s  a r e  sho r t ened  d u p l i c a t e s  of t h e  c e n t e r  c e l l  f u e l  such 

t h a t  t h e  t o t a l  l e n g t h  of  t h e  assembly does n o t  exceed t h e  

37.5-inch l eng th  of  t h e  t e s t  c a v i t y .  

Ten d i f f e r e n t  s e t s  of  f o u r  c e n t e r  c e l l  f u e l  rods wi th  

known Pu02 p a r t i c l e  s i z e  d iamete rs  were used i n  t h e  PCTR wa te r  

tank exper iment .  These f u e l  rod s e t s  can be c a t e g o r i z e d  i n t o  

f i v e  d i f f e r e n t  Pu02 p a r t i c l e  s i z e  d iamete rs :  0 ,  52,  1 0 7 ,  195, 

and 328 microns.  The change i n  r e a c t i v i t y  of  t he  PCTR due t o  

t he  s u b s t i t u t i o n  of a  vo id  f o r  each of t he  t e n  s e t s  of c e n t e r  

c e l l  rods was measured w i th  n a t u r a l  boron d i s s o l v e d  i n  t h e  

wa te r  moderator a t  concen t r a t i ons  of 1 2 0 0 ,  1300, and 1 4 0 0  weight  

p a r t s - p e r - m i l l i o n  (wppm). The boron concen t r a t i on  correspond-  

i ng  t o  the  n u l l - r e a c t i v i t y  c o n d i t i o n ,  f o r  each c e n t e r  c e l l  f u e l  

composi t ion,  was ob t a ined  by i n t e r p o l a t i o n  of the  c e n t e r  c e l l  

r e a c t i v i t y  worth versus  boron concen t r a t i on  d a t a .  

F o i l  a c t i v a t i o n  measurements were made i n  t h e  c e n t r a l  c e l l  

having t h e  approximate boron concen t r a t i on  f o r  n u l l  r e a c t i v i t y .  

These a c t i v a t i o n  measurements w i l l  be used t o  i n f e r  t h e  r e l a -  

t i v e  r e a c t i o n  r a t e s  i n  a l l  c e n t r a l  c e l l  c o n s t i t u e n t s .  Bare and 

cadmium- covered f o i l s  were i r r a d i a t e d  s e p a r a t e l y  i n  t he  modera- 

t o r  and i n  s p e c i a l  s e p a r a b l e  f u e l  rods having plutonium 

p a r t i c l e s  s i z e d  a t  ze ro  microns and 328 microns i n  d iameter  

w i th  boron concen t r a t i ons  of 1300 and 1200 wppm, r e s p e c t i v e l y .  

A s i m i l a r  s e t  of f o i l  a c t i v a t i o n  measurements were made i n  t h e  

unpoisoned l a t t i c e  u s ing  bo th  t h e  ze ro  micron and 328-micron 

p a r t i c l e  s i z e d  f u e l  rods .  

R E S U L T S  A N D  C O N C L U S I O N S  

The measurement i n  the  PCTR c o n s i s t s  of s imul taneous ly  

determining t h e  matched spectrum i n c i d e n t  on t h e  c e n t r a l  c e l l  

and t h e  p rope r  c e n t r a l  c e l l  c o n s t i t u e n t s  such t h a t  t h e  change 

i n  t he  PCTR r e a c t i v i t y  i s  zero  when t h e  c e n t r a l  c e l l  i s  removed 



l e av ing  a  vo id .  The km of t he  vo id  as seen  by t h e  PCTR i s  

u n i t y .  With no change i n  neu t ron  d i s t r i b u t i o n  o r  r e a c t i v i t y  

upon r e - i n s e r t i o n  of t he  c e n t r a l  c e l l ,  t he  k of  t h e  c e n t r a l  

c e l l  m a t e r i a l  i s  thus  imp l i ed  t o  be u n i t y .  c 17 
The measured va lue  of t h e  concen t r a t i on  of n a t u r a l  boron 

d i s s o l v e d  i n  t h e  w a t e r  moderator a t  t he  n u l l - r e a c t i v i t y  condi-  

t i o n  i s  l i s t e d  f o r  each c e n t e r  c e l l  f u e l  composit ion i n  

Table 2 . 8 .  The l a t t i c e  reg ion  sur rounding  t h e  c e n t e r  c e l l  

was i d e n t i c a l l y  poisoned wi th  boron i n  t h e  w a t e r ,  such t h a t  

the  neu t ron  energy d i s t r i b u t i o n  i n  t h e  c e n t e r  c e l l  d u p l i c a t e d  

t h e  neu t ron  spectrum t h a t  would have been p r e s e n t  i n  t he  c e n t e r  

o f  a  b a r e ,  j u s t  c r i t i c a l ,  a r r a y  of i d e n t i c a l  c e l l s .  Ca l cu l a t ed  

p r e d i c t i o n s  of  neu t ron  spectrum e q u i l i b r i u m  i n  t h e  reg ion  of 

t h e  c e n t e r  c e l l  were confirmed by go ld  cadmium r a t i o  

measurements. 

TABLE 2.8. U02-Pu02 Lattice Composition a t  kw = 1 

E f f e c t i v e  S p h e r i c a l  
Pu02 P a r t i c l e  Diamete r ,  

microns  
Fue 1 Dens i ty  , 

gm/cm3 
Enrichment , 
w t %  Pu/Pu+U 

Boron Concen t r a t i on  
i n  Water 

f o r  N u l l - R e a c t i v i t y  
Cond i t i on ,  wppm Boron 
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Fuel  f a b r i c a t i o n  s p e c i f i c a t i o n s  f o r  a l l  the  p a r t i c l e  

s i z e d  rods were t o  be 2.000 + 0.002% by weight  Pu02 homogeneously 

mixed w i t h  n a t u r a l  uranium oxide .  Unexplained d i f f e r e n c e s  

between r e a c t i v i t y  measurements made i n  t h e  PCTR dur ing  1967 

w i t h  t h e s e  p a r t i c l e  s i z e d  f u e l  rods ,  i n  bo th  g r a p h i t e  and 

wa te r  moderated l a t t i c e s ,  i n d i c a t e d  t he  p o s s i b i l i t y  of an 

i n c r e a s e d  plutonium con ten t  i n  a l l  rods excep t  those  con ta in ing  

zero  micron PuOZ p a r t i c l e s .  One rod con ta in ing  zero  micron 

Pu02 p a r t i c l e s  and one rod con ta in ing  328-micron Pu02 p a r t i c l e s  

were d i s s o l v e d  and chemical ly  analyzed.  Extensive  gamma 

scan  measurements w i t h  a  h igh  r e s o l u t i o n  GeLi d e t e c t o r  were 

made t o  determine t h e  r e l a t i v e  plutonium enrichment i n  each s e t  

of f u e l  r ods .  (3) The r e l a t i v e  enrichment r e s u l t s  were normal- 

i z e d  t o  t h e  chemical a n a l y s i s  d a t a  t o  o b t a i n  t h e  p e r c e n t  by 

weight  of Pu i n  U+Pu f o r  each s e t  of rods l i s t e d  i n  Table 2.8.  

Experiment-theory c o r r e l a t i o n  of t h e  km = 1 composit ions 

i s  i n  p r o g r e s s .  Ana lys i s  of  t h e  a c t i v a t i o n  measurements i n  

both  the  poisoned and unpoisoned l a t t i c e  w i l l  y i e l d  r e l a t i v e  

r e a c t i o n  r a t e s  i n  a l l  c e n t r a l  c e l l  c o n s t i t u e n t s .  This informa- 

t i o n  i s  neces sa ry  t o  determine t h e  va lue  of  km f o r  t h e  

unpoisoned l a t t i c e .  Using c a l c u l a t e d  c o r r e c t i o n s  t o  km f o r  

enrichment and f u e l  d e n s i t y  d i f f e r e n c e s  between d i f f e r e n t  s e t s  

of f u e l  r o d s ,  t he  Pu02 p a r t i c l e  s i z e  r e a c t i v i t y  e f f e c t  w i l l  be 

determined f o r  a  1 . 0 - i n c h  wa te r  l a t t i c e  of  U02-2.0 w t %  Pu02 

rods bo th  f o r  t h e  case  w i t h  neu t ron  leakage (unpoisoned 

l a t t i c e )  and t h e  case  w i thou t  neu t ron  leakage (poisoned l a t t i c e ) .  
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GRANIT: A Code f o r  Ca l cu l a t i ng  P o s i t i o n  Dependent Thermal 

Neutron S p e c t r a  i n  Doubly Heterogeneous Systems by the  

I n t e g r a l  T ranspo r t  Method 

Computer Code Synopsis  

C .  L .  Benne t t  

1. Name: GRANIT 

2 .  Computer: The GRANIT Code was programmed t o  o p e r a t e  on 

t he  UNIVAC 1108 computer. 

3 .  Problem Solved:  The code computes t h e  p o s i t i o n  dependent 

thermal  neu t ron  spectrum i n  doubly heterogeneous  s y s  tems 

over  t h e  energy range 0 t o  0.683 eV by t h e  i n t e g r a l  t r a n s -  

p o r t  method, u s ing  30 speed  p o i n t s  and a  maximum of 

30 space  p o i n t s .  D i l u t e  g r a n u l a r  composite ( p a r t i c u l a t e  

s t r u c t u r e d )  m a t e r i a l  reg ions  a r e  al lowed.  Both d i l u e n t  

and p a r t i c l e  s p e c t r a  a r e  computed as  a  f u n c t i o n  of t h e  

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

sys tem.  The computed s p e c t r a  i s  used t o  determine v a r i o u s  

one- thermal-group c ros s  s e c t i o n s  and r e a c t i o n  r a t e s  i n  

t h e  sys tem f o r  as many as  f i v e  independent thermal  energy 

r anges .  

4 .  Method of So lu t ion :  The s c a l a r  thermal neu t ron  spectrum 

i s  computed as  a  f u n c t i o n  of p o s i t i o n  i n  t h e  sys tem by 

s o l v i n g  t h e  i n t e g r a l  t r a n s p o r t  equa t ion  w i th  i s o t r o p i c  

s c a t t e r i n g .  The code uses a  combination of Gauss i t e r a -  

t i o n ,  o v e r r e l a x a t i o n ,  and e x t r a p o l a t i o n  t o  a c c e l e r a t e  

convergence.  Granular  reg ions  a r e  handled by expanding 

t h e  normal reg ion-  t o - r e g i o n  c o l l i s i o n  p r o b a b i l i t i e s ,  

u s i n g  an ex t ens ion  of t h e  approximate method of Lane, 

Nordheim and Sampson, t o  e x p l i c i t l y  i nc lude  p a r t i c l e  and 

d i l u e n t  i n t e r a c t i o n s .  Speed dependent macroscopic 

paramete rs  a r e  c o n s t r u c t e d  s e p a r a t e l y  f o r  p a r t i c l e ,  

d i l u e n t  and homogeneous c e l l  m a t e r i a l s  from i n p u t  n u c l i d e  



concen t r a t i ons  and t h e  microscopic  parameters  e i t h e r  

a v a i l a b l e  on t h e  l i b r a r y  t ape  o r  i n p u t  d i r e c t l y .  P o i n t ,  

r e g i o n ,  and c e l l  averag ing ,  over  t h e  energy range of 

i n t e r e s t  of  bo th  microscopic  and macroscopic paramete rs ,  

a r e  performed us ing  t he  computed spectrum as a  weight ing 

f u n c t i o n .  

5 .  R e s t r i c t i o n s  on t h e  C o m ~ l e x i t v  of t h e  Problem: Number of  

speed  p o i n t s  530. Number of p a r t i c l e  types  i n  a  g r a n u l a r  

r eg ion  52. P a r t i c l e  shapes  - sphe re s  o r  i n f i n i t e  c y l i n d e r s .  

Number of  space  p o i n t s  530 (each g r a n u l a r  p o i n t  counts as  

two space p o i n t s  f o r  one p a r t i c l e  mixture  and t h r e e  space  

p o i n t s  f o r  two p a r t i c l e  mix tu re s ) .  A p o s i t i o n  dependent 

seven-group d i s t r i b u t i o n  f u n c t i o n  can be s p e c i f i e d  t o  

d e s c r i b e  p a r t i c l e  s i z e  and/or shape v a r i a t i o n  f o r  each of 

t he  two a l lowable  p a r t i c l e  composi t ions .  Number of  mix- 

t u r e s  510. The sys tem geometry must be c y l i n d r i c a l .  

E i t h e r  a  vacuum, r e f l e c t i n g ,  o r  an i s o t r o p i c  a lbedo o u t e r  

boundary cond i t i on  may be s p e c i f i e d .  Number of  i s o t o p e s  

used i n  t h e  c e l l  120. Number of  i s o t o p e s  used i n  e d i t  

520. Fu r the r  r e s t r i c t i o n s  on t he  type of g r a n u l a r  mix- 

t u r e s  a r e  d i c t a t e d  by t h e  va r ious  assumptions of  t h e  

p a r t i c l e  s i z e  methods used.  These a r e  as  fo l lows :  

(1) t h e  p a r t i c l e s  must be b l a c k e r  t han  t h e  d i l u e n t ;  

( 2 )  t h e  p a r t i c l e s  must be r e l a t i v e l y  d i l u t e ,  l e s s  than 

o r  e q u a l  t o  about 10% by volume; (3) t h e  p a r t i c l e  must be 

s m a l l  enough such t h a t  t h e  f l a t  f l u x  and source  approxima- 

t i o n  i n  t he  p a r t i c l e  does n o t  i n t roduce  app rec i ab l e  e r r o r s .  

6 .  Typ ica l  Running Time: Typica l  running t imes f o r  30 speed 

and space p o i n t  problems a r e  about 30 t o  45 seconds p e r  

case  on t h e  UNIVAC 1108. 



7 .  Unusual Fea tu r e s  of t h e  Program: The code e x p l i c i t l y  

computes p o s i t i o n  dependent  d i l u e n t  and p a r t i c l e  s p e c t r a  

i n  g r a n u l a r  r e g i o n s ,  i n  a d d i t i o n  t o  t h e  p o s i t i o n  dependent  

s p e c t r a  i n  homogeneous regions, f o r  doubly he te rogeneous  

sys tems by u s i n g  t h e  w e l l  known THERMOS method w i t h  a  

r e d i s t r i b u t e d  f i r s t  f l i g h t  c o l l i s i o n  m a t r i x .  The code i s  

s t r u c t u r e d  such t h a t  f u t u r e  improvements t o  t h e  p a r t i c l e  

e f f e c t  assumptions can e a s i l y  be i n c o r p o r a t e d .  

8. R e l a t e d  and A u x i l i a r y  Programs: The GRANIT code i s  a  

s p e c i a l  use  v e r s i o n  of THERMOS. The a u x i l i a r y  programs 

LIBP and RESUME, r e s p e c t i v e l y ,  update  o r  make a  new 

l i b r a r y  t ape  and produce a  r6sum6 of  t h e  l i b r a r y  d a t a .  

9 .  S t a t u s :  GRANIT i s  i n  p roduc t i on  use  on t h e  UNIVAC 1108 

computer a t  P a c i f i c  Northwest Labora to ry ,  R ich land ,  

Washington. 

10. References  : . C .  L .  Benne t t .  GRANIT: A Code f o r  C a l c u l a t i n g  P o s i t i o n  

Dependent Thermal Neutron S p e c t r a  i n  Doubly Heterogeneous 

Systems by t h e  I n t e g r a l  T ranspo r t  Method, 

B a t t e l l e - N o r t h w e s t ,  R ich land ,  Washington, 1970. 
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Nucl .  S c i .  and Eng. ,  v o l .  14 ,  p .  390. 1962. 
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H .  C .  Honeck. THERMOS, A The rma l i za t i on  T ranspo r t  - 
Theory Code f o r  Reac to r  L a t t i c e  C a l c u l a t i o n s ,  BNL-5826. - 
Brookhaven N a t i o n a l  Labora to ry ,  Upton, New York, 

September 1961. 

11. Machine Requirements : 64K memory, normal i n p u t ,  o u t p u t ,  

and program u n i t s ,  1 u n i t  f o r  l i b r a r y .  

1 2 .  Programming Language Used: FORTRAN-IV 

13 .  Opera t ing  System: UNIVAC-1108 computer w i t h  FORTRAN-V 

compi ler  and CSCX o p e r a t i n g  sys tems .  

14 .  User I n fo rma t ion :  The code may be o b t a i n e d  from P a c i f i c  

Northwest  Labora to ry  i n  Richland,  Washington. 

15. M a t e r i a l  Ava i l ab l e  : Magnetic  Tape T r a n s m i t t a l  

GRANIT Source deck (2180 ca rd s )  

LIBP Source deck (504 ca rd s )  

RESUME Source deck (64 ca rd s )  

Sample Problem 

L i b r a r y  Data Tape 

16.  Acknowledgment: This  code i s  ba sed  on work performed 

under  U.  S. Atomic Energy Commission Con t r ac t  AT (45-1) - 1830. 





3.0 H I G H  T E M P E R A T U R E  R E A C T O R  P H Y S I C S  P R O G R A M  

M E A S U R E M E N T  O F  km F O R  A  ~ h 0 ~ - ~ ~ ~ ~ ~  H T G R  L A T T I C E  A S  A  

F U N C T I O N  O F  T E M P E R A T U R E  

T .  J .  O a k e s  

The a n a l y s i s  of  t h e  f i r s t  High Temperature Gas-Cooled 

Reactor (HTGR) experiment performed i n  t h e  High Temperature 

L a t t i c e  T e s t  Reactor  (HTLTR) has  been completed and a  r e p o r t  

of t h e  work i s  i n  f i n a l  form. The pr imary r e s u l t s  ob t a ined  

from the  experiment was t h e  v a r i a t i o n  of k:, a s  a  f u n c t i o n  of 

t h e  temperature  of t h e  t e s t  l a t t i c e ,  over  t h e  range from 

%20 O C  t o  1000 O C .  Fu r the r  re f inements  t o  t h e  c o r r e c t i o n s  

made t o  t h e  exper imenta l  measurements have r e s u l t e d  i n  sma l l  

changes i n  t h e  measured va lues  r e p o r t e d  p r e v i o u s l y  . The 

r e v i s e d  va lues  a r e  l i s t e d  i n  Table 3.1.  

TABLE 3. I-. kg (T) for a T ~ o ~ - * ~ ~ u c ~ - c  Lattice 

Temperature,  
O C  kg (Measured) 

2 0 1.102 + 0.011 

k g  (Ca lcu la ted)  

1.0929 

The f i n a l  r e p o r t  of t h i s  work, t o g e t h e r  w i th  a  companion 

r e p o r t  which desc r ibe  t h e  HTLTR and d e r i v e s  t h e  r e l a t i o n s h i p s  

r e q u i r e d  t o  determine k: from t h e  exper iments ,  i s  be ing  p r e -  

pared f o r  j o u r n a l  p u b l i c a t i o n .  
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MEASUREMENT OF k z ( T )  FOR A ~ h 0 ~ - ~ ~ ~ ~ 0 ~  HTGR LATTICE I N  HTLTR 

E. P .  L i p p i n c o t t  

The a n a l y s i s  of t h e  second HTGR experiment performed i n  

t h e  High Temperature L a t t i c e  T e s t  Reactor  (HTLTR) has  been com- 

p l e t e d  and t h e  r e p o r t  i s  i n  d r a f t  form. The primary r e s u l t  

from t h e  experiment was t h e  v a r i a t i o n  of k f o r  t h e  233u- 

en r i ched  l a t t i c e  as  a  f u n c t i o n  of t empera ture ,  over  t h e  range 

from ~ 2 0  t o  1000 "C. 

The exper imenta l  r e s u l t s  a r e  compared w i t h  c a l c u l a t i o n s  

i n  Table 3.2. 

TABLE 3 . 2 .  Comparison of C a l c u l a t i o n  and Experiment 

Temperature,  
" C 

C a l c u l a t e d ,  
k'G 

Measured, 
k'G 

There i s  a  s i g n i f i c a n t  d i f f e r e n c e  between the  c a l c u l a t e d  

and measured va lues  of k: bo th  i n  abso lu t e  value  and i n  t h e  

v a r i a t i o n  w i t h  t empera ture .  Fu r the r  s t udy  i s  needed t o  e s t a b -  

l i s h  t he  reasons  f o r  t h e s e  d i f f e r e n c e s .  
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T h o  - P u 0 2  HTGR E X P E R I M E N T  I N  H T L T R  -2- 
R .  I. S m i t h  

E f f o r t s  began i n  t h e  t h i r d  q u a r t e r  of FY-1970 t o  o b t a i n  

s u i t a b l e  f u e l  f o r  an HTLTR experiment u s ing  Tho2 and PuOZ i n  

an HTGR l a t t i c e .  Previous  s t u d i e s  by Gulf General  Atomic 

have e s t a b l i s h e d  t h e  p r a c t i c a l i t y  of such an HTGR e n r i c h e d  

w i t h  plutonium r a t h e r  t han  2 3 3 ~  and a  d e f i n i t i v e  experiment 

was needed t o  p rov ide  d a t a  w i t h  which t o  check t h e  computa- 

t i o n a l  methods used i n  t h e  e a r l i e r  a n a l y s i s .  Four ki lograms 

of h igh  exposure plutonium were ob t a ined  from t h e  C r i t i c a l  

Mass Laboratory  a t  Hanford. The i s o t o p i c  composition of t h e  

m a t e r i a l  i s  l i s t e d  i n  Table 3.3. 

TABLE 3 . 3 .  I s o t o p i c  Composition of High 
Exposure Plutonium 

Pu I so tope  

238  

239 

2 40 

2 41 

2 4 2  

The plutonium conta ined  a  s i g n i f i c a n t  amount of 2 4 1 ~ m ,  a 

daughter  of  2 4 1 ~ u .  S ince  t h e  gamma-ray a c t i v i t y  from the  

2 4 1 ~ m  p r e s e n t e d  a  personne l  exposure problem t o  ORNL i n  t h e  

planned microsphere f a b r i c a t i o n ,  t h e  plutonium n i t r a t e  



s o l u t i o n  was p u r i f i e d  by ion-exchange t o  remove t h e  2 4 1 ~ m  and 

any o t h e r  i m p u r i t i e s .  A r e d u c t i o n  of 2 4 1 ~ m  from ~ 0 . 6 6  w t %  i n  

plutonium t o  ~ 0 . 0 2 8  w t %  was ach ieved .  

The p u r i f i e d  s o l u t i o n  was r econcen t r a t ed  t o  ~ 2 2 3  g r a m s / l i t e r  

and sh ipped  t o  O R N L .  The p a r t i c l e  s p e c i f i c a t i o n s  were f o r  Pu02 

s p h e r e s ,  >96% t h e o r e t i c a l  d e n s i t y ,  w i t h  a  s i z e  d i s t r i b u t i o n  

between 1 4 9  and 250 microns ,  and w i t h  80% of t h e  p a r t i c l e s  

> I 7 7  microns i n  d iamete r  b e f o r e  coa t ing .  A pyrocarbon c o a t i n g  

of ~ 1 0 0  microns t h i cknes s  has  been s p e c i f i e d .  

F a b r i c a t i o n  of t h e  microspheres  i s  i n  p rog re s s  a t  O R N L ,  

w i t h  t h e  p roces s  y i e l d  of s a t i s f a c t o r y  p a r t i c l e s  averag ing  

about 80%.  

MSBR E X P E R I M E N T S  I N  H T L T R  

E .  C .  D a v i s  

A s e r i e s  of r e a c t o r  l a t t i c e  phys ics  exper iments  a r e  t o  be 

conducted i n  t h e  High Temperature L a t t i c e  T e s t  Reactor  (HTLTR) 

i n  suppor t  of t h e  Molten S a l t  Breeder Reactor  Program (MSBR). 

The d e t a i l s  of  t h e  exper imenta l  program a r e  be ing  worked ou t  

j o i n t l y  between BNW and ORNL pe r sonne l .  

The MSBR exper iments  w i l l  be s i m i l a r  t o  t hose  c u r r e n t l y  

being performed i n  suppor t  of t h e  High Temperature Gas-Cooled 

Reactor  Program (HTGR). The MSBR l a t t i c e  w i l l  d i f f e r  from t h e  

HTGR l a t t i c e s  by having l a r g e r  f u e l  channels and a  h e a v i e r  

f u e l  l oad ing ,  a s  shown i n  Table 3.4.  

TABLE 3 . 4 .  Comparison of MSBR and HTGR L a t t i c e s  

Fuel  Desc r ip t i on  

Reactor Channels Channel Diam. , Volume 
Type (b locks)  i n .  F r a c t i o n  c / ~ ~ ~ u  C/Th 

MSBR #1 4 0.781 0.136 %9,700 Q 1 5 0  

HTGR # 2  25 0.470 0.296 Q 1 1 , O O O  Q200 



F a b r i c a t i o n  of t h e  f u e l  b locks  i s  about 7 0 %  completed and 

s p e c i f i c a t i o n  of t h e  f u e l  b lend  (ThoZ-microspheres - g r a p h i t e )  

has been completed. Loading of t he  f u e l  i n t o  t he  g r a p h i t e  

b locks  w i l l  beg in  i n  a  few weeks. 

R E A C T I V I T Y  M E A S U R E M E N T S  A N D  T H E  I N H O U R  E Q U A T I O N  

E .  P .  L i p p i n c o t t  

The expe rh i en t s  i n  mul t izone c r i t i c a l  assembl ies  (such 

as  t h e  HTLTR and PCTR) r e q u i r e  a  de t e rmina t ion  of neu t ron  l i f e -  

time f o r  i n t e r p r e t a t i o n  of r e a c t i v i t y  measurements f o r  t h e  

composite load ing .  An exper imenta l  method has  been dev ised  

f o r  t h i s  de te rmina t ion  which uses  a  s e r i e s  of c o n s t a n t  r eac -  

t i v i t y  d i f f e r e n c e s  ob ta ined  from va r ious  p a i r s  of r i s i n g  

r e a c t o r  p e r i o d s .  I n  t h e  method t h e  r e a c t o r  i s  t r e a t e d  as  a  

l a r g e  b a r e  thermal  r e a c t o r .  I n  t h i s  case  we w r i t e  (1) 

where t h e  parameters  i n  t h i s  equa t ion  a r e  g iven by s u i t a b l e  

averages  over t he  r e a c t o r .  The time dependence of t h e  concen- 

t r a t i o n s  of delayed neu t ron  p r e c u r s o r s ,  C i ,  i s  g iven by: 

where ii i s  t he  decay c o n s t a n t  and t h e  delayed neu t ron  

f r a c t i o n  i s :  



BNWL- 1522- 1 

Assuming t h e  r e a c t o r  i s  on i t s  s t a b l e  p e r i o d ,  l / w  

Then from Equa t ion  ( 2 ) ,  

S u b s t i t u t i n g  i n  Equa t ion  (1) 

o r  c a l l i n g  t h e  o p e r a t o r  on t h e  l e f t ,  M y  

vkmCa 
where X = w + 2 l + - c B  w + X i  

k m  
where k = 

( 1  + - c ~ ~ )  ( 1  + L ~ B ' )  

and t h e  n e u t r o n  l i f e t i m e  i s  g iven  by ,  



Thus we have 

where p i s  g i v e n  by t h e  inhour  e q u a t i o n  

m 

I n  t h e  HTLTR, k  i s  ve ry  c l o s e  t o  1, and s o  one can t a k e  

f o r  a  s m a l l  p e r t u r b a t i o n ,  

which l e a d s  t o  

t o  a  ve ry  good approximat ion.  In  c a l c u l a t i n g  p by Equa t ion  (15 ) ,  

R i s  n o t  known. However, i f  one assumes R w < < l ,  t hen  
m 

which f o r  measured w ,  i s  of t h e  form 

Ap = R A w  + y ,  

t h a t  i s ,  Ap i s  a  l i n e a r  f u n c t i o n  of  R i n  t h i s  range.  



From measured p a i r s  of w ,  a  family  of s t r a i g h t  l i n e s  i s  

ob t a ined  on a  p l o t  of Ap ve r sus  R which, i f  t h e  above equa t ions  

and t h e  d a t a  were e x a c t ,  would i n t e r s e c t  a t  a  p o i n t  de te rmin ing  

Ap and R. An example of such a  p l o t  i s  shown i n  F igure  3 .1 .  

This  p l o t  was ob t a ined  as  fo l l ows :  

1. S e t  one c o n t r o l  rod a t  a  g iven  p o s i t i o n ,  e . g . ,  3 i nches  

open. Adjust  t h e  remaining c o n t r o l  rods t o  g ive  a  

p e r i o d  of approximately 2 0  seconds .  

2 .  Close t h e  one c o n t r o l  rod a  g iven  increment ,  e .  g .  , 1 inch .  

Return t h e  o t h e r  c o n t r o l  rods t o  t h e i r  s e t t i n g  as  p r e v i o u s l y  

and measure t h e  r e s u l t a n t  pe r iod .  

3. Close a  second c o n t r o l  rod s o  t h a t  when t h e  f i r s t  c o n t r o l  

rod i s  r e p l a c e d  a t  3  i n c h e s ,  a  p e r i o d  of about 25 seconds 

i s  ob t a ined .  Then measure t h e  p e r i o d  w i t h  t h e  rod a t  

2 i nches  t o  o b t a i n  a  second p a i r  of us w i t h  t h e  same A p  

as  t h e  f i r s t  p a i r  of us .  

4 .  Repeat t h e  above procedure  wi th  s u c c e s s i v e l y  l onge r  

p e r i o d s ,  o b t a i n i n g  4 o r  5  p a i r s  of us a t  c o n s t a n t  A p .  

5. Repeat one o r  two of t h e  e a r l i e r  measurements t o  check 

f o r  d r i f t  and cons i s t ency .  S ince  r e a c t i v i t y  measurements 

t h a t  r e q u i r e  only c o n t r o l  rod movement can be done i n  

r a p i d  s u c c e s s i o n ,  such d r i f t s  a r e  sma l l  and t h e  d a t a  a r e  

u s u a l l y  very  c o n s i s t e n t .  

To o b t a i n  t he  va lue  of R by a l e a s t  squares  method, r e w r i t e  

Equation (18) t o  t r e a t  Ap and R as  c o n s t a n t s .  Then t h e  form 

y  = Ap + RX i s  ob t a ined ,  

where X = w 2  - w l  



NEUTRON L I F E T I M E  ( R ) ,  msec 

F I G U R E  3.1. Change of R e a c t i v i t y  Versus Neutron Li fe t ime  



I f  n  p a i r s  of us a r e  then  measured w i t h  a  c o n s t a n t  A p ,  t h e  

l e a s t  s q u a r e s  exp re s s ion  f o r  Ap and R a r e ,  

There equa t ions  may then  be so lved  f o r  t h e  l e a s t  squa re  va lue  

f o r  Ap and R .  The va lue  of R ob ta ined  from t h e  d a t a  i n  

Figure  3 .1  i s  2 . 7  msec. I t  can be seen t h a t  a  l a r g e  e r r o r  i n  

R is ob t a ined  by t h i s  method bu t  t h e  e r r o r  i n  a  r a t i o  of Ap 

as  i n  Equat ion (17) i s  n e g l i g i b l e  compared t o  t h e  expe r imen ta l  

e r r o r .  For example, comparing a  slow p e r i o d  w i t h  a  f a s t  p e r i o d  

measurement from Figure  3 .1 ,  a t  R = 2 msec, 

and thus  t h e  e r r o r  f o r  t h i s  extreme case  i s  +0.7% compared t o  

an exper imenta l  e r r o r  of  about  t h e  same magnitude. 

By c a r r y i n g  ou t  t he  measurement of R i n  t h i s  manner, t h e  

t r u e  R may n o t  ob t a ined ,  b u t  r a t h e r  t h e  va lue  of R which g i v e s  

t h e  b e s t  f i t  t o  t h e  inhour  equa t ion .  This  va lue  of R ,  t h e r e -  

f o r e ,  g i v e s  t h e  most c o n s i s t e n t  s e t  of r e a c t i v i t y  v a l u e s  over  

t h e  range used and t h e r e f o r e ,  t o  some e x t e n t ,  compensates f o r  

e r r o r s  i n  t h e  inhour  equa t ion  a r i s i n g  from t h e  approximat ions  

made i n  d e r i v i n g  i t .  
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E V A L U A T I N G  P O T E N T I A L  D E F O R M A T I O N  I N  THE V E R T I C A L  S A F E T Y  RODS 

AT THE H I G H  TEMPERATURE L A T T I C E  T E S T  REACTOR 

R. G .  C l a r k  

Seve ra l  poison p l a t e s  i n  each of t h e  f o u r  v e r t i c a l  s a f e t y  

rods  (VSR) became bowed dur ing  t h e  l a s t  HTLTR experiment which 

was conducted a t  t empera tures  up t o  1000 O C .  This p l a s t i c  

deformat ion was obvious when t h e  b lades  were removed f o r  i n spec -  

t i o n .  The mod i f i ca t i ons  proposed t o  c o r r e c t  t h e  cond i t i on  were 

t e s t e d  and e v a l u a t e d  by cyc l ing  a p r o t o t y p i c a l  s e c t i o n  of a  

VSR b lade  i n  and ou t  of a  s imu la t ed  r e a c t o r  ope ra t i ng  a t  

1000 O C .  

Some deformat ion,  i t  was l ea rned ,  can be expected a f t e r  

ex t ruded  c y c l i n g ,  even from an accep tab l e  r edes ign  of t h i s  

type of  VSR. An i n - p l a c e  s u r v e i l l a n c e  method has been adopted 

t o  inform the  o p e r a t o r  when t h e  end of t h e  u s e f u l  s e r v i c e  l i f e  

of  t h e  VSR b l ade  i s  approaching.  

The VSR housings have been modif ied;  two windows were 

i n s t a l l e d  on each t o  view, i n  p l a c e ,  t he  poison p l a t e s  i n  t h e  

upper h a l f  of each VSR b l a d e ;  and a  t echnique  was demonstra ted 

t o  measure, i n  p l a c e ,  any deformat ion t h a t  develops on a  po ison  

p l a t e .  The technique  has  been adopted f o r  r o u t i n e  use  and the  

equipment has  been i n s t a l l e d  on the  top of t h e  r e a c t o r .  

I n  t h i s  method, a  s t a n d a r d  3 x 4 s l i d e  p r o j e c t o r  c a s t s  a  

h o r i z o n t a l  g r i d  p a t t e r n  onto  a  VSR poison p l a t e  t h a t  has been 

p o s i t i o n e d  a t  a  window. A camera, mounted a t  an angle  of 

45 degrees  t o  t h e  p r o j e c t i o n  p l a n e ,  r eco rds  t h e  g r i d  p a t t e r n  on 

f i l m .  Any h o r i z o n t a l  l i n e  w i l l  be viewed as  a  s t r a i g h t  l i n e  



as ' l ong  as  t h e  s u r f a c e  i t  i s  p r o j e c t e d  upon remains f l a t .  A s  

c u r v a t u r e  develops i n  t h e  poison p l a t e ,  t h e  p a t t e r n  w i l l  d ev i -  

a t e  from a  g r i d  of s t r a i g h t  l i n e s  t o  one of curved l i n e s  as  

viewed by t h e  camera. 

Negat ives  of p o l a r o i d  f i l m  taken  of each po ison  p l a t e  w i l l  

be viewed on a  l a r g e  o p t i c a l  comparator which g i v e s  a  magni f i -  

c a t i o n  of 50 and w i l l  be viewed on a  30- inch s c r e e n .  

Developing deformat ion of a s  l i t t l e  a s  1 0  m i l e s  has  been 

e a s i l y  d e t e c t e d  dur ing  t h e  c a l i b r a t i o n  of t h e  sys tem,  u s i n g  a  

p l a t e  w i th  a  wedge shape t h a t  was machined t o  known e l e v a t i o n s  

(deformat ion)  . 
A procedure  has  been e s t a b l i s h e d  t o  i n s p e c t  r o u t i n e l y  

and v i s u a l l y  t h e  a v a i l a b l e  p l a t e s  on each rod  which shou ld  

d e t e c t  any abnormal behavior  of t h e  po ison  p l a t e s  du r ing  t h e  

expe r imen ta l  program a t  h igh  tempera tures .  I n  a d d i t i o n ,  two 

po ison  p l a t e s  on each VSR which a r e  r e p r e s e n t a t i v e ,  o r  t y p i c a l ,  

w i l l  be f i lmed  r o u t i n e l y  and t h e  n e g a t i v e s  examined on t h e  

o p t i c a l  comparator.  

Deformation of t he  poison p l a t e s  i n  t h e  VSRs can be mea- 

su red  i f  i t  occurs  and t h e  a p p r o p r i a t e  a c t i o n  taken  b e f o r e  an 

unsafe  c o n d i t i o n  can develop.  

D E T E R M I N I N G  F E A S I B I L I T Y  O F  U S I N G  T H E  F A S T  N E U T R O N  C A V I T Y  I N  

T H E  P C T R  FOR CROSS S E C T I O N  E V A L U A T I O N  

W .  N.  M c E l r o y *  and D.  F .  N e w m a n  

A p r o j e c t  t o  determine t h e  f e a s i b i l i t y  of u s ing  t h e  F a s t  

Neutron Cavi ty  (FNC) i n  t h e  P h y s i c a l  Constants  T e s t  Reactor  

(PCTR) f o r  c r o s s - s e c t i o n  e v a l u a t i o n  has  been completed. The 

r e s u l t s  i n d i c a t e  t h a t  the  FNC can be used s u c c e s s f u l l y  f o r  

t h i s  purpose .  

* Now employed by W A D C O  Corpora t ion ,  a  S u b s i d i a r y  o f  
West inghouse  E l e c t r i c  Corpora t ion  



The t imely  e v a l u a t i o n  and d e f i n i t i o n  of energy-dependent 

r e a c t i o n  c ros s  s e c t i o n  o ( E )  i n  the  energy r eg ion  between 

and 10 MeV i s  important  f o r  both  r e a c t o r  phys ics  and 

eng ineer ing  use i n  t h e  LMFBR program. Previous  s t u d i e s  have 

demonstrated t h e  f e a s i b i l i t y  of u s ing  a  m u l t i p l e  f o i l  a c t i v a t i o n  

i t e r a t i v e  method f o r  o ( E )  d e f i n i t i o n  and e v a l u a t i o n .  (1-4) The 

method invo lves  i r r a d i a t i o n  of a  s e l e c t e d  s e t  of d e t e c t o r s  

(u sua l ly  10 t o  15) i n  d i f f e r e n t  r e f e r e n c e  s p e c t r a ,  measurement 

of r e s u l t a n t  r e a c t i o n  r a t e s ,  and de te rmina t ion  of t h e  f l u x  

s p e c t r a  by i t e r a t i v e  s o l u t i o n  f o r  t h e  d i f f e r e n t  r e f e r ence  

neu t ron  environments.  These r e f e r e n c e  s p e c t r a ,  and correspond-  

i ng  measured r e a c t i o n  r a t e s  f o r  a  s i n g l e  r e a c t i o n ,  a r e  used i n  

an i n v e r t e d  i t e r a t i v e  p rocess  t o  de f ine  and e v a l u a t e  an energy-  

dependent c ro s s  s e c t i o n .  (1- 3) 

The accuracy of t he  method can be improved by t h e  s imu l t a -  

neous i r r a d i a t i o n  of a  s i n g l e  type of f o i l  ( f o r  a s p e c i f i e d  

r e a c t i o n )  i n  an a p p r o p r i a t e  s e t  of r e f e r e n c e  s p e c t r a .  This 

a n a l y t i c a l  s t udy  e s t a b l i s h e s  t h e  f e a s i b i l i t y  of us ing  the  

PCTR-FNC f a c i l i t y  w i t h  a  mu l t i r eg ion  c e n t r a l  core  of be ry l l i um 

and A1-30 w t %  U (93% 2 3 5 ~ )  t o  produce a  s u i t a b l e  s e t  of r e f e r -  

ence s p e c t r a .  Resu l t s  of some m u l t i p l e  f o i l / p r o t o n - r e c o i l  

neu t ron  f l u x - s p e c t r a l  measurements i n  t h e  FNC c e n t r a l  c a v i t y  

have been p rev ious ly  r epo r t ed .  (5) 

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

c e n t r a l  r eg ion  and one p o s i t i o n  i n  t he  PCTR g r a p h i t e  r e f l e c t o r  

reg ion  a r e  shown i n  Figure  3.2.  Nine such s p e c t r a  from t h e s e  

reg ions  were s e l e c t e d  as  t h e  s e t  of r e f e r ence  s p e c t r a  f o r  t h i s  

s t udy  . 
Because of  i t s  importance t o  t he  LMFBR program, t h e  

238 u ( ~ , ~ ) ~ ~ ~ u  r e a c t i o n  was s e l e c t e d  as  a  t y p i c a l  r e a c t i o n  which 

could be r e - e v a l u a t e d  by t h i s  method i n  t h e  PCTR/FNC. The 

e x i s t i n g  SAND-I1 code ( 6 )  c r o s s  s e c t i o n ( 2 )  f o r  t h i s  r e a c t i o n  



NEUTRON ENERGY (MeV) 
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FIGURE 3.2. N e u t r o n  Spect ra  i n  t h e  PCTR/FNC C r o s s  S e c t i o n  - 
E v a l u a t i o n  A s s e m b l y  



was used wi th  t h e  n ine  r e f e r e n c e  s p e c t r a  t o  c a l c u l a t e  a  s e t  of 

r e a c t i o n  r a t e s  which might have been measured dur ing  a  

s imul taneous  i r r a d i a t i o n  of i d e n t i c a l  2 3 8 ~  f o i l s  i n  each l o c a -  

t i o n  of t h e  PCTR/FNC. These n ine  r e a c t i o n  r a t e s  and t h e  cor -  

responding n ine  r e f e r e n c e  s p e c t r a  were then  i n p u t  t o  t h e  SAND-I1 

code w i th  a  number of d i f f e r e n t  i n i t i a l  (and extreme) e s t i m a t e s  

of  a (E) f o r  t h e  2 3 8 ~  r e a c t i o n -  - cons ide red  t o  be unknown. For 

each i n p u t  form a (O) (E) , t h e  SAND-I1 i t e r a t i v e  procedure 

gene ra t ed  a  s o l u t i o n  a (K) ( E )  where "K" i s  t h e  number of i t e r a -  

t i o n s  r e q u i r e d  t o  achieve t h e  s o l u t i o n .  

The 2 3 8 ~  ( n , ~ )  2 3 9 ~  r e s u l t s  a r e  p r e sen t ed  i n  Figure  3.3.  

The smal l  i n s e t  f i g u r e  shows t h e  t h r e e  extreme i n p u t  forms 

used.  The dashed curve r e p r e s e n t s  an i n i t i a l  guess a (O) ( E )  

t h a t  has a  1 / E  'I2 shape (corresponding t o  a  l / v  c r o s s  s e c t i o n ) .  

I n  Figure  3.3,  t he  s o l u t i o n  f o r  t h i s  i n p u t  i s  a l s o  r e p r e s e n t e d  

by t he  dashed curve .  S i m i l a r  r e s u l t s  a r e  g iven f o r  a  c o n s t a n t  

and E 'I2 i n p u t  form. The s o l i d  curve i s  t h e  e x i s t i n g  SAND-I1 

c ros s  s e c t i o n  and i s  t h e r e f o r e  t h e  c o r r e c t  s o l u t i o n .  A s  

expec ted ,  i t  i s  approximated b e s t  by t h e  s o l u t i o n  based on 

the  l / v  i n p u t  form. 

Although t h e r e  a r e  d i f f e r e n c e s  among t h e  t h r e e  s o l u t i o n s  

shown i n  Figure  3 .3 ,  t h e  o v e r a l l  agreement i s  e x c e l l e n t  con- 

s i d e r i n g  t h e  extreme d i f f e r e n c e s  i n  i n p u t  forms.  This imp l i e s  

t h a t  the  n ine  r e f e r ence  s p e c t r a  a r e  s u f f i c i e n t l y  d i f f e r e n t  t o  

e s t a b l i s h  a  r a t h e r  unique s o l u t i o n  over approximately s i x  

decades of energy by one i r r a d i a t i o n .  Thus, i f  t h e  b e s t  a v a i l -  

ab l e  a (E) f o r  t he  2 3 8  (n ,y )  r e a c t i o n  (based on monoenergetic 

measurements and t h e o r e t i c a l  e s t i m a t e s )  were used f o r  a (O) (E) 

t o g e t h e r  w i th  r e a c t i o n  r a t e s  from a  PCTR/FNC i r r a d i a t i o n ,  t h e  

r e s u l t i n g  a ( K )  (E) s o l u t i o n  could  be expected t o  produce e x c e l -  

l e n t  i n t e g r a l  cons i s tency  over  t he  energy i n t e r v a l  of 

t o  ~3  MeV. 
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FIGURE 3 . 3 .  SAND-I1 S o l u t i o n  Uniqueness Study for t h e  

2 3 8 ~  ( n , y )  2 3 9 ~  Reac t ion  



Energy dependent c ro s s  s e c t i o n s ,  u s u a l l y  based  on monoener- 

g e t i c  measurements and t h e o r e t i c a l  e s t i m a t e s ,  a r e  g e n e r a l l y  

i n c o n s i s t e n t  w i th  a c t i v a t i o n  measurements which a r e  i n h e r e n t l y  

of an i n t e g r a l  n a t u r e .  Energy dependent c r o s s  s e c t i o n s  d e t e r -  

mined as  de sc r ibed  h e r e  do n o t  s u f f e r  from t h i s  i n c o n s i s t e n c y .  

Below $4 x l o - '  and above $3 MeV t h e  de r ived  c ros s  s e c -  

t i o n s  must be  d i s r ega rded  s i n c e  t h e  n ine  r e f e r e n c e  s p e c t r a  do 

n o t  have adequate r e a c t i o n  s e n s i t i v i t y  i n  t h e s e  r eg ions .  

I r r a d i a t i o n s  i n  a d d i t i o n a l  s p e c t r a  would be r e q u i r e d  t o  p rov ide  

r e l i a b l e  r e s u l t s  f o r  t h e s e  r eg ions .  

The r e s u l t s  of t h i s  s t udy  a l s o  show t h a t  i f  a  p r ev ious ly  

undef ined c ros s  s e c t i o n  were needed,  such a s  f o r  a  t a g  gas 

used i n  f u e l  element l eak  d e t e c t i o n ,  a  smoothed energy- 

dependent c ro s s  s e c t i o n  could  be e a s i l y  d e f i n e d  f o r  immediate 

eng inee r ing  a p p l i c a t i o n .  That i s ,  t h e  de r ived  c ros s  s e c t i o n  

could be expected t o  g ive  r e l i a b l e  e s t i m a t e s  of r e a c t i o n  r a t e s  

f o r  eng inee r ing  a p p l i c a t i o n s  f o r  most LMFBR type s p e c t r a .  The 

PCTR/FNC f a c i l i t y  has  been shown t o  be s u i t a b l e  f o r  c ro s s  

s e c t i o n  e v a l u a t i o n s  of t h i s  type .  
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5.0 S T E A D Y  S T A T E  A N D  T R A N S I E N T  S U B C H A N N E L  CODE 

D E V E L O P M E N T  A N D  D A T A  A N A L Y S I S  

D .  S .  Rowe and 0 .  M .  Johnson  

The o b j e c t i v e  o f  t h i s  program i s  t o  develop improved 

methods f o r  ana lyz ing  h e a t  t r a n s f e r  and f l u i d  flow i n  rod 

bundle n u c l e a r  e lements  dur ing  bo th  s t e a d y  s t a t e  and t r a n s i e n t  

c o n d i t i o n s .  The program i n c l u d e s  bo th  a n a l y t i c a l  s t u d i e s  f o r  

t h e  con t inued  development of computer programs and exper imenta l  

s t u d i e s  f o r  t h e  v e r i f i c a t i o n  and implementat ion of t h e s e  

computer programs. 

C O B R A - I 1  COMPUTER PROGRAM 

The o b j e c t i v e  of  t h i s  p o r t i o n  of t h e  program i s  t o  develop 

a  mathemat ical  model and computer program f o r  p r e d i c t i n g  t h e  

s teady-  s t a t e  and t r a n s i e n t  performance of  rod  bundle n u c l e a r  

f u e l  e lements .  The approach be ing  used i s  s i m i l a r  t o  t h a t  of 

t he  COBRA-I1 computer program. The bundle flow c ros s  s e c t i o n  

i s  d iv ided  i n t o  flow subchannels  t h a t  a r e  assumed t o  con ta in  

one-dimensional  flow and a r e  coupled t o  each o t h e r  by t u r b u l e n t  

and d i v e r s i o n  c r o s s f  low mixing.  Both t ypes  of c r o s s f  low mixing 

c a r r y  mass, energy and momentum between t h e  subchannels . B o i l -  

i n g  and nonboi l ing  cond i t i ons  a r e  cons idered  by us ing  an equa- 

t i o n  of s t a t e  t h a t  g ives  d e n s i t y  as a  f u n c t i o n  of e n t h a l p y ,  

f low,  h e a t  f l u x ,  p r e s s u r e ,  p o s i t i o n ,  and t ime.  The model 

n e g l e c t s  s o n i c  v e l o c i t y  p ropaga t ion ;  t h e r e f o r e ,  i t  i s  l i m i t e d  

t o  t r a n s i e n t s  w i th  time d u r a t i o n  g r e a t e r  than t he  t ime f o r  a  

s o n i c  wave t o  pas s  through t h e  channel .  A s i m p l i f i e d  t r a n s v e r s e  

momentum equa t ion  t h a t  n e g l e c t s  temporal  and s p a t i a l  acce l e r a -  

t i o n  i s  used t o  s i m p l i f y  t he  numerical  s o l u t i o n .  This  g ives  

i n s t an t aneous  response  of t h e  d i v e r s i o n  c ros s  f low t o  changes 

i n  subchannel  p r e s s u r e  g r a d i e n t .  The equa t ions  of t h e  mathe- 

m a t i c a l  model a r e  so lved  by us ing  a  s e m i e x p l i c i t  f i n i t e  d i f -  

f e r ence  scheme t h a t  i s  s t a b l e  f o r  a l l  t ime s t e p s .  This  scheme 



a l s o  g i v e s  a  boundary va lue  f low s o l u t i o n  f o r  bo th  s t e a d y  s t a t e  

and t r a n s i e n t s  where t h e  boundary cond i t i ons  a r e  t h e  i n l e t  

en tha lpy ,  i n l e t  flow r a t e  and e x i t  p r e s s u r e .  S e v e r a l  s u c c e s s -  

f u l  computer s o l u t i o n s  have been run u s ing  t h e  above mathe- 

m a t i c a l  model and numerical  s o l u t i o n .  This  has  i nc luded  r a p i d  

changes i n  h e a t  f l u x ,  i n l e t  flow r a t e ,  i n l e t  en tha lpy  and 

system p r e s s u r e .  The a b i l i t y  of  t h e  boundary va lue  s o l u t i o n  

t o  i n c l u d e  h i g h  c ross f low r e s i s t a n c e  has a l s o  been s u c c e s s -  

f u l l y  demonstra ted.  High c ross f low r e s i s t a n c e  has  t h e  e f f e c t  

of caus ing  a  downstream flow d i s t rubance  t o  be f e l t  upst ream.  

This e f f e c t  cannot  be cons idered  by COBRA-I1 and o t h e r  s i m i l a r  

computer programs us ing  an i n i t i a l  va lue  flow s o l u t i o n .  

The f e a t u r e s  of  C O B R A - I 1 1  can be summarized a s  fo l l ows :  

I t  c o n t a i n s  a l l  t h e  a n a l y s i s  c a p a b i l i t y  of t h e  C O B R A - I 1  

program. 

I t  can cons ide r  t r a n s i e n t s  up t o ,  b u t  n o t  i n c l u d i n g ,  

s o n i c  v e l o c i t y  p ropaga t ion  e f f e c t s .  

The numer ica l  scheme performs a  boundary va lue  s o l u t i o n  

t o  more p r o p e r l y  i nc lude  t h e  e f f e c t s  of  c ro s s f low  

r e s i s t a n c e .  

The numerical  s o l u t i o n  i s  s t a b l e  f o r  a l l  t ime s t e p s .  

Development o f  C O B R A - I 1 1  i s  con t inu ing  t o  improve i t s  

c a p a b i l i t y .  A f u e l  h e a t  r a n s f e r  model i s  be ing  developed t o  

account f o r  thermal  response  of  t h e  f u e l .  The a b i l i t y  t o  

cons ide r  f low r e v e r s a l s  i s  be ing  developed t o g e t h e r  wi th  a  

p r e s s u r e  drop boundary c o n d i t i o n  t o  e l i m i n a t e  t h e  p r e s e n t  

need f o r  a  p r i o r  knowledge of t h e  i n l e t  f low.  

E X P E R I M E N T A L  STUDY OF FLOW STRUCTURE I N  ROD BUNDLES 

The o b j e c t i v e  of  t h i s  exper imenta l  s t udy  i s  t o  o b t a i n  a  

more complete d e s c r i p t i o n  of t h e  t u r b u l e n t  flow s t r u c t u r e  of  



s i n g l e - p h a s e  flow i n  rod  bundles .  Th is  s t u d y  i s  needed t o  

o b t a i n  a  b e t t e r  unders tanding of i n t e r subchanne l  mixing s o  

t h a t  b e t t e r  mixing c o r r e l a t i o n s  can be developed f o r  use i n  

subchannel  computer programs. P re sen t  mixing c o r r e l a t i o n s  do 

n o t  adequate ly  account f o r  t h e  e f f e c t  of  subchannel  geometry. 

This  exper imenta l  s t u d y  w i l l  i n v e s t i g a t e  t h e  t u r b u l e n t  

flow s t r u c t u r e  i n  rod bundle geometry t o  d e f i n e  t h e  e f f e c t  of 

subchannel  shape ,  gap spac ing  and subchannel  i n t e r c o n n e c t i o n s .  

The t r a n s v e r s e  f l u c t u a t i n g  v e l o c i t y  i n  t he  gap between subchan- 

n e l s  w i l l  be t h e  primary measurement i n  t h e s e  exper iments .  

These measurements w i l l  be made wi th  a  two- component l a s e r -  

doppler  ve loc ime te r .  This  dev ice  can measure f l u i d  v e l o c i t i e s  

a t  a  p o i n t  i n  a  flow s t ream wi thou t  i n s e r t i n g  a  probe i n t o  t h e  

f low. I t  ope ra t e s  from t h e  p r i n c i p l e  t h a t  l i g h t  s c a t t e r e d  from 

very sma l l  p a r t i c l e s  moving w i t h  t h e  f l u i d  exper iences  a  f r e -  

quency s h i f t  t h a t  i s  r e l a t e d  t o  t h e  f l u i d  v e l o c i t y .  By us ing  

a  system of o p t i c s  and e l e c t r o n i c s ,  t h i s  Doppler s h i f t  can be 

a c c u r a t e l y  measured t o  o b t a i n  t he  i n s t an t aneous  f l u i d  v e l o c i t y  

a t  the  measurement p o i n t .  This  measurement technique w i l l  

enab le  measurements of v e l o c i t i e s  t h a t  have never  been ob t a ined  

i n  rod  bundle geomet r ies .  

I Design of t h e  exper imenta l  appara tus  i s  i n  p r o g r e s s .  A 

common flow channel  w i l l  be used t o  accommodate a  v a r i e t y  of  

subchannel  s i z e s  and shapes .  This w i l l  be accomplished by 

us ing a  channel  t h a t  c o n s i s t s  of two common s i d e  p l a t e s  con- 

t a i n i n g  g l a s s  windows f o r  en t r ance  and e x i t  of  t h e  l a s e r  beam. 

I n s e r t s  of  va r ious  t h i cknes se s  w i l l  be p l a c e d  between the  s i d e  

p l a t e s  t o  c r e a t e  r e c t a n g u l a r  flow channels .  Subchannels w i l l  

be formed w i t h i n  t h i s  channel  by i n s e r t i n g  rods ,  o r  s e c t o r s  of 

rods ,  t o  form t h e  d e s i r e d  subchannel  shapes .  Glass  rods w i l l  

be used where a p p r o p r i a t e  t o  enab le  passage of t h e  l a s e r  beam. 

A flow s t r a i g h t e n i n g  and calming s e c t i o n  w i l l  be i nc luded  t o  

c o n t r o l  t h e  l e v e l  of upstream tu rbu lence .  





P L U T O N I U M  C R I T I C A L I T Y  S T U D I E S  

C R I T I C A L  E X P E R I M E N T S  W I T H  U N M O D E R A T E D  P u 0 2  

S. R .  Bierman  and  E .  D .  C l a y t o n  

P a r t  of t h e  r e sea rch  e f f o r t  a t  t h e  Ba t t e l l e -Nor thwes t -  

ope ra t ed  C r i t i c a l  Mass Laboratory  i s  concerned wi th  determining 

t h e  c r i t i c a l i t y  parameters  of plutonium mixtures  over  t h e  

e n t i r e  range of neu t ron  moderation.  The cumulative r e s u l t s  o f  

t h i s  e f f o r t  up through t h e  e a r l y  p a r t  of 1969, both  experimen- 

t a l l y  and t h e o r e t i c a l l y ,  were r e c e n t l y  pub l i shed  i n  Nuclear 

App l i ca t i ons  . The o b j e c t  of  t h i s  paper  i s  t o  p r e s e n t  d a t a  

from a  l a t e r  s e r i e s  of c r i t i c a l  experiments i n  t he  undermoder- 

a t e d  reg ion  of t h e  neu t ron  spectrum. In  t h i s  reg ion  t h e  

plutonium mixtures  a r e  h i g h l y  concen t r a t ed ,  t y p i f y i n g  wet 

powders, p r e c i p i t a t e s ,  s l u r r i e s  and polymers encountered i n  

plutonium f u e l s  f a b r i c a t i o n  and r ep roces s ing .  The experiments 

were c a r r i e d  ou t  us ing  our remote s p l i t - t a b l e  machine and 

e s s e n t i a l l y  d r y ,  unmoderated PuO, (0.04 H/Pu atomic r a t i o )  
& 

con ta in ing  18.35 w t %  2 4 0 ~ u  i n  t h e  plutonium. The Pu02 was i n  

t he  form of 2 x 2 x 1 1/2- inch  b l o c k s ,  each compressed t o  a  

d e n s i t y  of  5.762 0.039 g  pu/cm3 and encased ,  f o r  contamina- 

t i o n  c o n t r o l ,  i n  a  h e a t - s h r i n k a b l e  p o l y o l e f i n  p l a s t i c .  A 

d e t a i l e d  d e s c r i p t i o n  of t h e  f u e l  i s  p r e s e n t e d  i n  Table 6 .1 .  

Experimengal d a t a  were ob t a ined  from both  b a r e  and 

r e f l e c t e d  p a r a l l e l e p i p e d s  o f  Pu02. The c r i t i c a l  s i z e s  of  each 

of these  assembl ies  a r e  p r e s e n t e d  i n  Table 6.2.  The dimensions 

of  each assembly have had exper imenta l ly  determined c o r r e c t i o n s  

made t o  them t o  account f o r  t h e  e f f e c t s  o f  s t a c k i n g  voids  and 

t h e  c ladd ing  m a t e r i a l  used on each f u e l  b lock  f o r  contaminat ion 

c o n t r o l .  Thus, each c r i t i c a l  assembly shown i n  Table 6 .2  
3 r e p r e s e n t s  a  s o l i d  mass of f u e l  a t  a  d e n s i t y  of  5.762 g  Pu/cm . 



TABLE 6 .l. Desc r ip t i on  of Fue l  

Dimension of Compacts 
Without Cladding,  L x W x H 5.13 x 5.13 x 3.81 + 0.02 cm 

Average Dimension of Stacked 
Compacts W i t h c l a d d i n g ,  L x W x H  5 . 5 4 ~ 5 . 5 4 ~  4.09 + 0 . 0 4 c m  

Average Thickness of  Cladding,  cm 

S ides  0 .38 

TOP 0 .13  
Bottom 0 .13  

Composition of Cladding,  Atoms 
p e r  Barn-cm 

Composition of Compacts, Atoms 
p e r  Barn-cm 

2 3 8 ~ u  

2 3 9 ~ u  

2 4 0 ~ u  

4 1 ~ u  

2 4 2 ~ u  

PuOZ P a r t i c l e  S i z e ,  mrn 

Maximum 

Me an 

Minimum 

Plutonium Dens i ty ,  g/cm 
3 



A s  was obse rved  i n  p r ev ious  exper iments  ( 3 )  w i t h  Pu02 -po ly s  t y r e n e  

f u e l  having an H/Pu a tomic  r a t i o  of  5 ,  t h e  c r i t i c a l  mass of  

each of t h e s e  assembl ies  shown i n  Table 6.2 was n o t  a f f e c t e d  by 

the  s t a c k i n g  voids  and c l add ing  m a t e r i a l .  I n  t h e s e  r e l a t i v e l y  

f a s t  sy s t ems ,  t h e  f u e l  d e n s i t y  r e d u c t i o n  caused by s t a c k i n g  

vo ids  and c l add ing  was o f f s e t  by t h e  i n c r e a s e d  neu t ron  modera- 

t i o n  caused by t h e  c l add ing  m a t e r i a l .  

TABLE 6 . 2 .  E x p e r i m e n t a l  D a t a  f r o m  Pu02 C o m p a c t s  18.35 w t %  
240~1.1 Isotopic  C o n t e n t ,  5.762 g pu/cm3, 
0 .04  H/Pu A t o m i c  R a t i o ,  50 OC 

C R I T I C A L  D I M E N S I O N S ,  c m  C R I T I C A L  M A S S ,  K G  O F  P u  

R E F L E C T O R  L E N G T H  W l D T H   HEIGHT'^' 18.35 W T %  2 4 0 ~  u 

P L E X I G L A S  25.65 25.65 10 .03k0 .01  38.3k0.3  

P L E X I G L A S  25.65 30.78 8 .98k0.01 41 .1k0 .3  

P  L E X  l G L A S  30.78 30.78 7 .97k0.03 43 .8k0 .3  

P  L E X  l G L A S  30.78 41.05 6 .86k0.08 50.3k0.7  

P L E X I G L A S  41.05 41.05 5 .95k - - -  58.2k0.3  

B A R E  30.78 30.78 20.90*0.09 113.8k0.9  

B A R E  30.78 30.78 21.12k0.06 115 .1k0 .8  

( a )  C R I T I C A L  H E I G H T  C O R R E C T E D  F O R  V O I D S ,  C L A D D I N G  A N D  
T E M P E R A T U R E  E F F E C T S .  B A R E  A S S E M B L  l E S  C O R R E C T E D  
A L S O  F O R  E F F E C T S  O F  S T R U C T U R A L  S U P P O R T S .  

The c r i t i c a l  s i z e s  shown i n  Table 6 . 2  a l s o  r e f l e c t  c o r r e c -  

t i o n s  made f o r  t empera tu re  changes du r ing  t he  course  o f  t h e  

exper iments .  Because of t h e  r e l a t i v e l y  h i g h  plu tonium d e n s i t y  

and 2 4 0 ~ ~  c o n t e n t ,  a  h igh  s p e c i f i c  h e a t  g e n e r a t i o n  (about  

20 W / l i t e r  o f  3 1 / 2  W/kg) was ob t a ined  and r e s u l t e d  i n  



temperature  v a r i a t i o n s  of as much as 30 O C  dur ing  t h e  course  of 

a  s i n g l e  exper iment .  To o b t a i n  c o n s i s t e n t  s e t s  of d a t a ,  t h e  

count r a t e s  i n  each c r i t i c a l  approach were c o r r e c t e d  t o  50 "C 

by a t echnique  developed by R.  C .  Lane and o t h e r s  (4) a t  

Aldermaston, U . K . ,  and shown below: 

where N = number of f u e l  b l o c k s ,  

T1 = temperature  corresponding t o  count r a t e  C1, 

T 2  = temperature  corresponding t o  count r a t e  C 2 .  

K = change i n  r e c i p r o c a l  count r a t e  p e r  degree 

change i n  temperature  f o r  N f u e l  b locks .  

Although t h e r e  was an i n s u f f i c i e n t  amount of f u e l  t o  

achieve c r i t i c a l i t y  unref  l e c t e d ,  two bare  c r i t i c a l  assembl ies  

were b u i l t  u s ing  d r i v e r  reg ions  of Pu02-polystyrene having an 

H/Pu a tomic  r a t i o  of 5 .  [Experiments w i th  t h i s  5 H/Pu f u e l  

have been p r e v i o u s l y  r e p o r t e d . ( 3 ) ]  Each of t h e  bare  assembl ies  

had t h e  same c r o s s - s e c t i o n a l  dimensions b u t  d i f f e r e n t  amounts 

of d r i v e r  f u e l .  Based on the se  measurements, a  b a r e  assembly 

of 5.762 g pu/cm3 of PuOZ, 30.78 x 30.78 x 20.99 i 0.22 cm 

con ta in ing  114.6 * 1 . 4  kg of plutonium would be c r i t i c a l .  With 

our c a l c u l a t i o n a l  techniques  ( 5 9 6 )  we have been ab le  t o  c a l c u -  

l a t e  t h i s  b a r e  c r i t i c a l  assembly t o  w i t h i n  6 mk i n  k e f f .  Con- 

s e q u e n t l y ,  i t  was f e l t  t h a t  t he  e x t r a p o l a t i o n  d i s t a n c e  f a r  t h e  

b a r e  assembly could  be c a l c u l a t e d  wi th  a h igh  degree o f  

conf idence.  By u s ing  a c a l c u l a t e d  e x t r a p o l a t i o n  d i s t a n c e  of 

3.57 cm f o r  t h e  ba re  assembly and the  b a r e  c r i t i c a l  dimensions 

g iven  above,  the  c r i t i c a l  buck l ing  f o r  t h i s  e s s e n t i a l l y  ,. 
unmodereated PuOe m a t e r i a l  was determined t o  be 262.0 + 1 . 7  m - ' .  



The r e f l e c t e d  c r i t i c a l  assembl ies  ranged over  a  s e r i e s  of 

s l a b s  from about 10 t o  6 cm i n  t h i cknes s  t o  permi t  de te rmina t ion  

of t he  c r i t i c a l  t h i cknes s  of a  s l a b  of t h i s  f u e l ,  i n f i n i t e  i n  

two dimensions.  The c r i t i c a l  dimensions of each of t h e s e  

r e f l e c t e d  assembl ies  a r e  shown i n  Table 6 .2 .  The c r i t i c a l  

h e i g h t  of each of t he se  assembl ies  i s  p l o t t e d  i n  Figure  6 .1 ,  as  

an i n v e r s e  f u n c t i o n  of i t s  core c r o s s - s e c t i o n a l  a r e a .  A l i n e a r  

l e a s t  squa re s  f i t  e x t r a p o l a t i o n  of t h i s  d a t a  t o  an i n v e r s e  

c r o s s - s e c t i o n a l  a r e a  of  zero  y i e l d s  a  c r i t i c a l  t h i cknes s  of  

3 .34 k 0 . 1 0  cm f o r  a  s l a b  of t h i s  e s s e n t i a l l y  unmoderated Pu02 

m a t e r i a l  i n f i n i t e  i n  two dimensions.  A corresponding e x t r a p o l a -  

t i o n  d i s t a n c e  of 8.20 k 0.22 cm was ob ta ined  f o r  t h e  r e f l e c t e d  

i n f i n i t e  s l a b  by equa t ing  t h e  c r i t i c a l  dimensions of each 

r e f l e c t e d  assembly t o  t he  c r i t i c a l  buck l ing  of 262.0 1 . 7  rn-' 

determined f o r  t h i s  m a t e r i a l  from the  bare  assembly. The 

e x t r a p o l a t i o n  d i s t a n c e s  thus  ob ta ined  f o r  each r e f l e c t e d  assem- 

b l y  a r e  a l s o  shown i n  Figure  6 . 1  as an i n v e r s e  f u n c t i o n  of t h e  

r e s p e c t i v e  assembly 's  core  c ros s  - s e c t i o n a l  a r e a .  

For e s t a b l i s h i n g  c r i t i c a l i t y  l i m i t s  and f o r  checking 

n u c l e a r  c o n s t a n t s  and c a l c u l a t i o n a l  t e chn iques ,  t h e s e  s l a b  

d a t a  need t o  be expressed  i n  e q u i v a l e n t  s p h e r i c a l ,  c y l i n d r i c a l ,  

and cub ic  geomet r ies .  Consequently,  t he  exper imenta l  d a t a  were 

conver ted a t  t h e  c r i t i c a l  buck l ing  of 262.0 k 1 . 7  m - 2  t o  o b t a i n  . 
c r i t i c a l  s i z e s  f o r  t h e s e  geomet r ies ,  bo th  b a r e  and f u l l y  

r e f l e c t e d .  These de r ived  c r i t i c a l  s i z e s  a r e  shown i n  

Table 6 .3 .  The s t a n d a r d  d e v i a t i o n s  on t h e  c a l c u l a t e d  e x t r a p o l a -  

t i o n  d i s t a n c e s  a r e  e s t i m a t e d  t o  be k 0 . 2  cm. The remaining 

s t a n d a r d  d e v i a t i o n s  shown were ob ta ined  by propaga t ion  of e r r o r s .  

Also shown i n  Table 6 .3  a r e  c r i t i c a l  s i z e s  f o r  Pu-water  and 

Pu02 -wate r  a t  t h e i r  t heo re  t i c a l  d e n s i t y  corresponding t o  an 

0 . 0 4  H/Pu atomic r a t i o .  These were ob ta ined  by making d e n s i t y  

c o r r e c t i o n s  t o  t h e  5.762 g  pu/cm3 Pu02 d a t a .  
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FIGURE 6 . 1 .  E x t r a p o l a t i o n  Dis tances  and Measured 
C r i t i c a l  Height  



TABLE 6.3. Critical Dimensions in Spherical, Cylindrical, Cubic 
and Slab Geometries at H/Pu Atomic Ratio of 0.04 

GEOMETRY 

I N F I N I T E  SLAB 

SPHERE 

I N F I N I T E  CYL INDER 

CUBE 

I N F I N I T E  SLAB 

SPHERE 

I N F I N I T E  CYL INDER 

CUBE 

( a )  l SOTOP l C  CONCENTRATION 

( b )  C R I T I C A L  TH ICKNESS OF SLAB OR CUBE, C R I T I C A L  R A D I U S  OF SPHERE OR C Y L I N D E R  

( c )  5.762 Pu02 -WATER REFLECTED W l T H  P L E X I G L A S ,  OTHER SYSTEMS REFLECTED W l T H  WATER 

P u 0 2 - W A T E R  
5.7629 p u l c m 3  

18.35 W T %  2 4 0 p u ( a )  

h x ( b )  
c m c m 

2 3 9 ~  u - W A T E R  
19 .169 p u l c m 3  
0.0 WT% 2 4 0 p u  

x ( b )  

c m 

B A R E  A S S E M B L I E S  

2 3 9 ~  u 0 2  - W A T E R  
10.929 ~ u l c m 3  
0.0 WT% 2 4 0 ~ ~  

~ ( b )  
c  m 

3 .62k0.2  

3 .60k0.2  

3 .58k0.2  

3.57k0.2 

P  u -WATER 
19.169 ~ u l c m 3  

18.35 WT% 2 4 0 ~ ~ ( a )  

~ ( b )  
c m 

4 .13k0 .00  

5 .74k0.07  

3 .99k0 .07  
- - - - - - - - 

P ~ 0 2 - W A T E R  
10.929 p u l c m 3  

18.35 WT% 2 4 0 p u ( a )  

x ( b )  

c  m 

12 .17k0 .28  

15 .81k0 .20  

11 .28k0.20  

26 .4850 .28  

7 . 0 7 k 0 . 1 6  

9 . 2 2 k 0 . 1 2  

6 . 5 7 k 0 . 1 2  
- - - - - - - - - 

- 

R E F L E C T E D  A S S E M B L I E S " )  

3 .71k0 .09  

5 .20k0.07  

3 .60k0.06  
- - - - - - - - -  

8.20k0.22 

8 .17k0.38  

8 .17k0.38  

8 .13k0.38  

6 .38k0 .14  

8 . 4 1 k 0 . 1 1  

5 . 9 6 k 0 . 1 1  
- - - - - - - - - 

1 .60k0 .04  

6 . 5 7 k 0 . 2 2  

3 .86k0 .17  
- - - - - - - - 

3 .34k0.10  

11 .24k0.38  

6 .69k0 .31  

17 .36k0 .54  

0 .82k0 .02  

4 .22k0.14  

2 .38k0 .11  
- - - - - - - - -  

1.15k0.03 

4 .70k0 .16  

2.72k0.13 
- - - - - - - - 

2 .31k0 .06  

7 .39k0 .25  

4 . 4 8 k 0 . 2 1  
- - - - - - - - - 



Table  6 .3  a l s o  shows va lues  which have been c o r r e c t e d  t o  

zero  2 4 0 ~ u  con ten t  t o  show t h e  r e l a t i v e l y  sma l l  e f f e c t  t h a t  

2 4 0 ~ u  has on t h e  c r i t i c a l  s i z e  of t h i s  h i g h l y  concen t r a t ed  

system. I n  t h i s  h igh  neu t ron  energy system the  p e r c e n t  change 

i n  s p h e r i c a l  c r i t i c a l  mass p e r  p e r c e n t  change i n  2 4 0 ~ u  c o n t e n t  

i s  only 2 . 0 7  f o r  t h e  r e f l e c t e d  ca se  and 1.88 f o r  t h e  ba re  c a s e ,  

as  compared t o  va lues  of about 10 and 1 2  f o r  a  more thermal -  

i z e d  system. A c a l c u l a t e d  neu t ron  energy spectrum f o r  t h e  Pu02 

f u e l  used i n  t h e  experiments i s  shown i n  Table 6 .4 .  

TABLE 6.4. Calcu l a t ed  18-Group F lux  f o r  PuOZ 

3  5.762 g  Pu/cm , 0.04 H/Pu Atomic R a t i o  
18.35 w t %  2 4 0 ~ ~  I s o t o p i c  Content 

Group 

1 

Lower Energy 

7.79 MeV 

Re la t i ve  Flux 

0.0036 

0.0103 

0.0247 

0.0398 

0.0621 

0.1596 

0.0847 

0.4789 

0.1260 

0 . 0 0 9 4  

0.0007 



A s  w i t h  p rev ious ly  pub l i shed  d a t a  (2  y 3 )  f o r  15 and 5  H/Pu 

m a t e r i a l ,  t h e s e  d a t a  f o r  e s s e n t i a l l y  unmoderated systems a r e  

compared i n  Figures  6.2,  6 .3 ,  6 .4 ,  and 6 .5  w i th  d a t a  from 

TID-  7 0 2 8 ( ~ )  f o r  s l a b ,  c y l i n d r i c a l  and s p h e r i c a l  geomet r ies .  

I n  a l l  t h r e e  geometr ies  t h e  c r i t i c a l  s i z e s  de r ived  from t h e  

exper iments  a r e  s l i g h t l y  l a r g e r  than t hose  shown i n  TID-7028. 

Ca l cu l a t ed  va lues  f o r  the  s p h e r i c a l  c r i t i c a l  mass and r a d i i ,  

ob t a ined  by us ing  GAMTEC-I1 18-group cons t an t s  w i t h  t h e  

t r a n s p o r t  theory  code DTF-IV, (7)  a r e  shown a l s o  i n  Figure  6 .5 .  

I t  was a n t i c i p a t e d  t h a t  t he se  experiments w i th  e s s e n t i a l l y  

unmoderated Pu02 would e i t h e r  v e r i f y  o r  d i sprove  t h a t  a  

r e f l e c t e d  cube could  have a  s m a l l e r  c r i t i c a l  mass than  a  

r e f l e c t e d  sphe re .  The r e f l e c t e d  c r i t i c a l  mass of  a  cube of 

t h i s  e s s e n t i a l l y  unmoderated PuOZ was observed t o  be l e s s  than 

t h a t  f o r  a  r e f l e c t e d  sphere  of t h e  same m a t e r i a l .  However, as 

wi th  p rev ious  obse rva t ions  w i th  5  H/Pu and 15 H/Pu, (322) t h i s  

phenomenon was n o t  s o  pronounced t h a t  i t  could  n o t  be accounted 

f o r  by t h e  i n a c c u r a c i e s  i n  t h e  measurements. 

The r e s u l t s  from t h e  experiments t o  d a t e  i n d i c a t e  t h a t  

t he  va lues  f o r  t h e  c r i t i c a l  s i z e s  and masses of plutonium g iven  

i n  such r e f e r e n c e s  as  TID-7028, should  be i n c r e a s e d  over  t he  

i n t e rmed ia t e -  t o - f a s t  neu t ron  energy range.  However, a d d i t i o n a l  

d a t a  i s  needed a t  H/Pu  r a t i o s  around 3 0  and 55,  f o r  a  b e t t e r  

d e f i n i t i o n  of t h e  v a r i a t i o n  i n  c r i t i c a l  mass wi th  c o n c e n t r a t i o n  

and 2 4 0 ~ ~  c o n t e n t .  Experiments a r e  c u r r e n t l y  planned which w i l l  

p rovide  t h i s  d a t a .  
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FIGURE 6.2. Data Der ived f r o m  C r i t i c a l  Slabs 
of Pu02-Polystyrene 
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FIGURE 6 . 3 .  Data De r i ved  f r o m  C r i t i c a l  Slabs o f  Pu02-Polystyrene 

I 1  I I I l l  - - 
II 

- - - I  1 I  I I  I l l  I I  I l l  
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F I G U R E  6.4. Data Der ived f r o m  C r i t i c a l  Slabs of Pu02-Polystyrene 
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F I G U R E  6 .5 .  Water Ref lec ted  Spher i ca l  C r i t i c a l  Radi i  
of Pu (Metal) -Water Mixtures 
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7 . 0  C A L C U L A T I O N S  O F  P O T E N T I A L  E N V I R O N M E N T A L  R A D I O L O G I C A L  

C O N S E Q U E N C E S  O F  R E A C T O R  A C C I D E N T S  

A  progress r epor t  i s  i n  p repara t ion .  





8. N U C L E A R  G R A P H I T E  

G .  L. T i n g e y  

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

W .  J .  Gray 

The second s e t  of two capsu les  con ta in ing  samples under a  

compressive s t r e s s  was p l a c e d  i n  t h e  ETR r e a c t o r  i n  J u l y  1970 

and i s  scheduled  t o  be d i scharged  i n  February 1971 a f t e r  an 

a d d i t i o n a l  exposure o f  about 5 . 3  x 10'' n/cm2 (E > 0.18 MeV) . 
Length-change d a t a  from t h e  f i r s t  exposure a r e  shown i n  

Table 8 .1 .  These d a t a  c l e a r l y  demonstra te  t h e  e f f e c t  of  a  com- 

p r e s s i v e  s t r e s s  on t h e  c o n t r a c t i o n  r a t e  b u t  meaningful  c r eep  

cons t an t s  cannot be c a l c u l a t e d  u n t i l  t h e  second s e t  of d a t a  i s  

a v a i l a b l e .  One can only s a y ,  a t  t h i s  p o i n t ,  t h a t  the  observed 

creep s t r a i n  i s  roughly l i n e a r  w i t h  s t r e s s  and n e a r  t h e  

expected magnitude . 

R A D I O L Y T I  C  R E A C T I O N S  I N  G R A P H I T E  M O D E R A T E D  R E A C T O R S  

G.  L .  T i n g e y  and D .  E .  C l a r k  

Corros ion r e a c t i o n s ,  and chemical changes i n  g e n e r a l ,  occur  

i n  n u c l e a r  r e a c t o r s  by r a d i o l y t i c  r e a c t i o n s  a s  w e l l  as t h e  more 

common thermal ly  induced r e a c t i o n s .  I n  h igh  temperature  gas - 
cooled r e a c t o r s ,  r e a c t i o n s  may occur  between i m p u r i t i e s  i n  t h e  

gas coo lan t  and t h e  g r a p h i t e  moderator o r  t h e  f u e l  e lements .  

I n  a d d i t i o n ,  homogeneous r e a c t i o n s  a r e  p r e s e n t  i n  t h e  gas phase 

producing changes i n  t he  coo lan t  composit ion.  

S t u d i e s  of  r a d i o l y t i c  r e a c t i o n s  a r e  normally c a r r i e d  o u t  

a t  ambient t empera tures  because i t  i s  g e n e r a l l y  cons idered  

t h a t  r a d i a t i o n -  induced r e a c t i o n s  have ze ro  temperature  coef f i -  

c i e n t  . This assumption i s  approximately t r u e  f o r  most r e a c t i o n s  

w i t h i n  a  l i m i t e d  temperature  range b u t  shou ld  n o t  be cons idered  

g e n e r a l l y  t r u e  w i thou t  exper imenta l  v e r i f i c a t i o n .  



TABLE 8.1. Length Changes of Graphi te  Under 
Compressive S t r e s s  

AXF- 8QBG1 

I r r a d i a t i o n  S t r e s s ,  AL , 
Temp, " C  p s i  % 

Fluence  '41.5 x 1022 n/cm2 ( E  > 0 . 1 8  MeV) f o r  a l l  s a m p l e s .  

U n s t r e s s e d  l e n g t h  changes are  averages  o f  10 t o  20 s a m p l e s .  

S t r e s s e d  l e n g t h  changes are  f o r  one sample ( A G O T )  o r  two 
sump Zes (H337 and AXF-8QBGl). 



Previous  s t u d i e s  have been conducted a t  Ba t te l l e -Nor thwes  t 

i n  which t he  temperature  c o e f f i c i g n t  of t he  r a d i o l y t i c  r e a c t i o n  

of carbon d iox ide  w i t h  wa te r  vapor was measured. ('I These 

s t u d i e s  were conducted i n  t h e  temperature  range from 100 t o  

400 "C and l e d  t o  t h e  fo l lowing  exp re s s ion  f o r  r a d i o l y t i c  

y i e l d :  

G(C0) = G(H20) = 17 .3  exp - 1 9 7 0 0 / R T  molecules/100 e ~ .  

S ince  HTGR t empera tures  exceed 1000 O C ,  c a l c u l a t i o n s  of 

r a d i o l y t i c  r e a c t i o n s  r e q u i r e d  an e x t r a p o l a t i o n  from 400 t o  

1000 O C .  Although h i g h e r  temperature  r a d i o l y t i c  s t u d i e s  were 

d e s i r a b l e ,  they were d i f f i c u l t  because of i n t e r f e r e n c e  w i th  

t h e  thermal  r e a c t i o n s  . 
During t h e  p rev ious  q u a r t e r ,  we have measured t h e  y i e l d  

of  t h e  r a d i o l y t i c  r e a c t i o n  of carbon d iox ide  and hydrogen t o  

temperatures  as h igh  as 650 O C .  These s t u d i e s  have been accom- 

p l i s h e d  by d i l u t i n g  t h e  gas mixture  w i th  helium t o  concen t ra -  

t i o n s  more n e a r l y  t y p i c a l  of t h e  HTGR Gas c o o l a n t .  This  d i l u -  

t i o n  w i t h  i n e r t  gas reduces t h e  r a t e  of  t h e  thermal r e a c t i o n  

t o  an immeasurable va lue  b u t  t h e  r a d i o l y t i c  r e a c t i o n s  have 

approximately t h e  same r a t e  as observed a t  h i g h e r  concen t r a t i ons  

because of  t r a n s f e r  of energy from the  helium t o  t h e  r e a c t i v e  

gases .  

F igure  8 . 1  shows t h e  100 e V  y i e l d  o f  CO a s  a  f u n c t i o n  of 

temperature  f o r  a  gas mixture  w i t h  no helium p r e s e n t  and f o r  

mixtures  con ta in ing  1000 ppm, 433 ppm, o r  60 ppm carbon d iox ide  

and hydrogen i n  helium. The d a t a  shown i n  t h e  f i g u r e  y i e l d  

t he  fo l lowing  exp re s s ions  f o r  t h e  r a t e s  of p roduc t  format ion:  

- 
- ' ~ 0 ~  = 0 . 5  atm; PHe = 0 

G (CO) = 0 . 3 5 6 T ~ ' ~ e x ~ -  molecules/100 eV 



BNWL- 1 5 2 2 -  1 

T E M P E R A T U R E ,  O C  

700  500 400  300 200 1 0 0  

- 1 . 0  rr I I I I 
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- I 

I 

FIGURE 8.1. E f f e c t  of Temperature and Reactive G a s  
Concentra t ion on Product Y i e l d  from the  
R a d i o l y s i s  of a M i x t u r e  of C 0 2  and H2 
i n  H e l i u m  



- 5 
= Pco.. = 10 atm; PHe = 1 atm H, 

- - 4 
'H.. - 'CO, = 4 .33  x 10 atm; PHe = 1 atm 

G (CO) = 0 . 0 5 6 ~ ~ / ~ e x ~ - ~ ~ ~ / ~ ~  molecules/100 eV 

- 
' ~ 7  

- 
P ~ ~ ,  = 6.0 x 10-'atm; PHe = 1 atm 

G (CO) = 0 . 0 2 4 7 ~ ~ / ~ e x ~ - ~ ~ ~ / ~ ~  molecules/100 eV 

The r eade r  w i l l  no t e  the  r a d i o l y t i c  y i e l d  of p roduc ts  

i n c r e a s e s  w i t h  temperature  only  s l i g h t l y  when the  system i s  

d i l u t e d  w i t h  helium b u t  when t h e r e  i s  no helium p r e s e n t  t h e  

temperature  c o e f f i c i e n t  i s  much g r e a t e r .  Although we had n o t  

a n t i c i p a t e d  a  change i n  t h e  temperature  c o e f f i c i e n t  when hel ium 

was p r e s e n t ,  i t  now appears  reasonable  t o  expec t  some d i f f e r e n c e  

because d i f f e r e n t  a c t i v a t e d  s t a t e s  a r e  invo lved .  When no hel ium 

i s  p r e s e n t  the  r e a c t i v e  gases  a r e  e x c i t e d  d i r e c t l y  by t h e  r a d i a -  

t i o n  and thus  a  v a r i e t y  of i o n i c  and e x c i t e d  s p e c i e s  a r e  formed. 

I n  a  mixture  con ta in ing  1000 ppm C02 and H z ,  9 8 . 8% of t h e  

energy i s  absorbed by the  helium. S ince  no s t a b l e  p roduc ts  

a r e  formed w i t h  e x c i t e d  helium much of t h i s  energy i s  t r a n s -  

f e r r e d  t o  t h e  r e a c t i v e  gase s .  Since  t h e  e x c i t a t i o n  mechanism 

i s  d i f f e r e n t ,  t h e  e x c i t e d  s t a t e s  a r e  l i k e l y  t o  be d i f f e r e n t ;  

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

observed.  

The more d i l u t e  gases have a  lower o v e r a l l  y i e l d  because 

a  g r e a t e r  p o r t i o n  of the  e x c i t a t i o n  energy of t h e  helium is  

d i s s i p a t e d  by photon emiss ion .  



With t h i s  new in fo rma t ion ,  we a r e  now ab le  t o  e v a l u a t e  t h e  

e f f e c t  of  r a d i o l y s i s  i n  t he  HTGR coo lan t  much more a c c u r a t e l y .  

S ince  measurements have been made a t  much h i g h e r  t empera tu re s ,  

t h e  e x t r a p o l a t i o n  can be made wi th  more conf idence.  I n  add i -  

t i o n ,  w i t h  a  lower temperature  c o e f f i c i e n t  f o r  t he  r e a c t i o n ,  

t h e  t empera ture  e f f e c t  i s  s m a l l e r  and thus  l e s s  impor t an t .  

F u r t h e r  work i s  c u r r e n t l y  underway t o  measure t h e  tempera- 

t u r e  c o e f f i c i e n t  of a  d i l u t e  mixture  o f  CO and H20 vapor i n  

helium. With t h i s  d a t a  a  more accu ra t e  c a l c u l a t i o n  of gas 

composit ions i n  t h e  HTGR c o o l a n t  w i l l  be p o s s i b l e .  

E F F E C T  OF SAMPLE S I Z E  ON D I M E N S I O N A L  S T A B I L I T Y  

W .  J .  G r a y  

Samples p r e v i o u s l y  i r r a d i a t e d  a t .  low temperature  ( c o l d  

seeded)  were d i s cha rged  from t h e  ETR r e a c t o r  i n  J u l y  1970 a f t e r  

h igh-  t empera ture  i r r a d i a t i o n  t o  a  peak f l uence  of about 

1 x 1021  n/cm2 ( E  > 0.18 MeV). Although many of t h e  co ld-  

seeded  samples c o n t r a c t e d  more than  t h e  unseeded ones ,  a t  

l e a s t  one more exposure p e r i o d  w i l l  be r e q u i r e d  t o  d e f i n i t e l y  

e s t a b l i s h  whether t h e  observed e f f e c t  on c o n t r a c t i o n  r a t e s  i s  

r e a l  and t o  determine whether  t h e  observed e f f e c t  con t inues  

dur ing  t h e  i r r a d i a t i o n  o r  i s  merely a  t r a n s i e n t  one. These 

samples a r e  scheduled  t o  be recharged  i n t o  t he  r e a c t o r  i n  

November 1970 f o r  an a d d i t i o n a l  exposure of about  
2 3  x l o z 1  n/cm . 

In  a  s e p a r a t e  exper iment ,  (3)  r e l a t i v e l y  l a r g e  samples 

(1.75 i n .  d iameter  x 2 . 2 5  i n .  long) were i r r a d i a t e d  i n  t h e  GETR 
2 and ETR r e a c t o r s  t o  a  peak f l uence  of about 8.5 x 10" n/cm . 

Some of t h e s e  samples were i r r a d i a t e d  under a  compressive 

s t r e s s  of  50 p s i .  P re l iminary  a n a l y s i s  of t h e  d a t a  i n d i c a t e d  

t h a t  t he  c o n t r a c t i o n  r a t e s  and t h e  pos t - t u rna round  behav io r  



of t h e  s t r e s s e d  samples i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 

s m a l l e r  samples p rev ious ly  i r r a d i a t e d  i n  an u n s t r e s s e d  cond i t i on  

i n  t h e  GETR and E T R  r e a c t o r s .  There fore ,  t h i s  experiment w i l l  

be d i s con t inued .  Following more d e t a i l e d  a n a l y s i s  o f  t h e  d a t a ,  

a  f i n a l  r e p o r t  w i l l  be i s s u e d .  

H I G H - T E M P E R A T U R E  I R R A D I A T I O N S  

W .  J .  G r a y  

Samples t h a t  were l a s t  d i scharged  from the  E T R  r e a c t o r  i n  

November 1969 ( 4 )  were recharged t o g e t h e r  w i th  some new samples 

i n  September 1970. The s i z e  of t h e  i r r a d i a t i o n  capsule  was 

i n c r e a s e d  from 2 . 0  i n .  OD t o  2.5 i n .  OD. The new samples were 

of  exper imenta l  g r a p h i t e s ,  s u p p l i e d  by M .  C .  Smith of t h e  

Los Alamos S c i e n t i f i c  Laboratory ,  and a  grade of POCO g r a p h i t e  

t h a t  has a  l a r g e r  g r a i n  s i z e  than  t hose  p rev ious ly  i r r a d i a t e d .  

A N A L Y S I S  OF  C O O L A N T - G R A P H I T E  R E A C T I O N S  - 
R .  C .  G i b e r s o n  

The purpose of  t h i s  t a s k  i s  t o  main ta in  and upgrade a  

computer program which has been developed t o  c a l c u l a t e  g r a p h i t e  

ox ida t ion  i n  h igh-  temperature  gas - cooled r e a c t o r s .  The code has 

found wide use i n  p a s t  yea r s  i n  p r e d i c t i n g  t h e  r e s u l t s  from both  

s t e a d y - s t a t e  and s imu la t ed  acc iden t  cond i t i ons  i n  proposed and 

c u r r e n t  HTGR's. 

The most r e c e n t  changes i n  t he  code have made i t  adap tab le  

t o  t h e  proposed 1 1 0 0  MWe HTGR. This s i m u l a t i o n  r e q u i r e s  

1 0  "zones" of vary ing  temperature  and flow c h a r a c t e r i s t i c s  t o  

adequa te ly  r e p r e s e n t  t he  r e a c t o r .  

Add i t i ona l  d a t a  ob t a ined  on t h e  e f f e c t  of r a d i a t i o n  on t h e  

C02 + H 2  r e a c t i o n  have been inco rpo ra t ed  i n  t h e  computer code. 

This in format ion  enab les  a  more accu ra t e  assessment of t h e  



e f f e c t  of t h i s  r e a c t i o n  on the  t o t a l  system. The r e s u l t s  show 

an i n c r e a s e  i n  t h e  H2/H20 due t o  t h e  changes made. S i m i l a r  

d a t a  on t he  CO + H20 r e a c t i o n  a r e  r e q u i r e d  t o  e v a l u a t e  accu- 

r a t e l y  t h e  importance of r a d i o l y t i c  r e a c t i o n s .  

M E C H A N I S M  O F  I R R A D I A T I O N  DAMAGE 

W .  C. M o r g a n  a n d  W .  J .  G r a y  

The o b j e c t i v e  of t h i s  s t udy  i s  t o  ga in  a  b e t t e r  unders tand-  

ing  of i r r a d i a t i o n  damage i n  p o l y c r y s t a l l i n e  g r a p h i t e .  Although 

cons ide rab l e  in format ion  i s  a v a i l a b l e  concerning t h e  g ros s  

e f f e c t s  of i r r a d i a t i o n  on a  v a r i e t y  of g r a p h i t e s ,  more d e t a i l e d  

knowledge of  t h e  fundamental mechanisms i s  r e q u i r e d  t o  develop 

g r a p h i t e s  t h a t  a r e  more s u i t a b l e  f o r  s p e c i f i c  r e a c t o r  a p p l i c a -  

t i o n s .  Emphasis w i l l  be p l a c e d  on o b t a i n i n g  i n fo rma t ion  on 

t h e  m i c r o s t r u c t u r e  and changes i n  m i c r o s t r u c t u r e  o c c u r r i n g  

dur ing  i r r a d i a t i o n .  This in format ion  i s  r e q u i r e d  t o  develop a  

r e f i n e d  model f o r  p r e d i c t i n g  t h e  behav io r  of  p o l y c r y s t a l l i n e  

g r a p h i t e s  dur ing  i r r a d i a t i o n .  

I r r e s p e c t i v e  of  arguments as t o  t he  r e l a t i v e  importance 

of  o t h e r  s t r u c t u r a l  parameters  (such as  g r a p h i t i c  and non- 

g r a p h i t i c  carbon phases ,  macro- and micro- crack sys tems ,  

i n t e r n a l  s t r e s s e s ,  e t c . ) ,  t h e r e  i s  r a t h e r  u n i v e r a l  agreement 

t h a t  a n a l y s i s  of t h e  thermal  expansion behavior  of a r t i f i c i a l  

g r a p h i t e s  w i l l  p rov ide  va luab l e  i n s i g h t s  i n t o  t h e  s t r u c t u r e  

and i n t o  t he  changes occur r ing  dur ing  i r r a d i a t i o n .  The g ros s  

thermal  expansion behavior  can be e a s i l y  exp la ined  on t h e  

b a s i s  of a  s i n g l e  phase model; s u b t l e  d i f f e r e n c e s  i n  t h e  

c o e f f i c i e n t  of the rmal  expansion (CTE)  cou ld ,  however, be 

expec ted  t o  r e s u l t  from e f f e c t s  of a  n o n g r a p h i t i c  phase and/or  

i n t e r n a l  s t r e s s e s .  Thus, t he  l a t t i c e  expansion needs t o  be 

determined r a t h e r  p r e c i s e l y  i f  t he  thermal  expansion behav io r  

i s  t o  be used t o  c h a r a c t e r i z e  d i f f e r e n t  types  of  a r t i f i c i a l  

g r a p h i t e s  . 
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A theory  of  thermal  expansion was d e r i v e d  by Ri ley  (6) and 

a p p l i e d  t o  t he  a n a l y s i s  of exper imenta l  d a t a  on l a t t i c e  expan- 

s i o n  of g r a p h i t e ;  t h e  r e s u l t a n t  equa t ions  f o r  t he  l a t t i c e  C T E 1 s  

a r e  widely  used f o r  t he  a n a l y s i s  of t h e  bulk  CTE of a r t i f i c i a l  

g r a p h i t e s .  R i l e y ' s  a n a l y s i s ,  however, s u f f e r s  from two d e f e c t s  : 

The d a t a  cover  only t h e  temperature  range from 15 t o  

800 O C  

The a n a l y s i s  employs t h e  Debye l a t t i c e  v i b r a t i o n  tempera- 

t u r e s  de r ived  by Magnus ( 7 )  i n  1923. 

Considerable  d a t a  e x i s t  which sugges t  t h a t  t h e  l a t t i c e  C T E 1 s  

de r ived  by R i l ey  nay n o t  be s u f f i c i e n t l y  p r e c i s e  t o  be used 

a s  t h e  b a s i s  f o r  a n a l y s i s  of bulk CTE when one i s  looking f o r  

t h e s e  s u b t l e  d i f f e r e n c e s .  I t  should  be no ted  t h a t  v a r i o u s  

e v a l u a t i o n s  of s p e c i f i c  h e a t  d a t a  and e v a l u a t i o n s  of thermal  

expansion d a t a  a r e  a v a i l a b l e  i n  t h e  open l i t e r a t u r e .  Examina- 

t i o n  of t h e s e ,  however, shows l a r g e  a r e a s  of  d isagreement ,  

e s p e c i a l l y  i n  r ega rd  t o  t h e  Debye tempera tures  de r ived  from 

s p e c i f i c  h e a t  d a t a .  

One of t h e  immediate goa l s  of t h i s  s t udy  i s ,  t h e r e f o r e ,  

t o  r e f i n e  t h e  equa t ions  f o r  t h e  l a t t i c e  C T E 1 s .  To accomplish 

t h i s  g o a l ,  we a r e  proceeding w i t h  t h e  fo l lowing  schedule :  

(1) C o l l e c t i o n  and e v a l u a t i o n  of a v a i l a b l e  s p e c i f i c  h e a t  

d a t a  over  t h e  temperature  range 100 t o  2000 O K .  

( 2 )  Ana lys i s  o f  s p e c i f i c  h e a t  d a t a  t o  o b t a i n  improved e s t i m a t e s  

of t h e  Debye l a t t i c e  v i b r a t i o n  tempera tures .  

( 3 )  C o l l e c t i o n  and e v a l u a t i o n  of g r a p h i t e  l a t t i c e  spac ings  and 

thermal  expansion d a t a  over  t h e  same temperature  range.  

(4 )  De r iva t i on  of l a t t i c e  thermal  expans i o n  c o e f f i c i e n t s  us ing  

t h e  above d a t a  and t h e  t h e o r e t i c a l  method of R i l ey .  
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9.  C O R R O S I O N  P R O D U C T  T R A N S P O R T  S T U D Y  

T .  F. D e m m i t t  

RDT t e rmina t ed  suppor t  of t h i s  program dur ing  September 

1970. AECL personne l  from Chalk River con tac t ed  BNW 
immediately upon r e c e i p t  of  t h e  program t e rmina t ion  n o t i c e  t o  

determine i f  an a l t e r n a t e  agreement could  be reached t o  a l low 

c o n t i n u a t i o n  of t h e  work under t h e i r  sponsorsh ip .  The USAEC 

was adv ised  of t h i s  i n t e r e s t .  Discuss ions  a r e  s t i l l  i n  p ro -  

g r e s s  on t h i s  s u b j e c t .  

C R U D  G E N E R A T O R  S T U D I E S  

An i n - l i n e ,  e l e c t r i c a l l y  a c t i v a t e d  crud gene ra to r  dev i ce  

was des igned ,  f a b r i c a t e d  and t e s t e d  f o r  about 1 0  days i n  a  

h igh- tempera ture  loop system. This  experiment was des igned t o  

determine whether t h e  c o r r o s i o n  produc t  r e l e a s e  r a t e  from mild  

s t e e l  s u r f a c e s  could  be i n c r e a s e d  s i g n i f i c a n t l y  by a d j u s t i n g  

t h e  e l e c t r i c a l  p o t e n t i a l  i n t o  a  more a c t i v e  c o r r o s i o n  r eg ion .  

The experiment had t o  be t e rmina ted  prematurely  due t o  t h e  

program t e rmina t ion .  The r e s u l t s  ob ta ined  dur ing  t h e  e x p e r i -  

ment were n o t  e n t i r e l y  conc lus ive ;  however, t h e r e  was no i n d i -  

c a t i o n  dur ing  t h e  experiment t h a t  t h e  crud r e l e a s e  r a t e  was 

i nc rea sed  s i g n i f i c a n t l y  by v a r i a t i o n s  i n  p o t e n t i a l .  The Sam- 

p l e s  should  be examined t o  a s s e s s  t h e  e f f e c t  of p o t e n t i a l  on 

t h e  c o r r o s i o n  t h a t  occur red .  The e f f o r t s  t o  e v a l u a t e  t h e  crud 

gene ra to r  c a p a b i l i t i e s  should  a l s o  be cont inued.  This  work 

w i l l  - n o t  be performed u n l e s s  an a l t e r n a t e  funding sou rce  ( e . g . ,  

AECL) i s  a r ranged .  

I R O N  A N A L Y S I S  P R O C E D U R E  

A r e c e n t l y  publ i shed  c o l o r i m e t r i c  procedure  f o r  measure- 

ment of t r a c e  concen t r a t i ons  (0 t o  5 ppb) of i r o n  i n  wate r  was 

adapted f o r  use  i n  ana lyz ing  t h e  e f f l u e n t  samples from t h e  crud 



g e n e r a t o r .  Th is  procedure  employs Fe r roz ine  a s  t h e  i n d i c a t o r .  

The procedure  appears  adequate  f o r  measurement of i r o n  concen- 

t r a t i o n s  i n  t h e  1 t o  2 ppb range wi thout  p r e c o n c e n t r a t i o n  of 

t h e  samples.  The procedure  was used t o  a s s e s s  performance of 

t h e  crud g e n e r a t o r .  

S Y S T E M  D E S I G N  

An engineer ing  des ign  a n a l y s i s  was performed t o  a s s e s s  

t h e  f a c i l i t y  mod i f i ca t i ons  neces sa ry  t o  perform t h e  scheduled  

exper iments .  The r e s u l t s  of  t h i s  a n a l y s i s  were d i s c u s s e d  w i t h  

AECL personne l  (Char lesworth ,  H o l l i e s ,  and Minns) when they 

v i s i t e d  BNW dur ing  J u l y  1970. D e t a i l e d  des ign  work was t hen  

under taken and was about  2 0 %  completed when t h e  program t e r -  

mina t ion  n o t i c e  was r ece ived .  No f u r t h e r  work w i l l  be p e r -  

formed on t h i s  p r o j e c t  u n l e s s  an a l t e r n a t e  source  of  funding 

i s  a r ranged .  



10. A T R  PRESSURIZED W A T E R  L O O P  

OPERATION A N D  MAINTENANCE 

R .  S.  Hope 

The Advanced T e s t  Reac to r  began Cycle  3B shutdown on 

J u n e  28, 1970. S t a r t u p  f o r  3B began on J u l y  1, 1970 and con- 

t i n u e d  u n t i l  Cycle 4  shutdown on J u l y  1 8 ,  1970. Accumulated 

exposures  f o r  Cycle 3B were 3182.9 MWd o r  14.47 e f f e c t i v e  days  

a t  220 MW. Cycle 4A s t a r t u p  began on J u l y  30, 1970 and con- 

t i n u e d  u n t i l  August 1 7 ,  1970. Accumulated exposures  were 

3348 MWd o r  15.22 e f f e c t i v e  days  a t  220 MW. Cycle 4B s t a r t u p  

began August 2 1 ,  1970 and c o n t i n u e d  u n t i l  September 7 ,  1970. 

Accumulated exposures  were 3356.5 MWd o r  14.34 e f f e c t i v e  days  

a t  234 MW. Cycle  5  s t a r t u p  began September 1 3 ,  1970 and i s  

s c h e d u l e d  t o  o p e r a t e  u n t i l  October  1 8 ,  1970. 

The 1 D - N  l o o p  has  been  o p e r a t i n g  a t  2000 p s i g ,  520 O F ,  

45 gpm, pH 10.00 t 0.2  w i t h  O 2  c o n c e n t r a t i o n  a t  l e s s  t h a n  

0.05 ppm. The l o o p  t e s t  t r a i n  c o n t a i n e d  s t a i n l e s s  s t e e l ,  

Z i r c a l o y - 2 ,  and molybd.enum t e s t  specimens d u r i n g  Cycle  3.  

Toward t h e  end o f  Cycle 3B, samples  o f  l o o p  w a t e r  showed h i g h  

r a d i o a c t i v i t y .  Water was f i l t e r e d  and t h e  f i l t e r  was coun ted  

i n  a  p u l s e  h e i g h t  a n a l y z e r .  The spec t rum showed e x c e s s i v e  

a long  w i t h  some 5 4 ~ g  and a  g r a d e  of  6 0 ~ o .  I t  was d e c i d e d  

t h a t  molybdenum samples  s u p p l i e d  by t h e  Naval Research  Labora-  

t o r i e s  were c o r r o d i n g ,  t h u s  g i v i n g  t h e  h i g h  a c t i v i t y .  During 

Cycle 4  shutdown, t h e  sample h o l d e r  c o n t a i n i n g  t h e  molybdenum 

samples  was t r a n s f e r r e d  t o  t h e  TRA h o t  c e l l  where t h e  samples 

were removed. The h o l d e r  w i t h  i t s  remain ing  s t a i n l e s s  s t e e l  

samples was t h e n  t r a n s f e r r e d  back t o  t h e  ATR where i t  was 

r e i n s e r t e d  i n t o  t h e  ID-N t e s t  t r a i n  f o r  f u r t h e r  i r r a d i a t i o n .  

Z i r c a l o y - 2  c o r r o s i o n  coupons were a l s o  removed from t h e  t e s t  

t r a i n .  



The 1 D - N  loop  was f i l l e d ,  f l u s h e d ,  and d r a i n e d  f i v e  t i m e s  

p r i o r  t o  d i s c h a r g e  o f  t h e  t e s t  t r a i n .  I t  was f i l l e d ,  f l u s h e d ,  

and d r a i n e d  s e v e n  more t imes  a f t e r  t h e  t e s t  t r a i n  was removed 

b e f o r e  r a d i a t i o n  l e v e l s  were back t o  normal .  The i o n  exchange 

r e s i n  was a l s o  changed o u t  i n  t h e  M-16 p u r i f i c a t i o n  column. 

The 1 D - N  p r e s s u r i z e d  w a t e r  l o o p  c o n t r o l  p a n e l  i s  l o c a t e d  

on t h e  ATR f i r s t  basement .  Two l o o p  c o n t r o l  p a n e l s  f o r  l o o p s  

2E and 2 D  a r e  l o c a t e d  on one s i d e  of  t h e  second basement  w h i l e  

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

second basement .  T h i s  a r rangement  r e q u i r e d  one r e a c t o r  e n g i -  

n e e r  t o  b e  a t  t h e  1D-N c o n t r o l  p a n e l ,  one e n g i n e e r  t o  be a t  

t h e  two c o n t r o l  p a n e l s ,  and one e n g i n e e r  t o  be a t  t h e  t h r e e  

c o n t r o l  p a n e l s .  T h i s  r e s u l t e d  i n  one man's  f u l l  t ime  b e i n g  

cha rged  t o  one l o o p  w h i l e  t h e  o t h e r  men d i v i d e d  t h e i r  t ime  

c h a r g e s  two and t h r e e  ways. I t  was proposed t h a t  s a t e l l i t e  

i n s t r u m e n t s  be  i n s t a l l e d  on t h e  second basement t o  r e c o r d  t h e  

p r e s s u r e ,  f l o w  and t e m p e r a t u r e s  of  t h e  I D - N  loop  and remove 

t h e  r e q u i r e m e n t  o f o n e  man f u l l  t ime  a t  t h e  f i r s t  basement  con-  

t r o l  p a n e l .  T h i s  p r o p o s a l  was accompl ished by J u l y  1, 1970 

and now t h e  r e a c t o r  e n g i n e e r  f o r  t h e  1 D - N  l o o p  i s  o n l y  r e q u i r e d  

t o  r e c o r d  d a t a  e v e r y  2 hours  and make a d j u s t m e n t s  a s  n e c e s s a r y .  

T h i s  r e q u i r e s  a b o u t  h a l f  o f  one man's  t ime .  
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